1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Am J Med Genet A. Author manuscript; available in PMC 2016 September 01.

-, HHS Public Access
«

Published in final edited form as:
Am J Med Genet A. 2015 September ; 0(9): 2122-2131. doi:10.1002/ajmg.a.37131.

Clinical Management of Patients with ASXL1 Mutations and
Bohring-Opitz Syndrome, Emphasizing the Need for Wilms
Tumor Surveillance

Bianca Russell!, Jennifer J Johnston?, Leslie G. Biesecker?, Nancy Kramer3, Angela
Pickart#, William Rhead4, Wen-Hann Tan®, Catherine A Brownstein®, L Kate Clarkson®,
Amy Dobson®, Avi Z Rosenberg’, Samantha A. Schrier Vergano®, Benjamin M. Helm8,
Rachel E Harrison®, and John M Graham Jr.3

1Division of Human Genetics, Cincinnati Children’s Hospital, Cincinnati, Ohio, United States

2National Human Genome Research Institute, National Institute of Health, Bethesda, Maryland,
United States

3Medical Genetics Institute, Cedars Sinai Medical Center, Division of Medical Genetics, Harbor-
UCLA Medical Center, David Geffen School of Medicine at UCLA, Los Angeles, California, United
States

4Section of Medical Genetics, Children’s Hospital of Wisconsin, Milwaukee, Wisconsin, United
States

SDivision of Genetics and Genomics, Boston Children’s Hospital, Boston, Massachusetts, United
States

6Greenwood Genetic Center, Columbia, South Carolina, United States

“Laboratory of Pathology, National Cancer Institute, National Institute of Health, Bethesda,
Maryland, United States

8Division of Medical Genetics and Metabolism, Children’s Hospital of The King's Daughters,
Norfolk, Virginia, United States

°Clinical Genetics Service, Nottingham University Hospitals Trust, United Kingdom

Abstract

Bohring-Opitz syndrome is a rare genetic condition characterized by distinctive facial features,
variable microcephaly, hypertrichosis, nevus flammeus, severe myopia, unusual posture (flexion
at the elbows with ulnar deviation, and flexion of the wrists and metacarpophalangeal joints),
severe intellectual disability, and feeding issues. Nine patients with Bohring-Opitz syndrome have
been identified as having a mutation in ASXL1. We report on eight previously unpublished patients
with Bohring-Opitz syndrome caused by an apparent or confirmed de novo mutation in ASXL1. Of
note, two patients developed bilateral Wilms tumors. Somatic mutations in ASXL1 are associated
with myeloid malignancies, and these reports emphasize the need for Wilms tumor screening in
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patients with ASXL1 mutations. We discuss clinical management with a focus on their feeding
issues, cyclic vomiting, respiratory infections, insomnia, and tumor predisposition. Many patients
are noted to have distinctive personalities (interactive, happy, and curious) and rapid hair growth;
features not previously reported.
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INTRODUCTION

Bohring-Opitz syndrome (BOS), previously reported as Oberklaid-Danks syndrome, is a
rare genetic condition that was initially distinguished from Opitz Trigonocephaly C
syndrome by Dr. Axel Bohring in 1999 [Oberklaid and Danks, 1975; Bohring et al., 1999].
To date, 43 patients with BOS have been published, and efforts have been made to define a
set of clinical diagnostic criteria [Bohring et al., 2006]. Bohring-Opitz syndrome has
previously been associated with high infant mortality (11 out of 43 reported patients (26%),
intrauterine growth retardation, feeding difficulties often requiring a feeding tube, failure to
thrive, severe to profound developmental delays, recurrent infections, nonspecific brain
abnormalities, variable microcephaly, distinctive facial features (Fig. 1A-D), and an unusual
posture cited in the literature as BOS posture (Fig. 1E-F) [Bohring et al., 1999]. Bohring-
Opitz syndrome posture is characterized by flexion at the elbows with ulnar deviation, and
flexion of the wrists and metacarpophalangeal joints. Phalangeal creases are normal and the
positioning is not due to contractures. Patients with BOS have distinctive facial features
including nevus flammeus typically over the glabella and eye lids, facial hypotonia,
proptosis with high myopia, widely spaced eyes, flat and wide nasal bridge, anteverted
nares, palatal anomalies including cleft palate and prominent palatine ridges, micro and
retrognathia, low-set ears with increased posterior angulation, a low posterior hairline, and
hypertrichosis (Fig. 1) [Bohring et al., 2006; Hastings et al., 2011; Magini et al., 2012].

Through exome sequencing, de novo nonsense mutations in ASXL1 were found in nine
patients with BOS [Hoischen et al., 2011; Magini et al., 2012]. However, ASXL1 mutations
have only been found in a subset of patients clinically diagnosed with BOS [Hoischen et al.,
2011]. Patients with an identifiable ASXL1 mutation have a higher incidence of myopia
(87% versus 40%) and hypertrichosis (89% versus 17%) compared to those without
identified mutations [Magini et al., 2012].

ASXL1 maps to 20g11.21 and is a member of the polycomb group (PcG) with trithorax
complexes required for activation and silencing of Hox genes [Fisher et al., 2003; Fisher et
al., 2010]. Hox genes are important for development, and in Drosophila, Asx regulation is
highly variable and tightly controlled immediately following fertilization [Sinclair et al.,
1998]. ASXL1 is involved in chromatin remodeling and is an epigenetic modifier. Somatic
mutations in ASXL1 have been strongly associated with acute myeloid leukemia, ring
sideroblastic anemia and mylodysplastic syndromes [Aravind and lyer, 2012; Wang et al.,
2014]. Somatic mutations in ASXL1 found in previously healthy individuals increase the risk
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of hematologic cancers [Jaiswal et al., 2014]. To date, the only published patients with a
neoplastic condition and BOS include a patient with nephroblastomatosis diagnosed post-
mortem [Brunner et al., 2000] and a patient with fatal medulloblastoma, both in ASXL1-
negative patients [Hastings et al., 2010; Hoischen et al., 2011]. We report and address the
clinical management of eight previously unpublished patients with BOS caused by apparent
de novo mutations in ASXL1. Furthermore, two patients developed bilateral Wilms tumor at
two and six years of age; these are the first reported patients with a neoplasm and an
ASXL1mutation.

Patient 1 was an 11-year-old female born via normal spontaneous vaginal delivery at 40
weeks gestation as the first pregnancy for her 28-year-old mother and 31-year-old father
(Fig. 1A-B). A high palate was noted at birth, but no other anomalies were appreciated. The
trajectory of her growth curve began to decrease in early infancy, and by nine months, she
was well below the fifth centile. Feeding was consistently difficult, but she did not require
tube feeds. Her mother, a lactation consultant, was able to breastfeed her until age three
years. She required extensive feeding therapy to successfully feed her small, high calorie
meals, and she showed a preference for crunchy, salty, and flavorful foods. She gagged and
vomited easily, but she did not have regular emesis.

She had repeated upper respiratory infections as a young child and was subsequently
diagnosed with reactive airway disease at 30 months of age. Once she received inhaled
corticosteroids, these respiratory infections decreased in frequency, and she no longer
required regular treatments for her respiratory symptoms. She had normal cranial magnetic
resonance imaging (MRI) and a normal electroencephalogram (EEG) as an infant, but at
four years of age, she had a clinical seizure, and cranial MRI at that time showed
questionable subtle linear signal abnormalities in the white matter of the left frontal and
temporal lobes that resembled gray matter in signal intensity and were suspicious for
heterotopia. She had no further seizure-like activity, but she had difficulties initiating sleep,
which improved with the use of melatonin. Her sleep issues were cyclic with several months
of normal sleep between episodes. An overnight EEG showed an increased frequency of
spike wave discharges at night concerning for electrical status epilepticus of sleep, not
associated with difficulties falling sleep. At five years she was diagnosed with stage V
bilateral Wilms tumor. She underwent 12 weeks of chemotherapy with vincristine,
doxorubicin, and actinomycin D, as well as a right partial nephrectomy and left radical
nephrectomy, followed by 9 more weeks of chemotherapy. She was in remission at time of
publication.

Developmentally, she sat at 12 months of age and began walking at 3.5 years. She walked
with ankle-foot orthotics but could not pull herself to stand from a seated position on the
floor. She had significant fine motor delays. At the age 10 years, she had a few words but
was mostly communicating through gestures, and she was learning to use an augmentative
communication device. She became easily frustrated, resulting in behavioral problems. She
successfully identified many objects, and her receptive skills were much better than her
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expressive language. She was noted to have a happy, pleasant, curious demeanor, and she
lacked significant stranger anxiety.

On physical examination at the age 8.5 years, OFC was 52.2 cm (501 centile), height was
122 cm (5t centile) and weight was 22 kg (10t centile). Additional physical features noted
in Table I and Fig. LA-B. She had an everted lower lip, synophrys, and midface retrusion.
She had absent deep tendon reflexes at her ankles and mild 2-3-4 partial cutaneous toe
syndactyly with severe pronation of her feet. She had persistent fetal pads on all digits.
Redundant skin on her hands and neck with wrinkled palmar surfaces was also noted. She
had rapidly growing hair and nails. She had a benign heart murmur. Echocardiogram was
not performed. At age 10 years, she developed breast buds and fine pubic hair. A pediatric
endocrinology evaluation was negative for precocious puberty.

Following the diagnosis of Wilms tumor, DNA from the tumor and normal kidney tissue
was analyzed for loss of heterozygosity at the ASXL1 locus. As tissue was collected after
chemotherapy, widespread necrosis limited the amount of tissue. SNaPshot analysis of three
ASXL1 variants did not show loss of heterozygosity, ruling out conversion of the wild-type
allele as well as deletion of the entire wild-type ASXL1 locus (data not shown).

Patient 2 was a 3-year-old female born at 36 weeks gestation as the third pregnancy for her
34-year-old mother and 38-year-old father (Fig. 1C-D). Her mother had one healthy child
and an earlier miscarriage. She was noted to be dysmorphic at birth, and shortly after
delivery she developed significant feeding difficulties. A bowel obstruction was diagnosed,
and surgery at four days showed an annular pancreas. Her sucking reflex was intact, but she
required supplemental nutrition and struggled with severe episodes of emesis, often
associated with feeding and attributed to dysmotility, with negative testing for reflux. At age
six months a gastrostomy tube was placed, followed by a gastro-jejunal tube. As she
developed, her severe episodes of uncontrollable emesis were noted to be a response to
specific insults, including infectious processes, constipation, vaccinations, and anesthesia.
When daily cyproheptadine was started for cyclic vomiting, these episodes decreased. Her
hospitalizations also lessened with the use of lorazapam, ondansetron, and acetaminophen as
rescue medications at the onset of emesis.

She has had over 20 hospitalizations with multiple extended stays due to upper respiratory
infections, pneumonia, urinary tract infections, and dehydration secondary to cyclic emesis.
Multiple respiratory infections and airway compromise improved with inhaled steroids and
beta agonist treatments. She had severe obstructive sleep apnea at age 6 months, requiring
nightly oxygen, but by age 16 months, the obstructive apnea had resolved, with persistence
of central apnea and occasional bradycardia at age 27 months. Recurrent urinary tract
infections were a significant problem until she was diagnosed with nightly urinary retention
requiring in-dwelling catheterization and prophylactic antibiotics. Aggressive treatment for
severe constipation improved her urinary retention. She received regular renal ultrasounds
for close monitoring and Wilms tumor surveillance. She had difficulty sleeping and episodes
of severe fatigue of unknown etiology. Her insomnia was initially treated with melatonin,
but significant improvement was noted when iron supplementation began for severe anemia.
A cranial MRI showed a small corpus callosum and spinal MRI showed a small cyst over
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the conus, which was thought to be benign. A neonatal echocardiogram demonstrated
normal anatomy with a small patent foramen ovale and moderate patent ductus arteriosus.

At 35 months she had no spoken words but babbled and followed one-step commands. She
was able to sit upright independently for brief periods, roll, and ambulate in a walker. She
had a happy, curious personality and lacked stranger anxiety. She had shown good growth
with length of 86 cm (10t centile), weight of 12.3 kg (20 centile) and OFC of 47.5 cm
(50t centile). She was noted to have rapid hair and nail growth. See Table I and Fig. 1 C-D
for additional physical features. At age 3.5 years, her health improved to the extent that she
was no longer hospitalized on a frequent basis, and she was making regular developmental
progress.

Patient 3 was a 3-year-old-male born at 37 weeks gestation by normal vaginal delivery as
the first pregnancy for his 30-year-old parents (Fig. 1 E). Pregnancy was complicated by
maternal bleeding, and he was noted to have prenatal onset growth restriction. Dysmorphic
features were noted at birth, and he developed mild respiratory distress requiring a 10-day
intensive care stay for suspected sepsis and intrauterine growth restriction. Severe myopia
was diagnosed in the first month of life (=11 OD and —10 OS diopters) and improved to -2,
-3 diopters with normal optic nerves. A cranial MRI and hearing evaluation were normal.
He had significant obstructive sleep apnea requiring the use of CPAP. Silent aspiration was
identified via a swallow study and he had a gastrostomy tube placed at 20 months.

An extensive neonatal evaluation included a normal echocardiogram, renal ultrasound, and
TORCH screen. At age 22 months he was unable to support his head or trunk, roll over or
use words. He was responsive to external stimuli and made extended eye contact, with a
pleasant and friendly demeanor. He remained delayed in his growth with a length of 76 cm
(-4 SD below the mean), weight of 7.36 kg (=5 SD below mean for age) and OFC 44 cm
(-4 SD below mean for age). He had downslanting palpebral fissures with small ears, a short
nose, short smooth philtrum, and delayed dental eruption. He also had widely-spaced
nipples, single palmar creases, redundant skin, proximally placed thumbs, and
neuromuscular scoliosis. He had rapid growth of hair and nails. Additional clinical findings
are in Table I and Fig. 1 E. He also had overproduction of saliva and mucous. At age 3 years
his sleep apnea had improved, and his parents reported rapid growth of his hair and nails. He
was making slow developmental progress, with improvement of his BOS posture.

Patient 4 was a 3-year-old female born at 39 weeks by repeat cesarean as the second
pregnancy for her 24-year-old mother and 27-year-old father (Fig. 1 G). The pregnhancy was
complicated by black mold exposure and removal of an intrauterine device during the
second trimester. Length could not be accurately determined at birth due to contractures
(measured at 36 cm, <15t centile), but length was 50.5 cm at one month (25™ centile). At
birth she had severe hip flexion, clubbed feet, contracture of the right knee, flexion of the
elbows and wrists with adducted thumbs. She was given a diagnosis of arthrogryposis
multiplex, with no dislocations noted.

She had significant feeding issues requiring a gastrostomy tube, followed by a gastro-
jejunostomy tube placement. A tracheostomy was placed and she underwent mandibular
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distraction for retrognathia, along with a tongue-lip adhesion, which resolved her obstructive
sleep apnea. Heel cord releases were performed for her clubbed feet. A head CT showed
enlarged subarachnoid spaces and agenesis of the corpus callosum, and she required
treatment with levetiracetam for seizures. She required intermittent inhaled steroids and
bronchodilators for reactive airway disease, polyethylene glycol for constipation, and
melatonin for sleep.

At age 18 months she was unable to sit alone, lacked head control and was unable to
visually track objects. Her weight was 10.1 kg (25t centile), length 73 cm (3™ centile) and
OFC 43.5 cm (<3" centile). She had a short nose, decreased muscle mass in her legs with
hypermobility at the hips and knees, status post heel cord lengthening. She had strabismus.
Rapidly growing hair and nails were noted. Additional physical features are in Table | and
Figure 1 G.

Shortly after BOS was molecularly confirmed, a screening renal ultrasound showed bilateral
multifocal Wilms tumor involving most of her left kidney and the upper pole of her right
kidney. Biopsy of the left kidney showed histology that was between a nephrogenic rest and
a Wilms tumor, with right kidney histology compatible with a nephrogenic rest.
Immunohistochemical staining was strongly positive for WT1 and CD56. She was treated
with vincristine, actinomycin and doxorubicin, followed by resection of her left kidney at
age 30 months. Chemotherapy resulted in hair loss, with rapid regrowth after the completion
of her therapy, and her renal function remained adequate. She was very irritable prior to
treatment for Wilms tumor, but after completion of therapy, her irritability improved with
emergence of her true happy and outgoing personality.

Patient 5 was a 12-year-old female born full term as the first child for her 28-year-old
mother and 31-year-old father, with a prior spontaneous abortion at 9 weeks gestation and a
subsequent healthy son. Pregnancy was uneventful with a vaginal delivery, which was
complicated by the patient’s poor respiratory effort and bradycardia. She received
continuous bag and mask ventilation with resolution of her poor cardiopulmonary output. At
birth she was noted to have dysmorphic features, hypotonia, and bilateral cleft lip and palate
with preservation of the premaxilla (Fig. 1H-I). A sacral hair patch was present and spinal
ultrasound confirmed a sacral sub-arachnoid cyst.

She had a complex clinical course requiring multiple hospitalizations and surgeries, and she
improved with age. During her multiple illnesses, marked leukocytosis was noted in
response to stress. Laryngomalacia and subglottic stenosis were treated with a
supraglottoplasty at age six weeks. She underwent repair of her cleft lip and palate. Severe
gastrointestinal reflux with silent aspiration, poor intestinal motility, and poor gastric
emptying necessitated gastrostomy tube placement at six weeks of age, followed by a Roux
en'Y jejeunostomy placement at seven months and a Nissen fundoplication at six years.
Cyclic vomiting was diagnosed at seven years, and cyproheptadine treatment helped
dramatically. Triggers such as anesthesia and illness were identified, and she took lorazapam
and ondansetron at the start of an episode. A paraesophageal hernia was identified at age 10
years, which required 2 repairs. At age 12, she continued to be fed primarily through her
gastrostomy tube.

AmJ Med Genet A. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Russell et al.

Page 7

Neonatal echocardiogram demonstrated pulmonary hypertension with subsequent
identification of pulmonic stenosis, ventricular hypertrophy, and an atrial septal defect,
which was repaired at age one year. Echocardiogram at age 12 demonstrated trivial
pulmonary valve insufficiency and borderline left ventricular hypertrophy. Reactive airway
disease was diagnosed at age three years and treated with albuterol. She was prone to
recurrent upper respiratory infections, which improved over time. Her respiratory status
quickly deteriorated with acute illness or surgery, resulting in poor oxygenation and need for
mechanical ventilation or BiPap. She had obstructive apnea requiring CPAP, as well as
significant insomnia that improved with treatment of her severe anemia. The patient began
having generalized tonic-clonic seizures at age seven months, which continued to occur in
association with acute illness. Cranial MRI in infancy showed prominent extra axial spaces
but no other abnormalities. At age 12, cranial MRI demonstrated parenchymal volume loss,
tortuous, prominent bilateral cavernous carotid arteries and vertebral arteries with
enlargement of bilateral superior optic veins.

Extreme myopia (-13.5 OD and -17.5 OS diopters) was diagnosed at age three months. She
had nystagmus, right exotropia, and thin, atrophic appearing retinas. She had small ear
canals and recurrent otitis media requiring multiple sets of ventilation tubes. An ABR
showed mild to moderate conductive hearing loss bilaterally. Skeletal abnormalities
included neuromuscular scoliosis requiring posterior spinal fusion at age nine years, a
history of hip and patellar subluxations, and acquired right sided pectus excavatum and left-
sided pectus carinatum. Precocious puberty occurred with pubic hair development at age
seven months, with breast development at age seven years. Bone age was advanced at (+4
SD, bone age 13 years 6 months at chronological age of 9 years 11 months).

She had global developmental delays and was wheelchair-bound. She was nonverbal but
communicated with a few signs. She responded to family and friends and had a happy,
pleasant personality. At 9 years her height was 129.4 cm (26 centile), weight was 23.1 kg
(81 centile) and OFC was 50 cm (6™ centile). On examination, she had epicanthal folds and
small feet (toddler size 12 at age 12 years). She had rapidly growing hair and nails. All other
physical findings are noted in Table | and Fig. 1 H-I.

Patient 6 was a 3 year-old boy born at full term with asymmetric intrauterine growth
retardation (Fig. 1 F). He had meconium aspiration requiring intubation, but he was weaned
off supplemental oxygen by two weeks of age. Due to a poor suck, he required tube feeding
the first two weeks. Although he fed well using a regular bottle, by age 5 months, his weight
and length were -5 to -6 SD.

Cranial MRI at six months showed reduced deep white matter, but relatively well-preserved
subcortical white matter. He had a normal EEG at nine months with no clinical seizures. He
had chronic constipation requiring laxative use and gastroesophageal reflux managed with a
gastrostomy tube. Abdominal ultrasound to screen for intra-abdominal embryonal tumors
was normal. He was first diagnosed with myopic astigmatism (-4 diopters OU) at 13 months
and gradually became more myopic, with a prescription of —6 diopters OU by 3 years of
age. Electroretinography (ERG) demonstrated attenuated responses to full field stimuli in
both scotopic (dark; rod photoreceptor mediated) and photopic (light; cone photoreceptor
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mediated) conditions with concern for retinal dystrophy. In addition, he was thought to have
reduced visual acuity due to difficulties with “visual processing”. His hearing was normal.
He had congenital hypertonia, but over time he developed truncal hypotonia and weakness.
He was otherwise in good health without respiratory concerns or multiple hospitalizations.

Developmentally, he started sitting with support at five months and he was able to sit
without support and to feed himself with a bottle at age three years. He was unable to crawl.
At age three years, he had two words that he used consistently and a few other words that he
used occasionally, but he lost the use of those words. He had a happy personality, sometimes
laughing on his own for no apparent reason. He enjoyed socializing with other children but
became overwhelmed in large groups. He had a history of intentional breath holding spells
but calmed with classical music. He was also sensitive to extreme temperatures including
weather, food, and baths. He continued to mouth objects with excessive salivary production.
His sleep latency was mildly increased (about one hour) and he would often laugh or giggle
while asleep, but he typically slept through the night.

On physical examination at 3 years of age, his length was —5.2 SD below the mean, weight
was —6.5 SD below the mean, and OFC was approximately 10t centile. He had facial
asymmetry secondary to torticollis-plagiocephaly deformation sequence, with the right side
of the face being more prominent than the left. He had left exotropia and his left pupil
appeared slightly larger than his right. He had mild premaxillary prominence with a well-
formed philtrum. He had a thin vermilion of the upper lip, full lower lip, and a slightly small
mouth. Both ears were normally positioned with stenotic ear canals, an antihelical shelf in
each ear, and a slightly wide incisura in the right ear. He had a prominent metopic ridge and
bitemporal narrowing, but no trigonocephaly. There was dolichocephaly with flattening of
the right occipito-parietal region related to left congenital muscular torticollis. He had
weakness in all four limbs with brisk deep tendon reflexes. He had rapidly growing hair and
nails. Additional physical findings are in Table | and Fig. 1F.

Patient 7 was a 1-year-old female born at 35-6/7 weeks gestation as the first pregnancy for
her 23-year-old mother after a pregnancy complicated by maternal hip dysplasia (Fig. 1J-
K). She was delivered by caesarean and noted to have respiratory distress soon after birth.
She was discharged home at three and a half weeks of life on full oral feeds, but had
significant difficulty feeding at home. She was diagnosed with gastrointestinal reflux and
laryngomalacia, and swallowing studies showed aspiration of thin liquids. Nasogastric tube
feeds were used for persistent vomiting and episodes of aspiration pneumonia, and
symptoms improved following the placement of a gastrostomy tube and a Nissen procedure
at age 11 months. Despite tube feedings, she continued to have recurrent pneumonia and
respiratory infections. An initial echocardiogram demonstrated a moderate patent ductus
arteriosis, patent foramen ovale, and tricuspid regurgitation with elevated right ventricular
pressures. Spine ultrasound showed a low-lying conus medullaris and pilonidal tract cyst.
Cranial MRI identified partial absence of the corpus callosum. Renal imaging showed no
abnormalities. At 13 months of age she was diagnosed with myopia (-4 OU diopters). Other
medical complications included obstructive sleep apnea, and EEG findings of centro-
temporal spikes without seizures. At 11 months her weight, length, and OFC were below the
3rd centile. She had short palpebral fissures, small nose with a bulbous tip, small mouth,
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fifth digit clinodactyly, and a 3 x 5 cm vascular malformation over her sacral area. She had
fast growing hair and nails. See Table | and Fig. 1J-K for additional physical findings.
Developmentally, she was able to roll, reach for objects, and babbled. She had a happy and
pleasant personality.

Patient 8 was a 7-month-old male born at full term as the first child to a 42-year-old-mother
and 38-year-old father (Fig. 1L—M). Serum screening in pregnancy had indicated a high risk
for Down syndrome, but detailed anomaly scans were normal and amniocentesis showed a
normal male karyotype. At 36 weeks gestation, oligohydramnios, short femurs, and absent
umbilical arterial end diastolic flow were noted. He was delivered with reassuring Apgar
scores, but respiratory distress was noted after his initial feeding, leading to admission to the
neonatal intensive care unit. He required supplemental oxygen for several days and had
difficulties clearing oral secretions or demonstrating a gag reflex. He was discharged home
with exclusive nasogastric tube feeding. Initial echocardiogram showed a small atrial septal
defect and patent ductus arteriosus. A newborn renal ultrasound was normal.

At six months of age, he continued to have feeding difficulties and frequent emesis despite
routine reflux management. A gastrojejunostomy tube was placed, with feeding through the
gastrostomy port. Weight gain improved with tube feeds but continued to be well below the
third centile at 7 months. A right inguinal hernia was repaired at 4 months of age, and he
was found to have right-sided grade 3 vesicoureteric reflux with pelvicalyceal dilatation of
his right kidney. A repeat renal ultrasound at age 6 months was normal. A cranial MRI scan
demonstrated a thin corpus callosum with enlarged ventricular lateral horns. An
immunology assessment demonstrated poor response to the pneumococcal vaccine, but
normal immunoglobulins and lymphocyte subsets. He did not have recurrent respiratory
infections. At 6 months of age he was diagnosed with myopia of —16 diopters OU and
hypopigmented retinas.

Developmentally, at seven months of age he had improving head control. He put his hands
to his mouth, used his arms to hold objects midline, and started to roll. He was unable to
reach for objects or sit unsupported. His personality was not yet well defined. On
examination, he demonstrated typical BOS posture and contractures of both third digits as
well as ulnar deviation of second and third digits. He had single palmar creases. He had
rapidly growing hair and nails. Additional physical features are listed in Table I and Fig.
1L-M.

METHODS AND RESULTS

ASXL1 Mutation ldentification

Table 111 presents the ASXL1 mutations identified in Patients 1-8 as well as whether the
mutation are de novo as well as other clinical and molecular testing that was done.

ASXL1 Loss of Heterozygosity for Patient 1—Patient slides of Wilms tumor tissue
from Patient 1 were acquired and DNA was isolated from mounted sections either by
scraping (normal kidney, tumor) or through laser capture microdissection (tumor).
Peripheral blood DNA was isolated from whole blood using standard salting out methods.
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Heterozygosity at the ASXL1 locus (chr20:30,946,147-31,027,122) was determined for three
variants in ASXL1 present in the patient, including the causative alteration. Two SNPs not at
the ASXL1 locus were tested (IL7R, chr5; XDH, chr2). Samples tested included patient
DNA from peripheral blood, two normal kidney sections, a scraped tumor sample, and a
microdissected tumor sample. A DNA sample from a control individual was tested. PCR
primers for all amplicons containing targeted variants were combined into a single PCR
reaction. Variants were detected using the ABI PRISM SNaPshot Multiplex kit according to
the standard protocol (Applied Biosystems, Foster City, CA).

DISCUSSION

Since its initial delineation and separation from Opitz Trigonocephaly C syndrome and the
association of BOS with ASXL1 mutations, efforts have been made to further delineate the
clinical features for this disorder. Patients tend to have a variable neonatal presentation, as
demonstrated by minimal features seen in Patient 1 at birth versus Patient 4 with significant
arthrogryposis at birth. The differential is broad for these patients with hypertrichosis and
IUGR resembling Cornelia de Lange syndrome, coarse facial features resembling a storage
disease or RASopathy, and micrognathia resembling Treacher Collins syndrome. With only
43 previously reported patients and a high incidence of infant mortality, many previous
patients underwent extensive testing prior to diagnosis. Now, patients are living into
adulthood, and little has been done to identify specific management strategies. The focus on
the natural history and clinical management in the patients reported herein initiates this
discussion on how to care for these complex patients. It is of interest that these patients
reported herein have happy personalities as well as rapidly growing hair and nails, and two
patients had early onset of pubertal changes, which are novel features.

The recent identification of ASXL1mutations in BOS led to increasing recognition of BOS.
There appears to be a consistent BOS phenotype, yet six patients who met the original
diagnostic criteria tested negative for ASXL1 mutations, suggesting possible genetic
heterogeneity [Hoischen et al., 2011], possible somatic mosaicism, or a need to refine these
initial diagnostic criteria. Bainbridge et al. [2013] recently identified four patients with
ASXL3 mutations and phenotypes similar to, yet distinct from, BOS [Bainbridge et al.,
2013]. A comparison of the features of patients with ASXL1 and ASXL3 mutations
demonstrated overlap of some features including IUGR, severe to profound developmental
delay, feeding difficulties, microcephaly, high palate, prominent eyes, similar but milder
facial features, generalized hypotonia, and partial BOS posture with ulnar deviation of hands
[Russell and Graham, 2013]. The patients with BOS published by Hoischen et al. [2011]
who did not have an ASXL1 mutation were also negative for ASXL3 mutations [Bainbridge
et al., 2013], suggesting that ASXL3 may not play a role in the genetic heterogeneity of BOS.
Given the potentially lethal impact of mutations in ASXL1, somatic mosaicism should be
considered in patients with a typical phenotype and no detectable mutation in lymphocyte
DNA, as reported by Huisma et al. [2013] for Cornelia de Lange syndrome, where 10/44
(23%) of patients were diagnosed with buccal swab DNA. More questions remain regarding
possible genetic heterogeneity versus somatic mosaicism and other conditions with
overlapping phenotypes.

AmJ Med Genet A. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Russell et al.

Page 11

Clinical management of patients with BOS is challenging given the complexity and high
mortality rate. Limited data have been published on the natural history of BOS. Table I
summarizes the management of patients with BOS as presented in the medical literature.
The histories of the eight patients described herein are relevant to the issues of feeding
intolerance, emesis, sleep difficulties, respiratory issues, and tumor surveillance. All eight
patients struggled with adequate caloric intake by mouth, and Patients 2 and 5 had
significant episodes of cyclic emesis. These challenges are common among patients with
BOS, since over half (53%) required gastrostomy tubes (Table 11). The family of Patient 1
was able to overcome her feeding problems and prevent the need for a gastrostomy tube by
extended breastfeeding, followed by small, high calorie meals and, subsequently offering
flavorful, crunchy, textured foods. Patients 2 and 5 struggled with the most severe feeding
difficulties including episodes of emesis that resulted in multiple episodes of hospitalizations
for Patient 2. Their families noted that emesis was typically associated with an organic cause
such as vaccines, anesthesia, or infections. They both required a gastrostomy tube for
nutrition, and treatment for cyclic vomiting with cyproheptadine daily, as well as lorazepam
and ondansetron at the start of an episode of emesis, which resulted in decreased
hospitalizations and improved nutrition. Patients 2—6 required gastrostomy tubes due to
aspiration and/or an inability to take adequate calories orally. We suggest that a treatment
goal for these feeding difficulties should be to avoid unnecessary hospitalization and surgery
if emesis can be controlled with alternative feeding strategies and treatment for cyclic
vomiting. Many cited occurrences of severe feeding difficulties describe emesis with
feeding without confirmation of gastroesophageal reflux [Bohring et al., 1999; Pierron et al.
2009; Hastings et al., 2010; Magini et al., 2012]. This led us to consider alternative
mechanisms for chronic emesis including gastric dysmotility related to hypotonia.
Regardless, previous reports and the clinical course of the patients herein suggest that
feeding difficulties improve with age, which implies that gastrostomy tubes may not be
required throughout life [Greenhalgh et al., 2003; Hastings et al., 2011].

Respiratory infections and reactive airway disease are common in patients with BOS,
accounting for 42% of deaths, particularly in the first two years of life (Table II). The early
years of Patients 1, 2, 4, and 5 were centered on the management of multiple severe
respiratory infections. Patient 1 endured many hospitalizations and chronic lung infections
until she was treated for reactive airway disease with prophylactic inhaled corticosteroids at
age two and a half, after which her infections diminished and she no longer required
respiratory medications. Patient 2 spent most her first year in the hospital due to chronic
emesis, dehydration, and urinary tract infections, further complicated by repeated severe
respiratory infections. With control of her cyclic vomiting and the use of inhaled
corticosteroids and beta agonists daily, her frequency and severity of respiratory illnesses
dramatically decreased. This may be multifactorial given her decreased infectious exposure
outside the hospital, decreased aspiration risk with control of her emesis, and the use of daily
respiratory treatments. Patients 4 and 5 had mild respiratory symptoms, but benefited from
treatment for reactive airway disease. Lessons learned from these patients led to treatment
goals including reducing aspiration and treating possible reactive airway disease. Similarly
to feeding difficulties, the occurrence of respiratory infections improves with age
[Greenhalgh et al., 2003; Hastings et al., 2011].
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Another challenging feature that five of the eight patients shared was sleep disturbances.
This is a symptom that has not been described, but it had a dramatic effect on the families.
Melatonin seemed to offer some benefit, but it is interesting that treatment for anemia in
Patients 2 and 5 improved their sleep disturbances. Treatment for obstructive sleep apnea by
mandibular distraction and CPAP may be beneficial.

Reports of malignancies in patients with BOS have been limited to a patient who died at five
months and was found on autopsy to have bilateral nephroblastomatosis [Brunner et al.,
2000], and a patient who developed medulloblastoma at age five years [Hastings et al.,
2011]. Neither had a mutation in ASXL1 [Hoischen et al., 2011]. It is interesting to note that
Patients 1 and 4 developed bilateral Wilms tumor at age six and age two years, respectively.
Unlike the previously reported patients with BOS and malignancy, they had a mutation in
ASXL1. ASXL1 mutations have been identified in patients with myelodysplastic syndromes
[Aravind and lyer, 2012; Wang et al., 2014]. Leukemia cells with heterozygous ASXL1
mutations have reduced or absent ASXL1 protein expression, suggesting a role for ASXL1
as a tumor suppressor [Abdel-Wahab et al., 2012]. In order to determine if loss of
heterozygosity of ASXL1 might contribute to Wilms tumor in BOS, tumor DNA from
Patient 1 was tested for loss of heterozygosity at the ASXL1 locus. Loss of heterozygosity
was not appreciated; however, it is possible that functional loss of the wild-type copy of the
gene occurred in the tumor through a mechanism other than gene deletion or conversion.
Given the link between ASXL1 and myelodysplastic conditions [Aravind and lyer, 2012,
Wang et al., 2014], combined with the small number of reported patients with BOS and high
infant mortality, predisposition for neoplasms may be higher than reported. Including the
patients discussed herein, there are 43 published patients with BOS of which two had Wilms
tumor and one had bilateral nephroblastomatosis in infancy, making the incidence of a renal
neoplastic process 7% among published patients, although this may be inflated due to biased
ascertainment. Screening protocols for Wilms tumor in patients with Beckwith-Wiedemann
syndrome are based on an estimated lifelong incidence of 4% and include renal ultrasound
scans every three to four months until eight years of age [Tan and Amor, 2006]. It is
therefore reasonable to consider an abdominal ultrasound every three to four months in the
first eight years old life for patients with BOS.

Ultimately, identification of ASXL1 as a causative mutation for BOS allowed for molecular
diagnosis and led to concern about an increased neoplastic risk for patients with BOS as
demonstrated by a relatively high rate of renal neoplastic conditions in a small sample size.
Lack of an ASXL1 mutation in some patients with clinically-diagnosed BOS results in
uncertainty as to the genetic heterogeneity of the syndrome versus somatic mosaicism.
Diversity in phenotype makes clinical diagnosis challenging. Given the rarity of BOS, the
natural history and clinical management of these patients need to be further explored.
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A-D: Facial Features: Patients 1 & 2
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G-l: Myopia & Clefting:
Patients 4 & 5
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J, K: Nevus Flam., Hypertrichosis:
Patient 7/
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L, M: Patient 8 at birth and 7
months

Figure 1.
Comparison of photographs of patients with Bohring-Opitz syndrome (BOS) caused by

ASXL1 mutations. Patient 1 at 9 years (panels A, B) and Patient 2 at 2 years (panels C, D)
with classic facial features. Patient 3 at 18 months (panel E) and Patient 6 at 3 months (panel
F) demonstrating the typical BOS posture. Patient 4 at 2 years (panel G) and Patient 5 as an
infant and at 12 years (panels H, I) with myopia and clefting. Patient 7 at 11 months (panels
J, K) with prominent nevus flammeus and hypertrichosis. Patient 8 at birth and 7 months
demonstrating progression of features over time (panels L, M). Facial features include nevus
flammeus that fades with age, facial hypotonia, proptosis, widely spaced eyes, depressed
and wide nasal bridge, anteverted nares, palatal anomalies including cleft palate and
prominent palatine ridges, micro and retrognathia, low-set ears with increased posterior
angulation, a low posterior hairline, and hypertrichosis. The characteristic BOS posture can
be seen in panels E and F with flexion at the elbows with ulnar deviation, and flexion of the
wrists and metacarpophalangeal joints.
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Clinical management concerns, causes of death and the most common procedures performed in patients with

BOS.
Clinical Management Concerns ASXL1- (%) | ASXL1+ (%) | All BOS (%)
Failure to thrive 6/6 (100%) 17/17 (100%) | 43/43 (100%)
Severe/Profound ID 6/6 (100%) 17/17 (100%) | 39/39 (100%)
Feeding difficulties 6/6 (100%) 17/17 (100%) | 41/41 (100%)
Myopia 1/3 (33%) 15/16 (93%) | 22/24 (92%)
Frequent emesis 4/4 (100%) 9/11 (81%) 23/25 (92%)
Recurrent infections 4/5 (80%) 8/13 (62%) 18/35 (51%)
Seizures 3/6 (50%) 8/15 (53%) 18/28 (64%)
Apnea 1/5 (20%) 6/12 (50%) 16/25 (64%)
Bradycardia 0/5 (0%) 1/13 (8%) 6/23 (26%)
Causes of Death”
Respiratory infections 1/2 (50%) 1/1 (100%) 5/12 (42%)
Cardiovascular/Apnea/Bradycardia | 0/2 (0%) 0/1 (0%) 4/12 (33%)
Seizure 0/2 (0%) 0/1 (0%) 1/12 (8%)
Medulloblastoma 1/2 (50%) 0/1 (0%) 1/12 (8%)
Sepsis 0/2 (0%) 0/1 (0%) 1/12 (8%)
Procedures
Nissen Fundoplication 2/6 (33%) 2/17 (12%) 8/43 (19%)
G-Tube 416 (67%) 9/17 (53%) 23/43 (53%)
Tracheostomy 0/6 (0%) 1/17 (6%) 2/43 (5%)

Table shows fraction and percent in ASXL1 negative (6 total), ASXL1 positive (17 total) and all patients which includes untested patients with the
clinical diagnosis of BOS (43 total). When authors did not discuss a feature in their publication or the patient is still living, that patient is not

included in the denominator.

*
17 of 43 (40%) BOS patients have reported deaths in the literature ages 23 hours to 6 years-of-age with 11 deaths (26%) at less than 1 year-of-age.

12 deaths have reported etiologies.
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Table llI

ASXL1 mutations in 8 previously unreported patients.

Patients | ASXL1 De novo | Other Testing

1 ¢.2013 2014 del p‘Cy3672TrpfSX41 + Karyotype, microarray, DHCR7, HRAS, KRAS, BRAF, MAP2K1,
- ’ MAP2K2

2 ¢.3077del, p.Gly1026fs2 Untested | Karyotype

3 ¢.1924 G>T, p.Gly642Xx3 Untested | Karyotype, microarray

' TCOF1, NIPBL

4 €.2324 T>G, p.Leu775X2 Untested | Karyotype, microarray (168 kb dup 8¢21.3)

5 €.2324T>G, p.Leu775X4 Untested | Karyotype, extensive testing

6 ¢.2757 2758insCCAT. p.”elglgfss + Karyotype, microarray (185 kb dup Xp22.2), DHCR?7, breakage studies,
- ' metabolic

7 €.1272_1273delGT, p.Tyr4ZSGInst126 Untested Karyotype, FISH, microarray, DHCR7, ASXL2, ASXL3, CD96

8 ¢.2535dup, p.Ser846fs2* Pending | Karyotype

*
Mutation previously reported in Hoischen et al 2011.

1 . ! . .
Exome sequencing at the National Institutes of Health Intramural Sequencing Center

2University Medical Center St. Radboud Molecular Diagnostic Laboratory in Nijmegen, Netherlands

3 .
Exome sequencing at GeneDx

4Dr. Axel Bohring on a research basis

5. . .
Clinical exome sequencing

6 . .
Targeted exome sequencing analysis of ASXL1, ASXL2, ASXL3 and CD96 at GeneDx
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