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Abstract

Bohring-Opitz syndrome (BOS) is a rare genetic condition caused by pathogenic vari-
ants in ASXL1, which is a gene involved in chromatin regulation. BOS is characterized
by severe intellectual disabilities, distinctive facial features, hypertrichosis, facial
nevus simplex, severe myopia, a typical posture in infancy, variable anomalies, and
feeding issues. Wilms tumor has also been reported in two individuals. We report
survey data from the largest known cohort of individuals with BOS with 34 partici-
pants from the ASXL Patient-Driven Registry and data on five additional individuals
with notable findings. Important or novel findings include hepatoblastoma (n = 1), an
additional individual with Wilms tumor, two families with a parent who is mosaic
including a pair of siblings, birth weights within the normal range for the majority of
participants, as well as presence of craniosynostosis and hernias. Data also include
characterization of communication, motor skills, and care level including hospitaliza-
tion frequency and surgical interventions. No phenotype-genotype correlation could
be identified. The ASXL Registry is also presented as a crucial tool for furthering

ASXL research and to support the ASXL community.
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molecular etiology was uncovered in 2011 by Hoischen et al. who

reported de novo truncating variants in the ASXL Transcriptional Reg-

Bohring-Opitz syndrome (BOS) was first phenotypically described in
1975 by Oberklaid and Danks with further clinical delineation by
Bohring et al. in 1999 who distinguished it from Opitz Trigoncephaly
C syndrome (Bohring et al., 1999; Oberklaid & Danks, 1975). The
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ulator 1 gene or Additional Sex Combs-Like 1 (ASXL1) on chromosome
20g11.21 in 7 out of 13 individuals with a clinical diagnosis of BOS
(Hoischen et al., 2011). To date, all ASXL1 variants associated with
clinical features of BOS are truncating variants in the last two exons.
No missense or truncating pathogenic variants outside this region
have been reported in the literature (Russell et al., 2018). While clini-
cal diagnostic criteria of BOS were proposed by Hastings et al. (2011)
based on 30 individuals, this predates the identification of the molecu-
lar etiology, and several individuals, including a pair of siblings (partici-

pants 1 and 2 in that report), have subsequently been diagnosed with
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other syndromes (Bruel et al., 2017). Nonetheless, the initial clinical
descriptions have remained relevant such that BOS is now typically
defined by characteristic clinical features and truncating variants in
the last two exons of ASXL1. Ultimately, there remains multiple indi-
viduals with BOS-like clinical features without identifiable ASXL1 vari-
ants, some of whom may have other BOS-like syndromes or have
ASXL1 variants that are missed on routine genetic testing (Hoischen
et al.,, 2011).

BOS is characterized by distinctive facial features and an unusual
posture of the upper limbs in infancy, growth failure, variable but typi-
cally severe to profound intellectual disability, and a wide range of
structural birth defects. The facial features may include microcephaly
or trigonocephaly with prominent but not fused metopic ridge, hypo-
tonic facies with full cheeks, synophrys, glabellar and eyelid nevus
simplex, proptosis, widely set eyes, palate anomalies, and micro-
gnathia. The BOS posture, which resolves with age, includes flexion at
the elbows with ulnar deviation and flexion of the wrists and metacar-
pophalangeal joints. Most individuals also experience feeding difficul-
ties during early childhood that improve with age. Severe vomiting
can occur in a cyclic pattern that often improves with typical manage-
ment for cyclic vomiting. Seizures are also common, and two individ-
uals with Wilms tumor have been reported (Russell et al.,
2015, 2018).

Interpretation of ASXL1 variants can be challenging. While BOS is
inherited in an autosomal dominant pattern, there is one publication
with transmission from an asymptomatic mother with somatic mosai-
cism to her child (Bedoukian et al., 2018). Moreover, truncating vari-
ants in ASXL1 are common in hematologic malignancies such as
chronic myelomonocytic leukemia (40%-50%) and acute myeloid leu-
kemia (almost 40%). Individuals also commonly acquire age-related
loss-of-function ASXL1 variants due to clonal hematopoiesis
(Jaiswal & Ebert, 2019). These somatic variants are typically the same
or similar to constitutional truncating variants in the last two exons
that cause BOS (Micol & Abdel-Wahab, 2016), and their presence in
control databases of reportedly healthy individuals, further compli-
cates variant interpretation (Carlston et al., 2017). This, coupled with
reports of unaffected mosaic parents, makes variant classification of
ASXL1 difficult and has likely resulted in under-reporting of BOS
patients.

The canonical transcript of ASXL1 consists of 13 exons. ASXL1 is
named after the Drosophila ortholog, Additional sex combs (Asx),
which is a Polycomb group protein that regulates the transcription of
specific homeotic Hox genes. Hox genes are critical for the formation
of the body axis, as well as interacting with other genes, possibly by
regulating the methylation and ubiquitination of specific lysine resi-
dues on certain histones (Fisher et al., 2006; Micol & Abdel-
Wahab, 2016). ASXL2 and ASXL3 are similarly named with some over-
lapping function. The ASXL genes are considered nonenzymatic
“readers” of the epigenetic code by playing a role in histone modifica-
tion and chromatin regulation. They are part of a growing group of
syndromes known as chromatinopathies or Mendelian disorders of
the epigenetic machinery (MDEMs) that are characterized by intellec-
tual disability and atypical growth (Fahrner & Bjornsson, 2019).

In this text, we review clinical data for 34 individuals in the ASXL
Patient Driven Registry along with five additional individuals with
Wilms tumor, hepatoblastoma, and two families with gonadal mosai-

cism including an affected sibship.

2 | METHODS

21 | Registry design and data collection

The ASXL Registry is a multisite patient-driven registry designed in
close collaboration with the ASXL family communities including the
Bohring-Opitz Syndrome Foundation, the Bohring-Opitz Syn-
drome Support Group, and the ASXL Rare Research Endowment
(ARRE). It has approval by the institutional review boards at all sites
(UCLA, Boston Children's Hospital, Cincinnati Children's Hospital,
and Duke University). This publication primarily includes informa-
tion collected through a survey completed by parents or guardians
of the participants. The survey is shown in Table SS1. Review of
medical records was undertaken for those with a tumor or have par-
ents who are mosaic for an ASXL1 variant. Genetic test results con-
firming the presence of a pathogenic ASXL1 variant were reviewed
by the registry clinical team. Participants were recruited through
family support groups, at family gatherings, from ClincalTrials.gov
(ClinicalTrials.gov Identifier: NCT03303716), and through referrals
from healthcare providers. All participants were consented per
study protocol.

2.2 | Data analysis

Survey question responses were reviewed in detail by the registry
team. In order to classify clinical severity for each participant, specific
survey questions were assigned weighted points that were summated
to generate an overall severity score. Table SS2 includes details for
score generation. All 34 participants had sufficient data to determine
a severity score based on a standardized scale of points out of
100 such that 1-49 points is mild, 50-74 points is moderate, and

greater than 75 points is severe.

3 | RESULTS

3.1 | Demographics

A total of 34 participants from the United States (n = 24), Canada
(n = 2), Australia (n = 2), the Netherlands (n = 2), Portugal (n = 1),
Poland (n = 1), ltaly (n = 1), and Germany (n = 1) completed this sur-
vey. The survey was submitted by a parent (biologic, adoptive, or step)
in all but 2 instances where a grandparent or a foster parent com-
pleted it. Per the caregivers who completed the survey, data from
22 out of 34 (65%) of participants are not known to have been pub-
lished, while another 4 out of 34 (11%) were unsure whether their
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data have ever been published. Nineteen individuals were male (56%)
and 15 were female (44%). Mean age of the participants was 7 years
(range: 1-23 years). Three of the 34 surveys were completed on
behalf of deceased individuals, with the causes of death being sei-
zures, respiratory failure, or cardiac failure (Table 1). Molecular confir-
mation of BOS was obtained through whole exome or genome
sequencing in 19 of 34 individuals (56%), ASXL gene family sequenc-
ing in 13 of 34 individuals (38%), and large gene panel sequencing in
2 of 34 individuals (6%). Figure 1 demonstrates facial features at dif-

ferent ages for six participants.

3.2 | Phenotype and genotype

The ASXL1 variants of the 34 participants with severity scores were
plotted on an ASXL1 gene diagram. Variants from the additional five
individuals reported here were also included but without severity
scores as they did not complete the survey. Previously published indi-
viduals who were not in the registry do not have severity scores but
are included in part B of the diagram. No clear genotype-phenotype
correlation was observed. All variants were truncating and occurred in

the final two exons (Figure 2).

3.3 | Clinical history

Data on demographics, severity, birth weight, hospitalizations (includ-
ing ICU stays), surgeries, feeding, communication, motor skills, and
survival are reported in Table 1. The majority of individuals had appro-
priate birth weight for gestational age (Figure 3). When a denominator
of less than 34 is used in Table 1, it is due to incomplete survey
responses. Multiple responses were allowed for questions about sur-
geries, communication, and motor skills. All reported surgeries are
shown in the table, with many individuals having multiple surgeries.
For communication and motor skills, the highest level of attained abili-
ties is listed. Many participants listed “understands more than can
communicate” and an expressive skill. This value was therefore pre-
sented separately as well as in the expressive skill set when it was the

only answer provided.

3.4 | Inheritance

In addition to the data reported herein, we report an affected sib pair
and a family with paternal constitutional mosaicism. In the sibship,
both siblings have the ¢.1282C>T p. Q428X (NM_015338.5) variant,
but neither parent, both of whom were unaffected, had the variant
in their peripheral blood samples. We also identified another family
in which the unaffected father was mosaic for his daughter's ASXL1
variant: ¢.1934dupG p.G646YfsX12 (NM_015338.5) in 1.58% of
190 next generation sequencing reads. Neither of these families
were included in the survey data, but they are currently enrolled in

the registry.

medical genetics B-WILEY-L_2

3.5 | Neoplastic processes

Additional oncologic cases from two registrants not included in the
survey dataset are also reported. We identified a previously unpub-
lished 33-year-old woman with classic features of BOS (ASXL1
c.1762C>T p.Q588X, NM_015338.5) who had unilateral Wilms tumor
identified at age 4 on abdominal examination and was treated suc-
cessfully with nephrectomy, chemotherapy, and radiation. We also
report a 3 years old female with classic features of BOS (ASXL1
c.1433delG p.G478VfsX224, NM_015338.5) who had hepatoblas-
toma found on surveillance abdominal ultrasounds for Wilms tumor at
18 months of age. She required partial liver resection and chemother-
apy with subsequent remission.

4 | DISCUSSION

Previous case reports and series on BOS had limited natural history
data and included patients without molecular confirmation, so differ-
ent genetic diagnoses could have been included. Medical care has
also advanced significantly with more aggressive interventions, so
previously published case reports may not reflect current treatment
paradigms. Our registry provides an opportunity to better under-
stand BOS, develop management and treatment strategies, generate
data that may facilitate basic science research, and collate data on a
pool of patients who may be eligible for future clinical trials. This ini-
tial publication reports baseline data from 34 participants who com-
pleted our enrollment survey as well as data from five additional
individuals who did not complete the survey. While longitudinal data
and a larger sample of patients are needed to further characterize
the full clinical spectrum of BOS, this is the largest cohort of BOS
patients in the published literature, and we have demonstrated an
expanded phenotype.

Despite the expanded clinical spectrum, there remains a clear
phenotypic pattern for BOS that is well recognized with characteristic
facial features and neurocognitive impairments. While the majority of
the participants (56%; 19/34) were diagnosed by whole exome
sequencing, it is noteworthy that 38% (13/34) of participants were
identified on targeted ASXL gene family testing, which suggests that
nearly 40% of the healthcare providers recognized, or suspected, BOS
based on the clinical phenotype.

When using our survey data to evaluate symptom severity, we
could not identify any genotype-phenotype correlations (Figure 2).
This is not surprising given that all the pathogenic variants are truncat-
ing and occur in the last two exons, likely resulting in a similar impact.
It is possible that a milder or different phenotype associated with
other types of variants or variants outside the last two exons may be
identified in the future.

In regards to the clinical presentation, our data supported what
has been reported as “classic BOS” in the literature, but they also
highlighted some additional features. Novel findings include four indi-
viduals with hernias (inguinal [n = 2, hiatal; n = 1]) and two with cra-

niosynostosis (Table 1). Although BOS has been associated with
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TABLE 1 Clinical data for ASXL Registry participants
Severity
Mild 9/34 (26.5%)
Moderate 16/34 (47%)
Severe 9/34 (26.5%)
Birth weight®

Small for gestational age
Appropriate for gestational age
Large for gestational age
Hospital admissions?®
Total number of hospitalizations
0-5
6-15
More than 15
Hospitalizations in ICU
Unknown number of ICU stays
1ICU stay
2-6 ICU stays
>6 ICU stays
Surgeries®
Surgical feeding tube
Myringotomy

Orthopedic surgery (Scoliosis repair [3], surgical contracture management [hip, knee, feet], lower extremity epiphyseodesis, tibial
fibular derotation, tendon release, femur fracture fixation)

Gastric fundoplication
Supraglottoplasty
Tracheostomy

Cleft lip or palate repair

Hernia (inguinal [2], hiatal)
Genitourinary surgery
Renal surgery
Cardiac repair (congenital)
Craniosynostosis
Ophthalmologic surgery

Feeding
No oral feeds
Oral tastes for pleasure only
Some oral feeds
All oral feeds

Communication

Expressive (highest ability)*
Too young to communicate
Understands more than communicates
Nonverbal communication/gestures
Uses a communication device/signing
Uses a few basic words
Mostly communicates verbally

Has a normal vocabulary

4/31 (13%)
26/31 (84%)
1/31 (3%)

16/32 (50%)
10/32 (31%)
6/32 (19%)

20/32 (63%)
3/20 (15%)
7/20 (35%)
7/20 (35%)
3/20 (15%)

19/34 (56%)
14/34 (41%)
6/34 (18%)

6/34 (18%)
5/34 (14%)
4/34 (12%)

5/34 (14%),
3/34 (9%)

3/34 (9%)
3/34 (9%)
3/34 (9%)
1/34 (3%)
2/34 (6%)
1/34 (3%)

7/34 (20.5%)
7/34 (20.5%)
4/34 (12%)

16/34 (47%)

5/26 (19%)
3/26 (12%)
6/26 (23%)
4/26 (15%)
5/26 (19%)
1/26 (4%)

2/26 (8%)
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Receptive
Understands more than communicates
Motor skills (highest ability)
Under age of 8 months
No independent movement
Rolls over, reaches/holds objects
Sits with support
Sits independently
Crawls/scoots
Walks with support
Full mobility
Survival
Deceased
Cause of death
Respiratory
Cardiac
Seizure
Note: Most frequent features in bold.

2Not all respondents provided answers.
PMultiple responses allowed, total does not equal 100%.

intrauterine growth retardation (IUGR), the majority (84%; 26/31) of
the participants in our cohort had birth weights in the normal range
for gestational age (Figure 3). While there is likely ascertainment bias
in the registry data, a large number of BOS individuals survive past
infancy and into adulthood (31/34), which differs from early reports
of a high infant mortality rate (Russell et al., 2018). Feeding intoler-
ance with recurrent vomiting that typically improves with age was
thought to be prevalent (Russell et al., 2015), yet 47% (16/34) of par-
ticipants fed entirely orally with another 32% (11/34) taking some
amount of oral feeds for nutrition or pleasure. While oral feeding was
attained by the majority of participants, 56% (19/34) of the partici-
pants had a surgically placed feeding tube with 32% (6/19) of those
individuals receiving a gastric fundoplication, likely related to chronic
vomiting in infancy (Table 1). Thus, severe feeding issues are not uni-
versally present and likely decrease with age given that 79% of regis-
trants take at least some oral tastes, but it remains noteworthy that
20% of individuals do not take oral feeds.

From a communication standpoint, the majority of participants
were able to understand more than they could communicate (79%;
27/34). For those with expressive language skills, nonverbal cues was
the highest level of communication for 23% (6/26) of individuals,
while 15% (4/26) used signs or communication devices, and 31%
(8/26) of the families reported some amount of verbal language. Early
developmental services and use of augmentative and alternative com-
munication (AAC) devices and/or sign language could therefore be
beneficial in improving expressive communication for many individ-
uals. Gross motor skills showed a similar large spectrum with 26%
(9/34) of individuals who walk with or without support. This again
emphasizes that around at least a quarter of affected individuals do

medical genetics B-WILEY-L_°

27/34 (79%)

1/34 (3%)
4/34 (12%)
2/34 (6%)
10/34 (29%)
4/34 (12%)
4/34 (12%)
5/34 (14%)
4/34 (12%)

3/34 (9%)

1/3 (33%)
1/3 (33%)
1/3 (33%)

attain higher level functioning. It is therefore important to recognize
strengths and range of ability in order to maximize individual poten-
tials. Introducing nonverbal gestures, assistive devices, as well as early
physical and occupational therapy, will allow for greater autonomy,
less frustration and associated behavioral issues, increased communi-
cation, as well as improved mobility.

The number of surgical procedures and need for hospitalization
are also variable. Overall, 50% (16/32) of respondents have had six or
more hospitalizations. Intensive care (ICU) level stays are common,
with 63% (20/32) of participants requiring at least one ICU stay. This
result is not unexpected given the multiple organ system manifesta-
tions, hypotonia, and feeding issues. The most common surgery is
feeding tube placement with or without gastric fundoplication (56%;
19/34), followed by myringotomy (41%; 14/34), various orthopedic
procedures (18%; 6/34) and airway management surgeries (supraglot-
toplasty 14%; 5/34 and tracheostomy 12%; 4/34). This likely reflects
that major care challenges are often centered on feeding, chronic
infections, mobility, hypotonia, and airway issues. Although not cap-
tured through a one-time survey, we have observed a decrease in
hospitalizations and overall disease burden after the first few years
of life.

Our data also further support that rates of mosaicism in the
ASXL-related disorders are higher than what is typically seen in the
majority of autosomal dominant neurocognitive disorders. By adding
to the literature a pair of BOS sibs with negative parental ASXL1
sequencing and a BOS individual with an unaffected father who is
mosaic for the pathogenic variant, there are now three BOS families
that demonstrate gonadal or constitutional mosaicism (Bedoukian
etal, 2018).
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FIGURE 1

For the ASXL3-related disorder (Bainbridge-Ropers syndrome),
5 families out of 90 published individuals have an unaffected mosaic
parent, siblings with no parental variant identified, or an affected indi-
vidual with 30%-35% mosaicism on blood and saliva testing (Koboldt
et al., 2018; Schirwani et al., 2020, 2021).

While it remains a challenge to determine true prevalence in the
population, the ASXL-related disorders are ultra-rare neurodevelop-
mental conditions with eight families harboring gonadal or constitu-
tional mosaic ASXL variants. This occurrence appears higher than the
typically cited 1%-2% expected recurrence risk due to gonadal mosai-
cism. However, we are unable to determine the true rate of gonadal
and constitutional mosaicism through a survey due to the relatively
small sample size and potential biases. It is notable that this increased
risk is not unique to the ASXL disorders as gonadal mosaicism is well
reported in other autosomal dominant neurodevelopmental disorders
with mechanisms that impact chromatin and cohesion pathways such

as CHARGE syndrome (CHD7) and Cornelia de Lange syndrome

Photographs of Bohring-Opitz syndrome patients at various ages. (a-c) Patient 1 at 3 months, 5 years, and 22 years. (d, e) Patient
2 at birth and 3 years. (f-h) Patient 3 at 2 years, 3 years, and 4 years. (i, j) Patient 4 at 8 months and 02 years. (k-m) Patient 5 at 2 months,
8 months, and 1 year. (n, o) Patient 6 at 5 years and 7 years

(NIPBL, SMC1A) (Jongmans et al., 2008; Lalani et al., 2006; Slavin
et al., 2012). There is no clearly defined mechanism resulting in
increased rates of mosaicism for these conditions.

Of note, Greenhalgh et al., 2003 reported a sibling pair with clini-
cally diagnosed BOS but subsequent ASXL1 sequencing was negative
with an ultimate diagnosis of KLHL7-related disorder (Bruel
et al., 2017). Given that these individuals do not have BOS, they
should not be considered when discussing rates of mosaicism in this
population.

While Wilms tumor has previously been reported in two individ-
uals, as published by Russell et al., 2015, we now report a third indi-
vidual with this rare pediatric tumor along with the first individual
with BOS known to have a hepatoblastoma. Wilms tumor rates in the
pediatric population are 7 per 1 million (Grovas et al., 1997) while
hepatoblastoma rates are 0.5-1.5 per 1 million children (Mann
et al., 1990). Because the prevalence of BOS cannot be accurately

predicted, determining an accurate tumor risk is not feasible but given
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transcript NM_015538 and hg19 build

the rarity of both these pediatric tumors and their frequency in an
ultra-rare genetic condition, screening with abdominal ultrasound
every 3 months until age 8 for Wilms tumor was previously recom-
mended (Russell et al., 2015). While a single case of hepatoblastoma
does not necessarily warrant recommendations to implement regular

surveillance with serum alpha-fetoprotein (AFP) levels, if additional

patients were identified, hepatoblastoma surveillance could become a
critical component of future management guidelines. Of note, abdom-
inal ultrasound every 3 months until age 8 would be part of the rec-
ommendation for hepatoblastoma surveillance. It also remains of
interest that somatic variants in the ASXL genes (primarily ASXL1 and
ASXL3), are common in many hematologic and solid tumor oncologic
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processes (Micol & Abdel-Wahab, 2016). To date, other forms of can-
cer have not been reported in BOS, although very few adults have
been identified, so the prevalence of adult-onset cancers is unknown.

Ultimately, the ASXL-Patient Driven Registry is essential for our
understanding of BOS and developing management strategies. Data col-
lected directly from families have limitations regarding accuracy, yet the
data presented here are within the scope of what families can reliably
recount regarding their children's medical history. A survey is also biased
toward those who respond so it does not always capture the full spec-
trum of manifestations and complications. Nonetheless, given the rarity
of BOS and the high response rate for our survey, the data reported
herein likely have broad applicability. Other rare disease registries, such
as the Duchenne Registry for Duchenne Muscular Dystrophy (DMD)
and the Global Angelman syndrome (AS) Registry, have shown continued
value for parent and participant reported data. The DMD community
uses the Duchenne Registry to collect longitudinal natural history infor-
mation and develop therapeutic interventions through a mutually benefi-
cial collaboration between academic investigators and patients (Wang
et al., 2014). The AS registry further demonstrates success in informing
research that will identify treatments for AS, and ultimately improving
the lives of individuals and families living with AS (Napier et al., 2017).
The ASXL registry shares a similar designs to these successful resources
with direct surveys and medical record support as needed.

In conclusion, further expansion of the disease spectrum is char-

acterized here, including novel features of hepatoblastoma, absence

of IUGR or low birth weight, and presence of craniosynostosis and
hernias. An additional occurrence of Wilms tumor as well as two fami-
lies with mosaicism continues to support previously reported findings.
We seek to increase the number of participants globally and to gather
data on other aspects of BOS. This registry has also been integrated
into a biobank study at UCLA will correlate natural history data with
biological specimens as a resource for laboratory studies that can fur-
ther elucidate the underlying disease mechanisms and lead to the

development of therapeutics.
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