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Bone is a dynamic tissue that can adapt its architecture in response to mechanical signals under the control of os-
teocytes, which sense mechanical deformation of the mineralized bone. However, cells in the marrow are also
mechanosensitive and may contribute to load-induced bone adaptation, as marrow is subjected to mechanical
stress during bone deformation. We investigated the contribution of mechanotransduction in marrow cells to
trabecular bone formation by applying low magnitude mechanical stimulation (LMMS) to porcine vertebral tra-
becular bone explants in an in situ bioreactor. The bone formation rate was higher in stimulated explants com-
pared to unloaded controls which represent a disuse condition (CNT). However, sclerostin protein expression
in osteocytes was not different between groups, nor was expression of osteocytic mechanoregulatory genes
SOST, IGF-1, CTGF, and Cyr61, suggesting the mechanoregulatory program of osteocytes was unaffected by the
loading regime. In contrast, c-Fos, a gene indicative of mechanical stimulation, was upregulated in the marrow
cells of mechanically stimulated explants, while the level of activated c-Jun decreased by 25%. The activator pro-
tein 1 (AP-1) transcription factor is a heterodimer of c-Fos and c-Jun, which led us to investigate the expression of
the downstream target gene cyclin-D1, a gene associated with cell cycle progression and osteogenesis. Cyclin-D1
gene expression in the stimulated marrow was approximately double that of the controls. The level of phosphor-
ylated PYK2, a purported inhibitor of osteoblast differentiation, also decreased in marrow cells from stimulated
explants. Taken together, mechanotransduction in marrow cells induced trabecular bone formation independent
of osteocyte signaling. Identifying the specific cells and signaling pathways involved, and verifying them with in-
hibition of specific signaling molecules, could lead to potential therapeutic targets for diseases characterized by
bone loss.
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osteoclasts, and osteocytes - through a process termed cellular
mechanotransduction [2,14].

1. Introduction

Bone adapts its shape and internal structure to the mechanical loads
it encounters, a phenomenon observed, although not explained, by
Wolff over 125 years ago [1]. In the past 50 years, Wolff's original hy-
potheses have been bolstered by the mechanostat theory of modeling,
remodeling, and tissue repair [2,3]. Many controlled experiments have
since demonstrated that repetitive mechanical loading exceeding a
threshold increases bone mass and alters macroscopic geometry and
microstructure [4-9], while loading below a minimum threshold leads
to bone resorption [5,8,10-13]. These studies and many others, have
supported the mechanostat theory that bone adaptation is regulated
by coordinated activities of the primary bone cells - osteoblasts,
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Osteocytes are a key mechanosensory cell in bone. They are
entombed in the mineralized matrix, where they can act as strain
gauges to sense the mechanical loading as modulated by local mechan-
ical properties of the bone tissue [15-17]. The signal is transduced by ac-
tivation of pathways associated with membrane and cytoskeletal
deformation. Mechanical deformation of osteocytes both in vitro and
in vivo affects gene and protein expression associated with osteogenesis.
For example, insulin like growth factor-1 (IGF-1) is upregulated in me-
chanically stimulated osteocytes [18]. In vivo, IGF-1 expressed by osteo-
cytes also regulates bone growth during development [19]. Mechanical
loading also decreases expression of the SOST gene and secretion of
sclerostin [7], a protein that inhibits canonical Wnt signaling, leading
to decreased osteoblastic bone formation [20]. Mice deficient of SOST
exhibited increased bone mass, bone strength, osteoblast activity, and
bone formation [21,22], while transgenic overexpression of SOST in
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mice led to osteopenia [23,24]. Additionally, the majority of human os-
teocytes mineralized in trabecular bone express sclerostin [25]. Osteo-
cytes further regulate bone remodeling by expressing ligand of
receptor-activator of nuclear factor kB (RANK-L) and osteoprotegerin
(OPG), molecules that compete to bind RANK and act to promote or in-
hibit osteoclast activation, respectively [26-28].

While the role of osteocyte mechanotransduction in bone modeling,
remodeling, and microdamage repair is well established, many other
cells in the bone and marrow niche are mechanosensitive and may con-
tribute to bone's response to mechanical loading. Mesenchymal stromal
cells (MSCs), osteoprogenitors, and osteoblasts respond to fluid shear
stress in vitro [29-31]. Cells of the hematopoietic lineage are also
mechanosensitive. For example, gene expression in megakaryocytes is
affected by mechanical loading of the mouse ulna in vivo [32].

Bone marrow is normally subjected to repetitive mechanical stress
[33,34] that is transmitted to the resident cells [35] during whole bone
loading. When such mechanical loads were applied directly to marrow
explants, increased ossification was observed compared to unloaded ex-
plants [36-38]. A recent study in which marrow from Kif3a knockout
mice was transplanted into wild-type mice verified that in vivo mechan-
ical loading of whole bones is at least partly transduced in the marrow
[39]. Further, a mouse model of caudal vertebra loading demonstrated
that new bone formation was strongly correlated to marrow deforma-
tion [40]. However, it is not clear from these in vivo studies whether
mechanotransduction within the marrow alone is sufficient to affect
bone apposition, or if it is coupled to osteocyte signaling.

The intimate interaction of bone and marrow in vivo make differen-
tiating the relative contributions of mechanical loads in the two tissues
difficult. An in situ culture methodology employing inertial loading of
the marrow with minimal concomitant strain in the bone tissue [41,
42| may potentially separate mechanotransduction occurring in mar-
row cells from that in osteocytes. The objective of this study was to elu-
cidate the role of mechanotransduction in the marrow cell population in
mechanically stimulated trabecular bone formation. To achieve this, a
bioreactor was used to culture porcine trabecular bone explants and
subject the marrow cells to shear stress via low-magnitude mechanical
stimulation (LMMS) and 1) the dependence of bone formation on me-
chanical stimulation was quantified; 2) the expression of both
mechanoregulatory genes and proteins in osteocytes was measured to
identify complementary effects; and 3) altered expression of genes
and activated signaling proteins within the marrow was measured.

2. Methods
2.1. Tissue preparation and bioreactor culture

Trabecular bone explants were prepared and cultured in a bioreactor
as described in [41]. Briefly, cylindrical explants 8 mm in diameter and
1 cm in height were excised from porcine cervical vertebrae (Martins
Meats, Wakarusa, IN) using a low speed diamond tip core drill (Starlite
Industries, PA). Average bone volume, trabecular thickness, trabecular
spacing, and structural model index were measured by micro-CT before
bioreactor culture (Table 1). In the bioreactor, explants were held firmly
between PEEK platens and supplied with a continuous flow of explant
growth media at a rate of 0.9 ml/min via a peristaltic pump (Fig. 1A).
A total of 40 ml of media was supplied to each explant, with half the

Table 1

Average bone volume percentage (BV/TV), trabecular thickness (Tb. Th.), trabecular spac-
ing (Tb. Sp.), and structural model index (SMI) for porcine trabecular bone explants mea-
sured by micro-CT before the 28 day bioreactor culture (Mean 4 S.D.; N = 8 per group).

CNT LMMS
BV/TV (%) 3245 + 0.02 31.98 + 0.02
Tb. Th. (mm) 0.145 + 0.01 0.145 + 0.01
Tb. Sp. (mm) 0444 + 0.04 0437 + 0.03
SMI —0.425 £ 020 —0361+0.16

volume replaced twice per week. The media was composed of 89%
high glucose Dulbecco's Modified Eagle's Medium (DMEM), 10% fetal
bovine serum (FBS), 1% antibiotic/antimycotic (100 units/ml penicillin,
0.1 mg/ml streptomycin, and 0.25 pg/ml amphotericin B) and supple-
mented with 20 mM R-glycerol phosphate (3-GP) and 50 uM ascorbic
acid-2-phosphate (AA2P).

2.2. Long term bioreactor culture

To measure the effect of mechanical stimulation on bone formation,
two groups of eight trabecular bone explants were prepared from five
pigs as described above. Explants were cultured for 28 days (Fig. 1B).
Explants in the LMMS group were subjected to vibration stimulation
of 0.3 g at 50 Hz for two 30 min bouts, 5 days/week. Unloaded explants
(CNT) represented a disuse condition and were cultured in the bioreac-
tor without stimulation. Media was supplemented with 0.5 mM alizarin
red and 0.5 mM xylenol orange for 24 h on day 6 and day 27 of culture,
respectively, to label bone formation for dynamic histomorphometry.

2.3. CFU-F assays

At the end of the long-term culture, marrow was removed from four
explants in each group by centrifugation at 3500 RCF followed by a
10 min incubation in trypsin, and another centrifugation at 3500 RCF
which effectively extracted the marrow cells from the bone (see Supple-
mentary figure). Marrow cells from four additional explants were col-
lected on the day of harvest. The cells were resuspended in warm MSC
growth media (89% low glucose DMEM, 10% FBS, 1% antibiotic/
antimycotic).

CFU-F assays were performed in triplicate for each group to quantify
mesenchymal lineage cells. Marrow cells were plated at a density of
100,000 cells/well in six-well plates and cultured with MSC growth
media. The wells were fixed and stained with crystal violet after
12 days. Colonies were counted using Image] (NIH) to determine the
number of colony forming cells in the marrow.

24. Tripotentiality assays

Tripotentiality assays were performed to verify that plastic adherent
cells were capable of differentiating to the three primary mesenchymal
phenotypes. Adipogenic, osteogenic, and chondrogenic differentiation
assays were carried out as described previously [43], with some modifi-
cations. Briefly, adherent cells were expanded to passage four using
MSC growth media. Cells were plated at low density (30,000 cells/
well) for osteogenic assays. Osteogenesis was induced using growth
media supplemented with 10 mM (3-GP, 50 pM AA2P, and 100 nM dexa-
methasone and assayed at day 21 by staining with alizarin red (Sigma).

Cells were plated at 200,000 cells per well for adipogenic assays. Ad-
ipogenesis was induced using three induction-maintenance cycles. In-
duction media consisted of high glucose DMEM, 10% FBS, 1% AB/AM, 1
1M dexamethasone, 200 pM indomethacin, 500 uM 3-Isobutyl-1-meth-
ylxanthine, 1 mg/ml insulin and maintenance media consisted of high
glucose DMEM, 10% FBS, 1% AB/AM with 1 mg/ml of insulin. At day
21, lipids were stained using Oil Red O (Sigma).

Chondrogenesis was assayed using pellets of 250,000 cells with low
glucose DMEM, 1% AB/AM, 1 mM dexamethoasone, 5 mg/ml AA2P,
4 mg/ml L-Proline, 1.0 mg/ml insulin, 0.55 mg/ml transferrin, 0.5 pg/
ml sodium selenite, and 10 ng/ml of transforming growth factor 3-3.
Chondrogenic assays were assessed after 21 days using Alcian blue to
stain glycosaminoglycans (GAGs), indicative of chondrogenesis.

2.5. Histomorphometry
Dynamic histomorphometry was performed on thick sections pre-

pared from the explants after 28 days of culture. Following removal of
marrow, the explants were dehydrated and cleared in a vacuum
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Fig. 1. (A) A voice coil linear actuator with sub-micron closed loop control applied LMMS to culture chambers. Accelerations were verified with an accelerometer. A peristaltic pump
continuously circulated media from sample specific media reservoirs. Trabecular bone explants were held firmly between PEEK platens and were cultured in two experiments: long-
term and short-term, where LMMS was applied at 0.3 g, 50 Hz for 30 min twice a day. Unstimulated explants were cultured in bioreactors without stimulation. (B) Explants were
cultured for 28 days with (LMMS) and without stimulation (CNT). LMMS explants were subject to LMMS for 5 days/week for a total of twenty days. (C) In the short-term experiment,
explants were cultured for five days in the unstimulated (CNT) and stimulated groups (LMMS) while the fresh explants (Day 0) were fixed on the day of slaughter. LMMS was applied

on days 2 through 5.

chamber in ascending grades of ethanol (60%, 70%, 80%, 90%) for 2 h
followed by 100% ethanol overnight and, finally, Xylene overnight.
They were then embedded in MMA (OsteoBed, Polysciences) in a vacu-
um chamber. Two consecutive 100 um thick sections were cut from the
center of each explant using a diamond wire saw, and mounted on mi-
croscope slides using Eukitt (Fluka). The mounted sections were
polished using 600 grit polishing paper and descending grades of dia-
mond pastes (30, 9, 3, 1, 0.25 pm). Two sections per sample were im-
aged to analyze a total tissue area of 30 mm? [44]. The outer 200 um
of the explant sections were not imaged to avoid measuring regions
where fluid shear stress from the media occurs. Mineralizing surfaces
and bone surfaces were measured using 100 x magnification with an
epifluorescent UV1A filter. Double labels were assessed at 100 x magni-
fication with an epifluorescent TRITC filter, which allowed both xylenol
orange and alizarin red to be visualized. Percentage mineralizing bone
surface (MS/BS), mineral apposition rate (MAR), bone formation rate
(BFR), single labeled surface (sLS/BS), and double labeled surface
(dLS/BS) were calculated for each explant and averaged within LMMS
and CNT groups according to [44].

2.6. Immunohistochemistry for sclerostin

Short-term bioreactor culture was used to examine protein and gene
expression (Fig. 1C). Three groups of eight explants (Day 0; CNT;
LMMS) were excised from two pigs. Day 0 explants were fixed with
10% formalin on the day of slaughter for 48 h. CNT and LMMS explants
were cultured for 5 days in bioreactors. LMMS explants were loaded
twice/day at 50 Hz with 0.3 g acceleration for 30 mins on days 2 through
5 while CNT explants were unloaded. At the end of 5 days of culture,
explants were fixed in neutral buffered formalin for 48 h, demineralized
with 10% w/v EDTA, processed, paraffin embedded, and sectioned
longitudinally at 6 um for immunohistochemistry. Sections were dried
at 60 °C, reacted for endogenous peroxidase activity, blocked, and
incubated with anti-sclerostin primary antibody (Abcam). Secondary
antibody labeling was achieved with the Vectastain Elite ABC kit (Vector
Labs, Inc) with diaminobenzidine (DAB) as the chromogen. Nuclei were
counterstained with methyl green. Two immuno-labeled sections from
each sample were imaged at 500 x and eight images were acquired per
section for a total of sixteen images per sample. Osteocytes were
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identified based on the presence of methyl green nuclear staining and
osteocytes positive for sclerostin were identified based on the presence
of DAB staining to quantify the percentage of sclerostin positive
osteocytes.

2.7. Osteocyte gene expression

The short-term bioreactor experiment was repeated to measure me-
chanically induced gene expression in osteocytes. Three groups of eight
explants were obtained from cervical vertebrae of four pigs (Day 0;
CNT; LMMS), and RNA was isolated as described in [45]. Following cul-
ture, marrow was removed from the explants as described previously.
Afterward, the bone explants were snap-frozen in liquid nitrogen and
crushed with a mortar and pestle. TRIzol Reagent (Invitrogen) was
added and the tissue was homogenized with a 20-gauge needle and sy-
ringe. The homogenized tissue solution was incubated with chloroform
and then centrifuged. The supernatant containing RNA was decanted
and added to an equal amount of 70% ethanol before being purified
using RNeasy Mini Kits (Qiagen). RNA quantity and quality were mea-
sured with a spectrophotometer (NanoDrop). RNA was reverse tran-
scribed to cDNA using the High Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor (Applied Biosystems). qPCR was carried out
using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, Inc.)
on a CFX Connect Real-Time PCR Detection System (Bio-Rad). SOST, in-
sulin-like growth factor-1 (IGF-1), osteoprotegerin (OPG), receptor acti-
vator of nuclear factor kappa-B ligand (RANKL), cysteine rich angiogenic
inducer 61 (Cyr61), and connective tissue growth factor (CTGF) were
amplified and standardized to Ribosomal Protein S2 (RPS2) using cus-
tom primer pairs based on RefSeq and Primer-BLAST data from the Na-
tional Center for Biotechnology Information (Table 2). RPS2 was
previously used as a reference gene in bone [46] and was confirmed to
have approximately invariant Cy values. Data were analyzed using the
AACr method.

2.8. Marrow cell gene expression

A third short-term bioreactor experiment was performed to mea-
sure mechanically induced gene expression in marrow cells. Three
groups of eight explants were obtained from cervical vertebrae of four
pigs. Following 5 days of culture (Fig. 1C), marrow was removed from
the explants by centrifugation at 3500 RCF as described above and fil-
tered through a 40 pm cell filter to remove adipocytes. Eight million
cells per explant were lysed and their RNA isolated and purified using
RNeasy Mini Kit (Qiagen). RT-qPCR was performed as described
above. c-FOS, IGF-1, cyclooxygenase 2 (COX-2), peroxisome proliferator
activated receptor gamma (PPARYy), and cyclin-D1 were amplified and
standardized to Ribosomal Protein S2 (RPS2) using custom primer
pairs based on RefSeq and Primer-BLAST data from the National Center
for Biotechnology Information (Table 2). RPS2 was confirmed to have
approximately invariant Cy values. Data were analyzed using the AACy
method.

Table 2
Custom RT-qPCR primer sequences used for porcine cells generated with RefSeq from NCBL

Forward Primer (5’ to 3') Reverse Primer (5’ to 3’)

SOST TCAAGAACGATGCCACGGAA AGGCGTCTTTGGTCTCGAAG
IGF-1 ATCGTGGATGAGTGCTGCTT ATGTACTTCCTTCTGAGCCTTGG
OPG GTTCTGGAAACAGTGAATCGAC CAGCAAACCTGAAGAACGCC
RANKL CTCACGATCAACGCCACAGA CGGTCATGATACCAGCAGGA
CTGF ATACCGGGCTAAGTTCTGCG GAACTCCACAGGAAGGGTGG
Cyr61 CACCAATGACAACCCCGACT ACTTGGGCCGGTACTTCTTC
c-Fos TCCTACTACCACTCACCGGC CGTTGGGATGAAGTTGGCAC
COX-2 TGCGCCTTTTCAAGGATGGA GTCTTTGGCTGTCGGAGGAT
PPARYy CTATTCCATGCTGTCATGGGTG ACCATGGTCACCTCTTGTGA
Cyclin-D1 TATTTGCATGACCCTGAGCTGG ATCTAACCCTCCCCGCACAC
RPS2 CCACCTTTGACGCCATTTCC CTCTGGTGTGGGTCTTCACA

2.9. Marrow protein expression

A Proteome Profiler Phospho-kinase Array (R&D Systems) was per-
formed to measure kinase phosphorylation in marrow cells from eight
(four LMMS and four CNT) of the same samples used for marrow cell
gene expression following the manufacturer's protocol. Briefly, marrow
was removed from LMMS and CNT explants after 5 days of bioreactor
culture via centrifugation and the cells were filtered through a 40 pm fil-
ter to remove adipocytes. The remaining cells were lysed at a concentra-
tion of 107 cells/ml. The protein concentration was measured with a
bicinchoninic acid (BCA) assay (Thermo Fisher), and 600 pg of protein
per sample was incubated on membranes containing capture antibodies
specific for 45 kinases related to the mitogen activated protein kinase
(MAPK) signaling pathway (R&D Systems, Minneapolis). HRP-conjugat-
ed detection antibodies were added to the membranes, and the
resulting chemiluminescence was visualized on a ChemiDoc-It Imager
(UVP, Upland, CA).

2.10. Statistical analysis

For CFU-F assays and sclerostin immunohistochemistry, ANOVA was
used to compare across LMMS, CNT, and Day 0 groups. A Student's t-test
was used to compare histomorphometric parameters between LMMS
and CNT groups. Gene expression data was analyzed with Wilcoxon
signed rank tests, except for cyclin-D1 data, which was compared with
a paired t-test. A one sample t-test was used to analyze the data from
the phospho-kinase array.

3. Results
3.1. CFU-F assays and tripotentiality assays

Marrow cells retrieved from the explants that were cultured for
28 days formed adherent colonies. A smaller percentage of marrow
cells formed colonies in explants cultured without mechanical stimula-
tion (CNT) compared with fresh explants (Day 0) (p = 0.02), while ex-
plants cultured with mechanical stimulation (LMMS) were not different
from CNT (p = 0.06) or Day 0 explants (p = 0.74) (Fig. 2A). MSCs ex-
panded from the extracted marrow of both CNT and LMMS groups
were positive for adipogenic, osteogenic, and chondrogenic differentia-
tion when subjected to standard MSC differentiation protocols (Fig. 2B).

3.2. Histomorphometry

Double-labeled surfaces with both alizarin red and xylenol orange
were observed in both CNT and LMMS groups, indicating active bone
formation after 28 days of culture (Fig. 3A). The BFR was higher in
LMMS explants compared to CNT explants (Fig. 3B; p = 0.02), while
MAR (p = 0.22), mineralizing surface (Fig. 3C; p = 0.33), sLS/BS (Fig.
3D; p = 0.936), and dLS/BS (Fig. 3D; p = 0.071) were similar between
the two groups (Table 3).

3.3. Osteocyte protein and gene expression

Sclerostin positive osteocytes were present in all explants cultured
for 5 days. In total, 4783, 4280, and 4069 osteocytes were analyzed in
Day 0, CNT, and LMMS explants, respectively. Approximately 75% of os-
teocytes were labeled positive for sclerostin in all groups (p>0.8; Fig. 4).
Similarly, expression of SOST, IGF-1, RANKL/OPG, CTGF, and Cyr61 did
not differ between LMMS and CNT groups (Fig. 4C; p = 0.20-0.95).

3.4. Marrow gene and protein expression

Marrow cells in the loaded explants cultured for 5 days expressed a
higher level of c-Fos gene transcription than controls (p<0.05; Fig. 5). In
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LMMS p = 0.06, CNT vs. LMMS p = 0.74). (B) Representative images of adipogenic (Oil
Red 0), osteogenic (alizarin red), and chondrogenic assays (Alcian blue) for cells from
both CNT and LMMS treated with standard differentiation media. Tripotentiality assays
indicated that the plastic adherent cells in the explants were MSCs.

contrast, expression of IGF-1, COX-2, and PPARy were not affected by
loading (p = 0.06-1.00).

Levels of phosphorylated kinases were altered in mechanically stim-
ulated marrow (Fig. 6). The levels of five phosphorylated kinases were
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Table 3
Histomorphometric parameters for the 28 days culture study (Mean + S.D.; N = 8 per

group).

CNT LMMS p-value
BA/TA (%) 19.65 + 3.09 18.88 + 3.37 0.640
BS/TA (mm™") 4592 + 1.43 4.544 + 1.56 0.949
SLS/BS 0.390 + 0.10 0385 + 0.11 0.936
dLS/BS 0.046 + 0.03 0.095 + 0.06 0.071
MS/BS 0.241 + 0.07 0.287 + 0.10 0325
MAR (um/day) 0.942 + 0.21 1.07 £ 0.20 0.216
BFR (um>/um?/yr) 79.19 + 154 107.06 + 25.4 0.023

lower in all four loaded samples compared to the controls. Three of
these, c-Jun, p70 S6 kinase, and PYK2, demonstrated significantly
lower expression in LMMS samples compared to CNT (p<0.05; Fig. 6B).

We further explored the dichotomous results of increased c-Fos
mRNA and lower levels of phosphorylated c-Jun in the stimulated ex-
plants, as c-Jun and c-Fos dimerize to form the AP-1 transcription factor.
When AP-1 is composed of c-Jun and c-Fos, it acts as a promoter of cy-
clin-D1, a key regulator of the cell cycle [47,48]. As such, we quantified
cyclin-D1 mRNA expression from marrow cells in the same experi-
ments. Cyclin-D1 expression was nearly two times higher in the mar-
row cells from the stimulated explants compared to the controls
(p<0.01; Fig. 7).

4. Discussion

While the importance of marrow as a source of bone progenitor cells
has been accepted, and recently demonstrated [39], the osteocyte has
been the main focus as the regulator of mechanical adaptation. We hy-
pothesized that mechanotransduction in bone marrow cells can also af-
fect bone adaptation. Mechanical stimulation applied to the marrow
through LMMS enhanced bone formation in trabecular bone, although
sclerostin expression in osteocytes, which is downregulated by me-
chanical loading [7], did not differ between groups at either the gene
or protein level. Considering that sclerostin is one of the key regulatory
proteins secreted by osteocytes [49,50], this indicates that the osteo-
cytes were not responding to the mechanical stimulation. This was cor-
roborated by the absence of changes in IGF-1 gene expression, which is
one of the first genes to be upregulated by mechanical stimulation [18].
Indeed, compared to explants fixed immediately after harvest, RANKL/
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Fig. 3. (A) Representative fluorochrome labels in trabecular bone explants after 28 days of bioreactor culture. Explants were imaged using a UV1A filter (Nikon) to quantify
mineralizing surfaces at 100x and TRITC to measure double labels at 200 x. Asterisks indicate labeling with alizarin red or xylenol orange. Arrowheads indicate regions of
double label. Scale bars are 100 um. (B) BFR in explants cultured for 28 days with LMMS was significantly higher than explants without stimulation (CNT) (*p = 0.023).
(C) Mineralizing surfaces were similar between groups (p = 0.325). (D) There was no difference in length of single labeled surfaces (p = 0.936) or double labeled surfaces
(p = 0.071) between LMMS and CNT. Student's t-test was used to compare parameters between groups.
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OPG was upregulated 1.5 fold in osteocytes from the cultured explants
(see Supplementary data), consistent with decreased mechanical stim-
ulation during explant culture compared to in vivo. This is consistent
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Fig. 5. c-Fos gene expression was higher in marrow cells from loaded explants compared
to controls, while other genes associated with cell mechanotransduction were not altered
by loading (*p < 0.05, Wilcoxon signed rank). Each point represents the ratio of the
expression in an LMMS sample to the mean of the CNT samples from the same animal.

with the negligible strain induced in the bone matrix by LMMS stimula-
tion [51]. We verified that mechanical stimulation altered both gene ex-
pression and phosphorylated kinase levels in the marrow cells. Given
the altered gene and protein responses in the marrow cells but not in
osteocytes, we conclude that mechanotransduction in the marrow cell
population was responsible for the greater bone formation. Hence, not
only do marrow cells respond to mechanical loading, but they respond
to the relatively small mean shear stress, on the order of 0.09 Pa,
imparted by vibration [42,51]. In comparison, models of marrow shear
stress induced by physiological bone loading suggest the shear stress
exceeds 1.5 Pa [33,34]. MSCs have also been reported to sense accelera-
tion in the range of magnitudes in this experiment [52]; however in our
previous studies we found that the bone formation response is propor-
tional to shear stress [41].

We used a phospho-kinase array to screen for potential pathways
that could explain the increased bone formation in the stimulated ex-
plants. Since kinase activity can change rapidly, we harvested cells and
transferred them to ice cold lysis buffer immediately after the last
bout of stimulation. Following five days of culture, the relative levels
of phosphorylated c-Jun, p70 S6 kinase, and proline-rich tyrosine kinase
2 (PYK2) were all significantly lower in mechanically stimulated bones.
These proteins are associated with inflammation in immune cells,
which make up approximately 40% of marrow cells [53], but may also
play a role in differentiation of mesenchymal lineage cells. For example,
trabecular bone formation is increased in PYK2 knockout mice, and
marrow cells from these animals show significantly increased osteo-
blastic differentiation, alkaline phosphatase (ALP) production, and min-
eralization [54], suggesting that PYK2 is a negative regulator of
osteoprogenitors [54,55]. However, the role of PYK2 phosphorylation
in osteoblast differentiation is not fully clear, as phosphorylation inhib-
itors markedly increased osteogenic markers in some studies [56,57]
while mutant PYK2 lacking kinase activity expressed in osteoblasts
inhibited ALP production in another [54].

We assayed cyclin-D1 gene expression to assess a downstream tar-
get of AP-1, which is a heterodimer of c-Fos and c-Jun. Unexpectedly, cy-
clin-D1 gene expression increased, despite a decrease in activated c-Jun
kinase in mechanically stimulated marrow. However, while N-terminal
phosphorylation of c-Jun enhances cyclin-D1 expression, it is not neces-
sary [58]. Constitutive phosphorylation of c-Jun doubles cyclin-D1 gene
expression, while inhibiting c-Jun phosphorylation decreases it ten-fold
[59]. Phosphorylated c-Jun levels in the stimulated explants only
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Fig. 6. (A) Expression of phosphorylated kinases associated with mitogen-activated protein kinase (MAPK) signaling in marrow cells. Each sample represents the expression of cells from a
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including their mean expression + S.D. (*p < 0.05; One sample t-test).

decreased about 25% relative to controls in our study, and may have
been sufficient to positively affect cyclin-D1 expression. Moreover, c-
Jun phosphorylation was measured across multiple cell types, in
which it may play different roles. For example, inhibition of the c-Jun
pathway suppresses osteoclast differentiation, [60], and dominant neg-
ative c-Jun expression leads to osteopetrosis in mice [61]. Similarly,
knocking out c-Jun in mouse macrophages reduces macrophage activa-
tion and subsequent inflammation, decreasing bone loss [62]. We did
not measure the bone resorption rate or osteoclast numbers in this
study. Hence it is unclear whether alterations in c-Jun phosphorylation
affected bone resorption. We did not measure c-Jun gene expression in
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Fig. 7. Cyclin-D1 gene expression relative to RSP2 was higher in marrow cells from loaded
explants compared to controls (*p <0.05, Paired t-test). We verified that the outlier did not
affect the result (p = 0.011).

our experiments, because we were unable to find an effective PCR prim-
er for the porcine gene. In any case, cyclin-D1 mRNA expression in-
creased two-fold in stimulated explants suggesting that AP-1 was
affected by bone marrow mechanotransduction.

The bioreactor culture system enabled the marrow to maintain its in
vivo multicellular niche and location within the trabeculae of bone, as
changes in microenvironment may affect stem cells in the marrow
[63]. The explants remained viable throughout the 28 day study, as indi-
cated by the presence of MSCs in the extracted marrow and double-la-
beled mineralizing bone surfaces, with similar mineral apposition rate
and bone formation rate to previous in vivo studies of tibial loading in
mice [64,65]. In addition, gene expression in osteocytes and marrow
cells remained similar to Day 0 samples after bioreactor culture (see
Supplementary data).

There are some limitations to this study. The effects of animal breed,
age, and sex were not controlled. All of these may contribute to bone re-
modeling and likely affected the inter-sample variability. Sex-specific
effects have been observed in porcine bone development [66]. However,
the use of in situ tissue culture removed the bone and marrow from sys-
temic hormones associated with sex, but genetic differences in different
breeds likely increased the number of samples needed to attain signifi-
cance. Harvesting the tissue may cause an inflammatory state, which
may induce bone formation. However, the same process was applied
across experimental conditions, so all explants were subject to this ef-
fect. Although we did not measure osteocyte viability after bioreactor
culture, David et al. reported 60% osteocyte viability in bovine trabecular
bone after 3 weeks of bioreactor culture [67]. Osteocyte apoptosis with-
in the center of bovine bone cores cultured ex vivo was similar to that
observed in vivo [68]. Osteocyte death may be responsible for the posi-
tive bone formation rate measured in unloaded explants, although oste-
ocyte death would be assumed to be identical in both loaded and
unloaded explants, and the bone formation rate was still significantly
higher in loaded explants. Finally, post-culture processing of marrow
cells may affect their gene expression, as trypsin and centrifugal force
were used to separate the marrow from the bone. Enzymatic separation
of bone from non-skeletal tissues has been reported to alter gene ex-
pression measurements [69]. To minimize this effect, samples were
kept on ice during processing. Most importantly, sample preparation
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was identical across conditions. However, the methods may be limited
for genes and proteins that respond rapidly to mechanical stimuli.

Increased gene expression of cyclin-D1 in stimulated marrow may
signify an increase in proliferating cells, as cyclin-D1 is required for
cell cycle progression [47]. Cyclin-D1 may also play a role in osteogene-
sis, as its expression is reduced four-fold in unloaded mouse femora
compared to normally loaded controls [22], while it increases in me-
chanically stimulated bone in vivo as well as in osteoblasts in vitro
[70]. These studies suggest that mechanotransduction upregulates cy-
clin-D1 expression, which may have played a role in increased bone for-
mation in this study.

The results complement recent studies on mechanotransduction in
bone marrow. In addition to inducing bone formation [41], mechanical
stimulation of marrow in explant culture downregulates primary cilia
expression [42]. Transplantation of marrow from mice with genetically
ablated primary cilia expression while maintaining wild type osteocytes
decreased the bone formation response to in vivo whole bone loading
[39]. Altered c-Fos gene transcription following mechanical stimulation
of marrow complements a similar finding in isolated megakaryocytes
following in vivo whole bone loading in mice [32]. Taken together,
these data support the notion that marrow cells respond to mechanical
cues, and that whole bone loading affects marrow cells at both the gene
and protein levels.

The mineral apposition and bone formation rates we measured were
higher than those in previous bioreactor studies. Human trabecular
bone explants cultured for 28 days in Zetos bioreactors with and with-
out mechanical loading had an average MAR of 0.256 um/day and
0.003 pm/day, respectively, and BFR of 9.8 um>/um?/yr and 0.6 um®/
um?/yr, respectively [71]. In contrast, bovine sternum trabecular bone
explants cultured with and without mechanical stimulation at 300 cy-
cles of 4000 pe per day had an average MAR of 0.94 um/day and 0.71
um/day, respectively; which is comparable to our data [67]. Media in
the Mann et al. study contained 1.5 and 4 times less AA2P and 3-GP, re-
spectively, than our study. Media in the David et al. did not contain 3-GP
and contained 5000 times less AA2P. As such, there is no clear trend in
the effects of these supplements on bone formation.

Sclerostin expression in our study was similar to previous observa-
tions. Slightly over 70% of osteocytes were positive for sclerostin in
human trabecular bone [25]. Similarly, approximately 60% of osteocytes
were sclerostin positive in a study of rat hindlimb unloading, although
there was nearly twice as much SOST gene transcription after 3 days
of hind limb suspension compared with ground-loaded controls [7].
Low intensity vibration decreased SOST expression in osteocytes in
vitro [72]. However, osteocytes embedded within mineralized matrix
may experience less stress than osteocytes in vitro. Sclerostin expression
was decreased in mouse trabecular bone after whole body vibration
[73], but the acceleration applied was approximately 7 times higher
than that used in this study. Further, whole body vibration may induce
additional bone deformation due to muscular loads, while computation-
al analyses suggest almost no bone deformation in our system [51]. We
observed no change in osteocyte RANKL/OPG expression due to LMMS.
Lau et al. observed a decrease in RANKL expression in MLO-Y4 cells ex-
posed to low magnitude, high-frequency vibration [74]. However, You
et al. observed an increase in RANKL and OPG and an overall decrease
in RANKL/OPG in osteocytes exposed to oscillatory fluid flow [75]. It is
possible that the combination of vibration and fluid shear may act
through different pathways to differentially regulate the RANKL/OPG
axis. There are, of course, other osteocyte genes that can affect bone for-
mation, such as Dickkopf-related protein 1 (Dkk1) and secreted friz-
zled-related protein 1 (sFRP1). It is possible that expression of these
molecules was altered by the mechanical signal in this experiment
while IGF-1, SOST, Cyr61, and CTGF were not.

It is possible that the increased bone formation was due to dediffer-
entiation of bone lining cells. The highest shear stress in the marrow oc-
curs on the bone surface during LMMS [42,51], and membrane
deformation of bone lining cells and osteoblasts engages mechanically

sensitive focal adhesions, ion channels, and adherin junctions, leading
to activation of several kinase signaling cascades. For example, stretch-
activated ion channels release internal calcium ions into osteoblasts,
which can trigger Src, focal adhesion kinase (FAK), and MAP kinase ac-
tivation [76]. Both Src and FAK have been shown to regulate mechanical
signaling to influence MSC lineage commitment [77]. Additionally,
strain can induce upregulation of mechanoregulatory genes, such as c-
Fos and COX2 [76]. While c-Fos gene expression increased in the stimu-
lated explants, COX2 did not, nor did we find increased activation of
MAPK pathway proteins. However, osteoblasts and bone lining cells
may be too few in number to have affected the proteome or mRNA of
the whole marrow aliquots studied.

The application of explant culture provided a unique means to iso-
late the effects of loading to marrow cells in order to measure the re-
sponse to mechanical loading. In comparison to in vivo models of bone
adaptation, systemic effects were also minimized. This could be benefi-
cial for studying osteogenic drugs and their interaction with bone [78].
In this model, only localized cell signaling in the bone is present. At
the same time, the effects of paracrine signaling between the differing
cell populations that affects the osteogenic response is maintained [79].
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