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ARTICLE INFO ABSTRACT

Keywords: Mutations in FLNA, which encodes the cytoskeletal protein FLNA, cause a spectrum of sclerosing skeletal dys-

FLNA o ) plasias. Although many of these genetic variants are recurrent and cluster within the gene, the pathogenic

IC\)At‘opalz?dlgltal Spectrum Disorders mechanism that underpins the development of these skeletal phenotypes is unknown. To determine if the skeletal
1Cro-

dysplasia in FLNA-related conditions is due to a cell-autonomous loss-of-function localising to osteoblasts and/or
osteocytes, we utilised mouse models to conditionally remove Flna from this cellular lineage. Flna was condi-
tionally knocked out from mature osteocytes using the Dmpl-promoter driven Cre-recombinase expressing
mouse, as well as the committed osteoblast lineage using the Osx-Cre or Collal-Cre expressing lines. We
measured skeletal parameters with pCT and histological methods, as well as gene expression in the mineralised
skeleton. We found no measureable differences between the conditional Flna knockout mice, and their control
littermate counterparts. Moreover, all of the conditional Flna knockout mice, developed and aged normally. From
this we concluded that the skeletal dysplasia phenotype associated with pathogenic variants in FLNA is not
caused by a cell-autonomous loss-of-function in the osteoblast-osteocyte lineage, adding more evidence to the

Mouse model

hypothesis that these phenotypes are due to gain-of-function in FLNA.

1. Introduction

Rare genetic diseases that affect the skeleton have enabled the
elucidation of the molecular pathways critical for the development and
maintenance of the skeleton (Monroe et al., 2012; Van Dijk et al., 2011).
Pathogenic variants in the X-linked gene FLNA cause a spectrum of
osteosclerotic, skeletal dysplasias called the otopalatodigital spectrum
disorders (OPDSDs) (Robertson et al., 2003; Wade et al., 2020). The
skeletal dysplasia associated with the OPDSDs ranges in severity from
mild (in otopalatodigital syndrome type 1), to severe and life-limiting in
females with Melnick Needles syndrome or Digitocutaneous dysplasia
(Wade et al., 2020). Generally these conditions are characterised by
skull base sclerosis, rib and spine deformities, undermodelling of the
diaphyses, metaphyses, metacarpals, metatarsals and phalanges, su-
praorbital ridges, hypertelorism, micrognathia and joint contractures
(Robertson et al., 2006). A range of soft tissue defects are also found to
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varying degrees of severity across the spectrum including urinary tract
defects, tracheal stenosis, structural heart defects, cleft palate, and
propensity to keloid scar (Robertson et al., 2006; Wade et al., 2017;
Fitzsimmons et al., 1982). Despite this diversity of clinical entities
caused by mutations in FLNA, the pathophysiology of the skeletal
manifestations of these disorders remains unexplained.

Since the discovery of FLNA variants, two further causative genes
have been identified that cause an autosomal dominant form of fron-
tometaphyseal dysplasia (FMD). Pathogenic variants in MAP3K7 (MIM
602614) and TAB2 (MIM 605101) cause FMD2 (MIM 617173) and
FMD3 respectively (Wade et al., 2017; Wade et al., 2016). This is unique
among the FLNA-filaminopathies as only FMD is known to exhibit locus
heterogeneity. The discovery of other causative genes has provided clues
as to the mechanism of disease, but the role of FLNA in skeletal devel-
opment remains to be defined.

It is hypothesised that variants in FLNA that lead to skeletal dysplasia
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have a gain-of-function mechanism because they do not lead to reduced
FLNA protein levels and the causative mutations, all of which are
missense or small in-frame indels, are often recurrent and clustered
within the gene (Robertson et al., 2006; Clark et al., 2009). Direct evi-
dence to support this assertion, however, is lacking. Furthermore, FLNA
loss-of-function is associated with a different phenotype, a neuronal
migration disorder called periventricular nodular heterotopia. This
condition manifests in female heterozygotes and is not associated with
skeletal symptoms or signs. (Wade et al., 2020; Pelizzo et al., 2019; Fox
et al., 1998). Since the loss-of-function phenotype in hemizygous males
is embryonic lethal, a definitive determination over whether FLNA
deficiency affects the skeleton has not been established.

FLNA encodes the actin-binding protein FLNA (Gorlin et al., 1990).
FLNA has a diverse range of cellular roles (Popowicz et al., 2006) and
has mechanoprotective and mechanosensing properties (Gardel et al.,
2006; Glogauer et al., 1998; Shifrin et al., 2009). Maintenance of bone
mineral density and bone structure in the mammalian skeleton relies on
mechanical input (Bonewald, 2006) and conceivably the mechano-
sensing role of FLNA is perturbed by gain-of-function variants leading to
osteosclerosis.

Knockout of Flna in male mice results in embryonic lethality before
embryonic day 15.5. The embryos have severe cardiac structural defects,
as well as disorganised vasculature (Feng et al., 2006; Hart et al., 2006).
Because of this early lethality, it is necessary to employ a conditional
knockout to study the effects of Flna knockout in the developing skeleton
in males. A knock out of Flna specifically in fibroblast and osteoblast
cells using a Collal cre recombinase was associated with no obvious
changes to body size or health, although bone indices were not explicitly
examined (Mezawa et al., 2016). A monocyte specific (LysM cre)
knockout of Flna leads to the formation of fewer, smaller osteoclasts,
with defective migration due to loss of activation of actin cytoskeleton
regulators. This defect causes reduced overall bone remodeling, dimin-
ished osteoblast activity and ultimately mild, low turnover-osteoporosis
(Leung et al., 2010).

In this study, we test the hypothesis that the osteosclerotic pheno-
types observed in the OPDSDs are due to a cell-autonomous loss of Flna
in the osteoblast lineage by utilising well established transgenic mice
lines (Feng et al., 2006; Lu et al., 2007; Rodda and McMahon, 2006; Liu
et al., 2004). We find that loss of Flna from osteoblasts or osteocytes has
no effect on skeletal development in mice leading us to reject this hy-
pothesis. Our data confirm that FLNA-related skeletal dysplasias are not
a result of loss-of-function of FLNA in the osteoblastic lineage and is
consistent with the proposal that these pathogenic variants are acting
through a gain-of-function mechanism.

2. Materials and methods
2.1. Transgenic mouse lines

The Flna®/? (129S4/SvJae, Flnam1.1caw [B6 speed congenic]) and
0sx“™® (B6.Cg-Tg [Sp7-tTA,tet0-EGFP/cre]1Amc/J) mouse lines were
sourced from The Jackson Laboratory (Bar Harbour, ME, USA). The
Dmp1 Cre (B6N.FVB-Tg [Dmpl-cre] 1 Jgfe/BwdJ) strain was obtained
from Dr. Lynda Bonewald (University of Missouri, Kansas City, MO,
USA). The FIina? line was crossed with the Osx“™ or Dmp1 Cre Jines, to
generate FIna®®"Y/0sx%* or Fina**°’Y/Dmp1°* hemizygote, condi-
tional knockout mice, and Cre + littermate controls at the University of
Otago (Dunedin, NZ). Animal experiments carried out at Otago were
approved by the University of Otago Animal Ethics Committee (protocol
numbers: 33/17, 18-14, 18-46 and 19-203). All animals were housed
under standard conditions at the Biomedical Research Facility (Uni-
versity of Otago, Dunedin, NZ). The non-experimental Osx®®" animals
were maintained on Doxycycline (Merck, Kenilworth, NJ, USA) at a dose
rate of 1 mg/kg, to suppress transgene expression. Genotyping was
performed using DNA extracted from proteinase-K digested ear notches
using specific primers (Table S1) and AmpliTaq Gold (ThermoFisher
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Scientific, Waltham, MA, USA).

Because Flna is X-linked, only male animals were assessed in this
study. Animals were sacrificed at 3, 9 or 18 months of age for skeletal
analysis. Ten days prior to cull, the animals received a subcutaneous
injection of calcein green (30 mg/kg, Merck), a further subcutaneous
injection of Alizarin-3-methylamine-N,N-diacetic acid dyhydrate (20
mg/kg, Merck) was delivered three days before cull. Mice were sacri-
ficed by anaesthetic overdose (pentobarbital, 100 mg/kg), cardiac
puncture and cervical dislocation.

The Col1®® (CD-1 Collal 3.6-Cre) line was obtained from Dr. Bar-
bara Kream (University of Connecticut, Farmington, CT, USA). The
Fina™? line housed in Toronto was obtained from Dr. David Kwiat-
kowski (Harvard University, Cambridge, MA, USA). FIna"? mice were
crossed with Col1®™® mice at the University of Toronto, to generate
Flna®©/¥ /Col1a1°®* hemizygote, conditional knockout mice, alongside
WT littermate controls. Animals were sacrificed at 3 months old for
skeletal analysis. All animal experiments carried out in Toronto were
reviewed and approved by the Animal Care Committee, Faculty of
Medicine (University of Toronto).

2.2. Micro-computational tomography

Whole femora were fixed in 70 % ethanol, rehydrated in saline so-
lution 24 h prior to scanning and scanned wrapped in fine tissue paper
soaked in saline solution. The distal 4.5 mm portion of each femur was
scanned using the SkyScan 1172 (Bruker, Aartselar, Belgium) as follows:
source voltage 50 kV, current 201 pA, isotropic voxel size 5 pm, and a
0.5 mm aluminium filter. Lower resolution scans were taken for images
for illustrative purposes only. Scans were reconstructed in NreconLocal
(Bruker) and analysis of 3D indices of bone structure was carried out in
CTAn (Bruker). Datasets were binarised using a global thresholding
method. A user-defined reference slice in the metaphyseal growth plate
was assigned to each dataset. For trabecular parameters a 1.5 mm region
of interest was defined, 0.75 mm proximal to the reference slice. For
cortical bone analysis, a 0.75 mm region of interest was defined 2.75
mm proximal to the reference slice. Volumes of interest for trabecular
and cortical bone were defined via interpolation of operator drawn areas
containing either exclusively trabecular or cortical bone. The trabecular
volume of interest was drawn a few voxels away from the endocortical
surface. Tissue mineral density was calibrated against the attenuation
coefficients of two phantoms of known mineral content, scanned and
reconstructed in the same manner as the bone samples.

2.3. Histological analysis

Whole femora were fixed in 70 % ethanol and subject to histological
analysis following pCT scanning. Bones were cryo-protected in 30 %
sucrose (PBS) and embedded in O.C.T (Tissue Tek, Sakura, CA, USA). 6
pm sections were cut after being stabilised with 4D 16(UF) Cryofilm-
tape (Section Lab, Japan) according to (Dyment et al., 2016). Sections
were mounted on positive charged glass slides with 1 % chitosan ad-
hesive and either left unstained or stained with an anti-Flna primary
antibody (custom rabbit polyclonal to human Flna repeat 10, epitope
ERATAGEVGQFQVDC, manufactured by Mimotopes Australia). The
sensitivity and specificity of this antibody were validated via Western
blot on Flna null mouse embryonic fibroblasts and M2 cells, and on
human embryonic kidney cell lysate transiently transfected with human
FLNA or FLNB constructs, respectively (Fig. S1).

Sections were imaged on a BX53 upright microscope, and photo-
graphed with a DP80 camera and the cellSens Dimension software (all
Olympus, Tokyo, Japan).

2.4. Gene expression analysis

Whole, marrow flushed femora were collected and homogenised
using the Omni tissue homogeniser (Omni, Kennesaw, GA, USA) in
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Trizol reagent (Ambion, Austin, TX, USA). RNA was extracted using the
NucleoSpin RNA Plus extraction kit (Macherey-Nagel, Diiren, Germany).
RNA quality was confirmed with the Qubit RNA HS assay kit (Invi-
trogen, Carlsbad, CA, USA) and the Bioanalyzer RNA 6000 Nano kit
(Agilent, Santa Clara, CA, USA). For qPCR analysis, RNA was primed
with random primers and OligoDT and cDNA was prepared using the
SuperScript III First-Strand Synthesis System (ThermoFisher Scientific).
PCR was carried out on the LightCycler 480 (Roche, Basel, Switzerland)
using the SYBR Green master mix (Roche). Gene expression was quan-
tified relative to three housekeeping genes using the LightCycler 480
software (Roche) and the qBase+ software (Biogazelle, Ghent, Belgium).

3. Results
3.1. Flna-osteocyte knockout mice develop normally

Flna is mechanoprotective therefore we hypothesised that Flna has a
key mechanosensing role in osteocytes, the mechanosensing cells of the
skeleton (Santos et al., 2009). Accordingly, a floxed Flna allele (Flnaﬂ/ ﬂ,
exons 3-7 flanked by LoxP sites) (Feng et al., 2006) was conditionally
knocked out from the osteocyte lineage using a strain expressing Cre-
recombinase under control of the Dmp1 promoter (Dmp1<™®) (Lu et al.,
2007). Twelve week old, hemizygous knockout male mice were exam-
ined alongside Cre + littermate controls as confirmed by genotyping
PCRs (Fig. 1A, n = 6 per group, Table S1).

Pups were born at expected Mendelian ratios. RNA extracted from
marrow-flushed femora dissected from the Flna®®¥/Dmp1°®* and
respective controls was used for relative qPCR quantification of total
Flna transcript. There was no difference in the amount of Flna expressed
in either the Dmp1°™ controls or the Flna knockout mice in agreement
with data from Feng et al. who showed no reduction in Flna RNA
(Fig. S2). However RT-PCR using primers that flank the conditionally
deleted region (Table S1) in the Flna transcript demonstrated that small
deletion products were present in the ¢cDNA of conditional knockout
animals. These products were absent in Dmp1 ™ littermate control cDNA
and no large product was observed because of PCR conditions that
prevented the amplification of large products. Sanger sequencing of
these products (and the large WT product amplified under different
conditions) confirmed the deletion of Flna exons 2-6 or 2-7 in the
conditional knockout animals which would prevent a functional Flna
protein from being translated (Fig. S2). Furthermore, assessment of
protein via immunohistochemistry (IHC) demonstrated loss of Flna from
osteocytes in the femora of Flna®€®”/Dmp1°®* mice (Figs. 1B, S3).
There were no apparent phenotypic differences between the Flna®%0”y,
Dmp1°®* animals and their respective Cre + littermate controls. Mice
were aged to 18 months and the Fina®*®”¥/Dmp1°* animals tended to
be longer and heavier than their Cre + littermate controls, but this did
not reach significance (Fig. $4). No health issues specific to the Flna®<®/
Y/Dmp1°* animals emerged.

3.2. Skeletal manifestations of FIna®c®’Y/Dmp1°™* mice

The OPD spectrum skeletal phenotype manifests as osteosclerosis in
the long bones (Robertson et al., 2006; Gorlin and Cohen, 1969). To
investigate if loss of Flna, in osteocytes, causes a skeletal phenotype, we
analysed the long bones of 3-month old Flna®*®’¥/Dmp1%®* mice.
Micro-computed tomography (LCT) was used to scan the distal femur of
Flna-knockout male mice and littermate controls at a resolution of 5 pm.
Standard parameters of trabecular architecture were measured as rec-
ommended by (Bouxsein et al., 2010). When assessing bone volume
fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.
N), and trabecular separation (Tb.Sp) we found no significant differ-
ences between Fina®®®/Y/Dmp1°®* mice and their littermate controls (p
=0.53, 0.51, 0.61 and 0.50 respectively, unpaired t-test) (Fig. 1C and D,
Table S2). Cortical architecture was also assessed using recommended
guidelines from (Bouxsein et al., 2010), and we found no significant
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differences in 3D measures of total cross-sectional area (Tt.Ar), cortical
bone area (Ct.Ar), cortical area fraction (Ct.Ar/Tt.Ar), and average
cortical thickness (Ct.Th) between Flna®<®” y/Dn*t,plcreJr mice and their
littermate controls (p = 0.92, 0.53, 0.33 and 0.35 respectively, unpaired
t-test) (Fig. 1D, Table S2). Furthermore we found no significant differ-
ence in the percentage of pores in the cortical fraction (p = 0.16) or the
tissue mineral density (TMD) (p = 0.13) between Fina“*°’¥/Dmp1e*
and littermate controls (Table S2).

RNA was extracted from marrow-flushed, whole femur and qPCR
was used to quantify markers of osteoblastogenesis and bone minerali-
sation. There were no gene expression differences between Fina®<°/¥/
Dmp1%°* bones and those from littermate controls, including late-stage
markers of mineralisation or osteocyte specific genes such as Alpl, Dmp1
and Ibsp (Fig. 1E). Calculations of mineralising surface, bone formation
rate and mineral apposition rate taken from calcein and alizarin stained
bone cryo-sections also showed no significant difference (n = 3 per
group, p = 0.77, 0.22 and 0.12 respectively, Table 1). Because of the lack
of skeletal manifestations, and the osteocyte-specific nature of this
knockout, it was deemed unnecessary to analyse the osteoclast pheno-
type in these animals. Although these data indicate that loss of Flna from
the mechanosensing cells of the skeleton does not result in osteo-
sclerosis, it is possible that absence of Flna from the osteocytes over the
lifespan could be significant because of the known role of Flna in cellular
mechanoprotection. FIna®™®”V/Dmp1¢/t mice alongside their Cre +
littermate controls were aged to 18 months (n = 6 per group) and their
femora were assessed by pCT. The same, standard parameters of
trabecular and cortical architecture were calculated and we found no
significant differences, at the 95 % confidence interval, in the 3D
structure of the trabecular bone, or in the 3D structure, porosity or TMD
of the cortical compartment (Fig. 2A and B, Table S2). We therefore
found no changes to the appendicular skeleton when Flna was removed
from osteocytes. This adds to the evidence that the pathogenic variants
in FLNA that cause OPDSDs do not mediate their effects through loss-of-
function in this cell type. However, it is possible that a more widespread
deficiency over the osteoblastic-osteocytic lineage could mediate such
an effect.

3.3. Knockout of Flna from the osteoblast lineage

An osteoblast-specific knockout of Flna was created by crossing
Fina™® mice with a Cre-recombinase expressing strain under the control
of the Sp7 promoter (0sx®®) (Rodda and McMahon, 2006). Flna con-
ditional knockout was confirmed by genotyping PCRs as before (Fig. 3A,
Table S1). As in the Flna®%®” Y/Dmp1 Cre+ mice, no reduction in Flna
transcript was seen in marrow-flushed Flna®®Y/0sx®* femora
(Fig. S2). However the conditional knockout deletion products were
present in the cDNA of these animals when analysed via RT-PCR, con-
firming that a functional Flna protein could not be translated in the CKO
cells (Fig. S2, Table S1). Furthermore, IHC showed loss of Flna from
osteocytes in the femora of Flna®™°/Y /0sx“"*+ mice (Figs. 3B, S3).

In the litters of the Fina®®© x 0sx®® cross there was a trend towards
reduced offspring that carried the Cre transgene, however this did not
reach significance (272 offspring assessed, X?> = 7.37, 3 degrees of
freedom, p = 0.061). Furthermore it has previously been reported that
0sx“" mice have reduced growth (Walkley et al., 2008), therefore we
included the Cre in the littermate controls for this cross. Malocclusion
was a feature of both the Flna®°/¥/0sx“™* knockout and the Cre +
controls, as previously reported (Walkley et al., 2008). Animals in this
line were therefore aged to 9 months before malocclusion caused sig-
nificant welfare issues. No other health problems, specific to the Flna
knockout mice, were observed and FIna®®/Y/0sx“"** mice maintained
comparable growth parameters to the Cre + littermate controls over the
9 months (Fig. S4).
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Fig. 1. Flna knockout in the osteocyte cell compart-
ment of 3 month old male mice. (A) Example of gen-
otyping PCRs performed on DNA extracted from ear
notch biopsies. Cre and Flna-CKO PCRs carried out on
same two animals to show presence of the Cre
recombinase gene in all animals studied and presence
or absence of Flna-CKO. (B) Flna immunohistochem-
istry (IHC) on femora cryo-sections taken from Flna in
FIna®®®”Y/Dmp1€*** mice and Cre + littermate con-
trols (black arrows point to osteocytes). (C) Images
taken from pCT scans of distal femur in 3 month old
Fina®®®”/Dmp1°®* mice and Cre + littermate con-
trols.(D) Quantification of trabecular and cortical pa-
rameters measured by uCT in 3 month old FIna®®"¥/
Dmp1 Cre+ mice and Cre + littermate controls (n = 6
per group). % BV/TV - trabecular bone volume frac-
tion, Tb.N — trabecular number, Tt.Ar — total cortical
cross-sectional area, Ct.Th — average cortical thickness
(E) gPCR analysis of key osteogenic genes performed
on RNA extracted from mineralised femora of
FIna®©”¥/Dmp1°®* mice and Cre + littermate con-
trols (n = 6 per group).
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Table 1
Mineralising surface, mineral apposition rate and bone formation rate in 3
month old Flna®™®¥/Dmp1®®* and FIna®®®/Y/0sx“" mice and littermate
controls.

Flna®<°” Y/Dmp1 Cre+ 3 months
Flna®°"v/ Dmp1°ret Pvalue
Dmp:lCre t
Mineralising surface (%) 23.49 + 3.18 22,55 + 3.29 0.767
Mineral apposition rate (pm/ 1.391 £ 0.068 2.376 = 0.118

day) 0.855

Bone formation rate (pm/day) 0.329 + 0.061 0.564 + 0.221
0.271
Flna®©” /0sxCre 3 months
Fina®°"y/ OsxCre+ P value
OsxCre+

Mineralising surface (%) 21.61 £ 5.26 13.76 + 5.01 0.135
Mineral apposition rate (pm/day) 1.537 £ 0.210 1.554 +£0.295  0.938
Bone formation rate (ym/day) 0.328 + 0.058 0.223 +0.125  0.259

3.4. Skeletal manifestations of the Flna®®°”¥ /0sx°™" mice

Whole femora were collected from 3-month old FIna®®/¥/0sxre*
mice and Cre + littermate controls (n = 6 per group). uCT was used to
scan the distal femur at a resolution of 5 pm. The same range of standard,
architectural trabecular parameters were measured as for the Flna®®/Y/
Dmp1°®* mice. No differences in BV/TV (p = 0.46), Tb.Th (p = 0.67),
Tb.N (p = 0.27), and Tb.Sp (p = 0.15) were found in Flna® 7y /0sxCret
compared to Cre + littermate controls (Fig. 3C, Table S2). Again, no
differences were found in structural parameters of cortical bone
including Tt.Ar (p = 0.29), Ct.Ar (p = 0.16), Ct.Ar/Tt.Ar (p = 0.96), and

A Dmp 1Cre+
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Ct.Th (p = 0.48) between FIna®®©”Y /0sx*"** and Cre + littermate con-
trols (Table S2). Expression of a selection of osteoblast- and osteoclast-
specific genes was measured in total femoral RNA via qPCR. No statis-
tically significant differences in expression of any of the genes measured
were noted (Fig. 3E). Furthermore, we measured mineralising surface,
bone formation rate and mineral apposition rate from calcein and aliz-
arin stained femora cryo-sections (n = 3 per group, p = 0.13, 0.26 and
0.94 respectively) and found no significant differences in any measure of
bone accrual between the FIna®©/Y/0sx“"* mice and their Cre +
counterparts (Table 1).

To understand if loss of Flna from the osteoblast lineage altered how
the skeleton adapted to mechanical stress over a lifetime, we aged the
FIna®©/¥ /0sx®* male mice to 9 months old. Comparisons at older ages
were precluded due to the high incidence of malocclusion in the Osx®™*
mice. Advanced age did not manifest a long bone phenotype as we found
no significant difference in any of the standard trabecular or cortical
architectural parameters measured via pCT at the 9 month timepoint
(Fig. 3D, Table S2).

3.5. Skeletal manifestations in Flna®”/Col1°** mice

To further validate our observations in mice with Flna deleted within
the osteoblast linage, we examined the skeletal phenotype of another
Flna conditional knockout mouse, albeit with lesser tissue specificity and
a later developmental timepoint for cre-lox excision, than Osx-cre. The
Col1®™® mouse strain (Liu et al., 2004) was used to conditionally
knockout Flna from fibroblasts and osteoblasts as previously reported by
Mezawa et al (Mezawa et al., 2016) (Fig. S2). pCT was used to scan the
distal femur from 3-month old FIna®°/¥/Col1"®** mice alongside WT
littermate controls (n = 4 per group). Similar to the Flna®®/¥/0sx®"+
mice, we found no significant differences in any of the standard mea-
surements of trabecular or cortical structural parameters (Fig. 3E,

FIna®<®¥/Dmp1°re*

Dmp 1Cre+ FlnaCKO/y
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Fig. 2. Flna knockout from the osteocyte compartment of 18 month old male mice. (A) Images taken from pCT scans of the distal femur in 18 month old Flna

CKO/y /

Dmp1°°* mice and Cre + littermate controls. (B) Quantification of trabecular and cortical parameters measured by pCT scan (n = 6 per group). % BV/TV — trabecular
bone volume fraction, Tb.N - trabecular number, Ct.Th — average cortical thickness.
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Fig. 3. Flna knockout from the established osteoblast lineage in 3 month old male mice. (A) Example genotyping PCRs performed on DNA extracted from ear notch
biopsies. Cre and FIna-CKO PCRs carried out on same two animals. (B) Flna IHC undertaken on cryo-sections of femora taken from Flna““®’¥/0sx®*" mice and Cre +

littermate controls (arrows show osteocytes). (C) Representative images taken from uCT of the femur of 3 month old FIna®°’¥/0sx
controls. (D) Quantification of trabecular bone volume fraction (% BV/TV) measured from pCT scans in Flna®*¥ /0sx

Cre+ mice and Cre + littermate

Cre+ mice and Cre + littermate controls (n = 6

per group). (E) Gene expression analysis using RNA extracted from mineralised long bone in FIna®©”Y /0sx®"* mice and Cre + littermate controls (n = 6 per group).
(E) Quantification of trabecular BV/TV measured from pCT scans of Flna®®®’¥ /Col1a1°"** femora and WT littermate controls (n = 4 per group).

Table S2), confirming that removal of Flna from the osteoblast lineage
does not result in the osteosclerotic phenotype seen in the OPD spectrum
disorders.

4. Discussion

A large number of missense variants in the X-linked gene FLNA that
do not alter the stability or level of the protein cause a spectrum of
skeletal dysplasias called the OPDSDs (Robertson et al., 2003; Wade
et al., 2020; Clark et al., 2009). Although the level of FLNA is preserved
in non-skeletal tissue in these conditions (Robertson et al., 2006; Wade
et al., 2021), it is unclear if a specific deficit is conferred by these mu-
tations in bone. This is one hypothesis to explain the predominantly
skeletal presentation of a disorder caused by mutations in a near ubig-
uitously expressed gene (Gerrard et al., 2016). This specific deficit could
conceivably be conferred by a loss- or a gain-of-function mechanism.

A gain-of-function mechanism has been proposed previously because
(a) the mutations in FLNA are both recurrent and clustered (Wade et al.,
2020), (b) loss-of-function pathogenic variants in FLNA cause a separate
neurological and connective tissue disorder with no skeletal abnormal-
ities in female heterozygotes (Parrini et al., 2006) as well as in rare
hemizygous males with reduced FLNA expression (Oda et al., 2016), and
(c) two further FMD-causing genes act through a gain-of-function
mechanism suggesting there may be a shared pathway in the patho-
genesis of the OPDSDs that is inappropriately activated by variants in
FLNA, MAP3K7 or TAB2. This is further supported by the in-vitro evi-
dence that one FMD mutation causes FLNA hyper-phosphorylation
(Ithychanda et al., 2017). Reflecting the possible loss- and gain-of-
function duality in FLNA, loss-of-function pathogenic variants in
MAP3K7 or TAB2 convey different phenotypes - car-
diospondylocarpofacial syndrome and a recognisable phenotype of

cardiac and connective tissue abnormalities respectively (Le Goff et al.,
2016; Engwerda et al., 2021). However clinical or pathological study of
the skeleton from individuals with FLNA loss-of-function alleles is pre-
cluded by the embryonic lethality conferred by such alleles in males.

To mitigate the issue that complete knockout of Flna is lethal, and to
question if the skeletal phenotype of the OPDSDs is caused by a defi-
ciency of FLNA in the skeleton, we utilised a conditional Flna knockout.
A limitation of this study was our ability to robustly demonstrate loss of
FLNA protein from the cells of interest. However we utilised previously
well-characterised conditional knockout and cre-recombinase express-
ing mouse lines, and showed evidence of Flna recombination at the
genomic and transcript levels. There are two main cellular linages in the
bone, osteoblasts and osteoclasts. An osteoclast-specific knockout of Flna
has been investigated, and it did not recapitulate the skeletal dysplasia
of the OPDSDs (Leung et al., 2010). Therefore, we investigated the
consequences of removing Flna from the other major skeletal lineage,
the osteoblast. Despite the role of Flna in cellular mechanosensing
(Gardel et al., 2006), and the importance of the osteocyte in the
mechano-response of the skeleton (Bonewald, 2006), we observed no
phenotype in the osteocyte-specific knockout Flna mice. Whilst this
finding adds to the evidence that pathogenic FLNA variants that cause
the OPDSDs are gain-of-function, it is nevertheless intriguing that loss of
an almost-ubiquitously expressed, essential cytoskeletal and signaling
protein has no effect on the development of the skeleton when knocked
out in osteocytes. In order to further elucidate if Flna has a role in
skeletal development, and specifically bone anabolism, we conditionally
knocked out Flna from the entire osteoblastic lineage. Once again, we
did not observe a skeletal phenotype when Flna was removed from the
osteoblasts using either the Osx- or Coll-promoter driven Cre lines.

In the Flna-KO mouse some abnormalities of the skeleton were
described in embryos (E15.5). The sternum fails to fuse in hemizygous
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males and delayed fusion also occurs in heterozygous females with some
deformities in the resulting adult sternum (Hart et al.,, 2006). We
observed no fusion problems in the sterna of the osteocyte or osteoblast
Flna knockout mice. The complete Flna knockout mice also commonly
exhibit a cleft palate (Hart et al., 2006), another phenotype we did not
observe in the mice studied here. Both these phenotypes are caused by
defects in the cells that precede the appearance of mature, mineralised
bone, in this instance the cartilage of the developing axial skeleton and
the migrating neural crest cells of the facial appendages. Consequently,
it is not surprising that we did not recapitulate these phenotypes with
our Flna knockout which only targeted the cells of the mature skeleton.

Conceivably, FLNA is not essential for the function and maturation of
osteoblasts, and loss of filamin from these cells therefore has no
measurable effect on the skeleton. However, it is plausible that earlier in
skeletal development, in both mice and humans, Flna is critical for the
movement and migration of progenitor cells as they form pre-
mineralised skeletal structures (Baldassarre et al., 2009), leading to
some of the skeletal defects observed in the Flna-knockout mouse.
Consistent with this proposition, a cellular migratory defect is seen in
Flna-knockout osteoclasts (Leung et al., 2010).

In conclusion, we have shown that knockout of Flna from mouse
osteocytes, as well as the osteoblast lineage results in no measurable
changes to the mature skeleton. This adds to the evidence that the
pathogenic variants in FLNA that result in the OPD spectrum of disorders
likely operate through a gain-of-function mechanism or show that Flna
has no function in the mature mouse osteoblast.
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