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Abstract

The endoplasmic reticulum membrane protein complex subunit 10 (EMC10) is

a highly conserved protein responsible for the post-translational insertion of

tail-anchored membrane proteins into the endoplasmic reticulum in a defined

topology. Two biallelic variants in EMC10 have previously been associated with

a neurodevelopmental disorder. Utilizing exome sequencing and international

data sharing we have identified 10 affected individuals from six independent

families with five new biallelic loss-of-function and one previously reported

recurrent EMC10 variants. This report expands the molecular and clinical spec-

trum of EMC10 deficiency, provides a comprehensive dysmorphological assess-

ment and highlights an overlap between the clinical features of EMC10-and

EMC1-related disease.
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Introduction

The endoplasmic reticulum membrane protein complex

(EMC) is a highly conserved, multifunctional, and multi-

subunit protein complex responsible for the post-

translational insertion of tail-anchored membrane proteins

into the endoplasmic reticulum (ER) in a defined topology.1

The insertion of proteins into membranes is an essential cel-

lular process influencing vesicular trafficking, apoptosis, sig-

nal transduction, and lipid biosynthesis.2 The mammalian

EMC is composed of 10 subunits, EMC1–10,3 encoded by

the corresponding EMC1 � 10 genes, two of which have

currently been linked to human disease. Thus, biallelic vari-

ants in EMC1 have been linked to the cerebellar atrophy,

visual impairment, and psychomotor retardation syndrome

(MIM: 616875),4–7 and hitherto two homozygous loss-of-

function (LOF) variants in EMC10 have been associated

with the neurodevelopmental disorder (NDD) with dysmor-

phic facies and variable seizures (MIM: 619264) in eight

families.8–10 The two previously reported disease-causing

EMC10 variants include a homozygous splice acceptor site

variant c.679-1G>A found in two siblings from a Saudi Ara-

bian family and a recurrent homozygous frameshift variant

c.287delG, p.Gly96AlafsTer9 identified in 13 affected indi-

viduals from seven families of Bedouin, Saudi Arabia, and

the United Arab Emirates origin.8–10

Herein, we present 10 affected individuals from six

unrelated families harboring five previously unreported

and one recurrent homozygous LOF variants in EMC10.

The report expands the clinical spectrum of EMC10-

related NDD towards the more severe end, highlights an

overlap between the clinical features of EMC10-and

EMC1-related disease, and discovers new disease-

associated EMC10 LOF variants.

Methods

Participants’ recruitment, data collection,
and clinical and genetic investigation

By exome sequencing (ES) of families affected by undiag-

nosed NDD, data mining of DNA sequences from fami-

lies with rare disorders aggregated across several

diagnostic and research laboratories, and using Gene-

Matcher data sharing platform11 six independent families

reported here were identified. A uniform clinical pro-

forma was distributed to collect clinico-demographic

details. Facial photographs and brain magnetic resonance

imaging (MRI) scans were obtained from the present

cases and were retrieved from the previous reports8,9 for a

review conducted by an experienced dysmorphologist and

pediatric neuroradiologist (M. S. and F. A.). Parents and

legal guardians of all affected individuals gave their con-

sent for the publication of clinical and genetic informa-

tion according to the Declaration of Helsinki, and the

study was approved by the respective local Ethics Com-

mittees. Follow-up details on the parathyroid gland func-

tion and levels of global developmental delay/intellectual

disability (GDD/ID) were obtained from the cases

reported in Shao et al.9 Trio ES or solo ES with subse-

quent Sanger segregation analysis was carried out in DNA

extracted from blood-derived leukocytes in six families in

four different centers following slightly different protocols

(Table 1 for methods). ES data analysis, variant filtering,

and prioritization were performed using in-house imple-

mented pipelines of the local genetic centers (Table 1 for

methods). In brief, the bioinformatics filtering strategy

included screening for only exonic and donor/acceptor

splicing variants. In accordance with the pedigree and

phenotype, priority was given to rare variants (<0.01% in

public databases) that were fitting a recessive (homozy-

gous or compound heterozygous) or a de novo model

and/or variants in genes previously linked to NDD/ID

and other neurological disorders.

Results

Clinical delineation

The main phenotypic features of the present cohort are

summarized in (Fig. 1); Table 1 and Table S1. Detailed

clinical history is provided in the Supplementary Case

Reports.

The cohort is composed of 10 affected individuals

including six females and four males, all of whom are

currently alive with a mean age of 9.8 � 6.5 years (range
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5–26). All cohort members were born to consanguineous

unions. Four cases were born prematurely with con-

firmed congenital microcephaly (2/10), low birth weight

(2/10), and obstructive hydrocephalus (1/10). Failure to

thrive was reported in 3/10 (30%) affected individuals.

The disease was of infantile-onset (≤12 months) in 7/10

and manifested at 2.5 and 3 years old in three siblings

from family 3. GDD ranging from mild to severe was a

common manifesting feature in the cohort. Concerning

developmental domains, language acquisition skills were

significantly delayed in all cohort members, three sib-

lings from family 3 failed to acquire independent ambu-

lation by the ages 6 and 7 years old, and S1 had

difficulties with fine motor skills. The disease course was

non-progressive in 6/10 (60%) cases, and in others, the

progression had either slow (family 4) or moderate

(family 3) rates. Three siblings from family 3 had slow

regression in motor skills.

Upon the most recent follow-up at a mean age of

9.5 � 6.2 years, 5/10 (50%) cases had microcephaly and

3/10 (20%) cases had small weights. Congenital heart dis-

ease was found in 2/10 (20%) cases. GDD/ID ranging

from mild to severe was present in all cohort members.

Most of the cases (9/10, 90%) had limited language abili-

ties. Mild axial (4/10, 40%) and peripheral (5/10, 50%)

hypotonia, truncal ataxia (3/10, 30%), dysarthria (7/10,

70%) with ataxic or clumsy gait (4/10, 40%), and hyper-

kinetic movement disorders (4/10, 40%) were frequent

neurological findings. Complex partial seizures controlled

by sodium valproate were reported in siblings from family

3. Their electroencephalography showed bilateral fron-

totemporal epileptogenic dysfunction. The proband from

family 4 had subclinical tonic seizures from the age of

2 years responsive to carbamazepine.

Facial photographs were reviewed for six affected indi-

viduals from four families. This included five children

and one adult (Fig. 1D). Published photographs of 10

previously reported patients were also reviewed.8,9 These

included eight children, one adolescent and one adult

from five families. The dysmorphic features were

described based on terminology recommended by Ele-

ments of Morphology. Where this classification had no

descriptive term available for a dysmorphic feature seen

in a patient, HPO terminology was used instead. Detailed

facial dysmorphic features for all affected individuals

whose photographs were reviewed are shown in Table S2

and dysmorphic features are tabulated using HPO codes

in Table S3 to generate the frequency of each feature. Fig-

ure 1C shows the most frequently seen facial dysmorphic

features of EMC10-related NDD. Additionally, arachn-

odactily and bilateral fifth digit clinodactyly were present

in 8/10 (80%) and 2/10 (20%) subjects, respectively.

Siblings from Family 2 had repeatedly (S2) or tran-

siently (S3) elevated parathyroid hormone levels with

nephrocalcinosis (S2), osteoporosis (S2), hyperuricemia

(S3), and hydronephrosis (S3). Three cases from Shao

et al. report9 were confirmed to have elevated parathyroid

hormone levels. Plasma and urine metabolic tests avail-

able from the presently reported seven cases were unre-

markable.

Full brain MRI exams were available in six cases, while

in two subjects from family 3 only midline sagittal slices

could be reviewed. The abnormal findings include a thin

corpus callosum (CC) (2/8), abnormal hippocampi (small

and/or rounded) and initial brain atrophy (2/6), vermian

atrophy (2/6), and a focal cortex malformation (1/6)

(Fig. 1C). Two subjects from family 4 and family 6

showed normal findings.

Figure 1. Clinical features of the cases with EMC10-related NDD. (A) Levels of Global developmental delay/intellectual disability (GDD/ID): inner

circle for cases reported here. Outer circles for all reported cases with biallelic EMC10 variants. (B) Clinical features of EMC10-related NDD: for

cases reported here and for all reported cases with biallelic EMC10 variants. PTH, parathyroid hormone; CC, corpus callosum. (C) The frequency

of dysmorphic facial features in EMC10-related disease (16 cases). This describes cases reported in the present study and all previously reported

cases with available facial photos. (D) Facial photos of the affected individuals from this study: S1 – triangular face, thick eyebrows, narrow nasal

bridge, pointed chin. S2 – long face, curly hair, low anterior hairline, right anterior cowlick, widow’s peak, thick eyebrows (caterpillar-like), syn-

ophrys, up-slanting palpebral fissures, hypotelorism, lateral infraorbital creases, narrow nasal bridge, short philtrum, full nasal tip, tall and broad

chin. S3 – Curly hair, prominent supraorbital ridges, thick and highly-arched eyebrows, synophrys, up-slanting right palpebral fissure, narrow nasal

bridge, full nasal tip, short philtrum, full lips, and pointed chin. S7 – Long face, tall forehead, bifrontal narrowing, low columella, high anterior

hairline, thick eyebrows, synophrys, up-slanting palpebral fissures, narrow nasal bridge, full nasal tip, short philtrum, wide mouth, full lower lip,

and broad chin. S9 – long face, curly hair, tall forehead, high anterior hairline, full cheeks, full nasal tip, low-hanging columella, wide mouth, full

lower lip, and broad chin. S10 - long face, sparse and curly hair, high anterior hairline, tall forehead, bifrontal narrowing, full cheeks, large ear

lobes, full nasal tip, tented upper lip, full and everted lower lip, midline depression over lower lip, broad chin, retrognathia. (E) Brain MRI scans. In

the upper left row CC thinning (white arrows) and vermian atrophy (black arrow) in S4. On the right, dysplastic malformed cortex (arrowhead) is

shown in S8. The middle and lower rows show mild brain atrophy and hippocampal dysmorphisms in two subjects from family 2 (S2 and S3). In

the middle row white arrows point at small hippocampi while in the last row, black arrows show rounded and simplified hippocampal structure.

In these affected individuals, mild cortical atrophy is demonstrated by the enlargement of cortical sulci (white arrowheads in the right middle and

bottom rows). NDD, neurodevelopmental disorder.
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Family 1 Family 2 Family 3

Family 4

A

C
C

p.Gly96AlafsTer9

p.Ser23ValfsTer82

p.Gln87Ter

p.Arg97Ter p.Asn182GlnfsTer16

SP TMN
aa-27 aa-222

Family 5

CC/C CC/C

CC/CC

CC/C CC/C

CC/C CC/CCC/C C/C

C/T C/T

T/T T/T T/T

GG/G GG/G

GG/G GG/G GG/G G/G

c.543dup;
p.Asn182GlnfsTer16

c.66delC;
p.Ser23ValfsTer82

c.259C>T;
p.Gln87Ter

c.289C>T;
p.Arg97Ter

c.287delG;
p.Gly96AlafsTer9

c.188-2A>C
Family 6

c.66delC c.543dupC
c.259C>T

c.289C>T

c.287delG c.679-1G>AB
c.188-2A>C

T/T

A/C A/C

C/C C/C

S1 S2 S3 S4 S5 S6

S8 S9 S10S7

Figure 2. Pedigrees and genetic data. (A) Pedigrees of the six families described. The variant is indicated by the bold red letter. Square = male;

circle = female; black filled symbol = affected individual; white symbols = unaffected individuals. Double lines indicate consanguinity. (B)

Schematic representation of the seven exons in the EMC10 gene. Previously described variants are underlined. (C) Schematic diagram of the

EMC10 protein. The orange section represents N terminal signal peptide (SP), the yellow section represents the topological domain, and the blue

section shows the C terminal transmembrane domain (TM).22
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Genetic findings

We identified five new and one previously reported recur-

rent homozygous LOF EMC10 (NM_206538.4) variants

in six consanguineous families as follows: c.543dup;

p.Asn182GlnfsTer16 in family 1, c.66delC; p.Ser23Valf-

sTer82 in family 2, c.259C>T; p.Gln87Ter in family 3,

c.289C>T; p.Arg97Ter in family 4; c.287del; p.Gly96Alaf-

sTer9 in family 5 and c.188-2A>C in family 6 (Table 1).

These variants reside within sizeable regions of homozy-

gosity and are segregated with the disease in the families

(Fig. 2A). The location of the variants did not indicate

any cluster sites in the gene nor in the protein (Fig. 2B–
C). Inspection of multiple public and private variant

databases including gnomAD (v2.1.1 and v3.1.2),

TopMED, Iranome, GME Variome, UK Biobank, and our

in-house database of ~25,000 exomes (total number of

alleles ~1,314,000) revealed that the variants are absent or

with extremely rare allele frequency reported ranging

from <0.0001 to <0.000001. Moreover, according to

ACMG classification, all reported variants were consid-

ered pathogenic (Table 1). No unaffected individuals

reported homozygous for any of these variants. Upon fur-

ther re-analysis of the exomes, no additional clinically rel-

evant variants were identified in any of the families.

Discussion

The EMC has been thought to be implicated in several cel-

lular processes though its primary function remains debat-

able.16 The EMC family was first identified in yeast as a

multi-protein transmembrane complex, where it was

thought to be an ER-mitochondria tether that interacts with

the outer membrane protein Tom5 of the Translocase of

the mitochondrial outer membrane complex (TOM).16,17

Defective EMC has been suggested to decrease, but not

abolish, the insertion and proper function of multiple trans-

membrane proteins.9 EMC has also been implicated in the

folding of multipass membrane proteins.18 Several recent

studies have shown that impaired ER-mitochondria cross-

talk could be involved in neurodegenerative diseases.19

EMC10 was first identified as a disease-associated gene

in two independent studies utilizing ES in individuals

with GDD.8,9 The recurrent EMC10 c.287delG, p.Gly96A-

lafsTer9 variant identified in seven families significantly

reduced EMC10 RNA expression and resulted in an

unstable truncated EMC10 protein. Staining for EMC10

in postmortem human infant brain showed colocalization

with neuronal markers MAP2 and NeuN, markers specifi-

cally expressed in neuronal perikarya and dendrites and

the nucleus of post-mitotic neurons, respectively.9,20

Here, we report 10 affected individuals from six unre-

lated families with five previously unreported and one

reported recurrent biallelic LOF EMC10 variants. Repli-

cating the features described in the previous EMC10

cohort, the current cases exhibited uniform GDD/ID (with

prominent delay in verbal milestones) and facial dysmor-

phism, and variably presented with failure to thrive, axial

hypotonia, seizures, microcephaly, CC thinning, and car-

diac and renal pathology. The dysmorphic facial feature

most commonly shared between the previous and present

EMC10 cohorts was a long and/or triangular face. In con-

trast, expanding the clinical spectrum of the EMC10-

related NDD, the cases reported here presented with dysar-

thria, persistent peripheral hypotonia, movement disorders,

gait ataxia, and vermian atrophy together with noticeable

growth impairment, and hyperparathyroidism. Further-

more, the progressive disease course and regression in

motor skills seen in the current cohort appear to expand

the phenotype severity of the EMC10-related NDD towards

the more severe end. Being based on the cumulative phe-

notypic analysis of all available cases with defective

EMC10, Figure 1B depicts the most common clinical fea-

tures of EMC10-related NDD.

Akin to defective EMC1 presentation, we report signs of

cerebellar ataxia with detectable loss of cerebellar volume,

persistent hypotonia, movement disorders, CC thinning, and

anomalies in the hippocampi in our cohort.4–7 The presence

of truncal ataxia in the EMC10 cohort might replicate the

abnormal gait observed in the homozygous emc10-knockout

mouse models characterized by the International Mouse

Genotyping Consortium (https://www.mousephenotype.org/

data/genes/MGI:1916933).21 The EMC1 cohort has shown

progressive brain atrophy, most pronounced in the cerebel-

lum, suggesting a neurodegenerative process.4 The presence

of motor regression, progressive disease course, and supra-

tentorial brain atrophy in the current cohort might also

imply underlying neurodegeneration. The described expan-

sion of the defective EMC10 phenotype suggests that clinical

features might overlap between EMC1 and EMC10 defects.

Given that EMC10 is a ubiquitously expressed gene and

knockout mouse (emc10�/�) models showed decreased

bone mineral content (https://www.mousephenotype.org/

data/genes/MGI:1916933),21 the hyperparathyroidism

together with osteoporosis and nephrocalcinosis observed

in F2:S1, F2:S2, and the three previously reported cases

might be linked to dysfunctional EMC10 presentation.

Regarding the genotype–phenotype correlation, cases

with stop gained variants had more severe symptoms

including regression combined with persisting axial hypo-

tonia, seizures, and ataxic gait.

In conclusion, this report expands the genetic and clin-

ical spectrum of EMC10 deficiency, provides a compre-

hensive dysmorphological assessment, and highlights an

overlap between the clinical features of EMC10- and

EMC1-related NDD.
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OMIM, https://www.omim.org/.
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