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Deletion of ERF and CIC causes
abnormal skull morphology and global
developmental delay
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Abstract The ETS2 repressor factor (ERF) is a transcription factor in the RAS-MEK-ERK signal
transduction cascade that regulates cell proliferation and differentiation, and pathogenic
sequence variants in the ERF gene cause variable craniosynostosis inherited in an autoso-
mal dominant pattern. The reported ERF variants are largely loss-of-function, implying hap-
loinsufficiency as a primary disease mechanism; however, ERF gene deletions have not
been reported previously. Here we describe three probands with macrocephaly, craniofa-
cial dysmorphology, and global developmental delay. Clinical genetic testing for fragile
X and other relevant sequencing panels were negative; however, chromosomal microarray
identified heterozygous deletions (63.7-583.2 kb) on Chromosome 19q13.2 in each pro-
band that together included five genes associated with Mendelian diseases (ATP1A3,
ERF, CIC, MEGFS, and LIPE). Parental testing indicated that the aberrations were apparently
de novo in two of the probands and were inherited in the one proband with the smallest
deletion. Deletion of ERF is consistent with the reported loss-of-function ERF variants,
prompting clinical copy-number-variant classifications of likely pathogenic. Moreover, the
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ERF and CIC deletion and abnormal skull morphology

recent characterization of heterozygous loss-of-function CIC sequence variants as a cause of
intellectual disability and neurodevelopmental disorders inherited in an autosomal domi-
nant pattern is also consistent with the developmental delays and intellectual disabilities
identified among the two probands with CIC deletions. Taken together, this case series
adds to the previously reported patients with ERF and/or CIC sequence variants and sup-
ports haploinsufficiency of both genes as a mechanism for a variable syndromic cranial phe-
notype with developmental delays and intellectual disability inherited in an autosomal
dominant pattern.

[Supplemental material is available for this article.]

INTRODUCTION

Craniosynostosis is the premature fusion of one or more cranial sutures that typically remain
open to allow for postnatal brain growth, which can result in subsequent skull deformation
and intracranial pressure. Craniosynostosis affects ~1 in 2000 children (Heuze et al. 2014;
Wilkie et al. 2017) and can present with other features in a syndromic form; however, the
majority (~85%) are nonsyndromic (Heuze et al. 2014). There is significant clinical variation
in the number and type of sutures involved, which is influenced in part by both genetic and
environmental factors (Heuze et al. 2014; Wilkie et al. 2017). Although more than 90 genes
with pathogenic variants have been identified to be associated with craniosynostosis, the
majority of affected individuals (70%-75%) remain without a genetic diagnosis, which is crit-
ical to guide clinical management and inform on prognosis and reproductive risk (Heuze
et al. 2014; Timberlake et al. 2017; Wilkie et al. 2017; Lee et al. 2018). Several
cellular pathways have emerged in the pathogenesis of craniosynostosis, including the
RAS-MEK-ERK signaling pathway, which involves the FGFR1, FGFR2, FGFR3, TWISTT,
and EFNBT genes (Kim et al. 2003; Heuze et al. 2014; Timberlake et al. 2017; Wilkie
et al. 2017). Additional genes that have more recently been implicated in craniosynostosis
include TCF12 and ERF (Sharma et al. 2013; Twigg et al. 2013; Wilkie et al. 2017; Glass
et al. 2019).

The ERF (ETS2 repressor factor) gene is located on Chromosome 19g13.2 and encodes a
transcription factor that is bound directly by ERK1/2 to regulate the RAS-MEK-ERK signal
transduction cascade (le Gallic et al. 1999; Twigg et al. 2013). Heterozygous loss-of-function
variants in ERF (start-loss, missense, nonsense, frameshift, and splice-site) have been report-
ed among individuals with craniosynostosis, which ranged from mild nonsyndromic cranio-
synostosis to a syndromic form with multisuture synostosis, craniofacial dysmorphism, central
nervous system abnormalities, and speech delay (Twigg et al. 2013; Chaudhry et al. 2015;
Timberlake et al. 2017; Clarke et al. 2018; Lee et al. 2018; Glass et al. 2019; Korberg et al.
2020). Importantly, although the mutational spectrum of reported sequence variants implies
haploinsufficiency as the disease mechanism (Glass et al. 2019), ERF gene deletions have not
been previously reported.

Herein, we report a series of three unrelated probands with heterozygous deletions of
Chromosome 19g13.2 that include ERF. Proband 1 was initially identified and two additional
individuals with overlapping deletions were subsequently incorporated into the series
through DECIPHER (https://www.deciphergenomics.org/) (Firth et al. 2009). Moreover, het-
erozygous sequence variants in the neighboring CIC (capicua) gene have recently been im-
plicated as a cause of intellectual disability and neurodevelopmental disorders inherited in
an autosomal dominant pattern (Lu et al. 2017; Kim et al. 2019), which is also consistent with
the identified deletions and proband phenotypes in this series.
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RESULTS

Clinical Presentation and Family History
Proband 1 (Icahn School of Medicine at Mount Sinai, ISMMS)

The proband was a 3.4-yr-old male, who presented for evaluation of global developmental
delay, macrocephaly, and dysmorphic features (Table 1; Fig. 1). He was the second child of
nonconsanguineous parents. His older brother was 10 yr old and had speech delay during
preschool that subsequently resolved. His brother’s height was in the 75th centile. The moth-
er's family originated from the Philippines, and she was healthy, with no relevant family his-
tory. Her height was 160 cm (31st centile) and head circumference was 54.8 cm (74th centile).
The father was of European descent and healthy. His height was 188 cm (95th centile), head
circumference was 59 cm (>99th centile), and he had big thumbs and toes. Among his eight
siblings, some were also tall and/or had big thumbs or toes. The paternal grandfather and his
five siblings died with colon cancer. There was no history of other birth defects, developmen-
tal delay, psychiatric disease, or hydrocephalus in the family.

The proband was born via repeat Cesarean delivery at 38 wk gestation. A fetal ultrasound
at ~6 mo gestation indicated macrocephaly; prenatal history was otherwise unremarkable
with no maternal exposures, and a normal 46, XY G-banded karyotype was reported by am-
niocentesis, which was carried out for advanced maternal age. Apgar scores were 9 and
9. He appeared well and had normal newborn screening, including hearing. He was dis-
charged without complications. His birth length was 49.5 cm (50-75th centile), weight was
4.035 kg (>90th centile), and head circumference was 36 cm (>90th centile). His head circum-
ference remained below +2 standard deviations until 5 mo, and then increased above the
97th centile. Head ultrasound at 7 mo of age showed borderline enlarged ventricles, but
no evidence for external hydrocephalus. At 1 yr, 10 mo, he developed a febrile seizure
due to sinusitis; cranial computed tomography (CT) was performed that was reported nor-
mal, and no electroencephalogram (EEG) was done. Global developmental delay was evi-
dent: He rolled over at 10 mo, sat without support at 12 mo, stood up at 15 mo, and
talked at 1 yr, 6 mo after initiating speech therapy. A formal developmental evaluation at
2 yr, 6 mo placed his skills at the age of a 12- to 13-mo-old. He began physical therapy at
2 yrand occupational therapy at 3 yr, both three times a week, and started special education
at 3 yr with speech therapy four times a week. He had no reportable behavioral issues that
warranted formal assessment. Endocrinology evaluation at 3 yr and 3 mo noted steady
growth with height consistently between 50th and 75th centile and body mass index
(BMI) of 18.07 kg/m? (height 0.97 m, weight 17 kg; BMI 95th centile, Z=1.62) at the border
of the overweight/obese range. His thyroid stimulating hormone (2.67 mU/L) and free thy-
roxine (T4) (1.19 ng/dL) levels were normal (0.4-4.0 mU/L and 0.65-2.3 ng/dlL, respectively).
An underlying endocrinopathy was deemed unlikely, and the proband was referred to
Medical Genetics.

At 3 yr and 5 mo, his height was 105 cm (90-95th centile), weight was 17.24 kg
(75-90th centile), and head circumference was 55.7 cm (>97th centile). His facies were dys-
morphic (Fig. 1). He was alert and responsive, with appropriate social interaction but
became easily frustrated when trying to communicate with people, primarily using sign
language. Hypotonia was evident. He wore ankle braces for tibial torsion and pronation
and could walk on his own, but with an unsteady gait. His physical exam showed that in
addition to macrocephaly he had a prominent forehead greater above the right than
the left eye and a palpable coronal suture with the height of his skull higher anterior to
the coronal suture. He also had very mild exophthalmos with esotropia, low-set ears of nor-
mal size, relatively large thumbs, and big toes. Rereview of a previous CT scan showed that
imaging was not adequate to review the sutures, and review of systems was otherwise
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Figure 1. Clinical features of proband 1 at age 3.4 yr (A,B) and proband 2 at 14 yr (C,D). Notable features in-
clude macrocephaly, brachycephaly, prominent forehead, facial asymmetry, and mild exophthalmos with stra-
bismus. Consent for publication of photos for proband 3 was not granted.

unremarkable. Altogether, his cranial shape and dysmorphic features were suggestive of
craniosynostosis.

Proband 2 (King Edward Memorial Hospital; KEMH)

The proband was referred to the transitional Undiagnosed Disease Program (tUDP) of
Western Australia for further investigation of apparent intellectual disability, macrocephaly,
and dysmorphic features (Table 1; Fig. 1). She was the first child of nonconsanguineous
European parents. Both parents were in good health, and there was no family history of
development delay, psychiatric disorders, or birth defects. During the pregnancy, concerns
were raised about lack of fetal movements; however, all scans were unremarkable. She was
born full term at 41 wk with no concerns after delivery. Neonatal examination was normal.
Birth parameters were length 51 cm (50-75th centile), weight 3.66 kg (50th centile), and
head circumference 36 cm (85th centile). Initial development was on track: she smiled at
6 wk, sat at 9 mo, crawled at 9 mo, and walked independently at 16 mo. At 18 mo, she
developed seizures, which included generalized tonic—clonic and absence seizures that
were resistant to treatment. By 20 mo, her development had regressed significantly, and
she was diagnosed with global developmental delay. She was diagnosed with alternating
esotropia at 3 mo of age, patching was attempted, and at age 2 yr surgical correction of
the right eye was performed. At 14 yr, she was diagnosed with significant intellectual dis-
ability. She also was noted to have an abnormal gait with femoral torsion requiring an
osteotomy at age 13 yr. At 17 yr, she was noted to be of tall stature (75th centile), have
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hypermobile joints and dysmorphic features including relatively long face, everted lower
lip, and a narrow jaw; there was no obvious asymmetry. Her head circumference was
57 cm (>97th centile) at age 17 yr (Fig. 1), and magnetic resonance imaging (MRI) showed
a structurally normal brain.

Proband 3 (Rigshospitalet)

The proband was a 15-yr-old boy, who was followed for developmental delays, behavioral
problems, and dysmorphic features. He was the only common child of a nonconsanguineous
couple (Table 1). Both parents had mild learning difficulties and they managed to live inde-
pendently, each with a new partner. The father had two healthy children with another part-
ner, whereas the mother had a healthy daughter. The mother had three brothers and one
sister who all attended special schools. The proband was born after an uncomplicated preg-
nancy at 39 gestational weeks by Cesarean delivery because of prolonged labor, and was
admitted to the neonatal unit for respiratory support the first 2 d of life. According to the par-
ents, it was because of a unilateral pneumothorax. Subsequently, the neonatal period was
uneventful. Birth length was 52 cm (75-90th centile) and weight was 3642 g (50-75th
centile).

From early on, there was a suspicion of delayed development. He walked independently
after 18 mo of age and said his first word at 24 mo of age. His language development was
markedly delayed. At the age of 3 yr, the proband was referred to a pediatric department
because of global developmental delay. At the age of 5 yr, he could only say one-syllable
words and sentences with two to three words. At his latest examination at 15 yr old, he
had near-normal speech. He was seen by an otolaryngologist several times to evaluate his
hearing, which was found to be normal. He had secretory otitis and had grommets placed
in both ears twice but without any effect on language development. He had an adenoidec-
tomy because of recurrent upper airway infections associated with sleep disturbances.

Psychiatric evaluation was carried out because of behavioral anomalies. He was evaluat-
ed for attention deficit disorder but did not fulfill the diagnostic criteria. He was diagnosed
with mild intellectual disability and behavioral problems. He was described as a sweet and
sociable boy, but with mood changes and sudden outbursts, eventually leading to episodes
of aggressive and violent behavior. As he grew older the behavioral problems worsened. He
also had mild asthma. He was seen by an ophthalmologist a few times because it was sus-
pected he had amblyopia, but vision was found to be normal. In childhood, he had obstipa-
tion/retention and incontinence problems both for urine and stools that lasted for many
years. At 15 yr, he still had urine incontinence at night but rarely during daytime. No sleep
problems were noted.

On physical examination, he had short stature, relative weight gain, and relative macro-
cephaly. Measurements were taken at the ages of 3 yr, 10 mo (length: 95 cm, 1st centile;
weight: 18.3 kg, 75-90th centile; head circumference: 54 cm, >95th centile), 8 yr, 9 mo
(length: 125 cm, <5th centile; weight: 32 kg, 50-75th centile), and 13 yr, 7 mo (length:
143 cm, <1st centile; weight: 46 kg, 25th centile). He presented with a large brachycephalic
head, tall forehead, and slightly dysmorphic features such as full lower lip and absent Cupid's
bow. The neck seemed short. He had no facial asymmetry or other signs of craniosynostosis.
No brain CT/MRI scans had been performed.

Genomic Analyses
Proband 1 (ISMMS)
Clinical FMRT1 trinucleotide repeat expansion testing for fragile X was normal (approximate

30 repeats), and a clinical craniosynostosis Sanger sequencing panel that included FGFRT,
FGFR2, FGFR3, RAB23, EFNB1, MSX2, TWIST1, and POR did not detect any pathogenic

Singh et al. 2021 Cold Spring Harb Mol Case Stud 7: a005991 7 of 15



b COLD SPRING HARBOR

Molecular Case Studies

ERF and CIC deletion and abnormal skull morphology

)
A chr19 [ 19p13.3 19p13.2 p13.11 IR RERRPl o 13.11 g13.12 19q13.* q13.32 q13.33 q13.42q13.43|
19913.2
Mb: T 424l T a2 T 426! Y 1 428! T 429! EYY T 434l a2
OMIM Genes: wsir: mm it0 m— i o
1122050 604267 I
601855 I 611888 M
Genes: . ¥ ERFL#- ATP1AT B ZNFETA - MRa323 DEDD2f+4 ERF#: CICHE  WMIRE)77! CNFNK CXCLITHed  GEACAMIM-Hd  CEACAMEH-HI PGt
* RPS19 -4 RABAC1N _ GRIKS H~—rf———t—Hl LOC100505622 - DEDD2 4  ERF# PRR19+4 LOC101930071 w4 CEACAM1 siH
RPS19 t-# ATP1AZ B ZNF574 HF DEDD2 k4 ERF#H TMEM145 LIPE-AS1
RPS19 t-# ATP1AZ BHHEH POU2F2 e D2 st 4 TMEM145 i LIPE Hit<=4 CEACAM1 fi<H
RPSIS b ‘SRiks £ e il e
R BAFAHIEIH CXCUIT i GEAGAWI a1
CD79A I} POU2F2 mfeeetdeee| PAFAH1B3 Hh CEACAM1 =+
AgEéSEAF\? POU2F2 et PAFAH1B3| MEGFE CEACAM1 s
ARHGEF1 MEGFS t-Hillk- 1
ARHGEF1 HiH
Lo 008bssesn
; Deletion:
%Agilent180K: L N Tt T O O T T Y T A T O e O B A A A A I I O A N I |
-g ASffymetrix:  wm o mnme 0 n e i e e v U AR R O E RO
S
o FISH: RP11-317E13
Proband 2:
Proband 3: -~
ClinGen HI: W RPS19 ERF clc ISCA-37483
CIInGen TS- RPS19 ERF Cic ISCA-37483
ClinGen Path: B nssv3442739_unk nssv14472026_unk I
: o nssv1184560_unk |
ClinGen Benign: nssv1184559_unk B
DGV Gold:
DGV:
Decipher:

Proband Paternal Maternal

Figure 2. (A) lllustration of the local genomic architecture of the Chromosome 19q13.2 region. The illustration
is derived from the UCSC Genome Browser (https://genome.ucsc.edu/), which details location of known hu-
man genes from OMIM (dark green) and NCBI RefSeq (blue); identified deletion intervals for the three pro-
bands (red box plot, maximum size indicated by thin line); Proband 1 CMA probes (Agilent), Affymetrix
CMA results (black: two copies; red: one copy), and fluorescence in situ hybridization (FISH) probe location
(light green); Clinical Genome Reference (ClinGen) haploinsufficiency (HI) and triplosensitivity tracks (red for
haploinsufficiency score 3, blue for triplosensitivity score 3, and gray for other evidence scores or not yet eval-
uated); ClinGen Pathogenic and Benign variants (red: deletion; blue: duplication); Database of Genomic
Variants (DGV) Gold Standard variant and unmerged DGV structural variant tracks (red: deletion; blue: dupli-
cation); and copy-number variants (CNVs) cataloged in the DECIPHER database (red: deletion; blue: duplica-
tion). Note the overlap of deletions reported in the DGV and the identified proband deletions, suggesting
incomplete penetrance and/or variable expressivity at this locus. (B) Confirmatory interphase FISH results of
the ISMMS proband (Proband 1) and parental samples.

variants. In addition, peripheral blood high-resolution chromosome analysis showed a nor-
mal 46, XY karyotype; however, chromosomal microarray (CMA) testing using the ISCA
CGH + SNP 4 x 180K array (Agilent Technologies) identified a heterozygous 314.8 kb dele-
tion on Chromosome 19q13.2 (Chr 19:42632535_42947378 [hg19]) (maximum size: 420.5
kb, Chr 19:42580845_43001360) (Table 1; Fig. 2). The identified deletion included 17 genes
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and transcripts (exon 1 of POU2F2, LOC100505622, MIR4323, DEDD2, ZNF526, GSK3A,
ERF, CIC, PAFAH1B3, PRR19, TMEM145, MEGF8, CNFN, LOC101930071, LIPE, CXCL17,
and exon 1 of LIPE-AST), four of which are currently known Mendelian disease genes
(ERF, CIC, MEGFS, and LIPE). Importantly, CMA testing was performed in 2015, but the
CIC gene was not associated with dominantly inherited Mendelian disease by OMIM until
2017 (OMIM# 617600) (Lu et al. 2017). The heterozygous Chromosome 19g13.2 deletion
was confirmed by fluorescence in situ hybridization (FISH), and familial CMA and FISH testing
determined that neither parent was a carrier of the aberration, indicating that the deletion
was apparently de novo in the proband (Fig. 2).

Proband 2 (KEMH)

Genetic testing prior to enrollment in the tUDP included fragile X testing, CMA using an
lllumina HumanCytoSNP-12 BeadChip, and gene panel testing for disorders that overlap
with Angelman syndrome and conditions associated with absent speech (gene list available
on request) using massively parallel sequencing (MPS) and a primary lllumina TruSight One
Expanded Sequencing Panel, which did not identify any variants of clinical significance.
After enrollment in the tUDP, we organized for multiple additional gene panels (genes
associated with epilepsy, X-linked intellectual disability, and cohesinopathies; lists available
on request) using reanalyses of the MPS data and a higher-resolution CMA (lllumina
CytoSNP-850K BeadChip v1.2), which both showed a likely pathogenic heterozygous
583.2-kb deletion of Chromosome 19913.2 (Chr 19:42433934_43017156; [hg19]) (maxi-
mum size: 592.7 kb, Chr 19:42430503_43023219) (Table 1; Fig. 2). The deletion contained
five OMIM disease-associated genes including ATP1A3, ERF, CIC, MEGF8, and LIPE and at
least 19 additional RefSeq genes (LOC100505585, RABAC1, GRIK5, ZNF574, POU2F2,
LOC100505622, MIR4323, DEDD2, ZNF526, GSK3A, PAFAH1B3, PRR19, TMEM145,
MIR8077, CNFN, LOC101930071, CXCL17, exon 1 of LIPE-AS1, and exons 6-9 of
CEACAMT). The identified deletion was not detected by the previous standard-resolution
CMA because of a limited number of markers in the deleted region, resulting in reduced sen-
sitivity. Parental CMA testing using the higher-resolution microarray did not show the
19913.2 deletion in either parent, and it was concluded to be apparently de novo.

Proband 3 (Rigshospitalet)

The proband was tested for fragile X syndrome, which identified a normal repeat length for
FMR1 trinucleotide repeat expansion testing. However, CMA testing identified a heterozy-
gous 63.7 kb deletion on Chromosome 19g13.2 (Chr 19:42696659_42760365 [hg19], max-
imum size: 75.5 kb, Chr 19: 42690571_42766082) (Table 1; Fig. 2). The identified deletion
included four genes (DEDD2, ZNF526, GSK3A, and ERF), and of these, ERF is currently
the only known gene associated with Mendelian disease. The deletion was confirmed by
quantitative polymerase chain reaction (qPCR), and testing of the parents showed that the
deletion was maternally inherited. Although the proband’s mother was not available for a
complete medical history and clinical evaluation, she did report being otherwise healthy
but with a history of learning disabilities that required special education. The proband’s ma-
ternal half-sister did not have the deletion, and no other information regarding further genet-
ic testing in the mother’s family was available.

DISCUSSION

We report three unrelated probands with macrocephaly, craniofacial dysmorphology, dys-
morphic facies, and global developmental delays, with apparently de novo deletions of
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Chromosome 19q13.2 that include ERF and CIC in two of the probands and an inherited
deletion of Chromosome 19g13.2 that includes only ERF in one proband (Table 1). This
case series adds to the previously reported patients with heterozygous ERF and/or CIC se-
quence variants (Supplemental Material) and directly supports haploinsufficiency of these
genes as a cause of a syndromic cranial phenotype with autosomal dominant inheritance,
variable expressivity, and incomplete penetrance.

A direct role for ERF in craniosynostosis has previously been established as mice with re-
duced functional ERF exhibited multiple-suture synostosis, and fibroblasts or lymphoblas-
toid cells derived from affected individuals with loss-of-function ERF variants showed
lower expression of full-length ERF (Twigg et al. 2013). Of note, no structural variants were
identified among more than 270 variant-negative individuals in this study. Moreover, vari-
able expressivity and incomplete penetrance have also been reported among families
with ERF-related craniosynostosis syndrome (Glass et al. 2019). Other variable features asso-
ciated with ERF include widely spaced eyes, shortening and/or vertical displacement of the
nose, prominent orbits and forehead, and behavioral and learming problems (e.g., concen-
tration and language acquisition), which is consistent with the speech delays observed in our
probands.

Two of the identified deletions also included the MEGF8 and LIPE genes, which have
been associated with Mendelian disease. However, the phenotypic presentations of the pro-
bands were not consistent with Carpenter syndrome (e.g., acrocephalopolysyndactyly) or fa-
milial partial lipodystrophy, which are caused by biallelic pathogenic variants in MEGF8 and
LIPE, respectively (Twigg et al. 2013; Farhan et al. 2014). Furthermore, the two probands did
not present with any characteristic features of Chitayat syndrome (e.g., hyperphalangism, re-
spiratory involvement), which is associated with a specific heterozygous missense variant in
ERF c.266A>G (p.Tyr89Cys) (Balasubramanian et al. 2017). In addition, the heterozygous
deletion identified in Proband 2 also included ATP1A3, which has been associated with
Mendelian disease. Although heterozygous missense and small in-frame deletion/insertion
ATP1A3 variants have been associated with various ATP1A3-related neurologic disorders
inherited in an autosomal dominant pattern, including dystonia and CAPOS syndrome (cer-
ebellar ataxia, areflexia, pes cavus, optic atrophy, sensorineural hearing loss), haploinsuffi-
ciency has not been proposed as a pathogenic mechanism of disease (Brashear et al.
1993; Miyatake et al. 2021). However, a contiguous gene deletion effect of the heterozygous
583.2-kb deletion in Proband 2 cannot be ruled out.

Importantly, the CIC gene has recently been classified by OMIM as associated with
Mendelian disease inherited in an autosomal dominant pattern (OMIM# 617600). This was
driven by the 2017 exome sequencing discovery of pathogenic CIC variants in patients
with neurobehavioral phenotypes, including intellectual disability, developmental delay, sei-
zures, attention deficit/hyperactivity disorder, and autism spectrum disorder (Lu et al. 2017).
The reported pathogenic CIC sequence variants included missense, nonsense, frameshift,
and splice-site alterations, together suggesting loss of function as a primary disease mech-
anism. Similar to the mutational spectrum of pathogenic ERF variants, structural variants that
affect CIC have yet to be reported. However, given that ERF and CIC are <15 kb apart from
each other on Chromosome 19q13.2, structural alleles that disrupt both genes would con-
ceivably result in a more complex syndromic phenotype that includes craniosynostosis
and neurobehavioral traits.

Itis also notable that the identified Chromosome 19q13.2 deletions have low-frequency
overlapping copy-number variants (CNVs) reported among healthy individuals in the
Database of Genomic Variants (DGV) (Fig. 2; MacDonald et al. 2014). Although this may
be antithetical to a classification of likely pathogenic for these aberrations, it further supports
that heterozygous loss of ERF and/or CIC has variable expressivity and/or incomplete pen-
etrance, which is consistent with previous reports on ERF and/or CIC sequence variants
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(Glass etal. 2019). Despite the observation of deletion alleles in the DGV, their pathogenicity
is supported by the ERF and CIC constraint scores (observed/expected) in the gnomAD da-
tabase for loss-of-function variants (0.06; 90%Cl: 0.02-0.26 and 0.08; 90%Cl: 0.04-0.18, re-
spectively). Both genes also currently have a ClinGen haploinsufficiency score of 2, which is
defined as “some evidence for dosage pathogenicity.” In addition, a much larger deletion of
the region has been reported in a patient with Diamond-Blackfan anemia, who also had cra-
niosynostosis, delayed speech, and cranial deformities, among other clinical features (Yuan
et al. 2016).

In conclusion, these informative individuals add to those previously reported with hetero-
zygous ERF sequence variants and craniosynostosis (Shen et al. 2010; Topf et al. 2014;
Lu et al. 2016; Sun et al. 2016; Liu et al. 2019) and those with heterozygous CIC variants
and neurobehavioral disorders (Vissers et al. 2010; Athanasakis et al. 2014; lossifov et al.
2014; CYuen et al. 2017; Lu et al. 2017; Kim et al. 2019). The identified heterozygous dele-
tions are smaller than any previously reported structural aberration at this locus, which also
overlap low-frequency deletion CNVs in the DGV. Taken together, these individuals and
their heterozygous deletions strongly support haploinsufficiency of ERF (with or without
CIC) as a cause of a syndromic cranial phenotype with autosomal dominant inheritance, var-
iable expressivity, and incomplete penetrance that can present with macrocephaly, abnor-
mal skull morphology or craniosynostosis, and developmental delays.

METHODS

Clinical Evaluation

Clinical evaluations were performed at the Genetics Clinic at the Icahn School of Medicine at
Mount Sinai (ISMMS), New York (M.A. and E.W.J.); the transitional Undiagnosed Disease
Program WA, Genetic Services of Western Australia (C.P., G.B.); and the Copenhagen
University Hospital, Rigshospitalet (T.D.H.).

Clinical Molecular and Cytogenomic Testing
Proband 1 (ISMMS)

Clinical molecular genomic analyses included FMR1 trinucleotide repeat expansion testing
for fragile X using triplet repeat primed PCR (AmplideX® PCR/CE FMR1 Reagents;
Asuragen) and Southern blot. In addition, testing included a clinical craniosynostosis
Sanger sequencing panel that interrogated FGFR1, FGFR2, FGFR3, RAB23, EFNBT,
MSX2, TWIST1, and POR. All molecular testing was performed at Mount Sinai Genomics
Inc. (DBA Sema4; previously known as the Mount Sinai Genetic Testing Laboratory), accord-
ing to standard operating procedures.

Clinical cytogenomic testing included peripheral blood Giemsa-banded chromosome
and CMA analyses. High-resolution karyotyping (550-band-level) was performed on periph-
eral blood using standard laboratory protocols. DNA from the proband was tested on the
SurePrint G3 ISCA CGH + SNP 4x180K array (Agilent Technologies), as per manufacturer in-
structions and as described (Botton et al. 2019; Cohen et al. 2020). Higher-resolution CMA
testing of the proband on the CytoScan HD platform (Affymetrix) was performed per manu-
facturer instructions as reported (Reiner et al. 2017, 2018; Khan et al. 2019). Interphase FISH
confirmation of the identified deletion was performed using standard laboratory protocols
and a BAC probe that hybridized to the 19q13.2 region (Empire Genomics RP11-317E13)
and a control probe specific to the subtelomeric region of Chromosome 19q (TelVysion
199, Abbott Molecular D19S238E). All cytogenomic testing was performed at Mount Sinai
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Genomics Inc. (DBA Sema4; previously known as the Mount Sinai Genetic Testing
Laboratory), according to standard operating procedures.

Proband 2 (KEMH)

For the KEMH proband, all cytogenomic testing was performed at the Department of
Diagnostic Genomics, PathWest, Western Australia. Single-nucleotide polymorphism
(SNP) microarray was performed using both an Infinium HumanCytoSNP-12 v2.1
BeadChip assay and an Infinium Human CytoSNP-850K v1.2 BeadChip assay according to
manufacturer’s instructions (lllumina). Analysis was carried out with KaryoStudio (v4.1), and
only CNVs containing RefSeq genes were interrogated. MPS was performed using the
lllumina TruSight One Expanded Sequencing panel (FC-141-2007) and lllumina NextSeq
550 instrument with High Output kit (FC-404-2004) according to manufacturer’s instructions
(Ilumina). Secondary analyses were performed in lllumina BaseSpace using BWA enrichment
pipeline (v2.1.1). Tertiary analyses and small sequence variant filtering were performed in
Alissa Interpret (v5.1; Agilent Technologies). CNV analysis of MPS data was performed using
an in-house pipeline.

Proband 3 (Rigshospitalet)

CMA analysis of a peripheral blood sample of the patient was performed using the Agilent
SurePrint G3 Human CGH Microarray kit 2x400K (Agilent Technologies) as described
(Schejbel et al. 2011). gPCR was used for confirmation of the identified deletion in the pro-
band and parental samples as described (Roos et al. 2009).

ADDITIONAL INFORMATION

Data Deposition and Access

The data sets generated and/or analyzed during the current study are not publicly available
because these data were derived from clinical genetic testing. De-identified genomic infor-
mation for Proband 1 can be found in LOVD (https://databases.lovd.nl/shared/individuals/
00373335) under individual ID 00373335. De-identified genomic information for
Probands 2 and 3 can be found in DECIPHER (https:/www.deciphergenomics.org/) under
Patient IDs 421530 and 251589.
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