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SPEN haploinsufficiency causes a neurodevelopmental
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with an episignature of X chromosomes in females
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Summary
Deletion 1p36 (del1p36) syndrome is themost common human disorder resulting from a terminal autosomal deletion. This condition is

molecularly and clinically heterogeneous. Deletions involving two non-overlapping regions, known as the distal (telomeric) and prox-

imal (centromeric) critical regions, are sufficient to cause the majority of the recurrent clinical features, although with different facial

features and dysmorphisms. SPEN encodes a transcriptional repressor commonly deleted in proximal del1p36 syndrome and is located

centromeric to the proximal 1p36 critical region. Here, we used clinical data from 34 individuals with truncating variants in SPEN to

define a neurodevelopmental disorder presenting with features that overlap considerably with those of proximal del1p36 syndrome.

The clinical profile of this disease includes developmental delay/intellectual disability, autism spectrum disorder, anxiety, aggressive

behavior, attention deficit disorder, hypotonia, brain and spine anomalies, congenital heart defects, high/narrow palate, facial dysmor-

phisms, and obesity/increased BMI, especially in females. SPEN also emerges as a relevant gene for del1p36 syndrome by co-expression

analyses. Finally, we show that haploinsufficiency of SPEN is associated with a distinctive DNA methylation episignature of the X chro-

mosome in affected females, providing further evidence of a specific contribution of the protein to the epigenetic control of this chro-

mosome, and a paradigm of an X chromosome-specific episignature that classifies syndromic traits. We conclude that SPEN is required

for multiple developmental processes and SPEN haploinsufficiency is a major contributor to a disorder associated with deletions centro-

meric to the previously established 1p36 critical regions.
Neurodevelopmental disorders (NDDs) and intellectual

disability (ID) affect approximately 1%–3% of the general

population.1–3 NDDs/ID are largely genetically deter-

mined, but identification of the underlying molecular

causes has been hampered by clinical and genetic hetero-

geneity. During the last decades, the use of high-resolution

array-based copy number variant (CNV) analysis and sec-

ond-generation sequencing techniques has improved

our knowledge of the genetic basis of both syndromic

and non-syndromic NDDs/ID.2–4 Notwithstanding these
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achievements, the genetic basis of NDDs/ID is still un-

solved in a large proportion of affected individuals.

Deletion 1p36 (del1p36) syndrome, first described by

Shapira and colleagues in 1997,5 is the most common

autosomal terminal deletion syndrome in humans, occur-

ring in about 1 in 5,000 births.6–8 This disorder is charac-

terized by developmental delay (DD)/ID, behavioral abnor-

malities, hypotonia, seizures, brain anomalies, vision

problems, hearing loss, orofacial clefting, congenital heart

defects (CHDs), cardiomyopathy, renal anomalies, short
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stature, and a distinctive gestalt.8,9 Further characteriza-

tion has disclosed clinical and molecular heterogeneity of

this disorder, and two critical regions, known as the distal

(telomeric) and proximal (centromeric) critical regions,

have been associated with overlapping clinical features

and distinct facial characteristics.10,11

The distal critical region was first described by Wu and

colleagues, who noted that 1p36 deletions have different

breakpoints and most of the clinical symptoms result

from haploinsufficiency of genes located distal to marker

D1S2870 (chr1: 6,289,764–6,289,973; hg19).12 Subse-

quent deletion/phenotype mapping has revealed that the

cardinal features of del1p36 syndrome are seen in individ-
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77908 Dijon, France; 53UMR 1231 GAD, Inserm - Université Bourgogne-Franch
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The Ameri
uals with deletions encompassing a region located within 3

Mb from the 1p telomere.10,13,14 Rosenfeld and colleagues

suggested that a 174 kb region at 1p36.33 could be linked

to some clinical features of del1p36 syndrome.15 Within

this region, GABRD (MIM: 137163) has been implicated

in the development of DD/neuropsychiatric features and

seizures,16,17 PRDM16 (MIM: 605557) in the development

of cardiomyopathy,18 MMP23B (MIM: 603321) in delayed

fontanel closure,13 KCNAB2 (MIM: 601142) in seizures

occurrence,16,19 SKI (MIM: 164780) in orofacial cleft-

ing,10 and PRKCZ (MIM: 176982) in cardiovascular malfor-

mations and cardiomyopathy.20 The distal critical region

also includes a locus for hyperphagia and obesity.21
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Figure 1. Known critical regions at 1p36, deletions
involving SPEN, and facial features of subjects with de
novo truncating SPEN variants
(A) Cartoon showing the distal and proximal del1p36
critical regions (red boxes) as defined by Wu et al.12

and Kang et al.11 and Jordan et al.,14 respectively. Dele-
tions shown by Kang et al.11 and Rudnik-Schöneborn
et al.22 (estimated on the basis of the data provided) to
characterize the phenotypes associated with the prox-
imal 1p36 critical region are shown as orange bars. One
of these deletions does not include RERE, and three of
these deletions include SPEN (green bars). Previously re-
ported deletions that overlap SPEN and at least one of the
critical regions are shown as blue bars. Deletions that
affect SPEN but do not include either the distal or prox-
imal 1p36 critical regions are shown as black bars.
(B) Facial features of subjects with truncating variants in
SPEN. Note the occurrence of broad forehead with fron-
tal bossing, bitemporal narrowing, wide set eyes, arched
(childhood) and long bushy (adulthood) eyebrows, syn-
ophrys, dysplastic overfolded ears with uplifted ear lobe,
wide and depressed nasal bridge, broad nose with prom-
inent/bulbous nasal tip, anteverted nares, long philtrum
with thick vermillion, high/narrow palate without cleft,
and pointed/rounded chin. A detailed clinical character-
ization of affected subjects is reported in Table S2 and
Supplemental notes.
The proximal critical region was refined by Kang and col-

leagues,11 who described five subjects with interstitial

1p36 deletions (Figure 1A). One of these individuals had

many features suggestive of del1p36 syndrome, although

the deletion did not include the distal critical region

(chr1: 8,395,179–11,362,893; hg19). This subject, and
504 The American Journal of Human Genetics 108, 502–516, March 4, 2021
others with overlapping deletions, had distinct

facial features compared to individuals with distal

1p36 deletions.11,20,22 Within this region, hap-

loinsufficiency of RERE (MIM: 605226), which en-

codes a nuclear receptor coregulator,23 has been

shown to underlie a neurodevelopmental disorder

whose cardinal features overlap, in part, those

associated with deletions of the proximal critical

region.24,25 So far, haploinsufficiency of other

genes in the proximal 1p36 critical region has

not been associated with the development of clin-

ically significant phenotypes.

Individuals with interstitial deletions of

1p36.21p36.13 not overlapping with either the

distal or proximal 1p36 critical region have been

reported to have phenotypes similar to those

seen in association with deletion of the distal

and proximal 1p36 critical regions (Figure 1A).

This finding suggests that haploinsufficiency of

genes located centromeric to the two critical re-

gions plays a significant role in the disease.

The Drosophila split ends homolog gene, SPEN

(MIM: 613484), also known as MSH2-interacting

nuclear target (MINT) and SMART/HDAC1-

associated repressor protein (SHARP), is located

on chromosome 1p36.21p36.13 and is centro-
meric to the proximal 1p36 critical region (Figure 1A).

SPEN encodes a large protein (approximately 400 kDa)

characterized by four putative RNA recognition motifs

(RRMs) at the N terminus, multiple nuclear localization

signals spaced throughout the molecule, a nuclear receptor

interaction domain (RID), and a Spen paralog and ortholog



C-terminal (SPOC) domain mediating protein-protein in-

teractions at the C terminus. SPEN functions as a transcrip-

tional repressor through interactions with other repressors

and chromatin-remodeling complexes, including histone

deacetylases (HDACs), or by sequestrating transcriptional

activators.26–29 SPEN regulates stem cell self-renewal and

differentiation,30 is frequently mutated in human can-

cers,31,32 and also plays a critical role during embryogen-

esis and throughout development by regulating cell fate

and differentiation through its modulation of Notch,

T-cell factor/lymphoid enhancer factor (TCF/LEF), and

epidermal growth factor (EGF) signaling.33–37 SPEN is

required in several developmental pathways, as high-

lighted by the lethality/severe developmental anomalies

found in animal models.33,38–40 In addition, a conditional

knockout of Spen has been related to severely underdevel-

oped postnatal brain in mice, indicating a role for this pro-

tein in neuronal cell development and/or survival.41 SPEN

is deleted in a subset of subjects with proximal 1p36 dele-

tions, and large cohort studies have previously indicated a

role of deleterious SPEN variants in ID and autism spec-

trum disorder (ASD),42–47 though detailed clinical informa-

tion was not provided. SPEN’s role in human diseases is

also supported by data from the gnomAD that indicate

that SPEN is highly loss-of-function (LoF) intolerant

(pLI ¼ 1; o/e ¼ 0.03).

Here, we report that de novo truncating variants in SPEN

underlie a recognizable syndromic NDD characterized by

DD/ID, hypotonia, behavior abnormalities, multiple

congenital anomalies, and facial dysmorphisms overlap-

ping the clinical phenotype previously associated with

1p36 proximal deletions. Obesity and increased BMI,

mainly in females, are also part of this disorder. Finally,

we demonstrate that haploinsufficiency of SPEN is associ-

ated with a distinctive X chromosome episignature in

affected females. These findings support the role of SPEN

in multiple developmental processes and indicate that

SPEN haploinsufficiency is a major contributor to the

phenotype caused by interstitial deletions located centro-

meric to the distal and proximal 1p36 critical regions.

All subjects were analyzed in the context of research pro-

jects dedicated to undiagnosed individuals or individuals

referred for genetic testing. Clinical investigations were

conducted according to Declaration of Helsinki principles

and approved by the local institutional ethical commit-

tees. Clinical data, photographs, DNA specimens, and

other biological material were collected, used, and stored

after obtaining signed informed consents from the partici-

pating subjects/families. We were granted permission to

publish the photographs of all subjects shown in

Figure 1B. Genomic analyses were performed with DNA

samples obtained from leukocytes. Target enrichment

kits and whole-exome sequencing (WES) statistics are re-

ported in Table S1. WES data processing, including

sequence alignment to GRCh37/GRCh38, and variant

filtering and prioritization by allele frequency, predicted

functional impact, and inheritance were performed as pre-
The Ameri
viously reported.42,47–58 Variants’ validation and segrega-

tion analyses were carried out by Sanger sequencing.

Subject 1, an individual with a molecularly unexplained

conditionwith clinical features suggestive of the phenotype

associatedwithproximal1p36deletions (Figure1B,TableS2,

Supplemental notes), was found to be negative for chromo-

somal structural rearrangements by high-resolution SNP

array analysis. WES data analysis did not find functionally

relevantvariants ingenespreviously associatedwithMende-

liandisorders on thebasis of the expected inheritancemodel

and clinical presentation. However, we identified a de novo

truncating variant in SPEN (c.6058C>T [p.Gln2020*];

GenBank: NM_015001.3). This was particularly intriguing

given the SPEN’s location on chromosome 1p36 (chr1:

16,174,359–16,266,955; hg19). This led us to hypothesize

thathaploinsufficiencyofSPENmightcontribute to thephe-

notypes associatedwith interstitial deletions located centro-

meric to the distal and proximal 1p36 critical regions.

To test this hypothesis, we used GeneMatcher59 and data

fromDECIPHER60 to accrue a cohort of an additional 33 in-

dividuals (subjects 2–34) with truncating variants in SPEN

(Table 1, Figure 1B). A detailed clinical description of each

subject is reported in the supplemental information (Table

S2, Supplementalnotes). In all affected individuals, the trun-

cating SPEN variant was considered the best disease-causing

candidate.Noneof the identifiedvariants hadbeen reported

in gnomAD, and sequencing of DNA obtained from fibro-

blasts in three subjects confirmed the presence of the

variant, strongly supporting their germline origin.

Overall, the phenotypes of these subjects showed signif-

icant overlap with those commonly associated with dele-

tions of the distal and proximal 1p36 critical regions (Table

2). The main features included DD/ID, behavioral and/or

psychiatric disorders, brain anomalies, CHDs, high/narrow

palate, facial dysmorphisms, and obesity/elevated BMI

more common in females. DD/ID ranged from mild to

severe, and language delay was invariably present. Behav-

ioral and/or psychiatric features (i.e., ASD, anxiety, aggres-

sive behavior, and attention deficit disorder) were noted in

a high proportion of subjects (81%). Brain/spine imaging

was available in 22 affected individuals, and major anom-

alies were detected in 14 (64%) of them. In particular, pol-

ymicrogyria, heterotopia, cerebellar atrophy, anomalies of

periventricular white matter, corpus callosum agenesis,

and tethered cord were documented (Table S2, Supple-

mental notes). Other common neurologic findings

included generalized hypotonia (73%), oral motor hypoto-

nia (43%), gait imbalance (48%), and abnormal pyramidal

signs (25%). Seizures were reported in three subjects. Two

of these individuals had normal brain MRIs and one was

not assessed for brain anomalies.

A significant proportion of the subjects had CHDs

(28%). Ventricular septal defects, patent foramen ovale,

patent ductus arteriosus, and mitral regurgitation were

particularly common. The craniofacial appearance

included broad forehead (26%) with frontal bossing

(16%), bitemporal narrowing (39%), arched elongated
can Journal of Human Genetics 108, 502–516, March 4, 2021 505



Table 1. List of the identified truncating SPEN mutations

Nucleotide change Amino acid change gnomAD Domain Affected individual(s) Origin

c.1603C>T p.Arg535* – RRM4 s16 de novo

c.2014C>T p.Arg672* – – s4 de novo

c.2101G>T p.Glu701* – – s30 de novo

c.2262_2265dupGCTT p.Tyr756Alafs*13 – – s27 unknowna

c.2269_2272dupAGCC p.Arg758Glnfs*11 – – s24 de novo

c.2956_2959dupAGGC p.Arg987Glnfs*36 – – s20 de novo

c.3029dupA p.Asp1011Glyfs*11 – – s33 de novo

c.3199C>T p.Gln1067* – – s32 de novo

c.3508C>T p.Arg1170* – – s31 de novo

c.3793C>T p.Arg1265* – – s10, s13 de novo

c.5013_5017delGAAGA p.Glu1671Aspfs*16 – – s23 de novo

c.5392C>T p.Gln1798* – – s34 presumed de novob

c.5414delT p.Leu1805* – – s26 de novo

c.5806C>T p.Arg1936* – – s6 familialc

c.6058C>T p.Gln2020* – – s1 de novo

c.6087_6088delAC p.Glu2029Aspfs*5 – – s2 de novo

c.6223_6227delTCAAA p.Ser2075Glufs*46 – – s8 de novo

c.6226_6227delAA p.Lys2076Glufs*46 – – s11 de novo

c.6570dupT p.Lys2191* – – s17 de novo

c.6641_6642delAG p.Glu2214Alafs*11 – RID s28 de novo

c.6799G>T p.Glu2267* – RID s29 presumed de novod

c.6974_6975delTT p.Leu2325Argfs*33 – RID s12 de novo

c.7024C>T p.Arg2342* – RID s9 de novo

c.7324G>T p.Glu2442* – RID s5 de novo

c.7328delA p.Glu2443Glyfs*17 – RID s18, s19 familial (2 affected siblings)e

c.7338_7339dupCA p.Arg2447Thrfs*14 – RID s3 de novo

c.7373delC p.Pro2458Argfs*2 – RID s15 de novo

c.7374_7381delGGTGACCC p.Val2459Thrfs*36 – RID s14 de novo

c.7492delG p.Val2498* – RID s7 de novo

c.9950dupC p.Ala3318Glyfs*30 – – s21 de novo

c.10909_10910delAG p.His3638Profs*7 – SPOC s22 de novo

c.10953dupC p.Asn3652Glnfs*17 – SPOC s25 de novo

All variants have been submitted to ClinVar (ClinVar: SCV001468518–SCV001468547) or DECIPHER (DECIPHER: 280862 and 286415).
aParental DNA specimens were not available for testing.
bThe father was confirmed negative for the variant, while the mother was not available for testing.
cInherited from the affected mother.
dThe mother was confirmed negative for the variant, while the father was not available for testing.
eInherited from the affected father.
eyebrows (39%) becoming often bushy with age, syn-

ophrys (33%), wide set eyes/telecanthus (26%), epicanthus

(39%), dysplastic, uplifted or over-folded ears (35%), and

broad nose with bulbous/prominent nasal tip (52%).

Long philtrum, thin upper lip, teeth abnormalities, high

palate, and short and/or pointed chin were also observed

in several individuals. Precocious puberty was found in a
506 The American Journal of Human Genetics 108, 502–516, March
subset of subjects (28%). Obesity and increased BMI were

noted in many individuals (Figure S1). Among the 31 sub-

jects for whom BMI was assessed (Table S2), there was a sta-

tistically significant higher prevalence of obese females

(6/16) compared to males (0/15) (Fisher’s exact test ¼
0.018, p < 0.05), and an increased BMI was generally

more common in females (10/16) compared to males
4, 2021



Table 2. Clinical features of subjects with truncating variants in SPEN and deletions encompassing SPEN

Subjects SPEN LoF cohort
1p36 proximal deletions including
SPENa

1p36 proximal deletions not
including SPENb Distal del1p36 syndromec

Sex 17 female, 17 male 5 female, 5 male, 1 unknown 2 female, 5 male N/A

Age at last exam fetus–24 years 6 months 2 months–3 years 2–20 years N/A

Pregnancy history complicationd 19/34 (56%) 2/4 (50%) 3/6 (50%) frequent (IUGR)

Growth

Height N/A N/A short stature short stature, frequent

Weight obesity N/A obesity obesity 5/46 (10%)

OFCe microcephaly, rare microcephaly, rare microcephaly, rare microcephaly, 48/70 (68%)

Craniofacial features high anterior hairline, bitemporal
narrowing, arched/sparse eyebrow,
synophrys, wide set eyes/telecanthus,
epicanthus, uplifted earlobe and
slightly over-folded superior helices,
prominent nasal tip, flattened nasal
bridge, bulbous nose, anteverted nares,
long philtrum with thick vermilion,
teeth abnormalities, micrognathia,
high/narrow palate, and pointed chin

abnormal frontal hairline, bitemporal
narrowing, frontal bossing, ridging of
the metopic suture, sparse/arched
eyebrow, synophrys, wide set eyes/
telecanthus, epicanthus, ptosis, small
palpebral fissures, upslanting palpebral
fissures, low-set ears, uplifted and large
earlobe, slightly over-folded superior
helices, prominent nasal tip, flattened
nasal bridge, bulbous nose with
anteverted nares, thin upper lip,
micrognathia, high/narrow palate, and
pointed chin

late-closing anterior fontanel, low
frontal hairline, bitemporal narrowing,
sparse/arched eyebrow, straight
eyebrows, synophrys, prominent
eyelashes, wide set eyes/telecanthus,
epicanthus, small palpebral fissures,
upslanting palpebral fissures, low-set
ears, slightly over-folded superior
helices, prominent nasal tip, flattened
nasal bridge, bulbous nose with
anteverted nares, thin upper lip, teeth
anomalies, high/narrow palate, and
pointed chin

late-closing anterior fontanel, frontal
bossing, epicanthus, small palpebral
fissures, upslanting palpebral fissures,
low-set ears with slightly over-folded
superior helices, flattened nasal bridge,
bulbous nose with anteverted nares,
choanal atresia, long philtrum with
thin upper lip, cleft lip/cleft palate,
high/narrow palate, and pointed chin

Cognition and behavior

Global developmental delay/
intellectual disability

33/33 (100%) 11/11 (100%) 6/6 (100%) 157/157 (100%)

Abnormal behavior, aggressive/self-
injurious behavior

22/30 (73%) 2/2 (100%) 4/4 (100%) 35/75 (47%)

ASD 18/28 (64%) N/A 2/2 (100%) 10/37 (27%)

Stereotypic behavior 13/28 (46%) N/A 1/1 (100%) N/A

Neurological features

Hypotonia 22/30 (73%) 3/5 (60%) 2/2 (100%) 186/202 (92%)

Oral motor hypotoniaf 12[1]/28 (43%[46%]) 1/1 (100%) N/A N/A

Seizures 3/32 (9%) 4/6 (66%) 3/5 (60%) 120/197 (61%)

Abnormal pyramidal signs 6/24 (25%) N/A N/A N/A

Gait imbalance 14/27 (52%) N/A 2/2 (100%) N/A

CNS anomalies 14/22 (64%) 3/4 (75%) 0/1 (0%) 97/141 (69%)

(Continued on next page)
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Table 2. Continued

Subjects SPEN LoF cohort
1p36 proximal deletions including
SPENa

1p36 proximal deletions not
including SPENb Distal del1p36 syndromec

Cardiac features/CHD 14/22 (64%) 5/6 (83%) 2/3 (66%) 130/198 (66%)

GI features 13/31 (42%) 3/4 (75%) N/A 35/107 (33%)

Ocular involvement 6/30 (20%) 1/1 (100%) N/A 56/120 (47%)

Musculoskeletal anomalies

Brachydactyly 5/30 (17%) 1/2 (50%) 0/1 (0%) 55/108 (51%)

Toes abnormalities 4/27 (15%) 1/2 (50%) N/A 48/60 (80%)

Scoliosis/kyphosisg 5[1]/28 (18%[21%]) 2/2 (100%) N/A 12/48 (25%)

Other

Feeding/swallowing problems 8/30 (27%) 4/4 (100%) 3/3 (100%) 87/125 (70%)

Hearing loss 3/31 (10%) 2/3 (66%) 1/1 (100%, conductive) 91/161 (56%)

Vascular abnormalities 9/27 (33%) N/A N/A N/A

Dry skin 6/29 (21%) N/A N/A N/A

Precocious puberty 4/18 (22%) N/A N/A 1/3 (33%)

The prevalence of individual features is compared to subjects with proximal or distal 1p36 deletions.
aThis group includes subjects with deletions of variable size encompassing SPEN. The cohort includes previously published and publicly available cases (see ‘‘DECIPHER’’ in web resources) carrying 1p36 proximal deletions
encompassing both the 1p36 proximal critical region and SPEN, not including the distal critical region. See Kang et al., 2007 (s1, s2, and s3);11 Rudnik-Schöneborn et al., 2008;22 Shimada et al., 2015 (s50);8 Zaveri et al., 2014
(s7);20 and DECIPHER (DECIPHER: 254939, 283960, 337264, 337557, and 402221).
bSubjects with deletions not including the distal 1p36 region: this cohort includes published cases carrying 1p36 proximal deletions encompassing the proximal critical region, not including the distal critical region and SPEN
gene. See Kang et al., 2007 (s4 and s5)11 and Rosenfeld et al., 2010 (s1–s4).15
cPrevalence of individual features is based on the data reported by Heilstedt et al., 2003b;10 Gajecka et al., 2007;13 Battaglia et al., 2008;9 and Shimada et al., 2015.8
dPregnancy history complications include intrauterine growth retardation (IUGR), increased nuchal translucency, polyhydramnios, decreased fetal movements, and preterm labor (see Table S2).
eMicrocephaly is defined as occipitofrontal circumference (OFC) more than two standard deviations below the mean value for age and sex.
fBrackets indicate feeding/swallowing difficulties with a suspected defect in oral muscles without diagnosis of oral motor hypotonia.
gBrackets indicate a scoliotic/kyphotic attitude without skeletal X-ray confirmation.
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Figure 2. SPEN is a critical gene for 1p36 deletion syndrome
(A) Expression of SPEN during human neocortical development. The expression values of SPEN across cortical samples are grouped and
sorted by developmental time points.
(B) Scatterplot shows the distribution of Spearman’s correlation with NDD genes in cortical samples for all the genes expressed in human
cortex. Dots represent individual genes. The dashed horizontal line at 2.4% indicates the top percentile among which the correlation
between NDD genes and SPEN is ranked.
(C) Expression of SPEN in ventricular radial glia (vRG) cells and intermediate progenitor cells (IPCs) at gestational week 10. Violin plot
shows the median value (point). p value indicates expression difference (one-sided Wilcoxon rank-sum test).
(D) Scatterplot shows the distribution of Spearman’s correlation with NDD genes in the vRG-to-IPC transition at gestational week 10 for
all the genes expressed in neural progenitor cells. Dots represent individual genes. The dashed horizontal line at 0.46% indicates the top
percentile among which the correlation between NDD genes and SPEN is ranked.
(E) Scatterplot shows Spearman’s correlation with NDD genes in bulk cortical samples versus the vRG-to-IPC transition for all the genes
within the 1p36 region that are expressed in both conditions. Dots represent individual genes. Dot size of a gene is proportional to the
number of de novo loss-of-functionmutations for the gene in NDDs. Red denotes SPENwith rank 1 and green denotes genes with ranks 2
to 50. Genes ranked within top 50 and harboring at least one de novo loss-of-functionmutation are labeled along with the corresponding
ranks shown in parentheses. GW, gestational week; IPCs, intermediate progenitor cells; mos, months; NCX, neocortex; NDD, neurode-
velopmental disorder; pcw, postconceptional weeks; vRG, ventricular radial glia.
(3/15) (Yates corrected c2 ¼ 4.130, p ¼ 0.042). The preva-

lence of obesity/elevated BMI increased with age; BMI

was generally reported within the normal range until age

of 4 years and rose significantly thereafter.

The identified truncating SPEN variants were distributed

throughout the coding region of the gene. A comparison of

the clinical features among subjects, taking into account

the location of individual variants, did not reveal signifi-

cant genotype-phenotype correlations. Notably, subjects

with truncating variants at the C terminus did not show

a less severe phenotype, suggesting the requirement of

the SPOC domain for SPEN function. The absence of any

obvious genotype-phenotype correlations in these subjects

points to a homogeneous LoF role of mutations, indicating
The Ameri
haploinsufficiency of SPEN as the mechanism of disease.

This is further supported by the observation that these sub-

jects clinically overlap with individuals presenting with

interstitial deletions involving SPEN (Table 2).

To further evaluate SPEN as a candidate gene con-

tributing to neurodevelopmental traits, we performed

bioinformatic analyses to determine whether SPEN is co-

expressed with high-confidence genes in NDDs (Supple-

mental methods). First, using the developing human brain

RNA sequencing data,61 we found that the expression of

SPEN decreases across cortical development (Figure 2A),

suggesting that SPEN might play a more important role

during prenatal cortical development than postnatally.

We also found that SPEN exhibits highest expression
can Journal of Human Genetics 108, 502–516, March 4, 2021 509



around postconceptional week 9 (Figure 2A), suggesting

that the protein could have an important function around

this developmental time. We then calculated the Spear-

man’s correlation with genes associated with NDDs for

all the genes expressed in human cortex and found that

SPEN is highly positively correlated with NDD genes

(Figure 2B, Table S3). Next, using the single-cell RNA

sequencing data from the developing human prefrontal

cortex,62 we found that the expression of SPEN signifi-

cantly increases during the transition from ventricular

radial glia (vRG) cells to intermediate progenitor cells

(IPCs) at gestational week 10 (Figure 2C), a key point of

gene convergence in NDDs.63 We then calculated the

Spearman’s correlation with genes associated with NDDs

for all the genes expressed in neural progenitor cells and

found that SPEN is highly positively correlated with NDD

genes during the transition (Figure 2D, Table S4), impli-

cating that SPEN could function together with other

NDD genes to promote this neural progenitor cell transi-

tion. Because NDD genes show high co-expression conver-

gence in cortical development,63–66 the high correlation

scores with NDD genes for SPEN further support its func-

tional relevance in neurodevelopmental processes. By

combining the two types of Spearman’s correlation from

the bulk tissue and single-cell data together, SPEN ranked

first among all the genes within chromosome 1p36

(Figure 2E, Table S5), strongly pointing to it as a critical

gene for proximal del1p36 syndrome.

A role for SPEN in chromatin remodeling has been re-

ported.27–29,67,68 On the basis of these considerations,

we performed a genome-wide methylation profiling anal-

ysis to investigate possible perturbations at the epigenome

level associated with SPEN haploinsufficiency. We

used the Infinium Human MethylationEPIC BeadChip

assay (Illumina) to allow comprehensive genome-wide

coverage. Peripheral blood DNA was available from a sub-

set of 11 subjects with truncating SPEN variants and seven

age-matched ‘‘batch’’ control individuals of European

descent, which we processed across four batches to reduce

any batch effect. Twenty-two additional ‘‘cohort’’ control

individuals that had been processed separately were also

included. Bisulfite conversion and hybridization workflow

were performed according to the manufacturer’s protocol.

Data analysis was carried out as previously described (Sup-

plemental methods).69,70 After filtering, we used 776,314

probes to compare the methylation profile of the subjects

with truncating SPEN variants with control individuals.

Considering the entire set of assayed target probes, the

analysis did not highlight a substantial change in methyl-

ation pattern (data not shown), indicating that SPEN hap-

loinsufficiency does not significantly impact the global

methylation status of the genome. We then sought to

identify a set of individual probes that could differentiate

samples with SPEN-truncating mutations from control

samples. We identified 418 autosomal probes that fulfilled

our criteria based on methylation change, p value,

receiver operator characteristic (ROC) metrics, and correla-
510 The American Journal of Human Genetics 108, 502–516, March
tion filtering (Supplemental methods). Hierarchical clus-

tering and multidimensional scaling (MDS) analysis

showed that the training set of samples with a SPEN-

mutated allele clustered separately from the controls (Fig-

ures S2A and S2B). Cross-validation analysis confirmed

the episignature in the training set (Figure S3), although

it was not robust enough to overcome batch effects

when tested via an independent cohort of controls pro-

cessed in the same lab (OPBG, Rome, Italy) or in other

reference control samples within the EpiSign Knowledge

Database (LHSC/WU, London, Canada) (Figures S2C and

S2D). Given the role of SPEN in X chromosome inactiva-

tion and X-linked gene silencing,28,68,71 we then

wondered whether SPEN haploinsufficiency could cause

methylation changes on the X chromosome in female in-

dividuals. We repeated the DNA methylation analysis

focusing on the X chromosome (17,308 probes) in sam-

ples from females (7 affected individuals and 6 batch-

matched control individuals). 122 probes met significance

filtering criteria based on methylation change, p value,

ROC, and correlation filtering. This probe set separated

subjects with truncating SPEN variants from control sam-

ples in two distinct clusters (Figures 3A). The episignature

identified in the training set (Table S6) was cross validated

(Figure S4). Adding SPEN-mutated and control male sam-

ples to the tested cohort allowed us to successfully differ-

entiate SPEN-mutated females from control samples but

not SPEN-mutated males from controls (Figure 3B). The

support vector machine (SVM) classifier, when applied

to females with SPEN mutations and control samples,

confirmed the ability of the X chromosome episignature

to properly classify samples and controls (Figure 3C). We

then applied the SPEN X chromosome episignature to

approximately 500 samples from female subjects affected

by 38 syndromes exhibiting 32 different episignatures to

test its specificity.70 We used female SPEN mutation-posi-

tive samples and batch controls along with 75% of the

other controls and samples from other NDDs to train

the SVM classifier. The remaining 25% of samples were

reserved for testing. All of the other NDD samples and

controls had low probability scores, indicating that the

classifier can successfully differentiate between females

with SPEN mutations and other episignature positive

NDDs and unaffected individuals (Figure 4).

Here, we established that truncating mutations in SPEN

cause a recognizable NDD with a characteristic X chromo-

some episignature in females. The consistent phenotype of

this condition includes DD/ID, hypotonia, behavior

abnormalities, multiple congenital anomalies mainly

involving brain and heart, and facial dysmorphisms (i.e.,

broad forehead; arched and long eyebrows, frequently bu-

shy in adulthood; posteriorly rotated and dysmorphic ears;

wide and depressed nasal bridge; nose with bulbous/prom-

inent tip and anteverted nares; long philtrum with thick

vermillion; high/narrow palate; and rounded/pointed

chin). SPEN is centromeric to the proximal 1p36 critical

region and most likely a major contributor to the
4, 2021



Figure 3. Female subjects with SPEN-truncating mutations exhibit an X chromosome-specific episignature
(A) Samples from female individuals were compared to samples from healthy female control individuals processed alongside the SPEN-
mutated samples (batch controls) and CpGs on the X chromosome were analyzed. The episignature was able to separate SPEN-truncated
samples from control individuals as shown by hierarchical clustering (left) and multidimensional scaling (right) analyses.
(B) The X chromosome episignature was able to differentiate between females with SPEN mutations and control samples but not be-
tween males with SPEN mutations and control samples.
(C) Support vector machine-based methylation variant pathogenicity (MVP) scores showed that the X chromosome signature scored
female samples differently from all the other tested samples.
phenotypes seen in individuals with proximal 1p36 dele-

tions encompassing 1p36.21p36.13.

The ‘‘classical’’ distal del1p36 syndrome and ‘‘proximal’’

del1p36 syndrome are both characterized by DD/ID and a

variable constellation of congenital defects (e.g., central

nervous system anomalies, cleft palate/narrow palate,

CHDs, and kidney disease) (Table 2). Our findings provide

evidence for the existence of a third centromeric region

implicated in human disease and defining a clinical entity

linked to deletions of 1p36.21p36.13.

Comparison of facial features of subjects with truncating

SPEN mutations with those observed in individuals with

distal del1p36 syndrome (Table 2) clinically splits these
The Ameri
two conditions. Although both disorders share some com-

mon nonspecific features (e.g., epicanthus, low set ears,

broad/flattened nasal bridge, long philtrum, and pointed

chin), distal del1p36 syndrome is well defined by

frequently occurring distinctive facial features (i.e., straight

eyebrows, deep set eyes, hypotelorism, and midface hypo-

plasia) that are rarely found in subjects with SPEN haploin-

sufficiency, who rather show some of the facial characteris-

tics found in individuals with proximal 1p36 deletions also

including SPEN.

A remarkable finding of the present study was the

frequent occurrence of obesity/increased BMI in subjects

with truncating SPEN mutations, with a significant
can Journal of Human Genetics 108, 502–516, March 4, 2021 511



Figure 4. The X chromosome episignature in females with SPEN-truncating mutations differs from subjects with other neurodeve-
lopmental disorders
Blue samples (75%), including the SPEN-mutated samples and batch controls, were used for training and red samples (25%) were used for
testing. Classification of female samples showed that the identified episignature has high specificity, and no SPEN non-mutated samples
have high scores.
preponderance in females. Obesity seems to worsen with

age and was more common in adult females. Although

additional independent studies are required to confirm

this observation, it should be noted that obesity has

also been described in individuals with distal 1p36 dele-

tions, and a major locus contributes to this feature at

1p36.33.21 Our finding suggests that at least two distinct

loci for obesity, including one represented by SPEN, map

to 1p36. Recently, a central and autonomous role of

SPEN in the control of metabolism and energy balance

was reported.72 In Spen-deficient fruit fly larvae, lipid

catabolism is impaired in fat storage cells because of

impaired fatty acid catabolism and b-oxidation and is

associated with increased adiposity, decreased lipase

expression, and depletion of L-carnitine.73 These find-

ings suggest a model in which the increased food intake

is an attempt to compensate for a condition of ‘‘perceived

starvation’’ resulting from an inability to access to energy

stores.72 The possibility that a similar energetic meta-

bolism dysregulation may underlie the increased age-

related BMI and obesity in subjects with truncating

SPEN mutations requires further investigation. The sex-

biased distribution of obese subjects in the studied

cohort may ultimately be tied to SPEN’s role as an estro-

gen-inducible cofactor in nuclear hormone receptor
512 The American Journal of Human Genetics 108, 502–516, March
activation/repression. Specifically, SPEN functions as a

tumor-suppressor protein in ER-positive breast cancer

cells, physically interacts with the estrogen receptor-a

(ERa), and is a potent sensitizer to tamoxifen in ERa-pos-

itive breast cancer cells.74,75 It is well known that ERs

(and in particular ERa) are important regulators of energy

intake and expenditure.76 On the basis of these findings,

a defective SPEN-mediated ERa function could explain

female predisposition to obesity because estrogen sensiti-

zation could be a trigger to metabolic dysregulation and a

consequential increase in BMI.

It has recently been demonstrated that SPEN is essential

for initiating gene silencing on the X chromosome in pre-

implantation mouse embryos and in embryonic stem

cells.68 Specifically, SPEN acts as a molecular integrator,

bridging Xist RNA with the transcription machinery,

nucleosome remodelers, and histone deacetylases at active

enhancers and promoters.68 Consistent with this role, our

methylome analyses documented that SPEN haploinsuffi-

ciency does not considerably affect the overall methyl-

ation status of the genome but is associated with a distinc-

tive X chromosome episignature in affected females. This

finding is a paradigm of an X chromosome-specific

episignature that could be used to classify individuals

with NDD. This suggests that searching for a sex-specific
4, 2021



DNA-methylation effect in previously unresolved cases

may increase diagnostic yields.

1p36 deletions are highly variable in presentation and

severity, mainly depending on size and position of the

involved genomic region.14 Deletions encompassing the

distal critical region represent the far most common form

of 1p36 deletions, and their relatively homogeneous

phenotype has been well delineated. The phenotype of

subjects with deletions involving the proximal region is

more difficult to define given the small number of reported

individuals, the variable size of the genomic regions

involved, and the frequent inclusion of all or part of the

distal critical region. We conclude that SPEN haploinsuffi-

ciency causes a recognizable syndromic NDD and repre-

sents a major contributor to the conditions associated

with 1p36 deletions encompassing 1p36.21p36.13.
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SUPPLEMENTAL MATERIALS: CASE REPORTS 
 
Subject 1  

The proband, a female, is the second child of healthy non-consanguineous Italian parents. 
Family history was unremarkable. She was born beyond the term of a pregnancy 
complicated by treat of abortion. Birth weight was 3,500 g (62th pctl, +0.31 SD). Length, OFC 
and Apgar scores were not available. Perinatal period was complicated by feeding and 
swallowing difficulties due to hypotrophy of masticatory muscles. Developmental milestones 
were delayed (she walked alone at 30 months, first words at 3 years). She presented with 
gross and fine motor delays and auto-aggressive and repetitive/stereotypic behaviors. The 
average IQ total score was 48 (scale unavailable). 

Clinical evaluation at 6 years disclosed hypotonic face, high anterior hairline, bitemporal 
narrowing and frontal bossing, lateral sparse eyebrows, hypertelorism, deep-set eyes, 
bilateral epicanthus, small palpebral fissures, low-set ears with large uplifted earlobe, 
bulbous nose and flattened nasal bridge, long philtrum with thick columns, thin upper lip, 
mild micrognathia, rounded chin, high narrow palate. Brachydactyly with low-implanted 
thumbs, bilateral pes cavus, mild pseudo-valgus deformity of tibia, hemangioma planum of 
the right subclavian region, dry-skin and nails hypoplasia were noted. At the last evaluation, 
height was 114 cm (42nd pctl, -0.2 SD), weight 29 kg (>99th pctl, +2.6 SD) and OFC 52.5 cm 
(69th pctl, +0.51 SD). Episodic urinary incontinence and constipation were reported. 

Brain MRI, bone age assessment and abdominal ultrasound were normal. Echocardiography 
showed mild mitral insufficiency. Audiological examination by pure tone audiometry was 
normal. No seizure had been reported.  

Biochemical and metabolic screening as well as postnatal genetic analyses including array-
CGH were normal. 

 

Subject 2 

The proband, a female, was the second child of healthy non-consanguineous parents. She 
was born at 39 WG after an uneventful pregnancy; her birth weight was 4,500 g (98th pctl, 
+2.14 SD). She soon presented with respiratory distress, hypotonia and an EEG evidenced 
cerebral impairment. Transfontanellar ultrasound identified an ependymal hemorrhage that 
was initially ascribed to the neonatal ischemia. She had developmental delay (she sat at age 
15 months, walked at 23 months) and had language delay (she spoke a few words at age 5 
years).  At age 10 years, clinical examination identified coarse oval face with synophrys, 
bulbous nose, anteverted nares, prominent lips, macroglossia, macrodontia with poorly 
implanted teeth, high arched palate, camptodactyly of all fingers and stretch marks. 
Neurological exam evidenced buccofacial apraxia. At the last evaluation, the height was 170 
cm (85th pctl, +1.05SD), weight 105 kg (>99th pctl, +3.37SD) and OFC 57.5 cm (98th pctl, 
+1.98SD). Her mother reported episodically aggressive behavior. Brain MRI evidenced 
cerebellar atrophy. High-resolution karyotype, fragile X syndrome, Angelman syndrome, 
Prader-Willi syndrome, Rett syndrome, Coffin-Lowry syndrome, and CDG syndrome analyses 
were negative, array-CGH and metabolic test were normal. At age 15 years, gynoid obesity 
and cutaneous infiltration appeared.  

 



 

 

Subject 3  

The proband, a male, is the first child of healthy non-consanguineous Western European 
parents. Family history was unremarkable. He was the product of a single gestation to a 27-
year-old mother and 39-year-old father. The pregnancy history was unremarkable. He was 
born at 42 weeks gestation via emergent cesarean section when the mother’s blood 
pressure dropped. The born weight was 4,140 g (92th pctl, +1.43 SD) and length 50.8 cm (38th 
pctl, -0.31 SD). OFC and Apgar scores are not available. Perinatal period was complicated by 
feeding difficulties. He soon presented with low muscle tone, weakness of trunk and legs 
with gross motor delay. Developmental milestones were delayed (he rolled at 6 months, sat 
at 9 months, and was very unsteady when weight bearing at 15 months). Due to the delays 
first noted at the age of 9 months, he started physical and occupational therapy for 
hypotonia, trunk and leg weakness, and gross motor delays. Clinical evaluation at 15 months 
disclosed bilateral epicanthal folds, medial flaring of eyebrows, flattened nasal bridge, and 
broad upturned triangular nasal tip with long philtrum. He had overfolded superior helices, 
which were posteriorly angulated, and prominent antihelices, a slightly small jaw, a rounded 
chin, and small teeth with erupting premolars in the lower jaw. He had a prominent xiphoid 
tip with normal palm and finger creases and relatively small 5th toenails with bilateral 
clinodactyly. Neurologic exam was significant for persistent hypotonia, mainly in the lower 
extremities. He made good eye contact and was interested in the surroundings but 
experienced rapid mood changes: he became upset easily but quieted when soothed by a 
care provider. At age 21.5 months, height was 85.6 cm (57th pctl, +0.16 SD), weight 12.3 kg 
(71th pctl, +0.56 SD), and head circumference 49.5 cm (76th pctl, +0.7 SD). He had bilateral 
epicanthal folds, a broad flat nasal bridge and prominent nasal tip, slightly over-folded 
superior helices, and crowded dentition in the small lower jaw. Neurologic examination was 
significant for mild global intellectual disability, which affected both motor and speech 
development. He had generalized hypotonia in the lower extremities with tight heel cords, 
and upon standing with support, he stood on his tip toes. He had a short attention span and 
stereotypical movements consisting of hand flapping, head shaking, and hyperventilation. 
He was estimated with a developmental delay corresponding at around age 11 months when 
he was at 21.5 months. 

Brain MRI and tandem mass spectroscopy newborn screening were normal. Urine organic 
acids, plasma amino acids were not suggestive of any specific metabolic defect; T4 and 
pyruvate were within normal limits. He had a slightly elevated lactic acid and CK. SNP Array, 
Prader-Willi/Angelman methylation analysis, and Fragile X testing were normal. 
Mitochondrial genome analysis was normal. 

 

Subject 4  

The proband, a male, is the first child of non-consanguineous Hispanic parents. Family 
history was unremarkable. He was the product of a single gestation to a 31-year-old mother 
and 34-year-old father. Pregnancy history was unremarkable. He was born at 40 and 3/7 
weeks gestation via spontaneous vaginal delivery. He weighed 3,289 g (32nd pctl, -0.46 SD) 
and measured 52.7 cm (90th pctl, +1.3 SD) in length at birth. He passed his newborn hearing 
screen and metabolic screening and was released at home on day 3 after birth. 

Development was delayed; he sat at 9 months, crawled at 12 months, and walked at 14 
months. His first words were at 14 months. He experienced speech regression. At last 



 

 

evaluation at 4 years 9 months, he was able to follow instructions, was more interactive, 
could count to 10, and knew animal sounds. Due to his delays, he received physical and 
occupational therapy, as well as a child development program for 5 days/week 4 hours/day, 
and ABA therapy for 4 days/week 2 hours/day. Clinical evaluation at 4 years 8 months noted 
a low frontal hairline and synophrys. Height was 110.7 cm (74th pctl, +0.65 SD), weight 22 kg 
(95th pctl, +1.63 SD), and head circumference 51 cm (44th pctl, -0.14 SD).  

Tandem mass spectroscopy newborn screening was normal. SNP Array and Fragile X testing 
were normal.   

 

Subject 6 

The proband is an 11-year-old male born to a 27-year-old G3 P2-3 mother at 37 weeks. He 
was jaundiced at birth, and required hospitalization for pneumonia and failure to thrive. He 
was born with left-sided polydactyly of the hand, which underwent surgical removal. On 
physical exam, notable features included bitemporal narrowing, arched eyebrows with 
synophyrys, slight epicanthus, thin upper lip, teeth abnormalities, and high narrow palate 
with submucosal cleft. He also had a left preauricular ear tag, long eyelashes in a double 
row, coarse scalp hair, retromicrognathia with a severe overbite, wide palms, and cutis 
marmorata. He had DD (walked independently at 18 months of age, first words at 4 years of 
age) with notable ID in the absence of formal IQ testing. He was noted to have ADHD, autism 
spectrum disorder, and aggressive behavior requiring hospitalization on multiple occasions. 
He had a history of recurrent ear infections. Eye abnormalities included intermittent left 
sided esotropia, left sided amblyopia, astigmatism and hyperopia. His last evaluation noted 
poor growth parameters. Height was 136 cm (14° pctl, -1.06 SD), weight 26.6 kg (4° pctl, -
1.73 SD), OFC 51 cm (3° pctl, -1.95 SD) and BMI 14.38 (4° pctl, -1.72SD). Due to sleep 
disordered breathing, he underwent adenoidectomy and tonsillectomy.  

Chromosome array analysis, karyotype, FISH for 22q11.2 deletion syndrome, sterol panel, 
carbohydrate deficient transferrin analysis, bone age study, and skeletal survey were 
unremarkable. Maternal testing identified the SPEN variant found in the proband. Her 
mother was also reported to have speech issues, motor delays and learning disabilities. 

 

Subject 7 

This subject, a female, is the second child of non-consanguineous French Canadian/Serbian 
parents. The mother is healthy, and the father has well-controlled seizures. Family history is 
otherwise unremarkable. She was born at term after an uneventful pregnancy. Her birth 
weight was 3,250 g (43rd pctl, -0.18 SD), head circumference 33 cm (17th pctl, -0.97 SD), and 
length 49 cm (31st pctl, -0.50 SD). Apgar scores were 9 and 9 at 1 and 5 minutes. Heart 
murmur was discovered during the routine neonatal evaluation and cardiac echo confirmed 
a cardiac defect (PDA, PFO, VSD). She was assessed for multiple hemangiomas at 9 months 
of age. 

She has a history of developmental delay. At 12 months, she was not yet crawling, and 
showed no interest in grabbing objects. By 15 months she was crawling and cruising. By 21 
months, she was deemed to have caught up with gross and fine motor abilities and 
occupational activity and physiotherapy were discontinued. At 21 months, the proband 



 

 

continued to have expressive language delay and at 3 years expressed herself with single 
words, and speech therapists were working on vocabulary and pronunciation. 

Clinical evaluation at 2 years and 11 months revealed flare of the lateral third of eyebrows 
with mild synophrys, puffiness around the eyes with hypertelorism, telecanthus, long 
eyelashes, full lips, large frontal incisors, and pointed chin. Hypopigmented patches were 
noted at the lower extremities. 

At last evaluation, height was 92.1 cm (28th pctl, -0.6 SD), weight 14.9 kg (75th pctl, +0.67 SD), 
and head circumference 48 cm (17th pctl, -0.95 SD). 

Chromosomal microarray analysis provided normal results. 

 

Subject 8 

The proband, a male, is the first child of non-consanguineous parents of European descent, 

with a history of one spontaneous abortion following the proband‘s birth. Family history is 

only relevant for mom’s Chiari malformation, hypercholesterolemia, and scoliosis.  He was 

product of a single gestation to a 31-year-old mother and 30-year-old father. Pregnancy 

history was significant for mom’s gestational diabetes that did not require any treatment.  

He was born at 40 weeks 6 days gestation via spontaneous vaginal delivery. His APGAR 

scores were 9 at 1 minute and 9 at 5 minutes. He weighed 3,635 g (72th pctl, +0.57 SD), 

measured 52 cm in length (29th pctl, +0.56 SD), and head circumference of 33.75 cm (87th 

pctl, +1.12 SD) at birth. He passed his newborn hearing screen. He had a borderline TSH and 

T4 on his new born screening that was normal when repeated. He was released home on 

day 2 after birth. 

His gross motor development was subsequently delayed, and he rolled over at 6-7 months, 

sat unsupported at 7 months, crawled at 10 months, and started walking alone at 16 

months. His first words were at 12 months. He attends preschool 3 days a week and 

received physical therapy twice a week for 12 weeks. He was wearing Supra Malleolar 

Orthotics (SMOs) for his hyperflexible ankles. His initial evaluation was at 23 months of age. 

He presented with hypotonia and gross motor delay. He also had hypermobile ankles, and 

frequent falls. Physical examination revealed a height of 85.1 cm (27th pctl, -0.61 SD), a 

weight of 11.805 kg (46th pctl, -0.11 SD), and a head circumference of 48 cm (46th pctl, -0.09 

SD). Bilateral epicanthal folds were noted. He was making words and had good eye contact. 

He was interacting with the surrounding and playful. His ankles were flexible, but he was 

able to walk and jump without SMOs. His gait was appropriate for his age.  

He was reevaluated at age 4 years. He started making sentences at 3 years and was toilet 

trained at 3 years as well with no history of regression. He receives speech therapy once per 

week due to drooling, pronunciation issues, and low tone. His expressive language is 

delayed. He receives occupational therapy once per week due to poor hand use, difficulties 

with using pencil and utensils. He is about to begin to play therapy. He is in preschool and 

was noted to be slightly behind grade level. He has impulsivity as well as sensory craving 

problems. He has behavior issues such as hitting and grabbing classmates and has personal 

boundary issues.  



 

 

He has had a normal echocardiogram. On repeat examination, height was 101 cm (Z score -

0.22), weight 16.7 kg (Z score 0.28), and OFC 49.5 cm (25-30 pctl). At clinical exam, he 

showed epicanthal folds, simplified and fleshy ear lobes bilaterally. Faint erythema on the 

forehead, and a hyperactive and friendly behavior. 

He had a normal karyotype and CGH array. Whole exome sequencing sent to GeneDx found 

a heterozygous maternally inherited pathogenic variant in LDLR gene. 

 

Subject 9 

The subject, a female, was born at 37 weeks of gestation via spontaneous vaginal delivery to 
a 28-year-old G2P2 mother. Pregnancy was complicated by maternal obesity, placenta 
previa, and preeclampsia. The mother required weekly progesterone shots starting at 14 
weeks gestation, and prenatal ultrasounds were concerning for poor fetal growth. Delivery 
was complicated by premature and prolonged rupture of the membranes. She was cyanotic 
at birth and about 10 minutes of positive pressure ventilation in addition to 24 hours of 
double bank phototherapy. She was discharged at 7 days of life due to maternal 
complications requiring blood transfusions and blood pressure management. She passed the 
newborn hearing and congenital heart disease screenings. Birth weight was 2,630 g (14th 
pctl, -1.07 SD), birth length 45.7 cm (6th pctl, -1.52 SD), and birth head circumference 32.4 
cm (17th pctl, -0.95 SD).  

She was diagnosed with mild laryngomalacia at around 4 months of age. At 9 months, she 
was diagnosed with gross motor delay. She did not roll over completely until after 8 months. 
She started army crawling at 12 months, crawling at 16 months, and walking at around 20-
21 months. She started babbling at 15 months, and currently pronounces two words in 
Spanish. She started receiving physical therapy at 1 year of age and speech therapy at 2 
years. 

She was diagnosed with autism at age 2 years based on repetitive behaviors, speech delays 
and limited eye contact. She was scored using Childhood Autism Rating Scale-2 and Autism 
Diagnostic Observation Schedule, 2nd Edition, toddler module (ADOS-2). 

At 23 months, the subject was hospitalized for acute cerebellar ataxia. Brain MRI showed a 
single punctate focus, likely the sequelae of grade 1 germinal matrix hemorrhage and an 
incidental developmental venous anomaly in the left basal ganglia. She had normal renal 
ultrasound and skeletal survey.  

Family history is significant for a 6-year-old sister with ADHD and cognitive delays. Both 
parents are currently healthy. The rest of the family history was noncontributory. 

At 2 years and 2 months of age, she presented for a genetic evaluation due to her history of 
global developmental delay, autism, and hypotonia. Her weight was 12.7 kg (70th pctl, +0.52 
SD), height 84.4 cm (18th pctl, -0.91 SD), and head circumference 46 cm (4th pctl, -1.8 SD). On 
physical exam, she had bitemporal narrowing, a forehead hemangioma, long and bushy 
eyelashes, mild synophrys, upslanting palpebral fissures, and puffiness under her eyes with 
deep creases, bulbous nose, long philtrum, and microretrognathia. She had a soft systolic 
murmur, bilateral 5th finger clinodactyly, pes planus, a café au lait spot on her left leg, and 
hypotonia in lower extremities.  



 

 

Previous negative etiologic testing included chromosome microarray, fragile X testing, 
plasma amino acids, urine amino acids, and plasma acylcarnitine profile.  

 

Subject 10 

The subject, a male, presented with a duplicated right thumb and developmental delays 
shortly after birth. Pregnancy history was remarkable only for maternal diclectin use. 
Prenatal testing was not performed; however, an US at 18 weeks was unremarkable. Further 
work up included brain MRI, which demonstrated bifrontal polymicrogyria. He had 
gastroesophageal reflux as an infant (now resolved), and has conductive hearing loss and is 
distinctive in appearance. He is currently in kindergarten at 4 years of age and requires a full-
time aide. He has approximately 40-50 words, and the school is also using pictograms to 
communicate with him. He is also signing a little bit with his hands. He is able to walk up 
stairs but cannot hop on two feet. He fatigues after 15 minutes of walking. He is unable to 
dress independently and is not potty trained. He has some aggressive behaviors, such as 
hand banging, biting, and kicking; however, this is improving. Psychoeducational testing has 
not yet been done.   

His growth parameters are within normal limits. At 4 years of age, his head circumference 
was 49 cm (21st pctl), height 99.8 cm (>14th pctl), and weight 15.8 kg (33th pctl). At last 
examination, he showed elongated eyebrows, deep-set eyes, and a wide mouth with 
prominent lower lip. 

Investigations include a normal array and clinic exome sequencing, which did not identify 
any relevant variant in previously identified disease genes. He has also had a normal renal 
ultrasound and echocardiogram. 

 

Subject 11 

The proband is a 6-year-old female, the only child born to non-consanguineous parents, with 
a history of two spontaneous abortions after the proband’s birth. Family history is only 
relevant for a paternal grandfather deceased due to lateral amyotrophic sclerosis. 

She was born by cesarean section at 38 weeks of gestation, after an uneventful pregnancy. 
Her Apgar scores were 9 and 10 at 1 and 5 minutes; weight was 3,165 g (34th pctl, +0.40 SD), 
length 49 cm (31st pctl, +0.50 SD), and head circumference 31 cm (<3rd pctl, -2.61 SD). 
Approximately 24 hours after birth, she presented with jaundice needing phototherapy for 
one day. A neonatal echocardiogram disclosed multiple muscular ventricular septal defects 
and a patent foramen ovale, without hemodynamic repercussion. There were no other 
complications during the neonatal period, and she was released from the hospital 72 hours 
after birth. 

Her neuropsychomotor development was subsequently delayed. She sat with support at 10 
months and without support at 12 months, walked without support at 22 months. She was 
very delayed in speaking single words, and currently speaks only a few simple phrases. Her 
behavior is notable for excessively screaming and crying without reason, having difficulties 
coping with changes in routine, being too anxious and impatient, as well as occasionally 
aggressive, and presenting with some stereotypic behavior when too excited. She has no 
history of seizures. 



 

 

Laboratory and imaging studies previously performed included normal karyotype and 
SNParray, an abdominal ultrasound disclosing no abnormalities, while a brain MRI revealing 
only small areas of signal alteration in T2 and FLAIR in the periventricular white matter, 
possibly representing gliosis. 

Physical examination at 3 years and 9 months of age revealed a height of 107.5 cm (>99th 
pctl, +3.27 SD), a weight of 22.7 kg (>99th pctl, +3.54 SD), and a head circumference of 50 cm 
(71st pctl, +0.57 SD). Clinical evaluation disclosed coarse facies, prominent forehead with 
high anterior hairline, thick eyebrows, wave-shaped eyelids, mildly upslanting palpebral 
fissures, long and prominent ear lobes, bulbous tip of nose, short philtrum and full and 
everted upper and lower lips. 

 

Subject 12 

The proband is a 4-year-old female born to non-consanguineous parents with an 
unremarkable family history. The pregnancy was complicated by pleural effusion and 
polyhydramnios between 21 and 26 weeks. Apgar scores were 8 and 9 at one and five 
minutes. Perinatal complications included feeding difficulties with failure to thrive (weight 
below birth weight at 2 months of age). Global developmental delay and hypotonia were 
noted (first sat upright at 18 months, began walking at 2.5 years, childhood apraxia of 
speech). The proband was found to have a sacral dimple at 2 years of age when a tethered 
cord was discovered and surgically corrected. 

Upon examination at 4 years of age, the proband continues to display feeding difficulties 
with reflux, constipation, and vomiting. She has learning difficulties, speech delay, and 
occasional shy or aggressive behavior. Dysmorphic features include oval face, hypoplastic 
midface, full supraorbital region, long thin eyebrows, epicanthal folds, long palpebral 
fissures, everted on the lateral side, flat nasal bridge, short triangular nose, and prominent 
and low-set ears. Other physical features include fifth finger clinodactyly, terminal phalanx 
shortening of fingers, hypoplastic nails, and eczema. At the last evaluation, her height was 
95.30 cm (4th pctl, -1.73 SD), and her weight was 15.10 kg (33rd pctl, -0.45 SD).  

An MRI at 2 years of age showed thinning of the corpus callosum and delayed myelination. A 
follow-up MRI at 4 years of age showed myelination within normal limits and no 
malformations. Biochemical and metabolic testing for organic acids, creatine, and lysosomal 
urine screen were all normal. CGH-array was normal. 

 

Subject 13  

The proband, aged 4 years and 5 months, is the first male child of a healthy 36-year-old 
Italian man and of a non-consanguineous 34-year-old Italian woman with a negative family 
history. He has a healthy brother. The pregnancy history was unremarkable. Labor was 
induced at 43 weeks of gestation using vacuum device. Birth weight and length were at the 
75th centile, head circumference at the 97th centile, Apgar scores 9 and 10 at 1 and 5 
minutes. In the first weeks, he had poor sucking. Subsequently, psychomotor and language 
retardation and drooling during the day were noticed. According to his parents, after the 
birth of his brother, he had temper tantrums and tendency to avoid contacts with children of 
the same age. His clinical diagnosis includes global developmental and expressive language 
delay, mild generalized muscular hypotonia, and dyspraxia. At the age of 5 years, she scored 



 

 

60 on the Griffiths III Scale, with the lowest scores regarding the locomotor development 
(51) and the personal-social development (<50). At the age of 4 years, an audiometry test 
detected hyperacusia and at 4 years and 5 months retinal hypopigmentation was observed, 
and ocular albinism was suspected.  

An array CGH test detected a 132 Kb duplication in 19q13.33 (48,162,474-48,294,793) (hg19) 
of maternal origin, classified as likely benign. 

At 5 years and 4 months, weight was at 50-75th centile, height at 90-97th centile, and head 
circumference at the + 0.43 SD. Physical exam findings included mild dolichocephaly, frontal 
bossing and high forehead, mild synophrys, long palpebral fissures (+ 2 SD), long philtrum 
(mean +1 SD). He showed marked hyperextensibility at elbows, moderate hyperextensibility 
of wrist and fingers, and mild hirsutism. 

 

Subject 14 

The proband, a female, is the third child of healthy unrelated parents. She was born at term 
by cesarean section with birth weight 3,846 g (98th pctl, +2.08 SD). Soon after birth, she was 
diagnosed with a moderate perimembranous ventricular septal defect and secundum atrial 
septal causing cardiac failure that responded to medical therapy and by age 5 years had 
closed spontaneously. 

Her development has been delayed since infancy. She walked and started speaking single 
words at the age of 3 years. She has sensory processing difficulties and difficulty mixing with 
other children. At the age of 7 years she displays difficulties with managing her behavior, 
emotional dysregulation, rigidity and inflexibility, intolerance of delays, and difficulties with 
social interactions and communication. Full-scale IQ has been measured at 65. 

She has normal vision and a mild conductive hearing loss treated with grommets. Growth 
parameters show height and weight tracking near the 95th centile and head circumference 
near the 50th centile. She has a partial subluxation of the left hip. 

An MRI scan at age 2 years showed mild ventriculomegaly and a generalized reduction in 
white matter volume. An EEG at age 3 years showed nonspecific abnormalities. Urine amino 
and organic acids, glycosaminoglycans, and chromosome microarray were normal. 

She has some distinctive facial features comprising a relatively round face, broad forehead, 
mild plagiocephaly, periorbital fullness, hypertelorism, fine arched long eyebrows, long 
philtrum, and a relatively thin upper lip. She has pes planus and tight Achilles bilaterally, and 
slightly hypoplastic fifth fingers. 

 

Subject 15 

This subject is a 10-year-old female, the only child of non-consanguineous parents, the 
mother being of European descent and the father of North African descent.  She was born at 
42 weeks gestation after an uneventful pregnancy by emergency C-section for failure to 
progress and fetal distress. Birth weight was 3,590 g (66th pctl, +0.40 SD), and OFC 33 cm 
(11th pctl, -1.22 SD). She was slow to establish feeding and late in achieving motor 
milestones: sitting at 12 months, walking at 2 years. She continues manifesting coordination 
difficulties. Language development was slow and through childhood, she developed a 
behavior falling into the autistic spectrum. She has significant anxiety, but can be 



 

 

inappropriately friendly to strangers, is prone to sudden tantrums, prefers known routines, 
and has sensory issues relating to touch and food. Overall, she is a happy child. At 
mainstream school she requires one-to-one support and is globally delayed but no formal IQ 
testing has been performed. She always manifested joint laxity, suffered recurrent UTIs, and 
was diagnosed with mild bilateral hydronephrosis at 7 years of age. She has had otitis media 
with perforated tympanic membranes and hyperacusis. No vision anomaly has been 
reported.  No seizures have occurred.  She has mild persisting capillary hemangiomas on her 
upper lip, above the right eye, and posterior neck; she has marked dental overcrowding. She 
has bitemporal narrowing, slightly downslanting palpebral fissures with mild epicanthal 
folds, slightly over-folded superior helices, absent ear lobes, slightly short philtrum, and 
rounded chin. Cohen syndrome has been suspected, but there is no evidence of 
neutropenia, no pigmentary retinopathy, and no variants were found in VPS13B.  She has 
slightly tapering fingers, which are also slightly short, as are the toes, particularly the 5th 
digits. She has mild central obesity, with weight 47.8 kg (99th pctl,+2.5 SD) and height just 
less than 50th centile at the age of 9 years 4 months, while at the age of 8 years 11 months 
her OFC was 52.0 cm (42nd pctl, -0.21 SD). She showed signs of early breast development at 
age 7 years but has not yet reached menarche.  

At 18 months, she had normal brain and spine MRI scans. Following normal chromosome 
microarray and negative tests for Cohen syndrome, trio exome analysis identified a de novo 
frameshift variant in SPEN, c.7373del, p.Pro2458Argfs*2. 

 

Subject 16 

The subject is a female fetus with a diagnosis of corpus callosum agenesis at 27 weeks of 
gestation. The mother is a 29-year-old healthy woman. It was the second pregnancy of 
unrelated parents who have had a first healthy boy of 7 years. Family history was marked by 
seizures (maternal sister), intellectual disability of unknown origin in four of six cousins of 
the mother’s paternal aunt, and Down’s syndrome and deafness in paternal nephews. Brain 
ultrasound findings, confirmed by brain fetal MRI, showed normal biometrics, complete 
corpus callosum agenesis in association with nodular subependymal heterotopias, and lack 
of Sylvian valley genesis. Microbiological analyses, fluorescence in situ hybridization and 
comparative genomic hybridization on amniotic fluid were normal. Fetopathological 
examination of the eutrophic female fetus, after termination at 29 weeks of gestation, 
confirmed the corpus callosum agenesis and the presence of a pericallosal artery and olivary 
heterotopias. Brain biometrics were normal. Facial dysmorphic features included 
hypertelorism, small mouth, thin upper lip, smooth philtrum, retrognathia, and well-
implanted triangular ears, as well as left pulmonary isomerism with two lobes on each side. 
The placenta was hypotrophic and the placental cord had three normal vessels. 

 

Subject 17 

The proband, a boy, is the first child of healthy, distantly consanguineous Lebanese parents. 
He has two younger healthy sisters. Family history was unremarkable. He was born at term 
of a pregnancy complicated by frequent vaginal bleeding episodes and miscarriage 
symptoms. Anthropometric measurements at birth are not available. The postnatal period 
was reported to be uneventful. Developmental milestones were delayed (he walked 
independently at 30 months, and language is still limited to simple words or two-word 



 

 

sentences). He presented gross and fine motor delay and aggressive, defiant, and impulsive 
behaviors and attention deficit. The average IQ total score was 50 (scale unavailable). 
Clinical evaluation at 5 7/12 years showed an elongated face, high anterior hairline, 
bitemporal narrowing, arched eyebrows with a medial flair, apparently wide-spaced eyes 
with bilateral epicanthus, up-slanting of palpebral fissures, low-set, simplified ears with large 
earlobes, bulbous nose with prominent nasal tip, flattened nasal bridge and anteverted 
nares, long flat philtrum, thin upper lip, mild micrognathia, pointed chin and high and 
narrow palate. Brachydactyly and nail hypoplasia were noted. At the last evaluation, height 
was 112.8 cm (45th pctl, -0.13 SD), weight 20.2 Kg (59th pctl, +0.24 SD) and head 
circumference 47.6 cm (<3rd pctl, -2.84 SD). Seizure had not been reported. Biochemical and 
metabolic screening, and genetic analyses including array-CGH, were normal. 

 

Subjects 18 and 19 

The proband is a 17-year-old boy, the second child of healthy non-consanguineous parents 
of mixed Jewish descent. He was born following an unremarkable pregnancy, via vaginal 
delivery. Birth weight was 3,250 g (29th pctl, -0.56 SD), and the neonatal course was 
unremarkable. 

He first presented at the age of 3 months with seizures, characterized by staring, eye 
deviation and tonic posture. Initial electroencephalography (EEG) performed at the time of 
presentation was normal. Subsequent EEG showed normal background activity with 
multifocal epileptic discharges. MRI of the brain was normal. The seizures were well 
controlled with Lamotrigine. Repeated EEG studies were normal, and he stopped treatment 
at the age of 8 years. 

He had delayed speech and cognitive milestones. Gross motor development was normal. He 
was diagnosed with autism and attention deficit disorder, and attended a special education 
school. The IQ was between borderline to mild intellectual disability range with higher 
scores in verbal abilities compared to other fields. 

He had hypospadias with surgical correction at 8 years. He had lumbar spine disc herniation 
with surgical correction at the age of 14 years. At the age of 15 years he started again with 
seizures characterized by staring spells and drop attacks. EEG showed normal background 
with generalized 3Hz spike and wave complexes. Repeated brain MRI was normal. 
Lamotrigine was restarted, and he is currently seizure-free. 

He underwent an extensive metabolic evaluation that was normal, including cerebrospinal 
fluid evaluation (for cell count, glucose, lactate and amino acids) and analysis of plasma 
amino acids, lactate, acylcarnitine profile, very long chain fatty acids and urine organic acids.  

Chromosomal microarray and fragile X testing were normal. 

General examination at 17 years disclosed a long face, high nasal bridge, periorbital fullness, 
bulbous nasal tip, and a pointed chin. At the last evaluation, the height was 168.5 cm (17th 
pctl, -0.94 SD), and OFC 53.8 cm (7th pctl, -1.5 SD).  

Neurological examination was normal.  

The proband's sister is 23-year-old and has borderline intellectual disability and 
communication disorder. The pregnancy was notable for recurrent bleeding. The birth was 
at term. At the age of 6 months, she was evaluated for hypotonia and strabismus. She had a 



 

 

basic metabolic workup and brain MRI that were normal. She had motor and speech delay, 
and attended special education. There is no history of seizures. General examination at 23 
years disclosed a long face without significant dysmorphisms. The height was 162 cm (43rd 
pctl, -0.18 SD), weight 78 kg (96th pctl, +1.76 SD) and OFC 57 cm (95th pctl, +1.63 SD). 

 

Subject 20 

The proband is a 20-year-old female of European descent. She is the second of three 
children of healthy, non-consanguineous parents. Family history was significant for a 
narcolepsy-cataplexy in her mother. She was born at term via spontaneous vaginal delivery 
after an unremarkable pregnancy. She did not require resuscitation or prolonged admission 
to hospital. Birth weight was 3,345 g (53rd pctl, +0.07 SD).  

Developmental milestones were delayed. She had poor coordination and gait difficulties. By 
age 4 years, she was having frequent outbursts and behavioral concerns. At age 10 years, 
she was diagnosed with a non-verbal learning disorder on psychoeducational testing. At age 
14 years, she presented with auditory and visual hallucinations, and was diagnosed with 
autism spectrum disorder and schizophrenia. She had a neurologic evaluation for ataxia/gait 
difficulties and tremors of unclear etiology.  

On physical examination at age 20 years, her weight was 87.5 kg (99th pctl, +2.53 SD), height 
155.7 cm (13rd pctl, -1.14 SD), and head circumference 58.5 cm (>99th pctl, +2.66 SD). She 
has thick curly hair with mild facial hirsutism (synophrys, hair on the upper lip). She has a 
short forehead with thick eyebrows. She has a Cupid's bow appearance to her upper lip with 
thick vermilion, retrognathia, and normal palate. Ears are normal. She has bilateral 5th finger 
clinodactyly and bilateral pes cavus. Neurological exam showed paucity of facial 
expression, but facial movement was preserved. Pupils were equal and reactive to light with 
full extraocular movements. Strength 4+/5 in all major muscle groups of upper and lower 
extremities. Tone grossly normal in upper limbs, perhaps slightly increased at the level of 
Achilles tendons in lower limbs. Gait is atypical as it is waddling but not wide-based; she was 
unable to perform tandem gait, but toe and heel walking were preserved. There was no 
truncal ataxia. Romberg was normal. Reflexes were preserved at the patellar, and Achilles 
tendons and Babinski was downgoing. A high amplitude, low-frequency tremor was noted 
both at rest and with movement. Bilateral finger to nose testing was impacted by tremor. 
There was a faded strawberry hemangioma with surrounding telangiectasia on the left flank.  

She had a normal chromosomal SNP oligonucleotide microarray, FMR1/FMR2 analysis, 
plasma amino acids, urine organic acids, ammonia, and urine porphyrins. 

 

Subject 21 

The proband is a 2.5-year-old girl born to a G3P2>3 mother following a pregnancy notable 
for maternal treatment with lovonox for a history of prior deep vein thrombosis and 
acyclovir for a history of HSV. Delivery was vaginal at 28 and 1/7 weeks following the onset 
of preterm labor. Apgar scores were 8 and 9 at 1 and 5 minutes. Birth weight was 1,190 g 
(83rd pctl, +0.97 SD), and head circumference was 26 cm (70th pctl, +0.52 SD).  The NICU 
course was fairly uncomplicated. She received CPAP support for 4 days and had normal 
screening head ultrasound.  



 

 

She had a mild delay of milestones with walking at age 2 years and speech limited to single 
words, with an estimated 50-word vocabulary, at age 2.5 years, and she followed familiar 
commands.  She had reduced eye contact and head-banging, and was diagnosed with autism 
spectrum disorder at 26 months of age.   

On examination at age 2 years, she had relative microcephaly 45.6 cm (8th pctl, -1.36 SD) 
with height 83.8 cm (37th pctl, -0.34 SD) and weight 11.8 kg (40th pctl, -0.20 SD).  She has 
down slanting palpebral fissures and slightly upturned nares. The exam was notable for mild 
hypotonia, and gait was abnormal with wide stance and arms in a flexed posture. 

Echocardiogram showed a trivial VSD. Brain MRI, audiology evaluation, and CGH array were 
normal. 

 

Subject 22 

The subject is the only child of healthy unrelated parents. Family history is positive for 
dilated cardiomyopathy (paternal grandmother). Ultrasound examination of the heart in the 
father was unremarkable. Pregnancy was uneventful. The antenatal ultrasound evaluation 
did not show any congenital defects. Delivery was at term (39 weeks of gestational age) 
through cesarean section. Birth weight was 2,650 kg (9th pctl, -1.36 SD), length 47 cm (15th 
pctl, -1.02 SD), and head circumference 33.5 cm (37th pctl, -0.34 SD). APGAR score 9/10. At 
birth, a cardiac malformation consisting of two interatrial defects, and a complex upper limb 
anomaly with bilateral thumb agenesis, IV-V fingers syndactyly, with unique metacarpal 
bone, and bilateral short radius and ulna, with radio-humeral fusion at right elbow were 
detected. Her growth was normal (25th-50th centile for all parameters). The psychomotor 
development was considered normal. At last evaluation at the age of 3.7 years, with the 
WPPSI III scale disclosed a total IQ of 85, with a Verbal IQ of 92 and a performance IQ of 81. 
Visual and hearing problems have been excluded. 

The child does not show gross facial dysmorphisms. She underwent surgical intervention in 
both hands. The right elbow has no mobility due to humero-radial synostosis, while the left 
elbow has limited mobility. 

DEB test, CGH array, and TBX5 gene analysis gave normal results.  

 

Subject 23 

The subject is a 14-year-old boy born after an uneventful pregnancy at 40 and 5/7 weeks 
with a birth weight of 4,500 g (>99th pctl, +2.84 SD). He had normal Apgar scores 9/10 and an 
uneventful neonatal period. His early development was normal, with normal developmental 
milestones. At the age of 3 years, he was noted to prefer to play on his own, and at the age 
of 6 years, he was officially diagnosed with autism spectrum disorder. He attended special 
school for children with behavioral problems. At the age of 14 years, his IQ was assessed as 
67. He had normal hearing and eyesight and a normal eating and sleeping pattern. At the 
age of 14 years, he had a height of 178 cm (91st pctl, +1.32 SD, standard European growth 
chart), weight 59.5 kg (63th pctl, +0.34 SD, standard European growth chart), and head 
circumference of 56 cm (67th pctl, +0.43 SD, standard European growth chart). He had low-
set eyebrows with deep-set eyes and periorbital fullness, broad nasal base with full nasal tip, 
normal formed palate. He had a flat thorax.  



 

 

 

Subject 24 

The subject, a female, presented with motor delay (sitting ability at 1y 6m, walking ability 2y 
4m, not able to climb or run, difficulties in writing, physiotherapy and occupational therapy), 
autism spectrum disorder, wide-based gait, fatigue (requiring wheelchair use for longer 
distances) and incongruent IQ results (verbal IQ 81, performance IQ 72 at age 8y; verbal IQ 
124, performance IQ 81 at age 5y). Brain MRI showed an arachnoid cyst in the left temporal 
lobe. Other symptoms include bronchial hyperreactivity, mild hypermetropia and 
astigmatism. No further problems in medical history. She was born after an uncomplicated 
pregnancy, by induced uncomplicated delivery at 42 weeks. Apgar scores were 9/10 after 
1/5 minutes.  

Physical examination showed normal growth, no facial dysmorphism, no thoracic 
abnormalities, abdominal fat disposition, normal vertebral column, hypermobility with 
Beighton score 9/9, no skin abnormalities.  

Mitochondrial and metabolic workup did not lead to a diagnosis.  

 

Subject 25 

The proband, a male, presented with behavioral problems (concerns for autism spectrum 
disorder), developmental delay, and tall stature (+2.3 SD) with normocephaly. He was born 
to non-consanguineous parents, and has a healthy 5-year-old sister. During pregnancy, the 
mother had influenza or upper airway infection requiring antibiotics inducing premature 
contractions at 26 weeks. Vaginal delivery at 39+3 weeks was complicated by fetal distress. 
Birth weight was 3,800 g (88th pctl, +1.18 SD, standard European growth chart). No 
congenital abnormality was revealed. The neonatal period was characterized by 
unreasonable crying. Development was delayed, with impaired social interactions (poor eye 
contact), delayed speech and language skills (non-verbal, slight understanding of spoken 
language, communication via simple gestures such as pointing), and very selective eating 
(only specific baby food or porridge). Gross motor skills were normal, but walking was 
slightly uncoordinated. Epilepsy has not been documented, while mild sleep disturbances 
(awakes often) have been reported. He is easily fatigued and pale but not very prone to 
infections. He has a normal hearing ability and moderate hypermetropia (+3.00 Dpt). He 
uses macrogol for constipation.   

A physical examination was performed via video; no evident facial dysmorphism was 
appreciated. 

SNP-array and FMR1-gene analysis were both normal.  

 

Subject 26 

The proband is a 27-year-old male offspring of non-consanguineous parents of white British 
origin. He was born at 38 weeks of gestation by normal vaginal delivery following an 
uneventful pregnancy. At birth his weight was 2,690 g (11th pctl, -1.25 SD) and 
occipitofrontal circumference (OFC) was 34.5 cm (60th pctl, +0.26 SD). He struggled to regain 
birth weight due to poor feeding but did not require any intervention. He was noted to be 
hypotonic and had neonatal stridor. 



 

 

He started sitting independently at 9 months and walked at 17 months but has always been 
described as clumsy, particularly with fine motor tasks. He had a significant speech delay, 
with a vocabulary of 4-5 words at 5 years of age. His hearing is normal as well as the 
ophthalmic examination, arranged due to suspicion of Cohen syndrome. He had vacant 
episodes as a child, but an EEG showed no abnormality and no treatment was required. He is 
overly sociable and prone to aggressive outbursts. His behavior is quite repetitive. He has 
been diagnosed with Attention Deficit Hyperactivity Disorder. He had a trial of 
methylphenidate which was discontinued due to side effects. He has struggled with making 
friendships as well as in busy scenarios. He has been diagnosed with Autism Spectrum 
Disorder. 

At 5 years of age, the proband had difficulties with constipation and soiling that was treated 
with sodium picosulphate. A rectal biopsy was normal. He had a small ventricular septal 
defect, which did not require surgical management. He had an inguinal hernia, which was 
repaired surgically. He suffered with secondary enuresis at the age of 11 years, and was 
prescribed desmopressin tablets. 

At 20 years, his weight was 82 kg (83rd pctl, +0.97 SD), height 175 cm (42nd pctl, -0.21 SD), 
and OFC 54 cm (4th pctl, -1.78 SD). He has coarse facial features with heavy eyebrows and 
long eyelashes. He has prominent maxilla and protruding central incisors with a high arched 
palate. He has a bulbous nasal tip and prominent nasal root with narrow palpebral fissures. 
He has slender tapered fingers. Examination of his lower limbs revealed bilateral pes cavus 
and tight Achilles tendons with very brisk reflexes and clonus. He also has thoracic kyphosis.  

A full blood count and serum biochemistry were all within normal limits. There were no 
documented episodes of granulocytopenia. At the age of 14 years, the proband underwent 
an electroretinogram (ERG) examination. Although there was poor cooperation, there was 
some suggestion that responses were attenuated.  He has been under follow-up with yearly 
ERGs, which have remained stable. He still has no problems with his eyesight, and fundal 
examination remains unremarkable. 

Standard karyotype, fragile X screening, fluorescent in-situ hybridization for Smith-Magenis 
syndrome, chromosomal microarray (Affymetrix SNP6.0 Array, minimum resolution 50kb), 
and urine mucopolysaccharides were all reported to be normal. A retinal dystrophy panel 
including 176 genes did not identify any pathogenic mutations. He was recruited to the 
Deciphering Developmental Disorders (DDD) study for whole exome sequencing. This did not 
reveal any pathogenic mutations.    

 

Subject 27 

The proband is an 18-year-old male offspring of non-consanguineous parents of white British 
origin with no relevant family history. He was born at 42 weeks of gestation via an induced 
delivery after an uncomplicated pregnancy. His birth weight was 3,260 g (21st pctl, -0.81 SD). 
Length and birth OFC were not recorded. The neonatal period was unremarkable, apart from 
hypothermia for the first two days of life.  

He smiled at 8 weeks, sat and rolled at 12 months, crawled at 13 months, and walked 
independently at 17 months.  At the age of 2 years 8 months, he was using single words 
only. At the age of 28 months, Griffith’s Developmental Assessment revealed a general IQ of 
59 with a developmental age of 16.5 months. Hearing test demonstrated Eustachian tube 
dysfunction; however, he has not required hearing aids or intervention. His eyesight is 



 

 

normal. He has not be reported to have seizures. He demonstrates aggressive outbursts and 
occasionally self-injurious behaviour being inclined to bang his head on the floor and pull his 
hair.  

At the clinical evaluation at 2 years 8 months, his weight was 15.46 kg (84th pctl, 1.03 SD), 
and OFC was 45.8 cm (1st pctl, -2.23 SD). At the age of 10 years 10 months, his weight was 
46.1 kg (89th pctl, 1.25 SD), height was 147.1 cm (73th pctl, 0.63 SD), and OFC 50.5 cm (<3rd 
pctl, -2.34 SD). He has marked brachycephaly, epicanthal folds, arched eyebrows with 
synophrys, upturned nasal tip, very long eyelashes, a large mouth with a short upturned 
philtrum, and creased lips. He has short transverse palmar creases with incurving of his 4th 
and 5th toes bilaterally. Systemic examination has been unremarkable other than brisk lower 
limb reflexes.  

Urine amino acids and organic acids, urea and electrolytes, full blood count, liver and thyroid 
function were all within normal limits.  

A standard karyotype was normal including FISH for Smith-Magenis syndrome. 7-
dehydrocholesterol and creatine kinase levels were normal. Microarray analysis (OGT 8x60k 
with CytoSure Interpret v3.4.3, average resolution 180kb) showed no significant copy 
number variants. Fragile X screening by PCR showed less than 45 repeats hence within the 
normal range. He was recruited to the DDD study where WES identified a missense variant in 
MYH3 (p.Arg799Ser), which was felt to be benign as he did not display any features of 
arthrogryposis (MIM: 139700).  

 

Subject 28 

The proband, a female, was born at 39 weeks gestation via vacuum-assisted vaginal delivery 
following an uncomplicated pregnancy. She is the product of a non-consanguineous union 
between a 27-year-old mother and a 37-year-old father, both of Norwegian and German 
ancestry. The immediate neonatal period was unremarkable. 

She was globally delayed, and it became apparent around 12 to 18 months of age. Early 
motor milestones were met on time (rolling over at 3 months of age, sitting unsupported at 
6 months of age, and crawling at 11 months, walking at 17.5 months). Early language and 
social milestones were also met on time (first social smiles at 3 months of age, first babbling 
at 4-6 months of age, and first words at 10-12 months of age). However, her language 
development was delayed. Behaviorally, as a child, she had an overall happy demeanor and 
is noted to talk to herself. No stereotypical behavior, repetitive movements, or self-injurious 
behavior were seen. Throughout early childhood, she received supportive therapies 
including speech therapy, occupational therapy, and physical therapy, as well as a 
developmental program. At 9.5 years, she was evaluated with the Wechsler-IV Scale and 
found to have a full-scale IQ of 68. Ultimately, she was diagnosed with autism spectrum 
disorder. Additionally, she had precocious puberty starting at 9 years of age. Clinical 
evaluation at 13 years revealed an OFC of 53 cm (32nd percentile, -0.47 SD), weight of 46.7 kg 
(54th pctl, +0.10 SD), and a height of 169.5 cm (96th pctl, +1.80 SD). Craniofacial features 
showed mild dolichocephaly with a long and narrow face, prominent eyebrows with partial 
synophrys, mildly down-slanting palpebral fissures, long nose, broad mouth, prominent 
maxillary incisors, high arched and narrow palate, and bilateral small ear pits at the base of 
the antihelix. The tongue showed mild fasciculations. The musculoskeletal exam revealed 
long slender limbs with mild to moderate hypermobility in the moderate sized joints. Exam 



 

 

of the back revealed significant kyphosis without scoliosis. The neurologic exam was notable 
for significant motor restlessness and tremulousness without clear choreoathetosis or 
myotonic jerks. Generalized hypotonia was also noted, axial more so than appendicular. Her 
coordinated was noted to be abnormal with mild finger ataxia, dysdiadochokinesis with 
alternating hand movements, and slowed rapid finger movements. The subject giggled 
frequently throughout the exam and tactile hypersensitivity was noted. Clinical evaluation at 
14 years of age was prompted by her mother’s concern for worsened tremulousness which 
interfered with her daily activities and required weights to help with handwriting at school. 
Of note, she had recently been sedated with Propofol and Ketamine for a dental procedure 
with continued involuntary movements despite sedation. The physical exam at that time 
revealed an OFC of 55 cm (79th pctl, +0.81 SD), a weight of 57.3 kg (73rd pctl, +0.62 SD), and a 
height of 172 cm (96th pctl, +1.76 SD). Previously noted craniofacial features were 
unchanged. Mild hirsutism was noted to the bilateral forearms, and a single café-au-lait 
macule to the left back. Additionally, the central incisors appeared to be less prominent. The 
neurologic exam revealed worsened tremulousness, and atypical involuntary movements 
were noted throughout the exam. These were described as episodic hyperkinetic 
movements triggered by spontaneous activity and often extended to other areas of her 
body, perhaps representing muscular hyperexcitability. The deep tendon reflexes were 2+ 
bilaterally throughout the upper and lower extremities. In particular, the patellar reflex 
showed secondary generalization of the reflex response. Her gait was described as unsteady. 

Clinical evaluation at 18 years of age was prompted by concern for an evolving connective 
tissue phenotype. Of note, the previously concerning tremulousness and atypical involuntary 
movements had improved considerably by report and appeared quite improved by 
observation only. Since her visit 4 years prior, she had started Sertraline. Anthropometric 
parameters could not be obtained. Beyond the improvement of her neurologic features, her 
phenotype was relatively unchanged with the exception of her dermatologic presentation. 
Based on pictures submitted by her mother, she was noted to have diffuse, short, vertical, 
reddish purple striae over her posterior calves, thighs, and reportedly over her buttocks and 
low back.  Skin hyperextensibility or translucency was not seen. 

Prior genetic testing included karyotyping, which showed a 46,XX complement, and 
chromosomal microarray, fragile X testing, and methylation analysis for Angelman 
Syndrome, which provided normal results. A first trio-based WES analysis was also normal. 
Additionally, she had an MRI of the brain at age of 5 years, which showed “mild blush 
consistent with mild periventricular leukoencephalopathy not suggestive of periventricular 
or germinal matric hemorrhage”.  Sleep study, ophthalmologic and hearing evaluations, EKG, 
and ECG were not informative. Past metabolic screening labs, including ESR, CPK, CMP, 
acyclcarnitine, and free and total carnitine profiles were normal. 

 

Subject 29 

The proband, a 24 year-old male, is the third child of non-consanguineous American parents. 
Family history is unremarkable. Pregnancy was complicated by prenatal diagnosis of cystic 
hygroma. Amniocentesis was performed and chromosome analysis returned a normal 
chromosome complement (46,XY). He was delivered full term via emergent cesarean 
delivery due to fetal distress. Birth weight was 2,750 g (4th pctl, -1.81 SD) and length was 
approximately 50 cm (~34th pctl, -0.4 SD). Neonatal period was complicated by diagnosis of 
hypoplastic left heart syndrome and subsequent heart transplant at 13 days of life. He 



 

 

required mechanical ventilation for 7 weeks following transplant. Perinatal period was 
complicated by hypotonia and feeding/swallowing difficulties. Brain MRI revealed hypoxic 
damage. He has a history of global developmental delays (walking independently around 26 
months) and intellectual disability. Mother reports IQ testing many years ago revealed an IQ 
in the 70s. Exact number and scale used were not available.  

Additional clinical history includes bilateral sensorineural hearing loss treated with a bone 
anchored hearing aid. He has myopia and wears glasses. He has a history of frequent 
recurrent infections and renal failure secondary to antirejection medications following heart 
transplant. He underwent kidney transplant at 17ys.  

Prior work-up in the proband included 22q11.2 FISH analysis, Noonan panel (2007, number 
of genes unknown), telomere analysis, and BAC array. Results of this testing were all normal. 
At age 23ys, he was noted to have a long face with high anterior hairline, bitemporal 
narrowing and frontal bossing, small palpebral fissures, uplifted and large earlobes, bulbous 
nose with prominent nasal tip, thick vermillion border and a long philtrum, and pointed chin. 
He has undergone dental rehabilitation and previously had a history of gingival disease and 
overcrowded teeth. He was noted to have a high arched palate.   

Array CGH using 4x180 oligo+SNP platform and exome sequencing were non-diagnostic. 

 

Subject 30 

The proband, a male, is the second child of healthy non-consanguineous parents of mixed 
European descent. Family history was unremarkable. He was born after induction at 36 
weeks of pregnancy due to pre-eclampsia symptoms. Birth weight was 2,700 g (2-5th pctl, -
1.4 SD), and Apgar scores of 9/9. Length, and OFC were not available. Perinatal period was 
complicated by difficulties with latching and regaining birth weight. Failure to thrive 
persisted until approximately 18 months. Developmental milestones were delayed, and he 
was referred for evaluation due to low tone and limited gain of milestones at 7 months. 
Ultimately, he walked alone at approximately 16 months, although at 26 months, his gait 
remains unsteady, and he continues to fall easily. At 26 months, he has 20+ words and is 
using rare two-word sentences with significant jargoning. There are no concerns for 
regression. At approximately the time at which developmental delays were identified, 
microcephaly was noted, and evaluation by neurology and genetics was pursued.  

Clinical evaluation at 26 months, via telehealth assessment, identified a normal general 
examination with microcephaly and without significant dysmorphisms. A neurologic 
telehealth examination was remarkable for single word utterances with significant jargon 
and mild truncal hypotonia. Gait was fluent, deep tendon reflexes were normal, and plantar 
responses were down-going. Fine-motor control in picking up small objects demonstrates a 
normal pincer grasp. At the last evaluation, his height was 88 cm (43rd pctl, -0.15 SD), weight 
12.8 kg (43rd pctl, -0.10 SD) and OFC 46.2 cm (3rd pctl, -2 SD).  

Brain MRI revealed some multifocal white matter abnormalities with enlarged perivascular 
spaces. Creatinine kinase, lactate, pyruvate, carnitine, ammonia, amino acids, acylcarnitines, 
and newborn screening results were unremarkable. 

 

 



 

 

Subject 31 

The proband, a boy, is the first child of healthy non-consanguineous Bosnian parents. Family 
history was unremarkable. After an uneventful pregnancy, he was born at term of gestation. 
Birth weight was 3,400 g (43rd pctl, -0.18 SD), length 51 cm (58th pctl, +0.2 SD). OFC and 
Apgar scores are not available. He presented with a delay in motor milestones acquisition 
(sitting at 9 months, walking at 14 months). Expressive language was delayed and impaired. 
He presented gross and fine motor delay. At the age of 16, he moved from Bosnia to Italy, 
and one year later, he was scored using the non-verbal Raven scale with an average IQ of 62. 

Phenotypic evaluation at 20 years disclosed high anterior hairline, arched eyebrows, 
synophrys, enlarged earlobes, thick vermilion, and long philtrum. 

At 10 years, he developed kyphoscoliosis, and a 1.5 cm leg-length discrepancy was observed. 
At 13 years, he was diagnosed with hypothyroidism with normal thyroid morphology at 
ultrasound examination. At the last evaluation, the height was 170 cm (18th pctl, -0.9 SD), 
weight 72 kg (55th pctl, +0.11 SD), and OFC 54 cm (4th pctl, -1.78 SD).  

At 10 months, he developed seizures with head drop in cluster which was controlled with 
valproic acid. The antiepileptic drug therapy was maintained. The EEG at the age of 18 years 
showed a normal organization and focal epileptic paroxysm in the right frontal area in 
wakefulness and sleep. To exclude morphological abnormalities in the brain structure, MRI 
was performed, which revealed a normal structure. Echocardiography was normal. SNPs 
array revealed a duplication of 13q22.2-q22.3 inherited from unaffected mother. 

 

Subject 32 

The proband, a boy, is the first child of healthy non-consanguineous Italian parents. Family 
history was unremarkable. During the pregnancy choroid plexus cysts and a nasal bone 
hypoplasia were detected. He was born at 41st gestational weeks with a birth weight of 
3,520 g (56th pctl, +0.14 SD), and length of 52 cm (58th pctl, +02 SD). OFC and Apgar scores 
were not available. He presented with microcephaly at 6 months, and delayed motor 
milestones acquisition (sitting at 8 months, walking at 18 months). Expressive language was 
delayed and impaired. He presented with gross and fine motor delay. He also showed 
dysphagia and chronic constipation. Psychomotor evaluation detected moderate intellectual 
disability. Brain MRI disclosed parietal and occipital cortical atrophy while echocardiography 
and abdominal ultrasound were normal. The EEG disclosed non-specific pattern 
abnormalities, and the hand and wrist X-ray showed an advanced bone age (1.5 y).  

Phenotypic evaluation at 5 years and 3 months presented with low frontal hairline, arched 
eyebrows, mild epicanthus, bulbous nose, thick vermilion, high palate, and pointed chin. At 
the last evaluation, weight was 20 kg (35th pctl, -0.4 SD), height was 116.4 cm (39th pctl, -0.29 
SD), and head circumference 48 cm (<3rd pctl, -2.8 SD).  

SNPs array analysis and a NGS panel for Angelman-like syndromes were normal.  

 

Subject 33 

The subject is a 6-year-old multiracial non-Hispanic female. She was born vaginally at 38 
weeks. Vaginal bleeding (spotting) of two-day duration was reported during the second 
trimester; no other pregnancy complications were reported. Labor was induced with Pitocin 



 

 

due to failure to progress. Her head circumference at birth was reportedly smaller than 
average. Birth weight was 3,005 g (21st pctl, -0.8 SD), and birth length was 53 cm (98th pctl, 
+2.03 SD). At birth, she presented with hyperbilirubinemia, which was not treated. As an 
infant, she was described as irritable/inconsolable/colicky. At last measurement, her height 
was in the above average range (128 cm; 92nd pctl, +1.41 SD), and weight was in the well 
above average range (40 kg; >97th pctl, +3.27 SD). Head circumference was in the average 
range (51 cm; 34th pctl, -0.42 SD).  

She was diagnosed with autism spectrum disorder (confirmed with ADOS, ADI, and clinical 
judgment using DSM-IV criteria). She uses complex speech with recurrent grammatical 
errors. The subject shows autism-related impairments in social communication, including 
minimal sharing or requesting of information, difficulty reporting past events, poor eye 
contact, limited understanding of emotions and relationships, and reduced frequency and 
quality of social overtures and responses. Some repetitive behaviors were noted, including 
stereotyped speech, unusual sensory interests, sensory sensitivities, and complex 
mannerisms. 

Her cognitive abilities are in the average to above average range as measured with the 
Differential Abilities Scale-II (Verbal IQ = 99, Nonverbal IQ = 119, Full-Scale IQ = 101). Her 
adaptive abilities fall in the moderately low range as measured with the Vineland-II 
(Adaptive Composite = 72), and her receptive language skills fall in the low average range as 
measured with the Peabody Picture Vocabulary test (Standard Score = 87). Proband’s parent 
endorses significant externalizing behavior problems (aggressive behavior, conduct 
problems, and oppositional defiant problems) and internalizing behavior problems (anxiety 
problems, mood problems, somatic complaints, and thought problems). 

Abnormalities were first noted in her behavior at 28 months of age. She first walked 
independently at 36 months of age. She first used single words at 8 months of age and first 
used phrases at 11 months; however, significant regression in language, motor, and social 
communication skills was reported at age 28 months. 

She has a history of gastrointestinal problems, including chronic gastroesophageal reflux 
disorder (GERD), chronic constipation, problematic diarrhea, bloody stools, and vomiting. 
She also has a history of corrected vision problems and motor coordination problems. 
Respiratory problems were suspected but have not been diagnosed. She has no reported 
history of seizures, neurological problems, or sleep problems. She has been prescribed a 
mood-stabilizing medication and was previously prescribed a stimulant medication. The 
proband’s father has a history of speech delay and stuttering. 

 

Subject 34 

The proband is a 13-year-old male. At last measurement, his height was in the well above 
average range (179 cm; >97th pctl, +3.09 SD), his weight was in the above average range 
(72.6 kg; >97th pctl, +2.18 SD), and his head circumference was in the average range (54.6 
cm; 48th pctl, -0.05 SD). He was diagnosed with autism spectrum disorder (confirmed with 
ADOS, ADI, and clinical judgment using DSM-IV criteria) and met criteria for intellectual 
disability (confirmed with cognitive and adaptive testing). He primarily speaks in phrases. He 
shows autism-related impairments in social communication, including difficulty sharing and 
asking for information, limited reciprocal conversation, poor eye contact, inappropriate 
social overtures, and difficulty engaging in reciprocal interactions. Restricted and repetitive 



 

 

behaviors were noted, including difficulty tolerating change, restricted interests, and sensory 
sensitivities.  

His cognitive abilities fall in the very low range as measured with the Wechsler Intelligence 
Scale for Children-IV (Verbal IQ = 73, Nonverbal IQ = 66, Full-Scale IQ = 63), and his adaptive 
abilities also fall in the very low range as measured with the Vineland-II (Adaptive Composite 
= 62). He had a speech delay; first used single words at 48 months of age, and first phrases 
at 72 months. Abnormalities were first noted in his development at 12 months of age. He 
first walked independently at 18 months. Regression was denied. A history of self-injurious 
behavior and aggression was reported.  



 

 

 
 
Figure S1. BMI charts/BMI distribution within the cohort. BMI values are plotted on the 2000 CDC growth charts (Kuczmarski et al. 2002). 



 

 

 
 

 
 
Figure S2. Episignature detection in subjects with SPEN truncating mutations. Samples 
from male and female individuals were compared to samples from healthy controls 
processed alongside the SPEN mutated samples (batch controls) and CpGs on all autosomes 
were analyzed. The identified probe set was able to separate SPEN mutated samples from 
controls as shown by hierarchical clustering (A) and multidimensional scaling (B).  
Multidimensional scaling analysis (C) and support vector machine-based methylation variant 
pathogenicity (MVP) scores (D) show that when the episignature was applied to additional 
controls either processed in the same lab (cohort controls) or in other labs (other controls), 
they do not cluster or score with the batch controls used for training. 
 
 



 

 

 
 
Figure S3: Leave-2-out cross validation of the male and female samples plotted using the 
autosome episignature. For each round of validation, nine of the eleven samples with SPEN 
truncating mutations were used for probe selection along with the batch control samples 
and two SPEN mutated samples were saved for testing. Multidimensional scaling was used 
to cluster the samples. Each time the two testing samples clustered with the other samples 
with SPEN mutations. This was repeated for each combination of SPEN mutated samples (55 
times), the first 12 are shown here. 



 

 

 
 
Figure S4: Leave-2-out cross validation of female samples plotted using the X chromosome 
episignature. For each round of validation, five of the seven females with SPEN truncating 
mutations were used for probe selection along with the female batch control samples and 
two females with truncating SPEN mutations were saved for testing. Multidimensional 
scaling was used to cluster the samples. Each time the two testing samples clustered with 
the other SPEN mutated samples. This was repeated for each combination of SPEN mutated 
samples (21 times), the first 12 are shown here. 



 

 

METHODS 

Methylation analysis 

Peripheral blood DNA from a cohort of subjects with truncating SPEN variants was extracted 
using standard techniques. The cohort consisted of 11 individuals with SPEN truncating 
mutations (7 females, 4 males), 7 healthy “batch” controls processed with the samples with 
SPEN truncating variants (6 females, 1 males), and 22 “cohort” controls (7 females, 15 males) 
processed separately.  

500 ng of DNA was used as input material from peripheral blood samples. After treatment 
with bisulfite, each sample was whole-genome amplified (WGA) and enzymatically 
fragmented. The bisulfite-converted WGA-DNA samples were purified and applied to 
Illumina Infinium Human Methylation EPIC BeadChip (EPIC) arrays. Methylated and 
unmethylated allele-specific primer annealing was followed by single-base extension using 
DNP- and biotin-labeled ddNTPs. After extension, the array was fluorescently stained and 
scanned (Illumina iScan microarray platform). 

Data analysis was performed essentially as previously described (Aref-Eshghi et al. 2019, 
2020) and is summarized here. IDAT files containing methylated and unmethylated signal 
intensity were imported into R 3.6.2 for analysis. Normalization was performed using the 
Illumina normalization method with background correction using the minfi package (Aryee 
et al. 2014). Probes with detection p-value >0.01, which contained SNPs at the CpG 
interrogation or single nucleotide extension sites, which are known to cross-react with other 
genomic locations, had methylation levels of 0, or (except for X chromosome-specific 
analysis) located on the X and Y chromosomes, were removed. Methylation levels (beta 
values) were logit transformed and the transformed values used for linear regression 
modeling using the limma package (Ritchie et al. 2015), estimated blood cell proportions 
(Houseman et al. 2012) were added to the model matrix as confounding variables. To 
identify the most informative probes we used the interaction between the effect size and p 
value: the absolute mean methylation difference between SPEN and batch controls was 
multiplied by the negative log of the p value and the top 1000 probes were selected. 
Receiver’s operating curve characteristic analysis was performed to identify the top 500 of 
these 1000 probes, then probes with a pairwise correlation >0.9 were removed. Hierarchical 
clustering was performed using the gplots package. Multidimensional scaling (MDS) was 
performed by scaling of the pair-wise Euclidean distances between samples.  The e1071 R 
package was used to train a support vector machine (SVM) and for construction of a 
prediction model to calculate what we refer to as methylation variant pathogenicity (MVP) 
scores. 

 

Transcriptome analysis 

To understand the developmental expression trajectory of SPEN in the human brain, 
developing human brain RNA-Seq data were downloaded from the BrainSpan database 
(http://www.brainspan.org) (Kang et al., 2011). The RNA-Seq data were summarized to 
GENCODE 10 gene-level reads per kilobase of transcript, per million mapped reads (RPKM) 
values (Harrow et al., 2006). This dataset covers 16 brain regions, including 11 neocortex 
areas, and spans developmental periods from the 8th post-conceptional week to the 40th 
postnatal year. Only those samples from neocortical regions that have RNA integrity 
numbers ≥8 were used for analysis. The gene-level RPKM expression values were further 



 

 

transformed to log2 (RPKM+1) values. To explore the temporal expression pattern of SPEN in 
the cortex, the samples from the same developmental time point were grouped together 
and the expression values across those grouped samples were averaged. Genes with 
expression level ≥1 in at least 50% of the ungrouped cortical samples were defined as genes 
expressed in human cortex. 

The neurodevelopmental disorder (NDD) gene set includes 159 genes with at least three de 
novo loss-of-function mutations (nonsense, frameshift, and canonical splice-site mutations) 
in distinct individuals with NDDs (including autism spectrum disorder, epilepsy, intellectual 
disability, and developmental delay) and no de novo loss-of-function mutation in controls 
from the denovo-db v.1.6.1 database (Turner et al. 2017) and nonredundant de novo 
mutation data (Satterstrom et al. 2020). 

To calculate the correlation with NDD genes in the ungrouped cortical samples, genes 
expressed in human cortex were used as background genes. For any NDD gene in the 
background gene set, the correlation with NDD genes for the gene was defined as the 
average Spearman’s correlation coefficients between the gene and the other NDD genes. For 
any non-NDD gene in the background gene set, the correlation with NDD genes for the gene 
was defined as the average Spearman’s correlation coefficients between the gene and NDD 
genes. Based on the correlation with NDD genes for any background gene, we obtained the 
distribution of correlations with NDD genes for all the background genes and calculated the 
percentile of the correlation with NDD genes for SPEN. 

Human fetal prefrontal cortical single-cell RNA sequencing data (Zhong et al. 2018) were 
downloaded from the NCBI Gene Expression Omnibus under the accession number 
GSE104276. Detailed processing was described previously (Pang et al. 2020). A similar 
analysis was performed to calculate the correlation with NDD genes in the vRG-to-IPC 
transition at gestational week 10 using genes expressed in neural progenitor cells as 
background genes. To calculate the combined rank of a gene within 1p36 region, the two 
ranks of Spearman’s correlation in the two conditions were averaged and ranked. 
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