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An ARHGAP25 variant links aberrant Rac1 function to
early-onset skeletal fragility
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ABSTRACT

Ras homologous guanosine triphosphatases (RhoGTPases) control several cellular functions, including cytoskeletal actin remodeling
and cell migration. Their activities are downregulated by GTPase-activating proteins (GAPs). Although RhoGTPases are implicated in
bone remodeling and osteoclast and osteoblast function, their significance in human bone health and disease remains elusive. Here,
we report defective RhoGTPase regulation as a cause of severe, early-onset, autosomal-dominant skeletal fragility in a three-
generation Finnish family. Affected individuals (n = 13) presented with multiple low-energy peripheral and vertebral fractures
despite normal bone mineral density (BMD). Bone histomorphometry suggested reduced bone volume, low surface area covered
by osteoblasts and osteoclasts, and low bone turnover. Exome sequencing identified a novel heterozygous missense variant
€.652G>A (p.G218R) in ARHGAP25, encoding a GAP for Rho-family GTPase Rac1. Variants in the ARHGAP25 5' untranslated region
(UTR) also associated with BMD and fracture risk in the general population, across multiple genomewide association study (GWAS)
meta-analyses (lead variant rs10048745). ARHGAP25 messenger RNA (mRNA) was expressed in macrophage colony-stimulating factor
(M-CSF)-stimulated human monocytes and mouse osteoblasts, indicating a possible role for ARHGAP25 in osteoclast and osteoblast
differentiation and activity. Studies on subject-derived osteoclasts from peripheral blood mononuclear cells did not reveal robust
defects in mature osteoclast formation or resorptive activity. However, analysis of osteosarcoma cells overexpressing the ARHGAP25
G218R-mutant, combined with structural modeling, confirmed that the mutant protein had decreased GAP-activity against Rac1,
resulting in elevated Rac1 activity, increased cell spreading, and membrane ruffling. Our findings indicate that mutated ARHGAP25
causes aberrant Rac1 function and consequently abnormal bone metabolism, highlighting the importance of RhoGAP signaling in
bone metabolism in familial forms of skeletal fragility and in the general population, and expanding our understanding of the molec-
ular pathways underlying skeletal fragility. © 2021 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American
Society for Bone and Mineral Research.
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1. INTRODUCTION

hildhood or adolescence onset osteoporosis is most com-
monly associated with osteogenesis imperfecta (Ol) and
qualitative or quantitative defects in type | collagen."? Discov-
ery of novel rare forms of primary osteoporosis and other skeletal
disorders have expanded our understanding of the molecular
mechanisms governing bone health."** Recent genetic find-
ings have shown that defects in pathways regulating bone cell
function and extracellular matrix apart from type | collagen can
also have detrimental effects on bone quality: defective WNT sig-
naling leads to impaired osteogenesis; mutations in PLS3, encoding
Plastin 3, affect osteocyte actin cytoskeleton in X-linked osteoporo-
sis; and defective xylosyltransferase (XYLT2) function leads to
severe spinal osteoporosis due to abnormal glycosaminoglycan
metabolism.®® Genomewide association studies (GWASs) in large
population-based cohorts have further identified hundreds of
genetic loci, containing genes annotated to several bone-active
pathways such as WNT, Osteoprotegerin (OPG)-receptor activator
of nuclear factor kB (RANK)-RANK ligand (RANKL), and mesenchy-
mal cell differentiation, as determinants of bone mineral density
(BMD), osteoporosis, and fracture risk.*?~'? Despite these discov-
eries the genetic causes of early-onset osteoporosis still remain
inadequately understood.
Here, we present a large three-generation Finnish family with
a severe, early-onset autosomal dominant inherited skeletal fra-
gility. Affected individuals exhibit multiple low-energy periph-
eral and vertebral compression fractures, loss of adult height
but normal BMD. After careful clinical and radiographic pheno-
typing, and exclusion of pathogenic variants in Ol-related candi-
date genes, we used whole-exome sequencing (WES) in six
family members to identify the causative genetic defect in the
family. We identified a novel heterozygous missense variant
€.652G>A (p.G218R) in the gene encoding Ras homologous gua-
nosine triphosphatase (RhoGTPase)-activating protein 25 (ARH-
GAP25, canonical transcript, isoform A, NM_001007231.2,
ENSG00000163219, NP_001007232.2), which wholly segregated
with the phenotype of skeletal fragility. Functional validation
indicated that the variant impairs RhoGTPase-related cellular
functions and GWAS denoted that ARHGAP25 is significantly
associated with BMD in the general population.

2. SUBJECTS AND METHODS

2.1 Subjects

The index subject was evaluated at age 53 years for recurrent
fractures and a positive family history of increased fragility
fractures and an Ol-like skeletal disease. As part of our ongoing
research program on genetic determinants of early-onset oste-
oporosis we recruited the family, both affected and unaffected
family members, into a study aiming to identify the genetic
cause of their disease. All subjects or their guardian gave
signed informed consent before participation in the study.
The study protocol, including clinical and genetic studies,
was approved by the ethics committee of the Helsinki Univer-
sity Hospital.

2.2 Clinical studies, biochemistry and radiological
evaluations

We collected medical histories from prior hospital records and by
subject interview for fracture history, other skeletal and nonske-
letal morbidities, growth and development, past surgeries, and
long-term medications. As part of routine clinical assessment,
exclusion of any underlying secondary causes of skeletal fragility
(e.g., endocrinological or hematological ilinesses) was performed
prior to proceeding with genetic analyses. In addition, altogether
nine family members underwent a more thorough clinical evalu-
ation for skeletal and extraskeletal characteristics, including bio-
chemistry, BMD, and imaging studies during a study visit at
Helsinki University Hospital.

Biochemical parameters were evaluated from peripheral
blood and urine in the morning between 8:00 a.m. and 10:00
a.m., after an overnight fast and using second morning void
urine for urine samples. Measurements were done at HUSLAB
laboratories (Helsinki, Finland). We assessed peripheral blood
biochemistry for complete blood count, electrolytes, creatinine,
and  concentrations of  calcium and phosphate,
25-hydroxyvitamin D (S-25-OH-D; assessed by chemilumines-
cent immunoassay [CLIA]; Abbott, Deerfield, IL, USA), and para-
thyroid hormone (PTH; CLIA assay on the IDS-iSYS fully
automated immunoassay system; Immunodiagnostic Systems,
Ltd., Bolton, UK). We also measured urinary concentrations of cal-
cium, phosphate, and creatinine. Measured bone turnover
markers included serum total alkaline phosphatase (ALP), serum
N-terminal propeptide of type | procollagen (P1NP, marker of
bone formation; CLIA, IDS-iSYS), and urinary N-telopeptide of
type | collagen (U-NTx, marker of bone resorption; enzyme-
linked immunosorbent assay [ELISA]; Abbott). We also measured
serum intact and C-terminal fibroblast growth factor 23 (FGF23)
by a manual enzyme-linked immunosorbent assay (Kainos Labo-
ratories, Tokyo, Japan) and by ELISA (Biomedica, Vienna, Austria),
respectively, and used the manufacturers’ reference ranges. For
the other analyses, we used previously published corresponding
measurements from 35 healthy Finnish children and adults."

We evaluated BMD with dual-energy x-ray absorptiometry
(DXA) for lumbar spine (L;-L4, LS-BMD), total hip (FN-BMD), and
total body (TB-BMD) (Hologic Inc., Bedford, MA, USA). All mea-
surements were converted to T-scores and Z-scores. Plain skele-
tal radiographs were obtained of thoracic and lumbar spine, long
bones, and left hand. Vertebral morphology was analyzed from
spinal radiographs and compression fractures were graded
according to Genant et al."; a 220% decrease in vertebral
height was regarded as indicative of a compression fracture. Pre-
viously obtained radiological evaluations were reviewed.

2.3 Bone histomorphometry

We obtained transiliac bone biopsies of the anterior superior iliac
crest from two subjects (Il-2 and 1I-4) with a manual drill, trephine
inner diameter of 7.5 mm (Rochester Bone Biopsy, Medical Inno-
vations International, Rochester, MN, USA)."® Local anesthesia
and intravenous (iv) sedation were used. Both subjects received
tetracycline labeling following a standard 2-10-2-day scheme
before biopsy: administration of 500 mg oral tetracycline three
times a day on 2 consecutive days and repeated on 2 more days
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after a 10-day interval, 2 days before biopsy." Subjects refrained
from dairy products, calcium supplements and antacids during
labeling to ensure adequate tetracycline absorption.

The bone biopsy samples were collected in 70% ethanol,
dehydrated, and then embedded in polymethylmethalcrylate
(PMMA) using standard procedures. Static histomorphometric
parameters were evaluated in one entire undecalcified 5-pm
section stained with Toluidine blue. Tetracycline labeling was
assessed over the entire area of one 10-um unstained section.
Primary bone histomorphometric parameters were evaluated
in trabecular bone under 200x magnification using the Osteo-
measure system (Osteometrics Inc., Atlanta, GA, USA). Mineral-
ized bone was defined by dark blue staining areas; pale-blue
seams at least 1.5 pm in width were included in measurements
of osteoid. Derived indices were calculated according to stan-
dard formulas."® We used previously reported age-specific ref-
erence values for each parameter to calculate Z-scores."”
Nomenclature and abbreviations follow the recommendations
of the American Society for Bone and Mineral Research.® All
histomorphometric analyses were performed by Renata
C. Pereira at the David Geffen School of Medicine at the Univer-
sity of California, Los Angeles (UCLA).

24 Genetic studies

Prior to our genetic study on the family, the index patient and
her immediate family were clinically assessed at Turku University

Hospital, Finland. As part of their initial evaluation, known genes
for autosomal dominant Ol (COL1A1, COL1A2, and IFITM5) were
first screened at the Connective Tissue Gene Tests laboratory
(CTGT, Allentown, PA, USA) by conventional Sanger sequencing
and multiplex ligation-dependent probe amplification (MLPA)
assay; no disease-causing variants were detected. Subsequently,
and after the family was referred for further genetic studies, we
selected six family members from three generations including
four affected subjects and two healthy and asymptomatic sub-
jects (Figure 1) for WES analysis. Exome sequencing was per-
formed at Oxford Gene Technology (OGT, Oxfordshire, UK)
according to their standard methods (www.ogt.com; Supple-
mentary Materials).

We next used the GEMINI (GEnome MINIng) framework
(0.19.0)"® for variant exploration. Before undertaking an exome-
wide search for causative variants in this family, we first evalu-
ated all variants found in the 20 previously reported genes
known to underlie primary osteoporosis."'*2? We then selected
candidate variants with the following criteria: (i) heterozygous
variants present in clinically affected subjects (All-2, All-4, All-5,
Alll-2) and absent in clinically healthy subjects (Al-1, Alll-1);
(i) functional variants affecting coding regions or splice junc-
tions; and (iii) an allele frequency of <0.1% in the 125,748 exome
sequences and 87,410 whole-genome sequences (in total from
v2 and v3) in the Genome Aggregation Database (gnomAD)
database (http://gnomad.broadinstitute.org), the 1000 Genomes
Project,®” and the 10,000 Finnish exomes in the Sequencing
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FIGURE 1. Pedigree of the family with a heterozygous p.G218R ARHGAP25 mutation. Squares represent males, circles females, black symbols mutation-
positive family members, white symbols unaffected family members, and slashes deceased family members. Subjects included in this study are indicated
with codes. All genetically tested family members are indicated with an asterisk. Subjects included in the WES analysis are marked with an arrow. The ped-
igree has been altered to ensure anonymity. Abbreviation: WES, whole-exome sequencing.
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Initiative Suomi database (SISu; http://www.sisuproject.fi). Using
this allele frequency cutoff of 0.1% has good support from the
analysis performed by Lek et al.'*? especially when considering
a dominant disease. Acknowledging the variability in disease
severity within the family, possible compound heterozygous var-
iants were also considered. In silico predictions of the damaging
capacity for missense variants were performed using Sorting
Intolerant From Tolerant (SIFT),*® Polymorphism Phenotyping
version 2 (PolyPhen2; http://genetics.bwh.harvard.edu/pph2/),
UMD-predictor  (http://www.umd-predictor.eu/), MutationTa-
ster2,%? Mendelian Clinically Applicable Pathogenicity (M-CAP)
(http://bejerano.stanford.edu/mcap/), Rare Exome Variant Ensem-
ble Learner (REVEL) score,?> and Combined Annotation Depen-
dent Depletion (CADD) scores (https://cadd.gs.washington.edu/).
Possible effects of amino acid changes on protein conformation
were evaluated using the HOPE web server (https://www3.cmbi.
umcn.nl/hope/). The selected candidate variants were confirmed
and their segregation in other family members assessed by Sanger
sequencing. Primers and protocols are available upon request from
the authors.

2.5 Array comparative genomic hybridization

Copy number variants (CNVs) were tested with a customized
2 x 400K array (Agilent Technologies, Santa Clara, CA, USA) with
genomewide coverage and enriched probes in >300 genes
linked to skeletal disease, as described.?® On average, the array
covers targeted gene areas with one probe per 100 base pairs
(bp) in coding regions and one per 500 in introns and untrans-
lated regions (UTRs). We performed the tests with standard pro-
cedures and analyzed results with Agilent Genomic Workbench
7.0 (Agilent Technologies).

26 GWASs

We interrogated publicly available results from the largest frac-
ture and BMD (DXA and heel ultrasound-estimated) GWAS
meta-analyses performed to screen for associations mapping
to the ARHGAP25 locus (http://www.gefos.org/). One fracture
and four BMD site-specific studies were surveyed: any type of
fracture (n = 264,267; 37,778 cases),?” ultrasound-derived
BMD (eBMD) investigated in the UKBB (n = 426,824),"" whole-
body (WB) BMD comprising approximately 66,000
individuals,”® and lumbar spine (LS) and femoral neck
(FN) BMD each comprising approximately 33,000 individuals in
their discovery phase.*

2.7 Tissue and bone cell expression of Arhgap25

To analyze expression of ARHGAP25 in different tissues, we mea-
sured Arhgap25 mRNA levels by quantitative polymerase chain
reaction (PCR), detecting both isoforms A and C, in 18 different
tissues of male mice (Supplementary Materials). To determine
which bone cells express Arhgap25, we also measured mRNA
levels in cultured murine osteoclasts and osteoblasts; bone mar-
row macrophages were cultured in M-CSF alone or with M-CSF
and RANKL to induce osteoclast differentiation. Osteoclastic dif-
ferentiation was verified by the strong increase in expression of
tartrate-resistant acid phosphatase Acp5.

2.8 Osteoclast studies from patient-derived cells

More extensive descriptions of the specific methods are pro-
vided in the Supplementary Materials. We obtained peripheral

lithium-heparin blood from three subjects (II-2, II-3, 1I-4) and
three healthy, unrelated, sex- and age-matched controls (C1-
C3). CD14" monocytes were isolated from peripheral blood
and seeded on 96-well plates in complete a modified essential
medium (a-MEM) with M-CSF and RANKL to induce osteoclasto-
genesis. Osteoclast studies were performed in both plastic wells
and on discs of bovine bone to study resorption. Media were
replenished every third day and cells were fixed and stained for
tartrate resistant acid phosphatase (TRAP) at the indicated time
points. Media were saved for analysis of TRAP5b and C-terminal
telopeptides of type | collagen (CTX) (IDS Immunodiagnostic Sys-
tems, Boldon, UK). TRAP5b and CTX were analyzed in media col-
lected on day 8, corresponding to the amounts released from
days 6 to 8. Resorption pits were visualized by reflective light
microscopy following Toluidine blue staining. Actin ring forma-
tion was studied after 8 days of culture on bone discs using fluo-
rescence microscopy. Gene expression was analyzed in cells
from healthy blood donors, cultured as described above for
other cells. ARHGAP25 and ACP5 gene expressions were analyzed
using TagMan Assays (Hs01121033_m1 and Hs00356261_m1,
Life Technologies, Carlsbad, CA, USA) and the StepOnePlus
Real-Time PCR system (Applied Biosystems, Foster City, CA,
USA). Arhgap25 mRNA expression was also analyzed in in vitro
differentiated osteoclasts from mouse bone marrow macro-
phages using predesigned TagMan Assay MmO00615449_m1
with 18S ribosomal RNA as an internal control.

2.9 Protein studies

More extensive descriptions of the specific methods are pro-
vided in the Supplementary Materials. In brief, we tested the
effect of the ARHGAP25 mutation on protein function in terms
of actin organization, cell spreading, and activity of
ARHGAP25-targeted Racl1. For this, we used ARHGAP25
€.631G>A p.G211R mutant, which corresponds to the G218R var-
iant identified in the patients but expressed in isoform C rather
than isoform A of ARHGAP25 (NM_001166276.2,
NP_001159748.1). These two splice variants differ only at their
first coding exon (i.e., the N-termini): isoform C is seven amino
acids shorter than isoform A as a sequence of 15 amino acids
at the N-terminus is replaced by a different sequence of eight
amino acids. The critical domain regions, including the GTPase-
activating protein (GAP) domain harboring the mutated residue,
are identical in the two isoforms and the functional activities of
the two mutants are therefore considered the same
(Supplementary Materials). For clarity, we have used the p.
G218R nomenclature throughout the text and results.

As a positive control, we used an isoform C green fluorescent
protein (GFP)-ARHGAP25 p.R193A construct, with a previously
described inactive GAP function and defective Rac1 activity.®”
Human osteosarcoma cells were maintained and cultured under
standard conditions and transfected with the different plasmids.
Rac1 activity was measured with a Rac1 gold-labeled immuno-
sorbent assay Small GTPase Activation Assays (G-LISA) absor-
bance-based biochemical assay kit (Cytoskeleton, Denver, CO,
USA) and the absorbance values compared between the control
cells and cells overexpressing wild-type ARHGAP25, G211R-
ARHGAP25 (corresponding to the patient G218R mutant) or
R193A-ARHGAP25 mutants as described.®" To examine the
effects on actin cytoskeleton, immunofluorescence microscopy
was applied to visualize F-actin in the cells using Alexa Fluor
568-phalloidin (Thermo Fisher, Waltham, MA, USA), and the cells
were imaged using wide-field fluorescence microscopy
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(DM6000B; Leica, Espoo, Finland). To test cell spreading, we cul-
tured cells on cover slips (either 1 h on fibronectin-coated or
5 h on noncoated) and measured cell areas. Structural modeling
of the location of the G218R mutation within ARHGAP25 was
performed using Phyre2 server (http://www.sbg.bio.ic.ac.uk/
phyre2/html/page.cgi?id=index).

2.10 Statistical analyses

For the cell spreading assay, statistical analyses were performed
with SigmaPlot 11.0 (Systat Software, Berkshire, UK). For the oste-
oclast assays, statistical comparisons were made by Student’s
t test between M-CSF and M-CSF+RANKL-treated cells and
between subjects and their respective age- and sex-matched
controls. Association between the variant and the family’s skele-
tal phenotype was statistically evaluated using linkage analysis
and statistical logarithm (LOD) score calculation (see Methods
in Supplementary Materials). Difference was considered statisti-
cally significant with p value <0.05.

3. RESULTS

3.1 Clinical phenotype

Initially, the family comprised five siblings who were all consid-
ered affected by skeletal fragility with varying phenotypes
(Figure 1, Table 1). The index subject (lI-2), a currently 69-year-
old female, had a history of over 60 low-energy fractures begin-
ning at the age of 8 years. Peripheral fractures included >10 ribs,
femur, tibia, more than two humeri, radius, sternum, clavicle,
metacarpals, metatarsals, and multiple compression fractures.
These most often resulted from low-energy trauma such as
coughing or bending over; no high-energy traumas were known.
She had debilitating back pain, kyphotic stature, and a 10-cm
loss of adult height (Figure 2, Table 1). She had joint pain and
increased joint laxity and slightly blue sclerae. Dental records
stated dental fragility with recurrent tooth chipping and caries,
periodontitis, and horizontal bone loss. Prior treatment with
bisphosphonates resulted in no improvement in skeletal health
because her BMD remained static and she suffered new fractures
throughout treatment. Furthermore, fracture healing appeared
delayed; following her clavicle fracture, evidence of callus forma-
tion was not seen until 4 months after the initial diagnosis. She
also presented with psoriasis and dermatitis herpetiformis, but
there was no history of diabetes or long-term glucocorticoid
treatment.

Her four siblings also had multiple fractures of both large and
small long bones and vertebrae following low-energy traumas,
slightly blue sclerae, and similar dental problems (Table 1). All
had normal hearing, growth, and pubertal development, normal
intellect, and no apparent facial dysmorphias or skeletal malfor-
mations. Many of them similarly presented with various autoim-
mune or autoinflammatory disorders. None had diabetes or
received long-term glucocorticoid treatment.

Biochemistry showed normal blood count, including normal
leucocyte and platelet counts, although two subjects had
increased hemoglobin and four others had hemoglobin concen-
trations close to the upper limit. Plasma calcium and serum
25-OH-D concentrations were normal (Table 2). Six out of nine
had mild hypophosphatemia whereas only two had markedly
increased PTH; the other biochemical values in these two
individuals were normal (Table 2). Serum intact and C-terminal
FGF23 were normal in four subjects in which they were

measured (Supplementary Figure S1). Bone turnover markers
ALP, PINP, and crosslinked amino terminal telopeptide type |
collagen (INTP) were normal in all subjects. None had hypercal-
ciuria or hyperphosphaturia.

DXA-derived LS-BMD, FN-BMD, and WB-BMD were normal or
slightly elevated in all subjects (Table 1). Skeletal radiographs
showed loss of bone mineral with visible trabeculation
(Figure 2). Long bones had thin diaphyses with overtubulated
metaphyseal ends (Figure 2A-C). Some bones had horizontal
growth arrest-lines as a sign of poor mineral content
(Figure 2D). Compression fractures were common especially in
the lower thoracic and upper lumbar vertebrae (Figure 2E-I).
No skeletal complications specific to Ol, such as abnormal angu-
lation of long bones, formation of hyperplastic callus, or atypical
soft tissue calcifications were apparent. Joints were normal with-
out deformity. Although fracture healing seemed to be delayed,
as mentioned above in the first paragraph, old fractures
appeared to have ultimately healed normally.

3.2 Bone histomorphometry

We obtained transiliac bone biopsies and bone histomorpho-
metric data for the index (lI-2; a 69-year-old female) and her
affected sister (Il-4; a 64-year-old female) (Table 3, Figure 3A-H).
Both had previously received bisphosphonates but the medica-
tions were discontinued prior to biopsy: the index had received
zoledronic acid which had ended 5 years prior to biopsy and
the sister had received alendronic acid which had ended 6 years
prior to biopsy. The histology and histomorphometric findings
were similar in both biopsies. The cancellous bone volume was
severely reduced, which was due to the overall reductions in tra-
becular number and thickness, leading to loss of interconnec-
tions between trabeculae. The trabecular bone surface covered
with osteoid (unmineralized bone) and the osteoid thickness
were decreased. The surface covered by osteoblasts or by osteo-
clasts were similarly reduced. For patient II-2, in a few areas with
very thin osteoid-only flat osteoblasts or lining cells were visible
and for patient lI-4 a few areas had “plump” osteoblasts on the
osteoid surface. Tetracycline uptake was also reduced in both
biopsy samples and only a few double labels were visible
(Figure 3). Consistent with the other findings indicating low bone
turnover, the eroded surface, mineralizing surface, and the min-
eral apposition rate (calculated from the distance between two
double labels) were decreased, indicating, with the rest of the
findings, low bone turnover. These findings also excluded osteo-
malacia. Because cortical bone was only preserved in one of the
samples, cortical parameters could not be fully assessed.

3.3 Genetic results

No pathogenic variants were found in the 21 genes known to
cause classical Ol or Ol-like primary osteoporosis (Supplementary
Table S1). Filtering of the WES data yielded seven variants
(Supplementary Table S2) that segregated with the phenotype:
six were missense variants and one a frameshift insertion. Of
these, we omitted five variants due to their association with
known human genetic diseases with very different phenotypes
to that of our family. Of the remaining two variants, the missense
variant p.L108P in ZBTB9 was Sanger sequenced from all family
members’ DNA and identified as a false variant. Thus, we focused
on ARHGAP25 c.652G>A (p.G218R) (Canonical transcript,
isoform A, ENSG00000163219, NP_001007232.2, NM_001007
231.3) and confirmed its sequence and segregation in the entire
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FIGURE 2. Long bone, hand, and spinal radiographs of four subjects with a heterozygous p.G218R ARHGAP25 mutation. Images show visible trabecula-
tion and horizontal growth arrest-lines (white arrow) indicating poor mineral content and disturbed bone turnover, and multiple vertebral compression
fractures (black arrows), particularly near the thoracolumbar junction of the spine, and subsequent exaggerated thoracic kyphosis and straightened lum-
bar lordosis. Upper extremity images of (A) 69-year-old female (II-2, index) and (B) 64-year-old female (II-4). Lower extremity image (C) and left hand (D) of
69-year-old female. Thoracic spine radiographs of (F) 69-year-old female, (F) 64-year-old female, and (G) 61-year-old male (II-6). Lumbar spine radiographs

of (H) 69-year-old female (II-2, index), and (/) 61-year-old male.

family by Sanger sequencing (Figure 4A and B). Overall, we
screened 12 additional family members and found eight to harbor
the mutation (Figures 1 and 4A and B). For all these eight subjects,
the mutation segregated with skeletal fragility.

The identified ARHGAP25 missense variant p.G218R is novel
with no carriers identified in the Exome Aggregation Consortium
(EXAC), gnomAD, and SISu databases. It is predicted to be

damaging by all five prediction programs: damaging by SIFT
(score 0.036), probably damaging by PolyPhen2 (score 0.958),
pathogenic by UMD Predictor (pathogenicity 100), disease-
causing by MutationTaster2 (disease-causing probability
0.9999), and possibly pathogenic by M-CAP (score 0.100). It also
has a CADD score of 27.7 and a REVEL score of 0.551 (specificity
91%). Automated analysis of the mutant protein by HOPE
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TABLE 3. Bone histomorphometric findings in two subjects with a heterozygous missense mutation p.G218R in ARHGAP25 and a path-

ological fracture history

II-2 (index, 69 years)

II-4 (sister, 64 years)

Reference mean 4 SD

Reference mean 4+ SD

Parameter Value (F, 65-74 years) Z-score Value (F, 55-64 years) Z-score
BV/TV (%) 6.76 19.56 + 5.62 —2.28 8.20 20.79 + 437 —2.88
OV/BV (%) 0.14 1.2 +£0.87 —-1.22 0.11 217 £ 1.14 -1.81
O.Th (pm) 243 8.31 + 1.99 —2.95 6.30 9.16 - 1.94 —-1.47
0S/BS (%) 1.78 14 + 6.64 —-1.84 7.80 16.7 £+ 6.99 -1.27
0b.S/BS (%) 0.00 3.11 £ 2.75 -1.13 0.24 6.05 + 3.83 —-1.52
ES/BS (%) 2.16 3.66 + 1.69 —0.89 0.93 414 £+ 2.12 —-1.51
0c.S/BS (%) 0.34 0.59 + 0.73 —0.34 0.15 0.82 + 0.80 —0.84
Tb.Th (um) 63.35 131.3 £ 28.10 —-2.42 73.00 133 &+ 34.40 -1.74
Th.Sp (um) 873.00 690.5 + 178.00 1.03 822.00 626.9 + 94.40 2.07
Tb.N (n/mm) 1.07 149 + 0.29 —1.45 1.10 1.59 + 0.23 -2.13
MS/BS (%) 0.70 5.79 + 4.38 -1.16 4,50 7.77 + 4.20 -0.78
MAR (pm/d) 0.467 0.477 £+ 0.078 —0.09 0.471 0.526 + 0.044 -1.27
BFR/BS (u*m/p’m/year) 1.19 10.1 £ 7.99 -1.12 7.80 15.0 + 8.0 —0.90
Mit (days) 13.25 68 + 55.5 —0.99 23.17 435 + 245 —0.83
FB.V (%) Traces None

Notes: Z-scores were calculated using age-specific reference values according to Recker et al.’” Values above 1.5 SD are in italics and values below —1.5

SD are in bold.

Abbreviations: BFR/BS, bone formation rate/bone surface; BV/TV, bone volume/total volume; ES/BS, eroded surface/bone surface; F, female; FB.V, fibro-
sis; MAR, mineral apposition rate; Mlt, mineralization lag time; MS/BS, mineralizing surface/bone surface; O.Th, osteoid thickness; Ob.S/BS, osteoblast sur-
face/bone surface; Oc.S/BS, osteoclast surface/bone surface; OS/BS, osteoid surface/bone surface; OV/BV, osteoid volume/bone volume; SD, standard
deviation; Th.N, trabecular number; Th.Sp, trabecular separation; Tb.Th, trabecular thickness.

indicated that the mutant residue is larger and more hydrophilic
than the wildtype residue and introduces a new positive charge
that can repel neighboring residues. The mutant amino acid also
lies near a highly conserved region and on the surface of the pro-
tein in the Rho-GAP domain.®? Taken together, these data sug-
gest that the mutation is likely damaging to the protein and may
disrupt its interactions with other molecules. Linkage analysis for
association between the variant and the family’s skeletal pheno-
type yielded a significant LOD score in three out of four scenarios
(LOD max 3.08-4.86 at theta = 0), supporting the variant being
disease-causing (Supplementary Figure S5).

Because of the unexplained finding of a low serum phosphate
in several subjects, we further investigated all genes known to be
associated with phosphate homeostasis disorders.®® Subse-
quently, six variants were found in three different genes, but all
were located in intronic or 3'UTR regions and none segregated
with the phenotype (Supplementary Table S3).

Further, in addition to analysis of the exome sequencing data,
we assessed possible structural variants that might have not
been identified by WES. We detected no significant gene dosage
imbalances with array-comparative genomic hybridization
(CGH). Thus, no CNVs were found as the cause of the disease in
the family and were omitted as a probable genetic cause.

34 GWASs

One common variant (rs10048745, minor allele frequency
[MAF] = 0.25) showed a genomewide significant (GWS) association
with WB-BMD (p = 6.44 x 10™°) (Figure 4C). Each copy of the
minor allele rs10048745-A was associated with a 0.039 standard
deviation (SD) decrease in WB-BMD. Similarly, consistent associa-
tions were observed for the A-allele in relation to LS-BMD and
FN-BMD (LS: beta = —0.050 SD, p = 1.03 x 105 FN: beta:

—0.036 SD; p =5.21 x 10~°). The same rs10048745-A allele variant
in ARHGAP25 was also associated with heel ultrasound-derived
BMD (beta = —0.014, p = 4.8 x 10~ ). Altogether 11 other vari-
ants in high LD with the top variant were found associated at
GWS level in the UK Biobank (Supplementary Table S4). Finally,
the rs10048745 variant was associated at nominal significance
level with any type of fracture (odds ratio [OR] = 1.1017; 95% con-
fidence interval [Cl], 1.002-1.032; p = 0.02).

3.5 Tissue and bone cell expression of Arhgap25

Analyses of Arhgap25 mRNA expression in mouse tissues revealed
the gene to be highly expressed in cortical bone and vertebral
body, with only spleen and thymus of all 18 tissues analyzed hav-
ing a higher level of expression (Supplementary Figure S2). In cul-
tured murine osteoclasts and osteoblasts Arhgap25 was more
robustly expressed in macrophages and decreased during osteo-
clast differentiation (Supplementary Figure S3A). Arhgap25 was
also expressed in cultured murine calvarial osteoblasts and the
expression was strongly increased when cells were incubated in
osteogenic medium (Supplementary Figure S3C). Arhgap25
expression was increased 13-fold from day 2 to day 7, whereas
the osteoblastic gene Alpl was increased approximately fivefold
(Supplementary Figure S3D). The relative expression of Arhgap25
was higher in macrophages and osteoclasts than in osteoblasts
at the investigated time points (Supplementary Figure S3E).

3.6 Osteoclast studies of patient-derived cells

With the positive finding of high Arhgap25 mRNA expression in
murine osteoclasts, we analyzed ARHGAP25 mRNA expression
in human osteoclast progenitor cells and mature osteoclasts cul-
tured from peripheral blood of healthy blood donors. When oste-
oclast formation from peripheral blood osteoclast progenitor
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FIGURE 3. Bone histomorphometric findings in two subjects with a heterozygous mutation p.G218R in ARHGAP25. Toluidine blue staining of biopsies from (A,CE)
69-year-old female (II-2, index) and (B,D,F) 64-year-old female (Il-4, sister) showing loss of interconnection among trabecular plates, trabecular thinning and reduction

in trabecular number, and reduction in number of resorption sites. Biopsies from both (G) II-2 and (H) Il-4 also had reduced tetracycline uptake and only a few visible
double labels.
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FIGURE 4. Genetic findings in a family with a heterozygous p.G218R ARHGAP25 mutation. (A) Sequence image of the heterozygous point mutation in the
index patient (Il-2) and normal sequence from a healthy family member (I-1). (B) Schematic presentation of ARHGAP25 and the location of the heterozy-
gous missense mutation c.652G>A (p.G218R) in exon 4. (C) Regional TB-BMD association plot for the ARHGAP25 locus. Each circle represents one SNP in the
locus and its y-coordinate the significance for the TB-BMD GWAS meta-analysis (n = 66,628) reported by Medina-Gomez et al.?® Different colors indicate
varying degrees of pairwise linkage disequilibrium with the top marker [rs10048745] according to the 1000 Genomes — CEU population. Abbreviations:
CEU, Utah residents (Centre d’Etude du Polymorphisme Humain [CEPH]) with Northern and Western European ancestry; GWAS, genomewide association

study; TB-BMD, total body-bone mineral density.

cells was induced by RANKL, the mRNA expression of ACP5 was,
as expected, induced at 72 h when multinucleated TRAP-
positive cells are formed (Supplementary Figure S4A). ARHGAP25
MRNA was expressed in M-CSF-stimulated human monocytes.
ARHGAP25 mRNA was significantly lower at both 24 and 72 h of
culture in RANKL (Supplementary Figure S4B), indicating a
potentially functional role of ARHGAP25 in osteoclast differentia-
tion or activity. A lower expression of Arhgap25 mRNA in in vitro
differentiated osteoclasts compared to progenitors cultured in
M-CSF was also confirmed in cultures using mouse bone marrow
macrophages as osteoclast progenitors (Supplementary
Figure S3A).

We then evaluated whether the mutated ARHGAP25 affects
osteoclastogenesis in the subjects. We hypothesized that the his-
tological finding of reduced trabecular bone volume could be
due to increased osteoclast differentiation or function. We were,
however, unable to observe differences in mature osteoclast

formation or morphology when RANKL-stimulated CD14+
monocytes from subjects and healthy controls were cultured
on plastic dishes (Supplementary Figure S4C). Also, we were
unable to observe differences in mature osteoclast formation
or morphology between cells from subjects and healthy controls
when the cultures were performed on bone discs and stained for
TRAP (Figure 5A). Similar numbers of osteoclasts were formed
(Figure 5B), an observation supported by analysis of TRAP5b in
the media (Figure 5D). Further, we did not observe any difference
in actin ring formation in mature osteoclasts between subjects
and healthy controls (Figure 5A). Osteoclasts from both
subjects and controls formed numerous resorption pits as shown
by reflective light and Toluidine blue staining (Figure 5A). The
mutated ARHGAP25 did not affect mature osteoclast activity as
assessed by the resorbed surface (Figure 5C) and by the amount
of CTX released from bone to media (Figure 5E). When the
CTX/TRAP5b ratio was calculated to assess the resorptive activity
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FIGURE 5. RANKL-induced osteoclastogenesis, actin ring formation and bone resorption. (A) Photographs of TRAP- and phallodin-stained osteoclasts
after 8 days of culture in M-CSF and RANKL on bone discs (TRAP, scale bars = 20 um; phalloidin, scale bars = 50 pm). Resorption pits visualized by reflec-
tive light (resorption pits visible as darker areas) and Toluidine blue staining of bone discs after 8 days of culture in M-CSF and RANKL (scale
bars = 100 pm). (B) Number of osteoclasts and (C) pit surface per bone disc at day 8 of culture. (D) TRAP5b, (E) CTX, and (F) CTX/TRAP5b ratio in culture
media collected between days 6 and 8 of culture in M-CSF and RANKL. n = 3 culture wells/individual in B and n = 4 culture wells/individuals in C-F.
*p < 0.05, **p < 0.01 (Student’s t test between patient and respective age- and sex-matched control). Abbreviations: CTX, C-terminal telopeptides of type
| collagen; M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of nuclear factor kB ligand; TRAP, tartrate resistant acid phosphatase.
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per osteoclast, osteoclasts from one healthy control
(C2) seemed to have higher resorptive activity but the other
healthy control and the subjects had similar CTX/TRAP5b ratio
(Figure 5F). These results indicate the ARHGAP25 mutation
does not increase osteoclastogenesis but may inhibit bone
resorption activity slightly. This finding, however, does not
adequately account for the increased bone loss observed in
the patients.

3.7 Protein studies

Although Arhgap25 mRNA expression was also observed in oste-
oblasts, patient osteoblasts were unfortunately not available for
further studies. We therefore performed protein functional stud-
ies and cellular assays in osteoblast-like cells. For this, we
expressed the full-length wild-type ARHGAP25 and its mutant
forms R193A (positive control) and G218R as GFP-fusion proteins
in U20S osteosarcoma cells to test their GTPase activating effect
by G-LISA assay. As expected, overexpression of wild-type ARH-
GAP25 significantly decreased the level of active GTP-bound
Rac1 in U20S cells after enhanced green fluorescent (EGF)

stimulation both in normal culture conditions and following star-
vation (Figure 6A,B). Consistent with a previous study,®® the
G218R mutation resulted in decreased ARHGAP25 GAP activity
against Racl and, consequently, an increased level of active
Racl. Importantly, the G218R mutant resulted in comparable
increase in the level of active Rac1 (Figure 6A,B), indicating that
the p.G218R mutation efficiently inhibits the GAP activity of
ARHGAP25.

The Rho subfamily of small GTPases are central regulators of
actin dynamics and organization in eukaryotic cells. Among
these, Rac1 has been linked to the assembly of cytoskeletal actin
filament networks at the cell periphery to produce lamellipodia
and membrane ruffles that enable cell spreading and migra-
tion.® To confirm the GTPase-activating effect of ARHGAP25
on Rac1 in vivo, U20S cells were transiently transfected with
GFP-tagged ARHGAP25. Overexpression of ARHGAP25 signifi-
cantly abolished the EGF-induced ruffling as visualized by phal-
loidin staining (Figure 6C), whereas robust membrane ruffling
was observed in the cells transfected with vectors expressing
GAP-deficient  R193A-mutants or the G218R-mutants
(Figure 6C). These mutations also affected cell spreading on both
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FIGURE 6. The mutation p.G218R in ARHGAP25 regulates the GTPase activity of Rac1. G-LISA analysis of the levels of active Rac1 in U20S cells transfected
with control vector, ARHGAP25 wild-type, ARHGAP25 G218R, and ARHGAP25 R193A after EGF-stimulation either in (A) normal culture condition or (B) after
starvation. Data are from three independent experiments and three technical repetitions in case, and the values were normalized to the ones of cells trans-
fected with the control vector. (C) Effects of GFP fusions of wild-type, G218R, and R193A ARHGAP25 on EGF-induced membrane ruffling. Stimulation was
carried out with 0.1 pg/ml EGF for 30 min. Transfected cells can be recognized by expression of green fusions proteins, nuclei were stained with DAPI
(blue), and F-actin was visualized with Alexa-568-labeled phalloidin (red). Numbered magnified regions (corresponding to the yellow boxes in low mag-
nification images) display examples of EGF-induced ruffles that are indicated by arrows. (D) Immunofluorescence microscopy analysis demonstrating of
the effects of wild-type, G218R, and R193A ARHGAP25 on cell spreading on non-coated (5-h incubation, upper panel) and on fibronectin-coated (1-h incu-
bation, lower panel) cover slips. (E) Quantification of cell spreading area after 5-h incubation on non-coated (left panel) and 1-h incubation on fibronectin-
coated cover slips (right panel) from three independent experiments. **p < 0.01, ***p < 0.001 (Mann-Whitney-Wilcoxon rank-sum test). Abbreviations:
DAPI, 4,6-diamidino-2-phenylindole; EGF, enhanced green fluorescent; G-LISA, gold-labeled immunosorbent assay; GFP, green fluorescent protein;

GTPase, guanosine triphosphatase.
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fibronectin-coated and non-coated surfaces. Cells transfected
with a vector expressing wild-type ARHGAP25 displayed pre-
dominantly a rounded shape and spread slowly, whereas cells
expressing the R193A-mutants and G218R-mutants spread sig-
nificantly more rapidly compared to the nontransfected cells
(Figure 6D,E). These results provide evidence that the p.G218R
mutation in ARHGAP25 results in loss of ARGHAP25 GAP activity
against Rac1, leading to elevated Rac1 activity and consequently
increased membrane ruffling and cell spreading in cells expres-
sing mutant ARHGAP25.

ARHGAP25 consists of an N-terminal pleckstrin homology
(PH) domain followed by a GAP domain and a C-terminal coiled
coil sequence®® (Figure 7A). Both R193 and G218R residues are
located in the GAP domain of ARHGAP25. By structural modeling
(Figure 7B,C), the previously identified inactivating mutant
R193A is located at the interface between the GAP domain and
the GTPase. Although the glycine residue mutated in G218R is
well-conserved in ARHGAP25 proteins (Figure 7D), the residue
is not located at the actual interface between the GAP domain
and GTPase (Figure 7B). This indicates that a mutation in G218R
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FIGURE 7. Structural basis of inactivation of ARHGAP25 by the p.G218R mutation. (A) Domain architecture of ARHGAP25. (B) Combined model of PH
(green) and GAP (cyan) domains of ARHGAP25. The locations of R193 and G211 (corresponding to the G218R mutation in patients) in the structure are
indicated by orange and magenta, respectively. The PH domain is separated from the GAP domain by a short (5-7 residues) linker. This allows certain
degree of rotation of the domains relative to each other but keeps them still close enough for interaction. (C) Surface potential representation of PH
domain shows negatively charged areas (red) that may interact with the positively charged arginine in the G218R-mutant (magenta) and thus keep
the ARHGAP25 in an inactive conformation. (D) Sequence alignment of the GAP domains of ARHGAP25 (query sequence) and RhoGAP (template
sequence, Uniprot: Q07960), used for modeling, shows high sequence similarity and high degree of secondary structure element conservation between
two sequences. Abbreviations: GAP, GTPase-activating protein; GTPase, guanosine triphosphatase; PH, pleckstrin homology; Rho, Ras homologous.
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affects the activity of ARHGAP25 indirectly, most likely by locking
the full-length protein in an inactive conformation through pro-
moting interactions of the GAP domain with adjacent protein
domains (Figure 7CD). Together, these experiments demon-
strate that the ARHGAP25 G218R mutation results in defects in
the protein’s function and that the subsequent increase in Rac1
activity affects cell morphology and behavior.

4. DISCUSSION

We describe a large Finnish family with multiple family members
affected by an early-onset, autosomal dominant form of bone
fragility with markedly increased propensity to fracture. Using
WES we identified a novel heterozygous missense variant p.
G218R in ARHGAP25 that segregated with the phenotype. The
mutation is predicted pathogenic and disease-causing, and
molecular modeling indicated the mutation lies in close proxim-
ity to a critical enzymatic domain and is predicted to interfere
with interactions between ARHGAP25 and its molecular partners.
A leading ARHGAP25 variant (rs10048745) is further shown by
GWAS in the general population to be associated with BMD
(p = 644 x 107°) and increased risk for any type of fracture
(p = 0.02). Further experiments revealed high Arhgap25 mRNA
expression in mouse bone tissues, and functional assays indi-
cated a role for ARHGAP25 in bone cell Rac-dependent cytoskel-
etal dynamics, membrane ruffling, and cell spreading, although
this effect could not be confirmed in subject-derived peripheral
blood cells. To our knowledge, this is the first description of an
ARHGAP25-related bone disorder, demonstrating a novel form
of monogenic skeletal disorder resulting from abnormal GTPase
activity and giving evidence for a critical role for RhoGAP signal-
ing in bone metabolism and pathology.

RhoGTPases are small signaling G proteins belonging to the
Ras superfamily.®”4% They are further divided into three sub-
groups: Rho, Rac, and Cdc42. All three subgroups relay informa-
tion from the extracellular environment to intracellular
cascades that regulate actomyosin fibers and focal adhesions
(RhoA), assembly of branched cytoskeletal actin filament net-
works at the cell periphery to create lamellipodia and membrane
ruffles (Rac1), and thin actin-rich plasma membrane protrusions
called filopodia (Cdc42).57-*® ARHGAPs are RhoGTPase-
activating proteins that catalyze the cycle between the active
and inactive states of these small intracellular GTPases. In a rest-
ing state, the RhoGTPases are bound to cytosolic guanine
nucleotide-dissociation inhibitors (GDIs). Following an extracel-
lular signal, RhoGTPases are released and moved to the plasma
membrane, where guanine nucleotide exchange factors
(ARHGEFs) activate them to a GTP-bound form. In their active
state, the RhoGTPases go on to regulate key cell functions, such
as cell cycle progression, cytoskeletal dynamics, and cell apopto-
sis. Once the functional goal has been accomplished, ARHGAPs
help switch the RhoGTPases back to inactive GDP-bound state,
thus terminating their functional activity.®”~*® RhoGTPases are
considered to act as molecular switches and transmit crosstalk
between different signaling pathways, such as WNT signaling.

ARHGAP25 is one of the 53 described human RhoGAP domain-
containing proteins.*’?¥ ARHGAP25 belongs to the same family
with ARHGAP22 and ARHGAP24 and is similarly considered to act
as a specific GAP for Rac1 RhoGTPases.*>*> ARHGAPs, in addition
to regulating RhoGTPases, are also suggested to be deployed
downstream of key regulatory molecules and serve as signaling
intermediates in several other intracellular cascades.“'*® This is

further supported by the presence of multiple domains and func-
tional motifs in ARHGAP proteins, which may interact with other
interplaying factors.*’*® ARHGAP22 and ARHGAP24, regulated
by Rho-associated protein kinases (ROCKs), are especially impli-
cated in cancer cells and in the transition of mesenchymal stem
cells to amoeboid cells by inhibiting Rac1 activity,** whereas ARH-
GAP25 has been shown to regulate phagocytosis in neutrophilic
granulocytes.®> However, ARGHAP25, with its ubiquitous expres-
sion, as also demonstrated by our results, is likely involved in a vari-
ety of biological processes.®%4)

Although the role of ARHGAP25 in bone metabolism has not
been explored previously, various studies provide evidence for
the involvement of RhoGTPases in bone metabolism, especially
in osteoclastogenesis, osteoclast morphogenesis, and osteoclast
function.*® RhoGTP signaling is important for osteoclast podo-
some and actin-ring organization, which is key to osteoclast
migration and adherence to specific bone areas, and bone ero-
sion in resorption pits. 4> Razzouk et al.®” showed how
diminishing Rac1 function in osteoclasts caused a shift to a
rounder shape due to distracted actin assembly and decreased
resorptive capacity. Several studies have also evaluated the
in vivo effects of aberrant RhoGTPase function on bone metabo-
lism“®; Croke et al.,®? Ito et al.,*> and Itokowa et al.** all report
that deletion of RhoGTPases in mice causes severe osteopetrosis
with increased trabecular number and reduced bone resorption.
These changes were specifically due to abnormalities in osteo-
clast resorption as the number of osteoclasts was normal or only
slightly elevated. Furthermore, Wang et al.*® showed that dele-
tion of Rac1 in monocytes/osteoclast progenitors causes a mild
osteopetrotic phenotype with increased trabecular bone due
to decreased osteoclastogenesis in vitro and in vivo, specifically
in RANK-mediated osteoclast formation. By contrast, several
reports show that the importance of Rac proteins in bone metab-
olism is not limited to the osteoclastic lineage but also extends to
the regulation of osteoblast differentiation and cell func-
tion.®>*® Accordingly, Huck et al.®” found that deletion of
Racl, exclusively at preosteoblastic stage, leads to decreased
osteoblast proliferation and increased apoptosis, and in vivo
deletion of RacT in mice results in decreased histomorphometric
measures of osteoblast function, osteoid thickness, and BMD,
which could be mediated through WNT signaling, as demon-
strated by Wan et al.®® Because macrophages are an important
source of inflammatory cytokines, it is also possible that some of
the ARHGAP25 variant’s negative effects on bone homeostasis
could be indirect and mediated by abnormal production of such
cytokines.®® The skeletal phenotype of the Finnish family
reported here could, therefore, result from defects in both oste-
oclast and osteoblast function.

Although the phenotype and severity of symptoms varied
among the affected subjects, most had severe bone fragility with
multiple peripheral and vertebral compression fractures despite
relatively normal BMD. Similar skeletal fragility in conjunction
with normal or even increased BMD has been described in sev-
eral other instances in Ol or monogenic osteoporosis.*%" Also,
similar phenotypic variability has been observed in other forms
of monogenic osteoporosis, including osteoporosis related to
WNT1.%? This could partly be accounted for by interplaying life-
style and environmental factors, as well as possible other genetic
factors modifying the surfacing phenotype. The bone biopsies
had significantly reduced bone volume, trabecular number, tra-
becular thickness, osteoid surface, and osteoid thickness, as well
as decreases in eroded surface or surface covered by osteoblasts
or osteoclasts, together implying resembling a low bone
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turnover status. This most could arise from simultaneously
impaired bone formation and resorption. This finding is further
supported by the low uptake of tetracycline, suggesting a low
state of bone remodeling. The scarcity of active bone cells and
reduced bone turnover would also explain the poor response
to bisphosphonate treatment, as seen in other low-turnover
forms of primary osteoporosis.’>” Despite the observed severe
skeletal abnormalities, metabolic bone markers were normal, as
were serum and urinary calcium. By contrast, phosphate was
decreased in several affected family members while PTH and
FGF23 remained in normal range and bone biopsies excluded
osteomalacia. Furthermore, analysis of genes associated with
disorders of phosphate homeostasis identified no causative var-
iants. The significance of this and its relation to the underlying
skeletal disorder remain to be clarified and warrant further
studies.

The identified missense variant is novel, predicted as disease-
causing by several prediction programs, and also segregated
wholly in the pedigree. Our linkage analysis also suggests that
the variant is responsible for the family’s skeletal phenotype. Fur-
ther support for the role of ARHGAP25 in bone health is given by
the finding of a leading variant rs10048745 in the 5'UTR of ARH-
GAP25 that has been implicated in BMD variability in the normal
population. Although the variant identified in the family does
not seem to affect BMD, as implied by the normality in BMD in
the patients, the GWAS common variant is located directly
upstream of ARHGAP25 and could therefore have a differential
regulatory role. The same variant is also associated with expres-
sion of ARHGAP25 in different tissues as evidenced in the
expression quantitative trait loci (eQTL) summary reported by
Genotype-Tissue Expression Portal (GTEx 2017; https:/
gtexportal.org/home/). Although expression data for bone tissue
is not available in the surveyed database, our in vitro analyses
revealed high Arhgap25 expression in mouse bone tissues.

Our functional protein assays demonstrated that the missense
mutation p.G218R affects the GTPase-activating ability of the
protein, resulting in loss of its ARHGAP25 GAP activity against
Rac1 and therefore increased Racl activity, even though the
mutation does not reside in the active site of the GAP domain
but on the protein surface. The mutation also leads to a replace-
ment of a glycine, which is a small amino acid, with a positively
charged arginine on an otherwise negatively charged surface
of the GAP domain. This may change the protein conformation
and abolish some flexibility critical for the protein function. It is
therefore likely that, in addition to inhibiting the GAP function,
the p.G218R mutation leads to abnormal protein folding and/or
disruption of the GAP domain’s interactions with neighboring
proteins. Such downstream consequences may further be driven
by impaired degradation and cytoplasmic accumulation of the
mutant protein. The precise molecular mechanisms and
the intracellular location and processing of the mutant protein
remain to be determined in future studies.

Although ARHGAP25 mRNA was expressed in M-CSF-
stimulated human monocytes, functional experiments with oste-
oclast progenitor cells from affected subjects and healthy con-
trols showed no difference in osteoclast differentiation or
morphology but a tendency to decreased function, an observa-
tion which alone cannot explain the decreased bone mass in
the patients. The lack of robust differences could be partly due
to the small sample size, use of peripheral blood-derived osteo-
progenitor cells, and using single blood sample collection time-
point, because these cells might not reflect the exact condition
of osteoclast progenitors in the bone marrow. Furthermore,

considering the variability in severity of the skeletal manifesta-
tions, it could be that the implications for cellular functions are
milder and may therefore not be seen as major differences
between a small number of subject and control cell lines. The
lack of in vitro osteoclast defects might also suggest that the
decrease in eroded surface and osteoclast surface in vivo could
be due to indirect effects mediated by other cells in the local
in vivo environment necessary for initiation of osteoclast forma-
tion. It is possible that the local production of osteoclastogenic
cytokines such as M-SCF and RANKL by osteoblasts and/or oste-
ocytes is decreased, which could result in decreased osteoclast
formation and resorption. Because we were unable to study
patient-derived osteoblasts, the interaction between bone cells
involved in osteoclast formation remains to be investigated.
We also showed that Arhagp25 is expressed in murine periosteal
bone cell cultures and that expression is increased during osteo-
blastic differentiation. The patients had decreased osteoid thick-
ness and surface and decreased osteoblast surface. Hence, it is
possible that the mutation affects osteoblast differentiation
and function. Furthermore, considering also the normality in
measured metabolic bone markers, the skeletal manifestations
could also arise from abnormal osteocyte function. While rela-
tively little is known about the importance of RhoGTPases—
and even less of ARHGAP25—in osteocytes, their role in organi-
zation and dynamics of the actin cytoskeleton in the osteogenic
lineage is more established.®*** This too warrants further inves-
tigation. Last, some of the skeletal characteristics could also
result from the long-term consequences of abnormal skeletal
development. Suzuki et al.®® have shown that the dose of
Rac1 is crucial for normal cartilage development and that excess
Rac1 activity results in growth plate disorganization, which
would support our finding of increased Rac1 activity and early
onset of fractures in our patients.

We recognize the lack of clarity on the molecular mechanisms
underlying the family’s skeletal pathology and the need for more
extensive functional studies to fully elucidate the role of ARH-
GAP25 in bone metabolism. Our results indicate a potential role
for the protein in bone cell function, and although our experi-
ments with peripheral blood-derived bone cells showed no sig-
nificant difference, analysis with bone marrow cells and with a
greater sample size might show the contrary. We were unable
to assess the function of patient-derived osteoblasts, which
would have been important given our findings of Arhgap25
expression in osteoblastic cells. Despite extensive screening of
other patients with primary skeletal fragility, we found no other
individuals or families with the same gene defect, limiting the
number of study subjects, clinical data, and available blood and
tissue samples. The low number of available bone biopsies
(n = 2), destructed cortices in biopsies, lack of age- and sex-
matched healthy control samples, and the unblinded nature of
analysis also limited thorough analysis of bone tissue changes.
However, and despite these limitations, given the rarity of such
monogenic forms of bone disorders the current findings provide
valuable and novel insight into the molecular mechanisms
underlying bone health and the role of ARHGAP signaling in
the pathogenesis of skeletal fragility.

In conclusion, we identified a novel heterozygous missense
mutation p.G218R in ARHGAP25 in a large Finnish family with
severe, early-onset, and dominantly inherited bone fragility.
The clinical and functional evaluations indicate that the mutation
affects bone cell function, most likely resulting in low bone
resorption and turnover and subsequently skeletal fragility with
an increased propensity to fractures. Further understanding of
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the consequences of abnormal activity of ARHGAP25 in bone
would require expanded studies in additional mutation-positive
individuals and in a murine model of the disease. Such studies
have the potential to reveal new insights into the molecular
pathways regulating bone health and pathogenesis.
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