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Abstract Highly clinical and genetic heterogeneity of neurodevelopmental disorders presents a major challenge
in clinical genetics and medicine. Panoramic variation analysis is imperative to analyze the disease phenotypes
resulting from multilocus genomic variation. Here, a Pakistani family with parental consanguinity was presented,
characterized with severe intellectual disability (ID), spastic paraplegia, and deafness. Homozygosity mapping,
integrated single nucleotide polymorphism (SNP) array, whole-exome sequencing, and whole-genome sequencing
were performed, and homozygous variants in TMEM141 (c.270G>A, p.Trp90%), DDHD?2 (c.411+767 c.1249-
327del), and LHFPLS5 (c.250delC, p.Leu84*) were identified. A TmemI141P-TrPo0*/p.Trp90* moyuse model was
generated. Behavioral studies showed impairments in learning ability and motor coordination. Brain slice
electrophysiology and Golgi staining demonstrated deficient synaptic plasticity in hippocampal neurons and
abnormal dendritic branching in cerebellar Purkinje cells. Transmission electron microscopy showed abnormal
mitochondrial morphology. Furthermore, studies on a human in vitro neuronal model (SH-SYSY cells) with
stable shRNA-mediated knockdown of TMEM141 showed deleterious effect on bioenergetic function, possibly
explaining the pathogenesis of replicated phenotypes in the cross-species mouse model. Conclusively, panoramic
variation analysis revealed that multilocus genomic variations of TMEM141, DDHD2, and LHFPLS together
caused variable phenotypes in patient. Notably, the biallelic loss-of-function variants of TMEMI141 were
responsible for syndromic ID.
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ID is characterized by substantial limitations in
intellectual functioning and adaptive behavior [2] and is a
genetically and clinically heterogeneous disorder that can
be accompanied by impairments in motor skills, speech,
and social activities. It has a prevalence of approximately
1% worldwide, presenting a major challenge in clinical
genetics and medicine [3]. However, the genetic
diagnosis of ID remains lacking in most cases [4].
Autosomal recessive (AR) gene defects are the leading
genetic causes of ID in countries with frequent parental
consanguinity, accounting for approximately 1/7th of the
world’s population [5]. Next-generation sequencing
(NGS) reveals novel genetic variants that will expand our
understanding of disease causality and facilitate accurate
diagnosis. Notably, NGS can provide insights into the
relationship between multilocus genomic variation and
disease, particularly when genetically and clinically
heterogeneous diseases, such as NDDs, are considered.
Many transmembrane (TMEM) proteins localized
mainly to mitochondria, endoplasmic reticulum,
lysosomes, and Golgi apparatus cause severe neurological
disorders. For example, variants in TMEM65 (MIM
*616609), TMEM70 (MIM *612418), TMEM147 (MIM
*613585), TMEM63C (MIM *619953), and TMEM67
(MIM *609884) can cause overlapping or somewhat
distinct neurological manifestations [6—10]. Transmem-
brane protein 141 (TMEMI41) has a genomic size of
1974 bp with five coding exons. A full-length TMEM 141
messenger RNA (mRNA) encodes a 108-amino-acid
transmembrane protein mainly localized in mitochondria.
A missense variant (c.162 G>C; p.Arg54Ser) in
TMEM 141 was found in a Utah pedigree with a high risk
for suicide [11], indicating its potential role in neuronal
function and psychiatric conditions. However, little is
known about the function of TMEMI141; therefore, its
specific function remains to be extensively investigated.
Here, we describe a patient from a consanguineous
family presenting with severe ID, spastic paraplegia, and
deafness, which were apparent from early childhood.
Through  pedigree  analysis, single nucleotide
polymorphism (SNP) array analysis, whole-exome
sequencing (WES), whole-genome sequencing (WGS),
and functional studies, we performed panoramic variation
analysis of this NDD family [12] and identified the
recurrent ¢.250delC (p.Leu84*) wvariant in LHFPLS
(NM _182548.4), which causes deafness; a novel
intragenic  deletion, c.411+767 ¢.1249-327del, in
DDHD2 (NM _001164232.2), which causes spastic
paraplegia; and a novel homozygous nonsense variant,
c.270 G>A (p.Trp90%*), in TMEMI141 (NM_032928.4),
which might explain the ID and movement impairment
phenotypes of the patient. To elucidate the function of
TMEM141, we generated and analyzed mice homozygous
for the human variant in the mouse tmeml41 ortholog.
Then, we performed panoramic variation analysis of an

NDD patient with parental consanguinity and identified
biallelic loss-of-function (LoF) variants in three different
genes: LHFPL5S (MIM *609427), DDHD2 (MIM
*615003), and the functionally characterized TMEM141,
accounting for her complex NDD phenotypes.

Materials and methods

Ethical approval and family history

One Pakistani family with severe ID, spastic paraplegia,
and deafness was recruited for the present study. Clinical
information, family history, and peripheral blood samples
were collected from the affected individual and
unaffected individuals in the family after written
informed consent was obtained from each family
member. The study design was approved by the
institutional review board of Chinese Academy of
Medical Science and Peking Union Medical College and
was performed in accordance with the Helsinki
Declaration. Animal care and experiments were approved
by the institutional animal care and use committee of the
Chinese Academy of Medical Science and Peking Union
Medical College.

DNA extraction, SNP 6.0 arrays, WES, and WGS

Genomic DNA was extracted from peripheral blood
samples using a QlAamp DNA blood midi kit (Qiagen,
Hilden, Germany) and quantified using a Nanodrop 2000
spectrophotometer (Thermo Scientific, MA, USA). First,
Affymetrix SNP6.0 arrays were used in assessing copy
number variants (CNVs). Homozygosity mapping was
performed for the mapping of recessive traits in the
consanguineous family. WGS and WES were performed
on the proband and parents for the identification of the
underlying genetic variants in the family. Briefly, an NEB
Next Ultra DNA library prep kit for Illumina (NEB, MA,
USA) was applied for library preparation in WGS, and an
Agilent liquid capture system (Agilent SureSelect Human
All Exon V6, Agilent Technologies, CA, USA) was used
to enrich exome sequences for library preparation in
WES. Finally, DNA libraries were sequenced on an
[llumina platform, and 150 bp paired-end reads were
generated. After data quality control, the obtained reads
were mapped to the GRCh37/hgl9 reference genome
database with Burrows Wheeler Aligner (BWA, 0.7.8-
r455) software. For variant detection, SAMtools (v.1.6),
CoNIFER (v.0.2.2), and Lumpy were used to identify
SNPs, InDels, CNVs, and SVs, and then the data were
annotated by ANNOVAR (v.2017Jun01) for subsequent
analysis. Integrative Genome Viewer (IGV) was used for
sequence data visualization. The functional consequences
of variants were assessed using different in silico
algorithms in the VarCards database. Effects on splicing
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were evaluated using Human Splicing Finder [13].
Candidate variants were assessed using the following
criteria: (1) frequency of less than 1% in public databases,
including the 1000 Genomes database and Genome
Aggregation Database (gnomAD); (2) location within a
coding sequence or near splicing sites; (3) nonsynony-
mous variants; (4) location within the homozygosity
mapping region; (5) not compound heterozygous and de
novo variants. Sanger sequencing was performed to
validate the identified variants in all available family
members. The 7TMEMI41 nonsense variant was
genotyped in DNA samples from 200 unrelated control
subjects.

RNA extraction, cDNA synthesis, and quantitative
RT-PCR (qRT-PCR)

Total RNA was isolated from peripheral blood leukocytes
by using TRIzol LS (Invitrogen, CA, USA), and 2 pg of
RNA was subjected to reverse transcription with
PrimeScript RT Master Mix (Takara Bio, Dalian, China)
according to the manufacturer’s protocol. qRT-PCR was
performed using SYBR Premix Ex Taq (Takara Bio,
Dalian, China) on a Rotor-Gene 6000 (Qiagen, Hilden,
Germany) instrument. The amplification conditions were
as follows: 10 min at 95 °C and 40 cycles of 10 s at
95 °C, 15 s at 60 °C, and 20 s at 72 °C. All the reactions
were run in triplicate, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an endogenous
control. The relative amounts of TMEM141 mRNA were
calculated using the 272ACt method and Roter-Gene Q
series software (Qiagen, Hilden, Germany).

Vector construction and HEK293T cell culture

To observe mutant TMEM141 protein expression and
localization in vitro, wild-type (WT) human TMEM141
and mutant TMEM 141 (p.Trp90*) were constructed and
then recombined with the eukaryotic expression vector
pcDNA3.1. FLAG-tag was fused at the N-terminus of
WT and mutant TMEMI41. Human HEK293T cells,
obtained from American Tissue Culture and Collection,
were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Life Technologies, USA), penicillin
(100 U/mL), and streptomycin (100 U/mL) at 37 °C in
5% CO,. When the cells reached 60%—70% confluence,
the same amounts of plasmids were transfected using
Lipofectamine 3000 (Thermo Fisher Scientific, MA,
USA) according to the manufacturer’s instructions.

Human SH-SYSY neuroblastoma cell culture and
lentiviral infection of SH-SYSY cells

SH-SYSY cells were grown on cover slips at 37 °C and

5% CO; in an RPMI 1640 medium supplemented with
15% FBS and 100 U/mL penicillin/streptomycin. To
silence TMEM141, pHBLV-U6-MCS-CMV-ZsGreen-
PGK-PURO lentiviral vectors with puromycin-resistant
genes were used (Hanbio Biotechnology, Shanghai,
China). The following three shRNAs with different target
sequences were used: GAGGAAGTTTCCATACCCTTT
(TMEM141-RNAi-1), CAAAGACAGGAGCACAGATCA
(TMEM141-RNAi-2), and GTCGGAGAAATGCAACAA
CCT (TMEM141-RNAi-3). SH-SY5Y cells were plated
into 12-well culture plates (5000/well) and infected with a
lentivirus (MOI = 20) 24 h after the cells reached 70%
confluence. Stable single clones were selected after
7 days of puromycin treatment (0.5 pg/mL). TMEM141
expression in the stably infected clones was assessed
using qRT-PCR and Western blot analysis. The shRNA
with the highest silencing efficiency was selected.

Western blotting

A protease inhibitor and a phosphatase inhibitor (Roche,
Basel, Switzerland) were added to the RIPA lysis buffer
(Beyotime, Nantong, China) before the brain tissues or
cultured cells were homogenized. The protein
concentrations were measured using a BCA protein assay
kit (Solarbio, Beijing, China), and equal amounts of
protein (40 pg) were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (Bio-Rad
Laboratories, CA, USA) and then transferred onto
polyvinylidene difluoride (PVDF) membranes (Millipore,
MA, USA). The PVDF membranes were blocked with
5% skim milk at room temperature for 1 h to prevent
nonspecific binding, and immunoblots were incubated
overnight at 4 °C with an anti-TMEMI141 polyclonal
antibody (16092-1-AP; Proteintech, IL, USA). After
primary antibody binding, horseradish peroxidase-
conjugated secondary antibodies were incubated for 1 h at
room temperature. Equal loading was confirmed by
reprobing membranes with antibodies against [-actin
(BMO0627; Boster, Wuhan, China) or GAPDH (5174; Cell
Signaling Technology, MA, USA). Blots were developed
using the ECL method, and band intensities were
quantified using ImageJ Software.

Immunofluorescence staining

For cell culture, the cells plated on poly-D-lysine
(Thermo Fisher Scientific, MA, USA)-coated coverslips
were washed in PBS (20 mmol/L NaH,PO4 and 0.9%
NaCl at pH 7.4) and fixed in 4% paraformaldehyde (PFA)
for 20 min. The cells were then washed in PBS,
permeabilized in PBS with 0.2% Triton X-100, incubated
in blocking buffer (PBS with 1% BSA and 0.02% Triton
X-100), and incubated with the following primary
antibodies:  anti-TMEM141  polyclonal  antibody,
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anti-NeuN (E4M5P) mouse mAb (94403; Cell Signaling
Technology, MA, USA), and anti-Calbindin-D-28K
monoclonal antibody (C9848; Sigma—Aldrich, MO, USA)
in a blocking buffer at 4 °C overnight. The cells were
subsequently washed in PBS and incubated for 1 h at
room temperature with fluorescent secondary antibodies.
After a series of washes, the coverslips were mounted on
glass slides using antifade solution (AR1109; Boster,
Wuhan, China). Confocal imaging was performed using
an Olympus FV1000 confocal microscope.

For tissue sections, the mice were anesthetized and
transcardially perfused with 4% PFA. The brains were
dissected and postfixed at 4 °C in the same fixative. The
tissues were then equilibrated in 15% and 30% sucrose
until section preparation. Sagittal sections (10 um) were
cut using a Leica CM1950 microtome. For double
immunofluorescence,  free-floating  sections  were
processed using Alexa Fluor 488-conjugated goat anti-
rabbit/mouse or Alexa Fluor 594-conjugated goat anti-
mouse/rabbit secondary antibodies.

Immunohistochemistry

After the mice were euthanized, cervical dislocation was
performed. Mouse tissues were collected, fixed in 4%
PFA, and embedded in paraffin. Immunohistochemistry
was performed on 10 pm-thick sections of formalin-fixed
and paraffin-embedded material. The deparaffinized
sections were boiled in sodium citrate antigen retrieval
solution (C1032; Solarbio, Beijing, China) for heat-
induced epitope retrieval, rinsed in Tris-buffered saline
(TBS) (pH 7.4), and kept in 0.3% H,0O, solution for
30 min to suppress endogenous peroxidase activity. The
sections were then washed in TBS with 0.1% Tween
(TBST) and blocked with 5% goat serum for 1 h at room
temperature. The samples were incubated with anti-
TMEM141 polyclonal antibody in an appropriate
blocking buffer overnight at 4 °C. For light microscopy
peroxidase staining, the sections were incubated with
biotinylated secondary antibodies for 1 h at room
temperature, washed in TBST, and incubated with
avidin—biotinylated enzyme complex according to the
manufacturer’s instructions. Finally, the samples were
washed with TBST and developed with 3,3'-
diaminobenzidine (DAB), counterstained with
hematoxylin and mounted using Permount mounting
medium (KGF032; Keygen Biotech, Nanjing, China).

Electron microscopy of TMEM141 intramitochondrial
localization

Enhanced ascorbate peroxidase (APEX), a 28 kDa
genetically encodable electron microscopy tag, was used
to localize the TMEM141 protein through intramitochon-
drial localization [14]. Briefly, we constructed a plasmid

that would fuse APEX- to the C-terminus of TMEMI141.
Next, the plasmids were transfected into cultured
HEK293T cells with Lipofectamine 3000 (Thermo Fisher
Scientific, MA, USA). After 48 h, the transfected cells
were fixed with 2.5% glutaraldehyde in 0.1 mol/L
phosphate buffer (pH 7.4) for 1 h at room temperature
and then were incubated in a freshly diluted solution of
0.5 mg/mL DAB tetrahydrochloride and 10 mmol/L
hydrogen peroxide in 0.1 mol/L phosphate buffer
(pH 7.4) for 30 min at 4 °C. Postfixation staining was
performed using 1% osmium tetroxide for 1 h at 4 °C.
The samples were rinsed for 10 min three times in chilled
distilled water and then incubated in 2% aqueous uranyl
acetate at 4 °C overnight. After gradient dehydration, the
samples were infiltrated in epoxy resin and anhydrous
ethanol with a volume ratio of 1:3 for 30 min, 1:1
overnight, and 3:1 overnight, and then infiltrated in 100%
resin for 1 h three times and polymerized in a vacuum
oven at 65 °C for 24 h. The sections were cut using an
ultramicrotome (Leica EM FC7; Wetzlar, Germany) for
120 kV transmission electron microscopy (JEOL JEM-
1400 Flash; Akishima-shi, Japan).

Generation of Tmem141 P- Trp90%/p. Trp90* myjee

Tmeml41 knock-in (KI) mice were generated by
CRISPR-Cas9, which was constructed by Nanjing
Biomedical Research Institute of Nanjing University
(Nanjing, China). The guide RNA (sequence:
GTCAGAAATGCAGCAATCTC) was targeted to the
mouse TmemlI41 exon 4, and a linearized donor vector
was designed to introduce a nonsense variant into
Tmeml41. Cas9 mRNA, the donor vector, and single
guide (sg) RNAs were coinjected into fertilized mouse
eggs to generate targeted KI offspring. Transplantation
into C57BL/6J mice was then performed. Pups were
genotyped to obtain Tmemi4] KI mice. FO founder
animals were identified by PCR followed by sequence
analysis and were bred to WT mice to test germline
transmission and F1 animal generation.

M-mode echocardiography

To assess cardiac structure and function in vivo,
noninvasive  transthoracic  echocardiography  was
performed using a Vevo 2100 high-resolution imaging
system (40 MHz transducer, FUJIFILM VisualSonics,
Toronto, Canada). The mice were anesthetized by
inhalation of 2% isoflurane and placed in the supine
position on the monitoring platform. The following
parameters were measured: end-diastolic left ventricular
anterior wall thickness (LVAW(d)), end-systolic left
ventricular anterior wall thickness (LVAW(s)), end-
diastolic left ventricular internal dimension (LVID(d)),
end-systolic left ventricular internal dimension (LVID(s)),



Liwei Sun et al.

85

end-diastolic left ventricular posterior wall thickness
(LVPW(d)), and end-systolic left ventricular posterior
wall thickness (LVPW(s)).

Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) was performed to
evaluate brain structure in the mice. The mice were
placed in a flow of warm air to maintain constant body
temperature and were anesthetized by inhalation of 2%
isoflurane. /n vivo imaging of the mouse brain was
performed using an Agilent 7T/R16 MRI scanner
(Agilent Technologies, CA, USA).

Behavioral studies

We used 2-month-old WT and homozygous KI mice and
sex- and age-matched controls in behavioral experiments
according to a previous description with minor
modifications [15,16]. Behavioral experiments were
conducted during the light phase of the light/dark cycle
between 9:00 a.m. and 5:00 p.m. Less stressful tests were
performed first, and each behavioral test was separated by
at least 4 days.

Morris water maze assay

Escape latency, swim distance, and swim speed were
recorded using a camera and calculated using the
SuperMaze system (Shanghai, China). First, the mice
were trained to swim freely for 1 min. For the visible
platform test, the mice were trained to locate an above-
water platform with a visible cue for the first 2 days. For
the hidden platform test, the mice were trained to find an
unmarked and submerged platform for the next 4 days.
The mice completed four trials from four different
quadrants per training day. For the probe test on the final
day, the platform was removed from the pool, and the
mice swam for 1 min. The time spent in the quadrants and
swimming speed were recorded.

Rotarod test

The mice were trained to run in a rotarod at a uniform
acceleration speed of 4—40 rpm/min for 5 min. Speed and
time to fall were recorded for each mouse to reflect motor
performance. The mice completed three trials in a single
day with an interval time of 30 min.

Step-down passive avoidance test

A step-down passive avoidance test was performed 1 day
after the Morris water maze test as described in previous
reports with minor modifications [17]. The equipment
comprised five plastic black chambers with parallel

stainless-steel grids, and a plastic platform was positioned
in a corner of each chamber. Before the training session,
the mice were gently placed on the grid floor, and each
mouse was allowed to adapt for 5 min. Electric current
(36 V) was delivered and maintained for 300 s. The mice
would jump onto the platform to avoid the electric shock,
and the number of errors of each mouse (number of times
that the mouse stepped down from the platform) was
recorded. After 24 h, retention test was performed, the
electric shock was removed, the mice were placed on the
platform, and the step-down latency of each mouse was
recorded. The cutoff time in the training session and
retention session were set at 300 s.

In vitro electrophysiology
Slice preparation

Experiments were performed on 8-month-old C57/BL6
mice. Acute cerebellar slices were prepared from animals
anesthetized with urethane (25%, 1 mL/100 g, Sigma-
Aldrich, MO, USA). After decapitation, the brain was
rapidly removed and transferred to ice-cold artificial
cerebrospinal fluid for slicing (aCSF), where the
hippocampus was isolated from the cortices. The aCSF
contained 125 mmol/L NaCl, 2.5 mmol/L KCI,
1.25 mmol/L NaH,POy4, 25 mmol/L NaHCO3, 10 mmol/L
D-glucose, 2.0 mmol/L. CaCl,, and 1.5 mmol/L. MgCl,
(saturated with carbogen 95% O,—5% CO,). The isolated
hippocampus was glued to an agar cube, and transverse
slices with 380 pm thickness were cut using a slicer
(Leica VT1200S, Wetzlar, Germany). The prepared
hippocampal slices were recovered in oxygenated aCSF
at 30 °C for at least 30 min and then incubated at room
temperature for an additional 1 h before they were
transferred to the recording chamber mounted on the
stage of an upright microscope (Olympus BX50-WI,
Tokyo, Japan), where they were continuously perfused
with oxygenated aCSF by a peristaltic pump (BT100-2J;
LongerPump, Baoding, China) at 7 mL/min and 30.5 £
1°C.

Electrophysiological recordings

Recordings were acquired using an Axopatch 700B
amplifier and Digidata 1440A (Molecular Devices, CA,
USA). Field excitatory postsynaptic potential (fEPSP)
recordings were evoked by activating Shaffer collaterals
with a stimulus pipette (1-2 MQ) placed in the middle of
the stratum radiatum in an area CA3 200400 pm away
from the recording pipette, which was placed in the
middle of the stratum radiatum in area CA1, 75-150 pm
deep into the tissue (Fig.4A). The recording aCSF
contained 125 mmol/L NaCl, 2.5 mmol/L KCI,
1.25 mmol/L NaH,POy, 25 mmol/L NaHCO3, 10 mmol/L
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D-glucose, 2.0 mmol/L. CaCl,, and 1.0 mmol/L MgCl,
(saturated with carbogen 95% 0,—5% CO,). Square-wave
current pulses (100 us pulse width) were delivered using
a stimulus isolator (Isoflex, AMPI, Jerusalem, Israel). For
long-term recording, pulses at an intensity eliciting
40%-50% of the maximal response were delivered as the
baseline level. After a stable baseline was recorded for at
least 30 min, long-term potentiation (LTP) was induced
by theta-burst stimulation (TBS). Two trains of 10 bursts
(5 Hz) were delivered at 20 s intervals. Each burst
comprised four pulses of 100 Hz. Following TBS, the
stimulus frequency was returned to 30 s for 60 min. The
early phase of LTP is the period 50-60 min after
stimulation [18]. The slope of the fEPSP was measured
by fitting a straight line of 20%—-80% of the fiber volley
to the fEPSP amplitude using Clamfit10.7 software. The
mean value (%) of the last 10 min of the baseline was
calculated to demonstrate the stability of the baseline and
was compared with the mean value (%) of the sixth
10 min period after TBS induction. To compare the long-
term synaptic plasticity between groups, significant
differences were analyzed at the sixth 10 min period after
TBS induction.

Golgi staining

Golgi-Cox impregnation was performed according to the
manual of the Hito Golgi-Cox OptimStain kit (Hitobiotec,
TN, USA). After the mice were deeply anesthetized, the
brains of homozygous KI and WT mice were quickly
immersed in the prepared solution (solution 1 mixed with
an equal volume of solution 2) for 14 days in the dark at
room temperature. The brains were then transferred to
solution 3 and left for 48 h at 4 °C. After staining, the
brains were embedded in optimal cutting temperature
compound and then cut into 100 um sagittal sections with
a freezing microtome (Leica CM1950, Wetzlar,
Germany). The sections were then mounted on slides and
dried overnight in the dark. Images were acquired using a
Nikon A1 HD25 microscope with NIS-Elements software
by multiple Z-stack capturing. Next, 3D images were
composed by extended depth of focus, and the dendritic
spines were quantified.

Morphology quantification of dendrites

Imaris software (ver. 9.5, National Institutes of Health, MD,
USA) was used to analyze the Golgi staining of dendrites in
cerebellar Purkinje cells and hippocampal neurons. The
acquired 3D neuron images were imported into Imaris
software and processed into flat 2D maximum-intensity
projection images. Neuron reconstruction was performed
using the filament tracer tool. The largest and thinnest
diameters of the neuron were manually determined to
generate dendrite starting and seed points. Adjusted

thresholds for these points were required to automatically
generate filaments in the neurons of interest, and some
undetected or misidentified branches were corrected
manually with the creation wizard. Data on the total number
of dendrite segments at different levels and the number of
dendritic spines were exported for statistical analysis.

Transmission electron microscopy

Tissue processing was performed as described previously
[19]. Briefly, the mice were deeply anesthetized with
urethane (1.0 g/kg) through the abdomen and perfused
with 0.1 mol/L PBS followed by 4% PFA/2.5%
glutaraldehyde in 0.1 mol/L PBS (pH 7.2). The mouse
brains were dissected and postfixed in 1% OsOs.
Ultrathin sections were stained with lead citrate for
electron microscopy imaging (JEOL JEM-1400 Flash,
Akishima-shi, Japan).

Agilent Seahorse XF cell mito stress assay

To assess mitochondrial bioenergetic function, an Agilent
Seahorse XF cell mito stress assay kit (Agilent
Technologies, CA, USA) was used according to the
manufacturer’s protocol. TMEMI141 knockdown SH-
SYS5Y and WT SH-SYSY cells were plated in a Seahorse
XFe24 cell culture microplate and allowed to attach for
6—8 h before the addition of 150 pL of supplemental
media. The oxygen consumption rate (OCR) was
recorded followed by oligomycin injection in port A
(56 pL) at a final concentration of 1.5 uM, FCCP
injection in port B (62 pL) at a final concentration of
1.0 uM, and rotenone/antimycin injection in port C
(69 pL) at a final concentration of 0.5 uM. Data analysis
was performed using Report Generators software for the
cell mito stress assay.

Quantification of copy numbers and breakpoint
analysis

DDHD? deletion variation was confirmed by quantitative
PCR (qPCR) using a QuantStudio3 real-time PCR system
(Applied Biosystems, CA, USA). The primer pair for
gPCR was as follows: forward, 5'-TCGCAGTGTTTCC
TTGAACT-3'; reverse, 5'-CATCCACACCAGTAGAAT
GCA-3'. The relative copy number (RCN) of the target
sequence was calculated by the 2-2ACt method. The copy
numbers of DDHD? in normal individuals were used as
controls. An RCN of approximately 0.5-fold indicated
heterozygous deletion, and an RCN of 0-fold indicated
homozygous deletion. Gap-PCR was performed using a
primer pair (forward, 5'-ATAGAGTGGGGTGCAGAAG
AATG-3"; reverse, 5-CTCCCCAGAGTAAACATCCC
AC-3") located outside of the DDHD?2 deletion region.
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The cycling profile was as follows: 35 cycles of 30 s
denaturation at 95 °C, 30 s annealing at 60 °C, and 3 min
extension at 72 °C. Approximately 2 kb gap-PCR
products were subjected to 2% agarose gel electropho-
resis and subjected to Sanger sequencing after
purification.

Statistical analysis

All the data were presented as mean + SE and were
analyzed using GraphPad Prism 6.0 software (GraphPad
Software, CA, USA) or SPSS 19.0 software (SPSS, IL,
USA). Comparisons between two groups were performed
using Student’s #-test or analysis of variance (ANOVA),
followed by Tukey’s post hoc test when the data
exhibited a normal distribution in the Shapiro—Wilk
normality test. The standard error (SE) of the mean

normalized to the negative control was determined using
the delta method [20]. Independent-sample #-test or
single-sample #-test was used to compare the data after
delta adjustment. Continuous measurements were
analyzed using repeated ANOVA followed by Bonferroni
post hoc tests. A P value of < 0.05 indicated significant
difference.

Results

Clinical features and genetic analysis of a pedigree
with ID, spastic paraplegia, and deafness

Here, we recruited a four-generation Pakistani NDD
family (Fig. 1A). The proband was a 20-year-old female
who presented with severe ID, developmental delay,
feeding difficulties, language delay, epilepsy, facial
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Fig. 1 Identification of a biallelic TMEM141 variant in the individual from the family with neurodevelopmental disorders (NDDs). (A) Pedigree
of a family with a TMEM 141 nonsense variant. The TMEM 141 variant cosegregated with the phenotype in this family as an autosomal recessive
trait. The arrow indicates the proband, and the asterisks denote the individuals available for genotyping. (B) Facial photographs of IV-2 showing
prominent eyes, mild hypertelorism (eyes were covered in consideration of the patient’s privacy), a short nose with a flattened nasal bridge and a
broad nasal base, mildly cupped ears, and a downturned upper lip. (C) Representative brain MRI of the proband (IV-2) showing diffuse subtle
cerebral and cerebellar atrophy. (D) Schematic representation of the TMEM 141 gene and protein structure (top). Sanger sequence chromatograms
of the proband and a heterozygous carrier of the TMEM 141 variant. Unaffected controls are also shown (bottom). The arrows indicate the sites of
the TMEM141 variant. (E) The Trp90 of TMEM141 is evolutionarily conserved among different species. (F) qRT-PCR of the relative TMEM141
mRNA expression in peripheral blood lymphocytes from the proband and independent control. The data are presented as means + SE (n = 3; P <
0.05). (G) IF staining for TMEM 141 (red) and the mitochondrial marker protein ATP5A (green) indicated that the amounts of mutant protein were
significantly reduced compared to those of the wild-type TMEMI141 although the mutant protein was still located in the mitochondrion.
(H) Immunoblotting of protein lysate from HEK293T cells transfected with wild-type or mutant plasmids showed that the mutant TMEM141
levels were reduced to approximately 40% of control levels. The gray intensity was analyzed using ImagelJ software. The data are presented as
means = SE (n = 3; P <0.05).
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dysmorphism, and bilateral sensorineural hearing loss
since childhood. Dysmorphic features included large eyes
with mild hypertelorism, a short nose with a wide nasal
bridge, slightly protruding ears, and a thin upper lip
(Fig. 1B). She had hypertonia that was more prominent in
the lower limb. Consistent with a recessive mode of
inheritance, the proband was born to healthy first-cousin
parents with an unremarkable pregnancy, delivery, and
medical history. Brain MRI revealed diffuse subtle
cerebral and cerebellar atrophy with prominent sulci and
folia. Subtle fluid-attenuated inversion recovery along the
bilateral medial temporal lobe and peritrigonal region was
noted (Fig. 1C).

Many homozygosity blocks were identified in the
proband’s autosomes using genome-wide SNP genoty-
ping, reflecting consanguinity in the family (Fig. S1A).
To identify the causative variant, we performed WES
analysis of the affected individual and her parents. We
did not detect potential ID-causing single nucleotide
variants that met our filtering criteria and only found one
nonsense variant, ¢.270G>A (p.Trp90*) in TMEMI141
(referred to NM_032928.4), in the critical homozygous
region on chromosome 9q34.3. The variant was
confirmed by Sanger sequencing, and it cosegregated
with the disease as a fully penetrant recessive trait in the
family (Fig. 1D). This variant was predicted to be a
disease- or damage-causing variant by prediction
programs (MutationTaster, 1, disease causing; CADD-
Phred, 37, damaging), and the Trp90 of TMEM141 was
evolutionarily conserved across different species
(Fig. 1E). It was absent in the public databases (gnomAD,
dbSNP, and 1000 Genomes) and was not detected in
chromosomes from 200 ethnically matched control
individuals. The p.Trp 90* variant was predicted to result
in degradation by the nonsense-mediated mRNA decay
(NMD) of TMEM141 or in the synthesis of truncated
protein products lacking the last 18 amino acids.
TMEMI141 showed medium-level damage in Gene
Damage Index (GDI) Prediction (GDI-Phred, 0.909) at
the mode of “Mendelian AR disease-causing genes”.
Therefore, the ¢.270G>A (p.Trp90*) variant in
TMEMI141 may greatly affect phenotypes according to
the prediction in CADD and GDI. Neither gnomAD nor
the Database of Genomic Variants recorded homozygous
LoF variants in TMEM141 or copy number variations
encompassing TMEMI141. Overall, these findings
suggested that AR TMEM141 deficiency is exceedingly
rare in the general population and may be a disease-
causing variant in the family.

Homozygous p.Trp90* variant in TMEM141 causes
deficiencies in TMEM141 mRNA and protein

expression

To evaluate the contribution of the p.Trp90* variant to

TMEM141 mRNA expression, we performed qRT-PCR
in peripheral blood leucocytes. Approximately 40%
reduction in the TMEM141 mRNA level was detected in
the affected individual (IV-2) compared with a control
individual (C), indicating the partial degradation of the
mutant transcripts (Fig. 1F). Subsequently, to further
evaluate the contribution of the p. Trp90* variant to
TMEM141 protein expression, we constructed WT and
mutant TMEM 141 plasmids, expressed these constructs in
HEK293T cells, and tested protein localization and
expression. Immunofluorescence (IF) analysis revealed
that although mutant protein was still located in the
mitochondrion, the levels of mutant protein were
significantly reduced compared with those of WT
TMEM141 (Fig. 1G). Furthermore, immunoblot assays
confirmed that the mutant TMEM 141 levels were reduced
to approximately 40% of the control levels in HEK293T
cells overexpressing the WT or mutant protein construct,
indicating that the p.Trp90* alteration destabilizes the
TMEM141 protein (Fig. 1H). These results suggested that
the nonsense variant in TMEMI41 exerts LoF effect
through the NMD mechanism and decreased protein
stability.

Expression profiles and intramitochondrial
localization of the Tmem141 protein

We assessed the Tmeml41 expression profiles in
different mouse tissues. Tmem141 was initially expressed
on the ninth day of embryonic development (E9) and
reached a stabilized higher level seven days after birth
(P7; Fig.2Aa). Immunoblot assays showed that
Tmeml41 was highly expressed in the heart, kidney,
brain, and liver and weakly expressed in the muscles,
lungs, and spleen in WT mice at P60 (Fig. 2Ab). In the
brain tissue, the cerebellum and hippocampus had the
highest Tmem141 expression levels, followed by the
cerebral cortex; however, low expression levels were
observed in the basal ganglia and brainstem (Fig. 2Ac).
We then tested the specific cellular location of Tmem141
in the mouse brain using IF and IHC, revealing that
Tmem141 was highly expressed in the Purkinje cells of the
cerebellum and hippocampal neurons (Figs. 2B and S2).

TMEM141 was reported as a mitochondrial
transmembrane protein in the Human Protein Atlas
database. To better explore the intramitochondrial
localization of TMEMI141, we constructed an APEX-
TMEMI141-fused plasmid, expressed it in HEK293T
cells, performed DAB staining, and tested TMEM141
protein intramitochondrial localization using electron
microscopy. As shown by electron microscopy, high-
intensity signals were exclusively found in the outer
mitochondrial membrane, suggesting that TMEM 141 was
a mitochondrial outer membrane protein (Fig. 2C).
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Establishment of the Tmem141 KI mouse model and
phenotype analysis

To obtain further support for the pathogenicity of the
Tmemi141 variant in vivo, we generated a Tmemli41 KI
mouse model by inducing the nonsense p.Trp90* variant
in exon 4 of Tmeml41 by CRISPR-Cas9 technology
(Fig. S3A and S3B, homozygous KI mice described as
Tmem 4 ]°-Ttp90%/p.Trp90% heterozygous as
Tmem141WT/p.Tp90* " and wild type as TmemI41WT/WT),
Western blot analysis showed that the expression of
Tmeml41 was significantly reduced in the brains of
Tmem141p-T90%/p.Tp90%  mjce (Fig. S3C and S3D).
Interbreeding of the Tmeml41WT/PTP90* mice yielded
significantly reduced = Tmem141p-TrP90%/p-Tmp90%  pypg
with an unexpected Mendelian ratio (Table S1),
indicating that 7Tmemi41-null mice exhibited partial
embryonic lethality and Tmem 41 played a nonredundant
role in the development of mice. Subsequently, the
anatomical and histological abnormalities from the
Tmem1410-Tp90%/p.Trp90* brain were assessed. No visible
defects were observed in the sizes and structures of the
dissected brains between Tmem]41P-Tp90*/p.Trp90* and
WT littermates at P60, consistent with our MRI results
(Fig. S4A and S4B).

Given that the highest expression level of Tmem141
was observed in the heart, we evaluated the cardiac
structure and function of Tmem 141P-TrP90*/p.Trp90* mjce by
using M-mode ultrasonic testing. However, no obvious
differences in echocardiographic parameters (RVFW,
IVS, LVFW, EF, LVEDD, and LVESD) were found
between the WT and KI littermates at P60 (Fig. SS5),
combined with the absence of cardiac phenotypes in our
proband. We concluded that TMEM141 deficiency might
not primarily affect the cardiac system.

Tmem141°-Trp90*/p.Trp90% mjce exhibit impaired motor
coordination and deficiencies in learning
and memory

We focused on the function of TmemlI41 in the central
nervous system and conducted a series of behavioral
experiments to assess the motor and cognitive functions
of Tmem141-deficient mice. The Tmem 14 ]p-Trp90%/p.Trp90*
mice at P60 exhibited a significant reduction in time
spent on the rotarod compared with WT littermates
(Fig. 3A), suggesting that the LoF variant in Tmemli41]
impaired balance and motor coordination. The
Tmem 14 - Ttp90*/p.Trp90* mice at P60 displayed increased
latency to reach the hidden platform during
training sessions. The probe test showed that the
Tmem141v-Ttp90%/p.Ttp90% mice spent less time in the target
zone than the Tmem141WT/WT mice (Fig. 3C). Therefore,

the Tmem141P-TP90%/p-Tmp90% mice showed deficiencies in
hippocampus-dependent spatial learning and memory in
the Morris water maze test. Passive avoidance memory
requires proper functioning of the hippocampal
formation. Thus, the step-down passive avoidance test
was used to assess the degree of retention of a fear
memory by measuring the latency time and error times
for an animal to enter a place where it previously
experienced mild electrical foot shocks during training
sessions. The step-down passive avoidance test showed
that the Tmem141P-TP90%/p.Trp90* mice had a significantly
decreased step-down latency, indicating that passive
avoidance memory was impaired (Fig. 3B).

Tmem141°-Trp90*/p-Trp90% mijce exhibit deficient
synaptic plasticity in hippocampal neurons and
abnormal dendritic branching in cerebellar
Purkinje cells

Consistent with TmemlI41 tissue-specific expression
pattern and previous behavioral studies, our behavior test
results suggested that Tmeml41P-T90%/p.Trp90%  pmytant
mice displayed learning and memory impairments. Thus,
we evaluated hippocampal long-term potentiation (LTP),
a physiological form of synaptic plasticity involved in
learning and memory. LTP was impaired in the
Tmem141°-Ttr90*/p.Ttp90* ' moyuse model, consistent with
our behavioral experiment results (Fig. 4A).

To investigate whether motor incoordination and
cognitive impairments were related to structural and
functional synaptic defects, we explored alterations in
these regions in the Tmeml41P-TP90*/p.Tp90* mice by
investigating the morphology of hippocampal neurons
and cerebellar Purkinje cells using Golgi staining given
that Tmem141 was highly expressed in the hippocampus
and cerebellum at the protein level, However, Golgi
staining revealed that the hippocampal neurons of the
Tmem141v-Ttp90%/p.Ttp90% mice showed typical filopodium
and thin dendritic spines compared with those of the WT
mice that often displayed stubby, mushroom, and
branched types, suggesting that the synaptic plasticity of
hippocampal neurons was affected (Fig.4B and 4C).
Additionally, different levels of dendritic branches of
cerebellar Purkinje cells were calculated using Imaris
software. Tmem141°-T90*/p.Tp90* mice showed fewer
primary dendritic branches and fewer stretching
directions of branches than TmemI4IWTWT mice
(Fig. 4D—4F), indicating that the complexity of the
dendritic  branching pattern may decrease in
Tmem 14 - Tp90*/p.Trp90* mice. These events may affect
the function of cerebellar Purkinje cells, further affecting
the function of the cerebellum associated with motor
coordination.
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Fig. 3 Impaired motor coordination and learning ability of TmemI41PTP90*/p.T90* mice. (A) Rotarod test showing that the
Tmem141°-Tp90%/p.Ttp90* mice exhibited a significant reduction in time spent on the rotarod compared with WT littermates (n = 7; P < 0.01).
(B) Step-down passive avoidance test displaying that the Tmem 410-T90*/p.Ttp90* mjce had a significantly decreased step-down latency compared
with WT littermates (n = 7; P < 0.05). (C) Morris water maze test. a. Spatial search paths of Tmem 1410 T090*/p.Trp90* and Tmem 141WVT'WT mice on
the first day (day 1) and fourth day (day 4) in the hidden platform test. b. Hidden platform test showing that the Tmem141P-T90%/p.Trp90* mjce
exhibited increased latencies to reach the hidden platform compared with WT mice (n = 7; P < 0.001). c. Probe test showing that the
Tmem1410-T90%/p.Trp90* mice spent less time in the target zone than WT mice (n = 7; P < 0.05). d. Visible test showing that compared with WT
mice, Tmem141p-T090*/p.Tp90* mice exhibited slightly increased latencies to reach the visible platform (z = 7; P > 0.05). The mice used for

behavioral experiments were all 2 months old.

TMEM141 deficiency may affect mitochondrial
morphology and bioenergetic function

TMEM141 is a mitochondrial outer membrane protein;
therefore, we examined mitochondrial morphology with
electron microscopy. In contrast to regular WT
mitochondria, mutant hippocampal neurons and
cerebellar Purkinje cells aberrantly increased, enlarged
mitochondria with irregular and swollen crests, and
obvious cavitation, and their internal structures
disappeared (Fig. 5A).

To assess mitochondrial function, we estimated ATP
production rates and mitochondrial respiration with the
Agilent Seahorse XF cell mito stress assay kit. TMEM 141
knockdown SH-SYSY cell cultures were generated by
stable infection with lentiviral vectors loaded with
TMEM 141 shRNA, and cells infected with empty vectors
were used as controls. SH-SYSY cell cultures were

seeded in a Seahorse XFe24 cell culture microplate, OCR
was recorded, and oligomycin, FCCP, and rotenone/
antimycin were injected. ATP production and
mitochondrial respiration decreased when TMEM 141 was
knocked down, suggesting that mitochondrial
bioenergetic function was affected (Fig. 5SB—5D).

Variants in DDHD2 and LHFPLS5 cause spastic
paraplegia and hearing loss

In addition to the nonsense variant in TMEMI41, we
found two variants in DDHD?2 and LHFPLS5 by WGS and
WES analysis of the proband and her parents. These two
variants were confirmed by Sanger sequencing. The
variant in DDHD? cosegregated with spastic paraplegia,
and the variant in LHFPLS5 cosegregated with hearing
loss as a recessive trait in this family.

We found a homozygous intragenic deletion,



92 Panoramic analysis of a family with neurodevelopmental disorders caused by multilocus loss of function

A a Tmem141V7WT Tmem 14 1v-Two0%/p-Trp90* >
Recording electrode g
SCATHEETSS "o 10 ms
= T
3 = £
ea £
mb— « o
N o = Baseline = = 60 min after application of TBS
® Tmem141V"VT
350 ok = Tmem 4]0 Two0"
C o r
o 350, ® Tmem[4 1%V £ 300 I
2 3001 u Tmem 4 [P0 Tmo0* = 6\,3 250
H < 2504 2 <200 .
B2 W e
N °é. 1501 ‘ g = 100
g IOO*MT --------------------------------- 5 50
& 504 TBS - 5 ¢ ¢ =
e 5
0 10 20 30 40 50 60 70 80 90 & & &S
; - S
Time (min) &° &°
NG NG
B Hippocampal neurons C
=
§ o Tmeml41¥"NV!
'\‘"_ o 30~ u Tmem 4 v Tm90*/p.Trpo0*
E e s 28 | .
2 ' ! ! g o .
&~ £ = 204 2=
s < 8
2 o~ 2 s
£ S £ s
£ L7 2 E 104
= > ~E
~ @ (-
£
V
S
D E F
= 15
E ] WT/WT
S 400- = ® Tmemli41
T - 58 = Tmem [4 [ T090"/p-Tpo0*
b =
: £E300{ v . ETI0;
~ = 5 R s © g
*C = . w
E S 200 g g
o — O S = 51
£ s g g3
: | & £ 100 &
2, &3
X 0- 0 ~
5 | SND R ON T SINLILLIITE
& ; Branch order
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mouse hippocampal neurons. Different types of dendritic spines are denoted (red arrowheads, stubby; yellow arrowheads, mushroom; blue
arrowheads, branched; red asterisks, thin; and blue asterisks, filopodium). Scale bar in a: 50 pm; scale bar in c: 100 um; scale bars in b and d:
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c.411+767 ¢.1249-327del, in DDHD2 by WGS analysis
of the proband (Fig. 6A), and it was validated by qPCR
performed on a segment located in the deletion region
(Fig. 6B). We amplified the deletion junction and

confirmed a 14 028 bp deletion in this gene by Sanger
sequencing (Fig. 6C and 6D). Deleterious variants in
phospholipase DDHD?2 are associated with AR hereditary
spastic paraplegia 54 (SPG54), which causes lower limb
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Fig. 5 Morphology and bioenergetic function of the mitochondrion were affected by TMEMI141 deficiency. (A) Electron microscopy of
hippocampal neurons and cerebellar Purkinje cells aberrantly increased, enlarged mitochondria with irregular and swollen crests appeared, internal
structures disappeared, and cavitation became prominent in the Tmem14 1P TP90%/p.Tip%0* mice, (B) Normalized oxygen consumption rates (OCR)
during a mitochondrial stress test for SH-SYS5Y cell cultures (NC, wild-type SH-SYSY cell cultures; MOCK, SH-SYS5Y cells infected with empty
vector; TMEM141-KD, SH-SYS5Y cells infected with TMEM141 shRNA vector). The results were normalized according to the number of cells in
the NC group. (C) Relative ATP production of SH-SY5Y cell cultures in three different groups (normalized to the NC group). The results showed
that reduced ATP was produced in TMEM141-KD cell cultures (n = 5; P < 0.01). (D) Basal respiration and maximal respiration of SH-SY5Y cell
cultures in three different groups indicated weaker respiration in TMEM141-KD cell cultures than in the NC group (n =5; P < 0.05).

spasticity, weakness, and ID [21]. The homozygous
microdeletion we identified in DDHD2 may account for
motor impairments, hypertonia in the lower limb, and ID
in the proband to a certain extent. In addition, we
identified a homozygous one-nucleotide-deletion variant
¢.250delC (p.Leu84*) in the LHFPLS5 gene in the proband
that was pathogenic for nonsyndromic hearing loss
(NSHL) [22]. Therefore, severe bilateral sensorineural
hearing loss presented in the proband may have resulted
from this nonsense variant (Fig. S1B).

Discussion

NDD is a highly heterogeneous disease group with many
biological pathways affected by pathogenic variants [23],
reflecting the complexity of normal brain development
[24]. Indeed, our NDD patient needed multiple molecular
diagnostic approaches involving more than one clinical
diagnosis and more than one genetic locus, each of which
is segregated independently. Thus, panoramic variation

analysis is imperative to analyze the disease phenotypes
resulting from multilocus genomic variation [12].

In the present study, we characterized an NDD patient
presenting with variable phenotypes of severe ID, spastic
paraplegia, and deafness, who was bormn to
consanguineous parents. Given that the heterogeneity of
the clinical phenotype, panoramic variation analysis,
pedigree analysis, SNP 6.0 array analysis, WES, WGS,
and functional studies were applied to capture
genotype—phenotype correlations or disease mechanisms.
Pathogenic variants in LHFPLS cause AR NSHL [22].
The ¢.250delC (p.Leu84*) variant in LHFPLS5, previously
shown to be associated with NSHL [25], caused deafness
in this family. In addition, disease-causing variants in
DDHD2 cause SPG54 [21], which belongs to a
genetically  heterogeneous  group  of  disorders
characterized by distal axonopathy of the corticospinal
tract motor neurons. SPG54 mainly leads to early-onset
spastic paraplegia, which may be accompanied by mild-
to-moderate ID and movement impairments [26, 27]. A
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Fig. 6 Identification of the DDHD?2 deletion variant in the proband with NDDs. (A) IGV displaying the WGS results of [V-2 and WES results of
III-1, indicating that the proband (IV-2) harbored a deletion variant from exon 4 to exon 10 of DDHD2. (B) qPCR of an amplicon located in the
deletion region, validating the intragenic deletion. The values presented are the means of triplicate determinations + SE. The unaffected individual
(IV-1) was set to 1.0 relative copy number. (C) Amplification of the deletion junction showing cosegregation of the deletion variant with the
phenotype in this family. M: marker. C: normal control. (D) Sanger sequence chromatograms and a schematic representation of the DDHD?2

deletion breakpoint. The overlapping sequence is highlighted.

novel intragenic deletion in DDHD?2 (c.411+767 c.1249-
327del) was responsible for spastic paraplegia and ID to a
certain extent in the affected family member. Given that
the phenotype of severe ID was identified in our patient,
we considered further variant detection to provide a more
comprehensive explanation for her phenotype.

Notably, a novel homozygous nonsense variant was
detected in TMEMI41 (c.270G>A, p.Trp90*) in the
patient. TMEM 141 belongs to the transmembrane protein
family, which is poorly characterized although essential
for metastatic processes [28]. Additionally, some
transmembrane protein family members have been

associated with overlapping neurological manifestations.
For example, variants in TMEM65, which encodes the
mitochondrial inner membrane protein, result in
mitochondrial myopathy with severe neurological
manifestations [6], variants in TMEM?70 cause isolated
ATP synthase deficiency and neonatal mitochondrial
encephalocardiomyopathy [7], and variants in TMEM 147
cause ID with facial dysmorphism [8]. TMEM63C, which
regulates the endoplasmic reticulum and mitochondrial
morphology, is responsible for childhood-onset hereditary
spastic paraplegia and ID [9]. Variants in TMEM67 cause
cerebellar atrophy, mild ID, adolescent-onset dementia,



Liwei Sun et al.

95

vertical gaze palsy, and ataxia [10]. Furthermore, AR
TMEM141 deficiency is exceedingly rare in the general
population. Therefore, we speculated that LoF variants in
TMEMI141 are disease-causing variants; however, the
biological function of TMEMI4] must be extensively
investigated. To explore its specific molecular function,
we first located TMEM141 at the tissue level, revealing
its ubiquitous expression in cerebellar Purkinje cells,
hippocampal neurons, and cerebral cortical neurons in the
brain. Our extensive behavioral analyses, including the
Morris water maze, rotarod test, and step-down passive
avoidance test, showed that the Tmem 4 1p-Ttp90*/p.Trp90*
KI mice recapitulated a subset of behavioral symptoms
found in patients with TMEM 141 variants, suggesting its
role in motor coordination and learning ability.
Additionally, TMEM141 was specifically expressed in
the outer mitochondrial membrane. Mitochondria are
fundamental components for metabolic homeostasis in all
multicellular eukaryotes. Particularly in the nervous
system, mitochondrion-generated ATP is required to
establish appropriate electrochemical gradients and
reliable synaptic transmission [29]. The dendritic,
somatic, axonal, and presynaptic segments of neurons
have different energy demands, which require local
adaptation of energy supply and local cellular signals
interconnecting neuronal and mitochondrial metabolic
activity [30]. Outer-membrane proteins integrate
mitochondria into the cellular environment, and
dysfunction in mitochondrial outer membrane proteins
leads to neurological impairment; for example, LoF
variants in translocase of outer mitochondrial membrane
70 (TOMM70, MIM *606081) result in variable white
matter disease and neurological phenotypes [31]. In our
study, the disruption of this protein led to dysfunction in
mitochondrial morphology and bioenergetic functions,
including ATP production rates and mitochondrial
respiration. Consequently, LTP and synaptic plasticity
were impaired, leading to learning and memory defects,
which may explain the neurodevelopmental characteris-
tics of the patient. Whether TMEM141 is involved in the
assembly of specific hippocampal circuits remains to be
determined. In addition, TMEM141 is highly expressed in
the heart; however, cardiac ultrasonography performed on
the Tmem14 - TP90*p.Trp90* mijce showed no obvious
myocardial disease or significant impairment in
morphology. This finding was consistent with the clinical
phenotype in our patient. Generally, we identified a novel
causative gene, TMEMI41, responsible for ID and
movement impairments. Because of our limited quantities
of collected pedigrees and heterogeneity of the NDD
clinical phenotype, we suggested that more cases of
patients with TMEM 141 LoF variants must be reported to
enhance our understanding of its comprehensive
phenotype and explore its further biological functions.

In the present study, we concluded that high-throughput

sequencing methods, such as WGS, can robustly
strengthen  the  identification of  disease—gene
relationships. However, for clinically overlapping but
distinct NDDs, panoramic variation analysis is suggested
followed by analysis of multiple lines of independent
evidence to trace multilocus genomic variation. In
summary, panoramic  variation analysis on a
consanguineous couple segregating to one affected child
with descent variants for NDD, spastic paraplegia, and
deafness, revealed the multilocus genomic variants of
LHFPL5, DDHD?2 and novel ID-causing gene TMEM141.
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