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Abstract

Organism scale mechanical forces elicit cellular scale changes through coordi-
nated regulation of multiple signaling pathways. The mechanisms by which cells
integrate signaling to generate a unified biological response remains a major
question in mechanobiology. For example, the mechanosensitive response of
bone and other tissues requires coordinated signaling by the transforming growth
factor beta (TGFp) and Wnt pathways through mechanisms that are not well-
defined. Here we report a new microRNA-dependent mechanism that mediates
mechanosensitive crosstalk between TGFf and Wnt signaling in osteocytes ex-
posed to fluid shear stress (FSS). From 60 mechanosensitive microRNA (miRs)
identified by small-RNAseq, miR100 expression is suppressed by in vivo hindlimb
loading in the murine tibia and by cellular scale FSS in OCY454 cells. Though FSS
activates both TGFf} and Wnt signaling in osteocytes, only TGFp represses miR-
100 expression. miR-100, in turn, antagonizes Wnt signaling by targeting and
inhibiting expression of Frizzled receptors (FZD5/FZD8). Accordingly, miR-100
inhibition blunts FSS- and TGFp-inducible Wnt signaling. Therefore, our results
identify FSS-responsive miRNAs in osteocytes, including one that integrates the
mechanosensitive function of two essential signaling pathways in the osteoana-
bolic response of bone to mechanical load.
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1 | INTRODUCTION

Through our daily activities, our bodies encounter mul-
tiple mechanical forces of varying magnitude, frequency,
and duration.' Perhaps more so than any other organ
system, the skeleton is literally shaped through the bio-
logical interpretation of mechanical forces, from early in
development throughout vertebrate life.*”” Conversely,
the absence of mechanical forces in microgravity or per-
turbations to the mechanotransduction pathways that
sense and respond to these physical cues cause significant
dysfunction in the skeleton and in other tissues.*’ The
skeleton relies on bone-embedded osteocytes to convert
these physical cues into a multitude of biological signals
that guide tissue-level outcomes such as bone deposition
or resorption.’® However, many questions remain about
the mechanisms by which cells generate a coordinated bi-
ological response to changing mechanical demands.

In bone, macroscale mechanical forces induce defor-
mations that stimulate the flow of interstitial fluid through
the porous lacunocanalicular network that houses os-
teocytes.'"'* This fluid flow shear stress (FSS) in osteo-
cytes then initiates a cascade of signaling events, which
ultimately promotes bone formation and suppresses
bone resorption. Osteocytes respond to FSS through sev-
eral mechanisms, including activation of ion channels,
integrin-mediated signaling at focal adhesions, and G-
protein coupled receptor signaling, among others.®'**
FSS instigates an acute surge in intracellular calcium and
ATP release that trigger second messengers like nitric
oxide and prostaglandins to modulate multiple cellular
signaling pathways, including transforming growth factor
beta (TGFp) and canonical Wnt/p-catenin signaling.'> >
Accordingly, FSS-treated osteocytes possess increased lev-
els of phosphorylated Smad3 and active p-catenin, canon-
ical effectors of the TGFp and Wnt pathway, respectively.
TGFp and Wnt signaling act in parallel, but exert distinct
effects on osteocyte behavior.'>***® Both TGFp and Wnt
signaling are required for bone to generate the robust an-
abolic response to applied mechanical loads, and as such
are attractive targets of therapies to prevent bone fragil-
ity. In spite of the importance of understanding TGFf and
Wnt signaling in osteocytes, it is unclear how the activ-
ity of these and other essential mechanoresponsive path-
ways are coordinated to generate an integrated cellular
response to FSS. Since microRNAs (miRNAs, miRs) are
have been recognized as powerful modulators that tem-
porally regulate multiple pathways and cellular processes,
we aimed to identify the FSS-regulated mechanosensitive
miRs in osteocytes.

Recently, miRNAs have gained recognition as global
fine tuners that can regulate an entire landscape of cellular
gene expression, integrating multiple signaling cascades

to generate a unified and unique biological response.***

As short non-coding single stranded RNAs, miRs regu-
late endogenous gene expression by binding to mRNAs
with sequence complementarity to the ‘seed region’. Once
bound to the target mRNAs, miRs post-transcriptionally
inhibit target gene expression via direct degradation of
target mRNA, and/or through suppression of transla-
tion.* In this way, miRs integrate signaling responses to
diverse biochemical and physical cues to generate a uni-
fied and unique biological response. Mechanosensitive
miRs have been reported to dramatically alter the cellu-
lar transcriptome and signaling profile of vascular endo-
thelial cells and cardiomyocytes in response to physical
cues.*> In bone, miRNAs regulate multiple processes,
including embryonic bone development and post-natal
bone homeostasis.*>*° In pre-osteoblasts, miRs participate
in fluid shear stress-induced osteogenic differentiation;
and several miRs that are sensitive to various mechani-
cal stimuli guiding osteogenic differentiation and bone
formation have been revealed.*”™** Although osteocytes
are the primary mechanosensitive cell type in bone, fluid
shear stress-responsive mechanosensitive miRs in osteo-
cytes are yet to be elucidated. Therefore, we hypothesized
the existence of a miR-dependent mechanism in coupling
the osteocyte response to FSS and coordinating changes in
multiple osteocytic signaling pathways that are required
for the anabolic response of bone to mechanical load.

In this study, we conducted a comprehensive profil-
ing of mechanosensitive miRs in OCY454 osteocyte-like
cells subjected to FSS. Our systematic analysis led us to
focus on a candidate miR-100, whose expression was
down-regulated with fluid shear stress as well as with
compressive bone loading. We demonstrate that miR-100
is a negative regulator of canonical Wnt signaling that
mediates crosstalk between Wnt and TGFp pathways in
osteocytes. Therefore, miR-100 is a crucial component of
osteocyte mechanotransduction machinery that integrates
TGFp and Wnt signaling, and likely participates in the in-
tegrated anabolic response of bone to mechanical load.

2 | MATERIALS AND METHODS
2.1 | Cell culture, differentiation,
transfections, and treatments

MLO-Y4 osteocyte-like cells (gift from L. Bonewald) were
maintained in o-minimum essential medium (a-MEM,
Gibco, Life Technologies) supplemented with 2.5% fetal
bovine serum (FBS, Hyclone, Gibco), 2.5% bovine calf
serum (Hyclone, Gibco), and 1% penicillin-streptomycin.*®

OCY454 osteocyte like cells (gift from P. Divieti
Pajevic) were grown on collagen-coated (0.15 mg/ml
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type I collagen; Corning) dishes with «-MEM contain-
ing 10% FBS and 1% antibiotic-antimycotic (Gibco, Life
Technologies). OCY454 cells were seeded and allowed
to reach 80% confluency at the permissive temperature
(33°C) before an experiment or passaging.”®

For differentiation of primary bone marrow stromal
cells (BMSCs) to osteoblasts and osteocytes, BMSCs were
harvested from femurs and tibiae of 8-week-old C57BL6
male mice and cultured for 6 days in media containing
o-MEM and 10% FBS. At the first passage, cells were re-
plated at 150 000 cells/well in 6-well plates, grown to con-
fluence, and differentiated for 3 weeks. Differentiation was
accomplished in the presence of 5 mM B-GP and 50 pg/ml
ascorbic acid; and media was changed every 3 days. Cells
were harvested at 1 and 2 weeks of differentiation for iso-
lation of RNA.

0CY454 cells (1 x 10°), seeded on 6-well plates and cul-
tured overnight, were transfected with 50-100 nM miR-100
inhibitor (miR-100I, AM17000, Assay ID: AM10188) or a
negative control anti-miRNA (CI) inhibitor (CI, AM17010)
purchased from ThermoFisher Scientific. Transfection
was performed using Lipofectamine 3000 according to the
manufacturer’s instructions (Life Technologies, USA). To
modulate the TGFp pathway, OCY454 cells were cultured
in growth media supplemented with either exogenous
TGFp1 ligand (5 ng/ml, Peprotech, Cat# AF-100-21C) or
SB-431542, a TPRI (ALK4/5/7) kinase inhibitor (10 uM,
Selleckchem). To stimulate canonical Wnt/b-catenin signal-
ing, cells were treated with either Wnt3a ligand (50 ng/ml,
Peprotech, Cat# 315-20) or CHIR99021, a GSK3 inhibitor
(10 uM, Abcam, Cat# ab120890). Cells were cultured in low
serum media (a-MEM containing 0.5% fetal bovine serum)
for 1 h prior to and during treatment in order to generate a
more synchronous response to exogenous ligand stimula-
tion. Following these treatments, cell lysate was collected
for luciferase or western analysis, or RNA was collected for
qRT-PCR or RNA-seq analysis.

2.2 | Fluid shear stress

For exposure to FSS, OCY454 cells were plated in vali-
dated, custom microfluidic devices coated with rat tail col-
lagen type I solution (CB-40235, Corning).”’ Cells seeded
at 1 x 10° cells/ml in each microfluidic chamber were
allowed to grow for 24 h at the permissive temperature
(33°C). Cells were cultured in low serum media («-MEM
containing 0.5% fetal bovine serum) for 1 h prior to and
during FSS exposure. Using a peristaltic pump (NE-1800,
New Era Pump Systems) that was installed in a sterile in-
cubator for continuous circulation of media, cells were ex-
posed to 10 dynes/cm? of FSS. For most experiments, FSS
was applied for 1 h, followed by a 1-h recovery. For small
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RNA seq, cells were subjected to FSS for 2 h, and total
RNA was collected 8 h post-flow. This specific time regi-
men was selected based on previous findings that maxi-
mal transcriptomic changes in FSS-stimulated osteocytes
are detected after an 8-h recovery period.** For all FSS ex-
periments, static conditions correspond to cells grown in
microfluidic chambers but not stimulated with FSS.

2.3 | Tibial compression loading

All animal procedures were approved by the Institutional
Animal Care and Use Committee of the University of
California San Francisco. Axial compressive loads were
applied to the tibia using a Bose Electroforce ELF3200
desktop load frame (Bose, MN, USA) fitted with two
custom-made hemi-spherical fixtures that gripped the
mouse knee and ankle.*> At eight weeks of age, male
C57BL/6 mice were anesthetized with ketamine-xylazine
and subjected to one session of axial compressive loading.
Each loading session consisted of 600 cycles of a 1 Hz sinu-
soidal waveform applied with a preload of 0.5 N and maxi-
mum force of upto 6 N. Ex vivo calibration using in situ
strain rosettes found that these loading parameters pro-
duce maximum tensile strains of approximately 1200 pe
on the anteromedial surface of the tibia at 37% of the bone
length from the proximal end. For each mouse, only the
right hindlimb was loaded (L), while the left hindlimb
was not loaded to serve as the contralateral control (non-
loaded, static).46 From mice euthanized 24 h later, loaded
and non-loaded tibias were dissected to remove epiphyses,
soft tissues, and periosteum. Bone marrow was removed
by centrifugation at 9000 rpm for 30 s at room tempera-
ture and bones were flash-frozen in liquid nitrogen and
homogenized using a polytron in QIAzol lysis reagent
(Qiagen, Life Technologies) for RNA isolation.*”*8

2.4 | Total RNA isolation and small RNA-

seq

Following homogenization, RNA was purified from bone
using an miRNeasy minikit (Qiagen, Cat# 217004) that
captures both small and messenger RNA.**° For supe-
rior yields, cellular RNA from OCY454 cells subjected to
static and FSS culture conditions was obtained by QIAzol
mediated cell lysis and through precipitating, purifying,
and concentrating RNA using the miRNeasy microkit
(Qiagen, Cat# 217084). All RNAs were subjected to on-
column DNase treatment to minimize genomic DNA con-
tamination (Qiagen, Cat# 79254). Three to four biological
replicates were collected for each condition and/or treat-
ment. RNA concentration was determined by nanodrop
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and the quality of total RNA as well as the small RNA
(<150 bp) was assessed using the Bioanalyzer RNA 6000
Pico kit (Agilent, Cat# 5067-1513).

Small RNA-seq libraries were made as described in Ref.
[51]. Briefly, 500 ng of total RNA was used as input for gen-
erating libraries. Sequencing adapters were synthesized
by Integrated DNA Technologies.’* Three prime adapters
were used at 1 pM while 5’ adapters were added at 0.1 pM.
Fragments of the 45-50 bp size were PAGE purified after
each ligation step, reverse transcribed, and then PCR am-
plified. Unless otherwise noted, PCR was performed for 12
cycles. The generated library was quantified using Qubit2
and diluted to 3-10 nm concentration prior to sequencing
on Illumina HiSeq 2000 sequencers.

Raw reads were quality checked with the FASTQC
package (version 0.11.2) and processed using CutAdapt
v1.8 (d0i:10.14806/¢€j.17.1.200) to trim adapters. Sequences
were then aligned using Bowtie v1.1.2 to a mature miRNA
and other small RNA genome, downloaded from miRbase
and the mouse genome index curated by the GENCODE
annotations (Release M25 (GRCm38.p6) at https://www.
gencodegenes.org/releases/current.html). Reads were
mapped sequentially to first remove all sequences inher-
ent to library production (i.e., adapters, markers, PhiX),
followed by mapping mature miRNA and then other small
RNA to the mouse genome. Differentially expressed (DE)
genes were analyzed using DESeq2 package (v.1.24.0)
(doi:10.1186/s13059-014-0550-8) and a cut-off for signifi-
cantly different genes was set to a false discovery rate of
0.05. The heatmap was generated using the pheatmap
package (v.1.0.12) in R with Euclidean clustering method.
Normalized miRNA reads were transformed into rela-
tive abundance data by dividing each individual miRNA
count by the total miRNA counts in each sample. The av-
erage read across of the 4 biological replicates was calcu-
lated and ranked to determine which miRNAs were most
abundant.

2.5 | qRT-PCR

miR-100 levels were quantified using the TagMan
MicroRNA assay (Life Technologies, Grand Island, NY,
USA). miRNA levels were normalized to small nuclear
RNA snoRNA 202, which is recommended as an endog-
enous control for mice.>> For Fzd-4, Fzd-5, Fzd-8, Tcf-4,
Axin-2, and Lef-1, expression was normalized to 18S ribo-
somal RNA using TagMan Gene Expression Assays (Life
Technologies). The catalog number of the primers used
in this study is provided in Table S2. PCR was conducted
following the recommendations for the TagMan Gene
Expression Assays on a CFX96 Real-Time PCR System
(Bio-Rad). The fold change for each miRNA and mRNA

relative to the control was calculated using the AACt
method.**** qQRT-PCR data are reported as either mean +
SD for FSS and loading experiments or as mean+ SE
when data are derived from 3 independent experiments,
with n = 3-4 biological replicates/group and an average of
two technical replicates for each experiment.

2.6 | Western blot analysis

Whole cell lysates were collected and processed as pre-
viously described.”® Proteins were resolved by 10% SDS-
PAGE and transferred onto polyvinylidene fluoride
membranes. Membranes were blocked with 5% milk in
Tris-buffered saline with 0.1% Tween 20 and then in-
cubated with primary antibodies against mouse FZD-8
(1:1000, Abcam ab155093), active B-catenin (1:1000,
Cell Signaling D13A1, Cat# 8814), GSK-3p (1:1000, Cell
Signaling 27C10, Cat# 9315), and p-GSK-3p (1:1000, Cell
Signaling, Cat# 9336), followed by an anti-rabbit second-
ary antibody conjugated to IRD Dye 800 CW (1:5000;
LI-COR Biosciences), and visualized using the Odyssey
Imaging System. p-actin levels were used as a normaliz-
ing control for protein loading. The expression of p-actin
was detected using anti-p-actin (1:2500, Abcam ab8226)
primary antibody and an anti-mouse secondary anti-
body conjugated to IRD Dye 700 CW (1:15 000; LI-COR
Biosciences). All of the western assays were conducted
with at least 3 biological replicates per group from at least
2-3 independent experiments. The results of protein ex-
pression were quantitatively analyzed with Image Studio
Lite software and presented as the mean + SD and the
graphs are a representative of 3 independent experiments.

2.7 | Luciferase reporter assay

The reporter plasmids TOPFlash containing wild-type
TCF/LEF DNA binding sites (CCTTTGATC; Addgene
plasmid # 12456) or FOPFlash containing mutated TCF/
LEF DNA binding sites (CCTTTGGCC; Addgene plasmid
# 12457) were purchased from Addgene.> For luciferase
reporter assays, OCY454 cells seeded at 3 x 10* cells/well
in 24-well plates were grown to 70%-80% density. Cells
were then transfected with either TOPFlash or FOPFlash
reporters (1 mg), in combination with either miR-100
or scrambled control inhibitors (CI) (50 nM) using
Lipofectamine 3000 (Invitrogen). As a control, cells were
co-transfected with 100 ng of beta-galactosidase plasmid.
Eighteen hours post-transfection, cells were treated with
CHIR99021 (10 pM, Abcam# ab120890) or Wnt3a (50 ng/
ml, Peprotech# 315-20) for 24 h and cell lysate was collected
for the luciferase and beta-galactosidase assay according
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to the manufacturer's instructions (Galacto-Light Plus™
B-Galactosidase Reporter assay-ThermoFisher Scientific).
The luciferase reporter assays were conducted with 5-6
biological replicates per group in three independent ex-
periments. Results are presented as the mean+ SD and
data representative of 3 independent experiments are
shown.

2.8 | miR-100 target prediction,
cloning, and validation

miRNA target genes were predicted using miRsystems, a
database that combines seven well-known miRNA target
prediction programs into one: miRanda, PicTar, DIANA,
miRBridge, rna22, PITA, and TargetScan.56 Using this
prediction tool, we selected 5 mRNAs to validate as tar-
gets of miR-100. The selection criteria for target validation
were based on the mismatch within and outside the seed
regions and the minimum free energy of the miR/target
duplex. The 3’ UTRs of FZD4, FZD5, FZD8, SOST, and
DAAM1 were amplified from the mouse genomic DNA
using primers specified in Table S2. PCR amplification
was performed in a 50 uL reaction mixture with the fol-
lowing cycling parameters: 1 min at 98°C, followed by 40
cycles of denaturation at 98°C for 10 s, annealing for 30 s,
and extension at 72°C for 30 s, and a final extension step
at 72°C for 5 min. The amplification products were cloned
into the psiCHECK2 vector (C8021, Promega) multiple
cloning site using Notl and Xhol restriction sites. The
constructed 3" UTR luciferase reporters were sequenced
to verify the base sequence of miR-100 binding sites. The
psiCHECK-2 vector was selected because it contains both
a renilla luciferase and an independently transcribed fire-
fly luciferase reporter gene, which can be used for normal-
ization purposes to account for variation in transfection
efficiency and cell viability.

OCY454 cells seeded at 1 x 10* cells/well den-
sity in 96-well plates were transfected with 100 ng of
the relevant psiCHECK2 3’ UTR reporter constructs
(psiCHECK2-FZD4-3" UTR, psiCHECK2-FZD5-3' UTR,
psiCHECK2-FZD8-3’ UTR, psiCHECK2-SOST-3’ UTR,
psiCHECK2-DAAM1-3’ UTR) and 50 nM miR-100 or CI
inhibitors using Lipofectamine 3000 (Invitrogen). Lysates
were harvested 48 h after transfection and Firefly and
Renilla Luciferase signals were measured using the Dual
Luciferase Reporter Assay Kit (Promega, USA), according
to the manufacturer's protocol. Renilla luciferase signal
(that is upstream of the cloned 3’ UTR) was normalized
to firefly luciferase signal and the normalized ratio was
compared between samples and using the independent
sample t-test. All of the luciferase reporter assays were
conducted with 5-6 biological replicates per group in
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three independent experiments and data representative of
3 experiments is reported.

2.9 | Statistical analysis

Analyses were performed using GraphPad Prism. A two-
tailed Student's t test was used to evaluate the statistical
significance of the differences between two groups. One-
way analysis of variance (ANOVA) was used to compare
the differences among three or more groups followed by
Holm-Sid4k's post hoc test. Probability values <.05 were
considered statistically significant.

3 | RESULTS
3.1 | Differential expression of miRNAs
in osteocytes with FSS

To identify FSS induced changes in the osteocyte miRNA
transcriptome, we performed small RNA-seq using FSS-
stimulated OCY454 osteocyte-like cells. We first validated
the mechanosensitive response of OCY454 cells to FSS
grown in established microfluidic devices.?” As expected,
an hour of FSS was sufficient to stimulate a 3-fold increase
in AKT phosphorylation (Figure 1A,B) and a 30-fold in-
duction in Ptgs2 (Cox2) mRNA expression (Figure 1C),
relative to cells grown in microfluidic devices in static
conditions.

The miR expression profile of OCY454 cells exposed to
2 h of FSS, followed by an 8-h recovery, was clearly segre-
gated from cells grown in static conditions, as shown by
principal component analysis (Figure 1D). DESeq?2 identi-
fied 61 miRNAs that are DE in response to FSS, with a false
positive rate of less than 5%. As shown in the heatmap
(Figure 1E), the DE miRs were robustly different between
static and FSS-subjected samples, with 32 FSS-induced
and 29 FSS-repressed miRNAs (Figure 1F). Figure 1G
shows the distribution of 11 most abundant miRNAs,
miR-351-5p, miR-5099-5p, miR-100-5p, miR-148a-3p,
miR-182-5p, miR-199a-5p, miR-151-3p, miR-24-3p, miR-
16-5p, miR-191-5p, and miR-92a-3p, which account for
more than 85% of reads for both the static and FSS groups.
In response to FSS, these abundantly expressed miRNAs
are induced or repressed by greater than 30% (Figure 1H).
A 30% change in the expression levels of these abundant
miRs in response to FSS is sufficient to exert a significant
influence on gene regulation and cellular function.”” To
predict the effect of their differential expression on osteo-
cytes, we used miRsystems, a web-based bioinformatics
tool that integrates several prediction databases (TarBase,
DIANA, miRanda, mirBridge, PicTar, PITA, RNA22, and
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For detailed characterization of miRNA function in os-
teocyte mechanotransduction, we deliberated on the liter-
ature to select a miRNA candidate that has an established
role in bone physiology and is associated with clinically
relevant bone pathologies, as shown in Table 1. These
strict selection criteria prioritized miR-100 as an excellent
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FIGURE 1 Fluid shear stress regulates microRNAs in OCY454 osteocyte-like cells. Undifferentiated OCY454 cells grown in
microfluidic flow chambers, under static conditions or subjected to fluid shear stress (FSS) at 10 dynes/cm? for 60 min, exhibit induction
in Akt phosphorylation on Ser473 (pAKT) with FSS. Protein levels of pAKT and total AKT are normalized to p-actin (A and B) and

ratio of phosphorylated to total AKT is quantified (n = 6 replicates/group, mean + SD). FSS induced upregulation of Ptgs2 mRNA levels
(C), quantified with qRT-PCR (n = 3 replicates/group, data derived from 3 experiments are shown as mean + SEM). Mechanosensitive
microRNAs are profiled using an unbiased small RNA-seq on RNA collected from OCY454 cells subjected to 2 h of 10 dynes/cm? FSS,
followed by 8-h recovery. A principal component analysis plot (D) demonstrates segregation of the four biological replicates between the
static and FSS conditions. Of the 650 miRs detected by the small RNA seq, 61 differentially expressed (FDR < 0.05) miRs are shown in a
heatmap (E). Each row of the heatmap represents the log2FC value of one differentially expressed gene across all samples (column) and

the dendrograms are constructed by the Euclidean distance. Red shading indicates higher expression whereas blue shading indicates lower
expression. Volcano plot (F) shows significantly differentially expressed miRs, (FDR < 0.05); red denotes upregulated, while blue denotes
downregulated, miRs. The 11 most abundant miRs account for 87% of the total detected reads (G) and the percent change in the read counts
of these abundant miRs with FSS is shown graphically (H). *p < .05 compared to static group, unpaired ¢-test

TABLE 1 Mechanosensitive regulation of abundant DE miRs and their known roles in bone

miRNAs Function

miR-351-5p Inhibitor of bone formation®

miR-5099 Unknown

miR-100-5p Inhibitor of osteoclastogenesis and
osteoblastogenesis®*°

miR-148a-3p Inhibits osteogenesis®®

miR-182-5p Inhibitor of osteoblast proliferation and
differentiation®

miR-199a-5p Promoter of bone formation®

miR-151-3p Unknown

miR-24-3p Unknown

miR-16-5p Unknown

miR-191-5p Unknown

miR-92a-3p Promotes chondrogenesis’’

miR-17-5p Inhibits bone formation, targets BMP2,

SMADS5, SMAD?7 targets

candidate that is known to participate in various biological
processes, including osteogenic differentiation and osteo-
clastogenesis.”*® miR-100 participates in ovariectomy-
induced osteoporosis and is associated with increased risk
of osteoporotic fracture in humans.®®® However, the role
of miR-100 in osteocytes and mechanotransduction was
unexplored.

3.2 | Expression of miR-100, an
inhibitor of osteogenic differentiation, is
mechanosensitive

miR-100 is a member of the miR-99 family that can
suppress BMP2-induced osteogenic differentiation of
C3H10T1/2 osteogenic precursors.” To determine its

Mechano-sensitive

Clinical relevance miRs
Unknown Yes
Unknown Unknown
Upregulated in osteoporosis, Yes®
osteoarthritis, and
osteonecrosis®¢16364
Upregulated in osteoporosis® Yes®’
Unknown Unknown
Unknown Yes”®
Osteopenia and fracture healing Unknown
diabetes’""
Upregulated in osteoporosis®®”> Unknown
Postmenopausal osteoporosis”™ Yes”
Unknown Yes®
Unknown Unknown
Biomarker of osteoporosis Yes*

potential role in osteocytes, we examined miR-100 ex-
pression throughout osteocyte differentiation in mouse
bone marrow stromal cells. While the expression of oste-
ocyte markers, namely Dentin matrix protein 1 (Dmp1I),
Pododplanin (Pdn), Phosphate Regulating Endopeptidase
Homolog X-Linked (Phex) and Sclerostin (Sost) increased
over the 3-week differentiation period (Figure S2A), miR-
100 levels declined by 40% during this time (Figure S2B).
Similarly, miR-100 expression declines throughout
osteoblast differentiation in the MC3T3E1.4 cell line
(Figure S2C,D). Consistent with prior reports,”® miR-100
inhibition is sufficient to stimulate a 10-fold increase in
Runx2 expression and a 4-fold increase in expression of
Oc and Ibsp (Figure S2E-G). Given that miR-100 levels
decline throughout and antagonize osteogenic differ-
entiation, in mature osteocytes that are derived from
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terminally differentiated osteoblasts, the repression of
miR-100 is sustained.

Although miR-100 inhibits osteoblast differentiation
(Ref. [58] and Figure S2E-G), the extent to which it par-
ticipates in osteocyte mechanotransduction is unclear. In
0OCY454 cells subjected to FSS, qRT-PCR analysis showed
a 50% reduction in miR-100 expression, similar to what
was observed in our small RNA-seq results (Figure 2A).
In vivo hindlimb loading of mice also suppressed miR-100
expression in osteocyte enriched bone RNA, relative to the
contralateral non-loaded limb, further strengthening our
conclusion that miR-100 is a mechanosensitive miRNA
(Figure 2B).

3.3 | miR-100 expression is regulated by
TGFp, but not Wnt signaling

One of the major questions in mechanobiology is the iden-
tity of mechanisms by which cells integrate physical and
biochemical stimuli to generate a coordinated response.
To determine if the mechanosensitive miR-100 fulfills this
function in osteocytes, we examined miR-100 regulation by
TGFp and Wnt signaling, two pathways that are sensitive
to FSS and are integral to the anabolic response of bone to
mechanical load. Using OCY454 cells treated with TGFp
for 24 h, we assessed expression of miR-100 and the es-
tablished TGFp-inducible gene, Serpinel. TGFp treatment

(A) - In vitro (B) o i wive
o 1.57 o 2.4 °
~r v
14 14
i . = £1.64
= E 1.0 * £ q>; *
[} [}
() >0
2 = 0.5 £ —0.81
o K
€ 00 € 00
" Static FSS Static Load
©€) (D) ;
. £ g- erpine1
9O 1.4- miR-100 [s) 8 Serp @ Control
& @ * * [0 TeFp
g * * = .
o & FIGURE 2 Mechanosensitive
<’1<J 0.7 o 4 miR-100 is suppressed by TGF, but
g’ g not Wnt, signaling. qRT-PCR showed
"'g E that miR-100 expression was reduced
° 0.0 & 0 H by FSS (A) in cultured OCY454 cells
e D ubD ubD D (n = 4 replicates/group, mean + SD) and
Lef1 by compressive hindlimb loading (B)
(E) - miR-100 (F) g 24- * ® Conirol in tibial bones when compared to the
O 1.51 "B non-loaded (static) contralateral tibia
3 g B Wnt3a from same mouse (n = 9 mice/group,
o 1.0- s 8'__ mean + SD). In undifferentiated (UD)
% ) :|<> 27 and differentiated (D) OCY454 cells, 24-h
g ) treatment with TGFf treatment (5 ng/
> 0.51 E 11 ml, C and D) reduces miR-100 expression
it
«© % Py and induces the TGFf-responsive gene,
& 0.0 o 0 Serpinel, while treatment with Wnt3a
ub D (50 ng/ml, E and F) or the Wnt agonist,
(G) (H) Lef1 CHIR (10 uM, G and H), does not impact
c . - miR-100 expression, despite upregulating
% 2.0 miR-100 % 6- : @ Control the expression of Wnt-responsive gene,
g 1.5 3 @ CHIR LefI (n = 3-4 replicates/group, mean
s = 4 * + SD, and data are representative of
é 1.0- :1‘9 3 experiments). SHoRNA 202 and 18S
o ) o 2 ribosomal RNA were respectively used
.E 0.5 E d a endogenous housekeeping genes for
K] % H normalizing miRNA and mRNA levels.
& 0.0 o O *p < .05 compared to static or treatment
ubD D ub D

controls, unpaired t-test
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reduced miR-100 levels by 20% in both undifferentiated
and differentiated osteocytes (Figure 2C), while increasing
Serpinel mRNA levels by approximately 4-fold (Figure 2D).
Similarly, in MLO-Y4 osteocyte-like cells, TGFf repressed
miR-100 expression; and this repression was relieved in
the presence of an inhibitor of TGFp pathway, SB431542
(Figure S2H,I). In contrast to TGFp, treatment with Wnt3a
or CHIR, a GSK3p inhibitor that activates the Wnt path-
way, miR-100 expression was unaffected (Figure 2E,G).
Activation of Wnt signaling with Wnt3a and CHIR was con-
firmed in osteocytes by detecting elevated mRNA levels of
Lefl, a Wnt-inducible target gene (Figure 2F,H).

3.4 | miR-100 regulates Wnt/f-catenin
pathway in osteocytes

Since miR-100 is a downstream target of FSS and TGFp,
but not Wnt, we hypothesized that miR-100 acts upstream
of Wnt signaling in osteocytes, as it does in cancer and in
hematopoietic cells.”®”® Further supporting the ability of
miR-100 to target Wnt signaling, in-silico analysis with
miRsystem scored several Wnt signaling genes, includ-
ing Fzd4, Fzd5, Fzd8, Sost, and Daam]l, as likely targets
of miR-100 (Table 2). The complementarity of the miR-
100 seed region to the 3" UTR of several predicted target
transcripts is shown in Figure 3A. To determine whether
Fzd5, Fzd8, Sost, and Daam1 are bona fide miR-100 targets,
psiCHECK?2 luciferase reporter constructs were developed
for the 3’-UTR of each gene. When transfected into OCY454
cells, constructs show a loss of luciferase signal if miR-100

TABLE 2 KEGG analysis using
miRsystems revealed Wnt signaling
among the top 10 pathways predicted to Pathways in cancer
be targeted by miR-100
Endocytosis
Prostate cancer

Mapk signaling

Oocyte meiosis

miR-100 targeted pathways

FASE‘BJOURNAL

targets the relevant 3" UTR. Restoration of reporter activ-
ity upon co-transfection of miR-100 inhibitor validates
the specificity. The luciferase activity of Fzd5, Fzd8, and
Daam1 constructs was higher in the presence of miR-100
inhibitor compared to the non-targeting control inhibitor
(CI), while the activity of the Sost 3’-UTR remained unaf-
fected (Figure 3B). These data suggest that miR-100 directly
targets Fzd5, Fzd8, and Daam1, but not Sost.

In OCY454 cells transfected with control and miR-100
inhibitors, we also examined the mRNA levels of Fzd5
and Fzd8, two receptors in the canonical Wnt pathway.
Fzd5 and Fzd8 mRNA levels were significantly increased
with miR-100 inhibition, but not in the control inhibitor
containing cells (Figure 3C,D). Western analysis further
showed more than 2-fold induction in FZD8 protein levels
in the presence of miR-100 inhibitor compared to the non-
targeting control group (Figure 3E,F). Apart from Wnt re-
ceptors, miR-100 inhibition also increased expression of
the Wnt effector, p-Catenin, as demonstrated by increased
mRNA (Figure 3G) and protein levels (Figure 3H,I).
Ultimately, we examined the functional effect of miR-
100 inhibition on the Wnt-responsive luciferase reporter
TOPFlash, a construct with seven tandem copies of the
consensus Tcf/Lef binding site, in OCY454 cells. CHIR
mediated induction of TOPFlash reporter activity is aug-
mented in the presence of miR-100 inhibitor, with ap-
proximately 6-fold higher reporter activity than control
inhibitor transfected cells (Figure 3J). Together, these data
demonstrate that miR-100 antagonizes Wnt signaling in
osteocytes, as it does in other cell types,’®” at least in part,
by reducing the expression of Wnt receptors.

pvalue Predicted gene targets

.0001 PPP3CA; SMARCD1; SMARCCI; FZD5;

FZD8; PPP2R5C; TNF; MTOR
.0004 EEA1; VPS37C; AGAP3; FGFR3; IGF1R
.0007 E2F2; MTOR; IGF1R; NKX3-1

.0012 PPP3CA; TAOK1; TNF; FGFR3; IGF1R;
MAP2K6; FGF21

.0015 PPP3CA; PPP2R5C; ADCY1; IGF1IR

Amyotrophic lateral sclerosis .0019 APP; FZD5; FZD8

Glioma .0029 E2F2; MTOR; IGF1R
Adipocytokine signaling .0033 ACSL4; TNF; MTOR
Melanoma .0038 E2F2; IGF1R; FGF21

Wnt signaling

Glycosaminoglycan biosynthesis .0059

Tgf-beta signaling

Melanogenesis

.0044 PPP3CA; FZD5; FZD8; PPP2R5C;
DAAM1; SOST

HS3ST3B1; HS3ST2
.0061 BMPR2; FMOD; SMAD7
.0094 FZD5; FZDS8; ADCY1
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FIGURE 3 miR-100 directly targets multiple components of the
3721-3727), FZD8 (seed region: 508-514), DAAM1 (seed region: 461

Wnt/f-catenin signaling pathway. The 3’ UTR of FZDS5 (seed region:
-473), and SOST (seed region: 409-415) contain putative miR-100

binding sites as shown in (A). Cloning into the psiCHECK-2 reporter showed that these 3" UTR fragments of mouse FZD5, FZDS, and
DAAMLI, but not SOST, are sufficient to confer reporter sensitivity to miR-100. Normalized luciferase activity of 3’ UTR constructs (B)

in OCY454 cells transfected with miR-100 Inhibitor (miR-100I) or control inhibitor (CI), are reported (n = 6 replicates/group, mean +

SD). OCY454 cells transfected with miR-100I (red) or CI (black) show miR-100 sensitivity of Fzd5 (C) and Fzd8 (D) mRNA levels (n = 3
replicates/group, data derived from 3 experiments are shown as mean + SEM). Western blot (E and F) shows 2-fold increase in FZD8
protein levels, normalized to -actin, in miR-100I transfected OCY454 cells, relative to CI (n = 3 replicates/group, mean + SD). The
inhibitory effect of miR-100 on Wnt signaling is evident from the increased expression of p-catenin (Ctnnb1) mRNA (G) and active $-catenin
protein levels (H and I) (n = 3 replicates/group, for G data are shown as mean + SEM and mean + SD for I). Relative luciferase activity of
TOPFlash/FOPFlash (J) in OCY454 cells co-transfected with miR-100I or CI and treated with vehicle or CHIR for 18-20 h (n = 6 replicates/
group, mean + SD). *p < .05 relative to the CI group and *p < .05 relative to the untreated CI group, One-way ANOVA followed by Holm-

Sidak’s post hoc test

3.5 | TGFp activates Wnt/p-catenin
signaling in osteocytes

Though TGFp and Wnt signaling are induced by FSS, the
mechanisms coordinating the activity of these pathways in
osteocyte mechanotransduction remain unclear. Therefore,
we further explored the crosstalk between these two path-
ways in osteocytes by examining the effect of TGFp on Wnt
signaling pathway at multiple levels. In OCY454 cells, 24 h
of TGF treatment reduced Axin2 mRNA levels by ~2.5-fold,
while promoting expression of Lefl (~4-fold induction), a
downstream target of canonical Wnt signaling (Figure 4A).
TGFp also reduced expression the mRNA levels of Wnt

receptor Fzd8. To gain further clarity on the effect of TGFf
on Wnt pathway, we used the Wnt reporters (TOPFlash and
FOPFlash). We observed that the combination of TGFp and
Wnt3a treatment doubled Wnt-inducible TOPFlash activity
in transfected OCY454 cells (Figure 4B). Immunoblotting
analysis revealed that TGFp treatment (24-h) mediated in-
crease in the active non-phosphorylated p-catenin protein
levels were similar to those induced by Wnt 3a (Figure 4C,D).
Also, TGFf and Wnt3a in combination caused a signifi-
cantly higher activation of p-catenin protein compared to
either treatment alone. Interestingly, a 1-h long TGFp treat-
ment was found to suppress levels of active -catenin, sug-
gesting of multiple distinct mechanisms by which TGFp
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FIGURE 4 TGF-f increases osteocyte responsiveness to Wnt ligand. mRNA levels of Fzd8, Axin2, Ctnnbl1, and LefI (A) in OCY454s
treated with TGFp for 24 h are determined (n = 3 replicates/group, mean + SEM). Relative luciferase activity (RLU) of Wnt reporter
(TOPFlash/FOPFlash) (B) in OCY454 treated with or without TGF and Wnt3a (n = 6 replicates/group, mean + SD). TGFp and Wnt3a
regulate the level of active p-catenin (C and D) and phosphorylated and total GSK3 (E and F), relative to p-actin, in OCY454 cells (n = 3
replicates/group, mean + SD). *p < .05 different from control group, *p < .05 different from Wnt3a group, and *p < .05 relative to TGFp

group, One-way ANOVA followed by Holm-Sid4k's post hoc test

regulates Wnt pathway (Figure S3A). TGFp treatment (24-
h) was also found to induce phosphorylation of GSK3 on
serine-9, which suppresses the Wnt-antagonizing function
of GSK3p (Figure 4E,F). TGFf treatment further augments
Wnt3a-induced phosphorylation of GSK3p. Together these
results provide evidence at multiple levels of the Wnt path-
way and indicate that TGFp acts in a cooperative manner to
supplement Wnt/p-catenin signaling in osteocytes.

3.6 | miR-100 mediates cooperation
between TGF-f and Wnt signaling

Since TGFp suppresses miR-100 expression, and miR-
100 antagonizes Wnt signaling, we sought to determine
if miR-100 is necessary for TGFp-induced Wnt/f-catenin

activation in osteocytes. To test this hypothesis, OCY454
cells transfected with non-targeting control or miR-100
inhibitors were treated in the presence of TGFf, Wnt3a,
or both. Inhibition of miR-100 increased mRNA levels of
Ctnnbl compared to the non-targeting control transfected
cells (Figure 5A). TGFp treatment resulted in a marked in-
crease in Ctnnbl mRNA levels, comparable to the degree
of Ctnnbl mRNA induction following Wnt3a treatment
(Figure 5A). miR-100 inhibition augmented both TGFf{
and Wnt3a-induced Ctnnbl mRNA expression. Levels of
the Wnt downstream target, LefI mRNA, were not substan-
tially increased with TGFp} treatment; however, its addition
augmented Wnt3a mediated increase in Lefl in both the
presence and absence of miR-100 inhibitor. Inhibition of
miR-100 substantially increased Lefl mRNA in presence of
TGFf and Wnt3a alone or in combination (Figure 5B).
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FIGURE 5 Cooperation between TGF} and Wnt/p-Catenin
signals is mediated in part by miR-100. The relative expression

of Wnt target genes, Ctnnb1 (A) and LefI (B), in OCY454 cells

is sensitive to TGFf or Wnt3a treatment, applied 24 h post-
transfection with CI or miR-100I is reported with qRT-PCR (n = 3
replicates/group, mean + SEM). Relative luciferase activity (RLU)
of Wnt reporter (TOPFlash/FOPFlash) (C) in OCY454 transfected
with CI or miR-100], treated with or without TGF} and Wnt3a

for 24 h is shown (n = 6 replicates/group, mean + SD). $p < .05
different from the control treated and CI transfected group, *p < .05
different from the control treated and miR-100I transfected group,
*p < .05 different from the CI group, ***p < .05 different from the
Wnt3a treated group, One-way ANOVA followed by Holm-Sid4k's
post hoc test

As a functional measure of Wnt activity, we used the
Wnt reporters (TOPFlash and FOPFlash) to determine if
miR-100 is required for TGFp-inducible Wnt signaling. In

OCY454 cells transfected with non-targeting control in-
hibitor, Wnt-3a stimulated TOPFlash reporter activity by
~1.5 fold over the basal levels. Wnt3a stimulated an even
greater induction when miR-100 inhibitors were present.
Concomitant treatment of TGFf significantly augmented
Wnt-3a-inducible reporter activity, both in the presence or
absence of miR-100 inhibitors. Remarkably, upon miR-
100 inhibition, the combination of TGFf and Wnt-3a in-
duced reporter activity by ~2.3 fold (Figure 5C). Overall,
this result suggests that TGFp stimulation of Wnt signal-
ing occurs, at-least in part, through inhibition of miR-100.

3.7 | miR-100-inhibition is sufficient to
mimic FSS-inducible Wnt signaling

Lastly, we investigated if mechanosensitive suppres-
sion of miR-100 is sufficient to recapitulate the effect of
FSS on Wnt signaling. As anticipated, we observed FSS-
dependent regulation of canonical Wnt signaling using
OCY454 cells grown in established microfluidic condi-
tions (10 dynes/cm?). Within 1-h of FSS, the outcomes
of Wnt signaling, including GSK3p phosphorylation and
Lefl expression were induced (Figure 6A-C). FSS also
caused a ~2-fold increase in active B-catenin protein levels,
comparable to that induced by Wnt3a. Inhibition of miR-
100 was sufficient to increase active p-catenin protein to
levels similar to FSS treatment (Figure 6D). Importantly,
upon miR-100 inhibition, FSS was no longer able to con-
fer mechanosensitive control of p-catenin activity. Thus,
suppression of miR-100, whether experimentally or in re-
sponse to FSS, is sufficient to induce Wnt/p-catenin sign-
aling. Moreover, FSS-mediated suppression of miR-100 is
necessary for mechanosensitive control of f-catenin activ-
ity in osteocytes.

4 | DISCUSSION

We identified a new miR-dependent mechanism that
integrates the mechanosensitive function of TGFp and
Wnt signaling pathways. The coordinated activity of
these pathways is essential in many tissues, during de-
velopment, in homeostasis, and disease, including in the
osteoanabolic response of bone to mechanical loading.
Specifically, we identified miR-100 as a crucial regulator
of mechanotransduction in osteocytes. Using tibial com-
pression (in vivo) and fluid shear stress (in vitro) models
of loading, we demonstrated that miR-100 is a mecha-
nosensitive miRNA that is downregulated in osteocytes
in response to load. TGFf signaling that is activated
with fluid shear stress,”’ suppresses miR-100 expres-
sion in osteocytes and this repression is indeed essential
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FIGURE 6 Suppression of miR-100 increases activation of Wnt/p-catenin signaling in osteocytes during fluid shear stress. Wnt/f-

catenin signaling is induced in OCY454 cells subjected to 60 min of 10 dynes/cm? fluid shear stress (FSS) relative to cells grown in static
conditions, as is evident from the increased pGSK3p/GSK3p ratio (A and B) (n = 7-8 replicates/group, mean + SD) and the increased
expression of the Wnt/p-catenin target gene, LefI (C) (n = 4-5 replicates/group, mean + SD, *p < .05 different from static group, unpaired

t-test). Relative to CI-transfected cells, miR-100I transfected OCY454 cells have higher levels of active B-catenin in static conditions or when

subjected to FSS for 1 h, which indicates that miR-100 induces Wnt/f-catenin pathway to a saturating degree that is with FSS (as observed in

CI transfected cells) (D and E). Active p-catenin levels are normalized to f-actin from western blot analysis (n = 4-5 replicates/group, mean
+ SD), *p < .05 different from the CI transfected static group, One-way ANOVA followed by Holm-Sidék's post hoc test

for induction of canonical Wnt/p-catenin pathway. Our
study is unique in that we revealed a new mechanism
by which TGFp indirectly activates canonical Wnt/p-
catenin in osteocytes during fluid shear stress via regula-
tion of miR-100.

Osteocyte mechanotransduction is an intricate multi-
faceted process, that modulates several signaling cascades
including those activated by Wnt/p-catenin, RANKL/
OPG, Notch, BMP, TGFp, PTH, and IGF1.'%!% Because
miRNAs can control the expression of several genes work-
ing in one or multiple pathways, it is likely that miRNAs
orchestrate changes in osteocytes during mechanotrans-
duction. By targeting multiple pathways simultaneously,
miRNAs generate a unified biological response in cells.
Increasingly, miRNAs have been implicated in the mecha-
nosensitive response of bone cells, however most of these
studies examine the effect of tensile or compressive stress
on miRNA expression in MC3T3E1.4 osteoblasts or MLO-
Y4 osteocytes.****#! Although osteocytes experience a
myriad of mechanical stimuli in the form of strain, stress,
shear, osmotic pressure, and fluid flow due to their unique
location in the mineralized bone matrix, fluid shear stress
has been identified as the primary stimulus felt by osteo-
cytes upon load.'**% Yet, few studies have profiled fluid

shear stress driven changes in the osteocyte miR tran-
scriptome. Our study is first to generate an unbiased pro-
file of mechanosensitive miRs in osteocytes subjected to
fluid shear stress. Using the small RNA-seq approach, a
total of 61 DE FSS sensitive miRs (i.e., 32 up-regulated and
29 down-regulated miRNAs) were identified in osteocytes.
Among these miRNAs, many were found to be involved
in osteogenic differentiation, including several with reg-
ulatory functions in cell proliferation, growth factor ex-
pression, and extracellular proteolysis, such as miR-103,
miR-29b, miR-20a, miR-100, miR-148a, miR-17~92, miR-
199b, miR-199a, miR-130a, miR-191 and miR-210.*%*%%+%

MiRNA-100 belongs to miR-99 family consisting of
3 miRNAs that are located in distinct chromosomal re-
gions in the human and mouse genome. The three mature
miRNAs of the miR-99 family, miR-99a, -99b, and -100,
possess high conservation of sequence and genomic orga-
nization in mouse, rat, and human and their seed bases
(ie nucleotides in positions 2-8) that are important for
target recognition and binding, are identical.”® miR-100
is encoded by a tricistronic transcript from chromosome
11 as a cluster of miR-100, Let-7a-2, and miR-125b-1 miR-
NAs. Although miR-99 family members may have over-
lapping targets, each of these miRs is DE depending on
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the cellular lineage, suggesting distinct transcriptional
or post-transcriptional regulation.”®*® This is particu-
larly apparent in the osteoclasts, where despite observing
abundant expression of both miR-100 and miR-99b in os-
teoclast precursors, during in differentiation expression of
miR-100 is induced and miR-99b is repressed.’®*® In os-
teogenic cells, miR-100 inhibits BMP-induced osteoblas-
togenesis by suppressing expression of Runx2, as well as
osteocalcin and bone-sialoprotein.”® miR-100 is among
one of the few microRNAs that has been linked to clinical
osteoporosis. Expression of miR-100 is strongly correlated
with BMD, and a recent study showed an longitudinal in-
crement in miR-100 levels in the femoral bone RNA of pa-
tients with osteopenia and osteoporosis, compared to the
non-osteoporotic patient samples.®” As a freely circulat-
ing miRNA, expression levels of miR-100 are elevated in
serum of patients with osteoporotic facture, which again
underscores its potential as a diagnostic biomarker for
osteoporosis and bone health.®>®! Aberrant miR-100 ex-
pression has also been observed in non-traumatic osteone-
crosis and osteoarthritis.®*** In all three skeletal etiologies,
the mechanical properties of bone are compromised.®” ™
Given the strong association of miR-100 with these dis-
eases, delineating miR-100's role in bone mass and bone
quality can provide valuable insights into molecular path-
ways participating in these etiologies.

Although miR-100 is not the miRNA with the stron-
gest deregulation after FSS, its abundance in osteocytes
and its biological relevance in bone pathology makes this
miR an important candidate for further investigation. In
osteocytes, we found a stark downregulation of miR-100
levels with FSS. Inhibition of miR-100 induces the Wnt/
b-catenin pathway as much as FSS alone. This ability of
miR-100 to suppress Wnt signaling is potentiated by its di-
rect binding to the 3’ UTR of Frizzled receptors to reduce
their mRNA and protein levels. Apart from osteocytes,
mechano-regulation of miR-100 expression has also been
reported in vascular endothelial cell and human periodon-
tal ligament stem cells,***>*® where miR-100 negatively
regulates mTOR, a key modulator of cell proliferation.
Repression of mTOR by miR-100 has been observed in
human mesenchymal cells as well. Given the conservation
of miR-100 mechanosensitivity across cell types, it is pos-
sible that miR-100 also targets mTOR in osteocytes, and
consequently may a key regulator of the PI3K/Akt/mTOR
pathway induced by fluid shear stress.'®

Our investigation of miR-100 function in TGFf and
Wnt signaling was guided by in-silico analysis that iden-
tified components of both pathways as miR-100 targets.
In addition, in hematopoietic stem cells, the miR-100 tri-
cistron serves as a molecular switch that balances TGFf
and Wnt signaling to promote megakaryocyte proliferation
and differentiation.”® Our studies of miR-100 in osteocytes

showed that TGFp inhibits miR-100 transcription, possi-
bly through Smad2/3 binding sites near the miR-100 tran-
scription start site (TSS). Other transcription factors likely
cooperate with Smads to confer TGFp-inducible regula-
tion of miR-100 transcription. These include Hoxal0 and
GATAG®6, both of which bind near the miR-100 TSS, and
cooperate with Smad2/3 to regulate transcription in a cell
type dependent manner’®'~%*

Several studies have shown activation of Wnt/fp-catenin
pathway by TGFp signaling.””®” In human bone marrow
stromal cells, TGFp upregulates expression of Wnt ligands
and co-receptors, increasing nuclear translocation and
accumulation of active p-catenin.”” In fibroblasts, TGFp
promotes canonical Wnt signaling through repression of
Axin2, a protein that forms part of the ‘destruction com-
plex’ that phosphorylates and routes p-catenin toward
degradation. Apart from Axin2, TGFp represses the ex-
pression of Dkk-1 and Dkk-2, negative regulators of Wnt
signaling.” In osteocytes, we are first to report that TGFp
acts as a positive regulator of the Wnt pathway. Here, we
found that TGFp-inducible activation of Wnt/p-catenin is
achieved through repression of miR-100, which decreases
the expression of important Wnt receptors. These findings
offer a mechanistic explanation for the ability of FSS to co-
ordinately induce both TGFp and Wnt signaling, through
suppression of miR-100 expression. While we have iden-
tified miR-100 as one of mechanisms by which these
pathways synergize and support osteocyte mechanotrans-
duction, based on findings reported here and by others, it
is likely that Axin2 and Dkk1 also contribute to TGFf} and
Wnt crosstalk.

Both TGFp and Wnt signaling have established roles
in bone development, homeostasis, and mechanoregula-
tion. 3262898100 A ¢ the tissue level, we showed that intact
TGFp signaling is required for the anabolic response of
bone to mechanical loading.*> Expression of a dominant
negative TGFp type II receptor under control of the os-
teocalcin promoter was sufficient to prevent the mecha-
nosensitive repression of sclerostin (Sost), an inhibitor of
canonical Wnt signaling that is required for bone anabo-
lism.* At the cellular level, we have recently shown that
osteocytes respond to fluid shear stress with a rapid and
robust induction in TGFf signaling.”” Here we further
dissect the mechanisms required for the cooperative func-
tion of TGFpP and Wnt signaling pathways by focusing on
mechanosensitive control of miR-100.

Importantly, these signaling events, as well as miR func-
tion, are complex and dynamic. Both TGFf and Wnt path-
ways utilize multiple canonical and non-canonical effectors
and activate negative feedback loops that oppose each path-
way. Future studies will be needed to better understand how
these in vitro mechanisms relate temporally in vivo during
the anabolic response of bone to mechanical loading. Future
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analyses will benefit from the unbiased profile, captured
here, of mechanoresponsive miRs in osteocytes in response
to fluid shear stress. In conclusion, we identify the function
of a mechanosensitive miR, miR-100, in coordinating the
activity of TGFp and Wnt signaling, two pathways with es-
sential roles in osteocyte mechanotransduction and in the
anabolic response of bone to mechanical load.
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