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Abstract

The evolutionarily conserved Hedgehog (Hh) pathway is essential for organogenesis and
plays critical roles in postnatal tissue maintenance and renewal. A unique feature of vertebrate
Hh pathway is that signal transduction requires the primary cilium (PC) where major pathway
components are dynamically enriched. These factors include Smoothened (SMO) and
Patched, that constitute the core reception system for Sonic Hedgehog (SHH) as well as GLI
transcription factors, the key mediators of the pathway. Here, we report biallelic loss-of-
function variations in SMO in seven cases from five independent families causing a wide
phenotypic spectrum of developmental anomalies affecting the brain (hypothalamic
hamartoma, microcephaly), heart (atrioventricular septal defect), skeleton (postaxial
polydactyly, narrow chest, shortening of long bones) and the enteric nervous system
(aganglionosis). Affected individual-derived cells showed normal ciliogenesis but severely
altered Hh-signal transduction due to either altered PC trafficking or abnormal activation of
the pathway downstream of SMO. In addition, Hh-independent GLI2 accumulation at the PC
tip in cells from the affected individuals suggests a potential function of SMO in regulating
basal ciliary trafficking of GLI2 when the pathway is off. Thus, loss of SMO function results
in abnormal PC dynamics of key components of the Hh signaling pathway and leads to a large

continuum of malformations in humans.

Short Title: SMO mutations cause a broad spectrum of developmental anomalies due to

abnormal Hedgehog signaling



Introduction

Hedgehog (Hh) signaling is a key evolutionarily conserved pathway during
development and patterning of most organs. A unique feature of the vertebrate Hh pathway is
that the primary cilium (PC) is critical for signal transduction '. PC is a microtubule-based
organelle emanating from the surface of most cells 2, in which the components of the Hh
pathway are enriched dynamically in response to Hh ligand. In the absence of Hh ligand, its
receptor Patched 1 (PTCHI) localizes to the PC where it inhibits Smoothened (SMO), a
second transmembrane protein belonging to the class F family of G-protein coupled receptors
(GPCRs). Binding of Sonic Hedgehog (SHH) to PTCHI leads to the exit of PTCHI1 and the
entry of SMO into the PC, where SMO activation culminates in GLI-dependent
transcriptional activities 34 In mammals, the GLI family consists of three members (GLI1,
GLI2 and GLI3) that shift between activating (GLI*) and repressive (GLI?) forms to shape
the Hh response. When the pathway is off, GLI3R is the predominant repressor of Hh target
genes, whereas GLI2” is the predominant activator when the pathway is on °.
In humans, deregulation of the Hh pathway leads to both malformations and cancers.
Heterozygous germline mutations in SHH [MIM: 600725] and PTCHI [MIM: 300828] cause
holoprosencephaly, while somatic or germline truncating PTCHI mutations can cause basal
cell nevus syndrome (BCNS, [MIM: 109400]), also called Gorlin syndrome. Monoallelic
germline variations in SUFU [MIM: 607035] can also cause BCNS while biallelic
hypomorphic mutations can cause Joubert syndrome (JBTS, [MIM: 213300]). Biallelic GLII
[MIM: 165220] mutations lead to a phenotypic spectrum ranging from isolated postaxial
polydactyly to a broader phenotype overlapping Ellis-van Creveld syndrome (EVC, [MIM:
225500]) ®. Germline heterozygous truncating variants in GLI2 [MIM: 165230] can cause
Culler-Jones syndrome (CJS, [MIM: 615849]), associating postaxial polydactyly and

hypopituitarism or holoprosencephaly (HPE9; [MIM: 610829]) 7¥. Considering GLI3 [MIM:



165240], germline heterozygous loss-of-function mutations are reported in Greig
Cephalopolysyndactyly Syndrome (GCPS, [MIM: 175700]) and isolated polydactyly, while
frameshift mutations located in the middle third of GLI3 lead to constitutive GLI3® and cause
Pallister-Hall syndrome (PHS, [MIM: 146510]). Finally, activating somatic missense
mutations in SMO [MIM: 601500] are found in sporadic basal cell carcinoma (BCC, [MIM:
605462]), medulloblastoma and in Curry-Jones syndrome (CRJS, [MIM: 601707]) °.

Here, we identified biallelic loss-of-function variations in SMO leading to severely
altered Hh-signal transduction and causing pleiotropic developmental anomalies, affecting
brain, heart, enteric nervous system (ENS) and skeletal development, with postaxial
polydactyly as a consistent feature. SMO is thus a novel example of a key Hh pathway
component for which loss-of-function and activating mutations can cause developmental

disorders and cancer, respectively.

Materials and Methods

Affected individuals
Informed consent was obtained for all participating families, and the study was approved by

the Ethical Committee of Paris Ile de France II. Family 2 was recruited via GeneMatcher '°.

Whole exome sequencing

Genomic DNA was extracted from peripheral blood samples. Briefly, Agilent SureSelect
libraries were prepared from 3 pg of genomic DNA sheared with a Covaris S2 Ultrasonicator.
Exome capture was performed with the 51 Mb SureSelect Human All Exon kit V5 (Agilent
technologies) and sequencing was carried out using a HiSeq2500 (Illumina) machine. After
demultiplexing, paired-end sequences were mapped on human genome reference (NCBI

build37/hg19 version) using Burrows-Wheeler Aligner (Illumina). Downstream processing



was carried out with the Genome Analysis Toolkit (GATK), SAMtools, and Picard Tools,
following documented best practices from the Broad Institute. An in-house software tool
(PolyWeb) was used to annotate (based on Ensembl release 71) and filter variants according
to relevant genetic models. We excluded known variants listed in the public databases dbSNP
(build 135), the Exome Variant Server (release ESP6500SI-V2), the 1000 genomes variants
(release date 21-05-2011) and variants previously identified in “in-house” exomes. Then we
selected for variants affecting splice sites or coding regions (non-synonymous substitutions,
insertions or deletions). Targeted resequencing was performed as described previously '
Sanger sequencing using the primers described in Table S2 was performed to validate the

NGS findings and the segregation of the mutation within all the families.

Cell culture

Fibroblasts were obtained from skin biopsies of affected individuals and cultured in Optimem
supplemented with 10% FBS, 100 U ml™! penicillin and 100 mg ml~" streptomycin (all from
Life Technologies). Ciliogenesis was induced by starving the cells in serum-free Optimem for
24 h.

SHH pathway induction: recombinant human SHH (rhSHH), High Activity (R&D systems,
8908-SH, C-terminal cholesterol, N-terminal fatty acid-modified), 100ug/ml for 24h after 48h
serum starvation; Smoothened Agonist, HCI (SAG, Santa Cruz sc-202814), 10 ug/ml for 24h
after 48h serum starvation. cAMP/PKA activation/inhibition: Forskolin treatment for 1h

(FSK, 1uM).

Reverse transcription quantitative Real Time PCR (RT-qrtPCR)
RNA was extracted from fibroblasts using RNeasy kit (QIAGEN) and first strand cDNA was

synthesized using the GeneAmp RNA PCR Core Kit (Applied Biosystems) with random



hexamer primers. qrtPCR was carried out with the GoTaq qPCR master mix (Promega) in a
Realplex 2 Mastercycler (Eppendorf), using SMO, GLII and PTCH1 primers and primers for
two housekeeping genes GUSB and HPRT (Table S2). SMO, GLII and PTCHI expression
data performed in triplicate were normalized to GUSB and HPRT mRNA expression data.
Data were analyzed with the 2722 method Data are presented as relative levels +SEM.

**p<0.05; ***p<0.001 (Kolmogorov-Smirnov test).

Western blot

Protein was extracted from fibroblasts using RIPA buffer containing Protease Inhibitor
Cocktail (Roche). 50mg of protein was separated by 10% SDS-PAGE and probed with rabbit
anti-GLI3 AF3690 antibody (R&D Systems, 1:500) followed by HRP-conjugated secondary
antibody and ECL-Prime detection (Amersham). An antibody against GAPDH (Abcam;
ab9458) was used as a loading control. Densitometry using Bio-Rad Image Lab software was

used to measure protein levels.

Immunofluorescent analysis

Fibroblasts were fixed in 4% PFA or in ice-cold methanol, permeabilized with 0.2% Triton-X
100 and incubated in 3% BSA, 0.1% Tween20 before incubation with primary antibodies at
4°C overnight followed by incubation with secondary antibodies for 30 min at room
temperature. DNA was stained with DAPI. Confocal images were taken on a Zeiss LSM 700
microscope. Images were analyzed with ImageJ. All experiments were performed in triplicate
with four fields acquired per condition, and an average of 15 cells per field. Cilia frequency
was calculated by dividing PC counts by nuclei counts. PC length was measured after three-
dimensional reconstruction of PC using Imaris software (Bitplane AG, Zurich, Switzerland),

which allowed for length assessment irrespective of angle of orientation. To characterize



SMO and GLI2 trafficking to the PC, we measured the percentage of cells with SMO within
the PC and those with an enrichment of GLI2 at the PC tip after SAG or rhSHH treatment. All

antibodies are listed in Table S3.

Statistical analysis
Results are presented as means of at least n=3 independent experiments. Statistical analyses
on pooled data were performed with the GraphPad Prism software by using Kruskal-Wallis,

Kolmogorov-Smirnov or Fisher’s exact tests.

Results

P1, a male, is the only child of non-consanguineous parents originating from France (F1-II:1).
At birth, he presented with postaxial polydactyly of all four limbs, hypothalamic hamartoma,
gelastic epilepsy and Hirschsprung disease (HSCR, [MIM: 142623]) (Figure 1, Table 1, Table
S1). PHS was suspected and high throughput sequencing of a diagnostic panel of genes
causing human ciliopathies or disorders of Hh-signal transduction including GLI3 [MIM:
146510] identified no mutation. Whole exome sequencing (WES) in trio revealed two
heterozygous variants in SMO (NM_005631.4): a missense (c.781C>T, p.(Arg261Cys)) and a
nonsense (c.1339G>T, p.(Glu447%)) mutation, each inherited from one parent (Figure 2,
Table 2). The nonsense variant falls in exon 7 of 12 total and is therefore presumed to lead to
loss-of-function via nonsense-mediated mRNA decay (NMD). Accordingly, quantitative Real
Time-PCR (qrtPCR) on mRNA extracted from fibroblasts from P1 showed SMO expression
decreased to 50% compared to age-matched controls (Figure 3A) and subsequent cDNA
sequencing confirmed that almost all remaining SMO mRNAs carried the missense allele

(Figure 3B). 3D modeling of the active Gi-coupled hSMO crystal structure (PDB ID: 60TO0)



12 showed that the Arg261 residue is located in the intracellular loop 1 (ICL1) that has been
proposed to be crucial for SMO interaction with the Ga; protein, a direct downstream effector
of SMO (Figures 3C and 3D) !*. Structural comparison of active Gi-coupled hSMO and
inactive h\SMO (PDB ID: 5L7D) ' showed different conformations of Arg261, suggesting its
involvement in the activation of SMO (Figure 3E). In addition, the substitution of Arg to Cys
at amino acid 261 is predicted to modify the distance of the hydrogen bond between this

residue and the Tyr262 backbone (Figure 3F), potentially affecting the stability of the protein.

WES analysis of other individuals with a PHS-like phenotype without GLI3 variants led to the
identification of biallelic variants in SMO in two affected sibs in family F2 (F2-1I:1 (P2) and
F2-1I:2 (P3)), inherited from their heterozygous parents. Both sibs presented with
hypothalamic hamartoma, gelastic epilepsy and postaxial polydactyly. In addition, P2 had
microcephaly (Figure 1, Table 1, Table S1) as previously reported '°. The paternally inherited
variant, ¢.2291_2292delAG, is located in the last exon of SMO and thus predicted to escape
NMD and lead to a truncated protein, p.(GIn764Argfs*52). The maternally inherited variant
was suspected by WES to be a deletion of at least 29 Kb encompassing exon 1 of SMO and
exons 2-8 of TSPAN33. In an attempt to confirm the deletion and define the break points, we
used targeted resequencing to capture a region of 153 Kb of genomic DNA from P2 covering
the deleted interval (Figure 2). This analysis and subsequent Sanger sequencing with
breakpoint-flanking primers, indicated that the deletion breakpoints are 62 Kb apart (chr7
g.128778292_128840690del), encompassing exon 1 of SMO and all exons of TSPAN33
(Figure S1). Interestingly, both break points map to two short interspersed nuclear elements
(SINEs) of the same Alu family; AluSx and AluSz repeats (Figure 2) suggesting non-
homologous allelic recombination as the deletion mechanism. No TSPAN33 variant was
identified in the hemizygous allele of the affected sibs. RT-qrtPCR on mRNA extracted from

fibroblasts of the siblings revealed a decrease of SMO mRNA level by 50% compared to



controls (Figure 3A). cDNA sequencing identified the mRNA harboring the 2bp deletion that
had escaped NMD (Figure 3B), and is predicted to lead to a truncated protein lacking a part of
the C-terminal cytoplasmic tail of SMO required for SMO ciliary accumulation and activation
1617 "In particular, this highly evolutionary conserved region contains two serine residues
(Ser771 and Ser785) corresponding to Ser777 and Ser791 in mouse Smo (mSmo) (Figure 3C,
Figure S2), constituting two out of six phosphorylation sites essential for controlling SMO

activation and ciliary localization'¢.

We also identified SMO biallelic variants in four additional individuals from three families
who had syndromic postaxial polydactyly. In family 3, the affected male (F3-II:1 or P4) had
been diagnosed with Jeune asphyxiating thoracic dysplasia (JATD, [MIM: 208500]). He
presented with bilateral, symmetrical sublingual soft tissue appendages, disproportionate short
stature, short ribs, a trident appearance of the pelvis, short long bones and postaxial
polydactyly of all four limbs (Figure 1, Table 1, Table S1). By trio WES, we identified that he
was homozygous for a SMO variant (c.1285A>T; p.(Ile429Phe)), which was inherited from
both of his parents. This variant is predicted in silico to be deleterious for the function of the
protein (Table 2), but also to affect splicing by reinforcing a cryptic acceptor splice site
located 26 bp downstream of the canonical one. Quantification of SMO mRNA level showed
a decrease of 60% in the fibroblasts from P4 compared to control cells (Figure 3A). cDNA
sequencing confirmed a partial splicing defect resulting in the skipping of the first 26 bp of
exon 7 (Figure 3B), leading to a frameshift and a premature stop codon (p.(Gly422Glufs*9)).
This abnormal transcript partially escapes NMD and may be translated to a truncated SMO
protein lacking the TM5-6 and C-terminal tail and thus predicted to be unstable or inactive.
[1e429, being located in the intracellular loop 3 (ICL3, Figures 3C and 3D), is involved in
SMO interaction with the a5 helix of the Go; protein required for SMO mediated signal

transduction '2. In family F4, the affected child (F4-II:4 or PS) presented with characteristic

10



features of EVC syndrome, another Short-rib thoracic dysplasia (SRTD), associating multiple
gingival frenulae with dysplastic teeth (small, conical), complete atrioventricular septal defect
(AVSD, [MIM: 606215]), postaxial polydactyly of the upper limbs with Y-shaped
metaphysis, narrow chest and trident-shaped pelvis, but normal stature (Figure 1, Table 1,
Table S1). Trio WES analysis led to the identification of SMO compound heterozygous
variants affecting the same amino acid residue: c.1727G>A; p.(Arg576GIn) and ¢.1726C>T;
p-(Arg576Trp)). Finally, a homozygous missense variant in SMO also involving Arg576
(c.1726C>T; p.(Arg576Trp)) was detected in a fifth family with two affected sibs (F5-II:2
(P6), F5-1I1:3 (P7)) born to consanguineous parents and presenting complete (P6) or partial
(P7) AVSD and postaxial polydactyly of all four limbs (Figure 1, Table 1, Table S1). In
fibroblasts from P6 and P7, the expression of SMO remained in the normal range compared to
controls, indicating stability of the mutated mRNAs (Figure 3A), and sequencing of
fibroblast-derived ¢cDNA confirmed the presence of the variant (Figure 3B). All three
missense variants reported here are predicted deleterious in silico by Polyphen2, SIFT and
CADD (Table 2). Finally, Arg576 is located in the C-terminal cytoplasmic tail of SMO
required for its activation as mutagenesis of the corresponding Arg580 in mSmo resulted in

severe loss of mSmo activity '8,

To first analyze PC assembly in cells of individuals harboring biallelic SMO variants, we
induced ciliogenesis by using serum starvation—mediated cell cycle arrest in confluent
fibroblasts from five affected (P1-P4 and P6) and two control individuals (C1 and C2) and
visualized PC by immunostaining with antibodies raised against acetylated alpha tubulin and
pericentrin. We found normal PC number, size and shape in cells from all affected individuals
compared to controls (Figures 4A, 4B and 4C). These results are in accordance with previous

observations in animal models where Smo is not required for normal ciliogenesis. We next
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tested the transduction of the Hh pathway in cells from P1-P4, P6 and P7 stimulated by
addition of recombinant human SHH (thSHH) or smoothened agonist (SAG), followed by
quantification of the expression of two Hh target genes, GLII and PTCHI. Compared to
control cells, neither GLII nor PTCHI expression were induced in cells from affected
individuals, indicating a severe alteration of Hh pathway transduction (Figure 4D). These
results suggest a loss-of-function mechanism of the identified SMO variants in the affected

individuals.

We next analyzed SMO trafficking to the PC in cells derived from affected individuals in
response to thSHH stimulation. In control cells, SMO is enriched within the PC in response to
rhSHH treatment. In cells from affected individuals, SMO is undetectable within the PC in
three cases (P1, P2, P3) (Figures 4E and 4F), suggesting early destabilization or altered
trafficking of mutated SMO, supporting the hypothesis of loss-of-function mechanism. In the
remaining two (P4, P6), SMO is only partially translocated into the PC as the percentage of
SMO positive PC appears significantly diminished as compared to controls. The transduction
of the Hh signal remains as severely depleted as in P1-P3, suggesting that yet partly
translocated into the PC, SMO is not activated. Similarly, in cellular models, ciliary
accumulation without activation of SMO is not sufficient for Hh-signal transduction !°. Taken
together, these results suggest that the identified SMO variants alter the Hh pathway via
instability of the protein, altered SMO trafficking to the PC or absence of SMO activation

within the PC.

GLIs are the major transcriptional effectors of the Hh pathway, with GLI2 and GLI3 acting as

bifunctional transcription factors that contain both an N-terminal repression domain and a C-

terminal transcriptional activation domain. When the pathway is off, GLI2 and GLI3 are

12



targeted to the proteasome in a PC-dependent manner which promotes the processing of short
forms with transcriptional repressor activity (GLI®), GLI3R acting as the primary repressor.
We thus analyzed GLI3 processing in unstimulated cells from affected individuals and found
unaltered GLI3F" to GLI3R ratio compared to control cells (Figures SA and 5B) in accordance
with SMO-independent processing of GLI transcription factors when the pathway is off.
When the pathway is on, GLI2 mediates the bulk of Hh activation whereas GLI3 processing is
inhibited. We thus analyzed GLI3 processing in cells from affected individuals after
activation by SAG and found no significant difference in the GLI3"" to GLI3R ratio between
unstimulated and stimulated cells, suggesting abnormal inhibition of GLI3 processing in
response to Hh pathway activation. In control cells, GLI3R appeared decreased in response to
Hh stimulation, leading to increased GLI3™ to GLI3® ratio, yet without statistical significance
(Figures 5A and 5B).

We next analyzed the ciliary trafficking of GLI2, the principal mediator of Hh-dependent
transcriptional activation, and found accumulation at PC tips independently of rhSHH
treatment in cells from affected individuals (Figures 5C and 5D). In fact, the number of PC
with enrichment of GLI2 at the tip in either unstimulated or stimulated cells from affected
individuals was approximately the same as that in control cells stimulated by rhSHH
treatment (Figure 5C). This result shows constitutive GLI2 localization to the PC when SMO
is defective, in agreement with animal models showing that the nuclear trafficking of GLI2 is
regulated by the Hh-dependent accumulation of activated SMO within the PC. In particular,
these findings are similar to those obtained in Smo-/- MEFs, where both GLI2 and its inhibitor
partner SUFU are also enriched at PC tips independently of rhSHH stimulation .

The cAMP-activated kinase PKA is one of the key players in the Hh pathway, whose activity
is correlated with the amount of ciliary cAMP. In the absence of Hh signal, PKA

phosphorylates GLI proteins, leading to the proteolytic processing of GLI'" into GLIR. When

13



the pathway is on, PC accumulation of activated SMO results in the inhibition of PKA and the
dissociation of GLI from their inhibitory factor SUFU allowing GLI activation and
translocation into the nucleus to activate Hh target genes. Importantly, when the pathway is
off, in addition to its role in GLI processing, PKA restrains the activation of GLI2 by
controlling GLI-SUFU association/dissociation and trafficking within the PC 2!. We thus
analyzed the subcellular localization of PKA by immunostaining. In cells from all control and
affected individuals, PKA accumulates at the base of the PC (Figure S3). After treatment with
forskolin (FSK), a pharmacological agent that raises intracellular cAMP levels, PKA catalytic
subunit is dispersed in cells from all control and affected individuals (Figure S3), indicating
normal PKA response to activating signal. In addition, we found that FSK treatment reverses
rhSHH-independent GLI2 accumulation at the PC tip of cells from affected individuals, as
GLI2 was not detected at the PC tip in all cells analyzed (100 cells per experiment) (Figure
5D). Whether PKA is the unique mediator of GLI2 accumulation remains to be determined, as

GLI2 also disappears from the PC tip after FSK treatment in Pka-/- mouse cells 2'.

Discussion:

Here we report biallelic loss-of-function mutations of SMO in individuals with a wide
range of malformations. All variants we identified are either extremely rare and not observed
in homozygous state (< 10 alleles), or not reported in GnomAD and all missense variants are
predicted to alter SMO protein function (Table 2). Of those tested, each genotype leads to
severely altered Hh-signal transduction with absence of activation of Hh target genes after Hh
stimulation. This depleted Hh-signal transduction is associated with reduced SMO expression
or an altered SMO translocation to the PC in response to Hh stimulation for mutations
p-(Arg261Cys), p.(Glu447*), p.(GIn764Argfs*52) and the 62 Kb deletion encompassing exon

1 of SMO. For variants p.(Arg576Trp) and p.(Ile429Phe) the mutant proteins are partially

14



translocated to the PC in response to Hh stimulation but unable to transduce the Hh signal, in
accordance with their location in domains required for SMO activation (intracellular C-
terminal domain) '®'822 or for SMO coupling to G-protein (ICL1, ICL3), both required for
full activation of Hh signaling !>1323:24,

We also examined GLI2 and GLI3 regulation in cells from affected individuals. Concerning
GLI3, the major repressor when the pathway is off, we observed unaltered GLI3" to GLI3®
ratio indicating normal proteolytic processing. This ratio remained unchanged in cells from
affected individuals after Hh pathway stimulation, in accordance with previous findings in
vitro that Smo knockdown or inactivation prevented Hh-mediated inhibition of Gli3
processing 2°. However, the apparent increase in GLI3'" to GLI3® ratio following stimulation
in control cells remained statistically non-significant. Thus, we cannot draw conclusions on
the potential involvement of GLI3 in the pathological mechanisms associated with SMO
mutations in humans.

Concerning the ciliary trafficking of GLI2, the principal mediator of Hh-dependent
transcriptional activation, GLI2 accumulates at the PC tip in cells from affected individuals
independently of Hh stimulation. Thus, altered Hh signaling in cells from affected individuals
is not due to altered entry of GLI2 into the PC but may be due to abnormal exit of GLI2 from
the PC. This is caused by the absence of active SMO in the PC, which should lead to SUFU-
GLI complex dissociation and subsequent GLI activation and translocation into the nucleus to
activate Hh target genes. Furthermore, this GLI2 accumulation at the PC tip in cells from
affected individuals is Hh-independent and thus may be due to an abnormal regulation of
basal trafficking of GLI2, which normally shuttles in and out of the PC independently of Hh

stimulation '

. Our results suggest involvement of SMO in regulating the basal ciliary
trafficking of GLI2 when the pathway is off. Interestingly, GLI2 basal trafficking has been

proposed to be regulated by PKA 2°. Thus, in this model, SMO may directly or indirectly
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activate PKA which in turn phosphorylates the GLI-SUFU complex to limit basal trafficking

of GLI-SUFU within the PC.

All affected individuals shared postaxial polydactyly, a feature common to Hh
signaling defects and to ciliopathies as the Hh pathway controls anterior to posterior growth
and patterning of limb buds 2?7, In humans, mutations in each GLI gene have been associated
with postaxial polydactyly. In particular, in individuals with PHS, the heterozygous mutations
of GLI3 lead to a truncated protein with constitutive repressor activity leading to an excess of
GLI3R relative to GLI3* and subsequent pathway under-activation 28, Here, we found that
SMO mutations affect mostly GLI2 trafficking resulting in Hh pathway non-activation in

response to Hh stimulation.

In addition to postaxial polydactyly, three affected individuals from families F4 and F5
presented with AVSD, a cardiac malformation previously associated with ciliopathies,
including Bardet-Biedl (BBS, [MIM 209900]), Meckel (MKS, [MIM 249000]) and EVC
syndromes, all due to abnormal PC biogenesis and/or function %. The Hh pathway has long
been shown crucial for cardiac septation, as exemplified by the AVSD phenotype observed in

30,31

Shh-/- mice and conditional Smo mutants , as well as in other mouse models of PC gene

invalidation 232,

Two individuals from families F3 and F4 presented with radiographic features characteristic
of SRTD, in the context of JATD and EVC syndromes. Both syndromes belong to the group
of skeletal ciliopathies, in which mutations in genes encoding several components of the
intraflagellar transport machinery, necessary to build and maintain the PC, have been shown
to be causal ***. Among these genes, mutations in IFTS80 cause JATD and short rib
polydactyly type III, secondary to abnormal ciliogenesis >>’. Interestingly, treatment with the

SMO agonist SAG, as well as GLI2 overactivation, were able to rescue the osteogenic
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deficiency of IFT80-silenced cells *’. In addition, EVC can be caused by mutations in EVC
and EVC2 3% encoding two proteins forming a ciliary transmembrane complex that interacts

with SMO to transduce the Hh signal 4=,

Concerning brain development, three individuals in the present report with a PHS-like
phenotype have hypothalamic hamartoma and gelastic epilepsy. Both are common features in
PHS, that has been strongly associated with Hh signaling defects **. Hypothalamic hamartoma
is also one of the clinical features of oral-facial-digital (OFD) syndrome types I and VI #4,
two syndromic ciliopathies associated with PC dysfunction with subsequent Hh signaling
reduction. Conditional deletion of Smo in mice showed its requirement for promoting tuberal
hypothalamic neuronal identity and heterogeneity among distinct hypothalamic nuclei as well
as for maintenance of tuberal hypothalamic progenitors in a proliferative state “*. However,
the mechanisms underlying hypothalamic hamartoma formation in the context of reduced Hh
signaling are still unknown. Corman and collaborators recently proposed a mechanism by
which a non-cell autonomous gain in Hh signaling activity in wild-type cells surrounding Smo
deleted cells (conditional deletion of Smo in Hh-responsive tuberal hypothalamic progenitors
modeling mosaic Smo disruption) may cause growth of these benign tumors “6. However, the
cases we report harbor biallelic SMO mutations, involving all cells, and thus do not fit this

model.

One individual (F2:II-1) presented with microcephaly, a feature that has also been reported in
ciliopathies and is possibly associated with gyration defects. Interestingly, an appreciation of
the involvement of PC and Hh signaling during neocortical development has recently
emerged *"°, For example, Wang and collaborators nicely showed that constitutively active

Shh signaling via the SmoM?2 mutation in mice led to expansion of neocortical progenitors
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and induced folding of the otherwise smooth neocortex, whereas the loss of Hh signaling

decreased the number of neocortical progenitors and the size of the neocortex >'.

HSCR is less commonly associated with anomalies of Hh-signal transduction or ciliopathies
but is in accordance with the proposed functions of Hh signaling during gut development 32~
54 In particular, targeted deletion of Smo in mice as well as Glil or Shh overexpression leads
to abnormal ENS development -7, HSCR has been reported in other ciliopathies or
congenital anomalies of Hh-signal transduction including BBS type 1 and 4-7 %%, JATD *°,
JBTS % and PHS ©!, although the predisposition to HSCR remains low in these disorders. In
individual P1, HSCR could have been explained by an additional genetic event at the RET
locus, in which rare variations and frequent predisposing polymorphisms have been reported
6263 Although no RET coding sequence mutation was identified, P1 was heterozygous for the

hypomorphic predisposing allele (rs2435357) &

. A larger cohort of individuals with
ciliopathies or developmental anomalies of Hh signaling and HSCR may allow elucidation of
the genetic mechanisms leading to the HSCR trait, which may result from a mutational
burden in PC genes and/or in genes encoding components of the RET signaling cascade as
previously suggested in humans and zebra fish 3. Along these lines, targeted sequencing of
GLI genes in individuals with HSCR led to the identification of heterozygous rare variants
predicted to be damaging yet inherited from unaffected parents %. While these may not be
sufficient alone to cause the phenotype, they may contribute to a higher mutational load in the

RET/Hh signaling pathways and/or PC genes %>,

Finally, ocular anomalies were not reported in this study whereas recently, compound
heterozygous missense SMO mutations were recently reported in a child with both anterior
segment dysgenesis (congenital corneal opacity, cataract) and morning glory syndrome,

without other ciliopathy-like phenotypes . In mice, conditional Smo deletion results in lens
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and corneal defects from E14.5 %, thus supporting dysfunction of SMO as responsible for the
ocular anomalies observed, although functional data concerning the pathogenicity of the

variants reported by Zhang et al is required.

Altogether, we here report biallelic loss-of-function SMO mutations in human
resulting in a broad spectrum of developmental anomalies affecting the brain (hypothalamic
hamartoma, microcephaly), the heart (AVSD), the skeleton (postaxial polydactyly, narrow
chest, shortening of long bones) and the gut (aganglionosis). Functional analysis in cells from
affected individuals indicated severely impaired transduction of the Hh signaling pathway and
altered PC trafficking of GLI2. Our results expand the range of human pathologies caused by
alteration of SMO, which in addition to somatic mutations that cause cancer, now includes

germline mutations leading to a developmental disorder.
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Figure titles and legends

Figure 1. Clinical features of affected individuals. Brain MRI sections on axial T1 (Al, B1,
C1) and sagittal T1 (A2, B2, C2) show hypothalamic hamartoma in P1-P3 (yellow stars). P1
had postaxial polydactyly of lower limbs (A3, A4). P2 and P3 had bilateral postaxial
polydactyly of lower limbs with scars on the 5" digits after surgical removal of the 6™ digits
(B3, B4). P3 also had syndactyly of the 2" and 3™ digits of both feet (C3, C4). P4 had short-
limbed disproportionate short stature, with narrow thoracic cage (D1), postaxial polydactyly
with hypoplasia of middle and distal phalanges and Y-shaped metatarsal (D2, D3), paired
sublingual fleshy appendages surgically resected in infancy (D4), trident pelvis with thick
pubic and ischial bones (D5), short ribs with metaphyseal cupping (D6), ovoid vertebral
bodies (D7), short long bones with metaphyseal lucency and sclerosis (D8). P5 presented with
complete AVSD (not shown), long and narrow thorax (E1), oligodontia (E2), trident
acetabular roof (E3), postaxial polydactyly of both hands (E4,ES) and Y-shaped metatarsal of
the left foot (E6). P6 and P7 had AVSD (not shown), postaxial polydactyly of all four limbs

(F1-G4) and 2/3 syndactyly of both feet (G3,G4).

Figure 2. Pedigrees of the five families carrying SMO biallelic variations. SMO variants
are reported based on Human Genome Assembly GRCh37 (hgl9), the SMO reference
sequence used was NM_005631.4. SMO variants were confirmed by Sanger sequencing on
genomic DNA extracted from peripheral blood samples or fibroblasts of affected individuals
and their parents. All variants segregated as expected from an autosomal recessive mode of
inheritance in all available family members. In P2 from family F2, a large heterozygous
deletion encompassing SMO and TSPAN33 inherited from the mother was identified by
targeted sequencing of a region of 153 Kb (7q32.1: 128773868-128927701). DNA
breakpoints mapped to AluSx and AluSz repeats (red boxes) located at the borders of the

deleted region (chr7 g.128778292_128840690del).
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Figure 3. Effects of SMO variants on the expression of SMO at the mRNA level. (A)
Quantification of SMO mRNA level by quantitative Real Time PCR (qrtPCR) showed an
expression decreased by 50 to 60% in P1-P4 compared to controls and an expression similar
to controls in P6 and P7. qrtPCR was performed using primers specific to SMO transcript on
mRNA extracted from fibroblasts of affected individuals and two unrelated age-matched
controls. Data from three independent experiments were normalized to GUSB and HPRT
mRNA levels, analyzed with the 2722 method and presented as mean values +SEM.
**p<0.05; ***p<0.001 (Kruskal-Wallis test). (B) Sanger sequencing on cDNA from P1-P4,
P6 and P7. Missense variants are indicated in black boxes and deletion or splicing variant by
black lines. For P4, both canonical and cryptic splice sites are indicated and red box
highlights the skipped region. (C-F) 3D modeling of the identified variants on the active Gi-
coupled human SMO crystal structure (PDB ID: 60T0). The Arg261 and I1e429 residues are
located at the ICL1 and ICL3, respectively (C, D). The predicted truncated protein
terminating at the Glu447 residue lacks all the TM6, TM7, ECL3 and the C-terminal
intracellular tail of SMO (C). The Arg576 in the C-terminal tail of SMO corresponding to
Arg580 in mSmo, is a critical residue required for downstream signaling (C). The
¢.2291_2292delAG causes a frameshift leading to a truncated SMO lacking the distal C-
terminal tail of SMO, highly conserved throughout evolution and comprising two
phosphorylation sites (Ser771 and Ser785, red arrowheads) involved in SMO activation,
mapped to aligned sequences of human (h), mouse (m), zebrafish (z) and xenopus (x) SMO
proteins (C). Structural comparison of Gi-coupled hSMO and inactive hSMO (PDB ID:
5SL7D) showed different conformations of the Arg261 (blue for active and purple for inactive
conformations) (E). The substitution of Arg to Cys at amino acid 261 modified the distance of

the hydrogen bond (in red) between this residue and the Tyr262 (F).
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Figure 4. Normal ciliogenesis but altered Hh signaling transduction and SMO
trafficking in cells from affected individuals. (A, B) Representative images and

quantification of ciliogenesis in cells form controls and affected individuals. PC protruded

from most cells of controls and affected individuals (~100 cells analyzed in three independent

experiments). The percentage of ciliated cells was calculated by dividing PC counts by nuclei
counts. Data are summarized in bar charts (mean values + SEM) in (B). (C) Measurement of
PC length after 3D reconstruction showed normal PC length in cells from affected individuals

as compared to controls. Data represented in box and whisker plots are from three

independent experiments (~100 cells analyzed per experiment). (D) Assessment of the Hh-

signal transduction by quantification of the induction of two Hh target genes GLII and
PTCH1I on Hh-stimulated cells from controls and effected individuals. The expression of both
genes is normally induced in controls whereas no induction is found in any of affected
individuals tested. Values were presented as relative expression levels + SEM. Dashed red

line indicates no induction of GLII or PTCHI expression (ratio of stimulated versus

unstimulated normalized expression = 1). “*"p < 0.0001 (Kolmogorov-Smirnov test). (E)

Representative images and (F) quantification of endogenous PC translocation of SMO in Hh-
stimulated cells from control and affected individuals by adding rhSHH (+rhSHH) or without
stimulation (-rhSHH). IF analysis showed altered translocation of SMO to the PC in P1, P2
and P3 after Hh pathway induction as compared to controls. In P4 and P6, SMO appears
translocated to the PC while the percentage of positive SMO PC appears significantly
diminished as compared to controls. Data from three independent experiments are
summarized in bar charts (mean values + SEM). ****p<0.0001 (Fisher exact test). Scale bars

=Sum.

28



Figure 5. GLI2 and GLI3 regulation in cells of individuals harboring SMO variants.

Image (A) and quantification (B) of Western blot analysis on proteins extracted from cells of
affected individuals and controls showed that the GLI3*L:GLI3R ratio remained unchanged
between unstimulated and stimulated cells from affected individuals. The GLI3™:GLI3R ratio
in control cells increased after SAG-stimulation compared to unstimulated cells without
statistical significance. GAPDH was used as a loading control. Data is presented as mean
value £SEM and statistical analysis was performed using Kruskal-Wallis test. (C-D)
Representative images and quantification of GLI2 positive PC in cells from controls and
affected individuals. In unstimulated control cells (-rhSHH), GLI2 is detectable at 30% of PC
tips, whereas upon Hh stimulation (+rthSHH), GLI2 accumulates at the PC tips in 75% of

cells. In cells of all affected individuals, GLI2 accumulates at the PC tips independently of

Hh-stimulation (85-90% of PC). Data from three independent experiments (~100 cells

analyzed per experiment) are presented as mean value £SEM. ***p<0.001, ****p<0.0001

(Fisher Exact Test). Scale bar = 3um.
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Affected Individuals F1-1I:1 (P1) F2-1I:1 (P2) F2-1I:2 (P3) F3-1I:1 (P4) F4-11:4(P5) F5-1I:2(P6) F5-11:3 (P7)
Gender Male Male Male Male Male Male Female
Age at last examination 3y Ty 4y Sy 8y Deceased at 8y

3 months
Psychomotor Development Normal Normal Normal Mild delay Normal NR Normal
Gelastic epilepsy + + + - - - -
Hypothalamic hamartoma + + + - - NA NA
Microcephaly - + - - - - -
Dysmorphic facial features + + + + - - -
Chest/Rib abnormalities - - - + moderate - -
Postaxial polydactyly + + + + + + +
Syndactyly - 5/6 2/3 5/6 - 2/3 2/3
Cardiac defect - - - - + + +
Hirschsprung disease + - - - - - -

Abbreviations: NA = not available, NR = not relevant

Table 1: Clinical description of Individuals with biallelic variants in SMO
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Individuals Genomic Position cDNA Protein gnomAD CADD SIFT Polyphen2 Inheritance
(hg19) (NM_005631.4) v2.1.1 v4.1
Chr7:128845484C>T c.781C>T p-Arg261Cys 1/121411/0 34 Deleterious Disease Comp. Htz.
(0.01) causing (1)
F1-1I:1
Chr7:128848674G>T c.1339G>T p.Glud47* 0 44 Comp. Htz.
Chr7:128778292_ Comp. Htz.
128840690del
F2-1I:1 and 2
Chr7:128852219_ c.2291_ p-GIn764Argfs*52 0 Comp. Htz.
128852220del 2292del
F3-1I:1 Chr7 :128848620A>T  c.1285A>T p.1le429Phe 0 27.3 Deleterious Disease Hmz.
(0.03) causing (1)
Chr7:128850880G>A c.1727G>A p-Arg576GIn 1/251186/0 33 Deleterious (0) Disease Comp. Htz.
F4-11:4 causing (1)
Chr7:128850879C>T c.1726C>T p-Arg576Trp 2/121410/0 33 Deleterious (0) Disease Comp. Htz.
causing (1)
F5-1I:2 and 3 Chr7:128850879C>T c.1726C>T p.Arg576Trp 2/121410/0 33 Deleterious (0) Disease Hmz.

causing (1)

Abbreviations: Comp. Htz. = compound heterozygous; Hmz. = homozygous; CADD = Combined Annotation Dependent Depletion. gnomAD data are presented as allele

count/allele number/number of Hmz.

Table 2: Summary of identified SMO variations
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