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ABSTRACT  

Context: Patients with osteoporosis-associated WNT1 or PLS3 mutations have unique bone 

histomorphometric features and osteocyte-specific hormone expression patterns.  

Objective: To investigate the effects of WNT1 and PLS3 mutations on bone material properties. 

Design: Transiliac bone biopsies were evaluated by quantitative backscattered electron imaging, 

immunohistochemistry, and bone histomorphometry.  

Setting: Ambulatory patients. 

Patients: Three pediatric and eight adult patients with WNT1 or PLS3 mutations. 

Intervention: Bone mineralization density distribution and osteocyte protein expression was 

evaluated in 11 patients and repeated in six patients who underwent repeat biopsy after 24 

months of teriparatide treatment. 

Main Outcome Measure: Bone mineralization density distribution and protein expression. 

Results: Children with WNT1 or PLS3 mutations had heterogeneous bone matrix mineralization, 

consistent with bone modeling during growth. Bone matrix mineralization was homogenous in 

adults and increased throughout the age spectrum. Teriparatide had very little effect on matrix 

mineralization or bone formation in patients with WNT1 or PLS3 mutations. However, teriparatide 

decreased trabecular osteocyte lacunae size and increased trabecular bone FGF23 expression.  

Conclusion: The contrast between preserved bone formation with heterogeneous mineralization in 

children and low bone turnover with homogenous bone mineral content in adults suggests that 

WNT1 and PLS3 have differential effects on bone modeling and remodeling. The lack of change 

in matrix mineralization in response to teriparatide, despite clear changes in osteocyte lacunae size 

and protein expression, suggests that altered WNT1 and PLS3 expression may interfere with 
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coupling of osteocyte, osteoblast, and osteoclast function. Further studies are warranted to 

determine the mechanism of these changes.   
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INTRODUCTION 

Bone health and integrity are maintained by the coupled actions of bone forming osteoblasts 

and bone resorbing osteoclasts on the surface of trabecular bone. Together, these cells preserve 

bone architecture and strength by assembling discrete anatomic structures termed basic 

multicellular units (BMUs). Increasing evidence suggests that bone formation and bone resorption 

are controlled by osteocytes buried within mineralized bone (1, 2) and studies of rare monogenetic 

diseases associated with early-onset progressive osteoporosis offer insights into the physiology of 

osteocyte-specific coordination of the BMU.  

Defects in the WNT1 and PLS3 genes underlie two monogenic forms of early-onset 

osteoporosis, both first characterized in 2013 (OMIM # 615221; # 300910) (3-7). Affected 

individuals present with low bone mineral density (BMD), peripheral fractures and multiple 

vertebral compression fractures, particularly in the thoracic spine (3, 5-10). The exact pathways 

by which WNT1 and PLS3 mutations cause osteoporosis remain unclear but osteocytes seem to be 

the major source of WNT1 in bone and WNT1 mutations result in impaired WNT/β-catenin 

signaling and decreased bone formation (11-13). By contrast, PLS3 appears to play a role in 

osteocyte dendrite function, skeletal mechano-sensing and osteoclastogenesis, although its exact 

molecular mechanisms in bone remain unknown (14, 15).  

By detailed evaluation of transiliac bone biopsies, we have demonstrated that individuals 

affected by WNT1 or PLS3 mutations have unique histomorphometric measures and osteocyte-

specific hormone expression patterns. In addition to low bone turnover osteoporosis, patients with 

a heterozygous WNT1 mutation have increased expression and secretion of FGF23, increased 

numbers of marrow adipocytes, and decreased osteocyte apoptosis (16, 17). Patients with a 

hemizygous or heterozygous PLS3 mutation demonstrate focal areas of defective mineralization 
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and elevated serum levels of the WNT inhibitor Dickkopf 1 (DKK1) (16, 17). These previous data 

suggest that mutations in WNT1 and PLS3 alter bone cell biology. How these changes in protein 

expression and histology relate to bone material properties at the BMU level, however, remains 

unknown.  

In its ability to stimulate osteoblastic activity to a greater extent than osteoclastic resorption, 

the anabolic agent teriparatide (PTH 1–34) has putative advantages over bisphosphonates in the 

treatment of low-turnover osteoporosis. Clinical trials have shown that teriparatide increases BMD 

and reduces vertebral and peripheral fractures (18). Consistent with a PTH-induced increase in 

bone formation, teriparatide increases the heterogeneity of bone matrix mineralization in patients 

with idiopathic and postmenopausal osteoporosis, as new, lowly mineralized bone packets are 

formed (19-22). We have previously demonstrated that the histologic response of the skeleton to 

teriparatide (PTH 1–34) differs in patients with WNT1 or PLS3 mutations from patients with other 

forms of low-turnover osteoporosis. Teriparatide therapy failed to increase bone formation but 

resulted in a consistent decrease in eroded surface in these individuals (23), in contrast to an 

increase in bone erosion observed in teriparatide-treated patients with post-menopausal 

osteoporosis (24, 25). While this suggests that the effects of teriparatide on bone cells might be 

altered in these genetic forms of osteoporosis, the effects of teriparatide on bone material properties 

have not been investigated. 

In order to further elucidate the effects of WNT1 and PLS3 mutations on bone at the material 

level, we used quantitative backscattered electron imaging (qBEI) to evaluate bone mineralization 

density distribution (BMDD) in a cohort of pediatric and adult patients with a WNT1 or PLS3 

mutation. Furthermore, in order to assess how these specific mutations affect bone response to 

PTH at the cellular level, we evaluated the effects of teriparatide therapy on osteocyte-specific 
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protein expression, osteocyte lacunae size and bone material properties in a subset of the adult 

patients. 

 

MATERIALS AND METHODS 

Patients 

We have previously described two Finnish families with monogenic osteoporosis—one caused by 

a heterozygous missense mutation c.652T>G (p.Cys218Gly) in WNT1 (3) and another by a 

hemizygous/heterozygous splice mutation c.73–24T>A in PLS3 (6) (Supplemental Table). 

Affected family members with a genetically verified mutation in WNT1 or PLS3 were invited to 

participate in a study characterizing skeletal and extra-skeletal features of monogenic osteoporosis. 

Of the mutation-positive individuals in both pedigrees, 11 patients (six with WNT1 mutation and 

five with PLS3 mutation) with low BMD and/or vertebral compression fractures underwent 

transiliac bone biopsy after double tetracycline labeling, as previously described (23). The 

demographics, biochemical values, bone histomorphometric measures, and osteocyte-specific 

expression patterns of these individuals have been previously described (3, 6, 16). Of these 11 

individuals, a subset of six adults (WNT1 mutation patients: n=3; PLS3 mutation patients: n=3) 

participated in a longitudinal, uncontrolled, experimental study on the skeletal response to 

teriparatide therapy. These individuals were treated with a daily subcutaneous administration of 

teriparatide 20 µg (ForsteoÒ, Eli Lilly, USA) for 24 months. Double-labeled transiliac bone 

biopsies were performed at baseline and repeated after 24 months of teriparatide therapy. The study 

was approved by the Research Ethics Committee of the Helsinki University Central Hospital, and 

performed according to the ethical principles defined in the Declaration of Helsinki. The study 

protocol was registered in ClinicalTrials.gov (ID:NCT01360424). Changes in BMD at the patient 
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level and changes in bone histomorphometry in biopsies in this cohort have previously been 

reported (23).  

 

Quantitative backscattered electron imaging (qBEI) 

In the current analysis, BMDD was assessed by qBEI on transiliac bone cores, by a method 

that has been previously described (22, 26). In brief, the surface of the sample block was ground 

and polished to obtain a parallel surface and the sample was coated with a thin carbon layer by 

vacuum evaporation. qBEI was performed on a digital scanning electron microscope equipped 

with a four-quadrant semiconductor BE detector (DSM 962, Zeiss, Oberkochen Germany). The 

entire cross-sectioned bone sample area was scanned with a spatial resolution of 3.6 µm/pixel, 

gray-level histograms were obtained and converted into weight percent calcium (weight % Ca) 

histograms. The following BMDD parameters were reported separately for the trabecular and 

cortical compartment (arithmetic mean of both cortices, when available) of each biopsy sample: 

the average calcium content (CaMean, weight % Ca); the most frequently occurring calcium 

concentration (CaPeak, weight % Ca); the heterogeneity in mineralization (CaWidth, Δ weight % 

calcium) obtained as the full width at half maximum of the BMDD peak; the fraction of lowly 

(<17.68 weight% Ca) mineralized bone tissue (CaLow, % bone area); and the fraction of highly-

mineralized (>25.30 weight % Ca) bone tissue (CaHigh, % bone area). When the biopsy sample 

contained the two cortices with the trabecular compartment, qBEI images were also used to assess 

the mineralized bone volume/tissue volume (Md BV/TV). Cortical width (Ct width all, average 

value from both cortices in mm), cortical porosity (Ct porosity all, average value from both cortices 

(%) as well as the value for each cortical plate (when available)) were also evaluated. 
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For evaluation of osteocyte lacunae sections (OLS), 2D image analyses were performed. The 

sample blocks were scanned with a Zeiss field emission scanning electron microscope (SEM 

SUPRA 40) with a nominal resolution of 65x (1.8 µm/pixel) and acquired qBE-images were 

transformed into binary images using a gray-level threshold of 5.2 weight % calcium to 

discriminate between unmineralized osteocyte lacunae and mineralized matrix. OLS between 5 

and 200 µm2 were extracted and analyzed with a custom-made macro in ImageJ-software (version 

1.52f, Bethesda; NIH, Bethesda, MD, USA). Two parameters were evaluated separately in 

trabecular and cortical bone pre- and post-teriparatide (n=12): OLS-density (mean number of OLS 

per mineralized bone matrix area) and OLS-area (mean value in µm2) (27). 

 

Histomorphometric and immunohistochemical analysis of transiliac biopsies 

Bone histomorphometric parameters from 6 of 11 patients of the present cohort have been 

previously described (3, 16, 23). Values were reported as Z-scores relative to age-matched norms 

(28-30). Bone protein expression from this cohort of patients at baseline has also previously been 

described (16); these data were now complemented with immunohistochemistry on bone biopsies 

obtained after 24 months of teriparatide treatment. Sections were incubated with affinity purified 

polyclonal goat anti-human FGF23 (225-244) (Immutopics Intl) (dilution 1:500), monoclonal anti-

human DMP1 (LFMb31) (62-513) (Santa Cruz Biotechnology) (dilution 1:50), monoclonal anti-

human sclerostin (MAB1406) (R&D Systems) (dilution 1:500), or polyclonal anti-human 

phosphor-β-catenin (ab47385) (Abcam) (dilution 1:500) primary antibodies. Immunoreactivity for 

FGF23 was quantified by counting the number of osteocytes expressing FGF23 in one 5 µm 

section of trabecular bone and normalizing this number by trabecular bone area. Immunoreactivity 

for DMP1, sclerostin, and phosphor-β-catenin was quantified using the Ariol SL-50 scanning 
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system (31) and was normalized by trabecular (for DMP1) tissue area or cortical (for sclerostin 

and phosphor-β-catenin) tissue area. All slides were scanned at 20 x magnification with a red filter 

and digitized (Applied Imaging Inc) and staining was expressed as pixels/mm2 (31).  

 

Statistical analysis 

Measurements for normally distributed variables are reported as mean ± standard deviation 

(SD) and median values and interquartile range are used to describe non-normally distributed 

variables. Ranges are presented where noted in the text. The Wilcoxon signed rank test, Mann–

Whitney U test, and the chi-squared test were used to assess inter-group differences. Relationships 

between mineral density, biochemical, bone histomorphometric, and immunohistochemical 

parameters were assessed by Spearman correlation coefficients. Changes from baseline were 

assessed using the paired T-test. All statistical analyses were performed using SAS software (SAS 

Institute Inc., Cary, NC) or GraphPad Prism, version 9.0 (GraphPad Software, San Diego, 

California USA) and all tests were two-sided. A probability of type I error less than 5% was 

considered statistically significant and ordinary p values are reported.  

 

RESULTS 

Patients  

The clinical and genetic characteristics are summarized in Supplemental Table. Three of these 

patients were children (one patient with WNT1 and two with PLS3 mutation) and eight were adults 

(five with WNT1 and three with PLS3 mutation). From this cohort, six adult patients (age range: 

37–72 years; median age: 54 years) participated in a longitudinal study of teriparatide treatment 

on bone; these patients have likewise been previously characterized (23).  
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Bone mineralization density distribution (BMDD) in children and adults prior to 

teriparatide treatment.  

Patients with WNT1 and PLS3 mutations had variable bone matrix mineralization. The one 

child with WNT1 mutation had CaPeak within normal range in trabecular bone and CaMean was 

slightly decreased in both trabecular and cortical bone (Z-scores: -1.44 and -1.53, respectively). 

Concomitantly, CaLow was markedly increased (Z-scores: +2.85 and +1.95, in trabecular and 

cortical bone, respectively) (Table 1, Figure 1). This resulted in a broad heterogeneity of 

mineralization in both bone compartments, which is consistent with the lateral modeling drift that 

is observed during skeletal growth (32). 
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Figure 1.  Backscattered electron microscopy from a transiliac bone biopsy sample of a 14-year-old male 
with a heterozygous WNT1 mutation. 
A. Overview of the biopsy core consisting of trabecular bone and two cortices (c1 and c2). Typical features 
of growth-related modeling drift are observed in the cortices (32, 33). White arrows: brighter (highly 
mineralized) bone matrix on the periosteal side corresponding to woven bone apposition (bone modeling) 
formed by the periosteum of the outer cortex. Asterisks: poorly mineralized newly formed young bone 
packets formed by remodeling of periosteal woven bone (c1) or compaction of drifting trabeculae (c2). The 
rectangles are shown magnified on the left (c1) and on the right (c2) side. Scalebar = 1mm.  
B. Bone Mineralization Density Distribution (BMDD) curves for trabecular (Tb) and cortical (Ct) bone. 
Grey shading: reference BMDD for healthy children and adolescents (mean value ± 1SD) (32). Black 
arrows: slight increase in lowly mineralized bone (black arrows). The asymmetry of the cortices mirrors 
the increase in bone turnover typical during growth.  
C. Quantitative backscattered electron imaging (qBEI) parameters results from pediatric patients with 
mutation in WNT1 and PLS3 are plotted for trabecular (Tb) and cortical (Ct) bone. Grey shading: normal 
values (mean value ± 1SD) for healthy children (32). 
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Table 1. Bone Mineralization Density Distribution (BMDD) parameters in children with  
WNT1 or PLS3 mutations. 
 

BMDD variables 
 

References values  
for children and 
adolescents (32) 

WNT1 
mutation* 
M, 14 yrs 

AIV-1 

PLS3 
mutation** 
M, 13 yrs 

BIV-2  

PLS3 
mutation** 

M, 9 yrs 
BIV-3 

Trabecular bone 
CaMean 

(weight % Ca) 20.95 + 0.57 20.13 20.02 20.73 

CaPeak 
(weight % Ca) 21.66 + 0.52 21.32 21.14 21.49 

CaWidth 
(Δ weight % Ca) 

3.47 
[3.12; 3.64] 4.51 3.81 3.99 

CaLow 
(% bone area) 

6.14 
[4.90; 7.99] 14.07 11.83 7.70 

CaHigh 
(% bone area) 

0.89 
[0.43; 1.47] 0.65 0.30 0.73 

Cortical bone 
CaMean 

(weight % Ca) 20.31 + 0.93 18.89 19.77 20.38 

CaPeak 
(weight % Ca) 

21.14 
[20.62; 21.75] 19.50 20.36 21.06 

CaWidth 
(Δ weight % Ca) 

3.81 
[3.38; 4.38] 5.89 4.59 4.59 

CaLow 
(% bone area) 

9.06 
[6.22; 15.00] 27.61 13.53 9.77 

CaHigh 
(% bone area) 

0.46 
[0.28; 1.22] 0.34 0.33 0.82 

 
TPTD=teriparatide; M=male; F=female; yrs=years. Pedigree codes are given by capital letter, Roman 
numeral, number. *=heterozygous WNT1 mutation p.Cys218Gly. **=hemizygous PLS3 mutation c.73–
24T>A. Reference values for children are given as mean ±SD or median [interquartile range], as 
appropriated (32). Values deviating from normal range are in bold. 
 
 

Trabecular BMDD parameters in adult WNT1 patients did not differ substantially from adult 

reference values. CaMean Z-scores were -2.05 to +2.08; CaPeak Z-scores were -1.72 to +2.28; 

CaWidth Z-scores were -1.20 to +1.8; CaLow was -2.66 to -0.14; and CaHigh was -1.07 to +2.52 

(Figure 2, Table 2).  
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Figure 2. Backscattered electron microscopy of transiliac biopsy samples from an adult patient with a 
WNT1 mutation before and after teriparatide (TPDT) treatment.  
A. Overview of the biopsy core consisting of trabecular bone and two cortices (c1 and c2). The designations 
of c1 and c2 are arbitrarily chosen and do not designate the internal or external cortex. Scalebar =1 mm. 
B. Bone Mineralization Density Distribution (BMDD) curves for trabecular (Tb) and cortical (Ct) bone. 
Grey shading: reference BMDD for adults (mean value ± 1SD) (22). Both cortices (c1, c2) show a marked 
difference in mineral content with one cortical plate being higher mineralized than the other one.  
C. qBEI results in trabecular bone before and after TPDT treatment for adult patients with mutations in 
WNT1. The gray band shows the reference range (mean value ± 1SD) for adults.  
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Table 2. BMDD parameters in adults with a heterozygous WNT1 missense mutation. 

 
TPTD=teriparatide; M=male; F=female; yrs=years; #=only one cortex available. Pedigree codes are given 
by capital letter, Roman numeral, number. BMDD reference values for adults are given as mean ±SD or 
median [interquartile range], as appropriated (22). Of note: adult reference values for cortical bone are not 
available (n.a.). Values deviating from normal range are in bold. 
 

CaMean, CaPeak, and CaHigh were normal or low and CaWidth was elevated in the trabecular 

and cortical bone of the two pediatric patients with PLS3 mutation (Figure 1C, Table 1). CaLow 

was markedly elevated in trabecular bone of one patient (Z-score: +1.96); however, trabecular 

CaLow was normal in the other patient and normal in the cortical bone of both children. Adult 

PLS3 patients (n=3) showed normal to slightly elevated trabecular CaMean, CaPeak, CaLow, 

CaHigh (Z-scores: -1.06 to +1.79; -0.61 to +1.6; -2.3 to +0.23; and -0.32 to +2.10, respectively) 

BMDD 
variables 

References 
values for 
adults (22) 

Pre TPTD 
F44 yrs 
AIII-2 

Pre 
TPTD 

M51 yrs 
AIII-1 

Pre 
TPTD 

F52 yrs 
AIII-3 

Post 
TPTD 

F54 yrs 
AIII-3 

Pre 
TPTD 

M62 yrs 
AII-1 

Post 
TPTD 

M64 yrs 
AII-1 

Pre 
TPTD 

M75 yrs 
AII-2 

Post 
TPTD 

M77 yrs 
AII-2# 

Trabecular bone 

CaMean 
(weight % Ca) 22.20±0.45 21.28 21.95 22.22 23.00 23.14 21.85 22.48 23.21 

CaPeak 
(weight % Ca) 22.94 ±0.39 22.18 22.88 23.22 23.92 23.92 22.70 23.40 23.92 

CaWidth 
(Δ weight % Ca) 

3.29 
[3.12; 3.47] 3.81 3.99 3.64 3.47 3.12 3.64 2.95 3.12 

CaLow 
(% bone area) 

4.52 
[3.87; 5.79] 6.35 5.54 5.54 5.09 3.84 5.71 4.83 3.89 

CaHigh 
(% bone area) 

4.62 
[3.52; 6.48] 1.99 5.80 5.80 16.05 13.92 4.63 6.90 17.06 

Cortical bone 

CaMean 
(weight % Ca) n.a 21.43 22.91 21.65 22.83 23.22 21.80 22.44 22.70 

CaPeak 
(weight % Ca) n.a 22.27 23.57 22.96 23.74 23.83 22.53 23.40 23.57 

CaWidth 
(Δ weight % Ca) n.a 3.81 3.47 4.42 3.90 3.47 3.81 3.73 3.99 

CaLow 
(% bone area) n.a 6.27 3.36 8.24 5.38 3.39 4.98 4.87 4.55 

CaHigh 
(% bone area) n.a 2.50 11.92 5.61 16.34 16.38 3.28 8.25 12.28 
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while CaWidth was more variable (Z-scores: -1.12 to +2.7) (Figure 3, Table 3). Overall, 

trabecular BMDD parameters did not differ between adult patients with WNT1 and PLS3 mutations 

and no differences were observed in any trabecular BMDD parameter when compared to reference 

standards (22, 32). Adult reference values for cortical bone are not available for comparison; 

however, in paired analysis, BMDD parameters for cortical bone did not differ from those 

observed in trabecular bone. 

 
 

Figure 3. Backscattered electron microscopy of transiliac biopsy samples from an adult patient with a PLS3 
mutation before and after teriparatide (TPDT) treatment.  
A. Representative backscattered electron microscopy images. Note that the designations of c1 and c2 are 
arbitrarily chosen and do not designate the internal or external cortex. Scalebar=1 mm. 
B. Corresponding BMDD curves for trabecular bone (Tb) and each cortical plate (c1 and c2, respectively 
with one cortex only rudimentarily available after TPTD treatment). Grey shading: reference BMDD for 
adults (mean value ± 1SD) (22). 
C. qBEI results in trabecular bone before and after TPDT treatment for adult patients with mutations in 
PLS3. The gray band shows the reference range (mean value ± 1SD) for adults. 
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Table 3. BMDD parameters in adults with a hemizygous/heterozygous PLS3 mutation.  

 
TPTD=teriparatide; M=male; F=female; yrs=years; #=only one cortex available; *=biopsy was obtained 
six years after initiating treatment. Pedigree codes are given by capital letter, roman numeral, number. 
BMDD reference values for adults are given as mean ± SD or median [interquartile range], as appropriated 
(22). Of note: adult reference values for cortical bone are not available (n.a.). Values deviating from normal 
range are in bold.  
 
Bone mineralization density distribution and osteocyte lacunae size and density after 

teriparatide treatment 

In adult WNT1 and PLS3 patients, the degree of bone matrix mineralization did not change in 

response to teriparatide. Paired t-test analyses showed no significant alteration in CaMean, 

CaPeak, CaWidth, CaLow, or CaHigh in either trabecular or cortical compartments with treatment. 

BMDD 
variables 

Reference 
values for 
adults (22) 

Pre 
TPTD 

M 33yrs 
BIV-1 

Post 
TPTD 

M 39yrs* 
BIV-1 

Pre 
TPTD 

F45 yrs 
BIII-1 

Post 
TPTD 

F47 yrs 
BIII-1 

Pre 
TPTD 

M70 yrs 
BII-1 

Post 
TPTD 

M72 yrs# 
BII-1 

Trabecular bone 
CaMean 

(weight % Ca) 22.20 + 0.45 22.22 22.86 21.72 22.09 23.01 23.22 

CaPeak 
(weight % Ca) 22.94 + 0.39 23.22 23.40 22.88 23.05 23.57 23.74 

CaWidth 
(Δ weight % Ca) 

3.29 
[3.12; 3.47] 3.64 2.77 3.47 3.12 2.95 3.29 

CaLow 
(% bone area) 

4.52 
[3.87; 5.79] 5.54 3.64 6.72 5.37 4.16 3.90 

CaHigh 
(% bone area) 

4.62 
[3.52; 6.48] 5.80 8.84 3.21 4.62 12.51 16.16 

Cortical bone 
CaMean 

(weight % Ca) n.a 21.64 21.82 22.41 22.24 23.02 22.49 

CaPeak 
(weight % Ca) n.a 22.27 22.36 23.40 22.96 23.57 23.40 

CaWidth 
(Δ weight % Ca) n.a 4.25 3.81 3.55 3.81 3.29 3.64 

CaLow 
(% bone area) n.a 5.60 4.97 5.34 4.53 3.15 4.88 

CaHigh 
(% bone area) n.a 4.18 4.92 9.21 6.60 11.14 9.22 
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A trend towards increased CaHigh was noted in trabecular (+37.6%) bone after teriparatide 

treatment; however, due to inter-individual variation, this change did not reach statistical 

significance (p=0.21). MdBV/TV ranged from 10.2% to 23.4% (mean 17.1%) pre-teriparatide 

treatment and 6.5% to 19.5% (mean: 14.3%) post-treatment but again, due to inter-individual 

variation, this change did not reach statistical significance (p=0.22). Trabecular and cortical 

osteocyte lacunae density and mean trabecular osteocyte lacunae area decreased significantly with 

teriparatide therapy while mean cortical osteocyte lacunae area did not change during teriparatide 

therapy (Figure 4).   

 

Figure 4: Change in osteocyte lacunae section (OLS) density and area in trabecular and cortical bone. 
Pre-TPTD: before teriparatide; Post-TPTD: after teriparatide. The asterisks indicate significant change 
from baseline (single: p<0.05; double: p<0.01; triple: p<0.001). 
 

Relationship between BMDD parameters and patient age  

When all teriparatide naïve patients were considered together (n=11, age range: 9–75 years), 

strong positive correlations were observed between the degree of bone matrix mineralization and 

patient age. These correlations were observed in both trabecular (CaMean: r=0.90, p=0.0002; 
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CaPeak: r=0.93, p<0.0001; CaHigh: r=0.79, p=0.0037) and cortical bone (CaMean: r=0.87, 

p=0.0004; CaPeak: r=0.89, p=0.0002; CaHigh: r=0.80, p=0.0032). Consistently, CaWidth, and 

CaLow decreased with age in trabecular (r= -0.82, p=0.0020 and r= -0.78, p=0.0045, respectively) 

and in cortical bone (r= -0.77, p=0.0057 and r= -0.69, p=0.0187, respectively) (Figure 5). 

Osteocyte lacunae density and area did not show any significant change with age in either cortical 

or trabecular bone.  

 

Relationship between BMDD and bone histomorphometric variables and bone protein 

expression in baseline biopsies  

We next used the previously described baseline bone histomorphometry and bone protein 

expression data (16) to explore their associations with baseline BMDD parameters. In the one 14-

year-old patient with WNT1 mutation, bone volume, osteoblast surface and osteoid volume were 

in the normal range; indeed, values for osteoid accumulation were higher in this child than in any 

adult with the same mutation and bone formation was squarely in the normal range. This child also 

had the highest numbers of FGF23 expressing osteocytes of any patient (WNT1 or PLS3) in the 

baseline cohort. The two children with PLS3 mutation had lower BV/TV for age than did the cohort 

of PLS3 patients as a whole; Z-scores for BV/TV were -2.9 and -1.9 in the 13-year-old and 9-year-

old PLS3 patients, respectively. As did the child with WNT1 mutation, the two children with PLS3 

mutation had relatively preserved indices of osteoid accumulation and bone formation. This 

contrasted with adults in the cohort in whom osteoid accumulation and bone formation were low. 

Preserved histomorphometric indices of bone formation were consistent with heterogeneous 

matrix mineralization on qBEI. In all adult patients, osteoid surface and volume were low at 
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baseline and consistent with the normal to elevated bone matrix mineralization observed on qBEI 

in low-turnover osteoporosis.  

When considering the baseline biopsies in the entire cohort, a strong negative correlation was 

observed between trabecular bone mineralization (CaMean) and histomorphometric variables of 

bone formation (OS/BS: r= -0.92, p<0.0001; ObS/BS: r= -0.95, p<0.0001; MS/BS: r= -0.91, 

p=0.0001; BFR/BS: r= -0.90, p=0.0001; MAR: r= -0.78, p=0.0045) but not with 

histomorphometric indices of bone resorption (ES/BS: r= -0.11, p=0.7497; OcS/BS r= -0.30, 

p=0.37). A positive correlation was observed between trabecular osteocyte lacunae area and 

osteoid volume (r=0.58, p=0.48). Eroded bone surface associated strongly with mineralized bone 

volume as measured both by histomorphometry on backscattered electron images (MdBV/TV: 

r=0.92, p<0.0001) and on light microscopy images (BV/TV r=0.78, p=0.0044) (Figure 5).  

FGF23 expression was increased in patients with WNT1 mutation as compared with those 

observed in normal adolescent controls. However, no correlations were observed between bone 

matrix mineralization and bone FGF23, DMP1, sclerostin, or β-catenin expression.  
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Figure 5. Association between age and the degree of bone matrix mineralization (A, B, C, D), age and 
histomorphometric indices of bone formation (E, F) and degree of mineralization and bone 
histomorphometric indices of bone formation (G, H). The gray bands in A and C show the reference range 
for healthy adults in trabecular (Tb) bone (22). BMDD reference values for cortical (Ct) bone have not been 
established (B and D). The black dots represent patients who have not received teriparatide treatment 
(TPDT).  

 

Relationship between BMDD, bone histomorphometry and bone protein expression after 

teriparatide treatment  

Bone FGF23 expression increased by 126 + 78% (p<0.01 from baseline) with teriparatide 

therapy; the magnitude of the increase in FGF23 expression did not differ based on the underlying 
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mutation. Teriparatide therapy increased cortical bone sclerostin expression in two out of three 

PLS3 patients while leaving cortical bone sclerostin expression unchanged in all three WNT1 

patients (Figure 6). No consistent change in β-catenin expression was observed in either group in 

response to teriparatide treatment. A strong, positive, correlation was observed between eroded 

surface and FGF23 in the entire cohort at baseline, but not between FGF23 and measures of bone 

formation or osteoid accumulation. The relationship between bone matrix mineralization, variables 

of bone formation and age were not altered after teriparatide treatment (Figure 5). 

Figure 6:  

A. Numbers of FGF23-expressing osteocytes in trabecular bone (FGF23/B.Ar) before and after treatment 
with teriparatide (TPTD) in iliac crest bone biopsies from 6 adult patients with WNT1 or PLS3 mutation. 
WNT1 mutation patients are depicted by closed circles; PLS3 mutation patients are depicted by open 
squares.   
B. Sclerostin expression in cortical bone before and after treatment with teriparatide. WNT1 patients are 
depicted by closed circles; PLS3 patients are depicted by open squares. 
C. Numbers of FGF23-expressing osteocytes in trabecular bone (FGF23/B.Ar) relative to age at time of 
bone biopsy. WNT1 mutation patients are depicted by circles (pre-TPTD closed; post-TPTD open); PLS3 
mutation patients are depicted by squares (pre-TPTD closed; post-TPTD open). 
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DISCUSSION 

The exact role of osteocytes in the pathogenesis of skeletal disease and the pathways by which 

they coordinate bone cell function and mineral accumulation at the BMU level remain 

incompletely defined. Our previous analyses of transiliac bone biopsy samples demonstrated that 

patients with WNT1 or PLS3 mutations have differences in osteocyte-specific protein expression 

and bone histomorphometry (16, 23). Here we demonstrate that these patients have normal to 

increased bone matrix mineralization, consistent with low-turnover osteoporosis. We also 

demonstrate that teriparatide, an anabolic PTH derivative, has very little effect on bone mineral 

content in these patients, despite altering osteocyte-specific protein expression and osteocyte 

lacunae size, suggesting that WNT1 and PLS3 play an important role in osteocyte-specific control 

of bone formation and resorption. 

Mineralization is a biphasic process. Primary mineralization occurs rapidly, with 70% of final 

mineral content being deposited within days, while the following period of secondary 

mineralization, in which the remaining 30% of mineral is deposited, extends over years (34). 

BMDD is determined by the rate of bone turnover and the time course of mineral accumulation 

within the newly formed bone matrix; thus, the normal to high degree of bone matrix 

mineralization coupled with low bone formation rates observed in WNT1 and PLS3 patients is 

consistent with an overall decrease in bone cell activity. In low turnover osteoporosis such as this, 

old bone is not removed and replaced by new bone and the overall increase in tissue age leads to 

higher mineral content (22, 35, 36). While this kind of low-turnover osteoporosis is similar to the 

osteoporosis observed in elderly individuals and after glucocorticoid treatment, it contrasts with 

other heritable bone fragility disorders, such as Osteogenesis Imperfecta, in which bone matrix 

mineralization is elevated in the context of high bone remodeling, due to molecular defects in 
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collagen or collagen-related proteins in the extracellular matrix (37, 38). Thus, our results are in 

accordance with earlier observations that bone fragility in patients with WNT1 or PLS3 mutations 

is most likely related to reduced bone mass rather than low bone mass and altered bone material 

properties as in “brittle bone disease” (8, 9, 39-41). Despite the fact that the degree of 

mineralization of the matrix appears normal, permanently low bone turnover might severely impair 

the ability of bone to adapt to mechanical stimuli, deteriorate bone microarchitecture and lead to 

accumulation of micro-damage that would be otherwise removed by physiological repair processes 

(42, 43).  

Although PTH increases bone formation—and the deposition of young bone packets with low 

mineral content—in other forms of low-turnover osteoporosis (19, 21, 44, 45), teriparatide did not 

shift the bone matrix mineralization to lower values in the majority of patients with WNT1 and 

PLS3 mutations. It is possible that an increase in bone formation did occur during the first six 

months of treatment and that the newly formed matrix had sufficient time to mineralize by 24 

months; however, this should have led to an increase in bone mass, an increase in trabecular bone 

volume, and an increase in cortical width and porosity, none of which were observed. It is also 

noteworthy that eroded surface decreased in the trabecular compartment in these teriparatide-

treated patients, in contrast to the typical increase in bone erosion observed in teriparatide-treated 

patients with post-menopausal osteoporosis (23). Thus, it is likely that there was very little 

physiological response to teriparatide, at least in iliac crest, in most of this patient cohort. A 

defective osteoblast response to PTH has previously been reported in some patients with idiopathic 

osteoporosis who have very low baseline bone formation indices (46) and it cannot be excluded 

that some of these “non-responders” may have underlying genetic reasons, such as mutations in 

WNT1 or PLS3. However, although material bone properties did not change in our patients in 
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response to teriparatide, osteocytes did appear to sense—and respond to—the presence of PTH. 

Osteocyte-specific expression of FGF23 and DMP1 both increased while trabecular osteocyte 

lacunar size decreased during teriparatide treatment in patients with WNT1 and PLS3 mutations. 

The decrease in osteocyte lacunar size contrasts with previous reports of increased lacunar size in 

response to both sustained and intermittent PTH exposure paralleling an observed boost in bone 

formation (47-50) and suggests that osteocyte–osteoblast–osteoclast function is uncoupled in these 

forms of monogenic, low-turnover osteoporosis. Moreover, it is interesting to note that one male 

patient with WNT1 mutation did appear to have a typical bone material response to teriparatide, 

with a decrease in highly mineralized bone and an increase in lowly mineralized bone. This patient 

had no clear differences from others in the cohort in terms of underlying genetic disease, clinical 

features, or prior therapies. This suggests that there are other, as yet undefined factors, that regulate 

bone phenotype in these patients. 

Age played an important role in the observed variations in BMDD and histomorphometry. All 

three children demonstrated bone turnover and BMDD parameters within normal pediatric 

reference ranges. The mixture of highly mineralized primary bone and the lowly mineralized bone 

in the cortex of the one child with WNT1 mutation mirrored the typical modeling drift in the ilium 

that is observed during growth (32, 33) and trabecular bone volume was preserved in this child, in 

line with a previous report from young children with WNT1 mutation (39). Trabecular bone volume 

and cortical bone thickness were low in the two children with PLS3 mutation; however, osteoid 

accumulation, bone formation, and bone material properties were normal. The few 

histomorphometric reports to date show large variations in bone volume, bone turnover, and bone 

matrix mineralization in children with PLS3 mutation (8, 10, 51, 52). This variability contrasts 

with the picture of uniformly low bone turnover in adults with the same mutation, who had a 
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consistent increase in bone mineral density with age. Previous data suggest that deficiencies in 

WNT1 impair osteoclast function (53), and the increase in bone mineral density in even post-

menopausal women included in the current study support this hypothesis. Differences in bone 

material properties between children and adults further suggest that mutations in WNT1 and PLS3 

play different roles in bone modeling than they do in bone remodeling.  

We acknowledge this study to have certain limitations, mainly concerning the limited cohort 

size. In addition, in three biopsies (all obtained post-teriparatide treatment), only one cortical plate 

was available for analysis. Since mineralization and structural indices can vary between plates 

(54), our practice is to calculate the arithmetic mean from the two cortices for each parameter. The 

lack of the second cortex in three samples could account for some variability observed in these 

bone compartments. Also of importance, we exclusively analyzed iliac bone samples; since bone 

loading plays an important role in WNT-signaling (55), osteocyte-specific protein expression 

could differ in other parts of the skeleton. In addition, many patients in this study had previously 

been treated with bisphosphonates and this may have affected response to teriparatide. However, 

it is important to note that a similar increase in bone matrix mineralization was observed in patients 

who had not previously received bisphosphonates, suggesting that prior treatment did not play a 

major role in the lack of teriparatide response. Overall, considering the rarity of these monogenic 

forms of osteoporosis, the lack of knowledge in this specific subject, and the invasive nature of 

obtaining a bone biopsy, we believe that our unique data offers valuable insights into human bone 

biology and on the effects PTH has on different signaling pathways in bone. Future studies will be 

needed to determine how these findings differ in other forms of osteoporosis, such as juvenile 

osteoporosis, senile osteoporosis, and steroid-induced osteoporosis, all of which have different 

underlying pathogeneses. 
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In conclusion, the preservation of bone formation and the heterogeneity of bone matrix 

mineralization in children with WNT1 or PLS3 mutations contrast with the low-turnover, 

homogenously mineralized bone in adult patients, suggesting that these two genetic defects 

differentially affect bone modeling and remodeling. The minimal effect of teriparatide on bone 

matrix mineralization, despite evident effects on osteocyte-specific hormone expression, suggests 

that altered expression and/or function of WNT1 and PLS3 may uncouple osteocyte signaling from 

osteoblast and osteoclast function (i.e. bone formation and resorption) in these forms of 

monogenic, low-turnover osteoporosis. Further studies are warranted to determine the precise 

mechanisms of these changes.  
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Supplemental Table. Patient demographics and clinical data in patients with WNT1 and PLS3 mutations.  

Pedigree 
Code Sex 

Age at 
Biopsy 
(years) 

Gene 
Mutation 

Peripheral 
Fractures 
(number) 

Vertebral 
Compression 

Fractures 

BMD T-score 
(Z-score*) 

Prior 
Osteoporosis 
Medication LS FN 

AIII-2 F 44 Heterozygous 
WNT1 4 No -2.6 -2.0 None 

AIII-1 M 51 Heterozygous 
WNT1 2 Yes -3.0 -2.7 None 

AII-2 M 75/77 Heterozygous 
WNT1 1 Yes 0.5 0.1 

ZOL 2008  
(3 years prior to 

biopsy) 

BIV-3 M 9 Hemizygous 
PLS3 2 Yes -3.1* -1.8* None 

BIV-2 M 13 Hemizygous 
PLS3 4 Yes -2.7* -2.0* None 

BIV-1 M 33/39 Hemizygous 
PLS3 10 Yes -2.7 -0.8 

ZOL 2008–2011 
(9 months prior 

to biopsy) 

AII-1 M 62/64 Heterozygous 
WNT1 3 Yes -2.70 -2.6 

ZOL 2008–2010 
(1 year prior to 

biopsy) 

AIII-3 F 52/54 Heterozygous 
WNT1 0 Yes -2.4 -1.4 

RIS 2001–2003 
(8 years prior to 

biopsy) 

AIV-1 M 14 Heterozygous 
WNT1 0 Yes -2.0* -2.1* None 

BIII-1 F 45/47 Heterozygous 
PLS3 1 No -2.8 -1.3 None 

BII-1 M 70/72 Hemizygous 
PLS3 4 Yes -4.0 -2.4 

ALE 1992–2005 
CAL 2005–2006 
ZOL 2006–2008 
(3 years prior to 

biopsy) 
 
F=female; M=male; BMD=bone mineral density; LS=lumbar spine; FN=femoral neck; WNT1 
mutation=heterozygous missense mutation p.Cys218Gly. PLS3 mutation=hemizygous/heterozygous 
mutation c.73–24T>A. RIS, risendronate; PTH, teriparatide; ZOL, zoledronic acid; PAM, pamidronate; 
N/A, data not available; CAL, calcitonin.  
 

 


