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Abstract

Perlecan, a heparan sulfate proteoglycan, acts as a mechanical sensor for bone to detect external 

loading. Deficiency of perlecan increases the risk of osteoporosis in patients with Schwartz-Jampel 

Syndrome (SJS) and attenuates loading-induced bone formation in perlecan deficient mice (Hypo). 

Considering that intracellular calcium [Ca2+]i is an ubiquitous messenger controlling numerous 

cellular processes including mechanotransduction, we hypothesized that perlecan deficiency 

impairs bone’s calcium signaling in response to loading. To test this, we performed real-time 

[Ca2+]i imaging on in situ osteocytes of adult murine tibiae under cyclic loading (8N). Relative to 

wild type (WT), Hypo osteocytes showed decreases in the overall [Ca2+]i response rate (−58%), 

calcium peaks (−33%), cells with multiple peaks (−53%), peak magnitude (−6.8%), and recovery 

speed to baseline (−23%). RNA sequencing and pathway analysis of tibiae from mice subjected to 
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one or seven days of unilateral loading demonstrated that perlecan deficiency significantly 

suppressed the calcium signaling, ECM-receptor interaction, and focal adhesion pathways 

following repetitive loading. Defects in the endoplasmic reticulum (ER) calcium cycling regulators 

such as Ryr1/ryanodine receptors and Atp2a1/Serca1 calcium pumps were identified in Hypo 

bones. Taken together, impaired calcium signaling may contribute to bone’s reduced anabolic 

response to loading, underlying the osteoporosis risk for the SJS patients.

Keywords

perlecan; Schwartz-Jampel Syndrome (SJS); osteocyte; tibial loading; intracellular calcium; ER 
calcium regulators

1. Introduction

Perlecan, a heparan sulfate proteoglycan encoded by the Hspg2 gene, is one of the largest 

(~200 nm contour length) and oldest (> 550 million years) extracellular matrix (ECM) 

molecules [1]. Consisting of five globular domains (470 kDa) and 3 or 4 attached 

glycosaminoglycan (GAG) side chains (each ~70–100 kDa) [2], perlecan is found mostly in 

the basement membrane and the territorial matrix of skeletal muscle and bone [1]. Through 

its core protein and GAG side chains, perlecan interacts with many cell surface receptors 

(e.g., integrins, vascular endothelial growth factor receptors, semaphorins), the other ECM 

molecules (e.g., laminin and collagens), and growth factors (e.g., fibroblastic growth factors) 

[3,4]. These properties allow perlecan to function as matrix scaffold, growth factor depot [3], 

and barrier molecule at tissue borders including the osteocytic pericellular matrix within the 

lacunar-canalicular system (LCS) [5]. As perlecan plays critical roles in tissue development 

and matrix maintenance, global knockout of perlecan is developmentally lethal (due to 

cardiovascular defects and other gross deformities) while deficiency of perlecan produces 

myopathies, ocular abnormalities, and profound skeletal disorders including Schwartz-

Jampel Syndrome (SJS, OMIM entry 255800) [6,7]. SJS patients are prone to bone/cartilage 

loss, and perlecan deficiency is a risk factor for osteoporosis [8].

The exact molecular mechanisms by which perlecan deficiency leads to an osteoporotic 

phenotype have not been elucidated fully. Previous studies attributed the phenotype mainly 

to impaired endochondral ossification, accelerated mineralization, and increased tissue 

brittleness [9]. Recently, bones from perlecan deficient mice were found to display impaired 

responses to physiological mechanical stimuli [10], in contrast to normal healthy bone, 

which is sensitive to its mechanical environment [11]. Detailed microstructural imaging and 

functional analysis from our previous work demonstrated that perlecan is present around 

osteocytes within healthy bone, and that deficiency of perlecan accelerates mineralization 

[9] and narrows the LCS channels [5], the major conduits for mature osteocytes to obtain 

nutrients and communicate with other cells [12,13]. Our recent single-molecule study 

showed that the perlecan core protein is long (~200 nm) and strong (~71 MPa) enough [14] 

to span the pericellular space in the LCS and forms the tethers, which were originally 

visualized by You et al. (2004) [15] and postulated to help osteocytes sense load-induced 

fluid flow [16]. The reduced number of these tethering sensors and the overall reduction in 

Pei et al. Page 2

Bone. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the fluid force experienced by osteocytes might have contributed to the diminished load-

induced bone formation in perlecan deficient mice under normally anabolic tibial loading 

[10]. Furthermore, perlecan is widely distributed in bone marrow [1], and marrow plays 

important roles in bone adaptation. Previous studies have clearly shown that mechanical 

stimulation of bone marrow through intramedullary pressurization [17,18] or muscle 

contraction [19] could drive bone adaptation in vivo. Interestingly, this effect was present 

even when osteocytes signaling was attenuated in vivo [20] or blocked in vitro [21]. At the 

cellular level, deformation of trabecular bone was shown to subject local bone marrow and 

the residing cells to shear stress and hydraulic pressure [22]. Application of these 

stimulations in vitro was found to regulate the function and signaling of marrow-residing 

cells such as stromal osteoblast progenitors [23], preosteoclasts [24], and hematopoietic 

progenitor cells [25].

Despite these recent advances, less is known regarding bone’s downstream 

mechanotransduction pathways affected by perlecan deficiency. Because perlecan is 

strategically positioned in the osteocytic pericellular matrix [5], the frontier interface 

between the cells and their immediate environment [1,3], we hypothesized that perlecan 

deficiency alters the “outside-in” signaling pathways and impairs the cellular responses to 

mechanical loading. In vitro and in vivo studies (reviewed previously [26–28]) have 

identified several signaling pathways involving cell-surface components that can sense and 

respond to external loading. These include the ECM-receptor interaction [29,30], focal 

adhesion [30], PI3k-Akt [31], Wnt/β-catenin [32], and calcium signaling pathways [33,34]. 

Upon mechanical stimulation, bone cells, including osteoblasts, osteocytes, and 

mesenchymal bone marrow progenitor cells, all display transient oscillation of intracellular 

calcium concentration [Ca2+]i [33–37]. Being an ubiquitous second messenger, the 

intracellular calcium in the cytoplasm and the endoplasmic reticulum (ER) controls 

numerous cellular activities [38]. Therefore, we further hypothesized that perlecan 

deficiency impairs the intracellular calcium signaling in bone and the encased osteocytes 

during mechanical loading.

In this study, we used the SJS-mimicking, perlecan deficiency (termed Hypo) mouse model 

[6] to test our hypothesis at the molecular, cellular, and tissue levels. First, a newly 

developed ex vivo confocal imaging technique [34] was used to study the effects of perlecan 

deficiency on loading-induced [Ca2+]i responses inside osteocytes of WT and Hypo bones in 
situ. We then subjected young adult mice to unilateral tibial loading for a short (one day) or 

a relatively longer (seven days) duration, and analyzed their tibiae for transcriptome changes 

and signaling pathway enrichment using RNA sequencing as performed previously on bone 

tissues [29]. High-throughput RNA sequencing allows unbiased profiling of the gene 

products associated with various bone phenotypes [39]. These investigations aimed to 

elucidate the pathways through which perlecan regulates bone’s adaptive response to 

mechanical loading that leads to new bone formation.
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2. Methods

2.1. Animals

Mice with perlecan deficiency (Hypo), a gift from Dr. Kathryn Rodgers [6], were crossed 

into the C57BL/6J background [9]. Adult 19-week-old Hypo and wild type (WT) C57BL/6 

male mice were used in consistency with our previous studies [10] due to sex differences 

shown in Hypo skeletons [9]. The Institutional Animal Care and Use Committee (IACUC) 

of the University of Delaware approved all animal protocols.

2.2. Intracellular calcium imaging of osteocytes in intact tibiae

Sample preparation: Real-time osteocyte [Ca2+]i responses were imaged in cyclically 

loaded tibiae from 8 WT and 4 Hypo mice as previously described [34]. Both tibiae were 

dissected and cleaned of soft tissues. After 90 min incubation in α-MEM supplemented with 

5% v/v FBS/CS, and 1% v/v P/S (Hyclone Laboratories Inc., USA), bones were immersed 

for 30 min in α-MEM supplemented with 18 μM Fluo-8 AM (ABD Bioquest, USA) and 5% 

v/v charcoal-stripped FBS. Samples were washed for 10 min in α -MEM with 5% CS/FBS 

before fluorescent imaging.

Synchronized imaging/loading: The tibia was mounted axially between the actuator 

and bracket of an Electroforce® LM0 TestBench loading device (DE, USA), while the 

region of interest containing osteocytes embedded in mineralized matrix (~ 20 to 30 μm 

below the anterior-medial surface) was imaged with a water-dipping objective (20x/NA1.0, 

W Achroplan) of a confocal microscope (Zeiss LSM 510, Carl Zeiss, Inc., Fig. 1A). Imaging 

and loading were synchronized via trigger signals between the two devices as detailed 

previously [10,34,40]. The tibia was pre-conditioned (100–120 cycles of compressive load 

of 8N at 4Hz to eliminate creeping), and rested for 8 min prior to imaging. The experimental 

settings included 488 nm excitation, 512 × 512 pixel, 1.24 μm/pixel, open pinhole, 20 

frames of baseline (no loading), and 80 frames taken during the resting periods (2.34 sec) 

between the cycles of loading (8N, 3 sec per cycle). From the 8 WT and 4 Hypo mice, 11 

WT and 8 Hypo tibiae yielded high-quality images for analysis.

Data and statistical analysis: The images were corrected with rigid-motion artifacts (if 

there is any) using ImageJ (National Institute of Health, USA). The traces of [Ca2+]i 

intensity in individual osteocytes were obtained and normalized with baseline as previously 

described [33] (Fig. 1A). A cell was defined as responsive if its normalized peak magnitude 

was larger than 1.2, four times higher than the baseline fluctuations (< 5%). Overall 

response parameters (percentage of responsive cells per test, average number of peaks per 

responsive cell and percentage of responsive cells with multiple peaks over all responsive 

cells) were quantified [33]. Peak dynamic parameters including peak magnitude, rising time, 

and recovery time (time for the [Ca2+]i level to drop 50% from the peak) were acquired for 

the first peak immediately after loading as well as all the following peaks if there are any. 

Data were shown as mean ± standard deviation. Normality of each measurement was 

checked using the Kolmogorov-Smimov test. Student t and Mann-Whitney U tests were 

used to compare the percentage of responsive cells (with normal distribution) and the other 

measures (without normal distribution), respectively, between WT and Hypo. The Chi-
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square test was used to compare the percentage of responsive cells with multiple peaks 

between WT and Hypo. Origin (OriginLab, USA) was used for these tests and significance 

was defined as p < 0.05.

2.3. Intracellular calcium imaging of MSCs under fluid shear

To test if perlecan deficiency affects the [Ca2+]i response of other bone cells under loading, 

we harvested mesenchymal stromal cells (MSCs) from long bone marrow of adult WT and 

Hypo mice (3 mice/group). 1.3×105 cells were seeded on a glass slide, dyed with Fluo-8AM, 

exposed to 12 dyn/cm2 fluid shear stress in a flow chamber, and the resulted [Ca2+]i spikes 

were recorded for 10 min and analyzed as described previously [33]. Approximately 100 

cells in total were examined in duplicated tests for each group.

2.4. In vivo loading experiments

Uniaxial tibial loading: For one-day loading, Hypo (n = 6) and WT (n = 10) male mice 

were subjected to one bout of loading (8.5 N, 4 Hz, triangle waveform with 0.1s resting, 

1200 cycles) on the left tibia using an Electroforce® LM1 TestBench (DE, USA) as 

described [10]. The contralateral right limbs served as non-loaded controls. Strain resulted 

from the loading was measured to be ~1200 με by strain gauges attached on the anterior-

medial surface 30% distal from the proximal end of both WT and Hypo tibiae. The applied 

strain level falls in the range of physiological strains associated with uphill zigzag running 

for humans [41]. For seven-day loading, Hypo (n = 4) and WT (n = 5) mice were loaded one 

bout per day for seven consecutive days. Mice were euthanized 24 hours post-loading with 

anesthesia overdose and cervical dislocation.

RNA extraction: Tibiae were dissected, cleansed of soft tissues, flash-frozen, and 

pulverized in liquid nitrogen within 10 min after sacrifice. Total RNA was isolated using the 

TRIzol® Reagent (Thermo Fisher Scientific, USA) and RNeasy® Mini kit (Qiagen, USA), 

yielding 30 μL RNA-enriched nucleic acid mixture per bone, with an average concentration 

of 355 ±120 ng/μL and 260/280 absorbance ratios (1.9–2.15) measured by a 

spectrophotometer (NanoDrop Technologies, USA). The nucleic acid extracts were cleaned 

of genomic DNA contamination using the TURBO DNA-Free™ kit (Ambion, Thermo 

Fisher Scientific), and stored in −80 °C.

RT-qPCR Validation: Aliquots of the RNA samples were reverse transcribed to 500 ng 

cDNA (20 μL) using iScript cDNA™ synthesis kit (Bio-Rad Laboratories, USA). Analyzed 

gene products (listed in Supplemental Table 1S) included those related to bone cell 

activities, matrix synthesis, catabolic activities, and calcium ER regulators. Quantitative 

PCR were performed using Power SYBR® Green PCR Master Mix on an Applied 

Biosystems Quantstudio 3 machine. Transcript fold-changes (F.C.) were calculated as 

2−ΔΔCt (Δ: differential value, Ct: cycle threshold, housekeeping gene: Gapdh) for comparing 

the effects of loading (loaded vs. non-loaded) and genotype (Hypo vs. WT).

RNA Sequencing: A subset of the RNA samples (6 Hypo, 6 WT, all with paired loaded 

and non-loaded tibiae) were submitted to UD Sequencing and Genotyping Core, following 

published protocol [29]. RNA quality was confirmed (integrity number: 7.9±0.9, range: 6.1–
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9.8) with a fragment analyzer (Advanced Analytical Technologies, USA). Illumina-

compatible barcoded libraries were prepared using Illumina® TruSeq Stranded mRNA 

Library Prep Kit (Illumina, USA). The 24 individually barcoded libraries were normalized 

and pooled at equimolar concentrations and the multiplex pool was sequenced over 3 lanes 

on an Illumina® HiSeq 2500 at 51 cycles single-read sequencing and a read depth of 25 

million reads per sample.

Differentially expressed transcripts (DETs) were identified using accepted analytics [29,39]. 

FASTQ files were imported into CLC genomics workbench (Qiagen, USA) for trimming off 

adaptor sequences and quality control, followed by mapping to the mus musculus genome 

annotations (GRCm38.88, Ensembl). In our dataset, 96% of the reads were mapped and 80% 

of them mapped uniquely. DET analysis were performed using the EdgeR® package 

(RStudio, USA) [42], where low numbers of transcripts (zero reads per million in at least 

one sample) were excluded. We used “loading” as the blocking factor for loaded vs. non-

loaded comparisons, and “genotype” as the blocking factor for Hypo vs. WT comparisons. 

The DETs were identified using a generalized linear model and likelihood ratio tests with 

stringent cutoff criteria of false discovery rate (FDR< 5%) and absolute >2-fold-change (|

log2F.C.|>1).

Enriched pathway analysis:  The DETs were imported into the Database for Annotation, 

Visualization and Integrated Discovery (DAVID version 6.8, https://david.nciF.C.rf.gov/

tools.jsp), from which enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways were further identified (Benjamini p < 0.05) [43,44]. For enriched pathways 

relevant to bone mechanotransduction, a heat map was generated by cross-referencing the 

DETs and the individual genes encoding the products in those pathways published on the 

KEGG website (https://www.genome.jp/kegg/pathway.html, version 87.0). Each row of the 

heat map represented one gene product within a particular pathway and each column for one 

comparison condition. KEGG Mapper (https://www.genome.jp/kegg/tool/

map_pathway2.html, version 3.1) was used to visualize the gene network with node color 

indicating the increased (red) or decreased (green) levels of each gene product. For a node 

representing multiple genes, the color was assigned by whether more gene transcripts were 

increased or decreased in the RNA pool.

3. Results

3.1. Perlecan deficiency impairs the intracellular calcium signaling in bone cells

Osteocytes, the major mechano-sensors in bone, are anticipated to show more robust 

intracellular calcium response to loading in WT than in Hypo bones. Using the rest-inserted 

loading/imaging protocol developed previously [10,34,40], we acquired time series of 

fluorescent images of in situ intracellular calcium levels in osteocytes of mechanically 

loaded murine tibiae (Fig. 1A). The [Ca2+]i traces in the representative images showed more 

robust [Ca2+]i responses to loading in WT than Hypo (Fig. 1A). Representative recordings 

of [Ca2+]i responses to loading in osteocytes of WT and Hypo tibiae can be found in the 

Supplemental Materials published online (Supplemental Movie 1). In agreement with a 

previous study [34], no spontaneous calcium response was observed in osteocytes during the 
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resting non-loaded periods (Fig. 1A, Supplemental Movie 1). The spatiotemporal 

characteristics of the calcium peaks were then quantified using our custom MATLAB 

program [33]. The number of osteocytes (186 ± 38 cells, a range of 108–249 cells) captured 

within the imaging field (635 μm × 635 μm) per test did not differ between Hypo and WT 

groups (n = 11/8 WT/Hypo tibiae). On average, 6.6% of total osteocytes responded with at 

least one [Ca2+]i peak for Hypo tibiae, which was significantly lower (−58%) than the 15.7% 

responsive rate for WT tibiae (p = 0.04). For all the responding osteocytes (310/88 WT/

Hypo cells), the average number of peaks per cell were lower in Hypo than WT (1.58 ± 1.32 

vs. 2.36 ± 1.91, − 33%, p = 5×10−6), and the percentage of those showing multiple peaks 

was 2 times smaller in Hypo than in WT (25% vs. 53%, p = 3×10−6, Fig. 1B). The dynamic 

measures of the first peaks in Hypo, relative to WT, showed a trend of lower peak magnitude 

(1.41 ± 0.23 vs. 1.49 ± 0.36, −5.4%, p = 0.09), longer rising time (8.70 ± 4.15 sec vs. 7.88 

± 4.16 sec, +10.4%, p = 0.04, and longer recovery time (7.15 ± 5.46 sec vs. 5.34 ± 4.02 sec, 

+33.9%, p = 0.0004, Fig. 1C). Pooling all peaks together, similar changing patterns were 

observed in Hypo relative to WT in the peak magnitude (−6.8%, p = 0.001) and relaxation 

time (+23%, p = 0.0007), but no change in rising time (+0.4%, p = 0.5, Fig. 1D). In 

summary, the [Ca2+]i response in the loaded Hypo bone was impaired, as shown with 

significantly fewer responsive cells, lower peak magnitude, longer peak rising time, and 

delayed recovery to baseline from the peak (Fig. 1).

We also tested if the observed impairment of intracellular calcium signaling is present in 

osteogenic progenitor cells. We harvested bone marrow from the WT and Hypo mice (n = 3 

mice) to obtain primary mesenchymal stromal cells (MSCs, Fig. 2A). When subjected to 1 

Pa fluid shear stimulation in a parallel-plate flow chamber as we reported previously [33], 

fewer Hypo MSCs showed calcium peaks than WT cells (Fig. 2B), leading to an 

approximate 3-fold decrease in the responsive rate (0.088) relative to WT (0.28, Fig. 2C). 

The robust calcium response seen in MSC derived from WT bone marrow provides 

additional support that bone marrow and its residing cells are mechanoresponsive as 

demonstrated previously [17,18,23–25].

3.2. Perlecan deficiency suppresses the transcripts of ER calcium regulators in 
mechanically loaded bone

Both the in situ and in vitro [Ca2+]i recordings suggested the impairment of bone’s 

intracellular calcium signaling process [45] associated with the perlecan deficiency. We thus 

investigated whether the transcripts of calcium signaling pathway (KEGG 04020) were 

altered in mechanically loaded Hypo bones compared with WT. The total RNA samples 

after 1-day or 7-day tibial loading were subjected to unbiased sequencing, from which the 

differentially expressed transcripts (DETs) of the calcium signaling pathway induced by 

loading or perlecan deficiency were obtained. Comparing loaded vs. non-loaded tibiae, both 

WT and Hypo mice showed increased levels (red color, fold changes > 1) of the transcripts 

annotated in the calcium signaling pathway (Fig. 3A, left panels). In contrast, when 

comparing Hypo vs. WT six or seven transcripts of the calcium signaling pathway showed 

decreased levels (green color, fold changes < 1, Fig. 3A; right panels). Transcripts that did 

not pass the cut-off of false discovery rate (FDR < 0.05) are indicated by black color. We 

further performed the enrichment analysis for the calcium signaling pathway using DETs 
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with a fold-change above 2 or below 0.5, and FDR ≤ 0.05. It was found that the pathway was 

significantly enriched in 7-day Hypo loaded samples relative to WT (Benjamini p = 0.006, 

Fig. 3A), with all 7 DETs showed decreased expression (green color, Fig. 3B) and their fold-

changes in the range of 0.12–0.26 (Fig. 3C). The transcript levels were reduced for the two 

key regulators of the ER calcium dynamics, sarco/endoplasmic reticulum Ca2+-ATPase 1 

(Atp2a1) involved in refilling ER calcium stores, and the ryanodine receptor 1 (Ryr1) 

involved in releasing calcium from the ER stores [38,46]. The finding was further 

corroborated using real-time quantitative PCR (fold-change < 1, Fig. 3D). Taken together, 

these results indicated that perlecan deficiency is associated with suppressed Atp2a1 and 

Ryr1, which may have led to the observed impairment of [Ca2+]i responses of bone cells to 

mechanical loading in Hypo bones (Figs. 1 and 2).

3.3. Repetitive 7-day loading induces more DETs and enriched “outside-in” signaling 
pathways than 1-day loading

The above findings on the intracellular calcium signaling, one of the “outside-in” signaling 

pathways, motivated us to examine four other related mechanotransduction pathways (ECM-

receptor interaction [29,30], focal adhesion [30], PI3k-Akt [31], and Wnt/β-catenin [32]). 

Both WT and Hypo tibiae responded to 1-day loading in terms of the numbers of DETs 

(WT: 39 and Hypo: 15, Fig. 4A), but none of the four pathways were significantly enriched 

by loading in either genotype (Fig. 4C). 7-day repetitive loading led to more wide-spread 

transcriptome changes, with approximately 10/30 times more DETs in WT/Hypo bones 

(WT: 368 and Hypo: 439, Fig. 4B). In contrast to 1-day loading where only one third of the 

DETs showed increase (Fig. 4A), the expression of nearly all DETs increased in the 7-day 

loaded tibiae regardless of the genotype (Fig. 4B). Interestingly, some of these DETs were 

not found in both genotypes (103 transcripts unique to WT vs. 174 transcripts unique to 

Hypo). Furthermore, three out of the four examined pathways (ECM-receptor interaction, 

focal adhesion, and PI3k-Akt) showed an extremely high significance level for enrichment 

(Benjamini p value on the order of 10−10 to 10−23) with the number of DETs varying from 

25 to 35 per pathway (Fig. 4C). A full list of loading-induced DETs and detailed KEGG 

pathway enrichment analysis can be found in Supplemental Table 2S.

3.4. Perlecan deficiency alters the transcriptome profiles and suppresses selective 
“outside-in” signaling pathways

Relative to the WT, Hypo mice demonstrated markedly different transcriptome profiles as 

shown with the large numbers of DETs in either 1-day groups (92/126 DETs, Fig. 5A) or 7-

day groups (164/121 DETs, Fig. 5B). Similar to the calcium signaling pathway, suppression 

of the ECM-receptor interaction and focal adhesion pathways by perlecan deficiency was 

found in the 1-day loaded group, with the suppression of the latter being persistent in the 7-

day groups (Fig. 5C). Detailed inhibitory effects (green) on individual genes/gene groups 

were shown for the ECM-receptor interaction and focal adhesion pathways (Figs. 5D and 

5E). The suppressed ECM-receptor interaction pathway after 1-day loading was mainly due 

to the decreased transcripts encoding ECM molecules (collagen, fibronectin, and perlecan) 

and integrin (green boxes, Fig. 5D). For the focal adhesion pathway, besides the reduced 

levels of transcripts encoding ECM, decreased levels were seen for the transcripts of genes 

encoding actin (MLC box) and downstream myosin kinases (MLCK box) in the Hypo bones 
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after 7-day loadings (7D HL/WL, Fig. 5E). The full list of DETs (Hypo vs. WT) and 

detailed pathway enrichment analysis can be found in the Supplemental Table 3S.

3.5. Perlecan deficiency blunts the activation of signaling pathways induced by loading

To illustrate the overall effects of loading and perlecan deficiency on bone’s transcriptome 

profiles, a heat map was constructed for the five signaling pathways as well as the hedgehog 

and TGF-beta signaling pathways (due to their roles in skeletal development and bone 

adaption) (Fig. 6). Among all 8 comparisons to evaluate the effects of loading or genotype 

(significance is indicated with * p < 0.05 and ** p < 0.01, Fig. 6), the most frequently 

enriched pathway was focal adhesion pathway (5 times), followed by the ECM-receptor 

interaction pathway (3 times), PI3K-Akt signaling pathway (2 times), and calcium signaling 

pathway (1 time). Overall, mechanical loading resulted in mostly elevated expression of 

transcripts with |Log2(fold-change)| > 1 in these pathways regardless of genotype (the red 

colored lines in the left four columns, Fig. 6); in contrast, decreased expression of transcripts 

were found in the Hypo bones compared with WT, especially for the transcripts in the ECM-

receptor interaction, focal adhesion, and calcium signaling pathways (the green colored lines 

in the right four columns, Fig. 6). The full list of genes associated with these pathways and 

their fold-changes can be found in the Supplemental Table 4S.

4. Discussion

The findings from the present study support our hypothesis that perlecan deficiency alters 

bone’s calcium signaling and the associated mechanotransduction pathways, which may 

contribute to the diminished loading-induced bone formation in Hypo mice [10] and the 

increased risk of osteoporosis observed in SJS patients [8]. Our direct in situ measurements 

of the [Ca2+]i response of bone cells to loading clearly demonstrated bone’s impaired 

calcium signaling due to perlecan deficiency, as the Hypo bones showed fewer responsive 

cells, lower calcium peak magnitude, and delayed return to baseline from the peak. 

Furthermore, our RNA sequencing and pathway analysis revealed an overall suppression of 

the calcium signaling pathway in the perlecan deficient bones following mechanical loading. 

Previously we found that perlecan binds to and co-localizes with the α2δ1subunit of the 

voltage sensitive calcium channels and that magnetically twisting of the α 2 δ 1 subunit 

results in calcium influx in cultured osteocytes in vitro [47]. Therefore, when mechanical 

loading induces fluid flow in the osteocytic LCS [10,14], the fluid flow can stretch the 

pericellular perlecan tethers [5], and further activate calcium ion channels via interacting 

with the channels’ α2δ1 subunits. The resulting initial calcium influx, in turn, may lead to 

the calcium release from ER calcium store through the activation of ER calcium cycling 

regulators Ryr1 and Atp2a1 [38,46]. This hypothetical scenario is consistent with many in 
vitro and in situ calcium signaling studies. When osteocytes were subjected to mechanical 

stimulation, blocking the initial calcium influx by removing extracellular calcium source or 

using ion channel inhibitors [33,48] led to the reduction or total abolishment of the 

intracellular calcium peaks, as did with the depletion of the ER calcium stores [34]. The 

findings from the present study provide convincing evidence that perlecan plays an 

important role in bone’s [Ca2+]i responses to mechanical stimulation, one of the earliest 

molecular events under loading that leads to osteogenesis [26,33,49].
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The detrimental effect of perlecan deficiency on the transcripts of intracellular ER calcium 

regulators is a novel finding in this study. To our best knowledge, there is no report of direct 

interactions between perlecan and Ryr1/ryanodine receptors or Serca1/ATPase calcium 

pumps in bone cells. However, heparan sulfate, the major component of perlecan side-

chains, is suggested to modulate the calcium kinetics within muscle, by binding and 

regulating the activity of ion channels such as the dihydropyridine receptor [50–52], and the 

ryanodine receptor [53,54] on the sarcoplasmic reticulum membrane. Deficiency of heparan 

sulfate in primary myofibers significantly decreased the amplitude of electrically induced 

calcium peaks and a slower removal of cytosolic calcium ions [55]. The mechanisms by 

which pericellular perlecan around osteocytes regulates the gene expression and function of 

ER ryanodine receptors and Serca calcium pumps remain to be determined. It is also 

possible that the observed effect might be due to interactions between the intracellular 

fraction of perlecan and the ER calcium regulators, similarly to what was suggested in 

muscle sarcoplasmic reticulum [55].

To explore perlecan’s potential interacting partners, we asked if there exist transcripts of 

membrane/surface proteins implicated in mechanotransduction that exhibit change patterns 

similar to that of the perlecan-encoding transcript of Hspg2. Taking advantage of our large 

data set of transcriptome profiles under the experimental conditions (2 genotypes × 2 

loading conditions × 2 loading durations), we calculated and ranked the Pearson correlation 

coefficients between the DETs and Hspg2. We found 24 transcripts with a correlation 

coefficient > 0.70 (Supplemental Table 5S). The highest correlated transcript to Hspg2 is 

Cacna1c that encodes the L-type calcium channel pore forming unit (correlation: 0.94), 

which can be found in hematopoietic stromal cells, osteoblasts, and osteocytes (to a lesser 

degree) [56,57]. The list also contains accessory voltage-gated channel subunits such as 

Cacnb3 (0.87), Cacng7 (0.84), and ion channels previously described as mechanosensors 

such as Piezo2 (0.84) [58] and Trpv4 (0.84) [59]. Future investigation is needed to confirm if 

perlecan interacts with these targets and if the disruption of these interactions affects 

downstream calcium signaling in bone.

The effects of perlecan deficiency on other related mechanotransduction signaling pathways 

were thoroughly examined in this study following 1- or 7-day loading. The finding that 7-

day repetitive loading results in more robust transcriptome changes than the 1-day loading 

was consistent with previous observations in female rats [60] and in mouse vertebral 

trabecular osteocytes [61]. In agreement with literature [27,28], the ECM-receptor 

interaction, focal adhesion, and PI3K-Akt pathways were significantly enriched in wild type 

bones after 7-day loading. In contrast, the first two pathways were suppressed in the 

perlecan deficient bones. Considering perlecan’s accepted role in maintaining matrix 

integrity by scaffolding ECM molecules and mediating cell-substratum interactions, the 

destabilization of pathways associated with ECM-receptor and focal adhesion in Hypo mice 

comes as no surprise. Because mechanical stimulation is a potent anabolic factor for 

osteogenesis and for bone maintenance [11–13], the impairment of these 

mechanotransduction pathways may contribute, at least partially, to the reduced bone 

formation found in perlecan deficient mice [10] as well as the increased osteoporosis risk in 

SJS patients [8].
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The present study has several limitations. Although our results of in situ intracellular 

calcium imaging corroborated the RNA sequencing finding of suppressed calcium signaling 

pathway in perlecan deficiency, activities of other enriched signaling pathways (e.g., ECM-

receptor interaction and focal adhesion) require further validation at the protein and function 

levels. However, the confidence on our RNA sequencing data was reasonably high, as the 

representative transcripts related to matrix production, cellular activities, and matrix 

degradation were found to correlate well with data obtained from RT-qPCR (Supplemental 

Fig. 1S). Furthermore, this study used RNA samples from whole mouse bone tissues, unlike 

previous studies using marrow-free cortical and trabecular bone [29], primary trabecular 

osteocytes [61], or MLO-Y4 osteocyte cell line [62]. Although our sample preparation 

allowed the study of the contribution of marrow to bone’s loading response as suggested 

previously [21], the results from the present study should be compared to literature data with 

this difference in mind. The Wnt/beta-catenin signaling pathway, for example, was found to 

be enhanced after a single bout of loading in marrow-free RNA samples [29], but not in the 

present study. However, the fold-changes for differentially expressed transcripts were 

comparable between these two studies (Supplemental Fig. 2S). Nevertheless, future work 

using osteocyte-enriched samples could provide more definitive information regarding the 

effect of perlecan deficiency on the Wnt/beta-catenin signaling pathway. It is also noted that, 

while this study failed to detect change of SOST transcripts in WT tibiae after loading, 

previous studies using the ulnar loading model [63–65] reported decreased mRNA and 

protein expression levels of SOST/sclerostin. This discrepancy was likely due to the 

different loading magnitudes applied to the bone: high surface strains (~2200 to 3240 με) in 

those studies vs. a moderate level of strain (~1200 με) in this study. We had to limit the load 

magnitude (8.5 N) because larger loads were found to damage the knee joints [66,67]. 

Studies that aim at testing if bone exhibits dose-dependent transcriptome responses within a 

larger range of mechanical strains would need to be conducted using the ulnar model. In this 

study, however, we chose the tibial loading model because it was better suited for in situ 

imaging of osteocytes in loaded bones.

Despite its limitations, the present study clearly demonstrated that perlecan deficiency 

impairs the calcium signaling and the associated transcripts following repetitive loading of 

the skeleton. The defective calcium signaling, coupled with altered ECM-receptor 

interaction and focal adhesion pathways, could contribute to the diminished osteogenesis in 

perlecan deficient mice and the increased risk of osteoporosis in SJS patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Perlecan deficiency impairs osteocytes’ intracellular calcium response to 

loading

• Perlecan deficiency suppresses ER calcium regulators in loaded bone

• Perlecan deficiency blunts the activation of signaling pathways induced by 

loading

• Repetitive 7-day loading induces broader transcriptome changes than 1-day 

loading
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Figure 1. 
Osteocytes of Hypo murine tibiae showed impaired intracellular calcium [Ca2+]i response to 

mechanical loading. (A) Freshly dissected murine tibiae were subjected to axial cyclic 

loading (8 N peak load), and intracellular calcium [Ca2+]i of osteocytes beneath the anterior-

medial surface were imaged using confocal microscopy and trigger signals inserted between 

loading cycles. Representative images of osteocytes (green, left panel) and normalized 

[Ca2+]i traces of individual cells (right panel) are shown for tests using WT and Hypo tibiae. 

(B) The overall responses included the percentage of responsive cells over the total number 

of cells, the number of [Ca2+]i peaks (averaged for all responsive cells), and the percentage 

of responsive cells with multiple [Ca2+]i peaks. (C) Dynamics for the first peak included the 

magnitude, rising time, and relaxation time. (D) Dynamics for all peaks included the 

magnitude, rising time, and relaxation time. Mean, standard deviation, and individual data 

points are shown. * indicates statistical significance p < 0.05 between WT and Hypo using 

Mann–Whitney U or Chi-square tests.
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Figure 2. 
Impaired [Ca2+]i response to fluid shear in primary MSC derived from Hypo bone marrow. 

(A) Both Hypo and wild type CTL MSCs showed a typical spindle-like shape. (B) Fewer 

Hypo MSCs exhibited [Ca2+]i peaks. (C) Relative to CTL, Hypo MSC showed three times 

reduction of responsive rate (0.088 vs. 0.28).
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Figure 3. 
Effects of mechanical loading and perlecan deficiency on calcium signaling pathway 

revealed by RNA sequencing. (A) A heat map of fold changes (F.C.) of individual genes (red 

color: F.C. > 1; green color: F.C. > 1; black color: F.C. =1 or FDR > 0.05) for 8 comparisons 

between loaded (L) vs. non-loaded (N) tibiae from the same animals (loading effects) or the 

Hypo (H) vs. WT (W) tibiae under the same loading condition (genotype effects) following 

1-day (1D) or 7-day (7D) loading. The significance level of pathway enrichment (Benjamini 

p–value) is given (top) and comparisons are indicated at the bottom of each column. (B). 

The calcium signaling pathway was suppressed for Hypo loaded bone relative to WT 

following 7-day loading, as highlighted by green boxes. (C) The expression level (RPKM) 

and fold change values of the seven DETs (7-day Hypo vs. WT loaded tibiae) annotated in 

the calcium signaling pathway. (D). Decreased transcripts in Hypo vs. WT of two key ER 

calcium cycling regulators (Ryr1 and Atp2a1) were corroborated using qRT-PCR and Gapdh 
as the housekeeping gene.
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Figure 4. 
Transcriptome changes in WT and Hypo tibiae following mechanical loading. Venn 

diagrams show the number of DETs (loaded vs. non-loaded) and percentage of increased (↑; 

red color: F.C. > 2) or decreased (↓; green color: F.C. < 0.5) transcripts after (A) 1-day or (B) 

7-day loading. (C). Enrichment analysis of four selected signaling pathways (ECM-receptor 

interaction, focal adhesion, PI3K-Akt, and Wnt signaling) following loading in WT and 

Hypo tibiae (Benjamini p < 0.05 indicates statistical significance). The first three pathways 

were enriched in both genotypes with high significance level after 7-day loading.
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Figure 5. 
The effects of perlecan deficiency on transcriptome changes in (A) the 1-day study groups 

and (B) the 7-day study groups. Venn diagrams show the number of DETs (Hypo vs. WT) 

and percentage of increased (red) or decreased (green) transcripts in both non-loaded and 

loaded bones. (C). Significant enrichment was found for ECM-receptor interaction and focal 

adhesion pathways in the cases of 1-day loaded (HL/WL) and/or 7-day non-loaded 

(HN/WN) and loaded (HL/WL) comparisons. (D) Suppression of ECM-receptor interaction 

pathway in Hypo bone following 1-day loading (1D HL/WL) was mainly due to decreased 

transcripts of ECM molecules. (E) Suppression of Focal adhesion pathway in Hypo bone 

following 7-day loading (7D HL/WL) was due to both decreased ECM and down-stream 
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MLCK and MLC gene/gene groups. Box color: red ↑(increased transcripts); green ↓
(decreased transcripts); white →(no change in transcript levels).
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Figure 6. 
The effects of mechanical loading and perlecan deficiency (genotype) on selective signaling 

pathways involved in mechanotransduction. Each row of the heat map represents a single 

gene product within the particular pathway and each column shows one comparison. Color 

and color intensity correspond to fold-change values. Comparison pairs are represented by 

loading duration 1-day (1D) or 7-day (7D), following by the two bones under comparison 

identified with genotype and loading condition (see keys on bottom right). Significantly 

enriched pathways are indicated by * (p < 0.05) or ** (p < 0.01) as assessed using 

Benjamini’s test.
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