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Abstract

Exercise is vital for maintaining bone strength and architecture. Follistatin like 3 (FSTL3), a
member of Follistatin family, is a mechanosensitive protein upregulated in response to exercise
and is involved in regulating musculoskeletal health, we investigated the potential role of FSTL3
in exercise-driven bone remodeling. Exercise-dependent regulation of bone structure and functions
was compared in mice with global Fstl3 gene deletion (Fstl3—/=) and their age-matched Fstl3+/+
littermates. Mice were exercised by low-intensity treadmill walking. The mechanical properties
and mineralization were determined by puCT, three-point bending test and sequential incorporation
of calcein and alizarin complexone. ELISA, Western-blot analysis and gqRT-PCR were used to
analyze the regulation of FSTL3 and associated molecules in the serum specimens and tissues.
Daily exercise significantly increased circulating FSTL3 levels in mice, rats and humans.
Compared to age-matched littermates, Fstl3—/— mice exhibited significantly lower fracture
tolerance, having greater stiffness, but lower strain at fracture and yield energy. Furthermore,
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increased levels of circulating FSTL3 in young mice paralleled greater strain at fracture compared
to the lower levels of FSTL3 in older mice. More significantly, Fstl3—/— mice exhibited loss of
mechanosensitivity and irresponsiveness to exercise-dependent bone formation as compared to
their Fstl3+/+ littermates. In addition, FSTL3 gene deletion resulted in loss of exercise-dependent
sclerostin regulation in osteocytes and osteoblasts, as compared to Fstl3+/+ osteocytes and
osteoblasts, in vivo and in vitro. The data identifies FSTL3 as a critical mediator of exercise-
dependent bone formation and strengthening and point to its potential role in bone health and in
musculoskeletal diseases.
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1. Introduction

Exercise is a fundamental requirement for the maintenance of skeletal architecture and
strength (1-3). Lack of mechanical loading/physical activity leads to bone loss frequently
observed in aging, paraplegics, astronauts, and bone disorders, underscoring the importance
of exercise in bone health (4-6). However, the underlying molecular targets that control
exercise-driven bone formation remain less defined. To maintain skeletal strength and
architecture, mechanical signals generated by exercise support an intricate balance between
bone formation by osteoblasts and osteocytes and bone resorption by osteoclasts, under
distinct but interdependent molecular control mechanisms (1, 2, 4). Osteoblasts and
osteocytes are mechanosensitive and can perceive and respond to changes in their
mechanical microenvironment. In response to appropriate levels of mechanical forces, these
cells regulate Wnt signaling, bone morphogenic proteins (BMPs), hormones, and
transcription factors (RUNX2 and OSX) critical for osteogenesis (6—10). The endogenous
molecules are required for the complex regulation of recruitment and differentiation of bone
cells through endocrine, paracrine, and autocrine mechanisms (6, 7).

Exercise upregulates the induction of the follistatin family of proteins in humans, including
follistatin (FST), follistatin-like 1 (FSTL1) and follistatin-like 3 (FSTL3) (11-13). FST and
FSTL3 bind and alter activities of the transforming growth factor-p (TGF-f) family of
molecules such as activins, inhibins and myostatin to neutralize their functional activity,
suggesting their role in many tissues including muscle regeneration (14, 15). Although
originally identified in reproductive tissues, follistatins are produced by many different cell
types and are present in the serum (16). The physiological significance of these proteins in
skeletal development is highlighted by the severity of bone defects caused by Fst and Fstl1
gene disruption in mice, which results in perinatal death, and poorly formed skeleton and
musculature (17, 18). Recently, we observed that genomic disruption of Fstl3 results in
smaller skeletons in newborns, but no obvious skeletal deformities.

FSTL3 is a highly conserved 27-39 kDa monomeric glycoprotein (19). It is structurally and
functionally distinct from the other follistatin family member, FST, as it contains only two
follistatin domains and is present in the nucleus in a glycosylated form (16). Its role in
suppressing osteoclast differentiation via binding to ADAM12 (a disintegrin and
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metalloproteinase-12), modulating insulin sensitivity and fat homeostasis, and binding to
BMPs suggest its likely role in bone metabolism (14, 20-22). Based on above observations
and the exercise-driven upregulation of FSTL3, we examined its potential role in post-natal
exercise-driven bone formation in vivo (10, 23), and verified the results in osteoblasts in
vitro. Our findings provide the evidence that FSTL3 is a critical mediator of the exercise-
driven bone formation and strengthening and likely acts upstream of Wnt signaling to induce
osteogenesis.

2. METHODS

2.1. Animal and human studies

The Institutional Animal Care and Use Committee and Institutional Review Board at The
Ohio State University preapproved all protocols prior to use of animals and human
experiments. Skeletally mature Sprague Dawley rats (14-16 weeks old, females, n=10/
group) and C57BI/6 mice (12-14 weeks, females/males, n=10/group) were obtained from
Charles River Laboratories (MA). Homozygous FstI3—/— mice with global Fstl3 gene
deletion and their Fstl3+/+ littermates (12—14 weeks old females, unless otherwise
indicated; n=5/group) were generated as described earlier (22). Healthy, non-habitually
exercising human subjects were recruited for the study. Exercise regimens comprised of
gentle treadmill walking for mice (8 m/min, 45 min/d), rats (12 m/min, 45 min/d), healthy
22-35 yrs old human subjects (3 miles/h, 45 min/d) and 68—74 years old human subjects (2—
3 miles per h, 30-40 min/d) (24). All animals were allowed normal cage activity during the
remaining time, along with non-exercised Controls. All animals were sacrificed 4 hours after
the last exercise regimen to harvest blood and tissues. Blood was drawn from human
subjects 6 h after exercise.

2.2. Assessment of mineral apposition rate (MAR)

MAR was assessed in the femurs of Fstl3 +/+, homozygous Fstl3 —/— mice, and
heterozygous Fstl3 +/— mice by the incorporation of fluorochromes via intraperitoneal
injections of calcein (5mg/kg body weight) on day 3 and alizarin complexone (25 mg/kg
body weight) on day 12 of the exercise regimens (25). The femurs were harvested on day
15, fixed in 10% neutralized formalin, dehydrated, and embedded in Micro-bed resin
(Electron Microscopy Sciences, PA). Longitudinal or transverse sections of bones (30 um
thick) were examined under Zeiss epifluorescence microscope. The MAR was calculated as
average distance between the centers of the two labels divided by the time interval between
the two fluorochrome injections (26).

2.3. Quantitative measurements of the geometric properties of bones

Femurs of mice (n=5/group) were scanned by UCT (SkyScan 1172-D, Kontich, Belgium)
with the scanning and reconstruction voxel sizes set at 20x20x20 pm3. The same scanning
conditions (49 kV, 200 pA, 0.4° rotation per projection and 8 frames averaged per
projection) were used for all specimens. The CT attenuation value of each bone voxel (tissue
mineral density, TMD) of bone was obtained, while bone voxels were segmented from non-
bone voxels using the heuristic algorithm as described earlier (27). A 1 mm region at 55% of
femoral length from the proximal end was dissected from the uCT images to be analyzed by
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Image J software (NIH) (28). The mean TMD value was computed by dividing the sum of
TMD values by the total number of voxels in each region using the TMD histograms. The
variability of TMD was assessed by the coefficient of variation (COV) that was computed
by dividing standard deviation by mean value of TMD. Anterioposterior to mediolateral size
ratio (AP/ML) and moment of inertia of femurs were measured using a BoneJ plug-in
function of the ImageJ for the section of femoral uCT image as described earlier (28-30).

2.4. Mechanical properties of bones

After uCT imaging, femurs (n=10) were subjected to three-point bending test (Bose Endura
3200 Tech System, MA) consisting of a custom-made fixture with a span length of 5 mm
between the two base supports and load was applied to the mid-diaphysis on the anterior
surface at a displacement rate of 0.5 mm/sec up to fracture. Subsequently, the stiffness, yield
strain and energy, and strain at fracture were measured using load-displacement curves of
the fracture testing (30, 31).

2.5. Primary osteoblast culture and exposure to dynamic compressive strain (DCS)

Calvarial osteoblasts were isolated from 4-5 day-old mice, cultured in PCL scaffolds and
subjected to DCS (10% compression at 1 Hz) for required time as described earlier (32).

2.6. Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR)

Bones were harvested, 2 mm?3 volume of bone just below the growth plate was split into
smaller pieces and thoroughly washed with cold PBS to dislodge most of the non-adherent
cells. Bone pieces were then pulverized in a Mikrodismembrator (Sartorius, GMBH) and
RNA was extracted from primarily cortical bone and lining cells. Expression of mRNA was
analyzed by gRT-PCR as previously described (33). The expression of the experimental
target gene was normalized to a housekeeping gene transcript (Rps18) relative to a calibrator
(untreated control), and was given as the estimation of 2AAAC+ (34). The primers used for
rat genes were Rps18-5GCGGCGGAAAATAGCCTTCG3 and 3'-
GGCCAGTGGTCTTGGTGTGCTGY; FstI3-5-ACGTTACCTACATCTCGTCGTGTC-3
and ¥-TCCTCCTCTGCTGGTACTTTGG-5; Inha-5-
CTTGTCCTGGCCAAAGTGAAG-3 and 3-TGGTTCAGAGGTCCTGTGCAT-Y;
Inhba-5-TAGAGGACGACATTGGCAGGA-3 and 3'-
TCGGCAAAGGTGATGATCTCC-Y; Inhbb-5-GCAGACATCGCATCCGAAAA-3 and
¥-AATGATCCAGTCGTTCCAGCC-5; Fst-5-GCTCCTCAAGGCCAGATGTAA-3 and
3’-GCCTGGACAGAAAACATCCCT-5; Mouse primers were Rps18-5’-
GGAAAATAGCCTTCGCCATCACT-3 and 3-GCCAGTGGTCTTGGTGTGCTGAC-Y;
FstI3-5-TTACCTACATCTCGTCGTGTCACCT-3 and 3'-
TCCTCCTCTGCTGGTACTTTGG-Y. The expression of mouse Sost (NM_024449.5) was
carried out by Tagman Gene Expression Assays (Applied Biosystems).

2.7. Western blot analyses

Cellular proteins were extracted in RIPA buffer (Santa Cruz Biotechnology, CA) containing
proteinase inhibitor (Roche Diagnostic, NJ). Prior to running gels, human and rat serum
albumin were serum depleted by absorption on Cibachrome blue sepharose columns (Pierce,
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IL). However, mouse serum albumin could not be completely depleted by similar technique.
Equal concentrations of total protein and equal volume of serum were electrophoretically
resolved on SDS-10% PAGE and transferred to a nitrocellulose membrane (Bio-Rad, CA),
and probed with anti-rat/human or mouse biotinylated FSTL3 (R&D Systems, MN),
sclerostin (Cell Signaling, MA) and anti-p-actin (Sigma, MO) primary antibodies.
Secondary antibodies were IRDye 680 or IRDye 800 conjugated goat anti-rabbit or goat
anti-mouse IgG (LI-COR, NE). The bands were digitized by for graphic presentations by LI-
COR Odyssey imager and Odyssey application software, ver.2.1 (33). The FSTL3 bands for
mouse serum were estimated by the location of a recombinant mouse FSTL3 (R&D
Systems) band, and their protein identification was confirmed by mass spectroscopy.

2.8. Immunohistochemistry

IHC was carried out according to manufacturer’s recommended protocol (R&D Systems,
MN) on demineralized femoral sections using rabbit anti-FSTL3 or rabbit-anti SOST
antibodies described above. Secondary antibodies were goat anti-rabbit 19G conjugated with
HRP or TRITC (Cell Signaling, MA). To assess microcracks FSTL3-/- and FSTL3+/+
mice (18-22 mo old females) were injected with calcein intraperitoneally 3 days apart for 12
days. Subsequently, femurs were embedded in Micro-bed-resin and sections were cut at 20
um thickness to quantify microcracks as described earlier (35, 36).

2.9. Statistical Analysis

All studies utilized 5 to 10 animals/group or 3-5 five replicates in in vitro experiments.
Results are expressed as the mean + standard error of the mean (SEM). Statistical analysis
was performed using one-way ANOVA and a post hoc Tukey test using Minitab 14
Statistical Software. Results were considered statistically significant when p < 0.05.

3. RESULTS

Exercise upregulates FSTL3 expression in the circulation and musculoskeletal tissues

We first examined the exercise-dependent regulation of FSTL3 in the circulation (16).
Western blot analysis revealed a significant upregulation of FSTL3 in rat, mouse and human
sera in response to daily exercise for 2, 5 and 15 days, as compared to pre-exercise levels.
Nevertheless, a slight decrease was observed on day 15 following daily exercise (Figures
la—c).

We next examined the source of tissue responsible for FSTL3 upregulation in the serum
(16). C57BL/6 adult female mice were subjected to daily exercise for 0 or 2 days and the
expression of Fstl3 in tissues was analyzed by gRT-PCR. As compared to non-exercised
mice, a significant upregulation of Fstl3 mRNA expression was mainly observed in
musculoskeletal tissues, i.e., bone, cartilage, vastus lateralis muscle, and anterior cruciate
ligament, whereas its regulation was minimal in brown fat, liver, testes, ovaries, spleen and
kidney (Figure 1d).

Bone. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nam et al. Page 6

Exercise upregulates FSTL3 expression in osteocytes and osteoblasts in vivo and in vitro

Above results prompted us to analyze the transcript levels of Fstl3 and its ligands in bone.
Sprague-Dawley rats were subjected to a single regimen of exercise and the FstI3 mRNA
expression was assessed at various time intervals. Gene expression analysis revealed that
Fstl3 mRNA was transiently upregulated within two hours and subsides to baseline by 24 h
(Figure 2a). Furthermore, daily exercise for 0, 2, or 5 days resulted in upregulation of Fstl3
MRNA expression, reaching approximately 6-fold increase by day 2 that subsequently
decreased by day 5. In addition, Fst mRNA levels also significantly increased on day 2 and
5, while the mRNA expression of FSTL3 ligands inhibin-a (Inha), -Ba (Inhba), and -Bb
(Inhbb) were not changed (Figure 2b). Immunohistochemistry revealed that FSTL3
expression was localized mainly in nuclei of the osteocytes and osteoblasts lining the bone
in the sagittal sections of non-exercised rat femurs. However, a robust increase in FSTL3
expression was observed on day 2 and day 5 post exercise, predominantly in cells within or
adjacent to bones (Figure 2cA-C). Osteocalcin staining of adjacent sections of the same
bones revealed that FSTL3 positive cells were also osteocalcin positive, confirming the
osteoblastic phenotype of these cells (Figures 2c, E-G). Control sections treated with
secondary antibody alone did not exhibit FSTL3 (Figure 2c¢, D) or osteocalcin staining
(Figure 2c, H). These results are consistent with bone matrix synthesis previously reported
between 2 and 4 days following the onset of exercise regimens (37). We next confirmed that
FSTL3 induction by mechanoactivation occurs in osteoblasts in vitro. Exposure of rat
calvarial osteoblasts grown on 3-D polycaprolactone (PCL) microfiber scaffolds (32) to
DCS (10% at 0.5 Hz) also exhibited a rapid and transient upregulation of FstI3 mRNA
(Figure 2d) and protein expression (Figure 2e).

FSTL3 is required for bone strengthening

Since exercise induced upregulation of FSTL3 in osteocytes and osteoblasts, we next
focused on its function in bone utilizing mice with global Fstl3 gene deletion (22).
Comparison of the newborn skeleton of Fstl3—/— mice with their Fstl3+/+ littermates
revealed that the skeleton of Fstl3—/— mice were morphologically normal, but the relative
size of skeletons at birth were 15% + 6% smaller than Fstl3+/+ newborns (Figure 3a).
Albeit this initial difference in size, femur length at 3 weeks of age were similar having 12.4
mm + 0.2 for FstI3+/+ and 12.1 + 0.7 mm for FstI3—/— (Figure 3b). Interestingly,
anterioposterior and mediolateral ratios (AP/ML; 0.78+0.01 vs 0.69+0.04 for Fstl3—/— vs
Fstl3+/+ mice, respectively) by uCT revealed that the mid shafts of FstI3—/— femurs were
more symmetrical as compared to Fstl3+/+ mice that were more anisotropic in shape
(Figures 3c, d).

Since biomechanical strength of bones is critically regulated by exercise-induced bone
remodeling, we next compared the mechanical properties of femurs from Fstl3—/— and
Fstl3+/+ mice. The Fstl3—/— femurs showed significantly higher stiffness (163.8+30.9 vs
82.7429.6 N/mm, p < 0.05) and moment of inertia (0.114+0.2 vs 0.087+0.2 mm*, p < 0.03)
than FstI3+/+ mouse femurs (Figures 3e, f). In contrast, FstI3—/— femurs had significantly
lower strain at fracture of (0.014+0.006 vs 0.021+0.001 N/mm, p < 0.05) and yield energy
(0.39+0.2 vs 0.69+0.1 MPa, p < 0.05) than the FstI3+/+ mouse femurs (Figures 3g, h). The
representative stress-strain curves of the cortical bones of the FstI3+/+ and FstI3—/—femurs
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under three point bending test revealed that the strain at fracture of femurs from Fstl3+/+
mice was greater than that of Fstl3—/— mice (Figure 3i). These data show that the lack of
FSTL3 results in stiffer and more brittle bones, indicating that FSTL3 mediates bone
resilience and toughness, and that loss of FSTL3 results in bones that are more susceptible to
breakage in a fall. The FstI3—/— group also displayed a higher mean value of gray-levels
than the Fstl+/+ littermates (123.6+10.7 vs 107.0+6.3, p < 0.005). Furthermore, the
variability of gray levels in the FstI3—/— group was significantly lower (0.15+0.009 vs
0.1740.01, p < 0.03) than that in FstI3+/+ group (Figure 3j), supporting the mechanical data
that show the greater fragility of bones in Fstl3—/— mice.

Circulating FSTL3 levels are associated with bone strength

Comparisons of circulating FSTL3 levels were significantly greater in young mice (age 3-
3.5 months) that those from older mice (age 18—-22 months) (Figure 4a). Furthermore,
circulating FSTL3 levels increased following 7 days of daily exercise, and it was
significantly greater in young mice than in older mice. The differences in FSTL3 serum
levels were paralleled by fracture strain of femurs from young mice (Figure 4b). The strain
at fracture in Fstl3—/— mice was lower than Fstl3+/+ mice and remained relatively same in
young and older mice (Figure 4c).

Bone microdamage is defined as damage to matrix visualized microscopically (35, 36).
Microcracks are apparent in bones with deterioration of their biomechanical integriry.
Therefore, to examine the consequences of the loss of bone strength in Fstl3—/— mice, we
next determined the relative numbers of microcracks in bones of 18-22 months old female
Fstl3-/— mice and compared to those from Fstl3+/+ mice. Incorporation of calcein followed
by sectioning of mineralized bone revealed greater number of microcrackes in the femurs of
older Fstl3—/— mice (mean number 108.0 + 23/10002 um; mean length 62.3+ 13 pm) as
compared to Fstl3+/+ mice (47.6+ 12/10002 um; mean length 32.3+ 17 pum; Figure 4d).
Interestingly, circulating levels of FSTL3 in the younger human subjects (age 22—-35 yrs)
were significantly greater than those from older adults (age 6874 yrs) (Figure 4e).

FSTL3 is required for exercise-driven bone formation

Since above experiments demonstrated that loss of FSTL3 results in weaker/brittle bones,
we also postulated its involvement in exercise-dependent bone remodeling. Female Fstl3—/
— and Fstl3+/+ mice were subjected to daily exercise for 15 days. Following incorporation
of fluorochromes calcein and alizarin complexone on days 3 and 10 repectively, the mineral
apposition in the cortical bone closer to distal ends of femurs was examined in cross-
sections (Figures 5a, ¢) and in the mid-shaft region in longitudinal sections of the femurs
(Figure 5b). FstI3+/+ mice exhibited some constitutive bone deposition in non-exercised
controls, and exercise-induced significant bone deposition at the endosteal side than at the
periosteal side of the cortical bone (Figures 5a—c). Contrarily, some constitutive bone
deposition was apparent in Fstl3—/— mice, but it was unchanged in response to exercise
(Figures 5a—c). We also observed gain of partial mechanoresponsiveness in Fstl3+/— mice
as apparent by increase in the distance between calcein and alizarin bands, further
confirming a role for FSTL3 in exercise-dependent bone formation (Figure 5a, ). The loss
of mechanoresponsiveness was observed in both male and female Fstl3—/— mice, as
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compared to their FstI3+/+ littermates (Figure 5b). The significantly greater MAR
confirmed that exercise-dependent mineral deposition occurred at the endosteal surface of
the cortical bone in Fstl3+/+ and Fstl3+/— mice, but not in FstI3—/— mice (Figure 5c).
Interestingly, we did not see a significant increase in the MAR on the periosteal surface of
the bone in response to exercise during the first 15 days (Figure 5d). Histological analysis of
the vertical sections of femurs also exhibited osteoid formation at a number of endosteal
sites in FstI3+/+ mice, which were minimal in Fstl3—/— in spite of bone surfaces being
covered by lining cells (Figure 5¢).

It is important to note that both Fstl3+/+ and FstI3—/- showed some degree of spontaneous
bone formation in both non-exercised and exercised mice, at both endosteal and periosteal
surfaces of the cortical bone (Figures 5a—d).

Presence of FSTL3 is critical for mechano-regulation of SOST

SOST has shown to inhibit bone formation via Wnt signaling (1, 38, 39). Therefore,
regulation of SOST in Fstl3+/+ and Fstl3—/— mice was examined. Calvarial osteoblasts
from Fstl3+/+ and Fstl3—/— mice were cultured on 3D-PCL scaffolds and subjected to DCS
(10% at 0.5 Hz) for 2 h (32). qRT-PCR analysis showed a significant suppression of Sost
MRNA in Fstl3+/+ osteoblasts 4 or 24 h later, but such downregulation was not observed in
Fstl3—/— osteoblasts (Figure 6a). Similarly, constitutive protein levels of SOST in Fstl3+/+
osteoblasts were lower as compared to Fstl3—/— osteoblasts. Similar to the gene expression,
SOST levels were unchanged following DCS exposure in Fstl3—/— osteoblasts, whereas a
slight decrease in SOST by DCS was apparent in Fstl3+/+ osteoblasts (Figures 6b, c). We
next determined the expression of SOST in osteocytes in the femurs of Fstl3—/— and
Fstl3+/+ mice. Relative SOST intensity by immunohistochemistry showed that Fstl3+/+
mice expressed significantly lower SOST in osteocytes in cortical bone of femurs as
compared to Fstl3—/— mice femurs. Furthermore, SOST expression in Fstl3—/— osteocytes
was unchanged in response to exercise, following 2 and 5 days of exercise (Figures 6d, e).

4. DISCUSSION

Regular exercise is well known to upregulate bone strength and architecture, but the
mediators of such regulation are less defined (1, 2, 26). While the follistatin family were
shown to regulate muscle strengthening earlier (15, 40), present findings are the first to
demonstrate a role of FSTL3 in exercise-driven bone formation and strengthening. Fstl3 is
an adaptive response gene regulated by exercise in many tissues, but particularly in bone and
cartilage. A single session of moderate intensity walking induces FstI3 mRNA rapidly but
transiently and drops to control levels within 24 h, suggesting that daily exercise may be
necessary to maintain the levels of FSTL3 locally in bone and systemically in the serum.
FSTL3 levels in circulation are also dramatically upregulated by exercise on day 2 and day 5
and remain greater than control levels following 15 days of daily exercise, suggesting its
stringent control by exercise. Furthermore, the observed time course of FSTL3 expression in
osteocalcin-positive osteocytes and osteablasts in bone is in alignment with the time course
of exercise-dependent osteoid formation observed earlier (38, 41). The upregulation of Fstl3
mRNA and protein in calvarial osteoblasts by DCS further confirms that FSTL3 is a
mechanosensitive protein produced in bone. The functional differences in circulating versus
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local FSTL3 in bone are not yet clear. However, it is tempting to speculate that both
circulating and local FSTL3 may be important for the exercise-driven systemic regulation of
bone formation and strengthening.

Exercise strongly influences skeletal ossification and regulates changes in bone geometry
and strength (1, 2, 39). This mechanoresponsiveness of bone is apparent by strain-dependent
anisotropic bone remodeling, consequent changes in bone architecture and increased bone
strength (27, 42). In particular, we found that FstI3—/— femurs have more homogeneous
tissue mineral distribution and less viscoelastic properties, resulting in increase in tissue
brittleness, microcracks of bone, more symmetric/roundish bone cross sections, and
dramatically reduced bone strength than those from FstI3+/+ littermates. Together, these
findings support that FSTL3 is a critical regulator of cellular adaptation to mechanical forces
in bones and modulates not only bone mineralization, but also consequent viscoelastic
properties, brittleness and bone strengthening.

Another finding that provides experimental support for a causal relationship between FSTL3
and bone strengthening comes from the observed higher circulating FSTL3 levels, which are
paralleled by greater fracture strain in the femurs of young Fstl3+/+ mice (age 3-3.5
months). In contrast, lower circulating levels of FSTL3 are paralleled by lower fracture
strain in the femurs of older (age 20-22 months) mice. Similarly in aging humans, lower
levels of circulating FSTL3 parallel lower bone mineral density assessed by dual-energy x-
ray absorptiometry (DXA). Interestingly, these findings correlate the epidemiological
outcomes that chronic lack of mechanical loading or sedentary lifestyle in the elderly leads
to bone loss, whereas exercise prevents bone loss and strengthens bones (2, 4, 43). In this
context, the lower levels of FSTL3 in elderly subjects further suggest that the levels of
circulating FSTL3 may be essential for sustaining strong bones systemically and its low
levels in circulation could potentially serve as an indicator for bone loss.

In parallel to bone strengthening, our studies demonstrate that FSTL3 is a critical mediator
of exercise-dependent bone formation. The observations from histofluorometric studies
show that Fstl3—/— mice failed to deposit bone in response to exercise, which could be
partially reconstituted in the heterozygous Fstl3+/— mice. This strongly suggests that
exercise-driven bone formation requires FSTL3. Interestingly, FstI3—/— mice, by 3-4 weeks
of age, have similar size and shape of bones as their age-matched littermates, possibly
suggesting that slow constitutive (hon-exercise-driven) bone deposition on all sides of
femurs in Fstl3—/— mice is likely regulated by non-mechanosensitive mediators of bone
formation. The intrinsically stiffer bones in Fstl3—/- mice could have partly contributed to
the non-mechanoresponsiveness by reducing the magnitudes of strain which is experienced
by bone cells under the same load as compared to those in wild type mice. However, the fact
that the bone cells isolated from Fstl3—/— mice were irresponsive to DCS in the in vitro
experiments, strongly suggests that the loss of FSTL3 results in the mechano-insensitivity of
bone cells.

Mechanical signals are critical for the cellular differentiation and functional maturation of
osteocytes/osteoblasts required for bone formation. This activation of osteoblasts by
mechanical signals is mediated via Wnt signaling cascade, where SOST acts as a
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mechanosensitive inhibitor of Wnt signaling to suppress bone formation (1, 44). We showed
that DCS in FstI3+/+ but not in Fstl3—/— osteoblasts, significantly suppresses Sost MRNA
induction and protein synthesis in vitro. Further, minimal expression of SOST in osteocytes
from Fstl3+/+ femurs, its suppression after 2 or 5 days of exercise, and 2.5-3 fold greater
constitutive expression in Fstl3—/— mice collectively suggest that FSTL3 may likely act
upstream of SOST signaling cascade. Presently, it is unclear how mechanical signals are
perceived by cells to bring about activation of diverse signaling pathways. It is likely that
mechanical forces activate many receptors simultaneously via a common mechanism such as
cell-matrix adhesion complexes that form physical link between extracellular matrix and
cytoskeleton (45).

Our findings that FSTL3, a reproductive system associated protein, also regulates bone
formation, fits well into the established literature, as ample research demonstrates that
molecules produced by reproductive organs may play a role in bone formation and vice
versa. For example, both estrogens and androgens are major regulators of bone formation,
and their deficiency is associated with bone loss (7, 46). Similarly, osteocalcin,
predominantly a bone protein, regulates optimal male fertility in mice and humans via the
testosterone-pancreas-bone axis (47-49). Furthermore, overexpression of FSTL3 has been
recently shown to induce increased insulin sensitivity (50). Thus, FSTL3 provides another
example of a molecule associated with gonadal development that can regulate bone
formation in an exercise-dependent manner. In fact, all follistatin family members thus far
tested, FST, FSTL3 and FSTL1, are mechanosensitive proteins. The role of FST and FSTL1
in bone formation is as yet unclear; nevertheless, gene deletion studies show that FST and
FSTLL1 are associated with embryonic bone and muscle formation (40, 51). Given the fact
that the protein structure of FSTL3 shares about 80% homology to FST, it would not be
surprising if multiple follistatin members are involved in mechanotransduction and
regulation of overall load-dependent bone formation (11-13). Intriguingly, while the FSTL3
molecule is devoid of heparin binding sites, it takes an active part in many cellular
processes, i.e., it inhibits osteoclast differentiation and activation in vitro, improves insulin
sensitivity, and regulates osteoclast differentiation via binding to ADAM12 (21). These
observations suggest that FSTL3 may activate cells by associating with a specific receptor or
via binding to other proteins (21).

Overall, present observations provide novel evidence that Fstl3, a rapid response gene, is a
mediator of exercise-driven bone formation and strengthening. Exercise upregulates Fstl3
mRNA and protein expression in osteoblasts. FSTL3 gene deletion results in loss of
mechanosensitivity, bone mechanical strength and exercise driven bone formation,
paralleled by loss of SOST regulation. Interestingly, exercise regulates bone and muscle
structure and strength simultaneously in an integrated manner (52). FSTL3 is also shown to
regulate muscle mass by neutralizing myostatin, an inhibitor of muscle growth that is
downregulated by exercise (40, 51). It is yet to be seen, whether exercise-driven
upregulation of muscle formation coordinates the integrated bone formation and
strengthening simultaneously with muscle strengthening (40). Importantly, the marked but
transient upregulation of FSTL3 in the serum of exercising humans provides a unique
platform for analyzing the effects of exercise on bone health as yet not feasible by analysis
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other serum markers. Since FSTL3 appears to be a stringently controlled molecule, its
pression levels could also provide an indicator for measuring the effects of exercise
cessary for optimal bone formation in healthy adults, elderly, and in patients suffering

from metabolic bone disorders.
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Figure 1. Exercise upregulates FSTL3 expression in circulation and tissues
Western blot analysis of serum specimens obtained from (a) rat, (b) mice, and (c) humans

showing upregulation of FSTL3 following daily exercise from 0 to 15 days. Serum
specimens were obtained 3 h following the last session of exercise from (a) rats (12 m/min
for 45 min/day; 12-14 week old) and (b) mice (7 m/min for 45 min/day; 10-12 week old),
and (c) following 6 h of the last session of exercise from human subjects (3 miles/h for 45
min/day; 20-35 years old males (circles) and females (squares)). Data represent SEM of at
least 6 individual serum specimens in each case with a bar indicating the mean value. (d)
Examination of FSTL3 expression in response to exercise in various tissues. Mice were
exposed to daily exercise for 0 or 2 days, RNA was extracted from various tissues and Fstl3
mMRNA expression determined by gRT-PCR. Data represent mRNA analysis in duplicates
from tissues of three mice/group at each time point. * represents p < 0.05.
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Figure 2. Exercise transiently upregulates FSTL3 expression in osteoblasts and osteocytes in vivo
and in vitro

(a) Rats (n = 5/group) were exercised for 45 min and the FstI3 mMRNA expression examined
following 2, 10, 24 or 48 h by gRT-PCR. (b) Rats (n = 10/group) were exercised daily for O,
2, or 5 days. Bones were harvested 2 h after the last exercise regimen, and the expression of
mRNA for Fstl3, Fst, inhibin(Inh)-a, Inh-fa and Inh-fb examined by gqRT-PCR. (c)
Immunofluorescence analysis of two adjacent sections of rat femurs showing exercise-
dependent induction of FSTL3 (A-C) and the presence of osteocalcin (E-G) in areas
immediately below growth plate, prior to exercise (A and E) or post-exercise on day 2 (B
and F) or day 5 (C and G). The presence of FSTL3 in osteocytes is shown by yellow arrows
and in bone lining cells by white arrows (A—C). The presence of osteocalcin is shown by
green arrows (E-G). B, bone, Bm, bone marrow. Scale bar = 50 um. (D and H) Sections
stained with secondary antibodies alone showing no reactivity to cells. (d) Upregulation of
FstI3 mRNA and (e) protein expression in calvarial osteoblasts in response to dynamic
compressive strain in vitro (10% compression at 0.5 Hz). In all graphs, error bars indicate
SEM, * p <0.05.
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Figure 3. Loss of FSTL3 expression results in altered mechanical properties of bone
(a) Skeletons of newborn FstI3+/+ and Fstl3—/— mice showing phenotypic similarities but

differences in overall size. (b) uCT 3-D images of femurs from FstI3+/+ and Fstl3—/— mice
showing similar bone length by 3 weeks of age. (c) Analysis of bone architecture by uCT.
Cross sections of mouse femurs at mid shaft at the ages of 6, 12 and 30 weeks, exhibiting
the rounded shape of cortical bone in Fstl3—/— in comparison to anisotropic shape of
FstI3+/+ femurs. Quantification of (d) anterioposterior to mediolateral size ratio of femurs
from Fstl3+/+ and Fstl3—/— mice, (e) bone stiffness, (f) moment of inertia, (g) strain at
fracture and (h) yield energy in 12-14 week old FstlI3+/+ and Fstl3—/— mice. (i) Stress/
strain graphs from FstI3+/+ and Fstl3—/— mice show greater yield energy of femurs in
Fstl3+/+ mice compared to Fstl3—/— mice. The graph is representative of ten replicates. (j)
Typical gray-level density histograms of Fstl3+/+ and Fstl3—/— cortical bones from pCT
imaging exhibiting greater variability in gray-levels in FstI3+/+ mice. Error bars in all
graphs indicate SEM, * p < 0.05.
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Figure 4. Age-dependent changes in circulating FSTL3 levels and fracture strain of femurs
(a) Serum FSTL3 levels from young (age 3-3.5 mo) and old (age 20-22 mo) Fstl3+/+ mice.

(b) Strain at fracture of femurs from young (age 3-3.5 mo) and old (age 20-22 mo) FstI3+/+
mice demonstrating age-dependent degradation while (c) Strain at fracture of femurs from
young and old Fstl3—/— mice showing minimal age-dependent differences. (d) Cross
sections of calcein labeled cortical bone from mid femurs of Fstl3+/+ and FstI3—/— mice at
18-22 mo of age, showing increased number of microcracks in FstI3—/— femurs. (e) Serum
FSTL3 levels in young (age 22-35 yrs) and old (age 70-82 yrs) human subjects pre- and
post- 7 days of exercise. * indicates p < 0.05.
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Figure 5. Fstl3 gene deletion results in the loss of exercise-driven bone formation
Mice were exercised daily, intraperitoneally injected Calcein on day 3 and Alizarin

complexone on day 12, and femurs harvested on day 15. (a) The transverse sections of
femurs showing minimal bone formation, based on separation between calcein (green) and
alizarin (red) incorporation, from non-exercised Fstl3+/+, Fstl3—/— and FstI3+/— mice.
Exercise induced greater bone deposition in Fstl3+/+ mice and Fstl3+/— mice, but not in
Fstl3—/— mice. White arrows indicate changes in Calcein and Alizarin incorporation over 10
days on the endosteal surface, and red arrows show changes on the periosteal surface. Scale
bar =500 puM. (b) The sagittal sections of cortical bone from Fstl3+/+ and Fstl3—/— mice
showing no differences in exercise-dependent bone formation between males and females.
(c) Quantification of mineral apposition rate (MAR) in Fstl3+/+, FstI3—/— and FstI3+/—
mice (n=8/group) based on Calcein and Alizarin incorporation at the endosteal surface and
(d) at the periosteal surface. (e) H&E stained sagittal sections of femurs from 12 week old
mice exercised for 2 weeks, demonstrating osteoid formation (arrows) in Fstl3+/+ mice, but
minimal osteoid formation in FstI3—/— mice. Scale bars = 150 um.
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Figure 6. Exercise-dependent regulation of bone formation by FSTL3 is paralleled by Sost
expression
(a) Calvarial osteoblasts from Fstl3+/+ and Fstl3—/— mice cultured on 3D-PCL scaffolds

were subjected to DCS for 2 h, and the mRNA expression for Sost assessed at 4 or 24 h by
gRT-PCR. (b) Calvarial osteoblasts from Fstl3+/+ and FstI3—/— mice were exposed to DCS
for 2 h/day and SOST protein expression analyzed following 24 or 48 h by Western blot
analysis. (c) Digital estimation of the relative intensity of bands in (b). (d)
Immunohistochemical (A-F) and immunofluorescence (A’-F’) analysis of exercise-
dependent SOST expression in the mid-shafts of cortical bones of FstI3+/+ and FstI3—/—
mice subjected to daily exercise for 0, 2 or 5 d. (e) The relative intensity of SOST expression
in cells in a 10% sq um area of femoral cortical bone from Fstl3+/+ and Fstl3—/— mice
showing greater constitutive SOST expression and no change in response to 2 or 5 days of
daily exercise, as compared to Fstl3+/+ mice. Data in (a, b and c) represent one of 2
separate experiments. Data in (d) represents one out of 5 mice/group and in (e) SEM of 5
mice/group. *indicates P<0.05.
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