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ARTICLE

Bi-allelic TMEM94 Truncating Variants Are Associated
with Neurodevelopmental Delay, Congenital Heart
Defects, and Distinct Facial Dysmorphism

Joshi Stephen,1,22 Sateesh Maddirevula,2,22 Sheela Nampoothiri,3,22 John D. Burke,1 Matthew Herzog,4

Anju Shukla,5 Katharina Steindl,6 Ascia Eskin,4 Siddaramappa J. Patil,7 Pascal Joset,6 Hane Lee,8

Lisa. J. Garrett,9 Tadafumi Yokoyama,1 Nicholas Balanda,10 Steven P. Bodine,1 Nathanial J. Tolman,10

Patricia M. Zerfas,11 Allison Zheng,4 Georgia Ramantani,12 Katta M. Girisha,5 Cecilia Rivas,9

Pujar V. Suresh,13 Abdel Elkahloun,14 Hessa S. Alsaif,2 Salma M. Wakil,2 Laila Mahmoud,15 Rehab Ali,15

Michaela Prochazkova,16 Undiagnosed Diseases Network members, Ashok B. Kulkarni,16

Tawfeg Ben-Omran,15 Dilek Colak,17 H. Douglas Morris,18 Anita Rauch,6 Julian A. Martinez-Agosto,4

Stanley F. Nelson,4,8 Fowzan S. Alkuraya,2,19,20,* William A. Gahl,1,10,21

and May Christine V. Malicdan1,10,21,*

Neurodevelopmental disorders (NDD) are genetically and phenotypically heterogeneous conditions due to defects in genes involved in

development and function of the nervous system. Individuals with NDD, in addition to their primary neurodevelopmental phenotype,

may also have accompanying syndromic features that can be very helpful diagnostically especially those with recognizable facial appear-

ance. In this study, we describe ten similarly affected individuals from six unrelated families of different ethnic origins having bi-allelic

truncating variants in TMEM94, which encodes for an uncharacterized transmembrane nuclear protein that is highly conserved across

mammals. The affected individuals manifested with global developmental delay/intellectual disability, and dysmorphic facial features

including triangular face, deep set eyes, broad nasal root and tip and anteverted nostrils, thick arched eye brows, hypertrichosis, pointed

chin, and hypertelorism. Birthweight in the upper normal range was observed in most, and all but one had congenital heart defects

(CHD). Gene expression analysis in available cells from affected individuals showed reduced expression of TMEM94. Global transcrip-

tome profiling using microarray and RNA sequencing revealed several dysregulated genes essential for cell growth, proliferation and

survival that are predicted to have an impact on cardiotoxicity hematological system and neurodevelopment. Loss of Tmem94 in

mouse model generated by CRISPR/Cas9 was embryonic lethal and led to craniofacial and cardiac abnormalities and abnormal neuronal

migration pattern, suggesting that this gene is important in craniofacial, cardiovascular, and nervous system development. Our study

suggests the genetic etiology of a recognizable dysmorphic syndrome with NDD and CHD and highlights the role of TMEM94 in early

development.
Introduction

Human brain development is a complex dynamic process

that begins in the third gestational week and extends at

least through early adulthood.1 Neurodevelopmental dis-

orders (NDD) refer to impaired development and function
1Section of Human Biochemical Genetics, Medical Genetics Branch, National H

MD 20892, USA; 2Department of Genetics, King Faisal Specialist Hospital and

netics, Amrita Institute of Medical Sciences and Research Center, Kerala 682041

University of California, Los Angeles, CA, 90095, USA; 5Department ofMedical

Manipal 576104, India; 6Institute of Medical Genetics, University of Zurich, Sc

Clinical Research Priority Program for Rare Diseases University of Zurich,’’ Zur

City, Bangalore 560099, India; 8Department of Pathology and Laboratory Me

geles, CA, 90095, USA; 9Embryonic Stem Cell and Transgenic Mouse Core, Nat

thesda, MD 20892, USA; 10NIH Undiagnosed Diseases Program, NHGRI and th
11Office of Research Services, Division of Veterinary Resources, NIH, Bethesda,

8032, Switzerland; 13Department of Pediatric Cardiology, Narayana Institute of

ative Genomics Branch, National Human Genome Research Institute, Nationa

Genetics, Department of Pediatrics, Hamad Medical Corporation, Doha, PO Bo

and Craniofacial Research, National Institutes of Health, Bethesda, MD 2

Computing, King Faisal Specialist Hospital and Research Center, Riyadh 11211

Disorders and Stroke, National Institutes of Health, Bethesda, MD 21042, USA;

Riyadh 11442, Saudi Arabia; 20Department of Anatomy and Cell Biology, Colle

the Clinical Director, National Human Genome Research Institute, National I
22These authors contributed equally to this work

*Correspondence: falkuraya@kfshrc.edu.sa (F.S.A.), malicdanm@mail.nih.gov (

https://doi.org/10.1016/j.ajhg.2018.11.001.

948 The American Journal of Human Genetics 103, 948–967, Decem
of the central nervous system, which include develop-

mental delay, intellectual disability (ID), learning disabil-

ities, autism spectrum disorders, motor and tic disorders,

and communication disorders.2 NDD can be accompa-

nied by non-central nervous system defects, e.g., congen-

ital heart defects (CHD) and facial dysmorphism, in a
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recognizable syndromic pattern, is clinically and geneti-

cally heterogeneous.3,4 The genes implicated with both

NDD and CHD are generally involved in early embryonic

stages of nervous and neurovascular development

including brain vascularization, vessel maturation and

branching, development of blood brain barrier, neural pro-

liferation and migration, and synapse formation.2,5 For

instance, neural crest cell (NCC) differentiation andmigra-

tion are coordinated by a large array of genes function in a

precisely orchestrated manner.6 NCC are multipotent cells

derive into multiple cell types including glial cells, connec-

tive tissues, craniofacial cartilage and bone, pigmented

cells of skin, and cardiac septa development. Thus, pertur-

bation of genes associated with NCC development and

function leads to multi organ abnormalities including

brain, craniofacial and cardiac development.7 Owing to

the increased utilization of next generation sequencing,

there has been a recent surge in the identification of ge-

netic etiologies of NDD.8–12 However, achieving a defini-

tive genetic diagnosis is still incomplete because of the

wide range of phenotypic and genotypic etiologies and a

large number of remaining unknown genetic causes.13–15

In this study, we describe recessive truncating variants in

TMEM94 in ten individuals who manifested with NDD,

CHD, and similar facial gestalt identified through collabo-

rative efforts and matchmaking platforms.16 Analysis of

primary cells from affected individuals showed reduced

expression of TMEM94. Further global transcription

profiling showed dysregulation of several genes related to

cell survival and cell growth and proliferation, among

others. Deletion of Tmem94 in mice by CRISPR-Cas9 led

to impaired embryonic development, especially neuro

and cardiovascular development. The overlap between

phenotypes observed in the affected individuals and those

in homozygous mutant mice embryos emphasize the role

of this gene in brain, craniofacial, and cardiac

development.
Material and Methods

Human Subjects and Genetic Analysis
Affected members of family 1 were evaluated at Amrita Institute of

Medical Sciences and Research Center, Kerala, India. Informed

consent for research was obtained from parents under the protocol

76-HG-0238 (diagnosis and treatment of patients with inborn er-

rors of metabolism or other genetic disorders) approved by the

Institutional Review Board of the NIH, National Human Genome

Research Institute (NHGRI). Affected individuals from families 2

and 6 were recruited from Qatar into an IRB-approved protocol

(KFSHRC RAC#2080006). Written informed consent was obtained

from the parents to participate in these studies. The proband from

family 3 was enrolled in the NIH Undiagnosed Diseases

Network17,18 under the clinical protocol 15-HG-0130, ‘‘Clinical

and Genetic Evaluation of Patients with Undiagnosed Disorders

Through the Undiagnosed Diseases Network,’’ approved by the

NHGRI Institutional Review Board. The proband from family 4

was recruited from Mazumdar Shaw Medical Center, Bangalore,

India after written informed consent obtained by the institute
The American
from parents for the publication of clinical information and pho-

tographs. For family 5, ethical approval was obtained from the

ethical commission of the Canton of Zurich and written consent

was provided by the affected individuals and parents including

publication of facial photographs. SNP microarray, whole-exome

sequencing (WES) or whole-genome sequencing (WGS) were em-

ployed to identify the genetic etiology in each family and the

detailed methodologies used are described in the Supplemental

Methods.
Gene Expression Studies and Splice Analysis
Immortalized lymphoblastoid cell lines from all the affected

members from family 2 and skin-derived fibroblasts from the

proband of family 3 were available for gene expression studies.

Lymphoblastoid cell lines and fibroblasts were maintained as

previously described.19,20 Total RNA was extracted from cultured

cell lines using RNeasy Mini Kit (QIAGEN, Valencia, CA, USA)

according to the manufacturer’s guidelines. The extracted RNA

was reverse transcribed (High Capacity RNA to cDNA synthesis

kit, Applied Biosystems, Waltham, CA, USA) for cDNA

sequencing and expression studies. For splice site analysis in

family 3, PCR products were amplified using primers flanking

the splice site and cloned into TOPO vector according to manu-

facturer’s protocol (Invitrogen). Recombinant colonies were

selected using blue white screening and sequenced using vector

specific M13 primers (Table S1). For family 5, direct sequencing

was performed after PCR amplification using cDNA-specific

primers flanking the intronic variant. For quantitative real-

time PCR, primers specific to the longest isoform of human

TMEM94 (NM_001321148.1) and POLR2A were amplified using

Power SYBR Green PCR master mix, monitored, and analyzed

as described.20 To understand the effect of the truncating vari-

ants in TMEM94 on global gene expression, we performed

gene expression microarray of one affected (Family 2-II.3) versus

four gender matched healthy controls as previously described.21

Significantly dysregulated genes were defined as those with ab-

solute fold change (FC) > 1.5 and adjusted Welch’s t test p value

< 0.05.
RNA Sequencing
RNA from lymphoblastoid cell lines of all the affected members

of family 2 (2-II.1, 2-II.2, and 2-II.3) and two control cell lines

were extracted using Maxwell RSC Instrument (Promega) ac-

cording to manufacturer’s guidelines. After the quality control

procedures, mRNA was enriched using oligo(dT) beads and

then fragmented randomly in fragmentation buffer, followed

by cDNA synthesis using random hexamers and reverse tran-

scriptase. After first-strand synthesis, a custom second-strand

synthesis buffer (Illumina) was added with dNTPs, RNase H,

and Escherichia coli polymerase I to generate the second strand

by nick-translation. The final cDNA library was used after a

round of purification, terminal repair, A-tailing, ligation of

sequencing adapters, size selection, and PCR enrichment. The li-

braries were read using Illumina HiSeq and the raw quality-

filtered FASTQ files were then aligned to the human reference

genome build GRCh37/hg19 using STAR version 2.5.3a in

manual two-pass mapping mode.22 Low quality reads (average

Phred-scaled base call quality < 20) from the RNA sequence

data were removed using Trimmomatic.23 GENCODE v19 anno-

tation was used for genome annotation on the fly while prepar-

ing STAR genome indices for the alignment.24 Gene-level raw
Journal of Human Genetics 103, 948–967, December 6, 2018 949



read counts were determined using feature Counts from the

Subread package with a RefSeq transcript annotation set consist-

ing of 27,090 gene features.25–27 Differential expression analysis

was performed using DESeq2 within the SARTools R pack-

age.28,29 Differentially expressed genes with Benjamini-Hoch-

berg (BH) adjusted false discovery rates of < 0.05 were included

in an Ingenuity Pathway Analysis.30,31

For family 3, RNA was extracted from blood and skin fibroblast

using QIAGEN RNeasy Plus Micro Kit. Quantification and quality

was assessed using Qubit 3.0 Fluorometer and Agilent bioanalyzer.

A total of 1 mg RNA was submitted to the UCLA Neuroscience Ge-

nomics Core (UNGC) for library construction and RNA

sequencing. Sequencing libraries were generated using Illumina

TruSeq Stranded Total RNA RIbo-Zero Gold. Sequencing was per-

formed to generate on average �65 million 69 base paired-end

reads on the Illumina HiSeq 4000. FASTQ files were aligned using

STAR-2.5.2b two pass Mode to the Ensembl genome release 75.

Quality was assessed using RNA-SeQC v1.1.8 and gene expression

was quantified with Cufflinks v.2.2.1. BAM files were loaded

in IGV (Integrative Genomics Viewer; https://software.

broadinstitute.org/software/igv/) to generate the sashimi plot of

the splice alteration.

Generation and Characterization of Tmem94 Knock-Out

Mice
All experiments inmice were approved by the NIH NHGRI Animal

Care and Use Committee under the protocol G-17-5 (Mouse

Models of Rare and Undiagnosed Diseases). For generating the

knock out mice, we used CRISPR/Cas9 technology to introduce a

frameshift in the early codons of mouse Tmem94. Two single

stranded oligos targeting exon 4 were designed using online

CRISPRscan software,32 with no putative off-targets. The oligos

contained the T7 promoter, target sequence, and a universal

reverse primer binding site (Table S1). We annealed each single

stranded oligo with a universal reverse primer and extended it us-

ing a proof reading enzyme (QuickChange II XL Site directed

mutagenesis kit, Agilent Technologies, CA, USA). The double

strand products (�150 bp) were in-vitro transcribed (HiScribe T7

High Yield RNA Synthesis Kit, NEB, MA, USA) and the synthesized

gRNAs were purified (MEGAclear Transcription Clean-Up Kit, Am-

bion, MA, USA) according to the manufacturer’s instructions. The

quantity of the sgRNAs was assessed on a NanoDrop ND-1000

spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,

USA) and loaded onto 2% agarose gels to check quality. Tmem94

sgRNAs and spCas9 mRNAs (from Trilink Biotechnologies, San

Diego, CA, #L-6008) were microinjected into the pronuclei of

mouse zygotes as described.33 Successfully injected C57BL6/J zy-

gotes were surgically implanted into pseudo pregnant recipient

CB6F1 female mice. Tails from each embryo were genotyped by

PCR and Sanger sequencing using specific primers (Table S1). For

harvesting embryos, pregnant mice were euthanized using CO2

asphyxiation at 12.5, 15.5, and 18.5 days of gestation, dissected,

and embryos were collected for genotyping and photography. Em-

bryo images were taken with a stereomicroscope (Axio Zoom V16,

Zeiss) attached to a light microscope. To study the expression of

Tmem94 in knockout mice, we cultured mouse embryonic

fibroblasts in DMEM supplemented with 10% fetal bovine

serum20 and extracted RNA and synthesized cDNA as described

above. The longest protein coding isoform of mouse Tmem94

(NM_028014.3) was amplified using Power SYBR Green PCR using

Polr2a as a housekeeping gene to normalize the results (primers

shown in Table S1).
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Magnetic Resonance Imaging and Computed

Tomography
Magnetic resonance images were acquired using a Bruker Biospin

Avance III microimaging system using 14.1 T magnet, Paravision

5.1 software, and Micro 2.5 imaging gradients. The embryos

were immersed in 0.5% (v/v) Magnetvist (aq) solution (Bayer

Healthcare Pharmaceuticals, Lancaster, PA) for 10 days to improve

MRI contrast and image resolution. Ex-vivoMRI was performed on

a Bruker 14.1TMR imaging spectrometer (Bruker Biospin, Billerica,

MA, USA) using a spoiled FLASH technique34 with TR/TE ¼ 75/

8 ms and 2 signal averages. The resulting 3D images were acquired

and processed to a resolution of 49 microns isotropic or smaller.

For CT, the embryos were fixed with 4% paraformaldehyde

aqueous solution for 2 weeks prior to scanning. The embryos

were affixed to a closed-cell Styrofoam support bed for centering

in the CT field of view and covered with a Parafilm M (Bemis

NA, Neenah, WI, USA) film membrane to prevent movement

from excessive drying during CT scan. The embryos were scanned

on a Bruker Micro-CT Skyscan 1176 in vivo Micro CT (Bruker, Inc.

Billerica, MA, USA) with a 0.7-degree angular step, and 2 frame

averages per step. The X-ray source was set to a current of 177 mi-

croamps, voltage of 45 kVp, and a 0.2 mm Al filter for spectral

hardening. Images were reconstructed using the Bruker Micro

CT Recon software with an isotropic image resolution of 18 mm

over a FOV of 35 mm. The radiographs of craniofacial regions of

mouse embryos were acquired at 35kV using Faxitron X-ray and

Fuji computed radiography system with a digital camera attached.

Histological Staining and Microscopy
For tissue analysis, the whole embryo and dissected brains were

fixed in 10% formalin and embedded in paraffin using standard

methods. Slides 10 mm thick were further processed for staining

either standard Nissl or Masson trichrome staining. Bright field

images of stained tissues were collected using a Zeiss AxioObserver

Z1 widefield microscope equipped with a 203 plan-apochromat

(N.A. 0.45) objective lens, a motorized scanning stage, and an Ax-

iocam MRc5 color CCD camera.
Results

Identification of a Recognizable Syndrome of NDD,

CHD, and Facial Dysmorphism in Multiple Probands

from Unrelated Families

Family 1

Proband 1 (1-II.4 in Figure 1A) is an 8-month-old male in-

fant from Oman and the 4th child of consanguineous par-

ents. He was diagnosed antenatally with Tetralogy of Fallot

and pulmonary atresia and born at 32 weeks of gestation

weighing 2.9 kg (> 97th centile). He underwent a Blalock-

Taussig shunt at 1 month of age and intra cardiac repair

with right ventricular and pulmonary artery conduit at

8 months of age. He was referred to the department of ge-

netics for evaluation of dysmorphic features. On examina-

tion at 8 months of age, he presented with mild motor

developmental delay; he could sit with support and reach

for objects but was not able to transfer objects from one

hand to another. Weight was 8.3 kg (10-25th centile),

height 73 cm (75-90th centile) and head circumference

42 cm (< 3rd centile). Dysmorphic features included
ber 6, 2018
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Figure 1. Pedigree and Clinical Features of the Families
(A) Pedigree of the six families included in the study. Filled objects indicate affected status and arrows indicate the probands.
(B) Proband of family 1 (1-II.4) is shown with arched eyebrows, synophrys, left convergent strabismus, flat nasal bridge, hypertrichosis,
long philtrum, thin upper vermillion, and low set pinnae with prominent lobules (1 and 2). His elder sibling (1-II.1) has inverted trian-
gular face, thick arched eyebrows, hypertelorism, flat nasal bridge, long philtrum, thin upper vermillion and pointed chin and low set
pinnae with prominent lobules (3 and 4). Proband of family 2 (2-II.3) shown with short low anterior hairline, synophrys with thick eye-
brows, long eyelashes, hypertelorism, broad flat nasal bridge, upturned nose, triangular upper lip, prominent chin, and low set ears with

(legend continued on next page)
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synophrys, thick arched eyebrows, hypertrichosis, left

convergent squint, flat nasal bridge, short nose, long

philtrum with thin upper vermillion, low set ears with

prominent ear lobules, and widely spaced nipples (Figures

1B, 1–2, and Figure S1, 1). Cyanosis and clubbing of the

fingers and toes (Figure S1, 2–3)., which were most likely

due to his congenital heart disease, were noted. His array

CGH was normal. Ultrasound evaluation of the abdomen

was normal. On re-evaluation at 24 months of age, recep-

tive language was delayed at 19 months and expressive

language at 15 months; speech therapy was initiated.

Otoacoustic emission analysis was normal. The eldest sister

(1-II.1 in Figure 1A) presented with similar facial features.

At 6 years of age, she had global developmental delay

and poor scholastic performance. She had an inverted

triangular face, thick arched eyebrows, hypertrichosis, mid-

facial hypoplasia, short nose with flat nasal bridge, hyperte-

lorism, low set pinnae with prominent ear lobules, long flat

philtrum with a thin upper vermillion, and pointed chin

(Figures 1B, 3–4). Echocardiogram revealed an atrial septal

defect. Her fingers and toes were long (Figures S1, 4–5). Kar-

yotype analysis showed 46, XX,16qhþ. MRI of the brain of

both the affected siblings in family 1 were normal (Figures

S1, 6–7). A 4.5-year-old elder female sibling (Figure 1A-II.2)

was unaffected; another elder female sibling (Figure 1, A-

II.3) died with pneumonia at 8 months of age; from the in-

formation provided by the parents, she might also be

affected because she had similar facial features and an atrial

septal defect.

Family 2

Proband 2 (2-II.3 in Figure 1A) is a three-year-old boy born

from a consanguineous Qatari couple who had two spon-

taneous miscarriages in the first trimester. Pregnancy was

complicated by gestational diabetes managed with insulin.

Birth was by normal vaginal delivery at 38 weeks of gesta-

tion with a birth weight of 4.02 kg (85th centile), head

circumference of 35 cm (50th centile), and length of

55 cm (98th centile). As an infant, he developed mild respi-

ratory distress that responded to oxygen supplementation

by nasal cannula. Echocardiogram showed a small PFO

with left to right shunt, multiple small VSDs with left to

right shunt; all closed spontaneously on follow up. He

had recurrent viral illnesses documented by PCR of respira-

tory secretions to be due to human metapneumo-, adeno-,

rhino- and bocaviruses. He developed neutropenia, which

was attributed to phenytoin therapy for episodes of gener-

alized tonic-clonic seizures started at 2 years of age with

abnormal EEG. During infancy, he initially had general-

ized hypotonia, but at present he has truncal hypotonia
prominent lobules (5 and 6). His eldest sister (2-II.1) has thick eyebro
prominent ears, and big ear lobules (7 and 8). His elder sister (2-II.2) h
(9). In family 3, the proband (3-II.1) is shown with triangular face, po
and posteriorly rotated prominent ear lobules (11). The proband in
arched eye brows, short nose, long philtrum (12) and prominent po
the proband (5-II.2) (14-15) and the proband (5-II.3) (16-17) are sh
ears with under folded helix, prominent nose, short philtrum, promi
Proband of family 6 is shown with thick arched eye brows, deep set
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and appendicular hypertonia with brisk reflexes and ankle

clonus. Dysmorphic features include short forehead with a

low anterior hair line, synophrys with thick eyebrows,

long eyelashes, hypertelorism (interpupillary distance at

20 months of age was 6.5 cm, 97th centile), broad flat nasal

bridge, upturned nose, triangular upper lip, prominent

chin, and low set ears with prominent lobules and short

neck (Figures 1B, 5–6). MRI of the brain showed bilateral

symmetrical restricted diffusion and high T2 signal inten-

sity of the cerebral white matter, mainly the U fibers,

subcortical white matter and external capsule (data not

shown), with relative sparing of internal capsule, corona

radiata, centrum semi ovale and corpus callosum. Similar

changes affected the dentate nucleus bilaterally. The brain-

stem and basal ganglia had normal signal intensity and the

ventricular system appeared normal.

The eldest sister of Proband 2 (2-II.1 in Figure 1A) is an

8-year-old girl delivered preterm at 30 weeks of gestation

after an uneventful pregnancy. At birth, her weight was

1.77 kg (90th centile), head circumference was 26.5 cm

(50th centile), and length was 45.5 cm (> 97th centile).

She was admitted to NICU for 1 month due to respiratory

distress syndrome and neonatal jaundice. Like her brother,

she initially had generalized hypotonia. She had speech

delay, some hyperactive behavior and learning difficulties.

She presented with the same dysmorphic features as her

brother, i.e., thick eyebrows, hypertelorism, broad nasal

bridge and nasal tip, prominent posteriorly rotated ears

and big ear lobules in addition to prominent chin (Figures

1B, 7–8). The other sister of Proband 2 (2-II.2 in in

Figure 1A) is a 6-year-old girl born term after an uneventful

pregnancy with a birth weight of 4.36 kg (95th centile),

head circumference of 37 cm (98th centile), and length of

54 cm (98th centile). She has mild scoliosis of the dorsal

spine and normal motor development after an initial

delay, but had speech delay and learning difficulties. She

has pectus excavatum, and the same dysmorphic features

as her two affected siblings (Figure 1B, 9). MRI of the brain

was normal.

Family 3

Proband 3 (3-II.1 in Figure 1A) is a 16-year-old male from a

non-consanguineous couple of European American

ethnicity. He was born at 36 weeks of gestation by assisted

vaginal delivery; the pregnancy was complicated by pre-

eclampsia. APGAR scores were 7 (1 minute) and 9 (5 mi-

nutes); he had severe hypotonia and was in the NICU

for 4 weeks due to a VSD, ASD, and PDA. The PDA

and VSD spontaneously closed without intervention. At

age 2 months, the proband underwent surgery for
ws, hypertelorism, broad nasal bridge, nasal tip, posteriorly rotated
as thick eyebrows, broad nasal bridge, nasal tip, and big ear lobules
inted chin, thick arched eyebrows, short nose, long philtrum (10)
family 4 is shown with triangular face with pointed chin, thick
steriorly rotated ear lobules (13). In family 5, the elder sibling of
own with similar facial gestalt of thick arched eyebrows, low set
nent cupid bow upper lip, and increased volume of lip vermillion.
eyes, long philtrum, and pointed chin (18).
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laryngomalacia. At age 3 years he had his ASD surgically re-

paired. At age 6 years, Proband 3 had a fundoplication for

severe GERD, pyloroplasty, inguinal hernia repair, and the

removal of a Mullerian duct remnant. At age 12 years he

had contralateral hernia repair and at age 15 he had laparo-

scopic surgery to remove an abdominal mesenteric cyst.

Additionally, at age 15, he had a bony decompression

and C1 laminectomy for his Chiari 1 malformation.

His early gross developmental milestones were delayed

in the first 2 years of life; he sat at 8 months and walked at

19 months. He was found to have an expressive language

delay. Neuropsychological testing at age 16 (WASI-II,

WAIS-IV, WRAT-4, Vineland 3, Conners-3 parent form,

BRIEF-2, and SCQ) found that he had a specific learning

disability due to psychological processing deficits in the

areas of sensory-motor and visual perception. Additional

findings included deficits in cognitive abilities, word

reading, reading comprehension, spelling, math compu-

tation, brief attention, working memory, number sense,

and communication in the low or below average range.

Socialization skills were found to be intact, but he strug-

gles to socialize with similarly functioning peers. On

physical exam, Proband 3 is above the 90th percentile

for height and weight, has macrocephaly, a triangular

face, hypertrichosis, a pointed chin, synophrys with thick

arched eyebrows, a short nose with a flat nasal bridge, a

long philtrum, and posteriorly rotated ears with promi-

nent ear lobes (Figure 1B, 10–11). Other pertinent find-

ings include strabismus, optic glioma, dilation of the

ascending aorta, severe scoliosis (spine X-rays detected a

48-degree S-shaped lumbar scoliosis at age 14 years old),

arachnodactyly with large hands, generalized hypotonia,

pectus excavatum, and numerous boggy subcutaneous

lesions (Figure S1, 8–11). MRI evaluations have identified

a Chiari 1 malformation and a delayed myelination

pattern (at age 2 years), and a T2 hyperintense lesion

involving the left orbital gyrus and a stable Chiari 1 mal-

formation (at ages 14 and 15 years old). Spinal MRI

identified a hyper intense signal involving the vertebral

body of T7 that could represent an intraosseous hemangi-

oma, dextrothoracolumbar scoliosis, and a Chiari 1

malformation.

Family 4

Proband 4 (4-II.1 in Figure 1A) is a 17-month-old male

born to third degree consanguineous parents who was

referred with history of congenital heart disease, develop-

mental delay and delayed speech. He was born by a lower

segment caesarean section due to history of decreased

fetal movements and fetal distress. His birth weight was

4.6 kg (99th centile). At 6 months of age, he was diag-

nosed with congenital heart disease due to complaints of

cyanosis and recurrent respiratory infections. Echocardi-

ography showed Tetralogy of Fallot with hypoplastic pul-

monary annulus, large perimembranous misaligned

ventricular septal defect and large secundum atrial septal

defect. On examination, he has facial dysmorphism char-

acterized by inverted triangular face, thick eyebrows with
The American
thin medial extension, down slant palpebral fissures,

lateral third eversion of lower eyelids, wide nasal bridge,

small nose, low set posteriorly rotated ears with large

uplifted ear lobules, long philtrum, small mouth, thin

vermillion of upper lip and pointed chin (Figure 1B, 12–

13). Other clinical features include webbed neck, low set

widely spaced nipples, fetal finger pads, shawl scrotum,

distal hypospadias, bilateral undescended testes, overlap-

ping toes, and long great toes (Figure S1, 12–15). At

17 months of age, his head circumference was 47 cm

(60th centile) and his length of 88 cm (> 97th centile).

At the age of 3 years 5 months, the head circumference

was 50.2 cm (75th centile), height was 108 cm (> 97th

centile) and weight was 17 kg (90–95th centile). The rest

of the systemic examination was unremarkable. Giemsa-

banded chromosome analyses and chromosome microar-

ray were normal.

Family 5

Proband 5 (5-II.3 in Figure 1A) was a 16-year-old girl with

mild developmental delay and macrocephaly born to

non-consanguineous healthy Turkish parents, originating

from two different small villages. She was born at

37 5/7 weeks of gestation by Caesarean section with a

weight of 4.17 kg (> 97th centile), length of 52 cm (>

75th centile), and unreported head circumference. At two

weeks of age, she was diagnosed with an ASD, a VSD,

and a double outlet right ventricle without a pulmonic ste-

nosis, which were surgically corrected. Her motor develop-

ment was mildly delayed with unsupported sitting at

12 months and independent walking at 17 months. Her

speech development was also delayed and characterized

by mispronunciation of words and stuttering. Social skills

were considered within normal limits. Her facial features

included apparently bitemporal narrowing with normal

measurements (50th centile) with a low anterior hairline,

full and curly hair, hypertrichosis on the back and extrem-

ities, synophrys with thick arched eyebrows, long eye-

lashes, upslanted palpebral fissures, ptosis, rather wide

eye distance (interpupillary distance of 6.1cm, which is

þ0.7SD for Turkish population35), high nasal root and

bridge and broad nasal tip, anteverted nares short and

deep philtrum, thick upper and lower lip vermillion, under

folded helices, and large ear lobes and a triangular facial

shape (Figure 1B, 14–15). Her palms were narrow (palm

width/length ratio �3SD) with long slender fingers (97th

centile). Her feet showed a 2–3 cutaneous toe syndactyly

bilaterally. At the age of 13 years she developed focal

epileptic seizures with impaired awareness and rare evolu-

tion to bilateral tonic-clonic seizures, which are partially

controlled by lamotrigine treatment. At the age of 18 years

she attended a special education school due to learning

disability and short attention span. She showed no

obvious behavioral issues and was described as very sensi-

tive and shy. Formal testing at the age of 16 years revealed

an IQ of 58. For cosmetic reasons she regularly epilates the

synophrys. Hearing tests done after birth and at 8.5 years

were normal. Microarray analysis using an Affymetrix
Journal of Human Genetics 103, 948–967, December 6, 2018 953



Cytoscan HD array at a 20kb resolution showed no

abnormalities.

Individual 5-II.2, the elder sister of individual 5-II.3, was

born after three miscarriages at 37 weeks of gestation by

Cesarean section due to prenatally detected omphalocele.

Placentamegaly (1.1 kg) was reported but tissue for histol-

ogy was unavailable. Her birthweight 3.78 kg is at 96th cen-

tile, birth length was 51 cm (50–75th centile), and head

circumference (OFC) was 33.5 cm (25–50th centile). An

atrioventricular septal defect (AVSD) and intestinal malro-

tation, which were initially suspected during the prenatal

period, were confirmed at birth together with a PDA and

parachute mitral valve. The congenital heart defect, om-

phalocele, and intestinal malrotation were successfully

corrected surgically. In the neonatal period, she was noted

to have large ear lobes and a hypertrichosis of the helix and

of the back of the ear. She also had narrow palms (palm

width/length ratio �2.75SD) and slender fingers (97th cen-

tile) as well as long toes. Neonatally, she was suspected to

be affected with Beckwith-Wiedemann-syndrome and a

targeted surveillance strategy aimed to detect embryonal

tumors was started, but no visceral involvement was de-

tected. Standard karyotyping, DNA methylation studies

of domain 1 (H19) on chromosome 11, and paternal uni-

parental disomy 11 testing revealed normal results at that

time. Her psychomotor development was mildly delayed

and she had difficulties in reading, writing, spelling, and

reasoning. She had her menarche at 18 years but remained

oligomenorrheic. During puberty, she had developed hy-

pertrichosis of the face, arms and legs. For cosmetic reasons

she regularly epilates unwanted body hair including the

synophrys. She had strabismus and she wore eyeglasses

because of high myopia. When she was reviewed at 24

years, she was taller than her targeted height (173cm,

þ1.5SD; mother 25th centile, father 75–90th centile). She

also had macrocephaly (OFC was 58.5cm, þ2.35SD;

mother was on the 75–90th centile, while her father was

on the 50th centile). At this age, she was overweight

(weight of 97kg, 2.89SD. Her facial appearance was similar

to that of her sister: she had bitemporal narrowing with

normal measurements (50th centile) with a low anterior

hairline, full and curly hair, cosmetically treated hypertri-

chosis on extremities and face and synophrys with thick

arched eyebrows, long eyelashes, upslanted palpebral fis-

sures, rather wide eye distance (interpupillary distance of

6.3cm, which is þ1.23SD for Turkish population35), high

nasal root and bridge and broad nasal tip, short and deep

philtrum, thick upper and lower lip vermillion, progna-

thism, and open bite, small teeth and wide interdental

spaces, under folded helices and large ear lobes and a trian-

gular facial shape (Figure 1B, 16–17). Her hands were long

and narrow with long fingers (palm width/length ratio

�2.75SD; palm length 12.6cm, > 97th centile; middle

finger length 9cm, > 97th centile). She has numerous

nevi and several cystic scalp formations that were removed

surgically. Histopathology is available for one nevus only,

which showed a melanocytic papillomatous nevus of pre-
954 The American Journal of Human Genetics 103, 948–967, Decem
dominantly dermal type. She attended a special education

school and received training in housekeeping but was un-

employed and lived with her parents.

Family 6

Proband 6 (6-II.2 in Figure 1A) is a 30-month-old girl from

Egypt who presented with developmental delay, speech

delay, and dysmorphic facial features. She was antenatally

diagnosed to have complex congenital heart disease (dou-

ble outlet right ventricle, ASD, VSD). She had a history of

feeding and swallowing difficulties which is now resolved.

She was born term by normal vaginal delivery. Her motor

development was delayed with unsupported sitting at

16 months and currently can walk without support with

wide based gait, can vocalize sounds but not words, and

sometimes can understand simple orders. Her facial fea-

tures include hairy forehead, thick eye brows, deep set

eyes, hypertelorism (interpupillary distance of 8cm, 97th

centile), depressed nasal bridge, low set ears, smooth phil-

trum, and thin upper lips (Figures 1B, 18). Her chromo-

some microarray was normal.

Detailed clinical data of all ten affected individuals from

six families are summarized in Table 1.

Identification of TMEM94 Bi-allelic Variants

Homozygosity/autozygosity mapping using SNP array,

WES and/or WGS were used in all six families to identify

the genetic etiology. None of the affected individuals

from six families seems to have significant pathogenic

copy number variants (CNVs) and in family 3, the non-

consanguineous family, did not reveal any homozygous

areas > 5Mb as expected. In family 5, although the parents

denied consanguinity in the family history (Table 1), nine

long stretches of homozygous areas and ethnic back-

ground (Turkish origin) suggest possible consanguinity

(Table S2). Final analysis of all six families revealed bi-

allelic truncating variants in TMEM94 as a common

genetic cause among other candidate genes (Table S3–S5).

In online databases ExAC and gnomAD browser (see

URL’s), there are several potential loss-of-function variants

occurring in heterozygosity in TMEM94, with allele fre-

quency less than 0.00002 (1 or 2 allele counts in each

ethnic population), but no healthy homozygotes, suggest-

ing that the gene is highly intolerant to bi-allelic trun-

cating variants. In view of the predicted deleteriousness

of the TMEM94 variant, segregation in the family, and

similar phenotype in affected members of all six families,

we considered this to be the best candidate gene. All the

variants identified in TMEM94 were Sanger validated

for confirmation and family segregation (Figure S2).

All the truncating variants are predicted to abolish the

highly conserved C-terminal domain including cation

P-type ATPase domains (Figure 2A). Alignment of human

TMEM94 (NP_001308077.1) protein sequences with

different species using Clustal Omega showed > 90% iden-

tity between human, chimpanzee, cattle, hamster, mouse,

and dog; chicken, frog, and zebra fish showed 82%, 71%,

and 69%, respectively. The C-terminal region of the
ber 6, 2018



Table 1. Clinical Highlights of Affected Family Members with TMEM94 Variants

Features Family 1 Family 2 Family 3 Family 4 Family 5 Family 6

Position in the
pedigree

II.1 II.4 II.1 II.2 II.3 II.1 II.1 II.2 II.3 II.2

Ethnicity Omani Qatari European American Indian Turkish Egypt

Consanguinity þ þ No þ Not reported, but parents from two
small villages 3km away

þ

Variant in cDNA*
and protein level

c.2764C>T; p.Arg922* c.840del; p.Asp280Glufs*10 c.2635dup;
p.Met879Asnfs*18
and c.795-1G>C

c.2000_2004dup;
p.Pro669Alafs*8

c.4028þ5G>A; p.Val1344* c.3497delA;
p.Asn1166Thrfs*84

Age 8 years
7 months

8 months 8 years 6 years 3 years 17 years 3 years 5 months 24 years 18 years 30 months

Gender Female Male Female Female Male Male Male Female Female Female

Growth Birth weight Not available 2.9 kg (born at
32 weeks age of
gestation)
(>97th centile)

1.77 kg (born at
30 weeks age of
gestation) (90th

centile)

4.36 kg (95th

centile)
4.02 kg (born at
38 weeks of
gestation) (85th

centile)

4.65 kg (99th

centile)
4.6 kg (> 97th

centile)
3.7 kg (96th

centile) Cesarean
at 37 weeks

4.17 kg (>97th

centile; þ2.35SD)
Cesarean section at
37 weeks 5/7

Not available

Birth length Not available Not available 45.5 cm (born
at 30 weeks age
of gestation)
(>97th centile)

54 cm (98th

centile)
55 cm (98th

centile)
Not available Not available 51cm (50-75th

centile)
52cm (75th centile) Not available

Birth head
circumference

Not available Not available 26.5 cm (born
at 30 weeks age
of gestation)
(50th centile)

37 cm (98th

centile)
35 cm (50th
centile)

Not available Not available 33.5cm (25-50th

centile)
Not available Not available

Recent height 120 cm (10th

centile)
73 cm (75- 90th

centile)
129.6 cm
(75.76th centile)

124.3 cm (85th

centile)
90 cm at 90th

centile
188.0 cm (96th

centile)
108 cm (>97th

centile)
173cm (90-97th

centile; þ1.5SD),
178.1cm (>97th

centile; þ2.3 SD) at
age 16yrs

95 cm (96th

centile)

Recent weight 19 kg (<3rd

centile)
8.3 kg (10- 25th

centile)
25.7kg (61.08th

centile)
22.4kg (65.7th

centile)
17kg (88.74th

centile)
79.5kg (91st

centile)
17 kg (90-95th

centile)
97kg (>97th

centile; 2.89SD)
89.1kg (>97th

centile;þ2.51 SD) at
age 16yrs

14.3kg (86th

centile)

Recent head
circumference

50 cm (<10th

centile)
42 cm (< 3rd

centile)
53.5 cm (90th

centile)
55 cm (97th

centile)
46.5 cm (77.38th

centile) (at
10 months)

63.5 cm (>100th

centile)
50.2 cm (75th

centile)
58.5cm (>97th

centile; þ2.35SD)
58.5cm (97th

centile; þ2.35SD)
52cm (99th

centile)

(Continued on next page)

T
h
e
A
m
e
rica

n
Jo
u
rn
a
l
o
f
H
u
m
a
n
G
e
n
e
tics

1
0
3
,
9
4
8
–
9
6
7
,
D
e
ce
m
b
e
r
6
,
2
0
1
8

9
5
5



Table 1. Continued

Features Family 1 Family 2 Family 3 Family 4 Family 5 Family 6

Neurologic
features

Motor delay
(HP:0001270)

þ þ þ � þ þ þ þ þ þ

Learning
disability
(HP:0001328)

þ þ þ þ þ þ þ þ þ þ

Speech delay
(HP:0000750)

þ þ þ þ þ Expressive language
delay

þ þ þ þ

MRI o Normal brain
MRI

Normal brain
MRI

Not available Normal brain MRI Bilateral
symmetrical
restricted
diffusion and
high T2 signal
intensity of the
cerebral white
matter of the
brain

Chiari type I
malformation and
cortical-based mass
in the left inferior
frontal gyrus pars
orbitalis
(ganglioglioma
or other low grade
glial tumor). Spinal
MRI -T7 hyperintense
signal

Not available Not available Enhanced signal
within both
hippocampi in
FLAIR cuts, signs of
microhemorrhages,
possibly linked to
hemodynamic
changes during
heart surgery

Not available

Facial
features

Triangular face
(HP:0000325)

þ þ þ þ þ þ þ þ þ þ

Hypertrichosis
(HP:0004554)

þ þ þ þ þ þ þ þ þ þ

Pointed chin
(HP:0000307)

þ þ þ þ þ þ þ þ þ þ

Synophrys
(HP:0000664)

þ þ þ þ þ þ þ þ þ þ

Thick arched
eyebrows
(HP:0002553)

þ þ þ þ þ þ þ þ þ þ

Short nose
(HP:0003196)

þ þ þ þ þ þ þ Prominent (HP:
0000448)

Prominent (HP:
0000448)

þ

Flat nasal
bridge
(HP:0005280)

þ þ þ þ þ þ þ � � þ

Long philtrum
(HP:0000343)

þ þ þ þ þ - þ HP:0000322 short
philtrum

HP:0000322 short
philtrum

þ

Thin upper
lip vermillion
(HP:0000343)

þ þ þ þ Triangular upper
lip

Not noted þ prominent cupid
bow upper lip,
increased volume
of lip vermillion

prominent cupid
bow upper lip,
increased volume of
lip vermillion

þ

(Continued on next page)
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Table 1. Continued

Features Family 1 Family 2 Family 3 Family 4 Family 5 Family 6

Ears Low set ears
(HP:0000369)

þ þ þ þ þ Posteriorly rotated
low set ears with
hypoplastic helices

Large, low set
posteriorly rotated
ears

HP:0008544,
under folded helix

HP:0008544, under
folded helix

þ

Prominent
ear lobules
(HP:0009748)

þ þ þ þ þ þ þ þ þ þ

Ophthalmological
features

No gross eye
abnormalities,
no extraocular
muscle
weakness,
visual acuity
not tested but
no corrective
lenses at time
of examination

No gross eye
abnormalities,
no extraocular
muscle
weakness,
visual acuity
not f tested but
no corrective
lenses at time
of examination

Quiet anterior
segment,
Normal fundus,
Visual acuity:
left eye (6/12),
right eye (6/18),
Need glasses
(þ0.5-1.75)

Quiet anterior
segment, Normal
fundus, Visual
acuity: left eye (6/
9), right eye (6/9),
Unaided

Bilateral
nystagmus,
Normal fundus,
Need glasses (-1.5,
-1.75)

Strabismus, deep set
eye, long eye lashes,
optic glioma of the
right eye

Refractive error,
normal fundus

Strabismus and
myopia

Visual acuity not
formally tested but
no need for
corrective lenses at
time of
examination;
HPO:0007838
progressive Ptosis

Not available

Cardiac abnormalities Atrial septal
defect

Tetralogy of
Fallot and
pulmonary
atresia

None Small secondum
ASD, two
midmuscular
VSDs and mall
PDA (VSDs and
PDA closed
spontaneously)

Small patent
foramen ovale
and VSD

ASD, VSD, and PDA
(PDA closed
spontaneously);
dilation of the
ascending aorta
(Z þ3.6), sinus
tachycardia,
lymphatic vessel
neoplasm

Tetralogy of Fallot
with hypoplastic
pulmonary
annulus, large peri
membranous
malaligned VSD
and large secundum
ASD

AVSD, PDA,
parachute mitral
valve

ASD, VSD, double
outlet right
ventricle without
pulmonal stenosis

ASD, VSD,
Double outlet
double
ventricle

Skeletal features Long fingers
and toes

None None Mild scoliosis None Severe scoliosis,
arachnodactyly,
large hands, bilateral
overlapping of the
3rd toe by the 2nd
and 4th toes,
asymmetry of the hip,
osteochondroma of
the proximal left
tibial metaphysis

Bilateral
overlapping toes,
bilateral long great
toes

Open bite and
prognathism, long
fingers, narrow
hands (palm
width/length-
2.75SD)

Thoracic
kyphoscoliosis,
long fingers,
bilateral cutaneous
2,3 toe syndactyly,
overlapping of the
2nd toe by the 3rd
toe, narrow hands
(palm width/length
-3SD)

Not available

Respiratory features None None Bronchial
asthma,
recurrent
infections

Wheezy chest,
bronchomalacia

Neutropenia,
recurrent
infections

Laryngotracheomalacia,
dyspnea, recurrent
pneumonia

None None None None

Gastrointestinal
features

None None None None None GERD, mesenteric cyst,
diarrhea, constipation

None Omphalocele and
malrotation

None Not available

Genitourinary
features

None None None None None Mullerian duct
remnant, adrenal
cyst, dysuria, urinary
retention, bilateral
inguinal hernia

Penile hypospadias,
bilateral
undescended testis

None None Not available

(Continued on next page)
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protein showed higher similarity compared to the overall

protein sequence.

In the four families (family 1, 2, 4, and 5), exome/

genome variant filtering focused on variants located

within the homozygous areas of the genome, due to

possible consanguinity in the pedigree. A list of homozy-

gous areas and variant filtering strategy are listed in Tables

S2–S5. In family 1, exome variant filtering narrowed down

the number of variants to four. The NEMP2 (MIM 616497,

NM_001142645) missense variant is predicted to lead to

a leucine to arginine change in a moderately conserved

amino acid and a protein domain of unknown func-

tion. The TRIM65 (NM_173547.3) missense variant

(rs61754937) changes an arginine to tryptophan at

position 418, a highly conserved amino acid, but has

very low constraint metrics (see ExAc). The SAMD4B

(NM_018028.3) variant (rs141485885) leads to a valine

to isoleucine change in a highly conserved amino acid

but not in a known protein domain. By Sanger sequencing,

NEMP2, TRIM65, and SAMD4B were homozygous in both

affected individuals, hence segregating with the affected

status in the family. Of the four variants, however,

NM_001321148.1: c.2764C>T in TMEM94 gene was

extremely rare (rs557746506, ExAc MAF: 1/116268), pre-

dicted to truncate the protein, and has the highest

CADD score (Phred-score, 43) (Table S5). In family 2,

SERINC2 (MIM614549): NM_001199037.1: c.1327T>C;

p.Tyr443His and TMEM94: NM_001321148.1: c.840del;

p.Asp280Glufs*10 were identified as final candidates

(Table S5). The TMEM94 variants identified in family 1

and 2 (Omani and Qatari) were absent in our in-house

whole exome sequencing cohort, which is collected from

2,379 individuals from Saudi Arabia. In Family 4, the final

variants included three genes, TMEM132B: c.769T>C;

p.Trp257Arg, TMEM94:c.2000_2004dup; p.Pro669Alafs*8,

TRPM5 (MIM 604600): c.1934C>T;p.Thr645Met. In

family 5, two final candidate genes were identified:

ITGB4 (MIM 147557): c.737C>T;p.Thr246Met, and

TMEM94:c.4028þ5G>A;p.?. In family 6, two genes in the

final list included TMEM94: c.3467delA;p.Asn1156Thrfs*

84, and GAA (MIM 606800): c.2105G>A; p.Arg702His. In

family 5 and 6, the parents and unaffected siblings were

carrier for the TMEM94 variants (Figure S2). The

sequencing chromatogram of family 6 is not shown. In

family 6, although a suspicious variant in GAA was identi-

fied (Table S5), the enzymatic studies and clinical picture

are inconsistent with Pompe disease (MIM 232300); we

nonetheless continue to monitor this proband clinically.

For family 5, affymetrix Cytoscan (2.65 M) Array on the

proband revealed 9 regions of homozygosity greater of

3Mb (Table S2). WES in the affected individual (with an

average depth of coverage of 234.5x with 98% of the tar-

geted bases with R 20 reads) identified the homozygous

substitution c.4028þ5G>A (NM_001321148.1) at the

exon / intron boundary 31 of the TMEM94 gene as best

candidate. Sanger sequencing confirmed the variant in

homozygous state in both affected siblings and was
ber 6, 2018



Figure 2. Molecular Analysis and Gene Expression Studies
(A) Diagrammatic representation of conserved domains of TMEM94 and the position of variants in six families identified.
(B) Splice analysis of the variant NM_001321148.1: c.795-1G>C identified in the proband of family 3. For control and unaffected 20 mL
of PCR products were loaded into each well, while for the proband 40 mL was loaded due to severely reduced abundance of transcripts.
Normal full-length transcripts (396 bp) and an isoform with exon 8 deletion (309 bp) that predicted to lead to an in-frame
deletion(87 bp) was present in control, unaffected and proband. This isoform could be benign. Proband showed two different mutant
transcripts; whole exon 7 skipping (p.Trp266Profs*30) and 32 bp deletion (p.Arg265Serfs*7) due to the activation of a cryptic acceptor
splice site in exon 7.
(C) Diagram showing the primer designing scheme for splice analysis and aberrant transcripts identified. Black boxes representing the
coding region with corresponding exon numbers. Boxes with dashed outlines represents the skipped exons/areas of exons identified
through TA sub cloning and sequencing (Chromatograms in Figure S3). Variants are named in reference to NM_001321148.1 and
NP_001308077.1.
(D and E) Relative quantification ofmRNA expression in family 2 and 3 showingmarkedly reduced expression of TMEM94 in the affected
individuals of family 2 (D: 2-II.1, 2-II.2 and 2-II.3) and family 3 (E: 3-II.1). Error bars represent SEM.
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heterozygous in the parents (Figure S2). The base substitu-

tion was predicted by in-silico programs to reduce the

donor splice site by 66% (MaxEnt: �76%, NNSPLICE:

�99.5%, HSF: �13.5%, SpliceSiteFinder-like: �76.8%), re-

sulting in a potential abnormal splicing that possibly

affects the C-terminal portion of the protein. Sequencing

of RT-PCR products from blood collected in PAXgene

RNA tubes confirmed abnormal splicing resulting

in 36 bp intronic retention in the transcript introducing

a premature termination codon, NM_001321148.1:

r.4028_4029ins36; p.Val1344* (Figure S3A).

Of note, none of the homozygous variants of unknown

significance in the affected individuals from consanguin-

eous families, including NEMP2, TRIM65, SAMD4B,

SERINC2, TRPM5, TMEM132B, and ITGB4 have been re-

ported to cause recessively inherited neurodevelopmental

phenotypes. Genome-wide association studies, however,

associate low frequency variants in TRIM65 with white

matter hyperintensities,36 de novo copy number variation

of region involving SERINC2 with autism spectrum disor-

der,37 heterozygous variant in TMEM132B contributing

as a risk factor to intracranial aneurysm.38

In family 3, the non-consanguineous family, the

final analysis (Tables S4 and S5) revealed compound het-

erozygous variants in TMEM94; a splice site variant,

c.795-1G>C, which is predicted to be inherited from the

father (father’s DNA sample was unavailable for the anal-

ysis) and a single base pair duplication, c.2635dup;

p.Met879Asnfs*18 inherited from the mother (Figure S2

and Table S5). RNA-seq analysis of the splice site variant

(NM_001321148.1:c.795-1G>C) in-silico predicted an

abnormal splicing pattern (Figure S3B). For further confir-

mation, we PCR amplified the cDNA derived from fibro-

blasts using primers flanking the proposed splice defect.

PCR amplification revealed normal transcript in the

affected individual, control, and unaffected mother

(Figure 2B), but in addition, we found multiple aberrant

transcripts in 3-II.1 (Figure 2B). Sequencing of colonies re-

vealed normal transcripts and a transcript with an in-frame

deletion (p.Ala300_Gln328del), which is present in con-

trol, unaffected mother, and proband, suggesting a normal

benign isoform. In addition to this, two other mutant tran-

scripts were identified in the affected individual, which is

absent in control and mother; skipping of exon 7, and

32 bp deletion in exon 7 due to the activation of a cryptic

acceptor site inside exon 7 (Figure 2C). Both aberrant tran-

scripts are predicted to shift the amino acid frame and

result to premature termination codons, p.Trp266Profs*

30 and p.Arg265Serfs*7 (Figures 2B–2C and Figure S3C).

Prior to WGS at the UDN, the proband had an extensive

work up and normal findings for cytogenetic testing

(microarray and karyotype), molecular genetic testing for

aortopathy panel (ACTA2 [MIM 102620], COL3A1

[MIM120180], COL5A1 [MIM 120215], COL5A2 [MIM

120190], FBN1 [MIM 134797], FBN2 [MIM612570],

MYH11 [MIM160745], MYLK [MIM600922], SKI [MIM

164780], SLC2A10 [MIM 606145], SMAD3 [MIM 603109],
960 The American Journal of Human Genetics 103, 948–967, Decem
TGFB2 [MIM 190220], TGFBR1 [MIM 190181], TGFBR2

[MIM 190182]) and clinical exome sequencing.

Gene Expression Profiling Is Altered in TMEM94 Mutant

Cells

TMEM94 is predicted to have several isoforms, three of

which are predominant coding transcripts (NM_014738.5,

NM_001321149.1 and NM_001321148.1). None of the

transcripts reported in GenBank39 lack the last exons of

the gene, which encodes the highly conserved C-terminal

domain.40 We checked the level of expression of TMEM94

transcripts in proband-derived cells available from family

2 and 3. In family 2, RNA expression was reduced by

�60% in three affected individuals (Figure 2D). For family

3, dermal fibroblasts were available for the expression anal-

ysis and the affected individual showed 85%–90% reduced

expression (Figure 2E). Global transcription profiling bymi-

croarray using proband (2-II.3) from family 2 compared to

four gender matched controls using 1670 significant probes

corresponding to 1257 genes identified 677 upregulated

and 580 downregulated (adjusted p value < 0.05 and abso-

lute fold change > 1.5) in the affected individual

(Figure S4).

We further examined global gene-expression

profile changes using all the three affected individuals

from family 2 (II.1, II.2, and II.3) and two unaffected

controls by RNA sequencing. Differential expression

analysis comparing the affected individuals and con-

trols revealed significant dysregulation of 2438 genes

(FDR < 0.05) in the affected individuals (Figures 3A

and 3B); 1219 were upregulated and 1219 were downre-

gulated (Table S6). Ingenuity Pathway Analysis of the

overall differentially expressed genes revealed the

expression of various genes that regulate cellular devel-

opment, cell to cell interaction, and cell growth and

proliferation significantly altered in all the three

affected individuals (Figure 3C). Dysregulation of these

genes are predicted to have an impact on hematological

system development, immune response, organismal in-

juries and cardiotoxicity. TMEM94 interaction network

generated using dysregulated genes revealed alteration

of several essential genes associated with neurological

function (Table S7).

Characterization of Tmem94 in Mice

Because of the high sequence similarity and homology of

human and mouse TMEM94 (�95%), we knocked out

Tmem94 in mice by using CRISPR-Cas9 technology with

two different sets of gRNAs targeting exon 4 (Figure S5A).

Consistent with our expectation that this gene is essential

for mammalian development, the pups having either com-

pound heterozygous or homozygous variants in Tmem94,

were either embryonic lethal or born dead. The viable

pups from 6 sets of injections were either wild-type or het-

erozygous. F1 mice with a single null allele (heterozygous;

c.361_364delGC; p.Arg121Profs*58) appeared morpholog-

ically normal; these were outbred with wild-type C57BL6/J
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Figure 3. Transcriptome Profiling and Ingenuity Pathway Analysis in TMEM94 Mutant Cells
(A) Heatmap of 2,438 genes that are significantly dysregulated in three (in duplicates) TMEM94 mutant individuals determined by
DESeq2 (FDR < 0.05).
(B) Principal component analysis of normalized gene expression showing significant differences between the control and affected indi-
vidual group. Red dots indicate individuals with disease phenotype and blue indicates controls.
(C) List of alteredmolecular and cellular functions, physiological functions and diseases associated with the dysregulated genes. p values
and the number of dysregulated genes involved for each function are also shown.
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to identify F2s, then in-crossed to identify germline

mutants. About 20% homozygous mutants were identified

at E18.5 and all mutants were dead by P1, suggesting an

embryonic lethal phenotype. Homozygous mutants evalu-

ated at E12.5 stage showed variable amount of hemor-

rhages in the frontal and hind regions of the cephalic

area (Figures 4A, 1–2). Similarly, at E15.5 days, mutants

showed hemorrhage and decreased body size (Figure 4A,

3–4). E18.5 days old mutants were developmentally

delayed and showed dysmorphic facies, round head,

decreased body size, hemorrhage and disrupted craniofa-

cial bone on CT and X-ray (Figures 4A-B and S5B). Whole

body MRI imaging at E18.5 revealed that the mutant

mice showed poorly developed heart chambers

(Figure 4C, 1–3). Tmem94 expression analysis of the mu-

tants showed 80%–90% reduction of mRNA transcripts

in the embryonic fibroblasts (Figure S5C).
Histopathological Analysis of Tmem94�/� Mice

We analyzed the histology of heart and brain of mutant

embryos to further understand the mutant phenotype.

Tiled images of the heart sections showed that mutant

mice at E18.5 presented with a small rounded heart, poorly

organized auricles, irregular inner ventricular surface, and

disarray of heart muscle fibers at the interventricular

septum (Figure 4D), consistent with the MRI findings

(Figure 4C). We examined the neuronal layering pattern

of the cortical region at two different stages of gestation.

The marginal zone, cortical plate, intermediate zone, and

ventricular zone were clearly recognizable in wild-type

embryos. In contrast, E15.5 mutants showed compara-

tively thin and significantly disorganized cortical layers

(Figure 4E). The surviving embryos at E18.5 showed fewer

neurons in the cortical plate and absence of distinct sub

plate layer indicating defects in neuronal migration

(Figure 4E). These results conclude that Tmem94 has a pro-

found role in mouse embryonic development, especially

neural and cardiovascular systems.
Discussion

Here we present a rare form of NDD associated with facial

dysmorphism and presence of CHD in ten similarly

affected individuals from six unrelated families of different

ethnic background. The common clinical features include:

characteristic facial features (triangular face, widely spaced

eyes, thick arched eyebrows, depressed nasal bridge and

broad nasal root and tip, pointed chin and posteriorly

rotated low set ears) and global developmental delay.

Most of them had generalized hypertrichosis; congenital

overgrowth (increased birth weight, postnatal height,

weight and head circumference in the upper normal

range); and cardiac abnormalities (atrial septal defect, Te-

tralogy of Fallot, patent ductus arteriosus, and ventricular

septal defect). We link this disorder to likely loss-of-func-

tion bi-allelic variants in TMEM94. Nonetheless, there are
962 The American Journal of Human Genetics 103, 948–967, Decem
clinical features that are different among our affected indi-

viduals. Brain MRI changes seemed to be variable and one

proband (2-II.1) did not manifest with a structural cardiac

defect. Other variable clinical features we observed are:

ophthalmological features including nystagmus (1/10),

myopia (1/10) and strabismus (2/10); skeletal features of

scoliosis (3/10), arachnodactyly (4/10) and overlapping

toes (3/10); macrocephaly (3/10), pectus excavatum

(2/10), widely spaced nipples (2/10), respiratory infections

(4/10), gastrointestinal abnormalities (2/10), and seizures

(2/10). These clinical features can be due to the

variability in genetic background among the affected indi-

viduals. The identification of additional cases will likely

help clarify the spectrum of TMEM94-associated disorder.

TMEM94, originally named KIAA019541 is located on

chromosome 17q25.1, and encodes a putatively nuclear

protein with predicted multi pass membrane domains

and several serine residues for phosphorylation or glyco-

sylation.42–47 The C-terminal region of TMEM94 is evolu-

tionary conserved in multiple mammalian species and

is predicted to be perturbed in all the affected individ-

uals due to truncating variants. None of the reported

transcripts of TMEM94 lacks the C-terminal region of the

protein, specifically residues that are part of the cation

transporting P-type ATPase domain (NP_055553.3; resi-

dues 1116-1330),48 suggesting that thismight be an impor-

tant protein domain. To understand the possible role

TMEM94, we studied global gene-expression pattern in

the mutant cells of family 2. The altered gene list implies

the role of this gene in cell-cycle progression, nervous sys-

tem, and hematological system development. TMEM94

has been shown to be induced under hypoxic conditions

in breast cancer cell lines.49 The transcription network is

upregulated during hypoxia to promote expression of the

genes involved in cell survival and to regulate high energy

demanding processes such as translation, cell division, and

proliferation,50 suggesting the involvement of TMEM94 in

cell division. Further analysis of the cell-cycle pattern of

dermal fibroblasts from the affected individual using propi-

dium iodide staining (Supplemental Experimental Proced-

ures) showed that at baseline, the cells from the affected

and controls appeared to be predominantly in the G0/G1

phase (Figure S6). Synchronization of cell cycle with star-

vation did not show any marked differences between

affected and controls, while nocodazole treatment

increased the number of cells in G2/M phase in control

cells while affected cells showed a decrease in the G2/M

phase cells, suggesting defects in cell-cycle progression

(Figure S6). Although, our global gene expression analysis

and cell-cycle assays imply to the role of TMEM94 in cell

division, further studies will be needed to confirm this hy-

pothesis and characterize the role of this protein in the cell.

TMEM94 is known for the possible interaction with

cyclin dependent kinase 5 (CDK5; MIM 123831) and

acidic fibroblast growth factor intracellular-binding pro-

tein (FIBP; MIM 608296) in human embryonic kidney

cells.51–53 Our expression profiling studies did not reveal
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Figure 4. Phenotypic and Histopathological Evaluation of Tmem94 Knockout Mice
(A) Tmem94�/� mice were embryonic lethal, hemorrhagic, and showed craniofacial abnormalities. Tmem94 knock-out phenotype at
different embryonic development stages showed varying degree of severity. Compared to the wild-type (1), homozygous mutant (2)
at early embryonic stage (E12.5 days) showed hemorrhage at frontal and hind regions of brain. At E15.5 days, compared to wild-type
(3), mutants (4) showed decreased body size, hemorrhage and fluid filled embryo sac (arrow) suggesting fetal resorption. The mutants
at E18.5 showed craniofacial abnormalities (6 and 7), round head shape, and superficial hemorrhages, compared to the wild-type (5).

(legend continued on next page)
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any significant dysregulation of CDK5 and FIBP. CDK5

and FIBP have a proven essential role in cell division.54,55

Bi-allelic loss-of-function variants in CDK5 and FIBP in

human and mice has been shown to cause neuro-

logical manifestations; CDK5 variants in humans cause lis-

sencephaly with cerebellar hypoplasia (MIM 616342),56

Cdk5�/� mice manifested neurodegeneration and

neuronal migration defects,57 FIBP variants cause Thau-

vin-Robinet-Faivre syndrome (MIM 617107) with clinical

highlights including facial dysmorphism, CHD, macroce-

phaly, learning disabilities and overgrowth.58 Interest-

ingly, the two probands from family 2 and the probands

from families 3, 4, and 5 manifested isolated overgrowth

and macrocephaly, like what was reported in individuals

with FIBP variants. These phenotypic similarities suggest

some degree of possible functional overlap of TMEM94

with CDK5 and FIBP; further studies will be required to

show the functional interaction of these three proteins

within the cell.

Loss of Tmem94 in mice leads to an embryonic lethal

phenotype and abnormalities in multiple tissues,

including nervous and cardiovascular systems, suggesting

the role of this gene in early development. In murine cere-

bral cortex, histogenesis and migration occurs during em-

bryonic days E11.5 to E17.5 of gestation.59 Tmem94 mu-

tants at E15.5 and E18.5 days showed abnormalities in

the layering pattern of developing cortex suggesting de-

layed neurodevelopment.

The presence of loss-of-function TMEM94 variants in

six unrelated families with NDD, distinct and recogniz-

able facial dysmorphism, and variable penetrance for

cardiac abnormalities highlight the importance of

TMEM94 in neural and cardiovascular development. In

the context of the loss-of-function variant in the affected

individuals in our study and Tmem94 knockout in mice,

we demonstrate a role for this gene in mammalian

embryonic development. In conclusion, we report a syn-

drome characterized by NDD and distinct facial dysmor-

phism due to truncating variants in TMEM94, a gene so

far not associated with a specific cellular function or hu-

man disease.

Accession Numbers

The variants reported in this manuscript have been deposited in

Leiden Open Variation Database (LOVD) and is publicly available

through: https://databases.lovd.nl/shared/transcripts/00010486.
(B) CT images of mutant (lower panel) showing short nasal bone (arr
per panel).
(C) Coronal MRI scan of embryos at E18.5 days showing poorly deve
type (1). The region of heart is highlighted in white dotted circle.
(D) In comparison to wild-type (left panel), Masson trichrome staini
sented small rounded heart, poorly organized auricles (RA: right aur
ventricle, LV: Left ventricle), disarray of heart muscle fibers at the he
(E) Nissl stained sagittal sections of mouse neocortex at E15.5 and E
zone (MZ), cortical plate (CP), sub plate (SP), intermediate zone (IZ
thin disorganized neocortex and lacks distinct cortical layers (left
CP layer and absence of distinct sub plate layer (right panel, arrow).
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Supplemental Data include six figures, seven tables, and Supple-

mental Experimental Procedures and can be found with this

article online at https://doi.org/10.1016/j.ajhg.2018.11.001.
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OMIM, http://www.omim.org/
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