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ARTICLE

Mutations in SCNM1 cause orofaciodigital
syndrome due to minor intron splicing
defects affecting primary cilia

Asier Iturrate,!.1> Ana Rivera-Barahona,!21> Carmen-Lisset Flores,-1> Ghada A. Otaify,?

Rasha FElhossini,3> Marina L. Perez-Sanz,! Julidan Nevado,24 Jair Tenorio-Castano,?# Juan Carlos Trivifio,>
Francesc R. Garcia-Gonzalo,!.2.6.7 Francesca Piceci-Sparascio,®® Alessandro De Luca,®

Leopoldo Martinez,1© Tugba Kalayci,!! Pablo Lapunzina,?4 Umut Altunoglu,2.1® Mona Aglan,3.16
Ebtesam Abdalla,!3.1416 and Victor L. Ruiz-Perez!.2.4,16,*

Summary

Orofaciodigital syndrome (OFD) is a genetically heterogeneous ciliopathy characterized by anomalies of the oral cavity, face, and digits.
We describe individuals with OFD from three unrelated families having bi-allelic loss-of-function variants in SCNM1 as the cause of their
condition. SCNM1 encodes a protein recently shown to be a component of the human minor spliceosome. However, so far the effect of
loss of SCNM1 function on human cells had not been assessed. Using a comparative transcriptome analysis between fibroblasts derived
from an OFD-affected individual harboring SCNM1 mutations and control fibroblasts, we identified a set of genes with defective minor
intron (U12) processing in the fibroblasts of the affected subject. These results were reproduced in SCNM1 knockout hTERT RPE-1 (RPE-1)
cells engineered by CRISPR-Cas9-mediated editing and in SCNM1 siRNA-treated RPE-1 cultures. Notably, expression of TMEM107 and
FAM92A encoding primary cilia and basal body proteins, respectively, and that of DERL2, ZC3HS8, and C170rf75, were severely reduced
in SCNM1-deficient cells. Primary fibroblasts containing SCNM1 mutations, as well as SCNM1 knockout and SCNM1 knockdown RPE-1
cells, were also found with abnormally elongated cilia. Conversely, cilia length and expression of SCNM1-regulated genes were restored
in SCNM1-deficient fibroblasts following reintroduction of SCNM1 via retroviral delivery. Additionally, functional analysis in SCNM1-
retrotransduced fibroblasts showed that SCNM1 is a positive mediator of Hedgehog (Hh) signaling. Our findings demonstrate that defec-
tive U12 intron splicing can lead to a typical ciliopathy such as OFD and reveal that primary cilia length and Hh signaling are regulated
by the minor spliceosome through SCNM1 activity.

Introduction

Splicing of eukaryotic introns from precursor messenger
RNAs is accomplished by the major and minor spliceo-
somes, two macromolecular machineries composed of
five uridine-rich small nuclear ribonucleoprotein particles
(U snRNPs) and a collection of auxiliary proteins. U1, U2,
U4, and U6 snRNPs are exclusive of the major spliceosome;
U11, U12, U4atac, and Uéatac are restricted to the minor
spliceosome; and US is shared by the two complexes.'
Major and minor spliceosomes excise different class of in-
tronic sequences. Introns removed by the minor spliceo-
some, also known as minor introns or U12 introns, are pri-
marily distinguished from those spliced by the major
spliceosome (U2 introns) by having specific donor splice
site and branchpoint consensus sequences.'™* Both types

of introns and corresponding spliceosomal complexes are
present in most eukaryotes and are thought to have co-ex-
isted in the last eukaryotic common ancestor.'”> However,
the percentage of Ul2 introns in eukaryotic genomes is
low, and they have been lost in certain organisms.*° In hu-
mans, about 714 genes are featured with U12 introns, the
majority of which have one single minor intron.” Further-
more, minor spliceosome particles are present in cells in a
small proportion, and the excision rate of U12 introns is
considered less efficient than that of U2 introns.®’ In spite
of this, minor intron splicing has a fundamental role in
development.® Inactivation of minor spliceosome genes
was shown to be lethal at early developmental stages in
model organisms, and pathogenic variants in genes encod-
ing minor spliceosome components have been identified
in a handful of human disorders."”*> Microcephalic
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osteodysplastic primordial dwarfism type I (MIM: 210710),
Roifman syndrome (MIM: 616651), and Lowry-Wood syn-
drome (MIM: 226960) are all caused by variants in RNU4A-
TAC (MIM: 601428) encoding U4atac small nuclear RNA
(snRNA). Early onset cerebellar ataxia and CDAGS syn-
drome (MIM: 603116) are associated with mutations in
the gene coding for U12 snRNA (RNU12 [MIM: not avail-
able]), and causative variants in the minor spliceosome
protein RNPC3 (MIM: 618016) were described in isolated
growth hormone deficiency (MIM: 618160). Additionally,
somatic mutations in ZRSR2 (MIM: 300028), a protein
involved in both major and minor splicing, were identified
in myelodysplastic syndrome."*'°

Previous computational studies have revealed that a sig-
nificant number of genes containing minor introns are
related to the biology of the primary cilium.”"'" Vertebrate
primary cilia are nearly ubiquitous organelles composed of
a 9 + 0 axoneme extending from a basal body and a
specialized region between the basal body and the
axoneme named transition zone (TZ). This region includes
a group of bifurcated fibers (Y-links) connecting the
axonemal microtubules to the cilium membrane, which
help maintain the unique protein composition of the
cilium.'*'* Trafficking of proteins within cilia depends
on a specific intraflagellar transport system (IFT)
comprising two multimeric protein complexes, each of
which is in charge of anterograde (IFT-B) or retrograde
(IFT-A) ciliary transport.'* Primary cilia have a major role
in signal transduction and are indispensable for vertebrate
Hedgehog (Hh) signaling, a developmental pathway that
directs the morphogenesis of most vertebrate organs.'*'>
Critical components of the Hh pathway, including the
7-pass transmembrane protein Smoothened (SMO), which
is a principal mediator of Hh signaling, enter or exit the
cilium in response to Hh ligands.'® Earlier work demon-
strated that primary cilia play a dual function in the Hh
pathway because they are required for generating both
GLI-repressors and fully competent GLI transcriptional ac-
tivators, which are the final effectors of Hh signaling.'’-'®

Mutations in genes disrupting the structure or function
of primary cilia underlie a wide range of multi-organ
congenital disorders termed ciliopathies, among which is
orofaciodigital syndrome (OFD).'” Individuals with OFD
have distinctive features involving the face, the mouth,
and the patterning of the autopod. Affected individuals
may also present additional malformations including cere-
bral and/or cerebellar structural anomalies, cystic renal dis-
ease, and skeletal and ocular anomalies. OFD was divided
in different subtypes (OFD I-XIV) according to these extra
findings and inheritance patterns.”>*! Although most in-
dividuals with OFD have mutations in the X-linked gene
OFD1 (MIM: 300170), there is also a proportion of them
that have been identified with pathogenic variants in auto-
somal recessive genes. So far, 18 genes encoding proteins
that localize to the basal body, TZ, or transition fibers, or
are involved in IFT or ciliary biogenesis, have been associ-
ated with OFD.”***

In this manuscript, we reveal that recessive deleterious
mutations in the gene called sodium channel modifier 1
(SCNM1 [MIM: 608095]) cause OFD and demonstrate
that loss of function of this gene results in cilia anomalies
associated with this condition. SCNM1 (GenBank:
NM_024041.4 and NP_076946.1) has seven exons and en-
codes a 230 amino acid protein encompassing a C2H2 zinc
finger (ZF) domain at the N-terminal and a C-terminal
acidic domain. The SCNM1 protein was recently identified
as a new specific component of the minor spliceosome
following purification and structural characterization of
the human minor B*' complex by cryo-electron micro-
scopy (cryo-EM).? Herein, we show that the protein en-
coded by SCNM1 is essential for the splicing of a set of
Ul2 intron-containing genes, some of them linked to
primary cilia, that have relevant functions in human
development.

Material and methods

Genetic studies

SNP-array hybridization was performed as described previously.
In brief, a total amount of 200 ng of genomic DNA extracted
from peripheral blood was hybridized to Illumina CytoSNP-850K
BeadChip SNP-based arrays following the protocol indicated by
the manufacturer (Illumina). We identified homozygous regions
with GenomeStudio software (Illumina) by assessing B allele fre-
quencies for all SNPs. Whole-exome sequencing (WES) of DNA
from peripheral blood was provided by Sistemas Genomicos S. L.
(Valencia, Spain) and NIMGenetics (Madrid, Spain). Exome cap-
ture was carried out with SureSelect Human All Exon Target
Enrichment kit for 51 Mb or SureSelectXT Human All Exon V6
(Agilent Technologies). WES reads were aligned to the human
genome reference sequence GRCh38/hg38/GRCh37/hgl9 and
variant calling was conducted as described earlier”” or with
DRAGEN v3.6.3 software (Illumina). Variants were filtered by mi-
nor allele frequency (MAF; absent or <0.01 in 1000 Genomes Proj-
ect [1000G]*® or gnomAD?’) and by their predicted functional
effect on transcripts (missense, nonsense, indel, or splice site
variants). In addition, variants embedded in homozygosity
regions > 1.5 Mb were prioritized. For Sanger sequencing valida-
tion of genomic variants, PCR products amplified from genomic
DNA were enzymatically purified with ExS-Pure (Nimagen) and
directly sequenced. All studies were performed according to the
Declaration of Helsinki for medical research involving human sub-
jects. The research was approved by institutional ethics commit-
tees of National Research Centre, Medical Research Institute-Alex-
andria University, and Hospital La Paz-CSIC. Parental consent was
provided for clinical and molecular studies and for publication of
photographs.

26

Cell culture and Hh signaling assay

Human dermal primary fibroblasts of an affected individual (P2)
and a control subject (C2) were generated from skin biopsies
with methods described earlier.”” Human neonatal dermal fibro-
blasts purchased from Lonza (CC-2509 neonatal [C1]) or Sigma-
Aldrich (106-05N, neonatal) were included as controls in some ex-
periments. Culturing of primary fibroblasts was carried out in a
humidified atmosphere at 37°C/5% CO, in fibroblast growth
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medium [DMEM supplemented with 10% fetal bovine serum (FBS)
and antibiotic-antimycotic (A-A) solution (Gibco, 100 units/mL
penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL amphoteri-
cin B)]. For the analysis of the Hh pathway, primary fibroblasts
were seeded in fibroblast growth medium at a density of 1 x 10°
cells/100 mm plate (immunoblot), 3 x 10° cells/60 mm plate
(reverse-transcription quantitative PCR [RT-qPCR]) or 5 x 10*
cells/well in 24-well plate (immunofluorescence). After 24 h, cells
were changed to low serum medium (DMEM with 0.5% FBS + A-A)
supplemented with 100 nM SAG (Calbiochem) or its vehicle
(DMSO) and cultured for an additional 24 h before being analyzed.
In all studies, primary fibroblasts from less than ten passages
were used. hTERT-immortalized retinal pigment epithelial cells
(hTERT RPE-1 (ATCC); hereafter RPE-1) were cultured in RPE-1
complete medium (DMEM/F-12 (1:1) supplemented with 10%
FBS and A-A solution). RPE-1 cells were authenticated by short
tandem repeat DNA profiling, and they tested negative for
mycoplasma.

RT-PCR

Fibroblasts or RPE-1 cells were plated in 60 mm dish plates (3 x 10°
fibroblasts/plate; 5.5 x 10° RPE-1/plate) and kept in their corre-
sponding growth medium for 48 h. Subsequently, cells were
washed with PBS and total RNA was extracted with the Speedtools
total RNA extraction kit (Biotools B&M Labs) according to the in-
structions of the manufacturer. 1 pg of RNA was retrotranscribed
with random hexamers and the SuperScript IV First-Strand
Synthesis System kit (Invitrogen). Reverse-transcription PCR (RT-
PCR) reactions were performed with 15 ng of cDNA as template
assuming 1:1 RNA-cDNA conversion. RT-PCR products were sepa-
rated by agarose gel electrophoresis, and both canonical and
abnormal length PCR fragments were excised from the agarose,
purified with QIAquick Gel Extraction kit (Qiagen), and sequenced
by Sanger sequencing. Exon-exon and exon-intron (U12) RT-PCR
primers used in this study are listed in Table S1.

RT-qPCR

For RT-qPCR, fibroblasts and RPE-1 seeding conditions and RNA
extraction were as described for the RT-PCR assays. Synthesis
of cDNA was carried out with the high-capacity reverse-
transcription kit (Applied Biosystem) with 250 ng of total RNA
and random primers. Quantification of transcripts with TagMan
real-time PCR gene expression assays (Applied Biosystems) was
performed with a QS7 Flex Real-Time PCR system (Applied Bio-
system) in a final reaction volume of 10 pL containing 2.5 ng
of ¢DNA. The following TagMan expression assays were
used: SCNM1 (Hs00276716_m1), TMEM107 (Hs00766060_m1),
FAM92A (Hs01584032_g1), DERL2 (Hs00959155_m1), ZC3H8
(Hs01056139_m1), GLI1 (Hs01110766_m1), GUSB (Hs99999908_
ml), and GAPDH (Hs99999905_m1). In the case of C170rf75,
mRNA quantification was conducted with Power Syber Green
PCR Master Mix (Applied Biosystems) in a final reaction volume
of 10 uL containing 15 ng of cDNA and the following primers for
C170rf75 and GUSB: C170rf75-Fw (5-GGACTTGAGCTTTTCAGG
CTTG-3"), Cl170rf75-Rv (5'-CCCTTTGGATTGGGCATACAAC-3),
GUSB-Fw (5'-CACCAGGGACCATCCAATACC-3'), and GUSB-Rv
(5-GCAGTCCAGCGTAGTTGAAAAA-3'). Cl17o0rf75 amplification
reactions were performed in a StepOne Plus system (Applied Bio-
system). Expression assays for TMEM107, DERL2, ZC3HS8, and
C17orf75 cover the junction of the two exons bordering the minor
intron of interest. The FAM92A expression assay spans the second

and third exons downstream the minor intron. Relative mRNA
levels of each sample were calculated on the basis of Ct values
and normalized against the geometric mean of the expression of
the housekeeping genes GAPDH and GUSB, or against GUSB expres-
sion in the case of C170rf75. For each gene, we used the ACt mean
value from a control sample as calibrator to calculate AACt. Relative
quantification was obtained by the 2722 method. At least three
biological replicates were analyzed for each experiment and every
sample was run in triplicate.

RNA-seq and intron retention bioinformatics analysis
RNA sequencing (RNA-seq) was conducted on four RNA samples
isolated from four independent primary fibroblast cultures, two
corresponding to an affected individual (P2) and the other two
to control fibroblasts (Sigma-Aldrich, 106-05N). Seeding of cells
and RNA purification were performed as described above. RNA-
seq was provided by Sistemas Genomicos S. L. Briefly, RNA was
treated with Ambion DNAse I and concentrated with the RNeasy
MinElute Cleanup Kit (Qiagen) following the instructions recom-
mended by the manufacturer. An amount of 1 pg of RNA with an
RIN (RNA integrity number) higher than 8.0 was used for
sequencing. RNA strand-specific libraries were prepared with the
NEBNext UltraTM Directional RNA Library Prep Kit (New England
Biolabs), and high-throughput sequencing was performed on an
[llumina HiSeq 2500 ultra-sequencing platform (Illumina). Reads
were mapped to the human genome version hgl9 with STAR
aligner v.2-7-9a" and the knownGene table (UCSC) annotations
for hgl9 with default parameters. BAM files were subsequently
used for differential intron retention analysis with the R package
IntEREst by using the DESeq2-based function of this package as
described in Oghabian A. et al.,*' except that an adjusted p value
threshold of 0.05 was used instead of 0.01. For visualization of
reads across genes showing significant U12 intron retention,
sashimi plots were generated with the ggsashimi command-line
tool®” as follows: ./ggsashimi.py -b /path/to/input_bams.tsv - Desir-
edGenomicCoordinates -g /path/to/hg19.knownGene.gtf -o /path/to/
output -S positive/negative -M 10 -C 3 -O 3 --alpha 1 --base-size=20
--ann-height=4 --height=3 --width=18 -P /path/to/palette.txt --fix-
y-scale -A mean -F tiff -R 600.

Minigene assay

To generate the SCNM1 wild-type minigene, we used primers 5'-
GAATTCTTCATTGCTCTGGCAACAAC-3' (forward) and 5'- CTCG
AGCCCAGCCAAAATTCTCCTTT-3' (reverse) to amplify a 1,286 bp
genomic DNA fragment spanning from intron 1 to intron 5 of
SCNM1 by using as template genomic DNA from a control individ-
ual. PCR was conducted with proofreading hot-start Platinum
SuperFi I DNA Polymerase (Invitrogen). The resulting PCR prod-
uct was cloned into the exon trapping vector pSPL3 (Invitrogen)
with EcoRI/Xhol restriction sites, and the DNA sequence of the
selected construct was verified by Sanger sequencing against the
SCNM1 reference sequence obtained from Ensembl. pSPL3 con-
tains a SV40 promoter, two artificial exons A and B harboring func-
tional donor and acceptor splice sites, respectively, and a 2.4 kb
intron, which includes a multicloning site. We subsequently
used the wild-type minigene as template to generate a mutant
construct carrying the ¢.152C>A (p.Pro51GIn [GenBank:
NM_024041.4]) variant through PCR-mediated site-directed muta-
genesis also by using Platinum SuperFi Il DNA Polymerase. Sanger
sequencing was performed to ensure the presence of the
¢.152C>A change in the mutant minigene and that there were
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no other nucleotide changes with respect to the wild-type
construct. RPE-1 cells were transfected with either the wild-type
or ¢.152C>A minigenes or the empty pSPL3 vector with Lipofect-
amine 2000 Reagent (Invitrogen) by reverse transfection. Briefly,
5 x 10° cells were resuspended in 2 mL Opti-MEM (Gibco) con-
taining the DNA (2.5 pg)-Lipofectamine mixture and seeded in a
6-well plate following the manufacturer’s instructions. 4 h later,
the medium was replaced with complete RPE-1 medium. RNA
was extracted 24 h after transfection, and cDNA was synthetized
as described before. RT-PCR was performed with 50 ng of cDNA
and primers SD6 and SA2 annealing to exons A and B of pSPL3,
respectively. PCR products were separated by agarose gel electro-
phoresis, purified from the gel and sequenced by Sanger
sequencing.

Generation of CRISPR-Cas9 SCNMT knockout cell lines
Disruption of SCNM1 in RPE-1 cells was accomplished with the
SCNM1 Human Gene Knockout Kit (KN400987) from OriGene
Technologies. A gRNA-Cas9 vector targeting exon 2 of SCNM1
and a linear donor DNA bearing a fusion of the red fluorescent pro-
tein (RFP) to blasticidin deaminase (BSD) under the control of a
constitutive promoter to enable selection of mutant clones were
used. Two different transfection experiments were performed
with either Lipofectamine 3000 (Invitrogen) or DharmaFECT Kb
(Horizon) following the indications of the manufacturers. Briefly,
1 day before transfection, 2 x 10° cells/6-well plate were seeded
and subsequently transfected with 1 ug of gRNA-Cas9 vector and
1 pg of donor DNA. Cells were cultured for 10 days in RPE-1 com-
plete medium prior to addition of blasticidin (7 pg/mL). After
2 weeks in selective medium, clones were isolated by trypsiniza-
tion with cloning cylinders (Merck CLS31668) and expanded.
Genomic DNA from blasticidin resistant clones was extracted
by standard methods and disruption of SCNM1 exon 2 by the
insertion of the donor DNA cassette was tested by PCR with one
primer located in the RFP-blasticidin cassette and the other in
the region flanking the integration site. Bi-allelic knockout of
SCNM1 in selected clones was confirmed by PCR-amplification
of SCNM1 exon 2 with intronic primers followed by direct
sequencing. In addition to the insertion of the blasticidin cassette,
selected clones were found with indel mutations in the second
allele.

siRNA transfection

RPE-1 cells were plated in 35 mm dish plate (1 x 10° cells/P35) and
the next day transfected with 50 nM of ON-TARGETplus siRNA
against SCNM1 (SMARTpool, L014273-00-0005, Dharmacon) or
control siRNA (non-targeting pool, D-001810-10-05, Dharmacon)
in antibiotic-free RPE-1 complete medium with DharmaFECT 1 re-
agent (Dharmacon). Transfection medium was replaced 24 h later
with RPE-1 complete medium, and cells were maintained in this
medium for another 48 h before being processed for RT-PCR and
RT-qPCR assays. In the case of immunoblot analysis, cells were
kept for 24 h in complete medium and then changed to low serum
medium (DMEM:F-12 with 0.2% FBS + A-A) for an additional 48 h.
For cilia studies, RPE-1 cells were seeded on coverslips in a
24-multiwell plate (5 X 10* cells/well) and transfected with
siRNAs as indicated above. 24 h after transfection, the media
was changed and cells were left to recover for another 24 h in
RPE-1 complete medium. After this, we transferred cells to RPE-1
low serum medium for 48 h to promote ciliation and subsequently
fixed and analyzed them by immunofluorescence.

Retroviral infections

Wild-type SCNM1 cDNA (GenBank: NM_024041.4) was amplified
from RPE-1 cells with Platinum SuperFi II DNA Polymerase (Invi-
trogen) and cloned into the pBABE-Puro retroviral vector. We per-
formed DNA sequencing to verify the absence of nucleotide varia-
tions with respect to the reference sequence. For retroviral
infections, 4 x 10° HEK293T cells were seeded in 100 mm dish
plates and, after 24 h, co-transfected with 10 pug of pBABE or
PBABE-SCNM1 and 10 pg of the packaging vector pCL-Ampho
with the calcium phosphate method. Supernatants containing ret-
roviruses were collected 36, 48, and 60 h after transfection, passed
through a 0.45 pm nitrocellulose filter, and mixed 1:1 with fibro-
blast growth medium containing polybrene (final polybrene con-
centrations after dilution: 8 pg/mlL, 4 ng/mL, and 8 pg/mL, respec-
tively). Diluted supernatants were applied in a total of three
consecutive infections to primary fibroblasts plated at a density
of 6.5 x 10° cells/P100. Fibroblasts were left to recover 24 h after
the last infection and subsequently were selected with 2 pg/mL
of puromycin during 3 days. Puromycin-resistant fibroblasts
were then used in experimental procedures. For experimental rep-
licates, independent retroviral infections were conducted.

Immunofluorescence

Fibroblasts or RPE-1 (5 x 10* cells/well) were seeded on coverslips
in 24-multiwell plates and maintained 24 h or 48 h, respectively,
in their corresponding low serum media to induce ciliation. Cells
were subsequently fixed with 4% PFA/PBS for 5 min on ice (for
acetylated tubulin and ARL13B staining) or 10 min at room tem-
perature (for SMO visualization). An additional step consisting
of a 5 min incubation in chilled methanol (—20°C) was conducted
for y-tubulin detection. Cells were permeabilized in 0.1% Triton
X-100/PBS for 15 min and maintained 1 h in blocking solution
(4% goat serum/PBS/0.05% Tween 20). Coverslips were kept over-
night at 4°C in a wet chamber with primary antibodies diluted in
blocking buffer. The next day, cells were washed with PBS and PBS/
0.05% Tween 20, and fluorescence-conjugated secondary anti-
bodies (1:800; Molecular Probes) were added for 1 h at room tem-
perature. Primary antibodies: acetylated tubulin (1:2,000; Sigma,
T7451), y-tubulin (1:2,000; Sigma, T5326), ARL13B (1:1,000;
Proteintech, 17711-1-AP), and SMO (1:1,000, Abcam, ab38686).
Nuclei were stained with DAPI (1:2,000; Molecular Probes,
D1306). Coverslips were mounted with Prolong Diamond (Molec-
ular Probes) for image acquisition in a Nikon 90i microscope.

Primary cilia analysis

Cilia length was measured with NIS-Elements Software (Nikon).
The percentage of ciliated cells was calculated as the ratio of the
number of cilia labeled with acetylated tubulin with respect to
the number of nuclei stained with DAPI. For each assay, the per-
centage of ciliated cells of at least three independent experimental
replicates was determined and the mean value was plotted. The
proportion of ciliary translocation of SMO in cells incubated
with DMSO or SAG was quantified by counting the number of
SMO-positive cilia per total number of cilia identified by acety-
lated tubulin staining. For quantification of ARL13B immunofluo-
rescence, three confocal microscopy images (Z-project; Zeiss
LSM710) containing several cilia were acquired per fibroblast cell
line in each experimental replicate. Fluorescence quantification
was performed with the help of Image] Fiji software as follows:
to exclude non-stained areas, we used a threshold for the
ARL13B fluorescent channel and maintained it constantly within

The American Journal of Human Genetics 109, 1828-1849, October 6, 2022 1831



the analysis of control and affected individual fibroblasts. For each
cilium, ARL13B staining was delimited in an individual region of
interest (ROI) and the integrated density calculated.

Immunoblot

Cells were washed with PBS and lysed in RIPA buffer (150 mM
NaCl, 50 mM Tris-HCI, 2 mM EDTA, 0.5% sodium deoxicolate,
0.1% SDS, 1% NP-40) supplemented with a protease inhibitor
cocktail (Sigma-Aldrich; P8340) and phosphatase inhibitors
(Sigma-Aldrich, PO044 and P5726, 2.5 mM Na3;OV, and 10 mM
NaF). The protein concentration in cell extracts was determined
by the BCA colorimetric assay (Pierce, Thermo Fisher Scientific).
Samples were boiled 5 min in Laemmli buffer at 95°C before
loading onto SDS-PAGE gels, except the ones for DERL2 detection
that were heated for 30 min at 37°C. Immunoblots were per-
formed as previously described.®* Primary antibodies: SCNM1
(1:500, Santa Cruz Biotechnology, sc-376328), DERL2 (1:500;
Santa Cruz Biotechnology, sc-398573), FAM92A (1:1,000; Protein-
tech, 24803-1-AP), ZC3HS8 (1:1,000; Proteintech, 26152-1-AP),
C170rf75 (1:250, Santa Cruz Biotechnology, sc-81862), GLI1
(1:1,000; Cell Signaling, (C68H3) 3538), GLI3 (0.4 pg/mL; R&D,
AF3690), «-Tubulin (1:80,000; Sigma, T9026), and vinculin
(1:2,000, Santa Cruz Biotechnology, sc-73614). HRP-conjugated
secondary antibodies (1:10,000) were acquired from Jackson
ImmunoResearch. Immunoblot membranes were developed
with enhanced chemiluminescence (ECL) reagent (GE Health-
care), and signal detection was achieved by exposure to Agfa
X-ray films. Densitometry analysis of immunoblots was carried
out with Image] Fiji software.

Homology search and common taxonomy tree
generation

We used the human SCNM1 sequence (GenBank: NP_076946.1) as
query to search for SCNM1 orthologous proteins across different
species with the help of the blastp tool from NCBI. The search
was conducted against the NCBI non-redundant protein sequences
(nr) database. Entries with a query cover > 75% and an E-value <
1 x 107'° were considered positive hits. Multiple sequence align-
ment was generated with the MUSCLE algorithm®* included in
Unipro UGENE v40.1 bioinformatics toolkit.>> We used the NCBI
Taxonomy Common tree tool to create a taxonomy-based tree of
selected species, which was then displayed with iTOL v.5 online
tool.*® Full names of the species included in Figure 2D: Acantha-
moeba castellanii (A. castellanii) and Dictyostelium discoideum (D. dis-
coideum) (protists); Saccharomyces cerevisiae (S. cerevisiae), Rhizopus
oryzae (R. oryzae), and Basidiobolus meristosporus (B. meristosporus)
(fungi); Chlamydomonas reinhardtii (C. reinhardtii), Zea mays
(Z. mays), Solanum lycopersicum (S. lycopersicum), Arabidopsis thali-
ana (A. thaliana), and Prosopis alba (P. alba) (algae and plants); Tri-
choplax adhaerens (T. adhaerens), Aplysia californica (A. californica),
Capitella teleta (C. teleta), Caenorhabditis elegans (C. elegans),
Drosophila melanogaster (D. melanogaster), Melanaphis sacchari
(M. sacchari), Strongylocentrotus purpuratus (S. purpuratus), and Bran-
chiostoma floridae (B. floridae) (invertebrates); Takifugu rubripes
(T. rubripes), Xenopus laevis (X. laevis), Gallus gallus (G. gallus), Mus
musculus (M. musculus), and Homo sapiens (H. sapiens) (vertebrates).

Statistical analysis

We used GraphPad 5.0 software to perform statistical analysis.
Normal distribution of data was checked with Shapiro-Wilk,
D’Agostino-Pearson, and Kolmogorov-Smirnov normality tests

or skewness and kurtosis normality scores. One-way analysis of
variance (ANOVA) with Tukey’s or Bonferroni’s multiple compari-
sons tests were carried out when data followed a normal distribu-
tion. If normality of data was not verified, non-parametric Kruskal-
Wallis with Dunn’s multiple comparison test as post-hoc was
applied. For the quantification of GLI3 protein isoforms, as a result
of variations in absolute values between experiments, replicate
blots were individually analyzed by densitometry and are included
in supplemental information.

Results

Clinical description

We studied four individuals from three unrelated families
with clinical manifestations of OFD, all born to healthy
consanguineous parents (Figure 1 and Table 1). The pro-
band of family 1 (P1) had a sister with the same condition
(P2), the proband of family 2 (P3) had no affected siblings,
and in family 3, in addition to the proband (P4), there was
an affected fetus (Figure 2A). All OFD subjects presented
with typical orofacial features in the form of tongue nod-
ules, dental anomalies including congenital absence or
abnormal shape of incisors, narrow, high arched or cleft
palate, and retrognathia. Three of them also had midline
notching of the upper or lower lip and accessory oral frenu-
lae (Figures 1A-1D). Digital anomalies were present in all
affected individuals and included postaxial polydactyly
of both hands and feet, in combination with preaxial poly-
dactyly mostly of the feet, which manifested as bifid or
duplicated big toes. Syndactyly and brachydactyly were
observed in the four affected subjects. All affected individ-
uals had limb shortening and two had hypoplastic nails
(Figures 1E~IN). Brain MRI was unremarkable in all of
them, except for ectatic supratentorial ventricular system
that was found in P1. Delayed speech was observed in
two individuals, but intellectual and motor development
were reported normal in all affected subjects. None of the
affected individuals had history of epilepsy. Abdominal/
renal ultrasounds were normal in all the affected subjects
and echocardiography only identified patent ductus arte-
riosus (PDA) and small atrial septal defect in P2. Clinical
findings are summarized in Table 1.

Identification of bi-allelic loss-of-function mutations in
SCNMT in individuals with OFD

To determine the etiology of the condition of affected sub-
jects P1-P4, we conducted whole-exome sequencing
(WES) in the proband of each family. Evaluation of WES
variants excluded pathogenic changes in previously
described OFD genes in any of the probands, which
prompted us to search for a new gene responsible for this
condition. Taken into account that all affected individuals
had consanguineous parents (Table 1), we assumed an
autosomal recessive mode of inheritance and that the mu-
tations were homozygous by descent. On this basis, we
performed a genome-wide SNP-array hybridization anal-
ysis in the four affected individuals of this study to identify
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Figure 1.

Clinical features of the OFD-affected individuals described in this study

(A) Orodental characteristics of P1 with accessory frenula of the upper lip, hypodontia, median notching of the lower lip, and excessive

dental caries.

(B and C) Images showing lobulated tongue with nodules in P2 (B) and P3 (C).
(D) Hypodontia in the form of congenital absence of lower central incisors and median notching of the upper lip in P4.
(E) X-ray of the hands of P1 showing bilateral postaxial polydactyly (left, seven fingers; right, six fingers), left Y-shaped fifth metacarpal

and severe mesophalangeal shortening.

(F) Brachydactyly, broad hands, and interdigital webbing in P1. Extra digits were surgically removed.

(G) Right hand of P2 demonstrating pre- and postaxial polydactyly (eight fingers) with syndactylous lateral three fingers.

(H) Left hand radiograph of P2 showing polydactyly and Y-shaped fourth metacarpal.

(I) Right foot of P2 showing broad duplicated hallux, syndactyly between toes, and triplicated fifth toe.

(J) Brachydactyly, partial skin syndactyly, dystrophic nails, and broad halluces in P3 feet post-surgery.

(K) X-ray (AP view) of the feet of P3 showing pre- and postaxial polydactyly, hypoplastic middle and distal phalanges, medially deviated
extra preaxial metatarsals, and Y-shaped fifth metatarsal on the right foot.

(L) Brachydactyly, partial cutaneous syndactyly of the toes, broad and medially deviated halluces, and small nails of P4.

(M) Severe shortening of the legs of P2.

(N) X-ray lower limbs of P3 showing bilateral coxa valga with mild shortening of tibiae.

chromosomal regions of homozygosity (ROH) candidate
to contain the mutated gene. Notably, all four affected sub-
jects shared a single homozygous block of 40 Mb that was
located on chromosome 1 (chrl [GRCh37]: g.111531126-
151547397), pointing to a common causative gene
(Table S2). In accordance with this hypothesis, the unaf-
fected brother of family 2 was not homozygous for this
chromosomal segment by SNP-array hybridization.
Despite this result, given the genetic heterogeneity of
OFD, we analyzed the probands of the three families inde-
pendently by using a combination of homozygosity map-
ping and WES. For each proband, we selected coding and
splicing variants predicted as pathogenic that were
comprised within ROHs > 1.5 Mb and were absent or
with low allele frequency in control databases
(MAF < 0.01, gnomAD/1000G). In the case of the proband
of family 1, only variants within ROHs common to her
affected sister were considered. This analysis identified a
homozygous single nucleotide deletion in exon 3 of
SCNM1 in the proband of family 1, which was prioritized
as the cause of the disease in this family (c.187delC
[p.Arg63Valfs*33] [GenBank: NM_024041.4]) (Figure 2A).
As expected, SCNM1 was comprised within the 40 Mb

ROH of chromosome 1 shared by all affected subjects
(Table S2). The ¢.187delC variant causes a frameshift that
runs into a premature stop codon 33 triplets later, thus
most likely triggering the nonsense-mediated RNA decay
pathway (NMD).*” Segregation analysis of this mutation
in family 1 by Sanger sequencing confirmed that the two
affected sisters were homozygous for the c.187delC
variant, while their non-affected sibling and both parents
had the SCNM1 change in the heterozygous state. Since
SCNM1 encodes a protein that was identified as a new spe-
cific component of the minor spliceosome,”> we consid-
ered the function of SCNM1 to be in line with this gene’s
being responsible for OFD because five previously
described OFD genes, as well as other ciliary genes, contain
U12 introns. Furthermore, according to databases, SCNM1
seems widely expressed across tissues (The GTEx Portal
[bulk tissue gene expression]; HPA RNAseq project [NCBI,
Gene database]).

Examination of the WES variants that remained after
filtering in the proband of family 2 (P3) also revealed a ho-
mozygous missense change in SCNM1 exon 3 (c.152C>A
[p.Pro51GIn] [GenBank: NM_024041.4]) classed as patho-
genic by bioinformatics predictor programs (Figure 2A).
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Table 1. Clinical characteristics of affected individuals included in this report
Family 1 Family 2 Family 3
Feature P1 P2 P3 P4

Parental consanguinity

Additional affected family
members

Age at last assessment

Gender

1% cousins once removed

+

5 years, 1 month

female

1% cousins once removed

+

1 year, 10 months

female

2" cousins

7 years, 5 months

female

1% cousins

42

3 years, 6 months

female

Anthropometric measurements

Weight (SDS)
Height (SDS)

Head circumference (SDS)

17 kg (~0.45 SD)
103 cm (—1.12 SD)

50 cm (—0.62 SD)

11 kg (~0.49 SD)
78 cm (—1.23 SD)

46 cm (—0.53 SD)

34.5 kg (+1.66 SD)
126.5 cm (+0.41 SD)

51 cm (—0.41 SD)

16.2 kg (+0.65 SD)
92.4 cm (~1.38 SD)

47 cm (~1.61 SD)

Oral cavity

Tongue

Dental anomalies

Palate
Oral frenula

Other oral features

lobulated with nodules

hypodontia (missing lower central
incisors), excessive caries

narrow and high-arched

accessory frenula

lobulated with nodules

hypodontia (missing lower lateral incisors)

narrow and high-arched

accessory frenula

lobulated with nodules

microdontia of upper central incisors

narrow and high arched

serrated and thick alveolar ridge, spoon
shaped tongue

tongue nodules

hypodontia (congenital absence of
lower central and lateral incisors)

soft palate cleft (operated)

accessory frenula

Facial

Cranium and forehead

Eyes and periorbital region

Nose

Ears

Mouth

Lips

Mandible and chin

Other

dolichocephaly, frontal bossing

upslanted palpebral fissures

broad nasal bridge, thick alae nasi

protruding, cupped, low-set ears

narrow mouth

median notching of lower lip

retrognathia, horizontal chin crease

broad prominent forehead

hypertelorism, epicanthal folds, strabismus
broad nasal bridge, broad nasal tip
protruding, low-set ears, underfolded
helices

downturned corners of the mouth

median notching of upper lip

retrognathia, horizontal chin crease

high forehead

hypertelorism, epicanthal folds, downslanted
palpebral fissures, strabismus (corrected by age)

broad nasal bridge, underdeveloped alae nasi,
short columella, bifid nasal tip

bifid right ear lobe, low-set ears

narrow mouth, downturned corners of
the mouth

thin vermilion of the upper and lower lip

mild retrognathia, horizontal chin crease

low posterior hairline

high forehead

mild epicanthal folds

broad nasal bridge, mildly short nose
with anteverted nares

small ear lobes, additional crus of the
left antihelix

downturned corners of the mouth

median notching of upper lip

mild retrognathia, horizontal chin
crease

(Continued on next page)
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Table 1. Continued

Feature

Family 1

Family 2

Family 3

P1

P2

P3

P4

Hands and feet

Polydactyly of the hands

Preaxial polydactyly or
broad halluces of the feet
with postaxial polydactyly

Syndactyly

Brachydactyly

Other hand/feet anomalies

bilateral postaxial polydactyly with six
fingers on the right and seven fingers
on the left (operated)

broad, medially deviated halluces,
bilateral postaxial polydactyly with
six toes

bilateral partial skin syndactyly of
the toes

type A brachydactyly of the hands
and feet

broad hands, interdigital webbing,
single flexion crease in several fingers,
broad feet

bilateral pre- and postaxial polydactyly
with eight fingers

bilateral pre- and postaxial polydactyly
with complete duplication of halluces,
with seven toes on the right and eight
toes on the left

bilateral partial skin syndactyly of the toes,
complete skin syndactyly of digits six to
eight on the left

type A brachydactyly of the hands and feet
broad hands, abnormal palmar creases,

bilateral Y-shaped metacarpals, very
broad feet

bilateral postaxial polydactyly with seven
fingers on the right (with a shorter, more
rudimentary fifth finger in between the
well-developed fourth and sixth fingers),
and six fingers on the left (a broad sixth
finger low-inserted at a right angle to the
ulnar side (operated)

broad, medially deviated halluces with fused
distal phalanges and bifid nails on the right,
bilateral postaxial polydactyly (operated)

bilateral partial skin syndactyly of the toes

type A brachydactyly of the hands and feet

clinodactyly of right fifth finger with single
palmar crease and camptodactyly of left fifth
finger, broad and flat feet, bilateral talipes
partially corrected by casting

bilateral postaxial type A polydactyly
with six fingers (operated)

broad, medially deviated halluces with
broad first metatarsals and bifid and
fused distal phalanges, left postaxial
hexadactyly (operated)

bilateral partial skin syndactyly of the
toes

type A brachydactyly of the hands and
brachydactyly of the feet

reduced palmar creases, bilateral fifth
finger clinodactyly with single flexion
crease

Nails normal normal hypoplastic nails more prominent on the feet ~ broad nails of halluces, small nails of
the hands and the remaining digits
of the feet

CNS

Brain MRI ectatic supratentorial ventricular not performed normal normal

History of epilepsy

Development and/or
intelligence

system

timely acquisition of motor and social
skills, delayed speech, normal
intellectual performance

timely acquisition of motor and social
skills, speech N/A

timely acquisition of motor skills, normal
intellectual performance

timely acquisition of motor and social
skills, delayed speech

Other features

Short upper and lower
limbs
Congenital heart defects

Ophthalmological
evaluation

mild shortening of forearms, mildly
short of tibiae
normal ECHO

normal eye examination and
fundoscopy

mild shortening of forearms, markedly
short tibiae

PDA and small ASD

normal eye examination and fundoscopy

short arm span and mild shortening of tibia

normal ECHO

normal vision

short arm span of 87 cm (—2.67 SD)
with arm span to height ratio of 0.94,
lower limbs not evaluated

normal ECHO

normal vision, no ophthalmological
examination

(Continued on next page)



Pro51 is a highly evolutionary conserved residue located
within the C2H2-ZF domain of SCNM1 (Figure 2B). Sanger
sequencing showed the ¢.152C>A variant to be in homo-
zygosis in P3 and in the heterozygous state in both parents.
The unaffected brother of P3 had wild-type sequence.
Neither the c.152C>A variant nor the ¢.187delC nucleo-
tide deletion from family 1 were detected in gnomAD.
Additionally, in silico evaluation of the c.152C>A variant
with the splice site predictor NNSPLICE 0.9v** indicated
that this change could alter the splicing of the SCNM1 tran-
script either by increasing the strength of a potential donor
splice site located two nucleotides downstream or by
directly introducing a new acceptor splice site. To investi-
gate this, we conducted a minigene assay by using pSPL3
as backbone vector. We generated wild-type and mutant
minigenes by inserting a genomic DNA fragment extend-
ing from —200 exon 2 to exon 5 + 142 of SCNM1 carrying
either normal or c.152C>A sequence into pSPL3
(Figure 2C). RPE-1 cells were transfected with control or
¢.152C>A minigenes and the resulting splicing products
were analyzed by RT-PCR with primers from the vector.
While a product of the expected size was amplified in the
cells transfected with the wild-type minigene, a slightly
smaller PCR fragment was obtained in the transfections
with the ¢.152C>A construct. Sequencing of these prod-
ucts demonstrated that in the cDNA fragment amplified
from the cells expressing the mutant minigene, the first
31 bp of SCNM1 exon 3 were absent because of the use
of the acceptor splice site created by the mutation
(Figure 2C). Deletion of these 31 nucleotides in the
SCNM1 transcript results in a frameshift and an early termi-
nation codon (c.123_153del [p.Phe42Tyrfs*8] [GenBank:
NM_024041.4]) predicted to lead to NMD.

Variant filtering in the affected individual of family 3
(P4) did not reveal a homozygous change in SCNM1 or
an alternative candidate variant in a different gene. How-
ever, during WES analysis, we noted two consecutive
nucleotide changes in the fourth exon of SCNMI
that were annotated as heterozygous (chrl[GRCh37]:
g.151139668T>A, g8.151139669T>A; ¢.283T>A, c.284T>A
[GenBank: NM_024041.4]). Since this was inconsistent
with SCNM1’s being embedded in an ROH in this subject,
we amplified SCNM1 exon 4 in P4, her parents, and a con-
trol individual. This experiment yielded a single PCR prod-
uct in P4, which was about 300 bp longer than the pre-
dicted size. This product was present in the heterozygous
state in both parents and absent in the control sample
(Figure 2A). Sequencing of the PCR fragment amplified in
P4 followed by homology search against repetitive DNA
with the Repbase database (GIRI) and Censor’’ identified
the insertion of a complete AluYcl sequence interrupting
exon 4 of SCNMI1 (c.301_302insAluYcl [GenBank:
NM_024041.4]), thus explaining the increment in size of
this fragment (Figure S1). This mutation is bound to lead
to an aberrant SCNM1 transcript and subsequent absence
or severe alteration of the protein. Typical target-site dupli-
cations of 17 bp were observed flanking the Alu*’

(GenBank:

), bi-allelic

NM_024041.4

normal abdominal ultrasound,

hypoplastic labia minora
¢.301_302 insAluYcl

Family 3
P4

), bi-allelic

M_024041.4

normal abdominal and pelvic ultrasound
generalized thin skin with xerosis
exacerbating in winter, more prominent
over the feet (improved with age)
c.152C>A (GenBank: N

Family 2
P3

)

M_024041.4

normal abdominal and pelvic ultrasound

c.187delC (GenBank: N

bi-allelic

P2

¢.187delC (GenBank: NM_024041.4),

normal abdominal and pelvic
bi-allelic

Family 1
P1
ultrasound

Continued

*The mother had a miscarriage with polydactyly of the feet. Two first cousins once removed who had polydactyly died in the neonatal period due to congenital heart defects.

ECHO, echocardiogram; PDA, patent ductus arteriosus; ASD, atrial septal defect; N/A, not applicable as the affected individual was still an infant.

Gastrointestinal and
urogenital anomalies
Genetic variant

Table 1.
Feature
Other
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Figure 2. Identification of loss-of-function mutations in SCNM1 in individuals with OFD

(A) Family pedigrees of affected individuals P1-P4 described in this report. Probands are designated with black arrows. Genomic DNA
sequence chromatograms of SCNM1 illustrating the homozygous mutation (red arrowheads) identified in each family are displayed un-
derneath. The sequence of affected individuals, heterozygous carriers (Het), and a control sample (C) are shown. Nucleotide sequences
corresponding to mutant (top) and normal (underneath) alleles are written on Het electropherograms. The agarose gel image below the
pedigree of family 3 shows the PCR products resulting from the amplification of a genomic DNA fragment containing SCNM1 exon 4 in
P4 (II:1), both of her parents (I:1, I:2), and in a control individual (C). NC, no DNA control. The red arrows in family 3 chromatograms
designate the site of the AluYc1 insertion after which control and P4 DNA sequences diverge.

¢.162C>A gegetga

(legend continued on next page)
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(Figure S1). Technical difficulties in detecting Alu inser-
tions by standard WES*'*? justify that the P4 mutation
went initially unnoticed. The two SCNM1 variants anno-
tated as heterozygous on WES corresponded to the two
nucleotide positions preceding the 17 bp direct repeats
flanking the Alu.

Phylogenetic analysis of SCNM1

Given the particular phylogenetic distribution of the mi-
nor intron splicing pathway,® we investigated the presence
of SCNM1 orthologs across eukaryotes by using blastp
against the NCBI non-redundant protein sequences (nr)
database. Proteins were retrieved from species of all eukary-
otic kingdoms including the protist Acanthamoeba castella-
nii, the fungus Basidiobolus meristosporus, plants, and ani-
mals, but not from species known to have lost the minor
intron splicing system such as Chlamydomonas reinhardtii,
Dictyostelium discoideum, Saccharomyces cerevisiae or Caeno-
rhabditis elegans."®**** SCNM1 orthologs were not identi-
fied in some other organisms containing minor introns
including Rhizopus oryzae, Arabidopsis thaliana, and
Drosophila melanogaster-®*® (Figure 2D). These cases could
have a different minor spliceosome structure or another
protein that replaces SCNM1 function. Both, the C2H2-
ZF domain and the acidic domain of SCNM1 were
conserved in all SCNM1 orthologs (Figure S2).

SCNMT1 deficiency impairs splicing of a number of genes
containing minor introns

To understand the molecular and cellular processes disrup-
ted by SCNM1 mutations, we developed primary dermal fi-

broblasts from a skin biopsy of P2. Consistent with the pre-
diction that the SCNMI1 variant of this individual
(c.187delC) activates NMD, P2 fibroblasts were identified
with diminished levels of SCNM1 mRNA with respect to
control cells by RT-qPCR. Immunoblot analysis also
showed absence of SCNM1 protein in P2 cells (Figures 2E
and 2F). Due to unavailability of biological material from
other affected subjects, we knocked out SCNM1 in RPE-1
cells through CRISPR-Cas9-mediated editing to have an
additional model where findings in P2 fibroblasts could
be tested. SCNMI-knockout (KO) RPE-1 clones were
selected through locus-specific genomic PCR and the loss
of normal SCNM1 protein in these clones was subse-
quently validated by immunoblot analysis (Figure S3).
Complementary to the CRISPR-Cas9 approach, we made
use of a second cellular model by suppressing SCNM1
expression in RPE-1 by using small interfering RNA
silencing (siRNA). Knockdown of SCNM1 (SCNM1-KD) in
these cells was confirmed at the mRNA and protein
level through RT-qPCR and immunoblot, respectively
(Figures 2G and 2H).

Considering the clinical phenotype of the affected indi-
viduals of this report, we checked the effect of loss of
SCNM1 function on the splicing of previously described
OFD genes listed in the Minor Intron DataBase (MIDB)’
as Ul2 intron-containing genes: C2CD3 (MIM: 615944),
TBCID32 (MIM: 615867), TCTN3 (MIM: 613847),
TMEM107 (MIM: 616183), and TMEM231 (MIM:
614949). SCN8A (MIM: 600702), another U12 intron-con-
taining gene, was added to this analysis because mutations
in Scnm1 reduce the amount of normally spliced Scn8a

(B) Schematic representation of the SCNM1 protein indicating the position of the C2H2 zinc finger (C2H2-ZF) domain and the acidic
domain of this protein, and the location of the three mutations indicated in (A). A sequence alignment of the C2H2-ZF domain from
different SCNM1 orthologs showing high degree of conservation of Pro51 (blue arrowhead), is also indicated.

(C) SCNM1 minigene assay. Top: schematic representation of pSPL3/SCNM1 hybrid minigene. Boxes are exons and dotted lines connect-
ing exons indicate normal (black) or altered (red) splicing events. The two artificial exons (A and B), promoter (P), donor (SDv), and
acceptor (SAv) splice sites of pSPL3 are depicted. EcoRI and Xhol restriction sites used to clone the wild-type (WT) and c.152C>A
SCNM1 genomic fragments as well as primers SD6 and SA2 used for RT-PCR are shown. Middle: representative gel electrophoresis image
(n = 3) showing RT-PCR products obtained in cells transfected with the WT or the c.152C>A minigene or the empty vector (&). NT, non-
transfected; NC, no cDNA control. Exon composition and sizes (WT [610 bp] and ¢.152C>A [579 bp]) of the amplified products are on
the right. The light blue box in exon 3 of the WT PCR product represents the 31 bp that are missing in the c.152C>A PCR fragment.
Sanger sequencing chromatograms of WT and ¢.152C>A RT-PCR products show the loss of the first 31 bp of SCNM1 exon 3 in the prod-
uct from the mutant minigene. Bottom: DNA sequence alignment of WT and c.152C>A RT-PCR products highlighting (light blue) the 31
nucleotides missing in the c.152C>A sequence. Note the new CAG acceptor splice site (underlined nucleotides) created by the c.152C>A
mutation (boxed nucleotide).

(D) Common taxonomy tree of representative eukaryotic species from distantly related phylogenetic taxa. Presence and absence of
SCNM1 is indicated with pink and gray triangles, respectively. Species previously reported with no minor introns are underlined. Pro-
tists, fungi, algae and plants, and invertebrate and vertebrate animals are indicated in different colors. Full names and taxa of species are
listed in material and methods.

(E) Relative quantification of SCNM1 expression by RT-qPCR in fibroblasts from controls (C1, C2) and affected individual P2 (P). Gene
expression was normalized against the geometric mean of GAPDH and GUSB mRNA levels, and the ACt mean value of C2 was used as
calibrator sample. Data are expressed as mean + SD (n = 3). ***p < 0.001. One-way ANOVA with Tukey’s multiple comparison test.
(F) Representative anti-SCNM1 immunoblot (n = 3) showing absence of SCNM1 in fibroblasts from P2 (P). Control fibroblasts: C1, C2.
SCNM1 is indicated with an arrow, and the asterisk designates nonspecific bands. Tubulin (TUB) was used as a loading control.

(G) Relative quantification of SCNM1 expression (n = 3) by RT-qPCR in RPE-1 cells untransfected (UT) or transfected with non-targeting
siRNA (siCtrl) or with siRNA against SCNM1 (siSCNM1). Gene expression analysis was performed as in (E) using the ACt mean value of
UT cells as the calibrator sample. Data are expressed as mean = SD (n = 3). ***p < 0.001. One-way ANOVA with Tukey’s multiple com-
parison test.

(H) Representative anti-SCNM1 immunoblotting (n = 4) showing reduced levels of the SCNM1 protein in SCNM1-KD RPE-1 cells
(siSCNM1) compared to UT and siCtrl cells. SCNM1 is indicated with an arrow, and the asterisk designates a nonspecific band. Loading
control: tubulin (TUB).
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Figure 3. SCNMT1 depletion reduces the expression of the coding transcript of TMEM107

(A) Schematic representation of TMEM107. Exons are depicted with blue boxes, and dotted lines indicate splicing events. White areas in
exons 1 and 5 correspond to untranslated regions. TMEM107 U12 intron is represented as a red line, and RT-PCR primers used are de-
noted by arrows. Representative images of agarose gels corresponding to RT-PCR analysis of TMEM107 are underneath. Left: TMEM107
RT-PCR products from primary fibroblasts (controls: C1, C2; affected individual P2: P) and SCNM1-KO RPE-1 clones (SCNM1-KO clones:
c1.2C, c2.1B, c3.1F; parental control cells: RPE-1) (n = 3). Right: TMEM 107 RT-PCR products from RPE-1 cells untransfected (UT) or trans-
fected with non-targeting siRNA (siCtrl) or with siRNA against SCNM1 (siSCNM1) (n = 3). NC, no cDNA control. RT-PCR product sizes
and exon composition of the amplified bands are on the right.

(B-D) Relative expression of TMEM107 determined by RT-qPCR in primary fibroblasts (B); SCNM1-KO RPE-1 clones (C); and siRNA-
treated RPE-1 cells (D). Samples in (B)-(D) are labeled as in (A). Gene expression was normalized against the geometric mean of GAPDH
and GUSB mRNA levels. The ACt mean value of C2, RPE-1, or UT was used as calibrator sample in (B), (C), and (D), respectively. Scatter
plots show mean =+ SD (n = 3 for B and D; and n = 4 for C). *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with Tukey’s multiple

comparison test.

transcript in mice carrying the Scn8a™* hypomorphic
allele.*> We evaluated the splicing of the U12 introns of
these genes in fibroblasts originated from P2 and control
fibroblasts by RT-PCR with primers from exons on either
side of the U12 introns (Table S1). This experiment showed
differences in the expression of TMEMI07, a gene
comprising five coding exons, with exons 3 and 4 sepa-
rated by a Ul2 intron (Figure 3A). TMEM107 RT-PCR
primers were located in exons 1 and 5 and yielded two
PCR products of 394 and 128 bp confirmed by sequencing
to correspond to the full-length mRNA of TMEMI107
encompassing all five coding exons (GenBank: NM_
183065.4) and the non-coding alternative transcript con-
taining only exons 1 and 5 (GenBank: NR_147092.2),
respectively. RT-PCR analysis of TMEMI107 showed a
marked reduction in the amount of the large PCR product
of this gene in P2 fibroblasts. This result was reproduced in

three independent SCNM1-KO RPE-1 clones (Figure 3A).
Quantification of the mRNA levels of the coding isoform
of TMEM107 by RT-qPCR with a Tagman gene expression
assay spanning exons 3 and 4 revealed that the amount
of this transcript relative to control samples was dimin-
ished by 70% in P2 fibroblasts and by 57%-72% in
SCNM1-KO clones (Figures 3B and 3C). TMEM107 expres-
sion was also analyzed in SCNM1 siRNA-treated RPE-1
cells. Both RT-PCR and RT-qPCR assays showed lower levels
of the full-length transcript of TMEM107 in SCNM1-KD
cells than in cells incubated with a non-targeting control
RNAi, or than in untreated cultures, thus providing further
evidence for the critical role of SCNM1 in maintaining the
normal expression levels of the TMEM107 coding isoform
(Figures 3A and 3D).

We nextinvestigated SCNM1 function in U12 intron pro-
cessing at the whole-transcriptome level. To this end, we

The American Journal of Human Genetics 709, 1828-1849, October 6, 2022 1839



A FAM92A G DERL2

—
Ex3 Exd us Ex6 Ex6 Ex6 Exs Y12 Exa Uz Ex3 Ex2
X . ; - a B ) = 2
21— 310 29012 292
400
C 200
o p— N -
14
16 350 —
1kb
A
400 2 S S
202 25 /
P 200 | l
o ‘ | I -
S o
12118 T
H q.(‘ \9 N

1400
1000
800
600 {4
400

200

e S o Koo

Ex5
Nm_t4s2695  [[Be [ B3 | Bd || B6 [ B | N Nmooteoa1s [ B [Be [ B3 | Ba | Ex5 [B6 | N
R Exd (+1186 bp) [ 86 [ B |1 B | B2 | B3 | B Complete U12 (+713 bp) Ex5 Bx6 | 1
[[Be [ Ba [ Bxa(3bp) | Ex(152bp) | B6 | Ex | 2 | B [ Be | B3 | Ex (+195bp) | Ex5A Ex6 | 2
[[B@ [ Exa | Bxd(sa8bp) | Ex6 [ Ex7 | 3 [(Ba [ee] Ed | Ex5 B6 | 3
[Be [ B8] B6 [ B |4 [(Bxt [ B2 [E6 ]| 4
N O 0 K& > N0 R K&
AR RN RN & O NV QN NN
S & < & " oo $ & F & 9@
63 63 63
e . ——— o
D ZC3H8 J C170rf75
. u12 «
Ex8 Ex7 uaz Ex6 Ex5 Ex5  Ex4 Ex3 Ex2
L — - . - - -
120
75 L 80 =
50 32 (
° | I
0 ——— == 4
- 38 g -
1kb
m—
120
75
0 N e ) ) 80
P, P 40
4 4
S < >
14 S S
E & K N ‘\\“
AN U NS & S ?«'19"\”'3 ey
[NV q??’ ~ate ‘\ S @ SRRV &Ny ‘\ S P
7z R 7 o5 ] % 1400
——
1 55 —
800 — §§§ i
600 - s - — -y
400 = " 400 -—
200
57bp 17bp
——
NM_0324043 [ Ex4 | B | B6 | Bq [B6[BSG| N NM_022344.4 Ed | Exd [Bs| B6 [E7 BEN
[ Bda | B6 [EeA] B [E[EQ] 1 B3 | Ex4 complete UT2 (+253bp)  Ex6 |  Ex6 | Ex1 ExX§ 1
N N
F A g s N L W
TN\ AN N Y >
S & < A NI o S g

130
100

130 130

Figure 4. SCNMT1 deficiency causes defects in the splicing of a set of U12 intron-containing genes

(A-L) Sashimi plot visualization of aligned RNA-seq reads, RT-PCR, and protein expression analysis of FAM92A (A-C), ZC3HS8 (D-F),
DERL2 (G-I), and C170rf75 (J-L). For (A), (D), (G), and (J), the diagram on top shows a schematic representation of the genomic region
containing the U12 intron of each gene. Boxes indicate exons and lines introns. U12 introns are represented with a red line. The top
arrow indicates transcription direction. Sashimi plots corresponding to the genomic region of interest from control (C; in blue) and
affected individual P2 (P; in red) fibroblasts are underneath. In each sashimi plot, the mean of the counts from two independent
RNA-seq experiments is represented. Splicing events supported by a minimum of ten reads are denoted with lines and the number of

(legend continued on next page)
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conducted RNA-seq on P2-derived and control fibroblasts
and assessed differences in U12 intron retention levels in
transcripts between these samples with the R package In-
tEREst.”! Using an adjusted p value < 0.05, we identified
25 U12 introns significantly more retained in P2 fibroblasts
in comparison to control samples, while no U12 introns
were observed with increased retention in the control cells
(Figure S4A, Data S1, and Table S3). We selected 18 of the
25 U12 introns identified via IntEREst for further evalua-
tion. These introns included all those with adjusted p
value < 0.01 and three additional U12 introns contained
in genes involved in IFT (KIFAP3) or intracellular transport
(DCTN3, C170rf75). To empirically evaluate the retention
levels of the selected U12 introns in their respective tran-
scripts, we performed exon-intron (U12) semi-quantitative
RT-PCR in SCNM1-deficient cells, including primary fibro-
blasts from P2 and RPE-1 cellular models (SCNM1-KO and
SCNM1-KD cells), as well as in the corresponding control
cultures. To exclude amplification of any possible residual
genomic DNA, exon primers were designed to span at least
one U2 intron (Table S1). Consistent with bioinformatics re-
sults, for all the 18 transcripts analyzed, we found a higher
amount of exon-intron (U12) PCR product in the different
SCNM1-deficient cells than in their control cultures, thus
indicating increased quantity of pre-mRNA containing un-
spliced U12 intron of these genes in the absence of SCNM1
(Figure S4B). Splicing efficiency of U12 introns was also
compared between SCNM1-deficient and control cells by
exon-exon semi-quantitative RT-PCR. For this purpose,
primers were designed to span the U12 intron and at least
one additional U2 intron (Table S1). Notably, in 12 of the
18 transcripts evaluated, we detected the presence of abnor-
mally spliced variants that were either exclusively amplified
or enriched in all SCNM1-depleted cells. Sequence analysis
of abnormal-length PCR products demonstrated that they
resulted from diverse Ul2 intron splicing alterations,
including complete Ul2 intron retention, skipping of
exons adjacent to Ul2 introns, and activation of cryptic
splice sites located within U12 introns or in the flanking
exons (Figures 4A, 4B, 4D, 4E, 4G, 4H, 4], 4K, S4C-S4F,
Table S3A, and Data S2). All the activated cryptic 5’ splice
sites matched the U2-type consensus sequence,” and no
transcripts were observed to be originated from combined

usage of Ul12 and cryptic splice sites. Remarkably, exon-
exon RT-PCR studies also showed a dramatic decrease
in the amplification of the correctly spliced transcripts
of four genes, FAM92A (also named as CIBAR1 [MIM:
617273]), DERL2 (MIM: 610304), ZC3H8 (MIM: not avail-
able), and C17orf75 (MIM: not available), both in the cells
originated from P2 and in SCNM1-depleted RPE-1 cultures
(Figures 4B, 4E, 4H, and 4K). The strong effect of the absence
of SCNM1 in the expression of these genes was additionally
demonstrated through RT-qPCR (Figure S5) and by immu-
noblot analysis (Figures 4C, 4F, 41, and 4L). FAM92A and
DERL2 protein levels were found to be more severely
reduced than those of ZC3H8 and C170rf75 in SCNM1-defi-
cient cells. Because the extent of the decrease in mRNA
levels of the four genes was within a similar range
(Figure S5), other factors related to the rates of protein trans-
lation and degradation must account for this difference.*®

Although the majority of abnormally spliced transcripts
identified in SCNM1-deficient cells contain premature
truncation codons that make them prone to degradation
by NMD, some may escape this pathway. Exon-exon RT-
PCR of ZC3HS8 in SCNM1-deficient cells revealed the pres-
ence of an mRNA variant containing an internal deletion
of 74 nucleotides (nt) with respect to the canonical
ZC3HS8 transcript (Figure 4E and Data S2). This variant re-
sults from activation of two cryptic splice sites, donor
and acceptor, each located in one of the two exons flank-
ing the U12 intron. The deletion of these 74 nt produces
a frameshift in the ZC3HS8 transcript that leads to an early
stop codon 25 nt upstream of the last exon-exon junction,
and thus is expected to avoid NMD (c.677_750del [p.Cy-
s226Phefs*24] [GenBank: NM_032494.3]). In agreement
with this, an extra ZC3HS8 protein variant of lower molec-
ular weight than the wild-type was detected in anti-ZC3H8
immunoblots of SCNM1-deficient primary fibroblasts and
SCNM1-KO RPE-1 cells (Figure 4F). The new protein variant
predictably lacks the last 66 amino acids of the normal pro-
tein comprising two of the three C3H1-type zinc fingers of
ZC3HS8 and incorporates 23 new residues. Hence, loss of
SCNM1 not only reduces the expression levels of normal
proteins but can also give rise to new protein variants
that may hinder the function of wild-type proteins or ac-
quire new functions.

reads supporting each event is indicated. Note that in the case of DERL2, which contains two U12 introns, only the one between exons 4
and 5 was detected as significantly retained in fibroblasts from P2 by bioinformatics analysis. (B), (E), (H), and (K) Representative agarose
gel images showing exon-exon RT-PCR products of the indicated genes in primary fibroblasts (controls [C1, C2] and affected individual
P2 [P]), SCNM1-KO RPE-1 cells (SCNM1-KO clones: c1.2C, c2.1B, c3.1F; parental control cells: RPE-1), and siRNA-treated RPE-1 cells (un-
transfected [UT], transfected with non-targeting siRNA [siCtrl], or with siRNA against SCNM1 [siSCNM1]) (n = 2). NC, no cDNA control.
Normal transcript isoforms are designated with an N and the numbers on the right of each gel denote abnormally spliced products de-
tected in this assay. Schematic representation of the exon composition of RT-PCR products is underneath showing, in each case, partial
or complete inclusion of the Ul2 intron (red) and/or complete or partial exclusion of different canonical exons (blue). Ex* in
(B) designates inclusion of a cryptic exon contained within the U12 intron of FAM92A. Exons with nucleotide deletions due to activation
of internal cryptic splice sites (E and H) are identified with a A symbol and the number of deleted nucleotides is indicated with curly
brackets in the normal transcript. (C), (F), (I), and (L) Representative immunoblots of FAM92A, ZC3HS8, DERL2, and C170rf7S5 in protein
extracts from primary fibroblasts, SCNM1-KO RPE-1 clones, and siRNA-treated RPE-1 cells (n = 3). Samples are labeled as in (B), (E), (H),
and (K). In (F), the WT isoform of the ZC3H8 protein and the truncated variant resulting from defective U12 intron splicing are indicated
with a black or a red arrow, respectively. In (L), the black arrow designates the band corresponding to the C170rf75 protein and the
asterisk an unspecific band. Tubulin (TUB) or vinculin (VINC) were used as loading controls.
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Figure 5. Loss of SCNM1 causes defects in pri-
mary cilia

(A) Representative immunofluorescence images
showing cilia with increased length in fibroblasts
from affected individual P2 (P) compared to con-
trol fibroblasts (C1, C2). Green [acetylated
tubulin (AcTub) + gamma tubulin (y-Tub)]: cilia;
blue (DAPI): nuclei. Scale bars: 10 um.

(B) From left to right, graphs correspond to cilia
length, distribution of cilia length, and fre-
quency of ciliated cells in fibroblasts from
affected individual P2 (P) versus controls (C1,
C2). For cilia length, a minimum of 90 cilia
were measured per cell line (n = 3 independent
experiments) and for cilia number calculation,
at least 160 cells were analyzed (n = 3). Data
are presented as mean =+ SD. **p < 0.01,
***p < 0.001. One-way ANOVA with Tukey’s
multiple comparison test.

(C) Representative immunofluorescence images
showing elongated primary cilia in three inde-
pendent SCNM1-KO RPE-1 clones (c1.2C, c2.1B,
c4.1C) compared to RPE-1 control cells. Green
(AcTub + +y-Tub): cilia; blue (DAPI): nuclei. Scale
bars: 10 pm.

(D) Cilia length and cilia length distribution in
SCNM1-KO RPE-1 clones (c1.2C, ¢2.1B, c4.1C)
and RPE-1 control cells. At least 110 cilia from
three different experiments were measured per
cell line. Data are presented as mean =+ SD.
***p < 0.001. Kruskal-Wallis test with Dunn’s
multiple comparison test. Data from two addi-
tional SCNM1-KO clones are in Figure S6.

(E) Representative immunofluorescence images
showing extended primary cilia in RPE-1 cells
transfected with SCNMI1 siRNA (siSCNM1)
compared to un-transfected (UT) or transfected
with non-targeting siRNA (siCtrl) cells. Green
(AcTub + +y-Tub): cilia; blue (DAPI): nuclei. Scale
bars: 10 pm.

(F) Data corresponding to cilia length, distribu-
tion of cilia length and frequency of ciliated cells
in RPE-1 cells untransfected (UT) or transfected
with non-targeting siRNA (siCtrl) or with siRNA
against SCNM1 (siSCNM1). For cilia length, a
minimum of 130 cilia were measured, and for
the calculation of ciliated cells, at least 280 cells
were analyzed per condition from two indepen-
dent experiments. Data are presented as
mean = SD. **p < 0.01, *p < 0.001. Kruskal-
Wallis test with Dunn’s multiple comparison
test and one-way ANOVA with Tukey’s multiple
comparison test were performed for cilia length
and ciliation frequency, respectively.

that, compared to control cells, the fibro-
blasts originated from P2 had longer cilia
on average. While in control cultures the
majority of cilia were 3-4 pm long, most
cilia from P2 cells were between 4-6 pm

SCNMT1 regulates cilia length and promotes Hh in length. Furthermore, 20% of the cilia from P2 fibroblasts
signaling were larger than 6 pm, whereas only one cilia of this cate-
We studied primary cilia length and frequency in serum- gory was detected in control cultures (Figures SA and 5B).
starved P2 and control fibroblasts by immunofluorescence  Elongation of cilia was consistently replicated in SCNM1-
with acetylated tubulin as cilium marker. This showed deficient RPE-1 cultures. The average length of cilia
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measured in five independent SCNM1-KO RPE-1 clones
was significantly increased as compared to the parental
cells (Figures 5C, 5D, and S6). Similarly, RPE-1 cells treated
with SCNM1 siRNA also developed cilia that were longer
on average than the cilia of cells treated with a non-tar-
geted RNAi control or the cilia of untreated -cells
(Figures S5E and SF).

Evaluation of the number of ciliated cells in P2-derived
and control fibroblast cultures showed a small reduction
in the percentage of ciliated cells in the cultures from P2
with respect to control cell lines (mean value decrease of
14% and 24% relative to controls C1 and C2, respectively)
(Figure 5B). SCNM1 siRNA-treated RPE-1 cells were also
found with a slight reduction (14%) in the ciliation percent-
age compared to the corresponding RPE-1 controls (Fig-
ure 5F). We additionally assessed the subcellular localiza-
tion of ARL13B in the fibroblasts from P2 because the
presence of this protein in the cilium membrane has been
described to be altered in cells from affected individuals
and mouse embryonic fibroblasts with mutations in some
OFD genes.*’*? However, we observed no differences in the
localization or abundance of ARL13B between control and
P2 fibroblasts by immunofluorescence analysis (Figure S7).

All affected individuals of this study presented with post-
axial polydactyly or with a combination of post and preaxial
polydactyly (Table 1). Given that polydactyly is a common
ciliopathy feature typically caused by Hh signaling defects
secondary to cilia alterations,’” we analyzed the response
of fibroblasts from P2 to the stimulation of the Hh pathway.
To this end, P2 and control cells were incubated with the
SMO agonist SAG, or its vehicle (DMSO), and the output
of the Hh pathway was subsequently analyzed by RT-
qPCR and immunoblotting. Control fibroblasts (C2) were
derived from an age- and gender-matched donor and had
a number of passages equivalent to that of cells derived
from P2. This experiment showed that although the P2
fibroblast cultures were able to respond to SAG stimulation,
the extent of this response was diminished compared to
control cells. The mRNA and protein levels of the Hh-target
GLI1 were found to be lower in SAG-treated P2 fibroblasts
than in control cells cultivated in the same condition, indi-
cating impaired Hh signaling in the absence of SCNM1
(Figures 6A and 6B). To further investigate SCNM1 function,
we cloned the cDNA of SCNM1 into pBABE and re-intro-
duced this gene into P2-derived fibroblasts through retro-
viral delivery. This also provided a model to study the Hh
pathway within the same cell line. Quantification of the
mRNA levels of GLI1, as well as anti-GLI1 immunobloting,
showed the cells originated from P2 with a more robust
response to SAG when they were rescued with SCNM1
than when they were transduced with the empty vector
PBABE, thus providing support for a positive role of
SCNM1 in Hh signaling (Figures 6C and 6D). Normal con-
trol fibroblasts were similarly retrotransduced with SCNM1
or the empty vector and subjected to the same assay. Con-
trol fibroblasts overexpressing SCNM1 also exhibited an
increased response to SAG compared to normal control cells

transduced with pBABE, indicating a positive correlation
between the levels of SCNM1 and the output of the Hh
pathway (Figures 6C and 6D).

Ciliary translocation of SMO and the proteolytic process-
ing of the full-length GLI3 (GLI3FL) transcriptional activator
into its truncated repressor form (GLI3R), which are critical
steps of the Hh pathway, were assessed in retrotransduced
cultures. Immunofluorescence analysis showed no statisti-
cally significant differences in the percentage of SMO posi-
tive cilia between pBABE and SCNM1 retrotransduced P2
cells after SAG-stimulation (Figure S8A). Regarding GLI3,
werepeatedly observed, in three independent biological rep-
licates, an increase in the levels of GLI3R and the GLI3R/
GLI3FL ratio in DMSO-treated cells from P2 rescued with
SCNM1 compared to P2 cells transduced with pBABE in
the same condition (Figures S8B-S8D). This result suggests
that SCNM1 might also have a positive role in promoting
GLI3 processing, which would be in agreement with the
levels of GLI3R’s being lower in the cells derived from P2
than in the normal control fibroblasts (Figures S8B-S8D).
Altogether, the data on the readout of the Hh pathway in ret-
rotransduced cells indicates that in the absence of SCNM1,
both the activator functions of GLI factors and the genera-
tion of GLI3R appear to be disturbed, which could resemble
what has been described for IFT mutants.' "'

Reintroduction of SCNM1 in SCNM1-deficient primary
fibroblasts restores cilia length and U12 intron
processing

Primary fibroblasts retrotransduced with SCNM1 or the
empty vector were additionally checked for the presence
of the cilium anomalies and U12 intron splicing alterations
previously identified in cells deficient for SCNM1. Immu-
nofluorescence analysis showed that re-introduction of
SCNM1 in fibroblasts derived from P2 restored the length
of cilia to the normal range and improved the proportion
of ciliated cells in these cultures (Figures 7A and 7B).
Furthermore, RT-qPCR quantification of the mRNA levels
of TMEM107, FAM92A, ZC3H8, DERL2, and Cl70rf75
showed the quantity of these transcripts to be recovered
in P2 cells following reestablishment of SCNM1 expression
(Figures 7C-7G). In the same manner, except for TMEM107
for which no suitable antibody was available, immunoblot
analysis demonstrated that the expression of the proteins
encoded by these genes returned to normal levels in P2 cells
after they were rescued with SCNM1 (Figures 7H-7K).

Discussion

In this work, we report that bi-allelic loss-of-function mu-
tations in SCNM1 cause OFD. Three distinct homozygous
deleterious mutations in SCNM1 were identified in OFD-
affected individuals from three unrelated families whose
exomes showed no mutations in genes previously associ-
ated with this condition. All affected subjects of this study
presented with cardinal orofacial and digital OFD features
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Figure 6. SCNMT1 positively regulates Hh signaling

(A) Relative quantification of GLIT mRNA levels by RT-qPCR in control C2 (C) and affected individual P2 (P) primary fibroblasts treated
with SAG (+) or its vehicle DMSO (—). Data are mean = SD (n = 3). Gene expression was normalized against the geometric mean of
GAPDH and GUSB mRNA levels. The ACt mean value of C in DMSO was used as calibrator sample. **p < 0.01, ***p < 0.001. One-
way ANOVA with Tukey’s multiple comparison test.

(B) Representative immunoblot showing GLI1 protein levels in response to SAG (+) or DMSO (—) in control (C) and affected individual
(P) fibroblasts. Anti-SCNM1 immunoblotting is also included. Loading control: tubulin (TUB). The graph on the right shows densito-
metric values of GLI1 levels normalized to tubulin. Data are mean = SD (n = 3). **p < 0.01, ***p < 0.001. One-way ANOVA with Tukey’s
multiple comparison test.

(C) Relative quantification of GLIT mRNA levels by RT-qPCR in control (C) and affected individual (P) primary fibroblasts transduced
with SCNM1 or the empty retroviral vector pBABE-puro in response to SAG (+) or its vehicle DMSO (—). Data are mean + SD (n =3
[C], n = 4 [P]). Gene expression was normalized against the geometric mean of GAPDH and GUSB mRNA levels. The ACt mean value
of DMSO-treated control cells transduced with pBABE was used as calibrator sample. *p < 0.05, **p < 0.01, ***p < 0.001. One-way
ANOVA with Tukey’s multiple comparison test.

(D) Representative immunoblot of GLI1 protein levels in response to SAG (+) or DMSO (—) in control (C) and affected individual
(P) primary fibroblasts transduced with SCNM1 or the empty vector (pBABE). Anti-SCNM1 immunoblotting is also included. The arrow
and the asterisk on anti-SCNM1 blots (B and D) designate SCNM1 and a nonspecific band, respectively. Tubulin (TUB) was used as
loading control. The graph on the right shows densitometric values of GLI1 levels normalized to tubulin. Data are mean + SD (n =
3[C],n=4[P]). *p < 0.05, *p < 0.01, **p < 0.001. One-way ANOVA with Tukey’s multiple comparison test.

in addition to variable expressivity of other clinical pheno-
types. Recent reviews on this condition indicate that
extensive splitting into clinical OFD subtypes is difficult
because, except OFD I, IV, and VI, the remaining subgroups
have been reported in isolated families.”” Nonetheless, the
phenotype we describe here is mainly compatible with
OFD II (MIM: 252100)*"' due to cross-polydactyly, lack of
developmental delay and/or intellectual deficit or renal
problems, and the presence of median Y-shaped meta-
carpal as observed in P2. Notably, no gene has yet been as-
signed to OFD II. The identification and clinical character-
ization of additional individuals with SCNM1 mutations
will define whether the SCNM1-associated phenotype fits
into this category or represents a new OFD subtype.
SCNM1 was first described as a putative auxiliary splice
factor that modulates the neurological phenotype of

Scn8a™*/ mice. The medj mutation consists of the deletion
of nucleotides +5 to +8 of a U2-type 5’ splice site in Scn8a.
This results in skipping of the two preceding exons in a
high proportion of transcripts but allows the synthesis of
a small amount of normally spliced Scn8a mRNA. Of
note, the two skipped exons are separated by a U12 intron
both in mouse and human. Scn8a™*¥ mice bred onto the
C57BL/6] genetic background, which is characterized by
a Scnmi C-terminal truncation mutation (Scnm1%%7%) or
Scn8a™*¥;Scnm14% double mutants carrying a deletion
of Scnml exons 3-5 that was originally generated in
a CS57BL/6] background both express less amount
of normal Scn8a transcript and have a more severe
neuropathic phenotype than Scn8a™*¥ mice wild-type for
Scnm1.*>°% We studied the splicing of the U12 intron
of SCNSA by RT-PCR and observed no differences between
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Figure 7. Cilia length and U12 intron splicing are restored in cells derived from an affected individual upon reintroduction of SCNM1
(A) Representative immunofluorescence images showing normal cilia length in fibroblasts derived from P2 (P) retrotansduced with
SCNM1 but not in P2 fibroblasts transduced with the empty viral vector (pBABE). No significant differences were observed in similarly
retrotransduced normal control C2 (C) cells included in the same assay. Green [acetylated tubulin (AcTub) + gamma tubulin (y-Tub)]:
cilia; blue (DAPI): nuclei. Scale bars: 10 um.
(B) Graphs illustrating cilia length, distribution of cilia length, and frequency of ciliated cells in control (C) and affected individual
(P) primary fibroblasts retrotransduced with SCNM1 or the empty vector (pBABE). For each cell line, the length of a minimum of 120 cilia
(legend continued on next page)
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control and SCNM1-deficient cells, and similarly the U12
intron of SCN8A was not identified by an algorithm that
looked for U12 intron retention in RNA-seq data from hu-
man dermal fibroblasts. Thus, at least in the cells tested in
this study, SCNSA appears not to be affected by the loss of
the SCNM1 protein. In addition, no neurological features
including epileptic encephalopathy, seizures, or cognitive
impairment, which are human phenotypes associated
with mutations in SCN8A>* were observed in the individ-
uals identified in this study with SCNM1 mutations.
Recently, Bai et al. demonstrated that SCNM1 is part of the
human minor spliceosome following purification of the mi-
nor B** complex and subsequent determination of its
atomic model by cryo-EM.?* Our data provide additional
insight into the function of SCNM1 by uncovering a set of
genes containing U12 introns with a substantially altered
splicing due to the loss of this protein. As observed in other
studies involving mutations in different subunits of the mi-
nor spliceosome,”*>> SCNM1 deficiency increased U12
intron retention and induced the production of aberrant
alternative splicing isoforms around U12 introns, while
not completely abolishing the synthesis of normally spliced
transcripts. Nonetheless, the levels of the correctly spliced
mRNA isoforms of TMEM107, FAM92A, C170rf75, ZC3HS,
and DERL2 were severely reduced in the absence of
SCNM1. The possible involvement of these genes in the
OFD clinical phenotype is discussed next. TMEM107 has
been associated with OFD and OFD-overlapping ciliopa-
thies such as Joubert syndrome (JBTS) and Meckel-Gruber
syndrome (MIMs for TMEMI107-associated conditions:
617563, 617562).*°%°7 This gene encodes a TZ protein
that regulates ciliary protein composition and function,*®
and human dermal fibroblasts with TMEM107 mutations
were described with elongated cilia*®*°“>” and impaired
Hh signaling.”” Mutant mice with a Tmem107 missense mu-
tation (schlei) were also characterized with Hh-signaling de-
fects in the neural tube and limb buds.*® It is then likely that
the defects in primary cilia and Hh signaling observed in pri-
mary fibroblasts lacking SCNM1 could be due, at least in
part, to the very low mRNA levels of the coding isoform of
TMEM107 present in these cells. However, we cannot accu-
rately determine the extent of the contribution of this gene
to the SCNM1-associated phenotype because we could not
evaluate TMEM107 protein levels. FAM92A is also likely

to contribute significantly to the clinical features of
SCNM1-affected individuals. FAM92A codes for a basal
body protein,”” and loss-of-function mutations in this
gene have been associated with nonsyndromic postaxial
polydactyly in human and with metatarsal osteomas and
polysyndactyly along with some other skeletal features in
mice.®” Regarding C170rf75, this gene encodes a protein
that interacts with WDR11 and FAM91A1 to form a stable
protein complex that localizes to the trans-Golgi network
(TGN) and is suggested to be involved in endosome-to-
TGN trafficking.®! Although not much is known about the
function of the C170rf75 protein, WDR11 is a modulator
of Hh signaling, which is required for ciliogenesis and
GLI3 processing.®” The ZC3HS protein is also poorly charac-
terized. This protein was described to localize to Cajal bodies
and promyelocytic leukaemia (PML) bodies and to be a
component of the little elongation complex, which partici-
pates in the transcription of snRNAs, including spliceoso-
mal snRNAs.®** According to data from the International
Mouse Phenotyping Consortium (IMPC),*® Zc3h8/~ mice
are not viable and Zc3h8"/~ heterozygous mice exhibit
multi-organ defects including abnormal digit, heart, kidney,
liver, spleen, and skeleton morphology, indicating that this
gene has a relevant role in development. Finally, DERL2,
which encodes a protein of the Derlin family (Derlins 1, 2,
3) that functions in the endoplasmic reticulum-associated
degradation (ERAD) process,®® may also be involved in the
SCNM1-phenotype. Of interest, DERL2 was reported to be
required for ERAD of the C-terminal fragment of SHH
ligand.®” Derlin2~/~ mice are mostly perinatal lethal, and
the mice surviving this period (4%) are smaller, have chon-
drocytic abnormalities, and developed skeletal defects
involving the rib cage in adulthood.®® Hence, DERL2 might
beimplicated in the skeletal features observed in affected in-
dividuals with SCNM1 mutations.

We cannot rule out the possibility that other genes identi-
fied in this study with abnormal U12 intron splicing, but for
which thelevels of normally spliced transcript were found to
be less affected, could be contributing to the clinical features
associated with SCNM1 mutations. Among these genes, it is
worth noting KIFAP3, encoding a subunit of the IFT-B motor,
trimeric kinesin-II,°” and RABL2B that codes for a small
GTPase that interacts with IFT-B and seems to initiate the en-
try of this complex into the cilium.”%”* Mutations in two IFT

was measured (n = 3 [C], n =4 [P]), and at least 125 cells were analyzed to calculate the ratio of ciliated cells (n = 3 [C], n = 3 [P]). Data are
presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. Kruskal-Wallis test with Dunn’s multiple comparison test and one-way
ANOVA with Bonferroni’s post-hoc test for comparison of selected pairs were used for cilia length and ciliation frequency, respectively.
(C-G) Relative quantification of TMEM107 (C), FAM92A (D), ZC3HS8 (E), DERL2 (F), and C170rf75 (G) mRNA levels by RT-qPCR in control
(C) and affected individual (P) cultured primary fibroblasts retrotransduced with SCNM1 or the empty retroviral vector (pBABE). RNA
samples used were isolated from DMSO-treated cultures. Scatterplots show mean = SD (n = 3 [C], n = 4 [P]). Gene expression for
TMEM107, FAM92A, ZC3H8, and DERL2 was normalized against the geometric mean of GAPDH and GUSB mRNA levels. For
C170rf75, GUSB expression was used for normalization. The ACt mean value of control cells (C) retrotransduced with pBABE was
used as calibrator sample. ***p < 0.001. One-way ANOVA with Tukey’s multiple comparison test.

(H-K) Representative immunoblots of FAM92A (H), ZC3H8 (I), DERL2 (J), and C170rf75 (K) showing reestablishment of the normal
levels of these proteins in affected individual (P) primary fibroblasts after SCNM1 retroviral delivery. Control fibroblasts are labelled
as C. Blots were conducted in cell extracts from DMSO (—)- and SAG (+)-treated cells. (Hand I): n =3 (C),n=4 (P); Jand K): n =2
(C and P). In (I), arrowheads mark WT (ZC3H8) and truncated (ZC3H8A) ZC3HS isoforms. In (K), the asterisk designates a non-specific
band. Tubulin (TUB) and vinculin (VINC) served as a loading control.
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genes have been described to be associated with OFD.**?* It
could be hypothesized that the effect of the loss of SCNM1
could become more damaging for the splicing of U12 in-
trons of these genes in cell types/tissues different from those
used in this study, or during specific developmental time
points, due to distinct splicing dynamics and proportions
of splicing factors across tissues. It was reported that the
levels of minor intron retention vary in a tissue-specific
manner, and differential expression of splicing-related genes
between tissues or along differentiation processes has also
been identified.””*

Importantly, at the cellular level, our data demonstrate
that SCNM1 deficiency results in the elongation of the pri-
mary cilium. Cilialength is a highly regulated process that is
altered in a number of ciliopathies.”* A proportion of these
conditions, including several phenotypes caused by muta-
tions in genes that have been associated with OFD such as
TMEM107 or FAM149B1, are characterized by elongated
cilia.?**°57.73 Another feature that can be observed in
some OFD and OFD-related ciliopathy syndromes is the
alteration of the localization of cilium membrane proteins
such as ARL13B,*”"* a protein that is mutated in JBTS
(MIM: 612291).”* We found the localization of ARL13B in
SCNM1-deficient fibroblasts to be normal, which is in
agreement with the clinical data presented here showing
that the typical severe neurological manifestations of
JBTS, like psychomotor delay or molar tooth sign, are not
present in the affected individuals of this study.

In summary, we report that mutations in SCNM1, a
component of the minor spliceosome, cause OFD, and
reveal an array of genes containing U12 introns that depend
on SCNM1 function for their correct splicing. Among those
genes there are some with relevant roles in cilia biology,
vesicle trafficking, snRNA transcription regulation, protein
homeostasis, and other essential cellular processes. This
work also provides evidence for the involvement of the mi-
nor spliceosome in the control of primary cilia length and
Hh signaling through the activity of SCNM1, which has
important implications in human development.
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I. Supplemental Figures

Figure S$1

A
-——— exon 4 > AluYc1 pexon4 —---

AGGGTGGGACCTATGGCAGGGACGGGCCCAACCCTCTTCCCCTGGACCACTTATCCTCTTCTCTACCCCTGCTCAGCTTTG
CTTGTGCCATCTGCCCCCATCGACCGGTACTGGACACCCTGGCCATGCTGACTGCCCACCGTGCAGGCAAGAAACATCTGT
CCAGTAAGTTAGGGGGAAGACGGGATGGGGAATAAACCCTCGAAATCTCTGCACACCACTCTTGGTGCTATGCTTTTAATT
CTGTTTCCCTTTCTCCTCAGGCTTGCAGCTTTTCTATGGCAAGAAGCAGCCGGGAAAGGAAAGAAAGCAGAATCCAAAACA
TCAGAATGAATTGAGAAGGGAAGAAACCAGGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGG
CGGGCGGATCACGAGGTCAGGAGATCGAGACCATCCTGGCTAACACGGTGAAACCCCGTCTCTACTAAAAATACAAAAAAT
TAGCCGGGCGTGGTAGCGGGCGCCTGTAGTCCCAGCTACTCGGGAGGCTGAGGCAGGGGAATGGCGTGAACCCGGGAGGLG
GAGCTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTCAAAAAAAAAAAAAA
AAAAAAAACGAGAAGCCAAGAAACCAAAGCTCGAGGTAATCAGAGAGTGGAGAGTGTGTTCTAGGCAAGACCCTGCTGCACAC
ACCAGGCTGGAAGGGCGGAGGGCTGAAGGCTCTGACTCTGTCTCCCATCTCCTTACCAGGCTCCTCTGCTAACTCAGACAC
GACTTATCACCCAGAGTGCTCTGCACAGAGCTCCCCACTATAACAGTTGCTGCCGCCG

P4 1 GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCACGAGGTC 70
Alurel 1 COCBEGOGCGETORCTCACGOCTETARTCOCARCACTIGOSAGCCEAGOERCLECATCACGAETC 10
P4 71 AGGAGATCGAGACCATCCTGGCTAACACGGTGAAACCCCGTCTCTACTAAAAATACAAAAAATTAGCCGG 140
Alurel 71 AGGAGATCEAGACCATCCTEGCTAACACGOTGAACCCOGTCICTACTARAAATACAARARATTAGECSS 140
P4 141 GCGTGGTAGCGGGCGCCTGTAGTCCCAGCTACTCGGGAGGCTGAGGCAGGGGAATGGCGTGAACCCGGGA 210
Alu¥el 141 GCBTGGTACCGO0CE0CTOTACTCCCAGCTACIOGGEACACTEAGOCAGCACAATEACETGRACCCEAEA 210
P4 211 GGCGGAGCTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCT 280
AluYcl 211 GGCGGAGCTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCT 280
P4 281 C 281

AluYcl 281 C 281

Figure S1. Characterization of the SCNM1 mutation identified in the proband of
family 3 (P4). A) Schematic diagram showing SCNM1 exon 4 in green and the AluYc1
interrupting this exon detected in P4 in blue. Intronic sequences are represented with
dotted lines. Direct repeats corresponding to the target site duplication (TSD) flanking
the Alu are indicated as red arrowheads. B) Genomic DNA sequence of SCNM17 exon
4 (highlighted in green), AluYc1 (blue) and SCNM1 exon 4 upstream and downstream
adjacent sequences demonstrating the site of the Alu insertion in P4. TSD nucleotides
are underlined, and the 5" and 3" splice sites of SCNM17 exon 4 are in bold italics and
shadowed in grey. C) DNA alignment showing only one mismatch between the
sequence of the AluYc1 inserted in SCNM1 exon 4 of P4 (P4) and the AluYc1
consensus sequence (AluYc1) obtained from the GIRlI Repbase database
(https://lwww.girinst.org/Repbase/). Nucleotide alignment was generated using Censor

software tool".
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Figure S2. Multiple protein sequence alignment of SCNM1 orthologs. Alignment of
SCNM1 orthologous proteins from species of different eukaryotic kingdoms conducted with
the MUSCLE algorithm?. Protein accession numbers used in the alignment are indicated
before the name of each species. Amino acids that are conserved in 275% of sequences are
colored. Regions of the alignment corresponding to C2H2 zinc finger (C2H2-ZF) and acidic

domains are highlighted with an upper band in pink or blue, respectively.
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Figure S3. Western Blot analysis of SCNM1 in SCNM7-KO RPE-1 clones. Anti-SCNM1
immunoblotting of lysates from different SCNM71-KO RPE-1 clones (c1.2C, ¢2.1B, c3.1F,
c4.1C, ¢5.5C and c6.18C) used in this study which were generated by CRISPR-Cas9 editing,
and parental control RPE-1 cells (RPE-1). Wild-type SCNM1 is identified with an arrow, and
the asterisk designates nonspecific bands. The lower molecular weight band in c¢1.2C
indicates that an aberrant truncated SCNM1 protein is synthesized in this clone. The same
could apply to ¢3.1F where a faint different band, also with lower molecular weight than the

wild-type protein, is detected by the anti-SCNM1 antibody. Tubulin (TUB) was used as

loading control (n=3).



Figure S4
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Figure S4. U12 intron retention and alternative splicing defects are increased in

SCNM1-deficient cells. A) Summary of results from bioinformatics analysis of RNA-seq

data using intEREst R package® showing number and percentage of differentially retained

U12 introns between fibroblasts derived from an affected individual (P2) and control

fibroblasts. B) Representative examples of exon-intron(U12) semi-quantitative RT-PCR
assays. Agarose gel images of exon-intron(U12) RT-PCR for ARPCS5, ARPCS5L and
KRTCAP2 showing higher yield of RT-PCR products in SCNM1-deficient cells compared to



their respective controls (n=2). Primary fibroblasts [controls (C1, C2), affected individual P2
(P)], SCNM1-KO RPE-1 clones [SCNM1-KO clones: ¢1.2C, ¢c2.1B, c3.1F; parental control
cells: RPE-1], and siRNA treated RPE-1 cells [un-transfected (UT), transfected with non-
targeted siRNA (siCtrl), transfected with siRNA against SCNM17 (siSCNM1)]. NC: no cDNA
control. Exon-exon primers for the housekeeping gene GAPDH were used as control for the
quantity of cDNA template. Schematic representations of the genes analyzed are shown to
the right of corresponding gel images. The arrows indicate the position of the forward (Fw)
and reverse (Rv) RT-PCR primers used. Boxes are exons and the lines introns. U12 introns
are highlighted with a red line. Dotted lines represent canonical splicing events. C-F)
Characterization of RABL2B (C-D) and AHCTF1 (E-F) U12 intron splicing. In panels C) and
E), a schematic representation of the genomic region containing the U12 intron of RABL2B
and AHCTF1 is represented on top. Boxes indicate exons and lines introns. U12 introns are
represented with a red line and the arrows specify the direction of transcription. Sashimi plots
of the genomic region of interest from control fibroblasts (C; in blue) and fibroblasts derived
from P2 (P; in red) are shown below. In sashimi plots the mean counts from two independent
RNA-Seq experiments is represented. Splicing events supported by a minimum of 10 reads
are denoted with lines and the number of reads supporting each junction is indicated. Panels
D) and F) show representative images of agarose gels corresponding to exon-exon RT-PCR
analysis of RABL2B and AHCTF1 in primary fibroblasts, RPE-1 SCNM1-KO clones and
siRNA-treated RPE-1 cells. Sample labelling is as in panel B (n=2). Normal transcript
isoforms are designated with an N and the numbers on the right of each gel denote
abnormally spliced products detected in this assay. Schematic representation of the exon
composition of RT-PCR products is underneath showing, in each case, partial or complete

inclusion of the U12 intron (red).



Figure S5

— - o
uolssaidxa yZeW V4 anlje|ay

.
LS

whE

o |o

r T T
o <]

uoissaidxa YZeUY4 aAneoy

o

T T T
0 o 0 =)
o o

uoissaldxa gHEDZ aAlje|ay

b
R
Boe

+T o2
b

9 2 @ 2
- - =] =

uoissaidxa gHEDZ aAe|aY

wrw

wrw

ho|e

uoissaldxa gHEDZ aA1e|9Y

o

0 2 0 e

o

J

r T T
ot < o Q
- - o o

uoissaidxa Z7y30a 2Ae|9Y

“
%

o

=
feld

e

r T T
w e wn =1
- - o o

uoissaidxa Z7y30a 2Ae|9Y

waw

(a]

r T T Qe

[';) o 0] =)

- - =}
uoissaldxa ¢/LI0/ L9 aAle|aYy

INRE
o %
H o

uoissaldxa /4107 L) dAE|9Y

Figure S5. Absence of SCNM1 causes a severe reduction in the transcript levels of

several U12 intron-containing genes. A-D) Relative quantification of mRNA levels of

FAM92A, DERL2, ZC3H8 and C17orf75 expression by RT-qPCR in primary fibroblasts



[controls (C1, C2), affected individual P2 (P)], SCNM1-KO RPE-1 clones [SCNM1-KO
clones: ¢1.2C, ¢2.1B, c3.1F; parental control cells: RPE-1], and siRNA treated RPE-1 cells
[un-transfected (UT), transfected with non-targeted siRNA (siCtrl), transfected with siRNA
against SCNM1 (siSCNM1)]. Tagman assays were used to quantify FAM92A, DERL?2 and
ZC3H8 expression using the geometric mean of GAPDH and GUSB mRNA levels to
normalize data. C7170rf75 mRNA levels were quantified using SYBR Green and RT-gPCR
specific primers and were normalized against GUSB expression. The ACt mean value of C2,
RPE-1 or UT was used as calibrator sample in the corresponding experiments. Scatter plots
show the mean + SD (n=3). *p<0.05, **p<0.01, ***p<0.001. One-way ANOVA with Tukey’s

multiple comparison test.
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Figure S6. SCNM1-KO RPE-1 clones exhibit elongated primary cilia. A) Representative
immunofluorescence images showing cilia with increased length in SCNM71-KO RPE-1
clones ¢5.5C and c6.18C compared to RPE-1 parental control cells. Green [acetylated
tubulin (AcTub) + gamma tubulin (y-Tub)]: cilia; blue (DAPI): nuclei. Scale bars: 10 um. B)
Graphs representing cilia length and distribution of cilia length in SCNM7-KO RPE-1 clones
(c5.5C and c6.18C) and RPE-1 control cells. At least 85 cilia from 3 different experiments
were measured per cell line. Data are presented as mean + SD. ***p<0.001. Kruskal-Wallis

test with Dunn’s multiple comparison test.



Figure S7

A
c1 c2 P
m . . .
™
bl
nd
<
;
e
=
<
Q
o
[4]
E . . .
B
8000
a
6000 -
3 L PY L
1 4000- Ay o o
04: ' T IT L
' *s.le2
2000 dhabyba Al S31%e
= ==h l..
[ ]
0
c1 c2 P

Figure S7. ARL13B ciliary localization is normal in SCNM1-deficient primary
fibroblasts. A) Representative images showing positive ARL13B immunostaining (red) in
primary cilia of fibroblasts from controls (C1, C2) and affected individual P2 (P) (n=3). Green
[acetylated tubulin (AcTub) + gamma tubulin (y-Tub)]: cilia, DAPI (blue): nuclei. Scale bars:
10 um. B) Scatter dot plot of ciliary ARL13B integrated density (y-axis) showing no
statistically significant differences between fibroblasts from controls (C1, C2) and affected
individual P2 (P). At least 38 ARL13B positive cilia were analyzed per cell line from two
independent experiments. Data are presented as mean * SD. Kruskal-Wallis test with

Dunn’s multiple comparison test.
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Figure S8. Analysis of the ciliary localization of SMO and protein levels of GLI3 in
retrotransduced fibroblasts . A) Percentage of SMO positive cilia upon treatment with SAG
(+) or DMSO (-) in control (C) and affected individual (P) fibroblasts retrotransduced with
SCNM1 or the empty retroviral vector pBABE-puro (pBABE). At least 90 cilia per condition
were analyzed from three independent experiments. Data show the mean + SD. ***p<0.001.
One-way ANOVA with Tukey’s multiple comparison test. B-D) GLI3 immunoblots
corresponding to three independent biological replicates illustrating protein levels of GLI3-full
length (GLI3FL) and GLI3-repressor (GLI3R) upon SAG (+) or DMSO (-) incubation in control
(C) and affected individual (P) fibroblasts retrotransduced with SCNM1 or the empty vector
(pPBABE). Tubulin (TUB) served as a loading control. For each individual blot, the graphs
underneath show the ratio between the values of GLISR and GLI3FL or GLI3R and TUB

calculated by band densitometry.



Il. Supplemental Tables

Table S1. List of RT-PCR primers used in this work for the analysis of the splicing of U12

intron-containing genes:

a) Exon-exon RT-PCR primers for OFD genes containing U12 introns and SCNSA

Primer Sequence (5-3’)
C2CD3 (Fw) CAAGCCTTTCCTACCCCTCA
C2CD3 (Rv) TCCGTGCAATCCTGAGAGTT
TBC1D32 (Fw) TGCTACTTCCCTTCAGTGGA
TBC1D32 (Rv) CTCACTCGAAACCCATGCAG
TCTN3 (Fw) TGGCTGGAAACACTTGTCAG
TCTN3 (Rv) TGCCCACAATACCTGGATCT
TMEM107 (Fw) GCATCTGGTGGTCGTCATC
TMEM107 (Rv) AGGTTCCCGTCATGAAGGTA
TMEM231 (Fw) TGTGCAGCTCATCCTGACTT
TMEMZ231 (Rv) TCTGAGGGAAAAGCACACAA
SCNB8A (Fw) TGCTGAGAGCAAGCTCAAGA
SCNB8A (Rv) ACCCTGAAAGTGCGTAGAGC

b) Exon-intron(U12) RT-PCR primers used for evaluation of the retention levels of U12

introns identified through bioinformatics analysis

Primer

Sequence (5-3’)

AHCTFT1 (Fw)

GGGCTTTTACCAGAAGGCATAGAT

AHCTF1-U12 (Rv)

ATATGTCAGGTTTCCACTACTC

ARPC5-U12 (Fw) ATCTGCCAGCATGTTCTACC
ARPC5 (Rv) AGCAAGTGCCTTTTCATGCC
ARPC5L-U12 (Fw) TGACGGCATGGATGTGCTTG
ARPCS5L (Rv) CGCTGCTATTTTCTGTGGGC

C170rf75-U12 (Fw)

CTTGTTGAGAGATGAAATACTGTCTTC

ID: 1287

C170rf75 (Rv) GCTGCTGCAATCGATGACCACAGAC
CYBA-U12 (Fw) CTGGGCTGTTCCTTAACCAC
CYBA (Rv) TTGATGGTGCCTCCGATCTG
DCTN3 (Fw) ATGCTGGACAGTGCTCACATC
DCTN3-U12 (Rv) CATTAGGGTCCTAGTTGAGC
DERL2-U12 (Fw) CAGGTGGGTTACTGTTAAGC

ID: 1194

DERL2 (Rv) TGGCCGTTCCTCAGGTAGT
DOCK1 (Fw) GCCGAGCAGTATGAGAACGA
DOCK1-U12 (Rv) GGCAGCATAGACATCAACCATG
FAM92A (Fw) AAAACCGGAACGCTCAAACG
FAM92A-U12 (Rv) TGAATTAGGTGGCGTAACCTCT
KIFAP3 (Fw) CGGGGTTCTGCTTTGATCCT
KIFAP3-U12 (Rv) TTACCTGCTCCTTCTACC




KRTCAP2 (Fw) TTCAGCTCGCCTTTCTTGG
KRTCAP2-U12 (Rv) CTCCAACTGCAGGGAGGATAC
MAPKT (Fw) ACACCAACCTCTCGTACATCG
MAPK1-U12 (Rv) CAGGGCACCCTCTTTCTTAG
MARCHF6 (Fw) TAACCCACCAGCTGAGAACG
MARCHF6-U12 (Rv) TTGTCCACACTGACCCTTAC
RABL2B (Fw)’ GAGTGAGTTGGACCAAGGGA
RABL2B-U12 (Rv)’ TGGGTCAATCGGCAAGAAAC
SBNOT (Fw) TATGCAGCCCAGCAACATGA
SBNO7-U12 (Rv) CCTGTTTCCCAAAGGTCTAC
ID: 1411

SLC12A4-U12 (Fw) GGCACGTGGTACTATTCAGG
ID: 1283

SLC12A4 (Rv) AGTGCCCATGTGGGTTCAC
TMEMB87B (Fw) GCAACACTGGACTGTCAACC
TMEM87B-U12 (Rv) TCCCCTCCGTTCTTCCTAGA
ZC3H8 (Fw) GCTGGTCACAAGAATGGCAA
ZC3H8-U12 (Rv) CACTTTGATACTAAGTTGGGCTTGG

c) Exon-exon RT-PCR primers used for evaluation of splicing efficiency of U12 introns
identified through bioinformatics analysis

Primer Sequence (5°-3’)
AHCTF1 (Fw) GGGCTTTTACCAGAAGGCATAGAT
AHCTF1 (Rv) CGCCCTGACTCATGAATGCC
ARPCS5 (Fw) CGGGATTGGGATGTCGAAGA
ARPC5 (Rv) AGCAAGTGCCTTTTCATGCC
ARPCS5L (Fw) CGGGTGGACATCGACGAAT
ARPCS5L (Rv) CGCTGCTATTTTCTGTGGGC
C170rf75 (Fw) CTACCATCCGAAGTGGAGCC
C170rf75 (Rv) GTCCTTGAAGACTGGCCACA
CYBA (Fw) CAGATCGAGTGGGCCATGTG
CYBA (Rv) CAGTAGGTAGATGCCGCTCG
DCTN3 (Fw) GCTTGGCCCAGATCCACATT
DCTN3 (Rv) AAAGGCAGGTTGGCATAGGG
DERL2 (Fw) ATGGCGTACCAGAGCTTGC
DERL2 (Rv) TCCACCAGGTTGATTGGGAA
DOCKT1 (Fw) GCCGAGCAGTATGAGAACGA
DOCKT1 (Rv) CATTCTCCAGGGGGCTGATT
FAM92A (Fw) GCTACAGAGACCCCGCATTT
FAM92A (Rv) TCTGGTAGGCAGCAGTGTAGA
KIFAP3 (Fw) CGGGGTTCTGCTTTGATCCT
KIFAP3 (Rv) TCCCGATCAAGGGCTTTCAC
KRTCAP2 (Fw) TTCAGCTCGCCTTTCTTGG
KRTCAP2 (Rv) GCAGGTGGTGACACAGACTC
MAPK1 (Fw) ACACCAACCTCTCGTACATCG
MAPK1 (Rv) TTGAGCAGCAGGTTGGAAGG
MARCHF6 (Fw) TAACCCACCAGCTGAGAACG




MARCHF6 (Rv) AAACCACAGGACACCAGGTC
RABL2B (Fw)’ GATCATCTGCCTGGGAGACA
RABL2B (Rv)* TCAAACACCATGATGCAGGC
SBNOT (Fw) TATGCAGCCCAGCAACATGA
SBNOT (Rv) TACCCTCACCCCATATGCCA

SLC12A4 (Fw) AAGGAGAGCCTGCCTCTGTA
SLC12A4 (Rv) AGTTCCTGCTGACACCATCG
TMEMB87B (Fw) GCAACACTGGACTGTCAACC
TMEMB87B (Rv) TGTCTTAGTTGTCCACCCCA

ZC3H8 (Fw) GCTGGTCACAAGAATGGCAA
ZC3H8 (Rv) ACAGTCTTGAACACGCATGG
huGAPDH (Fw)* GAAGGTGAAGGTCGGAGTC

huGAPDH (Rv)* GAAGATGGTGATGGGATTTC

Asterisks designate primers for GAPDH. This gene was used as housekeeping
gene for semi-quantitative RT-PCR analysis in a) b) and c). The # symbol
indicates that due to high identity between RABL2B and RABL2A genomic
sequences (98%), primers cannot discern between these two genes. Fw:

forward primer, Rv: reverse primer.

Table 3b: For those genes containing more than one U12 intron, only U12
introns detected as retained by bioinformatics analz}/sis were tested. In this case,
the ID number given by the minor intron database™ to these introns is indicated.
Primers annealing to U12 intron nucleotide sequences are labelled as “gene

name-U12".




Table S2. Genomic coordinates of the region of homozygosity (ROH) on chromosome 1
comprising SCNM1 of each affected individual (P1-P4).

Individual ROH (GRCh37/hg19)
P-1 chr1: 88,129,160 - 166,504,879
P-2 chr1: 88,129,160 - 166,504,879
P-3 chr1: 99,416,102 - 157,275,294
P-4 chr1: 111,531,126 - 151,547,397
common ROH chr1: 111,531,126 - 151,547,397
SCNM1 chr1: 151,138,498 - 151,142,773




Table S3. Genes containing the 25 U12 introns detected as significantly retained in SCNM1-

deficient fibroblasts through bioinformatics analysis, and summary of exon-exon RT-PCR

results for the 18 analyzed genes.

a) Summary of abnormal alternative splicing events detected by exon-exon RT-PCR in the

18 analyzed genes; and Gene Ontology (GO) terms (biological process) for these genes.

U12 intron
containing gene

Defective spliced
isoforms detected

Biological process (GO)

AHCTF1

CU12IR

G00032465: regulation of cytokinesis;
GO00051292: nuclear pore complex assembly

ARPCS

GO00034314: Arp2/3 complex-mediated actin
nucleation;
GO0016477: cell migration

ARPCS5L

GO00034314: Arp2/3 complex-mediated actin
nucleation;
G00016477: cell migration

C17orf75

CU12IR

GO00099041: vesicle tethering to Golgi;
G00006886: intracellular protein transport

CYBA

G00014895: smooth muscle hypertrophy;
GO00006954: inflammatory response;
GO00045087: innate immune response;
GO0045730: respiratory burst

DCTN3

CU12IR

GO00061640: cytoskeleton-dependent
cytokinesis

DERL?2

CU12IR, A5SS, A3SS,
ES

GO00030433: ubiquitin-dependent ERAD
pathway;
GO00030307: positive regulation of cell growth

DOCK1

CU12IR

GO00007229: integrin-mediated signaling
pathway;

GO0006911: phagocytosis, engulfment;
GO00010634: positive regulation of epithelial
cell migration;

GO00007264: small GTPase mediated signal
transduction

FAM92A
(CIBARY)

A5SS, ES, CEI

GO00060271: cilium assembly;

GO0007007: inner mitochondrial membrane
organization;

GO00035108: limb morphogenesis;
GO00045880: positive regulation of smoothened
signaling pathway

KIFAP3

GO00044782: cilium organization;
GO00072383: plus-end-directed vesicle
transport along microtubule;
GO00065003: protein-containing complex
assembly;

GO0007165: signal transduction

KRTCAP2

CU12IR

G00042543: protein N-linked glycosylation via
arginine

MAPK1

GO0070371: ERK1 and ERK2 cascade

MARCHF6

CU12IR

GO0030433: ubiquitin-dependent ERAD
pathway;

G0O1904380: endoplasmic reticulum mannose
trimming




GO00042073: intraciliary transport;
GO00060271: cilium assembly

GO0006355: regulation of transcription, DNA-
templated

GO0006884: cell volume homeostasis;
SLC12A4 CUT2IR GO00007268: chemical synaptic transmission

GO0042147: retrograde transport, endosome
to Golgi

GO00042795: snRNA transcription by RNA
polymerase ll;

ZC3H8 AS5SS, A3SS GO00042796: snRNA transcription by RNA
polymerase llI;

G0O0043029: T cell homeostasis

RABL2B CU12IR, A5SS, ES

SBNO1 CU12IR

TMEMS878B -

b) GO terms (biological process) for the remaining genes identified by bioinformatics analysis
with increased U12 intron retention.

U1.2 |_ntron Biological process (GO)
containing gene
GO0007155: cell adhesion;
GO00033033: negative regulation of myeloid cell
apoptotic process;
MAEA G00043161: proteasome-mediated ubiquitin-
dependent protein catabolic process;
GO0007346: regulation of mitotic cell cycle
TMEM161B GQ0098901 :_regulatlon of cardiac muscle cell
action potential
FIG4 GO00006661: phosphatidylinositol biosynthetic
process
MED23 GO0006367: transcription initiation from RNA
polymerase Il promoter
G00006289: nucleotide-excision repair;
ERCC5 G00043066: negative regulation of apoptotic
process
ALG12 GO0006457: protein folding
SMS GO00006597: spermine biosynthetic process

Abbreviations in a): CU12IR (Complete U12 Intron Retention), A5SS (Activation of cryptic 5° Splice Site [within
U12 intron or adjacent exon]), A3SS (Activation of cryptic 3’ Splice Site [within U12 intron or adjacent exon]), ES
(Exon Skipping) and CEI (Cryptic Exon Inclusion). For each gene, a selection of manually curated GO terms for
biological process listed in UniProt database’ is included.
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