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ARTICLE INFO ABSTRACT

Keywords: Although inactivating mutations of PLS3, encoding the actin-bundling protein plastin-3, have been identified to
Bone remodeling cause X-linked osteoporosis, the cellular and molecular influence of PLS3 on bone remodeling is poorly defined.
Gortical bone Moreover, although a previous study has demonstrated moderate osteopenia in 12 week-old Pls3-deficient mice
Plastin-3

based on pCT scanning, there is no reported analysis of such a model on the basis of undecalcified histology and
bone-specific histomorphometry. To fill this knowledge gap we applied a deep phenotyping approach and
studied Pls3-deficient mice at different ages. Surprisingly, we did not detect significant differences between
wildtype and Pls3-deficient littermates with respect to trabecular bone mass, and the same was the case for all
histomorphometric parameters determined at 12 weeks of age. Remarkably however, the cortical thickness in
both, tibia and femur, was significantly reduced in Pls3-deficient mice in all age groups. We additionally studied
the ex vivo behavior of Pls3-deficient primary osteoblasts, which displayed moderately impaired mineralization
capacity. Of note, while most osteoblastogenesis markers were not differentially expressed between wildtype and
Pls3-deficient cultures, the expression of Sfrp4 was significantly reduced in the latter, a potentially relevant
finding, since Sfrp4 inactivation, in mice and humans, specifically causes cortical thinning. We finally addressed
the question, if Pls3-deficiency would impair the osteoanabolic influence of parathyroid hormone (PTH). For this
purpose we applied daily injection of PTH into wildtype and Pls3-deficient mice and found a similar response
regardless of the genotype. Taken together, our data reveal that Pls3-deficiency in mice only recapitulates the
cortical bone phenotype of individuals with X-linked osteoporosis by negatively affecting the early stage of
cortical bone acquisition.

X-linked osteoporosis

1. Introduction

Plastin-3 (PLS3, also known as T-plastin) is one member, together
with Pls1 and Pls2, of a protein family binding to individual actin fi-
laments to promote their assembly into actin bundles [1]. Since the
actin cytoskeleton is of central importance for many cellular processes,
and since PIs3 is expressed in various tissues, it is surprising that mu-
tational inactivation of human PLS3 specifically affects the skeleton
[2-8]. In fact, mutations of the PLS3 gene, which is located on the X-
chromosome, were identified to segregate with X-linked osteoporosis in
different families [2—4]. Moreover, a rare PLS3 variant was found to be
associated with increased fracture risk in female heterozygous carriers

[2,6]. The analysis of patients displaying PLS3-dependent X-linked os-
teoporosis further revealed that the disease manifests in early childhood
and affects both, trabecular and cortical bone mass [3]. Moreover,
evaluation of transiliac bone biopsies from affected patients revealed
that there are specific defects of bone matrix mineralization, which may
be linked to inactivation of PLS3 function [3,4,7]. Until now, most of
the respective patients are treated by bisphosphonate administration,
yet a pilot study involving three patients with PLS3 splice site mutations
has suggested, that they respond normally to teriparatide injection [9].

Despite the overwhelming genetic evidence supporting a key func-
tion of PLS3 in bone mass acquisition, the influence of PLS3 on skeletal
cell types is poorly understood at the cellular and molecular level. It
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was suggested, based on osteocyte expression of the chicken homologue
of PLS3, that the protein function may be linked to mechanosensing by
osteocytes [10]. An alternative explanation for the impact of PLS3 on
bone mass was recently established based on a first analysis of Pls3-
deficient mice. Here it was found that these mice, at 12 weeks of age,
display moderate osteopenia, potentially explained by increased os-
teoclast activity [11]. A moderate, yet opposite phenotype was ob-
served in a mouse model with ubiquitous PIs3 over-expression, and here
osteoclast function was impaired due to inhibition of NFkB signaling
and Nfatcl transcription [11]. Whether this influence on osteoclasto-
genesis is the only function of PLS3 in bone remodeling regulation re-
mains to be established, since there is still no reported analysis of Pls3-
deficient mice on the basis of undecalcified histology and histomor-
phometry.

Here we report such an analysis, where we compared Pls3-deficient
mice towards wildtype littermate controls at four different ages.
Unexpectedly, we did not observe any impact of Pis3-deficiency on
trabecular bone parameters. Importantly however, cortical bone mass
was significantly decreased in all age groups, thereby demonstrating a
critical function of PLS3 in the early stages of cortical bone mass ac-
quisition. We finally demonstrate that Pls3-deficient mice respond
normally to daily injection of PTH, thereby confirming that the re-
spective patients might profit from teriparatide treatment.

2. Materials and methods
2.1. Generation of Pls3-deficient mice and animal husbandry

Mice were revitalized from commercially available embryos har-
boring a  PI3 KO-First construct (C57BL/6N-A™18rd
Ppls3m1aEUCOMMWES wigiOulu, EMMA). Genotyping was performed
using primers (5’-TAC GCC ATT ACT CCC CAT CC-3’, 5-TTT CAC ACA
CTC GCC AAA CAC-3’ and 5"-TCG TGG TAT CGT TAT GCG CC-3’) de-
tecting a 581-bp wildtype or 311-bp PIs3-KO allele. All mice were kept
in a specific pathogen-free environment with a 12 -h light/dark cycle,
45-65 % relative humidity and 20-24 °C ambient temperature in open
or individually ventilated cages with wood shavings bedding and
nesting material in groups not surpassing 6 animals. The mice had ac-
cess to tap water and standard rodent chow (1328 P, Altromin
Spezialfutter GmbH & Co. KG, Germany) ad libitum.

2.2. Treatment of Pls3-deficient mice

Mice were treated for 2 weeks by daily intraperitoneal injection of
80 ug/kg recombinant human PTH 1-34. Littermate mice were allo-
cated randomly to treatment groups and endpoint measurements (UCT
and histomorphometry) were performed in a blinded fashion. After
initiation of treatment the welfare of the mice was assessed daily based
on overall appearance and body weight. No unexpected or severe ad-
verse events were observed. All animal experiments were approved by
the animal facility of the University Medical Center Hamburg-
Eppendorf and by the “Behérde fiir Soziales, Familie, Gesundheit und
Verbraucherschutz” (G117/16, G034/17 and Org869).

2.3. Histology

To allow quantification of the bone formation rate, all animals re-
ceived two doses of calcein (30 mg/kg i.p., Sigma-Aldrich Corp., USA)
10 and 3 days before sacrifice. The skeletons were fixed in 3.7% PBS-
buffered formaldehyde over night and subsequently stored in 80%
ethanol. The lumbar vertebral bodies L1 to L4 and the left tibia of each
mouse were embedded in methylmetacrylate as previously described
[12]. Histological sections of 4 um thickness from the sagittal plane
were stained by toluidine blue and von Kossa/van Gieson staining
procedures as described [13]. Histomorphometry was performed ac-
cording to the ASBMR guidelines [14] using the OsteoMeasure

Bone 130 (2020) 115062

histomorphometry system (Osteometrics Inc., USA). Kinetic parameters
of the cortical bone were assessed on transverse sections.

2.4. Bone mineral density distribution

For analysis of bone mineral density distribution, a quantitative
backscattered electron imaging (qBEI) was performed on embedded
tibiae coated with carbon. Identical regions of interest in the cortical
tibiae were analyzed using a scanning electron microscope (LEO 435
VP; LEO Electron Microscopy Ltd., Cambridge, UK) operated at 20 kV
and 680pA using constant working distance of 20 mm (BSE Detector,
Type 202; K.E. Developments Ltd., Cambridge, UK). For analysis, grey-
value images were utilized according to previously described protocols
[15-17]. The system was calibrated using a carbon-aluminium stan-
dard, facilitating the quantification of bone mineral as calcium weight
percentage.

2.5. uCT analysis

For pCT analysis the right femur of each mouse extracted from the
fixed skeletons. pCT scanning and analysis was performed with a voxel
resolution of 10 um as previously described using a pCT 40 desktop
cone-beam microCT (Scanco Medical, Switzerland) [18] according to
standard guidelines [19]. Trabecular bone was analyzed in the distal
metaphysis in a volume situated 2500 um to 500 pm proximal of the
distal growth plate. Cortical bone was analyzed in a 1000 pm long
volume situated in the middle of the diaphysis. Cortical bone evaluation
was performed with a threshold value of 300 and for trabecular bone a
threshold value of 250 was implemented.

2.6. Mechanical testing

Explanted femora were used for destructive three point bending
tests utilizing a BZ2.5 materials testing machine and the testXpert
software (both Zwick Roell) as described previously [20]. In brief, the
femora were placed on support bars with 7 mm spacing and a tip was
lowered medially with a constant speed of 2 mm/min until failure. The
distance and force were recorded at 100 Hz and all presented para-
meters were internally calculated from this data by the software.

2.7. Cell culture

Bone marrow cells were isolated from the tibiae, femora and pelvis
of PIs3%° and PIs3*/° littermates. Cells were plated at a density of
5 x 10° cells/ml in «-MEM medium (Sigma-Aldrich Corp., USA) sup-
plemented with 10% (v/v) FCS (Thermo Fisher Scientific Inc., USA) and
100 U/ml penicillin/streptomyein (Life Technologies, USA). Calvarial
osteoblasts were obtained from 3-5-days old mice. Cells were isolated
by sequential digestion with collagenase/dispase and plated in the same
medium as mentioned above. Osteoblastogenic differentiation was in-
duced when the cells reached 70% confluency by the addition of 50 pg/
ml ascorbic acid (Sigma-Aldrich Corp., USA) and 10 mM RB-glycer-
ophosphate (Sigma-Aldrich Corp., USA). Alizarin red staining and
quantification was performed as previously described [21].

2.8. Western blotting

Proteins were isolated from cell cultures in RIPA buffer containing
protease inhibitors. Equal volumes of lysate were electrophoretically
separated in 12% Bolt Bis-Tris Plus gels (Thermo Fisher Scientific Inc.,
USA) under reducing conditions. Proteins were subsequently wet
transferred to 0.2 pm nitrocellulose membranes (Bio-Rad Laboratories,
Inc., USA) and blocked for 1 h in 5% BSA in TBST buffer. Primary an-
tibody binding was performed over night at 4 °C in 5% BSA in TBST at
dilutions of 1:500 (anti-Pls1, ab94605, Abcam, UK), 1:5000 (anti-Pls2,
GTX105789, GeneTex, Inc., USA), 1:500 (anti-Pls3, SAB2700266,
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Fig. 1. Undecalcified histology of vertebral bodies from Pls3-deficient mice. (A) Representative undecalcified histological sections of vertebral bodies L3 and L4 from
12 weeks old, male PIs3*/? and PIs3~/° mice. Scale bar = 500 pm. (B) Structural histomorphometric parameters of the vertebral trabecular bone of male PIs3*/° and
Pls3~/° mice at the indicated ages. (C) Cellular and dynamic histomorphometric parameters of 12 week old male PIs3*/° and Pls3~“° mice. Data were analyzed by

Student’s t-test. n=5 mice per group. *p < 0.05 vs. controls.

Sigma-Aldrich Corp., USA) and 1:1000 (anti-o-Tubulin, #2125, Cell
Signaling Technology Corp., UK), followed by incubation for 1 h with
an HRP-conjugated secondary antibody against rabbit IgG (1:2000 di-
luted in 5% BSA in TBST buffer, Dako P0448, Agilent Technologies,
Inc., USA). Signals were detected using Pierce™ ECL Western Blotting

Substrate (Thermo Fisher Scientific Inc., USA) in a digital gel doc-
umentation imaging system (Bio-Rad Laboratories, Inc., USA) with
exposure times of 5-10 min. Quantification of specific signals was
performed with the Quantity One software (Bio-Rad Laboratories, Inc.,
USA).
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Fig. 2. Undecalcified histology of tibiae from Pls3-deficient mice. (A) Representative undecalcified histological sections of tibiae from 12 weeks old, male PIs3*/° and
Pis3~° mice. Scale bar = 500 pm. (B) Structural histomorphometric parameters of the tibiae of male PIs3*”® and PIs3~/° mice at the indicated ages. (C) Cellular
histomorphometric parameters determined in the tibial cortical bone or on the endocortical surface of 12 weeks old male Pls3™° and Pls3~° mice. (D) Dynamic
histomorphometric parameters of 12 weeks old male PIs3"/° and Pis3~/° mice determined on the periosteal surface. (E) Dynamic histomorphometric parameters of
12 weeks old male Pls3"“° and Pis3~/° mice determined on the endocortical surface. (F) Representative scanning electron micrographs of cortical osteocytes in the
tibia of 12 weeks old male PIs3*/° and PIs3~/° mice. Data were analyzed by Student’s t-test. n = 5 mice per group. *p < 0.05 vs. controls.
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2.9. Expression analysis

RNA was isolated using the Nucleospin RNA II kit (Macherey-Nagel
GmbH & Co. KG, DE). Concentration and quality of RNA were measured
using a NanoDrop ND-1000 system (Thermo Fisher Scientific Inc., USA)
and the TapeStation 2200 instrument (Agilent Technologies Inc., USA).
For qRT-PCR expression analysis RNA was reversed transcribed using
Verso ¢cDNA Synthesis Kit (Thermo Fisher Scientific Inc., USA) ac-
cording to manufacturer's instructions. The quantitative expression
analysis was performed using a StepOnePlus system and predesigned
TaqMan gene expression assays (Pls1, Mm01223669 m1; Pls2/Lcpl,
MmO01310735_m1; Pls3, Mm00521302_m1; Runx2, Mm00501580_m1;
Sp7, MmO00504574_m1; Alpl, Mm00475834_ml; Bglap,
Mm03413826_mH; Collal, Mm00801666_g1; Ibsp, Mm00492555_m1;
Dmpl, Mm01208363 . m1; Postn, MmO00450111_m1; Sfrp4,
Mm00840104 m1; Sharpin, MmO00550584 m1; Wwntle,
MmO00446420_m1, Applied Biosystems Inc., USA,). Gapdh expression
was used as an internal control. Relative quantification was performed
according to the AACymethod.

2.10. Biochemical assays

Serum concentrations of biomarkers were measured by ELISA ac-
cording to the manufacturer’s instructions. PICP: SEA570MU (Cloud-
Clone Corp., PRC); PINP: SEA957Mu (Cloud-Clone Corp., PRC); Sfrp4:
MBS907810 (MyBioSource Inc., USA), two-fold dilution; Wntl6:
OKCA02187 (Aviva Systems Biology, USA) two-fold dilution; CTx: AC-
06F1 (Immunodiagnostic Systems Holdings PLC, UK); Rankl:
E90855 KU (Wuhan USCN Business Co., Ltd, PRC), two-fold dilution;
Opg: MOP0O (R&D Systems, USA), five-fold dilution.

2.11. Patient analysis

A 22 years old male patient presented in our outpatient clinic with
two previous atraumatic vertebral fractures (Th7, L2). Since osteologic
assessment at our department includes, for all individuals displaying
early-onset osteoporosis, a genetic screen for mutations in genes asso-
ciated with skeletal disorders, we identified a hemizygous intronic
mutation (1512-1G > T) of PLS3. A diagnostic transiliac crest biopsy
had been obtained from the patient at the age of 18 years. Here we
performed histomorphometry and BMDD analyses in the same way as
described for the mice. Published reference values, which were pre-
viously validated in our own cohort, were used for comparison [22-25].
All patient data were obtained during standard clinical care according
to the World Medical Association Declaration of Helsinki. Written in-
formed consent was obtained from the patient. Dual energy X-ray ab-
sorptiometry (DXA, Lunar iDXA, GE Healthcare; Madison, WI, USA) and
high-resolution peripheral quantitative computed tomography (HR-
pQCT, XtremeCT, Scanco Medical, Switzerland) scans were performed
according to standard clinical procedures. Serum parameters were de-
termined in the Department of Clinical Chemistry, University Medical
Center Hamburg-Eppendorf according to standard procedures and were
compared with the age- and gender-matched reference range.

2.12. Statistical analysis

All data presented in the manuscript are presented as means =
standard deviations. Statistical analysis was performed using
D’Agostino-Pearson omnibus normality test and unpaired, two-tailed
Student's t-test with Bonferroni correction for multiple testing where
applicable, using Prism (GraphPad Software Inc., USA). P-values below
0.05 were considered statistically significant. Sample size and power of
analysis for animal experiments was determined by an a priorit-test with
G*Power [26]. The exact sample size for each dataset is listed in sup-
plementary Table 1.
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2.13. Data availability
All data have been provided within the manuscript.
3. Results

We first analyzed undecalcified sections of vertebral bodies from
male Pls3-deficient mice and wildtype littermates at the ages of 3, 6, 12
and 24 weeks (Fig. 1A). Quantification of the trabecular bone volume
revealed that there was no difference between the groups at any age,
and the same was the case for trabecular thickness and trabecular
number (Fig. 1B). Since the previously described moderate osteopenia
in Pls3-deficient males was observed at 12 weeks of age [11], we fo-
cused on this time point to apply cellular and dynamic histomorpho-
metry. Consistent with the absence of a trabecular bone phenotype we
did not observe any difference between wildtype and Pis3-deficient
littermates in terms of bone cell numbers, osteoid volume or bone
formation parameters (Fig. 1C).

We additionally analyzed tibia sections from the same mice
(Fig. 2A). Here we also did not observe changes of trabecular bone mass
in Pls3-deficient mice, yet the cortical thickness was significantly re-
duced towards wildtype controls in all age groups (Fig. 2B). To find a
possible explanation for this observation we determined the number of
cortical osteocytes and of endocortical osteoblasts and osteoclasts in 12
weeks old mice (Fig. 2C). We did not observe statistically significant
differences between the two genotypes for any of these parameters, and
the same was the case for periosteal and endosteal bone formation
parameters (Fig. 2D,E). Furthermore, no morphological abnormalities
were detected in Pls3-deficient osteocytes (Fig. 2F). Finally, we did not
observe significant differences in the serum levels of bone turnover
markers between 12 weeks old wildtype and Pls3-deficient mice, and
the same was the case for the Rankl/Opg ratio (Fig. S1).

We additionally analyzed the femora from mice of all age groups via
UCT scanning (Fig. 3A). Similar to the phenotype observed in the ver-
tebral bodies, Pis3-deficiency had no major impact on the distal meta-
physeal trabecular bone compartment. More specifically, the bone vo-
lume fraction was only moderately reduced in 3 weeks old Pls3-
deficient mice, for all other age groups no significant difference was
observed (Fig. 3B). Importantly however, Pls3-deficient mice displayed
significant reduction of cortical thickness throughout all age groups
(Fig. 3C and D). Nonetheless, the cortical bone gain, when related to the
data of 3 weeks old mice, did not differ between wildtype and Pls3-
deficient animals (Fig. 3E), thereby demonstrating an early establish-
ment of the phenotype. We additionally observed moderate cortical
bone porosity in 6, 12 and 24 weeks Pls3-deficient mice (Fig. 3F),
consistent with the previously described role of PLS3 as a negative
regulator of osteoclastogenesis [11]. We also performed three-point-
bending assays with the femoral bones of 12 weeks old male mice. Here
we detected reduced biomechanical stability caused by Pls3-deficiency
(Fig. $2), consistent with previously published data [11]. Moreover, the
analysis of 12 weeks old female mice revealed reduced cortical thick-
ness in homozygous Pls3-deficient mice, and here there was also a
moderate reduction of the trabecular bone mass observed (Fig. S3).

In an attempt to understand the underlying cellular pathologies
caused by Pls3-deficiency we first monitored the expression of all Pls
genes in different tissues and primary bone cell cultures from wildtype
mice (Fig. S4). Here we identified a broad expression pattern for all of
them, but also a robust, yet no differential expression of Pls3 in primary
osteoblasts. That the cortical bone phenotype of Pls3-deficient mice is
mostly attributed to an osteoblast defect was further supported by a
closer inspection of tibia sections from 3 weeks old mice (Fig. S5). Here
we observed that the difference in cortical thickness between wildtype
and Pls3-deficient mice does not originate in the bone collar region, but
in the distance of 4 mm below the growth plate, where the layer of
periosteal osteoblasts was disrupted in Pls3-deficient animals. To study
the potential impact of Pls3-deficiency on osteoblast differentiation we
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at the indicated ages. Data were analyzed by Student’s t-test. n=5 mice per group. *p < 0.05 vs. controls. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

isolated bone marrow cells derived from wildtype and Pis3-deficient
littermates and assessed their ability to form a mineralized matrix ex
vivo (Fig. 4A). We thereby observed a moderate yet significant reduc-
tion in Pls3-deficient cultures by alizarin red staining, suggesting a cell-
autonomous impairment of osteogenesis (Fig. 4B).

Similar to bone marrow cultures, Pls3-deficient calvarial osteoblasts
also displayed moderately reduced matrix mineralization at day 15 of
differentiation (Fig. 4C). At that stage we also compared wildtype and
Pls3-deficient cultures at the level of gene expression by qRT-PCR.
While PIs3 expression was abolished in Pls3-deficient cells, there was no

apparent compensatory induction of the other Pls genes (Fig. 4D). This
was also confirmed by quantitative Western blotting in three in-
dependent cultures (Fig. 4E). With respect to markers of osteoblast
differentiation we only observed significantly reduced expression of
Bglap, the gene encoding osteocalcin (Fig. 4D). This led us to specifi-
cally analyze the transcription of genes with known relevance for cor-
tical bone formation or remodeling, i.e. Postn, Sfrp4, Sharpin and Wnt16
[27-32]. Here we observed reduced expression of Sfrp4 in Pis3-deficient
osteoblasts, which is potentially interesting, since SFRP4 mutations
cause Pyle disease, a skeletal disorder with cortical thinning as
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predominant feature [33-35]. We additionally found reduced expres- reduced calvarial thickness, yet calvarial porosity was significantly in-
sion of Wnt16, whose inactivation in mice is linked to cortical porosity creased at 24 weeks of age. Moreover, there were no significant dif-
[30]. Since Sfrp4 deficiency in mice was found to equally affect cal- ferences observed between wildtype and Pis3-deficient mice, when we
varial bones, we also performed pCT imaging of the skull bones from measured the circulating levels of both, Sfrp4 and Wnt16 (Fig. 4F).
wildtype and Pis3-deficient mice (Fig. S6). Here we did not observe During the course of our studies we identified a 22 years old man
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Fig. 5. Skeletal analysis of a patient with PLS3-associated osteoporosis in comparison to Pls3-deficient mice. (A) Segregation analysis and pedigree of the family. The
arrow indicates the index patient. (B) BMD values (Z-score) of the patient at the spine and hip as determined by DXA. (C) Structural parameters of the patient’s distal
radius as determined by HR-pQCT compared to age- and sex-matched reference data [22]. (D) p-CT and histological section of a iliac crest biopsy from the patient
with PLS3-associated osteoporosis obtained at the age of 18 years. Goldner stain. Scale bar =1 mm. (E) Structural parameters of the iliac crest biopsy in comparison
to age- and gender-matched reference ranges (grey hatched lines) [23]. (F) ¢BEI micrographs of cortical and trabecular bone of the patient’s iliac crest biopsy. Scale
bar =200 pm. (G) qBEI based analysis of the calcium mineral distribution in the transiliac biopsy in comparison to skeletal healthy age- and gender-matched controls
[24]. (H) gBEI images of cortical bone from tibia of 12 weeks old PIs3+7% and Pis3~/° mice. (I) qBEI based analysis of the calcium mineral distribution in the femoral
cortical bone of 12 weeks old male PIs3*7° and PIs3~7° mice. (J) Mean Ca®™ mineral content in the femoral cortical bone of 12 weeks old male Pls3*”° and PIs3~7°
mice as determined by qBEL (K) Endocortical osteoid thickness of the femoral cortical bone of 12 weeks old male PIs3"/° and Pls3~/° mice. Data were analyzed by

Student’s t-test. n=5 mice per group. *p < 0.05 vs. controls.

with a hemizygous intronic mutation (1512-1G > T) of PLS3. As evi-
denced by Mutation Taster [36] this mutation is likely pathogenic by
interference with a splice acceptor site. While the mutation was also
detected in the mother, we did not detect it in the index patient’s
brother. Of note, the uncle of the patient had been diagnosed with os-
teogenesis imperfecta, yet we did not have access to blood samples.
Whereas DXA Z-scores were within the reference range for the carrier
mother and the unaffected brother (Fig.5A), the index patient displayed
severe osteoporosis based on DXA Z-scores at the lumbar spine and hip
(Fig. 5B). We additionally applied high-resolution peripheral quanti-
tative computed tomography (HR-pQCT) to determine trabecular and
cortical bone parameters in the distal radius. Here we observed, when
compared to age- and gender-matched reference ranges, that the tra-
becular bone volume was remarkably reduced in the patient, and that
the cortical thinning was even more pronounced (Fig. 5C). Similar
findings were obtained by histomorphometric analysis of a transiliac
bone biopsy, yet there was no pathologic enrichment of osteoid (Fig. 5D
and E). To analyze the calcium distribution within the mineralized bone
matrix we further applied quantitative backscattered electron imaging
(gBEI), thereby revealing a shift towards a lower mineral content, in
line with previously published data (Fig. 5F and G). Based on this
finding we used the same methods to analyze the cortical bone of Pls3-
deficient mice for potential mineralization defects (Fig. 5H). Here we
did, however, not observe a difference towards wildtype littermates in
terms of mineral content (Fig. 5I and J) or osteoid thickness (Fig. 5K).

Despite the fact that the Pls3-deficient mice did not fully re-
capitulate the skeletal defects observed in patients with inactivating
PLS3 mutation, we utilized them to address the question, if Pls3-defi-
ciency would impair the response to osteoanabolic PTH injection. In
fact, the above described patient was treated by a combination of ter-
iparatide and denosumab in the first year due to the severe bone phe-
notype. Thereafter, teriparatide was omitted, i.e. the subsequent
treatment was only performed by denosumab. Of note, the evaluation
of trabecular and cortical bone mass using HR-pQCT revealed a stronger
positive influence in the first year, suggesting that teriparatide is most
beneficial for the treatment of PLS3-dependent osteoporosis (Fig. 6A).
This led us to investigate the response of Pls3-deficient mice to an in-
termittent PTH treatment. After two weeks of daily PTH injection the
Pls3-deficient mice displayed increased osteoblastogenesis (Fig. 6B) and
bone formation rate (Fig. 6C) in the trabecular compartment with an
extent that was comparable to wildtype littermates. Similar responses
were observed for periosteal and endocortical bone formation rates,
although the variability of both parameters was too high to reach sta-
tistical significance compared to untreated Pls3-deficient controls
(Fig. 6D). Importantly however, despite the short treatment duration
that was designed to detect the cellular response, the cortical thickness
was significantly increased in both, wildtype and Pls3-deficient mice
(Fig. 6E), thereby demonstrating that Pls3-deficiency does not interfere
with osteoanabolic PTH treatment.

4. Discussion

PLS3 contains two actin-binding domains that allow the inter-
connection of F-actin fibers to facilitate shaping of specific cytoskeletal
configurations [1]. Pls3 expression is not restricted to skeletal types,

which was also evident in our own qRT-PCR expression analysis using
RNA from different tissues and cultured bone remodeling cells. Based
on this ubiquitous expression pattern, but also given the importance of
cytoskeletal dynamics for many different cell types, it is surprising that
mutations of PLS3 only impact specific organs. More specifically, PLS3
is an established modulator of disease severity in spinal muscular
atrophy, although the primary disease-causing mutation is within the
SMN1 gene [37]. The only disorder where mutations in PLS3 were
identified as causative is X-linked osteoporosis. While the clinical
characterization of the respective patients is fairly comprehensive
[2-4,6-8], the cellular and molecular mechanism explaining the impact
of PLS3 on the skeleton are poorly understood.

A first study regarding the skeletal phenotype of a Pis3-deficient
mouse model was recently published [11]. Here it was found that 12
weeks old male Pls3-deficient mice display decreased cortical thickness,
whereas 12 weeks old female Pls3-deficient mice also displayed a
moderately reduced trabecular bone mass. As we obtained the same
results by analyzing female mice, our data are fully confirming these
previous findings. This also applies to three-point bending assays,
where femoral bones from 12 weeks old male Pls3-deficient mice dis-
played reduced biomechanical stability. Since the previous study,
which also included a mouse model with Pls3-overexpression, demon-
strated a function of PLS3 as a negative regulator of osteoclastogenesis,
it is further important to state that we observed increased cortical
porosity in 6 to 24 weeks old Pls3-deficient mice, as well as increased
calvarial porosity in 24 weeks old PIs3-deficient mice.

To expand the knowledge on the putative function of PLS3 in bone
metabolism, we extended the analysis of Pls3-deficient mice by ap-
plying histomorphometry on undecalcified bone sections and by ana-
lyzing different age groups. Here we found a remarkable reduction of
cortical thickness compared to wildtype littermates at all ages analyzed.
Importantly however, the relative cortical thickness gain, when com-
pared to the status of 3 weeks old mice, was identical between wildtype
and Pls3-deficient littermates. These data clearly demonstrate that the
major defect of Pls3-deficient mice is a reduced cortical bone acquisi-
tion establishing before weaning. This also explains, why there was no
histomorphometric difference observed, when the mice were analyzed
at 12 weeks of age. Likewise, we did not detect significant differences in
the serum concentration of biomarkers for bone formation and re-
sorption or in the ratio of circulating Rankl and Opg between 12 weeks
old wildtype and Pls3-deficient mice.

Since the reduced cortical bone acquisition in Pls3-deficient mice is
most likely explained by an impairment of osteoblast lineage cells, we
additionally isolated primary osteoblasts. Here we found that Pls3-de-
ficient cells displayed a moderate, yet significant impairment of mi-
neralized matrix formation. Although it is still possible that the lack of
Pls3 is compensated by the other family members, we did not observe a
transcriptional activation of PlsI and Pls2 in Pls3-deficient primary
osteoblasts. Moreover, the expression of most osteoblast marker genes
was not different between wildtype and Pls3-deficient osteoblasts, with
the notable exceptions of Bglap, Sfrp4, and Wnt16, all displaying re-
duced expression in the absence of Pls3. Especially Sfrp4, a secreted
Wnt-signaling antagonist, could be relevant in the context of the ob-
served skeletal phenotype in Pls3-deficient mice, since Sfrp4 inactiva-
tion specifically causes cortical thinning, in mice and humans [28,34].
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Fig. 6. Osteoanabolic treatment response of a patient with PLS3-associated osteoporosis and Pls3-deficient mice. (A) HR-pQCT based evaluation of changes of the
microarchitectural composition of the distal radius of the patient with PLS3-associated osteoporosis during treatment. All values are relative to the status at the
beginning of the treatment. The patient received combined denosumab (Dmab) and teriparatide (PTH 1-34) during the first year of treatment and Dmab only from
the second year. (B) Osteoblast number and surface determined in the trabecular bone of vertebral bodies of 12 weeks old Pis37/° and PIs3~/° mice after 2 weeks of
osteoanabolic treatment with daily injections of rhPTH 1-34. The dashed lines indicate the mean value of untreated controls of the respective genotypes. (C)
Trabecular bone formation rate in the vertebral bodies of the same mice as described in subpanel B. (D) Bone formation rate of the cortical bone in the mid diaphyseal
region of femora from the same mice as described in subpanel B. (E) Cortical thickness of mid diaphyseal region of femora from the same mice as described in
subpanel B as determined by pCT. Data were analyzed by Student’s t-test. n = 5 mice per group. *p < 0.05 vs. untreated controls of the respective genotype.
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Whether the reduced expression of Sfrp4 in Pls3-deficient osteo-
blasts is linked to the development of the cortical bone phenotype of
Pls3-deficient mice remains to be established. At present we can only
state that we did not observe reduced serum concentrations of Sfrp4 in
Pls3-deficient mice. Moreover, since Sfrp4-deficiency also reduces cal-
varial thickness, which was not the case in Pls3-deficient mice, it is
unlikely, that the primary function of PLS3 in osteoblasts is to control
specifically Sfrp4 production. The same applies for the relevance of
reduced Wntl6 expression in primary Pls3-deficient osteoblasts.
Whereas the WNT16 locus, based on genome-wide association studies,
was found associated with cortical thickness and nonvertebral fractures
[38], Wntl6-deficient mice were found to specifically display a cortical
bone phenotype with increased porosity [30]. This phenotype is pri-
marily explained by the lack of the inhibitory action of Wnt16 on os-
teoclastogenesis. Therefore, decreased Wntl6 expression in Pls3-defi-
cient osteoblasts may be relevant to explain the cortical and calvarial
porosity in Pls3-deficient mice, yet again, the circulating levels of
Wntl6 were not different compared to wildtype littermates.

One major limitation of the Pls3-deficient mouse model is the phe-
notypic discrepancy towards X-linked osteoporosis in humans. This
does not only apply to the respective literature reports on patients with
inactivating PLS3 mutation, but also to the patient described in the
present manuscript. Here we observed a marked reduction in both,
cortical and trabecular bone mass, as well as reduced calcium content
within the mineralized bone matrix. At present we can only speculate
about the cause for the apparent inconsistency between mouse and
human data, especially since there are only few examples for other
deficiency models that do not fully recapitulate pathologies observed in
the respective patients [39-41]. The most likely explanation is that
Pls3-deficient mice, in contrast to the majority of patients with X-linked
osteoporosis, lack the entire Pis3 gene, which excludes a potential in-
fluence of the mutated protein. To circumvent this problem, it might be
required to generate a knockin model for X-linked osteoporosis in the
future. Additionally, external factors such as nutrition or environmental
conditions might influence the skeletal characteristics as well. On the
other hand, since we did observe, similar to the patients, an impact of
Pls3-deficiency on cortical bone mass, we decided to utilize this model
in order to analyze its response to osteoanabolic PTH treatment. Here
we could clearly detect that Pls3-deficient mice responded to the same
extent as their littermate controls, which fully supports the results of a
previously published pilot study, where three patients with PLS3 mu-
tations were successfully treated with teriparatide [9].

A second limitation of our study is that we were unable to provide a
plausible molecular mechanism explaining the specific cortical bone
phenotype of Pls3-deficient mice. This is mostly attributed to the lack of
an obvious cellular defect of Pls3-deficient primary osteoblasts. Here it
is also important to state that we did not observe major abnormalities of
Pls3-deficient cells in terms of morphology, nor in adhesion or migra-
tion assays. It might be worthwhile to perform more thorough analyses
in future experiments to analyze the possibility that Pls3-deficiency
impacts protein secretion by interfering with the formation of an ac-
tomyosin II ring [42-44], but such studies are beyond the scope of the
present manuscript. However, since the relevance of such cell culture
experiments in the context of a site-specific skeletal phenotype is gen-
erally debatable, we truly believe that the disrupted osteoblast surfaces
in the periosteal bone regions with 4 mm distance from the growth
plate, are probably more informative. In fact, one could speculate that
the alignment of osteoblasts into one layer of cells at the cortical bone
surfaces requires specific cytoskeletal rearrangements, which could be
disturbed in Pls3-deficient mice. Moreover, since the bone-forming
units are typically shorter in the trabecular compartment of murine
bones, the specific impact of Pls3-deficiency might be less relevant at
these sites.

Regardless of these limitations, we truly believe that it was im-
portant to study the skeletal phenotype of Pls3-deficient mice, at dif-
ferent ages, on the basis of undecalcified histology and bone-specific
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histomorphometry, since the relevance of PLS3 for human bone mass
acquisition is undoubted. Our findings extend the previous knowledge
regarding the skeletal phenotype of Pls3-deficient mice, which do not
only display increased osteoclastogenesis, but also a unique cortical
bone phenotype establishing at an early postnatal stage.
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