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Abstract

Objective: SOFT syndrome (MIM#614813), denoting Short stature, Onychodysplasia, Facial dysmorphism, and hypoTrichosis, is a rare
primordial dwarfism syndrome caused by biallelic variants in POC1A, encoding a centriolar protein. SOFT syndrome, characterized by severe
growth failure of prenatal onset and dysmorphic features, was recently associated with insulin resistance. This study aims to further explore
its endocrinological features and pathophysiological mechanisms.

Design/Methods: \We present clinical, biochemical, and genetic features of 2 unrelated patients carrying biallelic pathogenic POC1A variants.
Cellular models of the disease were generated using patients’ fibroblasts and POC17A-deleted human adipose stem cells.

Results: Both patients present with clinical features of SOFT syndrome, along with hyperinsulinemia, diabetes or glucose intolerance,
hypertriglyceridemia, liver steatosis, and central fat distribution. They also display resistance to the effects of IGF-1. Cellular studies show that
the lack of POC1A protein expression impairs ciliogenesis and adipocyte differentiation, induces cellular senescence, and leads to resistance
to insulin and IGF-1. An altered subcellular localization of insulin receptors and, to a lesser extent, IGF1 receptors could also contribute to
resistance to insulin and IGF1.

Conclusions: Severe growth retardation, IGF-1 resistance, and centripetal fat repartition associated with insulin resistance-related metabolic
abnormalities should be considered as typical features of SOFT syndrome caused by biallelic POCTA null variants. Adipocyte dysfunction and
cellular senescence likely contribute to the metabolic consequences of POCTA deficiency. SOFT syndrome should be included within the group
of monogenic ciliopathies with metabolic and adipose tissue involvement, which already encompasses Bardet-Biedl and Alstréom syndromes.

Keywords: ciliopathy, insulin resistance, IGF1 resistance, short stature, POC1A, SOFT syndrome, adipose stem cells, adipose tissue

Significance

This translational study shows that, in addition to severe growth retardation, adipose tissue involvement with central repar-
tition of fat and resistance to insulin and IGF1 are features of SOFT syndrome linked to biallelic null variants in POC1A,
encoding a centriolar protein. Using patients’ fibroblasts and POC1A-deleted human adipose stem cells, we show that
POCI1A deficiency is associated with abnormal cellular organization of cilia, impaired adipocyte differentiation, accelerated
cellular senescence, and results in resistance to insulin and IGF1. A decrease amount of insulin receptors, and, to a lesser
extent, of IGF1 receptors at the plasma membrane could also play a role. SOFT syndrome should be added to the group
of monogenic ciliopathies with metabolic alterations and adipose tissue involvement.
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Introduction

SOFT syndrome (MIM#614813) denoting Short stature,
Onychodysplasia, Facial dysmorphism, and hypoTrichosis,
is a rare primordial dwarfism syndrome caused by biallelic
POCI1A variants and encompassing severe growth failure
of prenatal onset with dysmorphic features.' Recently,
the phenotypic spectrum has been expanded to include insu-
lin resistance (IR) and diabetes,*” although the patho-
physiological mechanisms were not precisely established.
POC1A is an important component of centrioles, playing
roles in the function of centrosomes and ciliary basal bod-
ies.'®!"! Thus, SOFT syndrome can be considered as a mono-
genic ciliopathy.? In this group of diseases, such as Alstrém
or Bardet-Biedl syndromes, or pericentrin-associated
diseases, short stature and/or IR are already known as
phenotypic features.'>'® This suggests a possible unifying
mechanism linking some forms of centrosome/cilium dys-
function to growth and metabolic alterations. We present
here clinical, genetic, and metabolic characteristics of 2 un-
related patients carrying biallelic POCIA null variants.
Insulin resistance was associated with central fat distribu-
tion, glucose tolerance abnormalities, hypertriglyceridemia,
and liver steatosis. Functional studies performed in patients’
fibroblasts and in human adipose stem cells (hASCs) with
CRISPR/Cas-9 mediated deletion of POC1A showed that
POC1A protein deficiency impairs ciliogenesis and adipo-
cyte differentiation, induces cellular senescence, and leads
to resistance to insulin and IGF1. An altered subcellular lo-
calization of insulin receptors, and, to a lesser extent, of
IGF1 receptors, could also contribute to resistance to insulin
and IGF1.
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Methods

Patients

We studied 2 patients from 2 unrelated families, who pre-
sented with growth retardation and clinical features suggestive
of SOFT syndrome. After written consent, clinical data and
blood samples were collected for genotype/phenotype ana-
lyses and skin biopsies were performed in the 2 index cases.
Consent was obtained from patients and their parents to pub-
lish images in Figure 1. The study was approved by the
Hospices Civils de Lyon and conducted according to the
Declaration of Helsinki principles.

Identification of POC1A variants

POCI1A variants were identified in patient 1 and patient 2
after sequencing of a next-generation panel and confirmed
by Sanger sequencing also performed in patient 1’s mother
and patient 2’s parents. An Array-CGH was performed in pa-
tient 2 to narrow the identified deletion.

Clinical, biological, and imagery investigations

Clinical data were obtained during routine follow-up.
Endocrinological tests were performed before and during
treatment with recombinant human growth hormone
(rhGH). Metabolic investigations included measurements of
fasting plasma glucose, insulin, glycated hemoglobin
(HbA1C), lipid profile, hepatic transaminases, leptin, and adi-
ponectin. The homeostasis model assessment-estimated IR
(HOMA-IR) was calculated as fasting glucose (mm) x insulin
(mU/L)/22.5." A 120-min oral glucose tolerance test
(OGTT with 1.75g of glucose/kg, maximum 75g) was

i O

POC1A Del/M2

Figure 1. (A) Genealogical trees and familial transmission of the PO 7CA variants. Arrows indicate probands. Alleles without POCTA pathogenic variant, or
with POC1A deletion, c.145A>T or ¢.275+2dup variants, are depicted with the symbols +, Del, M1 or M2, respectively. (B) Phenotypic features of patient

1. (C) Phenotypic features of patient 2.
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performed with determination of insulin and glucose levels.
Body fat percentage and trunk-to-limb fat ratio were meas-
ured by dual energy X-rays absorptiometry. Liver fat content
and fibrosis were assessed by magnetic resonance imaging
(MRI) and elastometry.

Cellular modeling of the disease

Primary fibroblast cultures from patient 1 and patient 2, estab-
lished after skin biopsy, were compared to commercial control
dermal fibroblasts originating from 3 unrelated Caucasian young
women (PromoCell, Heidelberg, Germany, #C-12353), used at
similar passages. CRISPR/Cas-9 mediated deletion of POC1A
was performed in hASCs obtained from controls using a
previously described method,”® with a guide RNA (gRNA)
targeting POCIA exon 3 (sense nucleotide sequence
5-TCACGCGCCTACCGCTTCAC-3). Cells transfected with
a Cas9/scramble gRNA plasmid were used as controls.
Adipocyte differentiation of hASCs was performed as previously
described.?! Cells were studied before exposure to the adipogenic
medium and/or after 20 days of differentiation.

Western blot studies

Protein expression studies were performed on whole cell extracts
(Table S1 for antibodies). Protein detection and semiquantitative
analysis of Western blot vs tubulin were performed using iBright
CL1500 imaging system (Invitrogen, Villebon-sur-Yvette,
France). The acute maximum effect of insulin or IGF1 on signal-
ing intermediates was assessed on cells maintained in fetal calf
serum-free medium for 24 h, then stimulated by 100 nm insulin
for 8 min, or 6.5 nm IGF1 for 10 min.

Insulin and IGF1 receptors subcellular localization

The global amount of insulin receptor at the cell membrane was
assessed by measuring the ability of cells to bind insulin.*?
Fibroblasts maintained for 16h in serum-free medium
supplemented with 0.1% albumin (Merck, Saint-Quentin-
Fallavier, France) were incubated with '**I-insulin (0.3 ng/mL,
PerkinElmer, Villebon-sur-Yvette, France), with or without un-
labeled insulin (50 nm) in HEPES buffer for 5 h at pH 7.65 and
15 °C. Radioactivity was measured in a gamma counter
(PerkinElmer 2470 Wizard2) and results were normalized to
the protein content. To evaluate the amount of insulin and
IGF1 receptors at the plasma membrane in the vicinity of cilia,
we performed co-immunoprecipitation studies using the cilia
protein ARL13B as a bait, as described in Supplemental
Methods.

Fluorescence and immunofluorescence microscopy
studies

Fluorescence and immunofluorescence microscopy studies were
performed on cells grown on glass coverslips, then fixed in
methanol at —20 °C. DAPI (4,6-di-amidine-2-phenylindole di-
hydrochloride) was used for nuclear staining. For cilia analysis,
cells reaching 80%-90% confluence were cultured in serum-free
media for another 48 h to induce ciliogenesis.>* Centrioles and
cilia were stained by antibodies directed against gamma-tubulin
and ARL13B, respectively (Table S1). The capacity of adipo-
cytes to store lipids was evaluated by quantification of Oil
Red-O staining and lipid-bound, as previously described.”!
Cell proliferation was assessed by measuring bromodeoxyuri-
dine (BrdU) cellular incorporation, and senescence-associated
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B-galactosidase activity by quantifying the staining of cells after
exposure to X-gal (5-bromo-4-chloro-3-indolyl-B-D-galacto-
pyranoside) as previously described.** Images were acquired us-
ing Olympus IX83 and Olympus FV3000 confocal microscope,
and cellSens software (Evident, Rungis, France).

Statistical analyses

Data, all from a minimum of 3 independent experiments, were
expressed as means + SD using the GraphPad Prism 8 soft-
ware. Statistical significance was evaluated using parametric
or nonparametric ANOVA ¢-tests, or Fisher’s exact test as re-
quired, with a threshold at P <.05.

Results

Clinical presentation of patients and identification of
biallelic POC1A variants

Clinical, biological, and morphological features of the 2 pa-
tients are summarized in Table 1.

Patient 1is a 9.75-year-old French girl born prematurely from
healthy parents originating from the same village of Morocco
(Figure 1A). Her birth weight and size were extremely low,
with a relative macrocephaly. The antenatal karyotype per-
formed for severe intrauterine growth restriction was normal.
At 3.75 years old, she was referred to our department for severe
growth failure. Her height, weight, and head circumference were
respectively 75 cm (=5.5 SDS), 7925 g (=5 SDS), and 46 cm
(=1.5 SDS). Her psychomotor development was normal, except
for mild language difficulties. She has a high-pitched voice and
presents with prominent forehead, triangular face, pointed
chin, brief scattered hair at the upper part of the head, short
limbs and fingers, and onychodysplasia. Her body fat is predom-
inantly distributed in central areas, with a relative limb lipoatro-
phy (Figure 1B). Blood tests, endocrinological investigations,
and karyotype were normal, except for elevated IGF1 level
(+2 SDS). X-rays show short and slender long bones, tall verte-
bral bodies, and brachydactyly. Treatment with rhGH resulted
in a limited increase of height (5.5 to —4.5 SDS after 4.75 years
of thGH therapy), but was discontinued due to deterioration of
glucose tolerance with diabetes diagnosed at OGTT. A GnRH
analog was administered from 7.75 to 9.75 years old for central
precocious puberty with normal hypothalamo-pituitary MRI.

Next-generation sequencing of a panel dedicated to primor-
dial dwarfism was performed and led to the identification of a
homozygous POCI1A variant ([NM_015426.4]:c.145A>T)
that was confirmed by Sanger sequencing. This variant, absent
from public databases (ExAC/gnomAD-EVS-GME), predicted
to lead to the synthesis of a p.(Lys49*) truncated protein and
was classified as pathogenic according to the joint American
College of Medical Genetics guidelines (ACMG).> Patient’s
1 mother was heterozygous for the variant (father not tested).

Patient 2 is a 22-year-old French woman born prematurely
from healthy unrelated French parents (Figure 1A). She had
extremely low birth weight and size with a relative macroceph-
aly. During infancy, she was referred to a pediatric endocrin-
ology department for postnatal growth retardation. Blood
tests, including endocrinological investigations and karyotype
were normal, except IGF1 level (+2 SDS). X-rays showed short
and slender long bones, tall vertebral bodies, and brachydac-
tyly. Patient 2 was treated with rhGH therapy from 5 to 8.5
years of age without benefit despite very large doses. At the
age of 19, her final height, weight, and head circumference
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were respectively 103.5 cm (—8.5 SDS), 29.3 kg (=7 SDS), and
49 cm (—3.5 SDS). She has a high-pitched voice, and presented
with prominent forehead, narrow palpebral slits, small ex-
tremities, hypotrichosis, and dystrophic nails. Her BMI is
27.35 kg/m” and she presents a truncal distribution of fat
with a relative paucity of fat in the lower limbs (Figure 1C).

Next-generation sequencing of a panel dedicated to consti-
tutional bone disease was performed at the age of 17 and led to
the identification of a POC1A heterozygous deletion spanning
all exons, and a novel heterozygous intronic splice variant
(INM_015426.4]:c.275+2dup), predicted to lead to the syn-
thesis of a p. (Lys93Leufs*6) truncated protein. The latter,
confirmed by Sanger sequencing and absent from genomic da-
tabases (ExAC/gnomAD-EVS-GME) was classified as likely
pathogenic.”® Array-CGH confirmed the presence of a
102.6 kb heterozygous deletion at 3p21.2 involving only
POCIA (3p21.2(521 1 51 18.522177 35)x1) (hgl9).
Genotyping of parents identified the intronic variant in her
mother and the deletion in her father.

Figure 2 shows a schematic representation of POCIA gene
and protein with the pathogenic variants newly identified or
previously reported.' 2633

33%-49% — grade 2 hepatic steatosis

Patient 2
16.3%
Present
Present

NA
NA

Endocrinological and metabolic explorations reveal
clinical, biological, and morphological signs related
to resistance to IGF1 and insulin

Elevated plasma IGF1 levels, before and during rhGH therapy,
and normal or excessive GH response during stimulation tests,
suggested that patient 1 and patient 2 present a state of resist-
ance to IGF1 (Table 1).

Both patients were overweight, with a high percentage of
body fat (48.9% and 50.2%, respectively), in line with leptin
levels (Table 1). Clinically, excess fat mass predominated at
the truncal level in both patients. The 2 patients presented
with biological signs of IR with fasting hyperinsulinemia,
which reached 90 mU/L in patient 1, with normal fasting glu-
cose. Oral glucose tolerance test revealed diabetes (patient 1)
or impaired glucose tolerance (patient 2) and major post-

16%-24% — grade 1 hepatic steatosis

Al

g 28488 stimulated hyperinsulinemia. Both patients had elevated liver
IR IS g9 02 . . . .

s |4 2828 enzymes related to hepatic steatosis. Patient 2 had hypertrigly-
A | <A</~

ceridemia, and patient 1 decreased adiponectin levels. Taken
together, these data show that patients with biallelic POC1A
variants presented with severe IR.

Cellular modeling

POC1A variants identified in patients 1 and 2 result in the loss
of POC1A protein expression and in altered centrosome/basal
body organization and ciliogenesis in fibroblasts

Pathogenic variants in POC1A found in patient 1 (in a homo-
zygous state) and in patient 2 (in a hemizygous state) are
predicted to disrupt the amino acid sequence of the protein in
its N-terminal region, close to its third WD40-repeat domain
(Figure 2). The protein expression of POC1A is not detectable

Percentage of liver fat determined by the
Hepatic steatosis score: percentage of cells

Abbreviations: CAP, controlled attenuation parameter; E, elastometry; N, normal; NA, not available; IORF, International Obesity Task Force; SDS, standard deviation score.

Additional characteristics of SOFT syndrome

>
=
o .
< e}
= =
1) Q
% £
o =
:§ § % in patients’ fibroblasts (Figure 3A). Given the well-established
- E z 885 role of POCIA in ciliogenesis,'' we investigated the consequen-
< Q . . . ..
S SE582°5¢88 ces of POC1A deficiency on the organization of cilia and
= S2TEET S /basal bodies in patients’ cells. We found th
= ZE2T 852 centrosome/basal bodies in patients’ cells. We found that
8 A Eg 2 .% = fibroblasts from patients exhibit a higher frequency of abnor-
< | 8 ELZ83 ) g mal, curved-shaped cilia, or are even devoid of cilia compared
= b .
% § S O ESSEES to control fibroblasts, as assessed by immunofluorescence stud-
o= ies (Figure 3B). Fragmentation and/or multiplication of
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241C>T ;
¢ c.884delT
.239C>T c5156>A | +0.1048delC |
+0.241C>T i i
P1 e ¢.512T>C «reeree, ¢.593_605de!
c GTGGGACGTGCAT
491G>A e
c.64G>T ¢ ~ +¢.850_851insG c.1048delC
g c.368A>G :
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1 1936
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NP_056241 ' 7222 BOOH
p.Val22Phe p.Thri20Ala ——
~ p.Ser164Asn- p.Ser198Metfs*10 p.Gin rgrs
+ p.Glu284Giyls9
: p.Leut71Pro-- p.Gly337Argfs*25
p.Ser80Phe... i N
+p.Arg81* p.Trp172* p.Val295Glyfs*58
p.Arg81*i ; 0B I0AIG S
LeuB5Alafs*22 p.Asp124Asn Arg217Tn
p-eu ats +p.arg217Tp P P

(p.Lys93Leufs™6 )

Figure 2. Schematic representation of POC1A gene and protein (long isoform). The predicted localization of previously reporte

d,"92532 and newly

identified POC1A pathogenic variants (boxed) is depicted within cDNA and protein sequences. Corresponding accession numbers, and coding (white
boxes) and noncoding (gray boxes) POC1A exons are indicated. N-terminal 7 B-propeller WD40 and C-terminal coiled-coil functional domains are depicted.
Homozygous POC1A variants are indicated, in bold font for frameshift, truncating or intronic splice variants. Compound heterozygous POC1A variants are

depicted in italics.

centrosomes/basal bodies are more frequent in patients’ fibro-
blasts than in control cells (Figure 3C).

Fibroblasts from patients with biallelic POC1A null variants
show impaired insulin and IGF1 signaling

Since patients 1 and 2 display signs of IR (elevated insulin
and glucose serum levels) and IGF1 resistance (increased
IGF1 and GH serum levels), we investigated the insulin- and
IGF1-mediated activation of proximal signaling intermediates
in cultured fibroblasts. We found that ligand-mediated activa-
tion of the receptors and metabolic and mitogenic intermedi-
ates of insulin and IGF1 pathways (ie, IRS1, AKT, and
ERK1/2) were significantly impaired in fibroblasts from pa-
tients with POC1A null variants compared to control cells
(Figure 4A). Importantly, the total amount of insulin and
IGF1 receptors in whole protein extracts from patients’ cells
did not show any significant decrease. Given that cilia have
been shown to recruit insulin and IGF1 receptors to the plas-
ma membrane and regulate signaling events,'>**3” a hypoth-
esis could be that impaired ciliogenesis result in abnormal
subcellular localization of insulin and/or IGF1 receptors. To
test this hypothesis, we performed co-immunoprecipitation
studies using the cilia protein ARL13B as a bait. The amount
of insulin receptors, and to a lesser extent of IGF1 receptors
co-immunoprecipitated with ARL13B, was reduced in pa-
tients’ cells compared to controls (Figure 4B). Additionally,
we assessed the ability of fibroblasts from patient 1 to bind in-
sulin and observed a ~30% decrease compared to control cells
(Figure 4C). Taken together, these results suggest that the
amount of insulin receptor at the cell membrane could be de-
creased in fibroblasts carrying POC1A null variants.

Fibroblasts from patients with biallelic POC1A null variants
show impaired proliferation capacity and increased
senescence markers

Dysfunction of cilia is associated with accelerated tissue and cellu-
lar aging,*® which could participate to growth retardation, alter-
ations in adipose tissue, and resistance to insulin and/or IGF1.
Therefore, we investigated whether the POCIA null variants
identified in the patients could impair cell replicative capacity
and/or induce cellular senescence. Cellular proliferation, assessed
by the capacity of BrdU incorporation, was significantly reduced
in patients’ fibroblasts compared to control cells (Figure 5A). In
addition, senescence-activated-p-galactosidase activity and the
protein expression of the cell cycle arrest markers, including
phospho-p33, p16 and p21, were significantly increased in pa-
tients’ fibroblasts compared to controls (Figure 5B and C).

Deletion of POC1A in hASCs recapitulated altered
ciliogenesis, resistance of insulin and IGF1, impaired
proliferation and increased senescence, and lead to adipocyte
differentiation defects

Patients 1 and 2 with POC1A null variants are characterized by
IR associated with a central repartition of fat with relative limb
lipoatrophy. To evaluate whether adipocyte differentiation de-
fects in POC1A-deleted cells could lead to the metabolic pheno-
type of the disease, we conducted a CRISPR/Cas-9-mediated
deletion of POC1A in hASCs. We observed that POC1A defi-
ciency in undifferentiated hASCs recapitulated the cellular
phenotype observed in patients’ fibroblasts, including defects in
cellular organization of centrosome/basal bodies and cilia, im-
paired insulin and IGF1 signaling, and increased cellular senes-
cence (Figure 6), indicating that adipocyte precursors play a
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Figure 3. Fibroblasts from patients harboring biallelic POC7A pathogenic variants show a lack of POC1A protein expression and defects in cilia and basal body
organization. (A) Protein expression of POC1A assessed by Western blotting in fibroblasts from controls and patients. Representative images of Western blots (5
independent experiments), and quantitative measurements (means + SD) are shown. Tubulin is used as an index of the cellular protein level. **** P < .0001 vs
control. Immunocytological features of cilia (B) and centrosome/basal body organization (C) in fibroblasts from controls and patients. Cell nuclei are stained in blue
with DAPI. Centrioles are revealed by red anti-y-tubulin staining, and cilia by green anti-ARL13B staining. Scale bar: 50 um. Representative photographs are shown,
with magnification of cells depicted by rectangles. The percentage of cells with normal cilia (white boxes), abnormally shaped cilia (gray boxes), and of cells without
cilia (black boxes) was evaluated on a total number of 979 controland 1114 patients’ cells and expressed as means + SD. **** P < .0001 vs control. Fragmentation
and/or multiplication of centrosomes/basal bodies was observed in 16% of patients’ cells vs 2% of control cells (observation of 50 cells of each condition).

role in the disease. Furthermore, the deletion of PO C1A striking-
ly impaired adipocyte differentiation, as shown by the absence of
lipid storage of POC1A knockout hASCs exposed to an adipo-
genic medium, as compared to control cells (Figure 7A and B).
In line, the protein expression of key adipogenic factors such as
CCAAT/enhancer binding protein alpha (C/EBPa), sterol regula-
tory element-binding protein 1c (SREBP1c) and peroxisome
proliferator-activated receptor gamma (PPARy), as well as the
mature adipocyte proteins perilipin-1, fatty acid synthase, leptin,
and adiponectin, were significantly reduced in POC1A-deleted
hASCs compared to control cells during i vitro adipocyte differ-
entiation (Figure 7C).

Discussion

This translational study confirms that severe IR can be a prom-
inent feature of SOFT syndrome linked to biallelic POC1A

null variants. It also demonstrates that patients can addition-
ally present with resistance to IGF1. This study shows that
the disease is associated with central fat distribution, glucose
tolerance abnormalities, hypertriglyceridemia and liver stea-
tosis, and impaired 7 vitro adipocyte differentiation, suggest-
ing that adipose tissue dysfunction could primarily lead to the
metabolic phenotype. In addition, abnormal cilia and centro-
some/basal body organization within cells could induce
cell-autonomous signaling defects due to accelerated senes-
cence, and impaired subcellular localization of insulin recep-
tors, and to a lesser extent, IGF1 receptors at the plasma
membrane, which may contribute to metabolic alterations.
Given that other monogenic ciliopathies also show adipose tis-
sue involvement and IR, it is tempting to speculate that a uni-
fying mechanism arising from altered ciliogenesis might
underlie the metabolic features associated with Bardet-Bied],
Alstrom, PCNT-related lipodystrophy, and SOFT syndrome.
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intermediates insulin receptor p-subunit (IRB), IGF1 receptor (IGF1-R), insulin receptor substrate-1 (IRS1), protein kinase B (AKT) and
extracellular-regulated kinase (ERK) 1/2, and of their insulin or IGF1-activated forms (P-: phosphorylated proteins) were evaluated using antibodies listed in
Table S1. Insulin-mediated phosphorylation of IR and IRS1 were assessed using antibodies directed against phospho-tyrosine residues. Tubulin is an
index of the cellular protein level. Blots are representative of 3 or 4 independent experiments. Western blot quantifications are available in Figure STA. (B)
Co-immunoprecipitation studies using the cilia protein ARL13B as a bait. The amount of insulin and IGF1 receptors co-immunoprecipitated with ARL13B
was evaluated by Western blotting in fibroblasts from controls and patients. See Table S1 for details regarding antibodies, and Figure S1B for Western blot
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(means + SD). *P< .05 vs control.

The phenotype of severe IR associated with SOFT syndrome
was initially described in patients with frameshift POC1A var-
iants affecting exon 10 of the gene.*® POC1A exon 10 is natur-
ally skipped in one of the POCIA mRNA transcripts, and is
retained in other transcripts. It was thus hypothesized that specific
POCI1A variants, which could lead to the production of tran-
scripts lacking exon 10, may cause a “variant POC1A-related
syndrome” (vPOC1A) characterized by typical features of
SOFT syndrome associated with IR.** However, metabolic in-
vestigations were lacking in several studies, and subsequent

reports pointed out that IR could be present in patients carrying
POCIA biallelic variants regardless of their position.”” SOFT
syndrome-associated IR was shown to develop progressively
from childhood to adulthood,® which is confirmed in the current
study. Progression from IR to diabetes is a significant risk, which
could be favored by rthGH therapy as highlighted in previous re-
ports and in our observations.>”%183%40 However, to our
knowledge, diabetes related to SOFT syndrome has not been di-
agnosed in patients as young as patient 1 from our study. This
should encourage clinicians to regularly perform OGTT in
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Experiments were conducted as described in fibroblasts. (A) Validation of the CRISPR-Cas9-mediated deletion of POCTA in hASCs. Representative
images of Western blots performed in triplicate, and quantitative measurements (means + SD) are shown. Tubulin is used as an index of the cellular
protein level. **** P< 0001 vs Ctrl, ns: not significant. Immunocytological features of cilia (B) and centrosome/basal body organization (C) in hASCs. Cell
nuclei are stained in blue with DAPI. Centrioles are revealed by red anti-y-tubulin staining, and cilia by green anti-ARL13B staining. Scale bar: 50 um.
Representative photographs are shown, with magnification of cells depicted by rectangles. The percentage of cells with normal cilia (white boxes),
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than 2%) (observation of 40 cells of each condition). (D) Insulin- and IGF1-induced activation of signaling intermediates in hASCs. The total protein
expression of the signaling intermediates insulin receptor B-subunit (IRB), IGF1 receptor (IGF1-R), insulin receptor substrate-1 (IRS1), protein kinase B
(AKT) and extracellular-regulated kinase (ERK)1/2, and of their insulin or IGF1-activated forms (P-: phosphorylated proteins) were evaluated using
antibodies listed in Table S1. Insulin-mediated phosphorylation of IRB and IRS1 was assessed using antibodies directed against phospho-tyrosine
residues. Tubulinis an index of the cellular protein level. Blots are representative of 3 independent experiments. Western blot quantifications are available
in Figure S2A. (E) Cell proliferation in hASCs. Cellular proliferation was assessed by measuring the ratio of cells positive for anti-BrdU staining to total nuclei
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total p53, and p16 and p21 as compared to tubulin was assessed by Western blotting. Representative blots (from 3 independent experiments) are shown.
Western blot quantifications are available in Figure S2B.
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Western blot quantifications.

patients with SOFT syndrome, even before puberty, to detect IR
and/or glucose tolerance abnormalities as soon as possible.
Measures promoting healthy diet and physical activity should
be given to patients and their families from an early age. Our ob-
servation, in conjunction with previous reports, suggests that
POCI1A should be considered as a gene involved in monogenic
IR, lipodystrophy and/or diabetes.®

Our study shed new light on the pathophysiological mecha-
nisms of IR in SOFT syndrome. Since POC1A is an important lu-
minal component of centrioles, playing roles in the function of
centrosomes, spindle poles, and ciliary basal bodies, SOFT syn-
drome could be considered as a monogenic cause of ciliop-
athy.>'%!" Other genetic defects responsible for ciliopathy
most notably Alstrom and Bardet-Biedl syndromes, are associ-
ated with obesity and IR."%'*'® Although it is unclear whether
IR is disproportionate to the degree of obesity in Bardet-Biedl

syndrome, adipose tissue dysfunction could play a specific role
in the pathophysiology of IR associated with Alstrom syn-
drome."? In Bardet-Biedl syndrome, defects in the BBSome com-
plex impair the neuronal cilia-mediated trafficking, resulting in
abnormal cellular localization of proteins involved in the regula-
tion of satiety.*"** Although most forms of primordial dwarfism
have not been associated with severe IR, it is described in
PCNT-related lipodystrophy due to abnormalities in the cen-
trosomal protein pericentrin.'”>'® Thus, it appears that a sub-
set of genetic defects affecting the centrosome gives rise to IR,
suggesting that dysregulated function of certain centriolar and
pericentriolar proteins is linked to defective adipose tissue
maintenance, regeneration and/or response to insulin. Our study
reveals that POC1A deficiency induces defects in adipose differ-
entiation of hASCs, which suggests that adipocyte dysfunction
drives, at least in part, the metabolic alterations associated with
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the disease. These results, and the clinical phenotype of the dis-
ease, which comprises a relative limb lipoatrophy contrasting
with increased abdominal fat, with glucose tolerance abnormal-
ities and hyperinsulinemia, dyslipidemia, and liver steatosis, sug-
gest that SOFT syndrome could be considered as a lipodystrophic
syndrome. Interestingly, adipocyte differentiation defects have
been previously identified in Alstrém syndrome,'® and in
PCNT-associated diseases.'® Our results also show that
POCT1A deficiency is associated with decreased cell proliferation
and accelerated cell senescence in human fibroblasts and adipose
stem cells, and may induce a mislocalization of insulin and IGF1
receptors at the plasma membrane in fibroblasts. These different
cellular features could be mechanistically linked, since cilia dy-
namics and protein recruitment have been shown to regulate
cell aging,*® and adipogenesis,*®* the latter also depending on
the recruitment of IGF1-R at the vicinity of the primary cil-
ium.***5 To note, Bardet-Biedl syndromes proteins were also
shown to regulate insulin receptor trafficking.'**>”

Concerning the short stature associated with SOFT syndrome,
the underlying mechanisms could be multiple. Defects of chon-
drocyte proliferation and survival in the growth plate of long
bones have been observed in animal models with POCIA de-
fects. Multipolar spindle formation due to defective ciliary func-
tion in chondrocytes could result in their inability to proliferate
and to maintain the flattened shape required to form a cellular
column after cell division.”*** Our study suggests that a state
of resistance to IGF1 could also contribute to growth retardation.
An elevated serum IGF-1 level (>+2 SDS) was reported in 2 of the
3 patients evaluated in previous studies, in favor of this hypoth-
esis.”? Although further studies in humans are required to eluci-
date the function of POCIA in endochondral ossification and
growth, both defects in chondrocyte proliferation and in re-
sponse to IGF1 could contribute to the poor response to rhGH
therapy, which is reported in SOFT syndrome in several studies
including ours."*?3° As rhGH therapy could worsen IR and
precipitate diabetes, we agree that thGH treatment is not indi-
cated in SOFT syndrome and should even be avoided.”

Our study has several limitations. We studied only 2 patients
with biallelic POC1A pathogenic variants. However, since both
ofthemshowed a complete lack of POC1A expression, thisallowed
us to use a POC1A knockout cell model of the disease. Although
our study reveals several mechanisms associated with insulin and
IGF1 resistance, we were not able to clearly show whether adipose
tissue involvement, or primary defects in insulin signaling, drives
the metabolic defects. In favor of the first hypothesis, patients
present with liver steatosis and dyslipidemia, and normal-to-
decreased adiponectin level, which are signs of lipodystrophy-
associated, rather than receptoropathy-associated IR.**

Whatever the underlying mechanisms, IR is an important fea-
ture in patients with SOFT syndrome, which requires regular
clinical and biological metabolic monitoring. We suggest that se-
quencing of POC1A should be performed more broadly in chil-
dren with short stature, IR and/or centripetal fat distribution.
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