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Bi-allelic loss-of-function variants in TMEM 147 cause moderate to
profound intellectual disability with facial dysmorphism and pseudo-
Pelger-Huét anomaly
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TMEM147 plays an important role
in protein localization and
biogenesis. We discovered that
individuals with bi-allelic
TMEM147 loss-of-function variants
show a neurodevelopmental
disorder associated with facial
dysmorphism and pseudo-Pelger-
Huét anomaly. In primary cell
lines, we observed nuclear envelope
instability accompanied by lamin B
receptor mislocalization and ER-
translocon dysfunction.
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REPORT

Bi-allelic loss-of-function variants in TMEM147
cause moderate to profound intellectual disability
with facial dysmorphism and pseudo-Pelger-Huét anomaly
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Summary

The transmembrane protein TMEM147 has a dual function: first at the nuclear envelope, where it anchors lamin B receptor (LBR) to the
inner membrane, and second at the endoplasmic reticulum (ER), where it facilitates the translation of nascent polypeptides within the
ribosome-bound TMCO1 translocon complex. Through international data sharing, we identified 23 individuals from 15 unrelated fam-
ilies with bi-allelic TMEM147 loss-of-function variants, including splice-site, nonsense, frameshift, and missense variants. These affected
children displayed congruent clinical features including coarse facies, developmental delay, intellectual disability, and behavioral prob-
lems. In silico structural analyses predicted disruptive consequences of the identified amino acid substitutions on translocon complex
assembly and/or function, and in vitro analyses documented accelerated protein degradation via the autophagy-lysosomal-mediated
pathway. Furthermore, TMEM147-deficient cells showed CKAP4 (CLIMP-63) and RTN4 (NOGO) upregulation with a concomitant reor-
ientation of the ER, which was also witnessed in primary fibroblast cell culture. LBR mislocalization and nuclear segmentation was
observed in primary fibroblast cells. Abnormal nuclear segmentation and chromatin compaction were also observed in approximately
20% of neutrophils, indicating the presence of a pseudo-Pelger-Huét anomaly. Finally, co-expression analysis revealed significant corre-
lation with neurodevelopmental genes in the brain, further supporting a role of TMEM147 in neurodevelopment. Our findings provide
clinical, genetic, and functional evidence that bi-allelic loss-of-function variants in TMEM147 cause syndromic intellectual disability due
to ER-translocon and nuclear organization dysfunction.

Intellectual disability (ID) is defined as a significant impair- wide panel of neurodevelopmental disorders of variable
ment in intellectual and adaptive functioning with onset severity and presentation." With the growing use of
during the developmental period and encompasses a massively parallel sequencing technologies, hundreds of
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genes have recently been linked to ID (either syndromic or
not), thus involving countless molecular pathways in its
pathophysiology.”* Yet, despite this incredible leap in
recent knowledge, many affected individuals still remain
without definite molecular diagnosis and adequate genetic
counseling. This observation supports the fact that many
more ID-associated genes are still to be discovered.

TMEM147 (MIM: 613585), located at 19q13.12, encodes
the ubiquitously expressed 224 amino acid transmem-
brane protein 147, an integral membrane protein with
seven transmembrane domains.® This protein is highly
conserved in the animal kingdom with, respectively,
99% and 78% amino acid identity with mouse’s and
zebrafish’s orthologs.® Very little is currently known about
TMEM147’s function. Previous studies using immunohis-
tochemical analyses, co-immunoprecipitation assays, and
yeast two-hybrid approach showed that TMEM147 is
located in the membrane of the endoplasmic reticulum
(ER) and that it regulates activity of many other proteins.*°
Among these are the nicalin (encoded by NCLN [MIM:
609156]) and NODAL modulator 2 (NOMO, encoded by
NOMO2 [MIM: 609158]), two other transmembrane pro-
teins of the ER of which TMEM147 is a major binding part-
ner, or cholinergic receptor muscarinic 3 (encoded by
CHRM3 [MIM: 118494]).>° In particular, nicalin and
NOMO have been described as antagonists of Nodal
signaling during mesodermal patterning in zebrafish.” Ni-
calin is related to nicastrin, one of the y-secretase proteins
involved in Alzheimer’s disease.”®

A recent study identified a 360 kDa ribosome-associated
complex comprising the core Sec61 (translocon) channel
and the five accessory factors, transmembrane and coiled-
coil domains 1 (TMCO1), coiled-coil domain-containing
protein 47 (CCDC47), and the nicalin-TMEM147-NOMO
complex, localized at the ribosome exit tunnel, organized
around a central membrane cavity revealed by cryo-elec-
tron microscopy.” The translocon is a highly conserved
multi-subunit protein complex that consists of three sub-
units (Sec6la, Sec61p, and Sec61y) functioning as a pro-
tein-conducting channel connecting the cytoplasmic and
luminal spaces on either side of the ER membrane. Within

the translocon, pathogenic variants involved in a human
disease have so far only been identified in SEC61A1 (MIM:
609213), which encodes one of the Sec61a subunits of the
translocon complex, generating an autosomal-dominant-
inherited condition named tubulointerstitial kidney dis-
ease 5 (MIM: 617056), responsible for nephropathy with
ID.'” Among the accessory factors, recessive pathogenic
variants in TMCO1 underlie cerebrofaciothoracic dysplasia
(MIM: 213980)""'* and recessive pathogenic variants in
CCDC47 are responsible for trichohepatoneurodevelop-
mental syndrome (THNS [MIM: 618268]).'* Both condi-
tions are associated with moderate to severe intellectual
disability and dysmorphic facial features.

Besides its localization at the ER membrane, TMEM147
also localizes at the nuclear envelope, where it interacts
with the C-terminal domain of the lamin B receptor
(LBR), anchoring it to the inner membrane.'® LBR is a
lamin-binding protein from the inner nuclear membrane
with sterol reductase activity that provides, together with
lamins, essential heterochromatin docking sites at the nu-
clear envelope.'®'” In mouse models, the absence of both
LBR and lamin A/C leads to loss of peripheral heterochro-
matin and an inverted architecture with heterochromatin
localizing to the nuclear interior.'® In humans, heterozy-
gous pathogenic variants in LBR (MIM: 600024) are associ-
ated with Pelger-Huét anomaly (MIM: 169400)'? and Rey-
nolds syndrome (MIM: 613471),”° while bi-allelic variants
are associated with Greenberg skeletal dysplasia (MIM:
215140)*' and rhizomelic skeletal dysplasia with or
without Pelger-Huét anomaly (MIM: 618019).>*** Pelger-
Huét anomaly is characterized by abnormal nuclear shape
and chromatin organization in blood granulocytes.
Affected individuals show hypolobulated neutrophil
nuclei with coarse chromatin. Homozygous individuals
have ovoid neutrophil nuclei as well as varying degrees
of developmental delay, epilepsy, and skeletal abnormal-
ities.?! In mouse, deletion of the LBR N-terminal domain
recapitulated Pelger-Huét anomaly without disrupting X
chromosome inactivation.”*

In HeLa cells, knockdown experiments of TMEM147 with
an RNAi approach suggested a significant reduction of
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Hoechst, H3K9me3, and LBR staining accompanied by a
mislocalization of LBR to the ER, indicating potential de-
faults in chromatin condensation.'® By contrast, ER markers
cytoskeleton-linking membrane protein CKAP4 (CLIMP-63)
and RNT4 (NOGO) were upregulated.'>”> CKAP4 is a non-
glycosylated type II ER membrane protein.”®*’ Restricted
localization of CKAP4 to the reticular part of the ER is medi-
ated by self-association that retains the protein in the ER*®
and limits its mobility in the membrane.”?” The cytoplasmic
segment of CKAP4 binds to microtubules, both in vivo and
in vitro, and overexpression of the protein leads to a parallel
rearrangement of ER and microtubules, suggesting that the
protein links ER membranes to the microtubule cytoskel-
eton.”” RTN4 is a member of the reticulon family of proteins
and is critical for regulating the tubular structure of the
ER.?>!? Excess RTN4 limit ER luminal transport, Ca®"
release, and induced pluripotent stem cells (iPSCs)-derived
cortical neuron’s axonal extension, while RTN4 elimination
reverses the effect.”’

However, despite all previously developed elements, the
involvement of TMEM147 in human pathology remains un-
certain to this day. Through an international data sharing
mainly facilitated by GeneMatcher,** we gathered 23 indi-
viduals from 15 unrelated families with bi-allelic pathogenic
TMEM147 variants (Table S1, Figure 1A). We obtained
informed consent from all affected individuals or their legal
representative for the sequencing procedures and the publi-
cation of their results along with clinical and molecular data.
Special consent forms were signed authorizing publication
of pictures when relevant. The study was performed within
the framework of the GAD (“Génétique des Anomalies du
Développement”) collection and approved by the appro-
priate institutional review board of Dijon University Hospi-
tal (DC2011-1332). These affected individuals displayed
overlapping clinical features including moderate to pro-
found ID, developmental delay, behavioral problems, and
facial dysmorphism (Table 1, Figure 2A, extended clinical in-
formation is available in Table S2).

Ten individuals were female (43%) and 13 male (57%).
Family history was unremarkable for all families but one
(F12) in which a younger sibling died of a possibly unrelated
disorder, as familial segregation analysis showed that she
was not homozygous for the same TMEMI147 variant as
the proband (Figure 1B). Heterozygous carriers were healthy.
Twenty individuals were born to consanguineous parents
(87%). Most individuals were born following uneventful
pregnancies and deliveries (18/23, 78%); one pregnancy
was marked by severe intrauterine growth retardation at
27 gestational weeks, facial dysmorphism evocative of Cor-
nelia de Lange syndrome and preeclampsia (i3 — F3-IV-3),
two were marked by reduced placenta flow (i6 — F5-1V-2
and 8 - F6-V-5), another one was marked by a neonatal hyp-
oxic ischemic event (120 — F13-1I-3), and one individual
delivered by C-section for fetal distress and meconial amni-
oticfluid (i1 - F1-1I-1). She was admitted in neonatology dur-
ing her first days of life with feeding and breathing diffi-
culties. Delivery was at full term for 17 individuals (74%),

at 37 weeks for four individuals (i15 - F9-1I-1, i19 - F12-II-
1,120 - F13-1I-3, i21 — F14-II-1), and at 35 weeks for two in-
dividuals (i3 — F3-IV-3, i5 — F4-1V-9), all from different fam-
ilies. Birth measurements were within normative values for
most individuals; however, five presented a birth weight
below —3 standard deviations, including four from the
same family (i3 - F3-1V-3, i7 - F6-V-2, i8 - F6-V-5, i9 - F6-V-
6, 110 - F6-V-7) and i3 (F3-IV-3), who also presented birth
length and orbitofrontal circumference (OFC) below —3
standard deviations (Table S2). Data on growth parameters
upon last follow-up were collected at heterogenous ages
and mostly within normative values. However, eight indi-
viduals (35%) presented at least one measurement below
—2 standard deviations. Amongst them, four presented iso-
lated microcephaly that was not present at birth. Detailed
measurements are presented in Table S2.

All individuals had global developmental delay and in-
tellectual disability. Language delay was severe: upon their
last follow-up, eight individuals (36%) had developed no
speech at all, 12 (55%) could only babble or speak a few
words, and only two (9%) could make short sentences.
Of note, one individual was too young at his last examina-
tion for a reliable language evaluation (i23 — F15-V-3, age 1
year). Gross and fine motor skills were impaired for all in-
dividuals, although less severe than language delay, as
most children were ambulatory by 5 years of age. Behav-
ioral problems were observed in 15 individuals (65%)
who shared a common tendency of self-injury. Other
recurrent behavioral problems included hyperactivity,
aggressivity, and outbursts of anger. All individuals pre-
sented ID, which was considered severe for all but one in-
dividual (either through neuropsychological testing or
simple clinical evaluation).

All individuals (22/22, one missing information) dis-
played consistent facial dysmorphisms including coarse
facies, prominent forehead, board depressed nasal root,
tented mouth, long smooth philtrum, and low-set ears as
major features (Table 1, Table S2, Figure 2A). We performed
a computer-assisted facial visualization® from all available
photographs in order to generate a “typical” face for a per-
son with this TMEM147-associated disorder by using the
Facer program (https://github.com/johnwmillr/Facer).
These analyses confirmed that morphological features
were marked in TMEM147-related disorder and high-
lighted some of the morphological features identified in
the individuals: high forehead, long philtrum, tented
mouth (Figure 2). It is noteworthy these facial particular-
ities led attending physicians to clinically and indepen-
dently suspect either an RAS-associated disorder or a chro-
matinopathy. Among the 11 individuals for whom a
cardiac ultrasound was available, two presented a patent
foramen ovale, one presented an atrial septum defect,
and one a large patent ductus arteriosus. Neurological ex-
aminations were mostly unremarkable or limited to signs
related to motor-development delay. Of note, three
individuals (14%) presented with hypotonia, two had
tonic seizures (9%), and one had synkinesis with mirror
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Figure 1.

Individuals with TMEM147 germline variants identified in the cohort

(A) Representation of TMEM147 (purple) with its seven helices. Metadome constraint plot and distribution of exomic regions are re-
ported above the TMEM147 model. Families with disease-causing variants are reported below. Homozygous variants are indicated in
bold. Nonsense and frameshift variants are indicated in red, splice-site variant in blue, and missense variant in black.

(B) Family pedigrees and segregation analysis of the identified variants. “A” represents the wild-type allele and “a” the mutated one.
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Table 1. Clinical features of the TMEM147 cohort

Individual i12 13 i14 15 i16 17 {18 19 i21 i22 i23

family iTF1 i2F2 i3F3 i4F4 i5F4 i6 F5 i7 F6 i8 F6 i9F6 i10F6  i11F7 F8 F8 F8 F9 F10 F10 F11 F12 i20F13 F14 F15 F15 Total

Sex F F F M M F F M F M M M F F M F M F M M M M M  10F/
13M

Age at last 16y 8y 2y 13y 4y3m 6y6m 9ylm 2yllm 6y 3y2m 2y6m 14y 8y 6y 3y 8y Sy 18y 2y 4y6m 14m 6y ly N/A

follow-up

Motor delay ~ + + + + + + + + + + + + + + + + + o+ + + + + +  23/23

Walking age 2y Sy na 4y na 3y 4y na Sy na na 3y 3y 3y 3y UN UN 3y 15y na na na na N/A

Intellectual + + UN + + + + + + + + + + + + + + + + + + + ty  21/21

disability

Severity UN se UN IQ: 50 1IQ: 45 1Q: 53 1Q: 48 1Q: 35-40 1Q: 45 1Q: 35 1Q: se se se UN se se se mo se UN IQ:35 ty N/A

20-25

Speech ability sw ns ba ss ns SW swW ns sw ns ns ns SW ns Sw ss SW SW SW sw ba ns UN 22/22

upon last

examination

Behavioral + + - + + + + + + + + - - - UN + + + - + - + - 15/22

problems

Neurological — + - + - - - - - - + + - - - - - + - - - - + - 6/23

abnormalities

Facial + + + + + + + + + + + + + + 4+ + UN + + + + + +  22/22

dysmorphism

Brain MRI - - - + + + + + + + + UN UN UN - UN UN + + + - + + 13/18

abnormalities

M, male; F, female; y, years; m, months; na, not acquired; UN, unknown; ty, too young; se, severe; mo, moderate; sw, single words; ns, no speech; ba, babbling; ss, short sentences; N/A, not applicable.
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Figure 2. Photos of the affected individuals included in the cohort and brain MRI results

(A) Affected individuals showed consistent coarse facial features. A merged image was obtained by the Facer tool.

(B) Brain MRI of individuals with TMEM147 disease-causing variants. Thin corpus callosum is present in all individuals whose brain MRIs
were available. Subcortical atrophy with ventricle enlargement is observed in all individuals except i22 (F15-V-1) and i9 (F6-V-6) and was
more pronounced in i10 (F6-V-7) at 10 months of age, associated with a cortical atrophy. According to age, myelination remains poor on
MRI performed at S years of age (i5 — F4-IV-9, i6 — F5-1V-2, and i9 — F6-V-6), particularly in the temporal white matter with a hypersignal
flair of the periventricular white matter in two individuals.
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Figure 3. Structural analysis of the p.Gly7Arg, p.lle133Asn, and p.Arg166Trp variants
(A) Cartoon representation of the ER translocon structure (PDB: 6W6L).” The five proteins involved in the transmembrane channel are
colored: Nicalin (yellow), Sec61 (green), TMCO1 (cyan), CCDC47 (purple), and TMEM147 (pink). Ribosomal proteins and RNA are pre-
sented in gray. Membrane position is indicated with the lumen. Nascent protein sequence is shown as orange spheres inside the ribo-
some structure.
(B) Structural representation of TMEM147 and its main partners. For better visualization, ribosomal proteins and RNAs have been
masked. Three dotted squares indicate the magnified regions used to model the variant effects. Squares 1, 2, and 3 indicate the enlarged
regions used to model the p.lle133Asn, p.Gly7Arg, and p.Argl66Trp variants, respectively.

(legend continued on next page)
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movements of the hands that spontaneously resolved dur-
ing childhood. Brain MRIs were available for 18 individuals
and were mostly normal but revealed features including
enlarged ventricles, thin corpus callosum, and white mat-
ter hyperintensities that were evocative of myelination
delay alongside with mild cerebellar atrophy without
dysplasia in some individuals. Cortical and subcortical at-
rophy was marked in only one individual (i10 - F6-V-7).
Myelination delay was mostly observed in posterior re-
gions (temporal lobes) with visible improvement upon
follow-up (i5 — F4-1V-9, available MRIs at 2 and 5 years of
age). Corpus callosum was thin in most individuals but
never dysplastic (Figure 2B).

Twelve different variants were identified and included
stop-gain (3/12), frameshift (4/12), missense (3/12), and
splice-site variants (2/12) (Table S1, Figure 1). Interestingly,
one missense variant (c.398T>A [p. lle133Asn] [GenBank:
NM_032635.4]) was found in five different families (F3
living in France but from North African ancestry, and F4
to F7 coming from Egypt), while a different missense
variant (c.19G>C [p.Gly7Arg]) was found in two different
families (F10 living in the United States and F11 coming
from French and Spanish ancestries). All splice-site,
nonsense, or frameshift variants but the c.540_543dup
(p.Val182Leufs*66), which is 12 nucleotides before the
last exon-intron junction, were predicted to result in
nonsense-mediated mRNA decay (NMD).***” However, in
the p.Vall82Leufs*66 variant, the last 45 amino acids, en-
coding the C-terminal domain of the protein encompassing
almost one third of the 6" and the entire 7" helix, were re-
placed by a sequence of 66 amino acids with no significant
similarity to any known human protein. Regarding the
splice-site variants c¢.344+5G>A and ¢.345—-1G>T, in silico
analysis predicted them to suppress the activity of the
donor splice-site of exon 4 (137 nt) and the acceptor
splice-site of exon 5 (85 nt), respectively (Figures S2A-
S$2D). Both were predicted to alter the reading frame of the
transcript (Figures S2A and S2C),*® eventually resulting in
nonsense-mediated mRNA decay. A minigene approach
was established in order to measure the functional readout
of the ¢.3444+-5G>A variant, confirming exon 4 skipping
(Figure S2E). Most variants were present in gnomAD, but
none were present at a homozygous state (Table S1). Given
the prevalence of bi-allelic variants predicted to result in
loss of function (LoF, i.e., nonsense, frameshift, and

splice-site variants) and a congruent phenotype spectrum
in the cohort, the identified missense variants were pre-
dicted to alter protein stability and function. Indeed, the
three missense variants affected conserved amino acids
but were predicted to variably impact protein function
according to CADD,** PolyPhen2,*® GERP,*' REVEL,**
3Cnet,** and Metadome™** algorithms (Figure 1, Table S1).

To provide functional insight into the impact of the
TMEM147 variants, we performed an in silico structural
analysis. Gly7 is located in the transmembrane domain
1, at the beginning of the «-helix 1. Ile133 is located at
the beginning of o-helix 5 between the transmembrane
domains 3 and 4, while Arg166 is located at the beginning
of a-helix 6 where the transmembrane region initiates
(Figure S1). The 3D structure of the translocon was
recently resolved by cryo-electron microscopy (PDB:
6W6L, Figure 3A)° and used here to further explore the
possible functional impact of the three missense changes
(Figures 3B and 3C). Considering the p.Gly7Arg substitu-
tion, the arginine extension was predicted to push into
the TMCO1-facing amino terminal region, creating a steric
conflict with the Phe96 (Figure 3, insert 2, asterisks). Simi-
larly, p.lle133Asn generated tensions with the adjacent
amino acids in TMEM147 (data not shown) and its
extension towards nicalin, would cause potential clashes
with three amino acids in nicalin: Phe524, Leu527, and
Leu528 (Figure 3, insert 1, asterisks). The c.496C>T
(p-Argl66Trp) variant changed the surface environment
and net charge. Even though this side of the chain is not
in direct contact with other proteins of the ER translocon,
it is located in the vicinity of the membrane itself and the
transmembrane part of the o-helix 6. Such drastic changes
in both conformation and charges could explain the insta-
bility observed for this variant (Figure 3, insert 3).

To validate the impact of the identified missense variants
on TMEMI147 stability, we generated three VS5-tagged
TMEM147 mutants and assessed the protein level of each
in transiently transfected COS-1 cells, basally and after 1 h
of treatment with the protein synthesis inhibitor cyclohexi-
mide (CHX). Immunoblotting and relative quantitative
analyses revealed a variably reduced level of the three
TMEM147 mutants, indicating that the tested variants
significantly impact TMEM147 stability; p.Gly7Arg was the
most unstable and p.Argl66Trp was the least (Figure 4A).
Treatment with bafilomycin, a late-stage inhibitor of

(C) Cartoon representation of TMEM147 presenting the three enlarged regions. In the larger dotted inserts, the wild-type situation for
each amino acid is displayed as stick. 1, Ile133; 2, Gly7; and 3, Argl66. In the adjacent insert, the mutated amino acid is modeled as a
comparison. Only the side chains are represented in purple, leaving the a-carbon as a pink ribbon representation. Hydrogens have been

masked for better visualization.

(D) (1, left) Surface rendering of the Ile133 area. The a-helix faces the carboxy-terminal region of Nicalin. (1, right) Surface rendering of
the Ile133Asn variant as a model. From the 11 possible rotamers for asparagine in this context, the one causing the minimum of con-
straints was selected. (2, left) Surface rendering of the Gly7 area. The molecule was rotated by 90° and viewed from above. (2, right) Sur-
face rendering of the Gly7Arg variant as a model. From the 24 possible rotamers for arginine in this context, all of them are causing mild
to severe steric clashes with TMEM147 itself or the surrounding polypeptidic chains. The rotamer causing the lowest degree of pertur-
bation was arbitrarily selected. (3, left) Surface rendering of the Arg166 area. (2, right) Surface rendering of the p.Arg166Trp variant as a
model. From the seven possible rotamers for tryptophan in this context, all of them are causing mild steric clashes with TMEM147. The
rotamer causing the lowest degree of perturbation was arbitrarily selected. Dotted shapes indicate the positions of the amino acids in the

chain.
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Figure 4. Biochemical characterization of the TMEM147 mutant proteins and immunostainings in fibroblasts

(A) Accelerated degradation of the TMEM1474%7S (R7G), TMEM147"€1334s0 (1133N), and TMEM 1471661 (R166W) proteins. Immu-
noblot analysis shows WT and variant V5-tagged TMEM147 protein levels in transfected COS-1 cells, basally and after CHX (10 pg/mL)
or bafilomycin (200 nM) treatment. GAPDH was used as loading control. Representative blots (below) and mean = SD densitometry
values (above) of three independent experiments are shown. Asterisks indicate statistically significant differences compared with WT
TMEM147 (****p < 0.0001; ***p < 0.001; **p < 0.05; two-way ANOVA followed by Tukey’s multiple comparison test).

(B) Subcellular localization of transiently expressed V5-tagged WT or mutant TMEM147 proteins in COS-1 cells under steady-state con-
ditions revealed by confocal microscopy analysis. Cells were stained with the anti-V5 monoclonal antibody (red). Co-localization anal-
ysis was performed using the endoplasmic reticulum marker calnexin (green). Merged images with nuclei (Hoechst 33342 staining, blue)
are displayed on the right. Scale bar, 10 pm.

(C) Quantification of mean fluorescence signals = SEM detected in (D). Three technical replicates were performed per cell line. A total of
150 measurements per cell line were performed. Asterisks indicate statistically significant differences compared with cell lines from

(legend continued on next page)
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autophagy and lysosomal protein degradation, rescued the
reduced levels of all mutants (Figure 4A), indicating that
accelerated degradation of TMEM147 mutant proteins oc-
curs via the autophagy-lysosomal pathway. We then imaged
COS-1 cells transiently transfected with plasmids encoding
V5-tagged TMEM147, and we confirmed the localization of
the wild-type (WT) protein to the endoplasmic reticulum,
where it colocalizes with calnexin (Figure 4B). Assessment
of the subcellular localization of the TMEM147 mutants
showed that, similarly to the WT protein, all tested proteins
colocalized with calnexin, indicating proper targeting to the
endoplasmic reticulum (Figure 4B).

Next, we sought to investigate the functional readout of
TMEM147 bi-allelic loss of function in derived primary cul-
tures. For this purpose, we obtained primary fibroblast cells
from il (F1-II-1) and i22 and i23 (F15-V-1 and F15-V-3,
respectively) with compound heterozygous nonsense
c.486C>G (p.Tyr162*) and frameshift ¢.100_118del
(p.Lys34Serfs*33) variants or the homozygous p.Arg166Trp
missense variant in TMEM147, respectively. ER markers
CKAP4 (CLIMP-63) and RTN4 were significantly upregu-
lated in TMEM147 individuals as compared to healthy
volunteers (Figures 4C-4E). This upregulation was accom-
panied by a concomitant parallel rearrangement of ER,
indicating that in absence of TMEM147, morphological
and physiological changes take place (Figure 4D and 4E).
TMEM147-deficient cells were previously shown to alter
LBR localization. We thus performed LBR localization
analysis in fibroblasts from healthy controls and affected
individuals and observed that it was restricted to the nu-
clear envelope in the former, while it was evenly distrib-
uted throughout the nucleus in the latter condition
(Figure 5A). Interestingly, nuclei from affected individuals
were associated with a higher risk of showing abnormal
segmentation as compared to cultures from healthy indi-
viduals, indicating that LBR mislocalization could cause
nuclear instability (Figures 5D and 5C).

Finally, we hypothesized that hematological abnormal-
ities such as Pelger-Huét anomaly would likely be present
in TMEM147-null individuals. Cytological examination of
the blood smear frequently revealed lobulation defects of
the neutrophils (Figures 5D and S3A), with forms of hypo-
segmentation similar to the Pelger-Huét anomaly, although
with a lower proportion, bilobed aspects in the shape of a
sack with two round or oval lobes connected by a thread of
chromatin, rare chromatin clumping, and frequent nuclear
appendices (caryoschizes or drumsticks), isolated or associ-
ated with the preceding abnormalities. These cytological ab-
normalities concerned about 15%-25% of neutrophils and
were also identified in sparse eosinophils, indicating that
the anomaly affects all granulocytes but is most evident in
polymorphonuclear neutrophils (Figure S3B). None were

observed in platelets, red blood cells, lymphocytes, and
monocytes. Formally, these hematological features could
not be classified as a typical Pelger-Huét anomaly, but rather
pseudo-Pelger-Huét anomaly because the majority of mature
granulocytes were not bilobed, although they clearly be-
longed to the same phenotypic spectrum.

TMEM147 is widely expressed in the developing human
brain (GTEx: https://gtexportal.org/home/). To further
explore the relevance of TMEMI147 function during
neurodevelopment, we studied its correlation with an
established set of neurodevelopmental disorder (NDD)-
associated genes.*® By using the ARCHS4 database (ARCHS4:
https://maayanlab.cloud/archs4/),* we observed that
TMEM147 expression is significantly correlated to this group
of genes in the brain (Figure S4A, p value < 0.01) and that
this correlation of expression patterns is brain specific
(Figure S4B). To further support this tissue-specific correla-
tion, NDD genes with correlation values greater than |0.3|
with TMEM147 were also analyzed by means of GTEx data-
base. Consistently, the cluster analysis highlighted that the
co-expression profile of TMEM147 and its most correlated
NDD-associated genes clustered in two main groups,
one of which specifically containing all brain sites, indi-
cating a tissue-specific correlation among these genes
(Figure S4C). Although several individuals in our cohort
presented white matter abnormalities such as white matter
atrophy, thin corpus callosum, dilated ventricles, enlarged
cortical sulci, and possible myelination delay, it is
noteworthy that TMEM147-related disorders cannot be
considered as primary white matter disorders but rather as
encephalopathies. Indeed, the lack of upper-motor neuron
syndrome in all individuals, the presence of global hypoto-
nia in several individuals, and the overall lack of clear white
matter hypomyelination or demyelination in the available
brain MRI is congruent with an encephalopathy rather
than a leukodystrophy. Interestingly, among the list of
NDD genes with strong co-expression with TMEM147,
nine genes correlated with the HPO term “encephalopathy”
(HP: 0001298), i.e., CDKL5 (developmental and epileptic
encephalopathy [MIM: 300672]), CLTC (intellectual
developmental disorder, autosomal dominant 56 [MIM:
617854]), KMTZ2E (O’Donnel-Luria-Rodan syndrome
[MIM: 618512]), NRXN1 (Pitt-Hopkins-like syndrome 2
[MIM: 614325]), SCN1A (developmental and epileptic en-
cephalopathy 6B, non-Dravet [MIM: 619317]; Dravet syn-
drome [MIM: 607208]; febrile seizures, familial, 3A [MIM:
604403]), SCN2A (developmental and epileptic encephalop-
athy 11 [MIM: 613721]), TCF4 (Pitt-Hopkins syndrome
[MIM: 610954]), UNC80 (hypotonia, infantile, with
psychomotor retardation and characteristic facies 2
[MIM: 616801]), and WDR45 (neurodegeneration with
brain iron accumulation 5 [MIM: 300894]).

healthy individuals: control 1, control 2, and control 3 (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; one-sample Wilcoxon test,

based on the average of the three control samples).

(D and E) Localization analysis of CKAP4 (CLIMP-63) (D) and RTN4 (E) in fibroblasts from i1, i22, and i23 and healthy control individ-

uals (only control 1 is shown in the figure). Scale bar, 20 pm.
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Figure 5. LBR localization, nuclear morphology in fibroblasts, and Pelger-Huét-like anomaly in granulocytes

(A) Localization analysis of LBR and actin in fibroblasts from i1, i22, and i23 and healthy control individuals (only control 1 is shown in
the figure). Scale bar, 20 pm. The inset in control 1 line shows a higher magnification of the nucleus indicated by the dashed square.
Actin staining shows that TMEM147 does not affect gross cell morphology.
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The American Journal of Human Genetics 109, 1909-1922, October 6, 2022 1919



The individuals in our cohort presented global develop-
mental delay with particularly severe speech delay (only
one individual could make short sentences upon last
follow-up) and psychomotor delay. Even though all individ-
uals had delayed motor milestones, they all eventually ac-
quired walking, although gait was often described as imper-
fect or unsteady. Clinical follow-up revealed that fine motor
skills were also impaired. Severe intellectual disability was
observedin all individuals. Beyond these developmental fea-
tures, the individuals’ phenotype was mostly made of
marked facial dysmorphism. Of note, the facial features
of a large proportion of these individuals were suggestive
of a RASopathy or a chromatinopathy.”’ " For some,
sequencing of a panel of genes associated with these diseases
was performed. However, Episign analysis revealed a
genome-wide DNA methylation profile incompatible with
all 59 episignatures assessed, including chomatinopathy
conditions such as Cornelia de Lange, Rubinstein-Taybi,
Coffin-Siris, and Wiedemann-Steiner syndromes. A typical
positive case presents with a methylation variant pathoge-
nicity (MVP) greater than 0.5 and both tested individuals
presented with MVPs of 0.02 or less (Figure S4D).

TMEM147 was originally identified as a protein complex-
ing with NOMO and nicalin.” On the basis of the docu-
mented codependence among the three proteins, dysregu-
lation of TMEM147 is expected to alter the nicalin-NOMO
protein complex and, consequently, the various molecular
pathways it is involved in. Nicalin-NOMO interaction has
been shown to modulate (antagonize) the Nodal pathway.”
For instance, previous efforts had shown that the Nodal
pathway is paramount in early embryonic development
where it takes part in mesoendoderm induction,®' right-
left patterning,®*°* and neural patterning as Nodal antago-
nism is required for the formation of neuroectoderm.®’
Some actors of the TGF-B superfamily even take part in
the final patterning of the vertebrate central nervous sys-
tem.>* Overall, these elements made TMEM147 an even
stronger candidate for neurodevelopmental disorders.

Here, we described a cohort of 23 affected individuals
identified through an international collaboration who
harbored bi-allelic disease-causing variants in TMEM147,
thus offering a clinical profiling of a neurodevelopmental
disorder caused by TMEM147 loss of function. Splice-site,
nonsense, or frameshift disease-causing variants were
largely represented in our cohort. Missense variants, result-
ing in accelerated degradation of the mutated protein via
the autophagy-lysosomal pathway, were identified in
several unrelated families showing consistent clinical fea-
tures. No phenotypic differences between affected individ-
uals with predicted loss-of-function versus missense variants
were noted. The analysis of primary fibroblasts and granulo-
cytes provided functional evidence of endoplasmic reticu-

lum and the nuclear envelope dysfunction. Interestingly,
previous experiments had shown that TMEM147 knock-
down results in a drastic decline of LBR protein levels, an
altered diffusional mobility of LBR, and its relocation to
the ER in HeLa cells.'®> However, our experiments demon-
strate that the diffusional mobility of LBR is not accompa-
nied by decreased protein levels in primary fibroblast cells
from affected individuals. TMEM147 is ubiquitously ex-
pressed, however co-expression data suggested a strong cor-
relation with neurodevelopmental genes linking subcellular
dysfunction to key genes involved in brain development.

Overall, TMEM147 should be considered as a gene
responsible for intellectual disability, developmental delay,
and facial dysmorphism and should be considered as a po-
tential differential diagnosis with chromatinopathies or
RASopathies.
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Figure S1 TMEM147 protein organization. (A) Clustal Q alignment between the human, rat
and mice sequences of TMEM147. The three sequences are 224 amino acid long and share
above 99% identity. The seven transmembrane domains are indicated above the alignment
and the a-helix regions are indicated below (from UniProt: Q9BVK8 and AlphaFold: AF-
Q9VBK8-F1). Mutation positions are shown in red on a yellow background in the human
sequence. The alignment was imaged with the TEXshade package in LaTeX.

(B) Membrane protein topology plot. The seven transmembrane domains are represented
spaced by short loops. Mutation positions are indicated in pink boxes and the wild-type amino
acid as a red diamond in the sequence string. Amino acids colored orange are considered
external, green ones internal and yellow ambivalent in the structure. The plot was generated
based on data found both in the UniProt and the AlphaFold databases using the TEXtopo
package in LaTeX.
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Figure S2 Splice-site variants predictions and minigene results. SpliceAl score-based drawing
(SpliceVl - 3 billion) and Alamut (Sophia Genetics) prediction of ¢.345-1G>T (A-B) and
c.344+5G>A (C-D) splice-site variants. (E) Minigene analysis of the c.344+5G>A variant
showing exon 4 skipping. The construct backbone (L3) utilized for this analysis is shown on
the left. The red arrowhead indicates the position of the intronic variant. Reverse
transcription polymerase chain reaction (RT-PCR) products obtained from wild-type (WT) and
mutated (Mut) minigene constructs. The Sanger sequencing results of the amplicons obtained
from the minigene analysis are shown on the right, confirming the inclusion of exon 4 in the
WT construct and exon skipping in the Mut construct.
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Figure S3. Pseudo-Pelger-Huet anomaly identified in additional TMEM147 individuals. (A)
Chromatin clumping, hyposegmentation, bilobed nuclei, carioschizes, and drumsticks (red
arrows) observed in neutrophils of i6, i7, i8, and i9 (F5-1V-2, F6-V-2, 5 and 6 respectively).(B)
Sparse eosinophils showing nuclear anomalies observed in TMEM147 individuals.
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Figure S4 TMEM147 co-expression analysis with neurodevelopmental genes and EpiSign
(DNA methylation) analysis of peripheral blood from two cases with variants in TMEM147.
TMEM147 expression profile in different human tissues. (A) The plot shows the distribution
of t-test p-values for Pearson correlations between TMEM147 and NDD gene set in brain
tissues as obtained by permutation testing. Summit p-value = 0.002 [**]. (B) The plot shows
the distribution of t-test p-values for Pearson correlations between TMEM147 and NDD genes
in all tissues as obtained by permutation testing. Summit p-value = 0.071 [ns]. (C) Heatmap
showing TMP (transcripts per kilobase million) values from GTEx database for TMEM147 and
its most correlated NDD genes (>|0.3|). Gene expression profiles are clustered by gene
(vertical clustering) and by tissue (horizontal clustering). (D) A multi-class supervised
classification system capable of discerning between multiple episignatures by generating a
probability score (MVP) for each episignature. A positive score is typically greater than 0.5
and the presentation of all scores as 0.02 or less indicate a profile more similar to controls for
each episignature assessed.



Table S1. Genetic variants identified in the TMEM147 cohort

Individual Genomic coordinates Transcript Protein Familial GnomAD RASopathy or In silico
Family (GRCh37; hgl9) NM 032635.4 segregation frequency Chromatinopathy | predictions
chrl9: indication

il —F1 2.36036812 36036830del ¢.100_118del p.Lys34Serfs*33 Compound 3.99¢-6 RASopathy
2.36038077C>G c.486C>G p.Tyrl62* heterozygous 0

i2-F2 2.36036704C>G c.63C>G p.Tyr21* Compound none

0
2.36037921dup ¢.419dup p-Asnl40Lysfs*21 heterozygous 0
i3-F3 2.36037900T>A c.398T>A plle133Asn homozygous 0 Chromatinopathy | CADD 28
(Cornelia de PP20.98

Lange) GERP 5.11

i4—F4 2.36037900T>A c.398T>A plle133Asn homozygous 0 CADD 28
PP20.98
GERP 5.11
REVEL
0.472
3Cnet 0.859

i5—-F4 2.36037900T>A c.398T>A plle133Asn homozygous 0 CADD 28
PP20.98
GERP 5.11
REVEL
0.472
3Cnet 0.859

i6 —F5 2.36037900T>A c.398T>A plle133Asn homozygous 0 CADD 28
PP20.98
GERP 5.11
REVEL
0.472
3Cnet 0.859

i7-F6 2.36037900T>A c.398T>A plle133Asn homozygous 0 CADD 28
PP20.98
GERP 5.11

i8 —F6 2.36037900T>A c.398T>A plle133Asn homozygous 0 CADD 28
PP20.98
GERP 5.11
REVEL
0.472
3Cnet 0.859

i9 —F6 2.36037900T>A c.398T>A plle133Asn homozygous 0 CADD 28
PP20.98
GERP 5.11
REVEL
0.472
3Cnet 0.859

il0—F6 2.36037900T>A c.398T>A plle133Asn homozygous 0 CADD 28
PP20.98
GERP 5.11
REVEL
0.472
3Cnet 0.859

ill—F7 2.36037900T>A c.398T>A plle133Asn homozygous 0 CADD 28
PP20.98
GERP 5.11
REVEL
0.472
3Cnet 0.859

il12-F8 2.36037715G>A c.344+5G>A p.? homozygous 1.4le-5

il3-F8 2.36037715G>A c.344+5G>A p.? homozygous 1.41le-5

il4—F8 2.36037715G>A c.344+5G>A p.? homozygous 1.41le-5

il5-F9 2.36037846G>T ¢.345-1G>T p.? homozygous 0

il6 —F10 2.36036660G>C c.19G>C p.Gly7Arg homozygous 5.0le-5 RASopathy CADD 27.9
PP2 1.0
GERP 5.4
REVEL
0.345
3Cnet 0.056

il7-F10 2.36036660G>C c.19G>C p.Gly7Arg homozygous 5.0le-5 RASopathy CADD 27.9
PP2 1.0
GERP 5.4
REVEL
0.345
3Cnet 0.056




il8 —F11

2.36036660G>C

c.19G>C

p.Gly7Arg

homozygous

5.0le-5

none

CADD 27.9
PP2 1.0
GERP 54
REVEL
0.345
3Cnet 0.056

il19-F12

2.36037443_36037452del

c.169 172del

p.Phe57Profs*15

homozygous

i20-F13

2.36037892G>A

¢.390G>A

p.-Trp130*

homozygous

i21 —-F14

2.36038131_36038134dup

¢.540 543dup

p.-Vall82Leufs*66

homozygous

1.99¢-5

i22 -F15

2.36038087C>T

¢.496C>T

p.Argl66Trp

homozygous

CADD 25.9
PP2 0.99
GERP 5.64
REVEL
0.206
3Cnet 0.471

i23 -F15

2.36038087C>T

¢.496C>T

p-(Argl66Trp)

homozygous

CADD 25.9
PP2 0.99
GERP 5.64
REVEL
0.206
3Cnet 0.471

@ PP2: PolyPhen2
b 3Cnet cutoff is 0.75




Table S2 Extended clinical features of the TMEM147 cohort



Individual il i2 i3 i4 i5 i6 i7 i8 i9 i10 ill
Family F1 F2 F3 4 F4 F5 F6 F6 F6 F6 F7
Year of birth 2004 2008 2020 2005 2016 2016 2013 2019 2016 2018 2012
Sex female female female male male female female male female male male
Measurements at -1.12/40.35/-1.23 UN -6/-6/-5 -0.98/-1/-1.7 -0.5/+0.3/+05 -0.5/-0.08/-1.11 -4/-1.8/+0.1 -4.3/-1/-0.89 -3.2/-0.88/-1.4 -4/-1.3/-1.7 -1.9/-1.2/-1.5
birth
Age at last follow- | 16y 8y 2y 13y 4y 3m 6y 6m 9y Im 2y 11lm 6y 3y 2m 2y 6m
up
Measurements at -1.5/42.25/+1.5 -0.69/-0.5/UN UN -1.7/+1.3/+2.4 -2.1/41/-1.2 -1/-1/-1.5 -0.8/-1.5/-2.3 -1.7/-1.8/-1.6 -1.2/-2.3/-1 -1.6/-1.6/-1.6 -1.8/-1/-4.6
last follow-up
Motor delay + + + + + + + + + + +
Walking age 2y Sy not acquired 4y not acquired 3y 4y not acquired Sy not acquired not acquired
Intellectual + + UN + + + + + + + +
disability
Severity UN severe UN 1Q: 50 1Q: 45 1Q: 53 1Q: 48 1Q: 35-40 1Q: 45 1Q: 35 1Q: 20-25
Language delay + + + + + + + + + + +
Speech ability single words no speech babbling short sentences no speech single words single words no speech single words no speech no speech
upon last
examination
Behavioral outbursts of anger, | aggressivity, - repetitive outbursts of anger, | outbursts of anger, | outbursts of anger, | outbursts of anger, | outbursts of anger outbursts of anger, | outbursts of anger,
problems hyperactivity, frustration movements, hyperactivity, hyperactivity, hyperactivity anxiety anxiety excessive crying
self-injury intolerance self- outbursts of anger, | anxiety hair-eating
injury hyperactivity
Neurological synkinesis with - general hypotonia - - - - - - bilateral severe tonic seizures
features mirror movements sensorineural
of the hands hearing loss
(childhood),
hypotonia
Facial features coarse facies, coarse facies, thin broad depressed prominent prominent coarse facies, coarse facies, coarse facies, coarse facies, coarse facies, prominent
thick curly hair, upper lip, nasal root, forehead, broad forehead, elongated face, prominent prominent prominent prominent forehead, sparse
hypertelorism, epicanthus synophrys, nasal root, flat hypertelorism, sparse hair, forehead, sparse forehead, down- forehead forehead, curly eyebrows,
low-set ears, synophrys epicanthus, tented nasal tip, large down-slanting prominent eyebrows, slanting palpebral depressed nasal hair, down- depressed nasal
epicanthus large mouth tented mouth, palpebral fissures, forehead, prominent nasal fissures, root, broad nasal slanting palpebral root, broad nose
mouth, thick long philtrum low depressed broad depressed nasal root, triangular synophrys tip, long smooth fissures, tip, smooth
lower lip, sparse set ears nasal root, long root, down- prominent nose, depressed nasal philtrum, big depressed nasal philtrum, tented
eyebrows, broad philtrum, thin slanting palpebral long smooth root, long smooth mouth, low set root, long smooth mouth, low set

depressed nasal
root

upper lip, everted
lower lip, low set
ears

fissures, long
philtrum, tented
big mouth, low set
ears

philtrum, thin
upper lip, low set
large ears

philtrum, tented
mouth, low set
ears

ears

philtrum, tented
mouth, low set
ears

ears

Other Features

kyphosis, fifth
finger bilateral
clinodactyly, flat
feet, valgus feet
transverse palmar
crease, pubic hair
at 5 years 6
months

scoliosis, Sth
finger
clinodactyly,
transverse palmar
crease

transverse palmar
crease

patent foramen
ovale




Brain MRI normal normal normal thin corpus thin corpus thin corpus thin corpus thin corpus thin corpus thin corpus thin corpus
callosum callosum, callosum, callosum, mild callosum, mild callosum, callosum, callosum,
myelination delay enlarged lateral prominent prominent enlarged lateral enlarged lateral hypoplastic lower
ventricles, verminan folia, vermian folia ventricles, ventricles, white vermis
periventricular prominent matter
white matter T2 vermian folia hyperintensities,
hyperintensities prominent

cerebellar folia




Individual 12 13 il4 il5 il6 17 18 i19 20 i21 22 23
Family F8 F8 F8 F9 F10 F10 F11 F12 F13 F14 F15 F15
Year of birth 1996 2002 2004 2018 2013 2016 2004 2019 2016 2020 2006 2010
Sex male female female male female male female male male male male male
Measurements at | within norms within norms within norms UN within norms within norms UN -1.17/-0.77/-0.9 -1/-0.8/-1.7 -1.17+1.5/-1.8 -1/-0.5/+0.9 -1.2/-0.4/+1
birth
Age at last 14y 8y 6y 3y 8y Sy 18y 2 years 4y6m 14m 6y ly
follow-up
Measurements at | within norms within norms within norms -1.2/0/-2.5 UN -2/-2/UN UN +1/-1/+1 -3/-3/-3 -2/-1/+1 -2/-2/-4.6 -1.7/40.2/-2.1
last follow-up
Motor delay + + + + + + + + + + + +
Walking age 3y 3y 3y 3y UN UN 3y 1.5y not acquired not acquired not acquired not acquired
Intellectual + + + + + + + + + + + too young
disability
Severity severe severe severe severe severe severe severe moderate severe UN 1Q: 35 too young
Language delay + + + + + + + + + + + UN
Speech ability no speech single words no speech single words short sentences single words single words single words single words babbling no speech UN
upon last
examination
Behavioral - - - UN outbursts of outbursts of Anxiety, - outbursts of - outburst of -
problems anger anger, self-injury | hyperactivity anger, anger, autistic
aggressivity traits
Neurological - - - - - general - - - - tonic seizures -
features hypotonia
Facial features coarse facies, coarse facies, coarse facies, marked coarse facies, UN long face, coarse facies, coarse facies, coarse facies, prominent prominent
synophrys, synophrys, synophrys, epicantus, large hypertelorism, exophoria, prominent synophrys, prominent forehead, forehead,
epicanthus, long epicanthus, epicanthus, ears, tented sparse hair, prognathism, forehead marked forehead, sparse depressed nasal depressed nasal
smooth philtrum, | broad nasal root, broad nasal root, mouth, short synophyrs, full everted lower epicanthus, thin epicanthus, flat eyebrows, root, broad nose root, broad nose
elongated face smooth philtrum, | smooth philtrum philtrum lips lip, anteverted upper lip nasal tip, long epicanthus, tip, prominent tip, prominent
big m01l1th, thin big mouth inverted nasal tip floppy ears srpooth philtrum depressed nasal nares, short nares, long
upper lip big tented root, long philtrum, tented philtrum, tented
mouth, elongated | philtrum tented mouth, low set mouth, low set
face mouth ears ears
Other features elbows ichthyosis ichthyosis atrial septal kyphoscoliosis, patent foramen - - - -
arthrogryposis defect, large pes planus, long ovale
patent ductus and slender
arteriosus fingers and
toes, late
puberty
Brain MRI UN UN UN normal UN UN posterior white reduced white Periventricular normal thin corpus thin corpus
matter matter volume and occipital callosum mild callosum, mild
hyperintensity white matter T2 frontoparietal frontoparietal

hyperintensities,
myelination
delay

cortical atrophy,
wide
interhemispheric
fissure, bilateral
mild deep
sylvian fissure,

cortical atrophy,
wide
interhemispheric
fissure, bilateral
mild deep
sylvian fissure,




periventricular
and occipital
white matter T2
hyperintensities

periventricular
white matter T2
hyperintensities

ay:years

® m: months

¢ na: not acquired

4 UN: unknown

€ ty: too young

fse: severe

& mo moderate

h sw: single words
"'ns: no speech

I'ba: babbling

k'ss: short sentences
' Measurements were expressed as standard deviation scores of weight, height and head circumference respectively




Supplemental material and methods

Protein modelling and in silico analysis

The ER translocon structure! was fetched from the Protein database (PDB id:6W6L) and
displayed using PyMol version 2.5.2 (https://pymol.org/). All proteins were displayed as
cartoon views. When necessary, surface was added to the polypeptide chains with the
transparency set to 0.3. The PyMol Wizard tools was used to model the different mutations
inside TMEM 147 sequence. For each mutation studied, the WT amino acid was first visualized
as sticks inside the cartoon representation, leaving only the side chain colored. Surface view
was generated as mentioned above. Then the amino acid was mutated accordingly and made
visible in the same manner. When steric clashes were reported for the possible rotamers by
the wizard tool in PyMol, the least severe situation was selected. A putative view was
modeled and oriented to match the WT situation. The alignment in Figure S1 was obtained
with the TEXshade package in LaTeX.2 The plot was generated based on data found both in
the UniProt and the AlphaFold databases using the TEXtopo package in LaTeX.3

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), phosphate-buffered
saline (PBS), glutamine and antibiotics were obtained from Euroclone (Wetherby, UK).
Polyethylenimine (PEI) transfection reagent was purchased from Polysciences (Warrington,
PA). Protease and phosphatase inhibitor cocktails, cycloheximide (CHX) and bafilomycin Al
were from Sigma-Aldrich (St. Luis, MO). Trans-Blot Turbo Transfer Packs were obtained from
Bio-Rad Laboratories (Hercules, CA). ECL Western Blotting Detection reagents were from
Pierce Biotechnology (Rockford, IL). QuiKChange II Site-Directed Mutagenesis kit was

purchased from Stratagene (La Jolla, CA). pcDNA6.2/V5-HisA eukaryotic expression vector,



and Hoechst 33342 staining solution were from Invitrogen (Carlsbad, CA). The following
antibodies were used: mouse monoclonal anti-V5 (R96025, Invitrogen); mouse monoclonal
anti-GAPDH (SC-32233, Santa Cruz, Dallas, CA); rabbit polyclonal anti-calnexin (ab 10286,
Abcam, Cambridge, UK); mouse monoclonal anti-CKAP4 (anti-CLIMP-63; ABS669-0100 Enzo
Life Sciences, Farmingdale, NY, USA); rabbit polyclonal anti-RTN4 (anti-NOGO; ab47085
Abcam - Cambridge, UK); rabbit polyclonal anti-LBR (HPA062236 Sigma Aldrich, St. Louis,
Missouri, USA); anti-actin horseradish peroxidase-conjugated anti-mouse (31450, Invitrogen);
goat anti-mouse conjugated to Alexa Fluor 594 (A-11020, Invitrogen); goat anti-mouse
conjugated to Alexa Fluor 568 (A-11031, Invitrogen) for fibroblast cell staining; goat anti-
rabbit conjugated to Alexa Fluor 488 (A-11070, Invitrogen for COS-1 cell staining or A-11034,
Invitrogen for fibroblast cell staining). Actin staining was obtained using ActinRed™ 555

ReadyProbes™ reagent (R37112, Invitrogen).

Constructs

The entire coding sequence of WT TMEM147 was cloned into the pcDNA6.2/V5-HisA
eukaryotic expression vector. Mutant TMEM147 constructs carrying the p.Gly7Arg,
p.lle133Asn or p.Argl66Trp amino acid substitutions were generated by PCR-based site-
directed mutagenesis using the QuiKChange Il Site-Directed Mutagenesis Kit.* The identity of
each construct was verified by bidirectional sequencing (ABI BigDye terminator Sequencing

Kit v3.1, SeqStudio Genetic Analyzer; Applied Biosystems, Foster City, CA).

Cell culture, transfection, and inhibitor treatment

COS-1 cells were cultured in DMEM medium supplemented with 10% heat-inactivated FBS,
1% L-glutamine, and antibiotics (37 °C, humidified atmosphere containing 5% CO3).

Subconfluent cells were transfected using the PEI transfection reagent according to the



manufacturer’s instructions. Cells were treated with cycloheximide (CHX) (10 pg/mL) or

bafilomycin A1 (200 nM) to analyze protein stability and degradation.

Human primary fibroblasts (healthy control and patient-derived fibroblasts) were cultured in
DMEM High Glucose medium 4.5 g/L (HyClone Thermo Scientific, Waltham, MA)
supplemented with 10% Fetal Bovine Serum (FBS, Thermo Scientific) and 1% ZellShield
(commercial mixture of antibiotics and anti-mycoplasmas reagents) (Minerva, Biovalley,

France). Cells were cultured at 37 °C in a humidified 5% CO, atmosphere.

Cell homogenate and immunoblotting analyses

Cells were lysed in radio-immune precipitation assay (RIPA) buffer, pH 8.0, supplemented
with protease and phosphatase inhibitors. Lysates were centrifuged at 16000g for 20 min at
4 °C, and supernatant protein concentration was determined by Bradford assay, using BSA as
standard. Western blotting (WB) and densitometric analyses were performed as previously

described.*?

Immunohistochemistry and cell staining

Fibroblast cells were seeded 24 hours before labeling in 6-well plates containing coverslips,
2.10° cells per well. Cells were washed with cold PBS and fixed with 4% formaldehyde for 20
min at room temperature. The cells were then incubated with NH4Cl (50mM) solution for 10
min, followed by permeabilization with 0.3% PBS-Triton solution for 7 min, still at room
temperature. Saturation was performed with 1% PBS-BSA, 0.1% Tween 20, 15 min at room
temperature. The primary antibody was incubated at 4°C overnight, diluted in blocking buffer.
The next day, after 3 washes with cold PBS, the 1/1000th secondary antibody was added for
45 min. After 3 washes, nuclei were stained using Hoechst, washed and the mount is made

on slides for microscope analysis.



Fibroblast cell lines were stained with May Grunwald-Giemsa (MGG) staining method to

inspect nucleus morphology.

Imaging

COS-1 cells (15x103%) were seeded on glass coverslips and transfected with the various
constructs for 24 h. Cells were fixed with 4% paraformaldehyde (30 min, 4 °C) and
permeabilized (0.5% Triton X-100, 10 min, room temperature [RT]). Cells were stained with a
mouse monoclonal anti-V5 followed by goat anti-mouse Alexa Fluor 594, and then with a
rabbit polyclonal anti-calnexin followed by goat anti-rabbit Alexa Fluor 488. Finally, nuclei
were stained with Hoechst 33342 solution and glass coverslips were mounted on the
microscope slides by using PBS-glycerol buffer. Confocal laser scanning microscopy analysis
was performed by a Leica TCS-SP8X (Leica Microsystems) equipped with a 405 nm diode laser
and a white light laser (WLL) source using excitation spectral laser lines at 488 nm and 594
nm. COS-1 cells stained only with the fluorochrome-conjugated secondary antibody were
used to set up acquisition parameters. Signals from different fluorescent probes were taken
in sequential scanning mode. Image processing used Adobe Photoshop 7.0 software (Adobe
Systems Incorporated). Microscopic studies in patient-derived primary fibroblasts were
performed at the GAD laboratory with a Zeiss AX10. Image analyses and quantifications were
performed with Image) software. Quantification was obtained by calculating a Correlated

Total Cell Fluorescence (CTCF) parameter with the following equation:

CTCF = integrated density — (area of selected cell x mean fluorescence of background).®

Blood smears were stained using standard May-Griinwald-Giemsa stain and then analyzed on

a Sysmex XN haematology analyser coupled with a DI camera.

Statistical analysis



Statistical analyses were performed using GraphPad Prism software (GraphPad Software, La
Jolla, CA) with a two-way ANOVA followed by Tukey’s multiple comparison test or a one

sample Wilcoxon test.

Transcriptome analysis
ARCHS4, a database with thousands of standardized RNA-Seq datasets (ARCHS4:

https://maayanlab.cloud/archs4),” and Correlation AnalyzeR tool,® were used to calculate co-

expression correlations with respect to tissue and disease (cancer/normal) condition. Pearson
correlation between the TMEM147 expression pattern and those from a previously defined
set of genes mutated in neurodevelopmental disorders® in brain tissues was assessed by
Correlation AnalyzeR R package. The selected gene set included genes with at least three de
novo bona fide loss-of-function (LoF) mutations in unrelated individuals with NDDs and no de
novo LoF mutation in apparently healthy subjects from the denovo-db v.1.6.1 database

(denovo-db: https://denovo-db.gs.washington.edu/denovo-db/),!® and nonredundant de

novo mutations from Satterstrom et al. (2020).1* Statistical significance of correlations was
evaluated by permutation t-test comparing the selected NDD genes to a list of random genes
of the same size. The p-value distribution constructed during permutation testing
approximates the likelihood that TMEM147 and the gene list are more correlated than
expected by random association.® The GTEx database (GTEx:

https://www.gtexportal.org/home/) was used to independently test the brain-specific

correlation of TMEM 147 with the most correlated genes (>|0.3|) of the NDD gene set.

DNA Methylation Data Analysis



Methylation analysis was performed with version 3 of the clinically validated EpiSign assay as
previously described.’?>™%> Briefly, methylated and unmethylated signal intensity generated
from the EPIC array was imported into R 3.5.1 for normalization, background correction and
filtering. Beta values ranging from 0 (no methylation) to 1 (complete methylation) were
calculated as a measure of methylation level and processed through the established support
vector machine (SVM) classification algorithm for EpiSign disorders. The EpiSign Knowledge
Database composed of over 5000 methylation profiles from reference disorder-specific and
unaffected control cohorts was utilized by the classifier to generate disorder specific
methylation variant pathogenicity (MVP) scores. MVP scores are a measure of prediction
confidence for each disorder, ranging from 0 (discordant) to 1 (highly concordant). A positive
classification typically generates MVP scores greater than 0.5 and these scores in combination
with assessment of hierarchical clustering and multidimensional scaling are used in

generating the final matched EpiSign result.
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