
REPORT

TCEAL1 loss-of-function results in an X-linked dominant
neurodevelopmental syndrome and drives the neurological disease
trait in Xq22.2 deletions
Graphical abstract
Hijazi et al., 2022, The American Journal of Human Genetics 109
December 1, 2022 � 2022 American Society of Human Genetics
https://doi.org/10.1016/j.ajhg.2022.10.007
Authors

Hadia Hijazi, Linda M. Reis,

Davut Pehlivan, ..., Jennifer E. Posey,

Elena V. Semina, James R. Lupski

Correspondence
esemina@mcw.edu (E.V.S.),
jlupski@bcm.edu (J.R.L.)

Applying a gene-first approach and

worldwide gene-matching, we

identify eight individuals with

variants in TCEAL1, a candidate

gene for the early-onset

neurological disease trait (EONDT)

in females with Xq22.2 deletion.

The neurodevelopmental disorder

observed overlaps that described in

Xq22.2 deletion females,

implicating TCEAL1 as the driver

gene.
, 2270–2282
.

ll

mailto:esemina@mcw.�edu
mailto:jlupski@bcm.�edu
https://doi.org/10.1016/j.ajhg.2022.10.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2022.10.007&domain=pdf


REPORT

TCEAL1 loss-of-function results in an X-linked
dominant neurodevelopmental syndrome and drives
the neurological disease trait in Xq22.2 deletions

Hadia Hijazi,1,25,30 Linda M. Reis,2,30 Davut Pehlivan,1,3,4,5 Jonathan A. Bernstein,6 Michael Muriello,2

Erin Syverson,2 Devon Bonner,6 Mehrdad A. Estiar,7,8 Ziv Gan-Or,7,8,9 Guy A. Rouleau,7,8,9

Ekaterina Lyulcheva,10 Lynn Greenhalgh,10 Marine Tessarech,11,12 Estelle Colin,11,12 Agnès Guichet,11,12

Dominique Bonneau,11,12 R.H. van Jaarsveld,13 A.M.A. Lachmeijer,13 Lyse Ruaud,14,15 Jonathan Levy,15

Anne-Claude Tabet,15 Rafal Ploski,16 Ma1gorzata Rydzanicz,16 qukasz Kępczy�nski,17
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Summary
An Xq22.2 region upstream of PLP1 has been proposed to underly a neurological disease trait when deleted in 46,XX females. Deletion

mapping revealed that heterozygous deletions encompassing the smallest region of overlap (SRO) spanning six Xq22.2 genes (BEX3,

RAB40A, TCEAL4, TCEAL3, TCEAL1, and MORF4L2) associate with an early-onset neurological disease trait (EONDT) consisting of hy-

potonia, intellectual disability, neurobehavioral abnormalities, and dysmorphic facial features. None of the genes within the SRO have

been associated with monogenic disease in OMIM. Through local and international collaborations facilitated by GeneMatcher and

Matchmaker Exchange, we have identified and herein report seven de novo variants involving TCEAL1 in seven unrelated families: three

hemizygous truncating alleles; one hemizygous missense allele; one heterozygous TCEAL1 full gene deletion; one heterozygous contig-

uous deletion of TCEAL1, TCEAL3, and TCEAL4; and one heterozygous frameshift variant allele. Variants were identified through exome

or genome sequencing with trio analysis or through chromosomal microarray. Comparison with previously reported Xq22 deletions

encompassing TCEAL1 identified a more-defined syndrome consisting of hypotonia, abnormal gait, developmental delay/intellectual

disability especially affecting expressive language, autistic-like behavior, and mildly dysmorphic facial features. Additional features

include strabismus, refractive errors, variable nystagmus, gastroesophageal reflux, constipation, dysmotility, recurrent infections, sei-

zures, and structural brain anomalies. An additional maternally inherited hemizygousmissense allele of uncertain significance was iden-

tified in a male with hypertonia and spasticity without syndromic features. These data provide evidence that TCEAL1 loss of function

causes a neurological rare disease trait involving significant neurological impairment with features overlapping the EONDT phenotype

in females with the Xq22 deletion.
The Xq22.2 sub-band is �1.2 Mb in size and contains 19

annotated genes of which one, proteolipid protein 1

(PLP1 [MIM: 300401]), is associated with two allelic Men-
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Table 1. Clinical phenotypes of individuals with TCEAL1 variants

Sex

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 Individual 8

male male male male female female female male

Ancestry White (US) White (European) White (European) White (European) White/Chinese Algerian White (European) White
(European)

Consanguinity � � � two AOH regions
totaling 27 Mb
by SNP array

� � � �

Age 5 y/o 10 y/o 17 y/o 7 y/o 17 y/o 9 y/o 6 y/o 12 y/o

Variant type nonsense frameshift nonsense missense CNV CNV frameshift missense

Variant c.447G>A
(p.Trp149*)

c.299_302del (p.
Gly100Alafs*22)

c.259C>T (p.Gln87*) c.269G>A
(p.Cys90Tyr)

�14 kb DEL of
TCEAL1

�154 kb DEL of
TCEAL1, TCEAL3,
TCEAL4

c.169delC (p.
Leu57Serfs*36)

c.346G>A
(p.Asp116Asn)

In silico prediction damaging damaging damaging mixed damaging damaging damaging mixed

Zygosity hemi hemi hemi hemi het het het hemi

Coordinates (hg19) ChrX: 102,
885,291

ChrX: 102,885,138 ChrX: 102,885,103a ChrX: 102,885,113 ChrX: 102,879,326–
102,893,312

ChrX: 102,774,
750–102,929,222

ChrX: 102,
885,012

ChrX: 102,
885,190

Inheritance de novo de novo de novo de novo de novo de novo de novo maternal

Birth history

Prenatal
complications

maternal HELLP maternal PUPPP none none � � � �

Gestational age,
delivery

37 weeks,
C-section

41 weeks, C-section term 40 weeks, NSVD 37 weeks, NSVD 40 weeks 38 weeks,
C-section

term

Postnatal
complications

� þ, hyperbilirubinemia � difficulty feeding
(short frenulum)

þ, hyperbilirubinemia � � �

Neurological anomalies

DD/ID (HP: 0012758/
HP: 0001249)

þþ, moderate þþþ, severe þþþ, severe þþ, moderate
to severe

þ, mild to moderate þþþ, severe þþ, mild �

Neurodevelopmental
regression (HP:
0002376)

� þ, lost single words � � þ � � �

Seizures (HP:
0001250)

� þ (developed in
early childhood)

� þ (one absence
with apnea)

� � þ �

Verbal skills single words only,
communication
device and signs

currently non-verbal non-verbal single words only,
max 30 words

single words,
short sentences

single words
only, �10 words

single words,
short sentences

full sentences
and normal
vocabulary
for age

(Continued on next page)
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Table 1. Continued

Sex

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 Individual 8

male male male male female female female male

Abnormal muscle
tone (HP: 0003808)

hypotonia
(HP: 0001319)

hypotonia (HP:
0001319)

hypotonia (HP:
0001319)

hypotonia (HP:
0001319)

N/A hypotonia (HP:
0001319)

hypotonia (HP:
0001319), lower
leg spasticity

hypertonia
(HP: 0001276),
spasticity (HP:
0001257), ankle
clonus

Gait disturbance
(HP: 0001288)

þ þ, non-
ambulatory

þ, ataxic with support þ þ � þ þ, toe walking

Behavioral
abnormalities
(HP: 0000708)

þ þ þ þ þ þ þ �

Autism/autistic-like
behavior (HP:
0000717)

þ þ þ � þ � � �

Abnormal
myelination
(HP: 0012447)

� � N/A þ þ � þ �

Structural brain
anomalies

possible mild
foreshortening
of corpus callosum

� N/A delayed myelinization
of terminal zones of
lateral ventricles, slight
diminishing of white
matter parietooccipital

abnormal
myelination
for age (HP:
0012447)

� � �

Ocular anomalies

Astigmatism (HP:
0000483)

þ þ þ � þ þ þ �

Nystagmus (HP:
0000639)

þ � � � � � � �

Strabismus (HP:
0000486)

þ þ þ � � þ � �

Myopia/hyperopia
(HP: 0000545/HP:
0000540)

þ, mild myopia þ, hyperopia � � � � � �

Iris coloboma
(HP: 0000612)

� � � þ � � � �

Dysmorphic features

Broad forehead
(HP: 0000337)

þ þ þ þ � þ � �

Other dysmorphic
features

þ þ deep-set eyes, very
bright blue eyes

� þ þ þ �
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associations with Mendelian diseases have been reported

in OMIM for genesmapped to the Xq22.2 interval. Howev-

er, we and others have described the association of hetero-

zygous intergenic Xq22.2 deletions that encompass the

smallest region of overlap (SRO) containing six contiguous

genes (BEX3, RAB40A, TCEAL4, TCEAL3, TCEAL1, and

MORF4L2) with the emerging early-onset neurological dis-

ease trait (EONDT) in 46,XX females, consisting of hypoto-

nia at birth, severe intellectual disability, neurobehavioral

abnormalities, and mildly dysmorphic facial features.2,3

Two of the six genes, TCEAL1 and MORF4L2, have been

specifically prioritized in previous studies as potential can-

didates because of their inclusion in a smaller Xq22.2 dele-

tion that was reported in a female with an EONDT-like

phenotype.4 To date, no individuals with damaging vari-

ants impacting MORF4L2 alone have been reported.

TCEAL1 (transcription elongation factor A-like 1 [MIM:

300237]) is a single coding-exon gene that encodes a

21-kDa nuclear phosphoprotein, referred to as TCEAL1

(or p21/SIIR). The encoded protein is related to the S-II

class of transcription elongation factors as it consists of

three main functional domains along its length of 157

amino acids (aa), an arginine/serine (RS) domain, a zinc-

finger-like (ZnF-L) domain, and a helix-turn-helix (HTH)

domain, and has a predicted RNA polymerase II binding

site.5–7 Previous knockout functional studies of the

different domains of TCEAL1 in the context of the Rous

sarcoma virus were conducted in transfected COS-1 cells

where it was shown that loss of function (LoF) of the C-ter-

minal domain of TCEAL1, RS, and the middle domain,

ZnF-L, lead to down-regulation of the promoter activity

of the virus; whereas LoF of the N-terminal domain,

HTH, had minimal effects on the promoter activity of

the virus.6 These data suggest that TCEAL1, particularly

the RS and ZnF-L domains, may play a role in transcrip-

tional regulation.6

A total of four males and three females were identified

with de novo disruption of TCEAL1 (Table 1 and supple-

mental note, individuals 1–7) along with an inherited

variant of uncertain significance in an additional male (in-

dividual 8). Written informed consent for research studies

and/or reporting of clinical features was obtained for all in-

dividuals, including photo publication if applicable; all

study procedures were approved by a local research review

board and adhered to the Declaration of Helsinki. The

seven individuals with de novo variants presented with

neurological anomalies, which overlap those observed in

EONDT females with contiguous gene deletions that

include TCEAL1 and PLP1. In particular, both males and

females with de novo TCEAL1 variants, as well as EONDT

females, presented with DD/ID, behavioral abnormalities

including autism or autistic-like features, abnormal muscle

tone, and gait disturbance (Table 1).2–4 Strabismus, a thin

corpus callosum, and delayed or hypomyelination were

less common in the present cohort compared to EONDT

females who have deletions that include both TCEAL1

and PLP1.2–4
nal of Human Genetics 109, 2270–2282, December 1, 2022 2273



Figure 1. Clinical photographs
(A and B) Individual 1 at 5 years old showing mildly dysmorphic facial features including broad forehead, deep-set eyes, telecanthus,
prominent bow-shaped upper lip, mildly coarse facial features, and mildly low-set ears.
(C and D) Individual 2 at 3 years old with mildly dysmorphic features including long palpebral fissures, deep-set eyes, prominent bow-
shaped upper lip, and brachycephaly.
(E–G) Individual 3 at 7 (E) and 17 (F and G) years old with similarly mild dysmorphic features including broad forehead, deep-set eyes,
and bow-shaped upper lip.
(H) Individual 4 demonstrating a broad forehead, deep-set eyes, and bow-shaped upper lip.
(I and J) Individual 6 showing frontal bossing, bilateral epicanthus, hypertelorism, deep-set eyes, horizontal eyebrows, and fleshy
earlobes.
(K and L) Individual 7 demonstrating a broad forehead, telecanthus, low-set ears, and widely spaced teeth.
In males, DD/ID ranged from moderate to severe with

particular weakness in expressive language; the female

individuals in this study showed similar but perhaps some-

what milder impairment. Individuals were identified inde-

pendently through trio-exome or genome sequencing or

review of the Baylor Hopkins Center for Mendelian Geno-

mics (BHCMG) research exome sequencing (rES) database8

(�15,000 exomes), and the Baylor Genetics (BG) diag-

nostic laboratory (clinical ES, cES, �15,000 exomes) and

CMA databases (>75,000 personal genomes) and con-

nected through GeneMatcher9,10 and the Matchmaker Ex-

change.11,12 Careful review identified an overlapping

phenotype of developmental delay/intellectual disability
2274 The American Journal of Human Genetics 109, 2270–2282, Dec
(DD/ID) including affected expressive language (7/7,

100%), neurobehavioral abnormalities (7/7, 100%)

including autism or autistic-like behavior (4/7, 57.1%),

and dysmorphic craniofacial features (7/7, 100%) that

include a broad forehead, deep-set eyes, telecanthus, a

prominent bow-shaped upper lip, slightly low-set ears,

mild coarsening of facies, and brachycephaly (Figure 1). In-

dividuals also demonstrated hypotonia (6/6, 100%), motor

stereotypies (5/5, 100%), and abnormal gait or non-ambu-

latory status (6/7, 85.7%). Abnormal myelination or struc-

tural brain anomalies were observed in 3 of 6 individuals

(50.0%, Figures 2A and 2B). Three individuals (3/7,

42.9%) reported seizures (Figure 2C). Additional affected
ember 1, 2022



A B

C

Figure 2. Brain MRIs and EEG
(A) Individual 1 brain MRI (i) T1 sequence axial view showingmildly reduced corpus callosum (CC) length (arrows) measuring 50.7 mm
(between �1.0 and �2.0 SD). The CC thickness appears appropriate for age. (ii) T2 sequence midsagittal view showing normal myelina-
tion of the internal capsule (arrow).
(B) Individual 5 brain MRI (i) rapid sequence axial image showing lack of myelination of the internal capsule (arrows) and a bilateral T2
hyperintensity at the posterior limb of the internal capsule suggestive of gliosis (arrowheads). (ii) Rapid sequence axial image showing
lack of myelination of the internal capsule (arrows). (iii) Rapid sequence sagittal image showing borderline to low-normal corpus cal-
losum thickness (arrows).
(C) Individual 7 electroencephalogram (EEG) performed at 4 years of age, showing focal paroxysmal activity in the left frontocentrotem-
poral area with sharp waves and slow waves. y/o, years old.
organ systems and features (Table S1) present in more than

half of individuals included ocular anomalies (astigma-

tism, nystagmus, strabismus, myopia or hyperopia, iris co-

loboma; 6/7, 85.7%), gastrointestinal abnormalities

(gastroesophageal reflux disease [GERD], constipation, or

regurgitation; 4/7, 57.1%), and recurrent infections (ear,

respiratory; 5/7, 71.4%).

In contrast, individual 8 (Table 1, Table S1, supplemental

note), a male with a maternally inherited missense variant

(c.346G>A [p.Asp116Asn] [GenBank: NM_001006639.2]),

demonstrated a distinct phenotype characterized by

spasticity with hypertonia, hyperreflexia, bilateral ankle

clonus, and a toe-walking gait in the absence of any devel-

opmental delay, intellectual disability, or dysmorphic

craniofacial features. Notably, his mother, who is heterozy-

gous for the same TCEAL1 missense variant, was unaf-

fected—a finding that is distinct from the observation of

heterozygous LoF variants leading to disease trait expres-

sion observed in female individuals 5, 6, and 7 in the
The American Jour
present cohort. The observation of a distinct neurological

phenotype in individual 8, in combination with the

unaffected status of this individual’s mother who is hetero-

zygous for the variant, raises the possibility that an alterna-

tive molecular mechanism (i.e., LoF hypomorphic or null

allele; or antimorphic in carrier females versus gain of func-

tion [GoF hypermorphic] or novel function [neomorphic

allele]) may be responsible for his unique phenotype

compared to individuals 1–7. It is also possible that this

variant is a rare benign allele with a CADD score ¼ 24 or

the personal genome of individual 8 has another unrecog-

nized variant mapping at this or another locus that con-

tributes to the phenotype. Detailed clinical descriptions

of all eight individuals are provided as supplemental text.

TCEAL1 variants were identified by exome sequencing

(ES), genome sequencing (GS), array comparative genomic

hybridization (aCGH), and/or single-nucleotide polymor-

phism (SNP)-array (Table S2, see supplemental information

for detailed methods). Six de novo putative LoF variants
nal of Human Genetics 109, 2270–2282, December 1, 2022 2275
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Figure 3. Description of TCEAL1 variants and segregation within families
(A) Individual 1 with a de novo hemizygous nonsense variant that maps to the HTH domain.
(B) Individual 2 with a de novo hemizygous frameshift variant that maps to the HTH domain.
(C) Individual 3 with a de novo hemizygous nonsense variant that maps to the ZnF-L domain.
(D) Individual 4 with a de novo hemizygous missense variant that maps to the ZnF-L domain.
(E) HD-aCGH on individual 5 and parents revealing an �14 kb de novo heterozygous deletion that encompasses the entirety of TCEAL1.
(F) Individual 6 with an �154 kb de novo heterozygous deletion that encompasses TCEAL1, TCEAL3, and TCEAL4.
(G) Individual 7 with a de novo heterozygous frameshift variant that maps to the RS domain.
(H) Individual 8 with a maternally inherited hemizygous missense variant that maps to the HTH domain.
(I) Three domains are indicated: the arginine/serine (RS) rich domain (red), the zinc finger-like (ZnF-L) domain (green), and the helix-
turn-helix (HTH) domain (blue). The RNA polymerase II binding site is indicated by vertical stripes within the HTH domain. Described
missense, nonsense, and frameshift variants are mapped to the linear protein structure of TCEAL1. Q15170 is the UniProt accession
ID used.
(J) Location of deletions identified in individuals 5 and 6 within the Xq22.2 region.
Abbreviations: tR, total read depth; vR, variant read depth. GenBank: NM_001006639.2 is used for variant nomenclature.
(four truncating and two deletions) were identified in

TCEAL1 (GenBank: NM_001006639.2); the gene contains

threeexons,ofwhichonly the thirdexoniscoding(Figure3).

The truncating variants were two hemizygous nonsense var-

iants (c.447G>A [p.Trp149*] [GenBank: NM_001006639.2]

and c.259C>T [p.Gln87*] [GenBank: NM_001006639.2])

and two frameshift variants (hemizygous c.299_302del

[p.Gly100Alafs*22] [GenBank: NM_001006639.2] and
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heterozygous c.169delC [p.Leu57Serfs*36] [GenBank: NM_

001006639.2]) in individuals 1, 3, 2, and 7, respectively.

These truncating variants occurred at the C-terminal end of

the RS domain, within the ZnF-L and HTH domains, or just

outside the HTH domain (Figure 3I). These variants may

lead to complete LoF of TCEAL1 in males (individuals 1–3).

However, because TCEAL1 is a single-coding-exon gene, it

mayescapenonsense-mediateddecay (NMD).13 It is possible
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that these truncating variants with PTCs (premature termi-

nation codons) might lead to proteins with partial function

or even a GoF involving loss of the HTH domain of

TCEAL1. Little is known about the function of this domain

in TCEAL1, although HTH domains generally act as DNA-

binding sites that regulate transcription.14

While the numbers of individuals are too small to draw

definitive conclusions, there did appear to be a correlation

between the location of the truncating intragenic variant

and the severity of the neurological phenotype in males,

i.e., a ‘‘polarity effect’’ (see Figure 1 of Inoue et al.15) as

has been observed at the SOX10 locus with peripheral

demyelinating neuropathy, central dysmyelination, Waar-

denburg syndrome, and Hirschsprung disease (PCWH

[MIM: 609136]). Individuals 2 and 3 with truncating vari-

ants within the ZnF-L or early in the HTH domain both

had severe/profound cognitive impairment, no indepen-

dent ambulation or meaningful words, and gastrointes-

tinal abnormalities, while individual 1, with truncation

just after the HTH domain, had moderate delay, abnormal

but independent gait, single words, and normal gastroin-

testinal functioning. This observation is consistent with

the contention that the mRNA will most likely escape

nonsense-mediated decay (because the variants occur in

the third and final exon, which is the only coding

exon), so the longer proteins would be expected to be

more functional. It also suggests that the C terminus of

the protein is important in the function of TCEAL1,

despite the lack of identified domains within this region.

Further identified variants will be needed to determine

whether this deduction of association remains true and

suggests a focus for possible future functional experiments

on the HTH domain of TCEAL1.

In contrast to the male subjects, two of the three females

reported herein had de novo heterozygous TCEAL1

deletions and one had a frameshift variant allele located

N-terminal to the termination codons identified in male

individuals. Overall, these three females had a somewhat

milder clinical presentation than the male individuals

despite their heterozygous LoF variants, supporting a role

for TCEAL1 gene dosage16,17 in the observed variable

severity of disease.

Individual 5 was found to have a heterozygous 14 kb

TCEAL1 deletion. Clinically performed X chromosome

inactivation (XCI) studies were indeterminate as the stud-

ied markers were not informative. No CNVs with bound-

aries comparable to the deletion identified in individual

5 were found in public structural variant databases,

including gnomAD, DECIPHER, and the Database of

Genomic Variants (DGV). While partial gene deletions

have not been reported to date, this may be due to meth-

odological limitations of CNV detection in the studied co-

horts. Given its small single-coding-exon size (coding exon

is �900 bp), partial (i.e., intragenic) CNVs in TCEAL1 are

likely to be missed. The average probe coverage of clin-

ical-grade CMA does not meet the validation threshold

within the coding interval of TCEAL1 (�900 bp); therefore,
The American Jour
it is possible that affected individuals with intragenic

TCEAL1 deletions are missed due to technical limitations,

a challenge often faced in studies of short single-coding-

exon genes.18 Given the frequency of gene deletion and

inherent genomic instability of this region, future

screening of TCEAL1 in affected individuals that are opti-

mized for both DNA sequencing and copy-number variant

assessment are warranted.

Mapping of the 14 kb deletion in individual 5 via high

density aCGH (HD-aCGH, Figure 3E) and subsequent

junction-PCR and Sanger sequencing (Figure 4) identified

the precise (nucleotide-level) coordinates as chrX:

102,879,326–102,893,312 (GRCh37/hg19) and a 77 bp

homology defined by the presence of 77 bp of sequence

shared by the distal and proximal breakpoints. The

deletion was de novo, confirmed via HD-aCGH and trio

junction PCR of the parent-proband trio (Figures 3E and

4). Repeat sequences, specifically highly similar intrachro-

mosomal repeats (HSIRs), have been implicated in predis-

posing a 90 kb hotspot on Xq22.2 to genomic instability

and the formation of potentially pathogenic deletions.2

HSIRs are defined as intrachromosomal repeat sequences

that are typically >700 bp in length with 95%–100% iden-

tity between pairs.2 An HSIR that is �140 kb in length,

RepX-i1010, is of particular note as �50% of proximal

breakpoints of pathogenic Xq22.2 deletions are clustered

within it.2 Notably, TCEAL1 is entirely embedded within

RepX-i1010.

We therefore sought to examine the breakpoints of the

TCEAL1 deletion in individual 5 for the possibility of over-

lapping repeats. The breakpoints of the deletion were

aligned to the haploid reference genome and examined

for overlapping repeats in four different repeat datasets,

(1) the (HSIR) dataset,2 (2) the Segmental Dup dataset,19,20

(3) the Repbase (Repeat Masker) dataset,21 and (4) the

SelfChain dataset.22,23 Intriguingly, we found both break-

points overlap a pair of SelfChain repeats (101408 and

101409), i.e., the junction forms a fusion SelfChain, and

the deletion along with the SelfChain pair are entirely

embedded within RepX-i1010. The fusion SelfChain re-

sulting from the deletion suggests that homology of the

two SelfChains may have stimulated genomic instability

and deletion formation.24 These findings emphasize the

unique enrichment of RepX-i1010 for smaller repeat con-

stituents and the role for repeats generally in predisposing

Xq22.2 to the formation of pathogenic structural variants,

specifically genomic deletions.

Individual 6 was found to have a heterozygous 154 kb

deletion of TCEAL1, TCEAL3, and TCEAL4. No compara-

ble deletions were identified in public structural variant

databases, including gnomAD, DECIPHER, and the

DGV. Mapping of the 154 kb deletion in individual 6,

initially identified by SNP-array and genomic sequencing,

confirmed the de novo status of the deletion and

confirmed deletion coordinates of chrX: 102,774,750–

102,929,222 marked by a 1 bp microhomology

(GRCh37/hg19, Figure 5). XCI studies performed in a
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Figure 4. Demonstration of de novo status and breakpoint sequence of TCEAL1 deletion and local genomic architecture at the TCEAL1
locus in individual 5
(A) Junction PCR confirms the de novo nature of the TCEAL1 deletion in individual 5.
(B) Nucleotide resolution of the deletion breakpoint-junction demonstrates a 77 bp homology.
(C) The human genome reference sequence (GRCh37/hg19) surrounding the proximal and distal breakpoint sites is provided (top and
bottom), mapped to the sequence of the deletion breakpoint-junction (middle). Chromosome coordinates are provided for the start and
end points of the displayed portions of the proximal and distal genome reference sequence, as well as for the nucleotide positions at the
start and end of the 77 bp homology. Breakpoints map to SelfChain repeat pairs that are in direct orientation (indicated by ">>>" high-
lighted in red). Furthermore, the entire deletion and both SelfChain repeats are embedded within the larger repeat, RepX-i1010 (indi-
cated by ">>>" highlighted in blue).
(D) The positions of RepX-i1010 and both SelfChain repeats within Xq22.2 are demonstrated. Black dotted lines illustrate the positions
of the breakpoints in individual 5.
clinical diagnostic laboratory on individual 6 further indi-

cated a skewed XCI of 85%/15% at the AR locus (data not

shown), although the identity of the preferentially inacti-

vated allele (reference allele or variant allele) was not

determined through this testing.

Two additional hemizygous missense variants were

identified including one de novo (individual 4, c.269G>A

[p.Cys90Tyr] [GenBank: NM_001006639.2]) and one

maternally inherited (individual 8, c.346G>A [p.As-

p116Asn] [GenBank: NM_001006639.2]). Notably, the

maternally inherited missense variant was identified in in-

dividual 8, who also demonstrated a phenotype distinctive

from the remainder of the cohort. This variant was found

to have a CADD phred score of 24.1 and was present in

one heterozygous individual (one female out of 183,451

individuals) in gnomAD (MAF ¼ 5.4513 10�6), suggesting

the potential that this variant could be damaging in hemi-

zygous individuals.

In mice, the knockout of Tceal1 has been studied in fe-

male and male mice where affected offspring appeared to

exhibit a neurological phenotype, involving behavioral ab-

normalities (in homozygous females), abnormal response

to stimulus (in hemizygous males), and ophthalmologic
2278 The American Journal of Human Genetics 109, 2270–2282, Dec
anomalies (in homozygous females) (data sourced from

the International Mouse Phenotyping Consortium;

IMPC25,26). Overall, the reported phenotypes (neurological

anomalies, autistic-like behavioral abnormalities, stra-

bismus, and refractive vision abnormalities) in the present

cohort show overlap with those reported in homozygous

female and hemizygousmalemice with Tceal1 knockout.26

Although phenotype data for heterozygous Tceal1

knockout mice have not been reported, the neurological

phenotypes described in hemizygous males and homozy-

gous females support a potential role of TCEAL1 in the

human nervous system.

TCEAL1 was previously implicated as a possible contrib-

utor to the contiguous gene deletion syndromes caused by

Xq22.2 intergenic microdeletions, but without clear

evidence of its monogenic involvement.2–4 Indeed, in

DECIPHER, there are a total of 70 individuals with dele-

tions or duplications encompassing the TCEAL1 locus.

Despite this large number of individuals with CNVs in

this region, each of these CNVs either extends proximally

beyond the TCEAL genes in this region to include RAB40A

and/or distally to include PLP1, an established disease

gene. Thus, these data alone are not informative to
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Figure 5. Demonstration of de novo deletion CNV and breakpoint sequencing in individual 6
(A) Junction PCR confirms the de novo nature of the deletion CNV in individual 6.
(B) Nucleotide resolution of the deletion breakpoint-junction demonstrates a 1 bp microhomology.
(C) The human genome reference sequence (GRCh37/hg19) surrounding the proximal and distal breakpoint sites is provided (top and
bottom), mapped to the sequence of the deletion breakpoint-junction (middle). Chromosome coordinates are provided for the start and
end points of the displayed portions of the proximal and distal genome reference sequence, as well as for the nucleotide position of the
1 bp microhomology.
conclude that TCEAL1 is solely responsible for the pheno-

types reported in these individuals in DECIPHER.

The present study identifies the role of TCEAL1 in Men-

delian disease through identification of de novo TCEAL1

variants in seven unrelated individuals with neurological

disease as well as one variant of uncertain significance

(VUS) in a male individual harboring a maternally in-

herited variant allele. These data provide evidence that

TCEAL1 loss of function causes a rare disease trait

involving significant neurological impairment with fea-

tures overlapping the EONDT phenotype in females with

the Xq22 deletion. Notably, the TCEAL gene family shares

a common ancestral sequence with the BEX gene family,

and their protein structures share a common C-terminal

domain that can support homodimerization and heterodi-

merization of TCEAL and BEX proteins.27,28 This shared

C-terminal domain suggests the possibility that other

members of the TCEAL and BEX gene families may be asso-

ciated with rare human disease traits in the future. TCEAL1

is one of nine members of the TCEAL protein family

(TCEAL1 through TCEAL9), and the genes for these pro-

teins all map to the Xq22.1-Xq22.2 region. Despite the en-

coding genes’ proximity, TCEAL1 has limited overall pro-

tein sequence identity with a majority of the TCEAL/BEX

proteins, whereas TCEAL8 and TCEAL9 share the highest

amino acid similarity (52.83%, 53.33% respectively;

Table S3). Compared to other TCEAL protein family mem-

bers encoded within the SRO, TCEAL1 shares 31.25% ho-

mology with TCEAL4 and no significant similarity with

TCEAL3. This limited sequence similarity supports the pos-

sibility that TCEAL1 may not share redundant function

with other TCEAL protein family members, supporting a
The American Jour
role for haploinsufficiency and LoF in human neurological

disease traits.

Importantly, TCEAL1 is expected to be subject to the

effect of XCI in females by virtue of its X-linked location.

The process of XCI can greatly influence ChrX gene

expression and X-linked disease penetrance in 46,XX

females because of the random chance of silencing or

expressing heterozygous mutant alleles.29,30 Thus, the

expression of pathogenic heterozygous TCEAL1 variants

in females is influenced not only by gene dosage but also

expression of that gene dosage: the direction and influ-

ence of XCI (i.e., whether the mutated or the wild-type

X chromosome is inactivated), specifically in disease-rele-

vant organs and tissues. It is possible that unaffected fe-

males heterozygous for putatively damaging variants in

TCEAL1may benefit from skewed XCI favoring expression

of the wild-type allele. In contrast, affected females may

demonstrate skewed XCI favoring expression of the

damaging TCEAL1 allele. XCI studies performed in a clin-

ical diagnostic laboratory on individual 6 further indicated

a skewed XCI of 85%/15% at the AR locus (data not

shown), although the identity of the preferentially inacti-

vated allele (reference allele or variant allele) was not deter-

mined through this testing. The detection of XCI skewing

(85%/15%) at the AR locus in female individual 6 supports

the possibility that both TCEAL1 gene dosage and expres-

sion of that gene dosage, modulated by XCI, may influ-

ence the severity and expression of disease associated

with TCEAL1.

The X chromosome, like its heterologous/heterogametic

ChrY sex chromosome, is enriched with repeat sequences,

specifically long interspersed nuclear elements (LINEs) that
nal of Human Genetics 109, 2270–2282, December 1, 2022 2279



facilitate spreading of XCI to all parts of the chromo-

some.31,32 However, the enrichment for LINEs is a double-

edged sword, as these repetitive sequences also render an

increased susceptibility to the formation of copy-number

variants (CNVs).33–36Weandothershavepreviouslypointed

to the prominence of repeat sequences inpredisposingXq22

to the formation of pathogenic CNVs,2,37–39 of which

perhaps the most significant to this study is the �140 kb

repeat, RepX-i1010, that was implicated in a 90 kb genomic

instability hotspot within Xq22.2 where nearly half of all

breakpoints of pathogenic Xq22 deletions cluster.2 Here,

we identified an additional individual with an Xq22.2 dele-

tion with breakpoints that also map to RepX-i1010.

These data provide compelling evidence that loss of gene

function, specifically of TCEAL1, contributes to the

EONDT-like neurological disease traits in females with

Xq22 deletions, potentially acting as a ‘‘driver gene’’ in the

microdeletion syndrome. Comparison of clinical features

of affected individuals suggests a more defined X-linked

dominant raredisease trait consistingofneurological impair-

ment, ocular and gastrointestinal anomalies, and mildly

dysmorphic facial features and warrants further consider-

ation of this gene in the molecular diagnosis of similarly

affected individuals. Furthermore, theTCEAL1 locus appears

to be highly susceptible to the formation of genomic dele-

tions by virtue of the overlapping and surrounding genomic

architecture, specifically theRepX-i1010HSIR, and thusmay

be a de novo structural variant mutagenesis hotspot.
Data and code availability

AllTCEAL1 variants reportedhereinhavebeendeposited toClinVar,

accession IDs ClinVar: SCV002558856; ClinVar: SCV002558857;

ClinVar: SCV002558858; ClinVar: SCV002558859; ClinVar: SCV

002558860; ClinVar: SCV002558861; ClinVar: SCV002558862;

ClinVar: SCV002558863. For subjects who have provided written

informed consent for sharing of their genomic data in controlled ac-

cess databases, these data will be deposited to AnVIL and/or dbGaP

under accession dbGAP: phs000711.v5.p1.
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.ajhg.2022.10.007.
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