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Mackenzie L. Hagan!, Anik Tuladhar!, Kanglun Yu!, Dima W. Alhamad!, Husam Bensreti!,
Jennifer Dorn!, Victor M. Piedra!, Nicholas Cantu!, Eric G. Stokes!, Daniel Blumenthal!, Rachel
L. Roberts!, Vanshika Balayan!, Sarah M. Bass!, Thomas Dickerson!, Anabel Liyen Cartelle!,
Marlian Montesinos-Cartagena', Mohamed E. Awad?, Alberto A. Castro®, Theodore Garland, Jr.3,
Marion A. Cooley?, Maribeth Johnson*, Mark W. Hamrick!, Paul L. McNeil!, Meghan E. McGee-

Lawrence!:>*

'Department of Cellular Biology and Anatomy, Medical College of Georgia, Augusta University,
1460 Laney Walker Blvd, CB1101, Augusta, GA, USA

2Department of Oral Biology and Diagnostic Sciences, Dental College of Georgia, Augusta
University, Augusta, GA

3Evolution Ecology & Organismal Biology Department, University of California Riverside

“Department of Neuroscience and Regenerative Medicine, Medical College of Georgia, Augusta

University, Augusta GA

*Department of Orthopaedic Surgery, Augusta University, Augusta, GA

Running Head: Osteocyte Sptbnl deficiency and PMD formation

+Corresponding Author:
Meghan E. McGee-Lawrence, Ph.D.
Department of Cellular Biology and Anatomy,
Medical College of Georgia. Augusta University
1460 Laney Walker Blvd., CB1101 Augusta GA 30912
Phone: (706) 446-0128
Fax: (706) 721-6120
Email: mmcgeelawrence@augusta.edu

KEYWORDS:
Osteocyte, 2-spectrin, mechanotransduction, plasma membrane, mechanical loading


mailto:mmcgeelawrence@augusta.edu

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Abstract

We and others have shown that application of high-level mechanical loading promotes the
formation of transient plasma membrane disruptions (PMD) which initiate mechanotransduction.
We hypothesized that increasing osteocyte cell membrane fragility, by disrupting the cytoskeleton-
associated protein 2-spectrin (Sptbnl), could alter osteocytic responses and bone adaptation to
loading in a PMD-related fashion. In MLO-Y4 cells, treatment with the spectrin-disrupting agent
diamide or knockdown of Sptbnl via siRNA increased the number of PMD formed by fluid shear
stress. Primary osteocytes from an osteocyte-targeted DMP1-Cre Sptbnl conditional knockout
(CKO) model mimicked trends seen with diamide and siRNA treatment and suggested the creation
of larger PMD, which repaired more slowly, for a given level of stimulus. Post-wounding cell
survival was impaired in all three models, and calcium signaling responses from the wounded
osteocyte were mildly altered in Sptbnl CKO cultures. Although Sptbnl CKO mice did not
demonstrate an altered skeletal phenotype as compared to WT littermates under baseline
conditions, they showed a blunted increase in cortical thickness when subjected to an osteogenic
tibial loading protocol as well as evidence of increased osteocyte death (increased lacunar vacancy)
in the loaded limb after 2 weeks of loading. The impaired post-wounding cell viability and
impaired bone adaptation seen with Sptbnl disruption support the existence of an important role
for Sptbnl, and PMD formation, in osteocyte mechanotransduction and bone adaptation to

mechanical loading.
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Introduction

Osteocytes embedded within the bone extracellular matrix sense mechanical loads placed on the
skeleton and direct downstream adaptation via signaling to osteoblasts and osteoclasts, where
higher-level impact loads induce a greater osteogenic response as compared to more gradual
application of loading [1-5]. Although fluid flow shear stress has been identified as a key
component of osteocyte mechanosensation, the precise molecular mechanisms that osteocytes use
to detect mechanical stimuli are still being elucidated. /n vitro studies have shown strong support
for the relevance of gap junctions and Connexin43 hemichannels [6-12], integrins [13, 14], TRPV4
channels and microtubules [15] and Piezo channels [16] in processes of osteocyte
mechanosensation. However, none of these mechanisms have yet fully explained how osteocytes
sense and respond to higher levels (e.g., impact loads) of mechanical stimuli in vivo. We believe
osteocytes utilize the proposed methods above, but in addition, develop small, repairable plasma
membrane disruptions (PMD) both in vitro and in vivo in response to higher levels of mechanical
loading [17-21], and that these PMD may serve as an additional mechanosensation mechanism for
osteocytes at these high levels of load (e.g., >30 dynes/cm?). Osteocyte PMD formation likely
occurs via drag forces applied to the osteocyte pericellular matrix around dendrites during loading-
induced fluid shear [20]. However, the relative importance of PMD in osteocyte mechanosensation

and subsequent bone adaptation has not been rigorously tested.

Mechanosensitive tissues, such as epithelial cells and myocytes, also develop PMD with
mechanical loading and show evidence of mechanotransduction downstream of these PMD [22-
31]. Importantly, previous studies in such tissues revealed that one effective strategy to test PMD

relevance in mechanosensation is to alter PMD susceptibility and observe downstream effects on
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associated tissue adaptation. For example, in myocytes, absence of the cytoskeletal structural
protein dystrophin promoted increased PMD formation both under normal loading conditions (e.g.,
normal cage activity) and with exposure to exercise [32]. The absence of dystrophin in mice (e.g.,
the mdx mouse model) increased the fragility of the myocyte plasma membranes, resulting in the
formation of more frequent, larger plasma membrane disruptions that were more difficult to repair
and survive [32]. Ultimately, this promoted atrophy of the tissue as the progenitor cell pool used
to replenish lost myocytes became depleted. These observations led us to the question whether
modulating plasma membrane integrity in osteocytes would affect PMD development and

subsequent downstream bone adaptation to mechanical loading.

Although osteocytes do not express dystrophin, they do abundantly express the structurally similar
protein non-erythrocytic 1 spectrin B (also known as BII spectrin, a product of the Spthnl gene).
This protein is particularly prevalent in the dendritic processes that are important for detection of
mechanical loading [7, 33, 34]. Members of the spectrin super-family of proteins, such as Sptbnl
and dystrophin, bind F-actin to ankyrin to provide structural support to the plasma membrane.
Sptbnl has already been implicated as an important mediator of skeletal health, as polymorphisms
in the SPTBN1 locus were linked to low bone mineral density (BMD) and fracture risk in several
human genome-wide association studies (GWAS) [35-37]. The molecular mechanisms behind this
association are not currently known. We hypothesized that disrupting the osteocyte spectrin
network would lead to increased osteocyte membrane fragility, resulting in greater susceptibility
to PMD formation, allowing a mechanistic investigation into the effect of PMD in osteocytic
responses to mechanical loading and subsequent bone adaptation. We used genetic and

pharmacological approaches to disrupt Sptbnl both in vitro and in vivo, testing the effect of these
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manipulations on osteocyte PMD formation, repair rate, post-wounding survival, and responses to

loading.

Materials and Methods

Sptbnl CKO mouse model

All animal experiments followed NIH guidelines and were approved by the Institutional Animal
Care and Use Committee at Augusta University. Osteocyte-targeted male and female Sptbnl
conditional knockout (CKO) mice were generated by crossed Sptbnl floxed mice (JAX #020288,
exon 3 floxed) with the 10 kb DMP1-Cre mouse (JAX #023047) to generate Sptbnl™f: Dmpl
Cre+ mice (hereafter referred to as Sptbnl CKO). Cre-negative Sptbnl floxed littermates (Sptbnl
Vil Dmp1-Cre-) served as wildtype littermate controls (hereafter referred to as WT). All mice
were housed in standard rodent cages with a 12-hr light/ 12-hr dark schedule and were permitted

water and standard rodent chow ad libitum.

In vitro studies

Osteocyte cell culture

MLO-Y4 cells were maintained in growth medium (a-MEM +5% fetal bovine serum (FBS,
Atlanta Biologicals) +5% bovine calf serum (HyClone) +1% Penicillin/Streptomycin). Primary
osteocytes were isolated from long bone diaphyses (femur, tibia, and humerus) of Sptbnl CKO
mice and WT littermates as described [20]. Cells were plated onto type 1 collagen-coated dishes

and grown to 70% confluency, at which time cells were re-seeded for all subsequent experiments.
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All primary osteocyte experiments were conducted within 2 weeks of isolation, as recommended

[38].

RNAscope analysis of Sptbnl expression

Deficiency in Sptbnl expression for the Sptbnl CKO model was confirmed in primary osteocytes
via RNAscope. Primary osteocytes were grown for 10 days in type 1 collagen coated 10 cm dishes.
On the 11th day, the cells were seeded onto glass slides coated with type 1 collagen at a density of
40,000 cells/slide. Cells were grown for 4 days more days on the glass slides, then fixed with 4%
formaldehyde, dehydrated, and stored in the —20°C freezer. On the day of the experiment, the
slides were rehydrated and processed according to the protocol provided by Advanced Cell
Diagnostics (ACD). Briefly, the slides were exposed to hydrogen peroxide for 10 min, then
protease III for 10 min. Sptbn1 probe (#546241) was added to the slides for 2 hours in the HybEZ™
IT oven. Slides were left overnight in 5x saline sodium citrate buffer. The next day, the signal was
amplified using the RNAscope® Multiplex Fluorescent Reagent Kit v2 (# 323100). HRP-C1 was
added for 15 min, followed by TSA Vivid™ Fluorophore 520 for 30 min, then by HRP blocker
for 15 min. The nucleus was stained with Hoechst and slides were mounted using Vectamount
aqueous mounting media (#101098-068). Slides were imaged with a 40x objective using a Leica

STELLARIS confocal microscope.

Sptbnl disruption via diamide treatment and siRNA

To test the effects of Sptbnl-disruption in immortalized osteocytes, MLO-Y4 cells were treated
with diamide (500uM; 10 minutes prior to wounding) as previously described [34]. Effects of
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diamide treatment on the integrity of the spectrin network were assessed via immunocytochemical
staining using a commercial antibody (anti-Sptbnl, abcam #ab72239). F-actin was visualized
using TRITC-labeled phalloidin (Sigma #P1951) and nuclei were stained with DAPI. Maximum
fluorescence intensity for each channel was calculated for individual cells. For siRNA studies,
MLO-Y4 cells were transfected with an siRNA against Sptbnl (Santa Cruz #270043) or a
scrambled control (Santa Cruz #37007) using a commercial transfection reagent (Lipofectamine
RNAiMax; ThermoFisher Scientific #13778075). Studies were initiated 72 hours after

transfection.

RNA isolation and PCR analysis

RNA was isolated from cell lysates as previously described [39]. Reverse transcription was
performed using a commercially available reverse transcription kit (Invitrogen Superscript I11),
where the final concentration of cDNA was 2000 ng/ pL. Semi-quantitative PCR (qPCR) was
performed using SYBR green PCR kit (Qiagen Quantitect #204143) on a BioRad CFX Connect
PCR system. Each PCR reaction contained 37.5 ng cDNA. Primer sequences were as follows:
Gapdh_F: 5’-GGGAAGCCCATCACCATC-3’, Gapdh_R: 5’-GCCTCACCCCATTTGATGTT-
3, Sptbnl _F: 5’-CAGCACCTTGGCCTCACTAA-3’; Sptbn_R: 5’-

CCAATGCGCTTTCCTTCGAC-3".

Laser wounding — analysis of PMD repair rates

Osteocytes were seeded into 60-mm dishes in osteocyte culture medium and wounded with an
820nm multiphoton laser in PBS containing calcium (1.8 mM) and FM1-43 dye (3 uM), as we

7
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previously described [21]. One PMD per osteocyte, located on a dendritic process, was created.
To estimate PMD size, FM1-43 dye influx was measured as area under the curve (AUC) over the
first 40 seconds of the experiment (i.e., during the phase of exponential, rapid dye influx prior to
plateau from repair) [20, 21]. To quantify PMD repair rate, the derivative of the FM1-43
fluorescence versus time curve was calculated to permit analysis of the curve slope, indicative of

repair rate quantified as the AUC of this slope vs. time curve [20].

Laser wounding — calcium signaling

Osteocytes were loaded with Cal-520-AM dye (catalog # 171868), after which calcium signaling
was initiated by a laser-induced PMD as described [20]. Transmission of calcium signaling to
non-wounded adjacent cells was quantified as previously described [20], measured as the number
of non-wounded cells with Cal-520AM fluorescence exceeding background levels after laser firing

and the AUC of the fluorescence vs. time curves for these non-wounded cells.

Fluid flow shear stress

Osteocytes were seeded into type 1 collagen-coated flow chamber slides (Ibidi, uSlide VI%4,
#80606; 1,000 cells per channel) and cultured for up to 4 days with fresh media added daily. Cells
were subjected to fluid flow shear stress (30 dynes/cm?) for 5 minutes using a syringe pump
(Harvard Apparatus PHD Ultra I/W) and culture medium supplemented with 1 mg/ml of 10 kDa
fluorescein-conjugated dextran used as a membrane disruption tracer, as previously described [21].
At the conclusion of experiments, cells were washed 3 times with PBS and imaged on a confocal

microscope (Zeiss). Cytosolic retention of fluorescein dextran was interpreted as evidence of a
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membrane disruption event; wounded cells permit entry of the dextran molecule, and successful
PMD repair seals the tracer inside the cell [21]. The percentage of wounded osteocytes normalized
to total cell number was quantified in each experiment. Using parameters described above, varying
sizes of fluorescently conjugated dextran (3 kDa, 10 kDa, 70 kDa) were added to the flow medium
in replicate experiments to characterize approximate relative PMD size in primary osteocytes
isolated from Sptbnl CKO and WT littermate mice. Three fluid flow shear stress intensities (10,

30, and 50 dynes/cm?) were independently tested for each size of dextran.

Post-wounding cell survival

For assessment of post-wounding repair and survival, MLO-Y4 osteocytes were wounded by glass
beads, as previously described [21] and primary osteocytes isolated from female Sptbnl CKO and
WT mice were subjected to fluid shear as described above (30 dynes/cm?, 5 minutes). In both
flow and bead wounding conditions, cells were stained at least five minutes after wounding with
propidium iodide (0.3 pg/mL) to detect dead cells (i.e., unrepaired PMD) and imaged on a confocal
microscope (Zeiss) [21]. The percentages of dead cells (PI+) normalized to total cell number were

quantified with image analysis software (Bioquant).

In vivo studies

Establishment of voluntary wheel running and uniaxial tibial loading models in wildtype mice

Building upon our previous work using treadmill models, before testing the role of Sptbnl in

osteocyte responses to loading, we wanted to establish which forms of mechanical loading
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promoted osteocyte PMD formation in mice. We first tested voluntary wheel running, which (like
downhill treadmill exercise) has been reported to increase PMD formation in mdx mice [40]. As
proof of principle, these studies were conducted on mice selectively bred for high voluntary wheel -
running activity as well as non-selected control lines. At generation 80, we sampled male and
female mice from each of four different “High Runner” mouse lines that had been selectively bred
to have high voluntary wheel-running activity and from four non-selected control mouse lines
(“Control”) as previously described [41, 42]. At 12 weeks of age, beginning six days prior to
sacrifice, half of the animals within each group were provided access to a running wheel (Wahman-
type activity wheels, 1.12 m circumference, 35.7 cm diameter, 10 cm wide running surface) that
permitted voluntary running for 6 days while the remaining mice had no wheel access. All animals
received dual subcutaneous injections of calcein 5 days and 1 day prior to sacrifice to label

mineralizing bone surfaces.

As a second model, given recent concerns about off-target expression of Dmp1-Cre in skeletal
muscle [43], we established a uniaxial tibial loading protocol which would not require skeletal
muscle contraction to induce bone loading. Female CD-1 wildtype mice were subjected to either
one bout (acute) or 2 weeks (chronic) of uniaxial tibial loading as previously described [44-46]
beginning at 12 weeks of age. Chronic loading of the left tibia was performed three days per week
on alternating days; the right tibia for each mouse served as a non-loaded internal control. Mice
were anesthetized with isoflurane, and each loading session consisted of 50 loading cycles with a
linear ramp to a peak of -11N (~1500ue, based on preliminary strain gauging studies; data not
shown), 0.2 sec dwell followed by a linear release at the same rate and another dwell near zero

load for 10 sec before the next cycle. All animals received sequential subcutaneous injections of
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calcein on days 5 and 1 prior to sacrifice to label mineralizing bone surfaces. Mice were sacrificed

via carbon dioxide and were immediately perfused with 10% formalin prior to tissue harvest.

Tibial loading studies in the Sptbnl CKO mouse line

Sptbnl CKO mice and littermate controls were subjected to either one bout (acute) or 2 weeks
(chronic) of uniaxial tibial loading as described above and were administered subcutaneous
injections of alizarin complexone 5 days and 1 day prior to sacrifice to label mineralizing bone

surfaces for dynamic histomorphometry studies.

Osteocyte PMD formation from acute loading

Plasma membrane disruptions were detected in the tibias of mice subjected to wheel running or
tibial loading as previously described [19-21]. Bones were decalcified in 15% EDTA, paraffin
embedded, sectioned longitudinally, and subjected to immunohistochemistry with a FITC-
conjugated mouse albumin antibody (AIFAG3140, Accurate Chemical Corp.) to detect
cytoplasmic localization of endogenous albumin as a PMD tracer [19-21]. Sections were
counterstained with DAPI (Vectashield) to visualize cell nuclei. Osteocytes presenting with a
signal for both DAPI and cytosolic albumin labeling were interpreted as having experienced a
PMD. Five images per bone were captured (Zeiss LSM780) and analyzed with Bioquant Osteo

(Nashville, TN) to quantify the relative percentage of PMD-labeled osteocytes for each bone.

DXA and micro-computed tomography (microCT) analysis of cortical bone geometry

11
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Sptbnl CKO mice and littermate WT controls were subjected to dual-energy x-ray absorptiometry
(DXA; Kubtec Digimus software) analysis for quantification of whole body bone mineral density
(BMD) at 1 month and 5 months of age under isoflurane anesthesia as previously described [47,
48] to determine whether conditional depletion of Sptbnl in osteocytes induced a developmental
phenotype. BMD was also assessed in isolated tibias collected from the wheel-running High
Runner and Control mice; bones were sandwiched between two thin strips of silicone (Walgreens

Silicone Scar Sheets) to attenuate x-rays in the absence of overlying soft tissue.

Cortical bone architecture was analyzed in mid-diaphysis of the tibia (proximal to tibia-fibula
junction; CD-1 mice and Sptbnl CKO and WT mice subjected to tibial loading) or mid-diaphysis
of the femur (developmental phenotype of Sptbnl CKO mice) by ex vivo uCT (Skyscan 1272), as
previously described [19, 49]. Scanning parameters were as follows: source voltage = 70 kV,
source current = 142 pA, exposure 897 ms/frame, average of 3 frames per projection, rotation step
= 0.600 degrees and 0.25 mm aluminum filter. The specimens were scanned at high resolution
(1224 x 820 pixels) with an isotropic voxel size of 9.49 um. Reconstructions for X-ray projections
were performed using the Bruker micro-CT Skyscan software (NRecon, and DataViewer) (v.
1.7.3.1, Briiker micro-CT, Kontich, Belgium). Ring artifact and beam hardening corrections were
applied in reconstruction. Datasets were loaded into CTAnalyser software vs. 1.20.3.0 (Skyscan)
and region and volume of interest were selected from the reconstructed image stacks. Properties
(9-13 pum/voxel resolution) were calculated with the manufacturer’s software. For the wheel-
running High Runner and Control mice, the mid-diaphysis of each femur was analyzed for a subset
of mice by micro-computed tomography (Skyscan 1174, 19 um resolution), and cortical bone

properties were quantified with the manufacturer’s software (CTAn) as described above.
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Dynamic histomorphometry analysis of cortical bone formation

Bones were embedded in methyl methacrylate for dynamic histomorphometry as previously
described [50]. Briefly, cross-sections were cut from the mid-diaphysis with a low-speed diamond
saw (Buehler Isomet) and hand polished on a grinding wheel (Buehler Ecomet) as needed to <100
um thickness. Sections were mounted on glass slides (Cytoseal™ XYL) and imaged with an
epifluorescent microscope (Olympus IX-70) and digital camera (QIcam). Periosteal and
endocortical mineral apposition rates (MAR, pm/day) and mineralizing surfaces (MS/BS, %) were
quantified with image analysis software (Bioquant OSTEOQ, Nashville TN) as previously described

[50, 51].

Lacunar occupancy

Thin (10 um) longitudinal tibial sections were obtained from the methyl methacrylate blocks of
the mice subjected to 2 weeks of tibial loading and from the paraffin blocks of mice subjected to
one bout of acute loading. Sections were stained with Goldner’s Trichrome to determine osteocyte
lacunar vacancy as a measure of cell viability as previously described [50]. Bone sections were
examined at 400x magnification, and a total of 10 images per bone were collected at random
locations throughout the cortical bone. The percentage of empty osteocyte lacunae was quantified

with image analysis software (Bioquant Osteo).

Statistics
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For all datasets, sample sizes for each experiment are described in the respective figure legends
and tables. Datasets with two conditions were analyzed by pooled t-tests or matched pair t-tests
(the latter used when comparing loading responses between loaded vs. non-loaded limbs within
the same mouse). For tibial loading studies in the Spbn1 CKO mouse line, the percent difference
in each bone property measured by microCT and dynamic histomorphometry between the loaded
left tibia and the non-loaded right tibia was calculated for each mouse as: % difference = [bone
DProperty ieft tibia — bone property right tivia] / bone property right tivia (Where bone property = cortical
bone area, cortical bone thickness, etc.) to assess relative changes in bone properties with loading.
Datasets with more than two conditions were analyzed by ANOVA with interaction effects
followed by Fisher’s LSD post-hoc tests as appropriate. JMP Pro statistical analysis software (v.
17.0.0; SAS Institute) was used for all analyses and alpha=0.05 used to determine statistical
significance. Grubb’s extreme studentized deviate test (GraphPad) was used to exclude a

maximum of one extreme outlier per group as needed [52].

For the wheel-running experiments with High Runner and Control lines of mice, with the exception
of microCT datasets (which were not available for mice from every line), data were analyzed as
mixed models in SAS procedure MIXED with restricted maximum likelihood estimation and Type
IIT tests of fixed effects (e.g., [41, 42, 53]). Selection for High Runner characteristics (Selection
or “Linetype”; HR vs. C), sex, and mini-muscle status (see below) were fixed main effects.
Replicate line was a random effect nested within linetype. All of these main effects and their
interactions were tested relative to the variance among lines, with 1 and 6 degrees of freedom (df),
as dictated by the design of the selection experiment. Mini-muscle status was tested relative to the

residual df. As previously described, the mini-muscle phenotype is characterized primarily by a
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50% reduction in hind limb muscle mass [54, 55]. The underlying genetic variant is a C-to-T
transition located in a 709-bp intron between exons 11 and 12 of the Myosin heavy polypeptide 4
gene [56] that behaves as a simple Mendelian recessive [54]. Mini-muscle status was determined
based on a comparison of triceps surae muscle masses in relation to body mass [54]. As our
primary focus was determining effects of wheel access and possible differences between High
Runner and Control lines, we do not discuss mini-muscle effects in the text. However, all

statistical results can be found in Supplemental Table 2.

Results

Validation of osteocyte Sptbnl-disrupting strategies. Before testing the role of Sptbnl in osteocyte
PMD formation and osteocytic responses to loading, we first examined the efficacy of our intended
strategies for disrupting Sptbnl in osteocytes. While we first attempted western blotting for BII-
spectrin protein levels in lysates from primary osteocytes isolated from Sptbnl CKO and WT
littermate mice, BlI-spectrin is a large molecular weight protein (~274 kDa), and we encountered
difficulty in consistently detecting proteins of this size on western blots (data not shown).
However, primary osteocytes isolated from the Sptbnl CKO mice showed a reduction in Sptbnl
mRNA signal as visualized by RNAscope as compared to primary osteocytes from WT littermates
(Figure 1A). Similarly, RNA isolated from MLO-Y4 cells treated with a Sptbn1 siRNA (72 hours
after transfection) showed a significant reduction in Sptbn1 gene expression by qPCR as compared
to either un-transfected controls or cells transfected with a scrambled control siRNA (p<0.0001;
Figure 1B). We also employed a pharmacological approach, subjecting MLO-Y4 cells to

treatment with diamide (a thiol-oxidizing agent known to disrupt the spectrin network) which
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significantly reduced the immunohistochemical staining fluorescence intensity for Sptbnl as

previously reported [34] (Figure 1C-D).

Disruption of the osteocyte spectrin network increased the relative abundance and size of osteocyte
PMD formation during in vitro loading. To assess in vitro osteocyte PMD formation under
mechanical loading conditions, osteocytes were exposed to fluid flow shear stress at 30 dynes/cm?
in the presence of a membrane impermanent fluorescent dextran tracer (FDx; 10 kDa). Cells were
grown for at least 2 days prior to experiments to promote the formation of a pericellular matrix
[20]. As we previously observed no uptake of PMD tracers in the absence of applied shear stress
[21], cells were only imaged at the conclusion of loading. MLO-Y4 osteocytes treated with
diamide (Figure 2A) or Sptbnl siRNA (Figure 2B) displayed significantly more PMD following
5 minutes of exposure to fluid shear. Studies were repeated using primary osteocytes isolated from
Sptbnl CKO and WT littermate mice, where we employed three shear stress rates (10 dynes/cm?,
30 dynes/cm?, and 50 dynes/cm?) as well as three different sizes of fluorescent dextran molecules
(3 kDa, 10 kDa, and 70 kDa) in an effort to assess the impact of Sptbn1 knockdown on PMD size,
represented by the relative size of the tracer able to enter the cell under each flow profile as
described in previous studies [17, 18]. Using methodology previously described to estimate the
molecular radius of each fluorescent tracer [18, 57], we estimated that the molecular radii of 3, 10,
and 70 kDa dextran molecules (reflective of the PMD size necessary to permit these dyes to enter
the cell) were 0.95 nm, 1.42 nm, and 2.72 nm, respectively. As seen with diamide and Sptbnl
siRNA, primary osteocytes from Sptbnl CKO mice developed more osteocyte PMD with shear
stress (Pgenotype = 0.0022) (Figure 2C-D), suggestive of increased susceptibility to PMD formation.

Flow rate was also associated with PMD abundance, with more PMD occurring at higher levels of
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shear stress as we previously reported (priow Rate = 0.0051) [21], whereas dextran tracer size was
inversely related to PMD abundance (prpx size <0.0001), with few osteocytes showing intracellular
presence of the 70 kDa tracer after flow even at the highest levels of shear (Figure 2C-D); this
latter result suggests that the majority of PMD formed at these shear levels have a radius of less
than 2.7 nm in size, as they did not permit entry of the 70 kDa tracer. However, we observed a
trend for an interaction between genotype and dextran size (PGenotype x Fpx = 0.0811); this result
suggests that the Sptbnl CKO cultures tended to show greater intracellular presence of the larger
fluorescent dextran molecules for a given level of shear stress, suggesting the possibility of

increased PMD size in Sptbnl CKO as compared to WT osteocytes (Figure 2C-D).

PMD repair rate was slower in Sptbnl-targeted osteocytes. Given the data suggesting increased
susceptibility and size of osteocyte PMD in the Sptbn1-disrupted osteocytes, we quantified PMD
repair rates using previously established methodology [20, 21, 50]. Consistent with the idea of
increased PMD size with Sptbn1 disruption seen in fluid shear stress studies, we observed a trend
for increased FM1-43 dye influx immediately after creation of laser-induced PMD (as measured
by area under the curve) in Sptbn1 CKO osteocytes (pgenotype = 0.0779) as compared to WT controls
in laser wounding experiments, specifically in the first 40 seconds after wounding (Figure 3A).
Increased influx of FM1-43 in the earliest time points of the laser wounding experiment suggests
rapid influx of membrane-impermeant dye consistent with the formation of a larger PMD. The
derivative of the FM1-43 fluorescence versus time curve was calculated to permit analysis of the
curve slope, indicative of repair rate, which was quantified as the AUC of this slope vs. time curve

as described in our previous studies [20]. The area under the curve of these slope vs. time graphs
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was significantly increased in the Sptbnl CKO osteocytes (pgenotype = 0.0442), indicative of a

slower rate of PMD repair (Figure 3B).

Post-wounding cell survival was decreased with Sptbnl disruption. Slow PMD repair can promote
post-wounding cell death [20, 50]. To test whether the increased susceptibility to PMD, larger
PMD size, and/or slower repair would impact post-wounding cell survival, we employed a
mechanical wounding assay with glass beads. Cells were stained with propidium iodide after
wounding to detect non-repaired (i.e., dead) cells. Diamide treatment significantly increased the
number of osteocytes that did not survive the wounding event (Figure 4A). Notably, diamide in
the absence of wounding did not increase cell death in these experiments, further supporting the
idea that PMD repair failure, rather than an overall toxic effect of this drug, promoted cell loss
(Figure 4A). Comparable results were obtained with MLO-Y4 cells treated with Sptbn1-targeting
siRNA and primary osteocytes isolated from Sptbnl CKO mice subjected to fluid shear (Figure
4B-C), where little to no evidence of cell death was seen in the absence of wounding (data not
shown). Together, these results parallel the wounding-induced loss of myocyte viability seen in
the mdx murine model of muscular dystrophy, which is deficient in the spectrin-family member

dystrophin [32, 58-60].

Calcium wave propagation from Sptbnl CKO osteocytes was minimally affected. Evidence of
mildly altered mechanotransduction was observed as a trend for diminished calcium signaling
intensity in wounded cells from Sptbnl CKO as compared to WT cultures (pgenotype = 0.0901;

Figure SA). We also observed a trend for the Sptbnl CKO cultures to show an increased
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proportion of non-wounded neighboring cells initiating calcium signaling following creation of a
single PMD in a nearby cell (Figure 6B, pgenotype = 0.0774) and for increased calcium signaling
intensity in the non-wounded neighboring cells (pgenotype = 0.0523). This observation may be
consistent with the increased PMD size and slower rate of PMD repair in the Sptbnl CKO cultures,
as previous studies have shown that PMD repair rate is inversely proportional to the amount of
ATP released from a wounded osteocyte [17, 18], but we wish to clearly acknowledge the
limitation that none of these experiments reached our threshold to be considered statistically

significant (p<0.05).

Osteocytes from wildtype mice developed PMD from voluntary wheel running and uniaxial tibial
loading in vivo. We previously investigated osteocyte PMD formed in wildtype mice during
forced downhill treadmill running [20, 21, 50], which is a loading model reported to cause acute
myocyte damage in mice that are deficient in the spectrin family member dystrophin (i.e., mdx
mouse model) [61, 62]. However, we recognized that this loading model has inherent limitations
such as its damaging nature and varied effects on bone [63-66], and therefore before investigating
the effects of Sptbnl in osteocyte PMD formation in vivo, we first tested whether other forms of
mechanical loading could be used to promote osteocyte PMD formation using wildtype mice. We
first tested voluntary wheel running, which (like downhill treadmill exercise) has been reported to
increase PMD formation in mdx mice [40]. These experiments were performed using a previously
established “High Runner” wildtype mouse model along with non-selected controls [41, 42], as
reliable wheel running performance was previously established in this model. Although a baseline
level of osteocyte PMD was detected in the tibia of mice with no wheel access, both the Control

and High Runner groups showed a significant increase in the percentage of osteocyte PMD in mice

19



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

with access to a wheel as compared to no wheel access (pwheel = 0.0396; Figure 6A-B). No
differences were observed between Control and High Runner groups in terms of tibial PMD
abundance (pselection = 0.4962); however, there was a trend for an interaction effect between wheel
access and sex (Pwheel x sex = 0.0779), with female mice tending to show more PMD with wheel
access than males (Figure 6A-B), consistent with the observation that female HR mice tend to run
longer distances and at higher speeds than HR males [41, 67]. No differences were observed
between Control and High Runner groups in tibial BMD (psciection = 0.4998) (Supplemental Figure
1A), but mice with wheel access had lower tibial BMD values than those without (pwheet = 0.0457)

and females had lower tibial BMD values than males (psex = 0.0195) (Supplemental Figure 1A).

For the femur, short-term wheel access did not generally impact cortical bone geometry as
measured by microCT (Supplemental Table 1A) or cortical bone dynamic histomorphometry
(Supplemental Table 1B). High Runner mice showed a significant increase in femoral cortical
bone area (pselection = 0.0185) but not femoral cortical bone thickness (pselection = 0.3776) as
compared to controls (Supplemental Table 1A). Female mice showed higher rates of femoral
endocortical mineralizing surface than males (psex = 0.0312), and somewhat surprisingly, High
Runner mice demonstrated reductions in femoral endocortical mineralizing surface as compared
to controls (psetection = 0.0100), but few other differences in dynamic indices of cortical bone
formation were associated with group, sex, or wheel access in these studies, likely due to the very
short duration of wheel access (Supplemental Table 1B). A summary of the mixed models SAS

analyses for the wheel-running mouse datasets is available as Supplemental Table 2.

Since short-term wheel access did not generally impact cortical bone geometry, even in the High

Runner mice selected for high voluntary wheel running activity, we decided to explore alternative

20



451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

models of mechanical loading with which to interrogate the role of Sptbnl in osteocyte PMD
formation and in skeletal responses to loading. We therefore established a uniaxial tibial loading
model first using wildtype female CD-1 mice to directly test the impact of bone loading (without
muscle involvement) in osteocyte PMD formation. One acute loading bout was associated with a
significant (p=0.0027) increase in the number of osteocyte PMD in the loaded left limb as
compared to the non-loaded right limb (Figure 6C). This loading regimen, when repeated on
alternating days for two weeks, significantly increased cortical bone thickness (Supplemental
Figure 2A) but not cortical bone area (Supplemental Figure 2B). While periosteal mineral
apposition rate was not increased by this protocol (Supplemental Figure 2C), loading induced a
significant increase in endocortical mineral apposition rate (Supplemental Figure 2D) and
periosteal and endocortical mineralizing surfaces (Supplemental Figures 2E-H), supporting the
osteogenic nature of our loading protocol. No evidence of woven bone formation was observed in
any histological sections (Supplemental Figure 2G-H), indicating that the loading protocol did
not induce tissue-level skeletal damage. We therefore pursued further tibial loading studies with

our Sptbnl CKO mouse line.

Sptbnl deficiency did not induce a developmental skeletal phenotype but blunted the anabolic
response to mechanical loading. Based on cellular phenotype observed from Sptbnl deficient
osteocytes in response to mechanical loading, we anticipated the development of a skeletal
phenotype in our Sptbnl CKO mouse model. Unexpectedly, the Sptbnl CKO mice did not
demonstrate a skeletal phenotype, as measured by DXA, at 1 or 5 months of age (Supplemental
Table 3). MicroCT analysis of bone architecture confirmed the lack of a developmental

(sedentary) cortical bone phenotype at 5 months of age (Supplemental Table 4). Mice were then
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subjected to uniaxial tibial loading, as described above, for 2 weeks beginning at 12 weeks of age
as in preliminary studies. Consistent with the lack of a developmental skeletal phenotype, there
were no differences in cortical bone architecture between either male or female Sptbnl CKO and
WT littermate mice in the non-loaded right tibia (pgenotype > 0.310; Supplemental Figure 3).
However, when subjected to 2 weeks of osteogenic loading, although Sptbn1 CKO mice tended to
shown an osteogenic response to loading (Supplemental Table 5), Sptbnl CKO mice showed a
significantly lower percent increase in cortical bone thickness between the loaded left tibia as
compared to the non-loaded right tibia (pgenotype = 0.0153; Figure 7A-C, Supplemental Table 5),
suggesting impaired cortical bone accrual with loading. Analyzing this same dataset in another
way, paired t-tests comparing the loaded left vs. non-loaded right tibia for each animal revealed a
significant effect of loading (ppaired t-test = 0.0025), as expected from our preliminary studies with
CD-1 mice, but when grouped by genotype, Sptbnl CKO mice showed a blunted response (pgenotype
= 0.0101) (Figure 7B-C, Supplemental Table 5). Loading-induced increases in other cortical
bone properties, such as cortical bone area were not impacted by genotype (Supplemental Figure
4A-B, Supplemental Table 5). Similarly, dynamic histomorphometric indices of cortical bone
formation showed a significant effect of loading, consistent with our preliminary studies with CD-
1 mice but were not impacted by genotype (Supplemental Figure 4C-H). As in the preliminary
studies with CD-1 mice, no evidence of woven bone formation was observed in any histological

sections (data not shown).

Sptbnl CKO mice showed more empty osteocyte lacunae after 2 weeks of in vivo loading. As our
in vitro studies showed increased PMD abundance when Sptbnl was disrupted (Figure 2), we

anticipated increased prevalence of PMD formation in Sptbn1 CKO mice subjected to one bout of
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acute mechanical loading in vivo. Interestingly, we did not observe an increased relative abundance
of PMD created from one in vivo acute loading bout for the Sptbnl CKO mice (Figure 8A-B).
This discrepancy could reflect a difference in ability to visualize PMD in tissue sections as
compared to cell culture conditions or could also reflect the fact that a repair failure can lead to
loss of the intracellular PMD tracer [20, 50], as shown in our in vitro studies where dead cells did
not retain fluorescent dextran (Figure 4). As we observed increased cell death in Sptbn1-disrupted
osteocytes subjected to loading in vitro (Figure 4), we quantified osteocyte lacunar vacancy,
measured as the number of empty lacunae relative to total lacunae number, in our tissue sections.
This analysis was performed for the loaded left tibias immediately after a single acute loading
bout, but we also quantified osteocyte lacunar vacancy in our mice subjected to 2 weeks of chronic
loading, as a previous study suggest that empty lacunae were only visualized 48 hours after
osteocyte necrosis had occurred [68]. While no differences in osteocyte lacunar vacancy were
observed immediately after a single loading bout (Figure 8C-D), Sptbnl CKO mice subjected to
2 weeks of tibial loading demonstrated a significant increase in the number of empty osteocyte

lacunae as compared to WT littermates (Figure 8E-F).

Discussion

Osteocytes likely utilize a range of mechanisms to sense mechanical loads at varying levels of
physiological stress, but previous studies suggest that high-level loading conditions can promote
the formation of osteocyte PMD which initiate mechanotransduction events [18-21, 69]. Modeling
studies support the idea that osteocytic processes may be exposed to shear stresses of more than
50 dynes/cm?in vivo [70, 71] and both previous studies [21] as well as results presented here

suggest that PMD are readily formed at these levels of loading. Importantly, preceding reports
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demonstrated that the development of loading-induced PMD in osteocytes and other cell types can
be experimentally modulated [69]. We initially reported that Vitamin E deprivation promoted
osteocyte PMD development in mice following mechanical loading (downhill treadmill running)
by increasing the ROS production [19]. We also showed that increased ROS production and
changes in pericellular matrix deposition affected PMD development with aging and were
potentially implicated in age-related loss of osteocytes [20]. However, these studies were largely
observational in nature; the goal of the current study was to experimentally modulate the integrity
of the spectrin network in osteocytes to determine if increasing osteocyte cell membrane fragility
would affect osteocytic responses to loading. Results presented here suggest that disrupting the
spectrin network in osteocytes increased the propensity for PMD formation at a given level of

loading and decreased the likelihood of post-wounding osteocyte survival.

Although the mechanisms used by osteocytes to respond to different intensities of loading are still
debated, several points of consistency have emerged in previous literature. Fluid shear produces
larger strains at the cellular level and greater downstream mechanotransduction responses (like
nitric oxygen release) as compared to mechanical strain on the extracellular matrix [72-74]. The
dendritic processes inside canaliculi are exposed to the greatest shear stresses [70, 75], and the
processes, rather than cell bodies, are the key site of mechanosensation in the osteocyte [7, 76, 77].
Both previous studies [33, 34] and results presented here demonstrate that BllI-spectrin is highly
expressed in osteocytic processes where PMD preferentially formed with loading [21]. Spectrin
expression in osteocytes was previously linked to mechanotransduction events such as nitric oxide
secretion and calcium signaling [34], with spectrin disruption via diamide treatment leading to

increased nitric oxide release by osteocytes, whereas our calcium signaling studies did not show a
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significant effect of Sptbnl CKO genetic deletion on this early mechanotransduction event, despite
a slight, non-significant tendency (pgenotype = 0.0774) for Sptbnl deletion to promote calcium
signaling transmission to non-wounded cells in close proximity to the wounded osteocyte. Also,
while we recently reported that application of osteocyte PMD-inducing turbulent fluid shear stress
[20] increases expression of Cox-2 in osteocytes [78], we also acknowledge the considerable
limitation that the studies presented here did not specifically investigate the roles of Sptbnl and
osteocyte PMD formation in more mechanistic responses to mechanical loading such as changes
in Wnt signaling or osteocytic control of bone remodeling (e.g., Rankl/Opg expression). Future
studies more closely focused on mechanotransduction events will be needed to fully define the

role of Sptbn1, and PMD formation, in osteocytic responses to mechanical loading.

The Sptbnl locus has been identified in several human genome-wide association studies as being
linked to bone mineral density [36, 79], as well as risk of fracture and susceptibility to osteoporosis
[80-84]. Further studies utilizing bone co-expression networks constructed from murine cortical
bone data suggested that the Sptbn1 locus was causal for regulation of bone mineral density [35].
A recent report by Xu et al demonstrated that Sptbn1 expression, as measured by immunostaining
in the distal femur, was reduced in 9- vs. 3-month old C57BL/6 mice as well as in ovariectomized
as compared to sham-operated female mice [85]. The authors further used viral methods to silence
and overexpress Sptbnl in the bone niche in vivo, showing that further suppression of Sptbnl
expression exacerbated osteopenic phenotypes while overexpression of Sptbnl promoted rescue
[85]. These effects, however, were attributed to beneficial impacts in osteoblasts and endothelial
cells, as Sptbn1 expression positively regulated osteoblast proliferation and differentiation as well

as expression of vascular endothelial growth factor [85]; effects on osteocytes, including osteocyte
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viability, were unfortunately not reported. As Dmp1-Cre is reported to show activity in osteoblasts
as well as osteocytes [86, 87], we cannot exclude the possibility that the blunted anabolic response
to mechanical loading in our Dmp1-Cre Sptbnl CKO mice was driven by osteoblastic, rather than
osteocytic, populations. However, we note that we failed to see a cortical bone skeletal phenotype
develop under baseline conditions (in the absence of applied mechanical loading), and the
increased osteocyte lacunar vacancy in the chronically loaded (but not acutely loaded) limbs of
Sptbn1 CKO mice is consistent with the increased post-wounding cell death seen in our in vitro
diamide-, Sptbnl siRNA- and Sptbnl CKO primary osteocyte studies. Although Dmpl-Cre is
also reported to show appreciable expression in muscle [43], the uniaxial tibial loading model used
here (which loads bone without requiring voluntary muscular contraction) was selected for study

to negate some of this concern.

The role of osteocyte Sptbnl expression shown here is consistent with the effect of the spectrin
family protein dystrophin in skeletal muscle, where changes in the organization or expression of
cytoskeletal structural proteins can affect propensity for PMD development. Many studies have
shown that myocytes are more susceptible to the development of PMD in the absence of dystrophin
[32, 58, 62, 88]. Wheel-running studies using mdx dystrophic mice showed that the mean distance
covered in individual running bouts was positively correlated with the abundance of myofibers
with centrally located nuclei as well as metrics of recent acute muscle damage in quadriceps
muscle [88]. We also initially tested a voluntary wheel-running model , showing that wheel access
was associated with osteocyte PMD formation, but ultimately selected a tibial loading model to
test the mechanical responses of the Sptbnl CKO mice given the latter model’s robust ability to

induce osteocyte PMD formation, induce cortical bone gain, address concerns about off-target
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expression of Dmpl-Cre in skeletal muscle, and reduce the variability of individual mouse

responses to wheel access [88].

In conclusion, building upon previous studies interrogating PMD formation in dystrophin-
deficient mdx mouse models, we targeted the Sptbnl network in osteocytes to alter osteocyte
plasma membrane fragility and to test the downstream effects of this manipulation on
mechanotransduction and bone adaptation. Disruption of Sptbnl in osteocytes increased PMD
formation from fluid shear stress and decreased post-wounding cell viability due to impaired PMD
repair. Our in vivo experimental results suggest that while osteocyte-targeted Sptbnl deficient
mice do not develop a baseline skeletal phenotype at younger ages, they do show a loading-induced
phenotype of blunted cortical bone gain following repeated bouts of mechanical loading associated
with loss of osteocyte viability. Taken together, the in vitro and in vivo work presented here
suggests an important role for both Sptbnl and PMD in osteocyte mechanosensation and
subsequent downstream bone adaptation to high level mechanical loading. Understanding the role
of PMD-related mechanisms and how they affect mechanotransduction responses in these cases of
rapid bone degeneration may prove key to identifying therapeutic targets to prevent or reverse the

unloading-induced bone loss.
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FIGURE LEGENDS:

Figure 1: Validation of Sptbnl disrupting strategies for in vitro studies. A) Primary osteocytes
isolated from male and female Sptbn1 CKO mice demonstrated a lower signal for Sptbnl mRNA
(green) in RNAscope analyses as compared to osteocytes from WT littermates. Cultures were
imaged with a 40X objective; scale bar in each image equals 100 um. Images are representative
of at least 3 replicates for each sex and genotype. B) Treatment with Sptbnl siRNA significantly
reduced Sptbnl mRNA expression in MLO-Y4 osteocytes. Groups were compared with 1-way
ANOVA and Fisher’s LSD post-hoc tests. Bars in graphs show mean + SEM for each group, and
each black circle represents an independent biological replicate culture; bars with different
superscript letters are significantly (p<0.05) different from one another as determined by post-hoc
testing. C) Treatment of MLO-Y4 osteocytes with the thiol-oxidizing agent diamide disrupted the
immunocytochemical signature for BlI-spectrin. Images are representative of at least 3 replicate
cultures. D-E) The maximum fluorescent intensity for D) BII-spectrin and E) F-actin (as shown by
phalloidin staining) were quantified using Zen image analysis software. Groups were compared
with t-tests; Bars in graphs show mean + SEM for each group and each black circle represents one
cell across three independent biological replicate experiments.

Figure 2: Osteocyte PMD formation is enhanced following Sptbn1 disruption in vitro. Treatment
of MLO-Y4 osteocytes with A) diamide or B) siRNA against Sptbn1 significantly increased the
number of cells with PMD, measured as cytosolic localization of 10 kDa dextran following 5
minutes of fluid shear (30 dynes/cm”2) as compared to control cultures. Representative images
from each experiment are shown next to the quantitative graph. C) Primary osteocytes isolated
from Sptbnl CKO mice demonstrated a significant increase in the number of cells with cytosolic
localization of dextran (pgenotype = 0.0022) following 5 minutes of fluid shear (10-50
dynes/cm”2) as compared to control cultures. A trend for an interaction effect between genotype
and dextran size (pgenotype x FDX = 0.081) suggested a tendency for larger sizes of dextran to
enter Sptbnl CKO osteocytes at a given level of loading as compared to WT cells. D)
Representative images from experiments in Panel C. FDX: fluorescent dextran (3, 10, 70 kDa as
indicated by the column title), DAPI (blue) = nucleus. Bars in graphs show mean = SEM for each
group and each black circle represents an independent biological replicate.

Figure 3: A) Primary osteocytes isolated from Sptbnl CKO mice demonstrated a trend for greater
FM1-43 dye influx immediately following creation of a PMD in laser wounding experiments,
suggestive of increased PMD size. Bars in graph show mean +/- SEM for each group; each black
circle represents an independent biological replicate experiment. B) The derivative (slopes) of the
FM1-43 fluorescence versus time curves from laser wounding assays was plotted and area under
the curve (AUC) quantified to measure PMD repair rate; these data suggested significantly slower
rates of membrane repair in osteocytes from Sptbnl CKO as compared to WT littermates, as seen
by a significant effect of genotype in 2-factor ANOVA analyses (p =0 .044) for AUC. Bars in
graph show mean + SEM for each group; each black circle represents an independent biological
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replicate culture.. C) Representative images from the experiments in Panels A and B, FM1-43 dye
can be seen as an intracellular green fluorescent signal. A fluorescent image and a merged
fluorescent + DIC (transmitted light) image is shown for each condition.

Figure 4: Sptbnl disruption decreased post-wounding osteocyte survival. A) The combination of
bead wounding and diamide treatment, but not diamide alone, promoted cell death in MLO-Y4
osteocytes as seen by increased propidium iodide (PI; red) staining. Bars in graph show mean +
SEM of independent biological replicate cultures and each black circle represents an independent
biological replicate experiment; groups were compared by one-way ANOVA and Fisher’s LSD
post-hoc testing. Bars with different superscript letters are significantly (p<0.05) different from
one another. FDX: 10 kDa fluorescent dextran. B) Sptbnl knockdown by siRNA promoted
increased post-wounding cell death in MLO-Y4 cells as compared to cells treated with a scrambled
siRNA control. C) Primary osteocytes isolated from Sptbnl CKO mice subjected to 5 minutes of
fluid shear (30 dynes/cm”2) exhibited a nearly significant trend (p=0.050) for increased post-
wounding cell death as compared to cells from WT mice. Bars in graphs in B and C show mean +
SEM for each group, and each black circle represents an independent biological replicate
experiment.

Figure 5: Calcium signaling in Sptbnl CKO and WT primary osteocytes initiated by laser
wounding. Calcium signaling was studied via Cal-520AM fluorescence in primary osteocytes
following creation of a laser-induced PMD on osteocyte dendritic processes via. A) the area under
the curve (AUC) for the Cal-520 fluorescence vs. time curve and B-C) as Cal520 fluorescence in
the neighboring, non-wounded osteocytes in proximity to the wounded cell. Bars in graphs A-C
show mean = SEM for each group; each black circle represents an independent biological replicate
culture. D) Representative images from the experiments shown in graphs A-C, captured at -1
seconds before wounding, 0 seconds (i.e., at the time of wounding), and 30 seconds after
wounding.

Figure 6: PMD formation from voluntary wheel running and uniaxial tibial loading. A) Osteocyte
PMD were detected via immunohistochemical staining to detect cytosolic endogenous mouse
albumin in tibias from male and female Control and High Runner mice that were either given
access to a voluntary running wheel (wheel access: yes) or not provided access to a running wheel
(wheel access: no) for 6 days prior to sacrifice. Wheel access increased PMD abundance. Bars in
graphs show mean £ SEM for each group; each black circle represents one mouse. Groups were
compared with 3-way ANOVA with 2-way interaction effects. B) Representative images showing
endogenous albumin (green) staining in tibias from male and female Control and High Runner
mice with or without access to a running wheel quantified in Panel A. C) Osteocyte PMD were
detected via immunohistochemical staining to detect cytosolic endogenous mouse albumin in
tibias from female CD-1 mice subjected to a single bout of uniaxial tibial loading. Bars in graphs
show mean = SEM for each limb; each black circle represents one mouse. Left vs. right sides were
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compared for each mouse using paired t-tests. D) Representative images showing endogenous
albumin (green) staining in osteocytes in tibial sections from CD-1 mice exposed to a single bout
of uniaxial loading quantified in Panel C.

Figure 7: Blunted increase in cortical bone thickness with uniaxial tibial loading in Sptbn1 CKO
mice. A) Micro-computed tomography was used to measure cortical bone thickness in the left and
right tibia of each mouse. The percent difference in cortical thickness between the loaded and non-
loaded limb was calculated for each mouse as: % difference Ct.Th = [Ct.Th left tibia — Ct.Th right
tibia] / Ct.Th right tibia. The relative increase in Ct.Th for the loaded left limb was blunted in
Sptbnl CKO mice, shown by a significant effect of genotype in 2-way ANOVA (p=0.0153).
Boxes in the graph show median, quartiles and outlier fences for each dataset. Each data point
(black circle) represents one mouse. B) Paired t-tests were also used to compare cortical bone
thickness between the loaded left limb and the non-loaded right limb for each Sptbnl CKO and
WT mouse. Uniaxial tibial loading induced a significant increase in Ct.Th, shown by a significant
p-value for paired t-tests (p=0.0025), and when grouped by genotype, the Sptbnl CKO mice
showed a lower relative increase in Ct.Th as compared to the WT animals (p=0.0101). Bars in
graphs B show mean + SEM for each group, and each symbol shown represents the left (L) and
right (R) tibia from one mouse. C) Representative microCT reconstructions for samples shown in
Panel A.

Figure 8: A) Although PMD were increased by acute loading (p paired t-test left vs. right <0.0001;
not shown), the relative difference in PMD abundance between the loaded left imb and non-loaded
right limb was not different between Sptbnl CKO and WT mice (pgenotype = 0.5506). Bars in
graph show mean + SEM for each group; each black circle represents one mouse. B)
Representative images showing endogenous albumin quantified in panel A. C-F) Osteocyte
lacunae vacancy in Sptbn1 CKO and WT mice subjected to acute or chronic uniaxial tibial loading.
The relative number of empty osteocyte lacunae normalized to the total number of osteocyte
lacunae was quantified in longitudinal sections loaded left tibias stained with Goldner’s Trichrome.
While no differences in the relative abundance of empty osteocyte lacunae were observed in mice
subjected to one acute tibial loading bout (C-D; p=0.8596), both male and female Sptbnl CKO
mice showed more empty lacunae after 2 weeks of chronic loading (E-F; 6 loading bouts), as
shown by a significant effect of genotype in 2-way ANOVA (p=0.0102). Bars in graph show mean
+ SEM for each group; each black circle represents one mouse.

SUPPLEMENTAL FIGURES / TABLES

Supplemental Figure 1: A) Bone mineral density in High Runner and control mice. Bone
mineral density (BMD) was measured in the tibial mid-diaphysis by dual energy x-ray
absorptiometry. Bars in graph show mean + SEM for each group; each black circle represents
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one mouse. Wheel access was associated with lower tibial BMD as shown by a significant effect
of selection (p=0.0457). B) Representative images from the femoral mid-diaphysis showing
cortical bone calcein labeling in High Runner and control mice.

Supplemental Figure 2: Cortical bone geometry and dynamic histomorphometry in female CD-
1 mice subjected to uniaxial tibial loading. Female CD-1 mice were subjected to 2 weeks of
uniaxial tibial loading beginning at 12 weeks of age. Bone properties in the left (loaded) versus
right (non-loaded) tibia were compared for each mouse via paired t-tests. Micro-computed
tomography was used to measure cortical bone thickness (A) and cortical bone area (B). A subset
of tibias was prepared for dynamic histomorphometric analysis of calcein labels, measuring
periosteal and endocortical mineral apposition rates (C-D) and periosteal and endocortical
mineralizing surfaces (E-F). Representative images are shown at low magnification in Panel G
and at higher magnification in Panel H. Bars in graphs show mean = SEM for each group; each
black circle represents one mouse.

Supplemental Figure 3: Cortical bone geometry in the non-loaded right limb of Sptbn1 CKO
and WT mice at 14 weeks of age. Micro-computed tomography was used to measure cortical
bone area (A) and cortical bone thickness (B) in the right (non-loaded) tibia of each mouse. Bars
in graphs show mean + SEM for each group; each black circle represents one mouse.

Supplemental Figure 4: Cortical bone geometry and dynamic histomorphometry in Sptbnl
CKO and WT mice subjected to uniaxial tibial loading. Sptbnl CKO and WT littermate mice
were subjected to 2 weeks of uniaxial tibial loading beginning at 12 weeks of age. The percent
difference in bone properties between the left (loaded) versus right (non-loaded) tibia was
compared between male and female Sptbnl CKO and WT mice with 2-way ANOVA, and the
matched pairs comparison of bone properties between the left versus right tibia for each mouse
was analyzed via paired t-tests with grouping by genotype for cortical bone area (A-B), periosteal
mineralizing surface and mineral apposition rate (C-E), and endocortical mineralizing surface and
mineral apposition rate (F-H). Percent difference was not calculated for mineral apposition rates
due to an appreciable number of non-loaded right tibias lacking double labeled surface. Bars in
graphs show mean + SEM for each group. Each black circle (panels A,C,F) or letter (panels
B,D.E,G,H) in graphs represents one mouse; L: left/loaded, R: right/non-loaded for pairwise
comparison graphs.
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Supplemental Table 1A: Cortical bone architectural properties in the mid-diaphysis of the
femur for Control and High Runner mice.

Sex
Female
Female
Female
Female
Male
Male
Male

Male

Selection

Control (line 2)
Control (line 2)
High Runner (line 8)
High Runner (line 8)
Control (line 2)
Control (line 2)
High Runner (line 8)

High Runner (line 8)

P-values

n

4
6

Wheel
no
yes
no
yes
no
yes
no

yes

Wheel
Selection

Sex

Wheel x Selection

Wheel x Sex

Selection x Sex

Wheel x Selection x Sex

Ct.B.Ar (mm*2)

1.185
1.172
1.251
1.174
1.251
1.223
1.354

1.374

0.4593
0.0185
0.0027
0.9002
0.5388
0.1652
0.3931

+

+

+

0.067
0.101
0.095
0.091
0.133
0.099
0.151

0.104

Ct.Th (mm)

0.262
0.261
0.245
0.250
0.268
0.251
0.261

0.265

+

+

0.6651
0.3776
0.2410
0.2707
0.4386
0.1416

0.5241

0.015
0.018
0.014
0.018
0.031
0.013
0.026

0.011

Means +/- SEM for each group are shown. Wheel: yes = granted wheel access for 6 days prior
to sacrifice, no = no wheel access. Selection: High Runner = mice from lines selectively bred to
have high voluntary wheel running activity, Control = mice from non-selected control lines.
Ct.B.Ar = cortical bone area, Ct.Th = cortical bone thickness
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1090  Supplemental Table 1B: Cortical bone dynamic histomorphometry properties in the mid-
1091  diaphysis of the femur for Control and High Runner mice.
Ec. MS/BS Ec.MAR Ps.MS/BS Ps.MAR
Sex Selection  n Wheel (%) (um/day) (%) (um/day)
Female Control 16 no 0.497+ 0.048 0.848 + 0.043 0.300 £ 0.029 0.831 £ 0.042
Female Control 16 yes 0.515+ 0.040 0.876 £ 0.055 0.376 + 0.034 1.007 £ 0.069
Female High Runner13 no 0.382+ 0.049 0.835 + 0.057 0.310 = 0.040 0.827 + 0.082
Female High Runner15 yes 0.384+ 0.040 0.849 + 0.064 0.258 + 0.019 0.841 + 0.038
Male  Control 12 no 0.381+ 0.052 0.774 £ 0.060 0.315 £+ 0.044 0.813 + 0.105
Male  Control 15 yes 0.293+ 0.057 0.656 + 0.091 0.364 + 0.019 1.008 + 0.057
Male  High Runner13 no 0.306+ 0.047 0.830 + 0.063 0.317 + 0.023 0.893 + 0.061
Male  High Runner13 yes 0.205+ 0.044 0.648 + 0.106 0.264 + 0.029 0.873 + 0.065
P-values Wheel 0.1864 0.2654 0.9291 0.4985
Selection 0.0100 0.1236 0.9412 0.7589
Sex 0.0312 0.9794 0.1466 0.5692
Mini 0.0713 0.7003 0.6809 0.3594
Wheel x Selection 0.1846 0.1281 0.8101 0.8679
Wheel x Sex 0.6165 0.7067 0.0540 0.6570
Selection x Sex 0.7021 0.6773 0.8892 0.3875
Wheel x Selection x Sex 0.9747 0.7536 0.8092 0.7040
1092
1093  Means +/- SEM for each group are shown. Wheel: yes = granted wheel access for 6 days prior
1094  to sacrifice, no = no wheel access. Selection: High Runner = mice from lines selectively bred to
1095  have high voluntary wheel running activity, Control = mice from non-selected control lines. Ec.
1096 = endocortical, Ps. = periosteal, MS/BS = mineralizing surface, MAR = mineral apposition rate.
1097
1098

43



1099
1100

1101

1102

1103

Supplemental Table 2: Summary of mixed models SAS statistical analyses of Control and

High Runner mice

(please see spreadsheet)
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1104  Supplemental Table 3: Dual energy x-ray absorptiometry (DXA) measurements of Sptbnl
1105 CKO and WT littermate mice at various ages.

P-values
Age Sex Genotype n Whole Body BMD (g/cm”2) Genotype Sex Genotype x Sex

1 month  Female WT 9 0.148 + 0.002
Female CKO 3 0.145 + 0.002

0.807 0.408 0.195
Male WT 14 0.147 =+ 0.002
Male CKO 6 0.151 + 0.004
5 months Female WT 10 0.218 + 0.008
Female CKO 5 0216 + 0.010

0.238 0.003 0.375
Male WT 17 0.201 + 0.005
Male CKO 10 0.185 + 0.008

1106

1107  Means +/- SEM for each group are shown. BMD = bone mineral density
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1108  Supplemental Table 4: Cortical bone geometrical properties in the mid-diaphysis of the femur for Sptbnl CKO and WT mice at 5
1109  months of age

Genotype Sex n Ct.B.Ar (mm*2) Ipolar (mm*4) Imax (mm~*4) Imin (mm*4) Ct.Th (mm)
WT Male 3 0.858 t+ 0.055 0.422 + 0.096 0.280 + 0.062 0.142 + 0.034 0.180 + 0.013
CKO Male 4 0.881 t+ 0.136 0.503 + 0.137 0.326 + 0.087 0.177 *+ 0.054 0.172 + 0.014
p-value (CKO p-value (CKO p-value (CKO p-value (CKO p-value (CKO
vs. WT) 0.799 vs. WT) 0.4239 vs. WT) 0.474 vs. WT) 0.374 vs. WT) 0.4595

1110

1111  Means +/- SEM for each group are shown. Ct.B.Ar = cortical bone area, Ipolar = polar moment of inertia, Imax = maximum moment
1112  of inertia, Imin =minimum moment of inertia, Ct.Th = cortical bone thickness.

1113

1114
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1115  Supplemental Table 5: Cortical bone geometrical properties in the tibial mid-diaphysis of Sptbnl CKO and WT after 2 weeks of
1116  mechanical loading.

B.Ar Ipolar Imax Imin Ct.Th
Sex Genotype Side n (mm*2) SE (mm*"4) SE (mm*4) SE (mm*"4) SE (mm) SE
Female WT Left (loaded) 14 0.799 + 0.027 0.366 +  0.026 0.271 + 0.019 0.095 +  0.007 0.146 *  0.007
Female WT Right (non-loaded) 14 0.682 + 0.035 0.307 +  0.025 0.235 = 0.019 0.072 +  0.007 0.131 = 0.006
Paired t-test: <0.0001 <0.0001 0.0003 <0.0001 0.0016
Female CKO Left (loaded) 8 0.779 + 0.017 0.316 * 0.018 0.232 + 0.012 0.084 = 0.007 0.142 +  0.007
Female = CKO Right (non-loaded) 8 0.656 + 0.017 0.257 + 0.015 0.195 + 0.011 0.062 +  0.005 0.134 *  0.006
Paired t-test 0.0001 0.0011 0.0034 0.0007 0.1286
Male WT Left (loaded) 18 0.908 + 0.017 0.537 +  0.024 0.413 + 0.020 0.124 = 0.005 0.142 +  0.005
Male WT Right (non-loaded) 18 0.858 + 0.022 0.495 + 0.026 0.372 + 0.020 0.122 +  0.007 0.135 *  0.005
Paired t-test 0.0006 0.0040 0.0008 0.6922 0.0556
Male CKO Left (loaded) 11 0.846 + 0.029 0.455 + 0.035 0.341 + 0.026 0.115 + 0.010 0.137 *  0.006
Male CKO Right (non-loaded) 11 0.824 + 0.029 0.419 +  0.030 0.308 + 0.022 0.111 +  0.009 0.143 = 0.006
Paired t-test 0.2652 0.0452 0.0300 0.3434 0.0256

1117

1118  Means +/- SEM for each group are shown. Ct.B.Ar = cortical bone area, Ipolar = polar moment of inertia, Imax = maximum moment
1119  of inertia, Imin =minimum moment of inertia, Ct.Th = cortical bone thickness.

1120

1121
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Figure 1: Validation of Sptbnl disrupting strategies for in vitro studies. A) Primary osteocytes isolated from male and female Sptbnl CKO mice
demonstrated a lower signal for Sptbnl mRNA (green) in RNAscope analyses as compared to osteocytes from WT littermates. Cultures were imaged with a
40X objective; scale bar in each image equals 100 um. Images are representative of at least 3 replicates for each sex and genotype. B) Treatment with
Sptbnl siRNA significantly reduced Sptbnl mRNA expression in MLO-Y4 osteocytes. Groups were compared with 1-way ANOVA and Fisher’s LSD post-
hoc tests. Bars shown mean +/- SEM for each group, and each dot represents an independent biological replicate culture; bars with different superscript
letters are significantly (p<0.05) different from one another as determined by post-hoc testing. C) Treatment of MLO-Y4 osteocytes with the thiol-oxidizing
agent diamide disrupted the immunocytochemical signature for PII-spectrin. Images are representative of at least 3 replicate cultures. D-E) The
maximum fluorescent intensity for D) BlI-spectrin and E) actin (as shown by phalloidin staining) were quantified using Zen image analysis software.
Groups were compared with t-tests; each dot represents one cell across three independent biological replicate experiments.
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Figure 2: Osteocyte PMD formation is enhanced following Sptbnl disruption in vitro. Treatment of MLO-Y4 osteocytes with A) diamide or B) siRNA against
Sptbnl significantly increased the number of cells with PMD, measured as cytosolic localization of 10 kDa dextran following 5 minutes of fluid shear (30
dynes/cm”2) as compared to control cultures. Representative images from each experiment are shown next to the quantitative graph. C) Primary osteocytes
isolated from Sptbnl CKO mice demonstrated a significant increase in the number of cells with cytosolic localization of dextran (pgenotype = 0.0022)
following 5 minutes of fluid shear (10-50 dynes/cm”2) as compared to control cultures. A trend for an interaction effect between genotype and dextran size
(pgenotype x FDX = 0.081) suggested a tendency for larger sizes of dextran to enter Sptbnl CKO osteocytes at a given level of loading as compared to WT
cells. D) Representative images from experiments in Panel C. FDX: fluorescent dextran (3, 10, 70 kDa as indicated by the column title), DAPI = nucleus.
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Figure 3: A) Primary osteocytes isolated from Sptbnl CKO mice demonstrated a trend for greater FM1-43 dye influx immediately following creation of a
PMD in laser wounding experiments, suggestive of increased PMD size. Bars show mean +/- SEM for each group; each dot represents an independent
biological replicate experiment. B) The derivative (slopes) of the FM1-43 fluorescence versus time curves from laser wounding assays was plotted and area
under the curve (AUC) quantified to measure PMD repair rate; these data suggested significantly slower rates of membrane repair in osteocytes from
Sptbnl CKO as compared to WT littermates, as seen by a significant effect of genotype in 2-factor ANOVA analyses (p =0 .044) for AUC. Bars show mean
+/- SEM for each group; each dot represents an independent biological replicate culture.. C) Representative images from the experiments in Panels A and
B, FM1-43 dye can be seen as the intracellular green fluorescent signal. A fluorescent image and a merged fluorescent + DIC (transmitted light) image is
shown for each condition.
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Figure 4: Sptbnl disruption decreased post-wounding osteocyte survival. A) The combination of bead wounding and diamide treatment, but not
diamide alone, promoted cell death in MLO-Y4 osteocytes as seen by increased propidium iodide (PI; red) staining. Bars show mean +/- SEM of
independent biological replicate cultures; groups were compared by one-way ANOVA and Fisher’s LSD post-hoc testing. Bars with different superscript
letters are significantly (p<0.05) different from one another. FDX: 10 kDa fluorescent dextran. B) Sptbnl knockdown by siRNA promoted increased
post-wounding cell death in MLO-Y4 cells as compared to cells treated with a scrambled siRNA control. C) Primary osteocytes isolated from Sptbnl
CKO mice subjected to 5 minutes of fluid shear (30 dynes/cm”2) exhibited a nearly significant trend (p=0.050) for increased post-wounding cell death
as compared to cells from WT mice. Bars show mean +/- SEM for each group, and each dot represents an independent biological replicate experiment.
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Figure 5: Calcium signaling in Sptbnl CKO and WT primary osteocytes initiated by laser wounding. Calcium signaling was studied via Cal-520AM
fluorescence in primary osteocytes following creation of a laser-induced PMD on osteocyte dendritic processes. A) The area under the curve (AUC) for the Cal-
520 fluorescence vs. time curve tended to be reduced in the wounded Sptbnl CKO as compared to WT osteocytes, as shown by a trend for an effect of genotype in
2-way ANOVA analyses (p=0.090). B-C) Cal520 fluorescence was also monitored in the neighboring, non-wounded osteocytes in proximity to the wounded cell.
The Sptbnl CKO cultures tended to show B) more cells with Cal520 fluorescence signals rising above baseline, as shown by a trend for an effect of genotype in
2-way ANOVA analyses (p=0.077). Consistent with this idea, C) the AUC for the Cal520 fluorescence vs. time curve in these non-wounded neighboring osteocytes
tended to be increased in the CKO cultures, shown by a trend for an effect of genotype in 2-way ANOVA analyses (p=0.052). Bars shown mean +/- SEM for each
group; each dot represents an independent biological replicate culture. D) Representative images from the experiments shown in Panels A-C, captured at -1
seconds before wounding, 0 seconds (i.e., at the time of wounding), and 30 seconds after wounding.
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Figure 6: PMD formation from voluntary wheel running and uniaxial tibial loading. A) Osteocyte PMD were detected via immunohistochemical staining to
detect cytosolic endogenous mouse albumin in tibias from male and female Control and High Runner mice that were either given access to a voluntary
running wheel (wheel access: yes) or not provided access to a running wheel (wheel access: no) for 6 days prior to sacrifice. Bars show mean +/- SEM for
each group; each dot represents one mouse. Groups were compared with 3-way ANOVA with 2-way interaction effects. B) Representative images showing
endogenous albumin (green) staining in tibias from male and female Control and High Runner mice with or without access to a running wheel quantified
in Panel A. C) Osteocyte PMD were detected via immunohistochemical staining to detect cytosolic endogenous mouse albumin in tibias from female CD-1
mice subjected to a single bout of uniaxial tibial loading. Bars show mean +/- SEM for each limb; each dot represents one mouse. Left vs. right sides were
compared for each mouse using paired t-tests. D) Representative images showing endogenous albumin (green) staining in osteocytes in tibial sections from
CD-1 mice exposed to a single bout of uniaxial loading quantified in Panel C.
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Figure 7: Blunted increase in cortical bone thickness with uniaxial tibial loading in Sptbnl CKO mice. A) Micro-computed tomography was used to
measure cortical bone thickness in the left and right tibia of each mouse. The percent difference in cortical thickness between the loaded and non-
loaded limb was calculated for each mouse as: % difference Ct.Th = [Ct.Th left tibia — Ct.Th right tibia] / Ct. Th right tibia. The relative increase in
Ct.Th for the loaded left limb was blunted in Sptbnl CKO mice, shown by a significant effect of genotype in 2-way ANOVA (p=0.0153). Boxes show
median, quartiles and outlier fences for each dataset. Each data point represents one mouse. B) Paired t-tests were also used to compare cortical bone
thickness between the loaded left limb and the non-loaded right limb for each Sptbnl CKO and WT mouse. Uniaxial tibial loading induced a
significant increase in Ct.Th, shown by a significant p-value for paired t-tests (p=0.0025), and when grouped by genotype, the Sptbnl CKO mice
showed a lower relative increase in Ct.Th as compared to the WT animals (p=0.0101). Each symbol shown represents the left (L) and right (R) tibia
from one mouse. C) Representative microCT reconstructions for samples shown in Panel A.
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Figure 8: A) Although PMD were increased by loading (p paired t-test left vs. right <0.0001; not shown), the relative difference in PMD abundance
between the loaded left limb and non-loaded right limb was not different between Sptbnl CKO and WT mice (pgenotype = 0.5506). Bars show mean +/-
SEM for each group; each dot represents one mouse. C) Representative images showing endogenous albumin quantified in panel A. C) Osteocyte
lacunae vacancy in Sptbnl CKO and WT mice subjected to uniaxial tibial loading. The relative number of empty osteocyte lacunae normalized to the
total number of osteocyte lacunae was quantified in longitudinal sections loaded left tibias stained with Goldner’s Trichrome. While no differences in
the relative abundance of empty osteocyte lacunae were observed in mice subjected to one acute tibial loading bout (C-D; p=0.8596), both male and
female Sptbnl CKO mice showed more empty lacunae after 2 weeks of chronic loading (E-F; 6 loading bouts), as shown by a significant effect of
genotype in 2-way ANOVA (p=0.0102).
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Supplemental Figure 1: A) Bone mineral density in High Runner and control mice. Bone mineral density (BMD) was measured in the tibial mid-
diaphysis by dual energy x-ray absorptiometry. Bars show mean +/- SEM for each group, each dot represents one mouse. Wheel access was associated
with lower tibial BMD as shown by a significant effect of selection (p=0.0457). B) Representative images from the femoral mid-diaphysis showing cortical
bone calcein labeling in High Runner and control mice.
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Supplemental Figure 2: Cortical bone geometry and dynamic histomorphometry in female CD-1 mice subjected to uniaxial tibial loading. Female
CD-1 mice were subjected to 2 weeks of uniaxial tibial loading beginning at 12 weeks of age. Bone properties in the left (loaded) versus right (non-
loaded) tibia were compared for each mouse via paired t-tests. Micro-computed tomography was used to measure cortical bone thickness (A) and
cortical bone area (B). A subset of tibias was prepared for dynamic histomorphometric analysis of calcein labels, measuring periosteal and
endocortical mineral apposition rates (C-D) and periosteal and endocortical mineralizing surfaces (E-F). Representative images are shown at low
magnification in Panel G and at higher magnification in Panel H. Bars show mean +/- SEM for each group, each dot represents one mouse.
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Supplemental Figure 3: Cortical bone geometry in the non-loaded right limb of Sptbnl CKO and WT mice at 14 weeks of age. Micro-computed
tomography was used to measure cortical bone area (A) and cortical bone thickness (B) in the right (non-loaded) tibia of each mouse. Bars show

mean +/- SEM for each group, each dot represents one mouse.
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Supplemental Figure 4: Cortical bone geometry and dynamic histomorphometry in Sptbnl CKO and WT mice subjected to uniaxial tibial
loading. Sptbnl CKO and WT littermate mice were subjected to 2 weeks of uniaxial tibial loading beginning at 12 weeks of age. The
percent difference in bone properties between the left (loaded) versus right (non-loaded) tibia was compared between male and female
Sptbnl CKO and WT mice with 2-way ANOVA, and the matched pairs comparison of bone properties between the left versus right tibia for
each mouse was analyzed via paired t-tests with grouping by genotype for cortical bone area (A-B), periosteal mineralizing surface and
mineral apposition rate (C-E), and endocortical mineralizing surface and mineral apposition rate (F-H). Percent difference was not
calculated for mineral apposition rates due to an appreciable number of non-loaded right tibias lacking double labeled surface. Bars show
mean +/- SEM for each group. Each dot (panels A,C,F) or letter (panels B,D,E,G,H) represents one mouse, L: left/loaded, R: right/non-
loaded for pairwise comparison graphs.
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