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Inhibition of miR-29-3p isoforms via tough decoy suppresses
osteoblast function in homeostasis but promotes intermittent
parathyroid hormone-induced bone anabolism

Henry C. Hrdlicka®, Renata C. Pereira®, Bongjin Shin¢, Siu-Pok Yeed, Alix C. Deymier®, Sun-
Kyeong Lee®", Anne M. Delany&™
aCenter for Molecular Oncology, UConn Health Center, Farmington, Connecticut

bDivision of Pediatric Nephrology, David Geffen School of Medicine at University of California, Los
Angeles

¢Center on Aging, UConn Health Center, Farmington, Connecticut
dCenter for Mouse Genome Modification, UConn Health Center, Farmington, Connecticut

®Institute of Material Sciences, UConn Health Center, Farmington, Connecticut

Abstract

miRNAs play a vital role in post-transcriptional regulation of gene expression in osteoblasts and
osteoclasts, and the miR-29 family is expressed in both lineages. Using mice globally expressing a
miR-29-3p tough decoy, we demonstrated a modest 30-60% decrease all three miR-29-3p
isoforms: miR-29a, miR-29b, and miR-29c. While the miR-29-3p decoy did not impact osteoclast
number or function, the tough decoy decreased bone formation in growing mice, which led to
decreased trabecular bone volume in mature animals. These data support previous in vitro studies
suggesting that miR-29-3p is a positive regulator of osteoblast differentiation. In contrast, when
mice were treated with intermittent parathyroid hormone (PTH1-34), inhibition of miR-29-3p
augmented the effect of PTH on cortical bone anabolism, increased bone formation rate and
osteoblast surface, and increased levels of Ctnnb1/pcatenin mRNA, which is a miR-29 target.
These findings highlight differences in the mechanisms controlling basal level bone formation and
bone formation induced by intermittent PTH. Overall, the global miR-29-3p tough decoy model
represents a modest loss-of-function, which could be a relevant tool for assessing the possible
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impact of systemically administered miR-29-3p inhibitors. Our studies provide a potential
rationale for co-administration of PTH1-34 and miR-29-3p inhibitors, to boost bone formation in
severely affected osteoporosis patients, particularly in the cortical compartment.
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miRNA-29; tough decoy; osteoclast; osteoblast; bone formation; PTH

1. Introduction

The skeleton is a dynamic organ that continuously remodels through the coupled processes
of bone resorption and bone formation (1). Bone homeostasis is dependent on the
coordinated efforts of both hematopoietic and mesenchymal lineage cells. Bone marrow
monocytes (BMMs) are hematopoietic lineage cells that can differentiate into multinucleated
bone-resorbing osteoclasts, while bone marrow stromal cells (BMSCs) of the mesenchymal
lineage can differentiate into bone-forming osteoblasts. A balance between osteoclast and
osteoblast number and activity is needed for normal bone remodeling (1, 2).

microRNAs (miRNAs; miRs) are small, single-stranded, non-coding RNAs that post-
transcriptionally fine-tune gene expression. This class of small RNAs are now well-
recognized as an important regulator of both osteoclast and osteoblast lineages (3-7).
miRNA-mediated regulation is achieved by incorporation of the mature miRNA strand into
the multiprotein RNA-induced silencing complex (RISC), which targets mRNA transcripts
with sequences complementary to the miRNA. RISC-miRNA:mRNA interactions can result
in translational repression, transcript de-stabilization, and/or transcript degradation (1).
Further, individual miRNAs frequently target multiple components of signaling pathways,
resulting in wide-ranging regulation of cellular differentiation and function (7). One miRNA
family shown to play a substantial role in the differentiation and function of osteoblasts and
osteoclasts is miRNA-29-3p, an evolutionarily conserved family consisting of the isoforms:
miR-29a-3p, -29b-3p, and -29¢-3p (3-6, 8).

In the osteoclast lineage, we and others previously reported that the miR-29-3p family is up
regulated in primary BMMs during macrophage colony stimulating factor (M-CSF) and
receptor activator of NFxB ligand (RANKL) induced osteoclastogenesis (3, 9). We showed
that inhibition of miR-29-3p activity decreases osteoclast formation, indicating the miR-29
family is a positive regulator of osteoclast differentiation (3). The miR-29-3p family
promotes osteoclast differentiation and function, in part, by targeting Gpr85, Cd93, and Nfia,
which negatively impact the commitment of BMMs to the osteoclast lineage, and by
targeting Calcr, which mediates the anti-resorptive effects of calcitonin. Inhibition of
miR-29-3p activity also decreased osteoclast precursor motility, which can impact osteoclast
size (3).

In the osteoblast lineage, we and others previously reported that expression of the
miR-29-3p family is increased with osteoblastic differentiation and that it positively
regulates osteoblastogenesis and function in both mouse and human cells (5, 10-13).
Upregulation of the miR-29-3p family promotes osteoblastogenesis, in part, by targeting
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negative regulators of differentiation, including Hdac4, Tgfb3, and several negative
regulators of Wnt-signaling (5, 10-13).

To date, the majority of studies investigating the function of the miR-29-3p family in bone
were performed in vitro. To better understand the function of the miR-29-3p family /in vivo,
we developed a mouse model globally expressing a miR-29-3p tough decoy (miR-29 decoy;
global decoy), which serves as a competitive inhibitor of miR-29-3p activity (14-16). In the
present study, we show that under homeostatic conditions, decreased miR-29-3p activity
impaired bone formation, leading to decreased trabecular bone volume, while osteoclastic
parameters were unaffected. Unexpectedly, when challenged with intermittent PTH
administration, the fold increase in osteoblast surface and bone formation rate were
increased in miR-29 decoy mice compared with controls, an effect that could be related to
increased Pcatenin signaling. Overall, our data show a differential role for miR-29-3p in
bone homeostasis and PTH-mediated bone anabolism.

2. Materials and Methods

2.1. Animal care

All animal protocols were approved by the Institutional Animal Care Committee at UConn
Health. Mice were generated in the C57BL/6 background and were housed in the Center for
Comparative Medicine at UConn Health. Animals were kept under a 12-h light/dark cycle
and were provided with standard mouse chow and water ad /ibidum. Except when otherwise
noted, female littermates were used for all experiments. Mice from several litters were
pooled to generate enough individuals for each analysis. To evaluate bone formation via
dynamic histomorphometry, mice were injected with 10 mg/kg calcein (Sigma) 7 and 2 days
prior to the euthanasia of two-month-old animals, and 10 and 3 days prior to the euthanasia
of six-month-old animals. To study bone-anabolic response, 12-week old mice were injected
subcutaneously with 80 pg/kg/day rhPTH (1-34) (PTH) (Bachem, Torrance, CA) or vehicle
alone (2% heat inactivated mouse serum in acidified saline), 5 days per week for 4 weeks
(17, 18).

2.2. Generation of conditional miR-29 decoy allele

A miRNA tough decoy consists of a hairpin with an internal bulge containing two imperfect
miRNA binding sites. The imperfection in the miRNA binding site (between bases 10 and

11 from the 3’ end of the complementary sequence) allows escape from RISC-mediated
cleavage (15, 16, 19, 20). These decoys decrease the abundance of target miRNAS, as well as
sequester the target mMiRNAs by acting as competitive inhibitors. A Rosa26-specific donor
vector containing the tdTomato coding sequence followed by three-copies of a miR-29-3p
tough decoy was prepared and used to generate the miR-29 decoy mouse line using CRISPR
mediated gene editing. Supplemental Figures 1 and 2 provide additional details about
generation of the construct and mice. The decoy was designed to interact with all miR-29-3p
isoforms, with additional modifications to improve miRNA binding site accessibility.

A line of mice displaying germline transmission of the knock-in allele were bred with Hprt-
Cre mice (Jax stock no: 004302; C57BL/6 background) to remove the STOP sequence (three
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copies of the SV40 polyadenylation signal sequence), placing the tdTomato-miR-29-3p
decoy under the transcriptional control of the CAG promoter, thus accomplishing global
overexpression. Mice heterozygous for the globally expressed miR-29 decoy were crossed
with each other and the genotype of the resulting pups was determined by PCR. Genotyping
primers can be found in Supplemental Table 1. Wild-type mice and littermates homozygous
for the decoy allele were retained for analysis.

2.3. Static and dynamic histomorphometry

For static histomorphometry, right femurs from global miR-29 decoy mice and littermate
controls were fixed for 7 days in 4% paraformaldehyde at 4°C. After fixation, femurs were
demineralized for 14 days in a 14% EDTA/2.7% NH,4OH solution. Femurs were
subsequently dehydrated, paraffin embedded, and sectioned using a Leica microtome; 7 um
thick sections were stained for TRAP activity, with a hematoxylin counterstain.

For dynamic histomorphometry, left femurs were fixed 7 days in 4% paraformaldehyde at
4°C, incubated 24-36 hours in 30% sucrose, embedded in O.C.T. (Thermofisher) and flash
frozen in super-cooled 2-methylbutane (Fisher); 7 um sections were collected using a Leica
cryostat and Cryofilm Il tape transfer system (Section Lab Co. Ltd., Hiroshima, Japan).
Sections were UV cross-linked to glass slides using Norland Optical Adhesive and mounted
using 50% glycerol solution.

Static and dynamic histomorphometric parameters were measured using Osteomeasure
software (OsteoMetrics) and were quantified 200 um from the growth plate, avoiding
cortices, as recommended by the Nomenclature Committee of the American Society for
Bone and Mineral Research (21). Fluorescence and light micrographs were obtained using
an Axiocam MRc digital camera and AxioVision software (Zeiss).

2.4. Micro-computed tomography (microCT)

Right femurs from global miR-29 decoy mice and littermate controls were fixed in 70%
ethanol at 4°C until analysis. The metaphyseal region of the distal femur was analyzed at 8
um voxel resolution using micro-CT (UCT40, Scanco Medical AG, Bassersdorf,
Switzerland) to quantify trabecular and cortical microarchitecture (22).

2.5. Quantitative Real-time PCR (qPCR)

For whole bone gene expression, calvaria were cleaned of soft tissue, flash frozen, and
homogenized in TRIzol reagent (Life Technologies); RNA was extracted as directed by the
manufacturer. As previously described, total RNA was quantified, DNase treated (Promega),
and subjected to random hexamer primed reverse transcription for Sybr green based
quantitative PCR (qPCR) (4). For Sybr green based gPCR, gene expression was normalized
to 18S rRNA. Primer sets are shown in Supplemental Table 1. miRNA levels were quantified
using miRNA-specific TagMan microRNA assays (Life Technologies). Briefly, miRNAs
were reverse transcribed from total RNA using target-specific primers to create cCDNA,
which was quantified by gPCR. miRNA expression was normalized to RNUG6B. Relative
quantities were determined using standard curves and samples were assayed in duplicate.
RNA from each mouse (biological replicate) was analyzed in duplicate (technical replicate).
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2.6. Raman spectroscopy

2.7. Whole

To examine bone composition, Raman spectroscopy was performed on the cortical bone of
femurs from five-month-old female mice (23). Briefly, 20 um thick frozen sagittal sections
of were analyzed using a Witec alpha 300 Raman system with a 785 nm~1 laser at an output
power of 60—70 mW. Using a 100x objective, 5 measurements were collected along the long
axis of the bone at the middiaphyseal region of the femoral cortex, approximately 20 um
apart.

Cosmic ray corrections and background subtractions were performed on all Raman spectra
before analysis. Peaks of interest, including 960, 1000, 1070, 1451, and 1670 Acm™2, were
fit as Lorentzian peaks using the Witec Control 5.1 fitting program. Starting parameters such
as peak height and width were selected to obtain a visually determined best fit, after which
the program was allowed to perform up to 200 fitting iterations to obtain a best fit. Peak
center, width, and height for the five peaks of interest were recorded (23). Since Raman peak
height can be affected by numerous factors, peak height ratios were reported in order to
account for any scattering variations. The mineral to matrix ratio is represented as the ratio
of the 960/1000 and 960/1670 peak height ratios and the mineral carbonate to phosphate
ratio is represented by the 1070/960 peak height ratio.

body adiposity

Whole body composition of lean and fat mass was measured using a minispec mq7.5 TD-
NMR Analyzer (Bruker BioSpin Corporation, Billerca, MA, USA), according to
manufacturer’s instructions. A cohort of mice was analyzed longitudinally from two-months
through six-months of age.

2.8. Statistics

Data shown in bar graphs are mean + standard deviation. For data shown in box-and-whisker
plots, the mid-line represents the median, the top and bottom of each box represents the 75%
and 25% quartiles respectively, the whiskers mark the minimum and maximum values
within the data set, and open circles represent outliers. Statistical significance was
determined using ANOVA with Student-Newman-Keuls post-hoc test (KaleidaGraph,
Synergy Software, Reading, PA).

3. Results

3.1. Generation of the global miR-29 decoy mice.

miR-29 family members are expressed from two loci in mouse: miR-29b-1 and miR-29a
from chromosome 6, and miR-29¢ and miR-29b-2 from chromosome 1. The miR-29b loci
give rise to identical miR-29b-3p isoforms. The miR-29-3p family members display
remarkable sequence identity, such that miR-29a-3p and -29c¢-3p differ by a single
nucleotide, whereas the 3’-end of miR-29b-3p shows more variation (Supplemental Figure
1). For all three isoforms, the seed binding region (bases 2—8), which is thought to nucleate
interactions with mRNA targets, is identical (24-26). This suggests that miR-29-3p family
members have the ability to target many of the same transcripts.
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In an effort to inhibit the activity of the miR-29-3p family members, we designed a miR-29
tough decoy to serve as a competitive inhibitor for all three isoforms (see Supplemental
Figure 1 for decoy sequence). We chose this strategy because it has been shown to be
effective in knocking down the activity of miRNAS /n vivo and in vitro (14-16). The decoy
cassette consisted of the coding sequence for the fluorescent tdTomato reporter gene with
three miR-29-3p tough decoys (each decoy containing 2 miR-29-3p binding sites) in its 3’-
UTR. This decoy cassette was knocked into the Rosa26 locus such that its expression can be
activated by Cre-mediated recombination of a floxed transcription stop consisting of three
copies of the SV40 polyA signal (Supplemental Figure 2 and Figure 1A). A line of mice
displaying germline transmission of the knock-in allele was crossed with HPRT-cre mice,
resulting in global expression of the decoy cassette, demonstrated by ubiquitous tdTomato
fluorescence in all tissues. Global miR-29 decoy mice were born at normal Mendelian ratios
and were viable and fertile (data not shown). Frozen sections from long bones and calvaria
(Figure 1B-D) demonstrated tdTomato fluorescence in all cells of the skeletal elements.
gRT-PCR showed that tdTomato mRNA was well expressed calvaria of decoy animals, but
was undetectable in wild type (data not shown). We also performed a limited survey of
extraskeletal miR-29-expressing tissues, examining heart, kidney, liver and muscle. These
tissues displayed tdTomato signal and were grossly normal upon histological analysis
(Supplemental Figure 3).

Examining the expression of mature miR-29-3p by gRT-PCR, we found all three isoforms
were significantly decreased (30-60%) in the calvaria of decoy animals compared to wild-
type littermates (Figure 1E). In contrast, levels of two miRNAs normally expressed in both
osteoclasts and osteoblasts, miR-30a-5p (group average Ct 24.2) and miR-365-3p (group
average Ct 25.0), were unchanged (4, 27, 28). The impact of the miR-29-3p decoy was
greatest for miR-29b-3p, the isoform known to be least stable (29). miR-29b-3p was also
least abundant, evidenced by a higher group average Ct (28.1) compared with miR-29c-3p
(average Ct 22.2) or miR-29a-3p (average Ct 24.1).

The miR-29-5p isoforms are not expected to interact with the decoy, since their mature
sequence is not similar to that of the highly conserved —3p isoforms, and they are dissimilar
to each other (Supplemental Figure 1). gRT-PCR showed that expression of miR-29¢c-5p
(group average Ct 30.9) and miR-29b2-5p (group average Ct 37.8) were both significantly
decreased in bone from miR-29-3p decoy mice, but miR-29a-5p (group average Ct 28.7)
was not (Figure 1E). miR-29c and miR-29b2 are contained within the same primary
mMiRNA, while miR-29a and miR-29b1 are contained within a different primary miRNA,
transcribed from a different chromosome. Co-regulation of miR-29¢c-5p and miR-29b2-5p
suggests that expression of the miR-29¢/b2 locus, itself, may be decreased in miR-29-3p
decoy mice. Further, compared with miR-29-3p, the relatively high average Ct values for the
miR-29-5p isoforms indicate preferential selection for the —3p strand in bone. Moreover,
miR-29a-3p and miR-29c¢-3p, being most abundant, are likely the predominant miR-29
regulatory entities in bone. Overall, our data suggest that expression of the decoy results in a
modest but specific knockdown of miR-29-3p isoforms.
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3.2. miR-29 decoy decreases bone formation at two-months of age.

We first assessed the microarchitecture of femoral trabecular and cortical bone at two-
months of age, the time of peak trabecular bone volume in C57BL/6 mice (30). MicroCT
analysis did not reveal a significant impact of the global miR-29 decoy on trabecular or
cortical bone compartments in either male or female mice at this age (Supplemental Figure 4
and Figure 2).

However, since the miR-29 family positively regulates both osteoclast and osteoblast
differentiation and function /n vitro, histomorphometry and serum markers were used to
examine cellular parameters of bone turnover in female mice /n vivo (Figure 3). Regarding
osteoclast parameters, static histomorphometry did not reveal a difference in osteoclast
surface or eroded surface between wild-type and global decoy mice (Figure 3D and E).
Although statistical significance was not achieved, serum CTX (marker of systemic bone
resorption) trended higher in the decoy mice compared to wild-type (Figure 3F). Dynamic
histomorphometry (Figure 3H and 1) showed significantly decreased bone formation rate and
mineralizing surface in global decoy mice compared to wild-type controls (Figure 3J and L).
While statistical significance was not achieved, mineral apposition rate (Figure 3K) also
trended lower in the decoy mice, as did osteoblast surface (Figure 3C). Serum P1NP (marker
of systemic bone formation) was not altered in the decoy mice (Figure 3G). Together, these
data suggest the major impact of the global miR-29 decoy in bone /n vivois occurring in the
mesenchymal lineage.

To examine this more closely, we evaluated the expression of osteoblast markers genes
Runx2 (master transcription regulator of osteoblastogenesis) and Bg/ap (osteocalcin; an
osteoblastic differentiation marker) in the calvaria of two-month old wild-type and global
decoy mice. We observed a significant decrease in Runx2 expression in global decoy mice,
while Bg/ap only trended lower (Figure 4A and B). Together, dynamic histomorphometry
and gene expression data indicate decreased osteoblast function in global decoy mice.

To further examine osteoblast function, we evaluated MRNA expression of Rank/ (driver of
osteoclastogenesis) and Opg (soluble RANKL decoy receptor). While Rank/was not
changed, Opg was significantly decreased in the global decoy mice, resulting in an increased
Rankl/Opg ratio (Figure 4C—E). While this increase in the Rankl/Opg ratio would suggest a
pro-osteoclastic environment, significant alterations in osteoclast parameters were not
observed at two months of age (Figure 3D and E).

3.3. Decreased trabecular bone volume in skeletally mature miR-29 decoy mice.

Although femoral trabecular and cortical bone microarchitecture were unaltered in two-
month-old decoy mice, these mice displayed a robust decrease in bone formation rate. To
determine whether this might contribute to differences in the skeleton of mature mice, we
analyzed six-month-old animals (Figure 5). Although cortical bone parameters were not
different at the level of microarchitecture (Figure 5G-1), alterations in bone matrix
properties can have a significant impact on biomechanical properties. Therefore, Raman
spectroscopy was used to determine cortical bone mineral-to-matrix ratio, which is a
primary determinant of bone quality, as well as the carbonate-to-phosphate ratio. However,
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significant differences in these ratios between wild-type and miR-29 decoy mice were not
detected (Figure 5J, K). Unaltered cortical bone morphology, coupled with unaffected matrix
properties, suggests that global expression of the miR-29-3p decoy does not affect bone
strength.

While the miR-29 decoy did not alter cortical bone parameters in six-month-old mice,
significant effects were observed in the trabecular compartment. Both bone-volume fraction
(Figure 5C) and trabecular number (Figure 5E) were decreased in miR-29 decoy mice,
whereas trabecular spacing (Figure 5D) was increased. Trabecular thickness (Figure 5F) and
total bone volume (Figure 5B) were unaltered.

Histomorphometry and analysis of serum markers were used to determine if cellular
parameters were altered at this age (Figure 6). Unlike the two-month-old animals, dynamic
histomorphometric analysis of six-month-old mice did not reveal significant differences in
mineralizing surface, bone formation rate, or mineral apposition rate between wild-type and
global decoy animals (Figure 6H, K, and L); osteoblast surface and serum P1NP were also
unchanged (Figure 6G and J). Similarly, osteoclast surface and eroded surface were not
different between six-month-old wild-type and global decoy animals (Figure 6C and D).
While serum CTX trended higher in the six-month decoy mice compared to wild-type, it did
not achieve significance (Figure 61). These data suggest that the decreased bone formation
seen in two months of age translated to decreased trabecular bone volume at six months in
the global decoy mice.

3.4. Global expression of the decoy does not affect adiposity.

The miR-29 family was previously reported to be downregulated during adipocyte
differentiation and to negatively regulate this process, targeting several transcription factors
needed for adipogenesis (31-35). To determine if global expression of the miR-29 decoy
affected adiposity, we performed a longitudinal study of whole-body composition using TD-
NMR (Supplemental Figure 5). Both wild-type and decoy mice showed significantly
increased total mass from two- to six-months of age (p<0.01), which was not affected by
genotype (Supplemental Figure 5A). Percent lean mass, and percent fat mass (Supplemental
Figure 5B and C) remained similar from two to six months of age, and were also unaffected
by genotype. These data suggest that, up to six-months of age, global expression of the
miR-29 decoy does not impact whole body composition.

3.5 Increased osteoblast surface and bone formation in miR-29 decoy mice receiving
intermittent PTH

Since global expression of the miR-29-3p decoy caused a decrease in bone formation in
homeostasis, we hypothesized that the decoy mice would accrue less bone when subjected to
intermittent administration of PTH1-34, a bone anabolic therapy currently used to treat
patients severely affected by osteoporosis (36). To test this hypothesis, 12-week-old
miR-29-3p decoy mice and littermate controls were injected with 80 pg/kg rhPTH1-34, 5
days per week, for 4 weeks prior to tissue harvest for microCT (Figure 7),
histomorphometry (Figure 8), and RNA analysis (Figure 9). MicroCT showed that
intermittent PTH increased cortical thickness in both miR-29 decoy mice and controls, an
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effect driven by increased subperiosteal area in both genotypes (Figure 7G and I). However,
the cortical thickness of PTH treated miR-29 decoy mice was modestly (~3%), but
significantly higher than PTH treated wild types, suggesting an enhanced anabolic response
in the decoy mice.

microCT analysis also demonstrated decreased trabecular bone volume fraction (BV/TV) in
vehicle treated miR-29 decoy mice compared with vehicle treated controls, an effect
consistent with observations at six-months of age (Figures 7C and 5G). Intermittent PTH
caused a similar fold increase in bone volume fraction in mice of both genotypes (Figure
7C). However, PTH-mediated effects on the individual parameters of trabecular thickness,
spacing or number were not observed at the level of microCT (Figure 7D-F). Nevertheless,
static histomorphometry, which examines trabecular bone parameters at a higher resolution,
revealed that PTH significantly increased trabecular number and thickness in both wild type
and miR-29 decoy mice, while trabecular spacing was correspondingly decreased (Figure
8C-E). Static histomorphometry also showed that trabecular number was decreased in
vehicle treated decoy mice compared with vehicle treated wild types, while trabecular
spacing trended higher; this reinforces the concept that miR-29-3p inhibition has a negative
impact on homeostatic bone balance (Figure 8C and E).

At the cellular level, static histomorphometry did not demonstrate a significant effect of PTH
on osteoclast surface or eroded surface in mice of either genotype (Figure 8J and K). In
contrast, osteoblast surface was increased by PTH in both wild type and miR-29 decoy mice,
an effect that was significantly enhanced in decoy mice (Figure 8F). While PTH increased
mineral apposition rate to a similar extent in mice of both genotypes, bone formation rate,
which is adjusted for bone surface, was only significantly increased in miR-29 decoy mice
(Figure 8H and I). Although adipocyte number was unaffected by PTH, this parameter
trended higher in vehicle treated miR-29 decoy mice compared with vehicle treated wild
type (Figure 8L). Overall, these data indicate that decreasing miR-29-3p activity increases
the bone anabolic response to intermittent PTH by increasing osteoblast surface and bone
formation rate.

This unexpected response of the miR-29 decoy mice to intermittent PTH led us to examine
RNA levels for validated miR-29-3p targets that may have an impact on response to PTH
bone. Ctnnb1/B-catenin RNA was previously shown to be increased in bone of mice treated
with intermittent PTH, and Ctnnbl is a recently validated miR-29-3p target (37-39). gRT-
PCR confirmed that PTH increased Ctnnb1/p-catenin RNA in both wild type and miR-29
decoy mice, but this increase was significantly higher in the decoy mice (Figure 9A). In
contrast, RNA for Bmprla/ALKS3, another recently described miR-29-3p target, was not
increased by PTH in wild type mice, but trended higher in PTH treated miR-29 decoy mice
(Figure 9B) (37). These data suggest that canonical Wnt signaling, known to be important
for the bone anabolic effects of intermittent PTH, may play a role in the ability of the
miR-29-3p decoy to augment bone formation (36).

Lastly, we examined the effect of intermittent PTH treatment on miR-29-3p isoform
expression in bone. gRT-PCR showed that PTH did not significantly alter the abundance of
miR-29a-3p or miR-29¢-3p, while miR-29b-3p trended higher in wild type mice (Figure
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9C-E). Compared with wild type, all three miR-29-3p isoforms were significantly decreased
in both vehicle and PTH treated miR-29 decoy mice, confirming activity of the decoy.
Altogether, these data confirm that decreased miR-29-3p activity has a negative impact on
bone balance in homeostasis, but increases the bone anabolic response to intermittent PTH
by increasing osteoblast surface and bone formation rate. This positive effect of miR-29
inhibition on bone acquisition in response to PTH may;, in part, involve p-catenin-mediated
mechanisms.

4. Discussion

The interplay of osteoblasts and osteoclasts is integral for skeletal homeostasis, and mMiRNAs
play a vital role in post-transcriptional regulation of gene expression in these bone cells (1).
The miR-29 family is expressed in both osteoblast and osteoclast lineages. Using mice
globally expressing a miR-29-3p tough decoy, we showed that a modest 30-60% decrease in
miR-29-3p family members did not impact osteoclast number or function. However,
expression of the decoy decreased bone formation in growing mice, which led to decreased
trabecular bone volume in mature animals (Figures 1, 3, 5). These data support previous in
vitro studies suggesting that miR-29-3p is positive regulator of osteoblast differentiation (5,
10, 13). In contrast, when miR-29 decoy mice were treated with intermittent PTH, cortical
thickness was enhanced to a greater extent than in wild type, as was bone formation rate,
osteoblast surface, and levels of Ctnnb1/p-catenin mRNA, which is a miR-29-3p target
(Figures 7-9). These findings highlight differences in the mechanisms controlling basal level
bone formation and bone formation induced by intermittent PTH.

In vitro studies using osteoblastic cell lines demonstrated that miR-29-3p is a positive
regulator of osteoblastogenesis, targeting negative regulators of osteoblastic differentiation,
including Hdac4, Tgfb3, and several Wnt signaling antagonists (5, 10-13). Somewhat
paradoxically, the miR-29 family is also well-recognized for its ability to target extracellular
matrix mRNAs, including those for type I collagens and for non-collagenous extracellular
matrix components regulating fibril formation, mineralization, and the activity of specific
growth factors (5, 11, 40, 41). /n vitro, miR-29-3p levels are low in early osteoblasts, which
are responsible for depositing large amounts of extracellular matrix. The expression of the
miR-29-3p family members then increases as the matrix matures and becomes mineralized
(11). These data suggest that the cell modulates miR-29 levels to promote the gene
expression programs needed at different phases of osteoblastic differentiation program.

Although they are of the same lineage, the transcriptional profiles of osteoblasts and
osteocytes display important distinctions (42). Due to the modular nature of miRNA-
mediated regulation, the same miRNA may have different roles in different cell types, due to
the complement of MRNA targets available for interaction. Like osteoblasts, miR-29b-3p
family members are expressed in osteocytes, which are the most abundant cells in bone (43).
It is possible that part of the bone anabolic effect of miR-29-3p inhibition in mice treated
with intermittent PTH reflects an effect on osteocytes, which are critical for the response of
the skeleton to PTH (44, 45). In osteocytes, PTH increases expression of RANKL while
decreasing the paracrine Wnt inhibitor, SOST/sclerostin, which plays an important role in
PTH-stimulated bone formation (36). PTH also increases osteocyte expression of the Wnt
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co-receptor LRP6, which is needed for PTH-stimulated bone anabolism and p-catenin
signaling (46, 47). Both B-catenin and Lrp6 are recently validated miR-29-3p targets (37).
Enhanced levels of Ctnnb1/pB-catenin mRNA in PTH treated miR-29 decoy mice (Figure 9A)
could promote sensitivity to Wnt signaling (37).

Intriguingly, previously published RNA sequencing data suggest that PTH treatment might
cause osteocytes to revert to a less differentiated phenotype, at least in vitro (48). For
example, one study identified a subset of ~880 genes that were regulated both by the
osteoblast to osteocyte transition and by PTH. However, the majority of those up regulated
by PTH were down regulated by osteocytic differentiation, while the majority of those down
regulated by PTH were up regulated during osteocyte differentiation (48). In wild type mice,
miR-29-3p isoforms in bone were not significantly regulated by intermittent PTH in vivo
(Figure 9C-D). However, decreased miR-29-3p levels, due to expression of the decoy, may
have favored the adoption of a “less differentiated” phenotype associated with PTH
treatment. Compared to osteoblasts and osteoclasts, the function of miRNAs in osteocytes is
relatively unexplored. Understanding the function of miR-29-3p in osteocytes is an ongoing
interest.

It is well established that miRNAs regulate the tempo and amplitude of gene expression
programs. It is common for a miRNA to target multiple members within a signaling
pathway, acting to balance or buffer signaling by participating in regulatory loops that are
feed-forward, feed-back or incoherent (49, 50). In different cell systems, miR-29-3p family
members have been shown to be either positive or negative regulators of Wnt signaling,
directly targeting negative or positive modulators of the pathway (5, 10, 37, 51-54). Thus, it
is likely that the overall impact of miR-29 on Wnt signaling reflects the complement of
targets present within the cell at the time, as well as the levels of miR-29-3p isoforms
themselves. These can change not only with stage of differentiation, but also with time of
day, as miR-29-3p family members display circadian rhythm, at least in bone (4).

Although intermittent PTH did not significantly alter the levels of miR-29-3p in bone
(Figure 9), miR-29-3p isoforms are regulated in some mouse models of bone disorders. For
example, glucocorticoid excess is one of the most common causes of secondary osteopenia,
and several studies have examined the role of miR-29-3p in glucocorticoid-induced bone
loss. /n vitro, supraphysiological doses of glucocorticoids can decrease the expression of
miR-29a-3p in the osteoblast lineage (12). Similarly, miR-29a-3p levels in bone are
decreased by glucocorticoid excess in both mice and rats (55, 56). In mice globally
overexpressing miR-29a-3p under the control of the phosphoglycerate kinase (PGK)
promoter, bone loss caused by pharmacologic doses of glucocorticoid was attenuated. This
effect appeared to be due to decreased osteoclast number, with a more modest impact on
bone formation rate (56, 57). Further, over expression of miR-29a-3p in rats using a
lentiviral vector also protected against glucocorticoid mediated osteopenia, demonstrating
enhanced bone formation, as well as attenuated osteoclast differentiation in response to
glucocorticoid treatment (55).

Another study examined miR-29-3p in estrogen deficiency, which is a prominent cause of
post-menopausal bone loss. Here, miR-29a-3p was shown to be down regulated in bone
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from mice subjected of ovariectomy (58). In transgenic mice overexpressing miR-29a-3p
under the control of the osteocalcin promoter, ovariectomy-induced bone loss was partially
rescued. Interestingly, miR-29a-3p overexpression in osteoblasts increased bone formation
rate and decreased osteoclast number. Rank/was subsequently identified as a novel
miR-29-3p target, contributing to an indirect mechanism by which miR-29-3p regulates
osteoclast number in vivo (58). Although we did not observe a significant increase in Rank/
MRNA in bone from the miR-29-3p decoy mice, Opg mRNA was decreased, resulting in an
increased Rankl/Opg ratio (Figure 4E), which could favor osteoclast formation. This may be
interpreted as a potential compensatory response by the osteoblast lineage to maintain
skeletal homeostasis by promoting osteoclast number and function in the face of decreased
miR-29-3p activity in osteoclasts, themselves.

Although we did not observe a significant in vivo impact of the miR-29-3p decoy on
osteoclast numbers or function under homeostatic conditions or in mice treated with PTH
(Figures 3, 6, 8), an inflammatory challenge may illicit a differential response. In mice
treated with lipopolysaccharide (LPS), often used to generate an inflammatory response /in
vitroand in vivo, levels of miR-29b-3p are increased in bone. In vitro, overexpression of
miR-29b-3p in mouse osteoclastic cells promoted survival, whereas inhibition of
miR-29b-3p activity was pro-apoptotic. In that study, BCL2 modifying factor, an apoptosis
activator, was validated as a novel miR-29-3p target (9). Studies aimed at examining the
response of miR-29-3p decoy mice to inflammation are underway.

In bone, expression of miR-29-3p family members is altered in models of inflammatory
disease, estrogen deficiency and glucocorticoid excess (9, 55-58). Often, the impact of
miR-29-3p on disease phenotype was evaluated when miR-29 family members were
overexpressed. However, miRNA overexpression may affect the ability of other miRNAs to
access the RISC and/or could lead to the engagement of lower affinity miRNA targets (59).
Our approach involved inhibiting miR-29-3p family members using a tough decoy.
Expression of the decoy cassette decreased the abundance of miR-29-3p isoforms by 30—
60%, a level similar to that seen with other miRNA decoy constructs (15). Sequestration of
miRNA-mRNA complexes in P-bodies may also provide additional relief from miRNA
targeting (15, 60). Whereas other groups have created mice with targeted deletion of one or
both miR-29 loci, studies of the impact on the skeleton have yet to be reported (61-64).

Bone homeostasis is regulated by multiple organs, including brain, gut, kidney, liver and
adrenal gland (2), and miR-29-3p family members are broadly, but not ubiquitously,
expressed (65—68). Our global miR-29-3p decoy model represents a modest loss-of-function,
which could be a very relevant tool for assessing the possible impact of systemic
administration of miR-29-3p inhibitors. On the other hand, expression of the miR-29-3p
decoy in extra-skeletal tissues may make it more difficult to isolate the role of miR-29-3p in
bone cells. Our data provide a strong rationale for additional studies using more lineage or
differentiation restricted cre-drivers (i.e. LysM-cre or osteocalcin-cre or DMP1-cre) to
activate expression of the miR-29 decoy. This would allow us to better understand the role of
miR-29-3p in the osteoclasts, osteoblasts and osteocytes.
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Nonetheless, our results demonstrate a differential role for the miR-29-3p family in bone
homeostasis vs. intermittent PTH-induced bone anabolism. In osteoporosis patients, PTH
injection decreases risk fracture to a much greater extent in vertebral bone than at non-
vertebral sites. This is primarily because the positive impact of PTH on trabecular
compartment is greater than that for cortical bone (69). In miR-29 decoy mice, intermittent
PTH enhanced cortical thickness to a greater extent than in wild type, which may provide a
rationale for co-administration of PTH and miR-29-3p inhibitors, to boost bone formation,
particularly in the cortical compartment.
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Highlights
The miR-29 family promotes osteoblast and osteoclast differentiation in vitro.

Mice globally expressing a miR-29-3p tough decoy have decreased trabecular
bone volume.

In bone homeostasis, the miR-29-3p decoy suppresses bone formation.

In contrast, the miR-29-3p decoy augmented intermittent PTH mediated bone
anabolism.

miR-29-3p plays a differential role in basal vs. PTH-mediated bone
formation.
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Figure 1. Global miR-29 decoy mice.
(A) Schematic of the miR-29-3p decoy cassette that was knocked into the Rosa26 locus of

C57BL/6 mice. It consists of the CAG promoter, three copies of a transcription stop
sequence flanked by Loxp sites (F), and the coding sequence for tdTomato (red fluorescent
reporter), with three copies of a miR-29 tough decoy in its 3’-UTR. Each tough decoy
contains two miR-29 binding sites (in green). WPRE was added to enhance expression of
the decoy. (B-D) Representative images of tdTomato fluorescence in bone from two-month-
old mice: femur (B), knee joint (C), and calvarium (D). (E) Expression of miR-29 isoforms
and other miRNAs in calvaria from 2-month-old female wild-type and global miR-29 decoy
mice. WT n=9; Decoy n=9.
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Figure 2. microCT analysis of femoral bone microarchitecture in two-month-old female wild-
type and global miR-29 decoy mice.

(A) Representative reconstructed images of cortical and trabecular bone. (B-F) Quantified
trabecular bone parameters: bone volume (B), bone volume fraction (BV/TV; bone volume/
total volume) (C), trabecular thickness (D), trabecular spacing (E), and trabecular number
(F). (G-1) Quantified cortical bone parameters: cortical thickness (G), subendosteal area
(H), and subperiosteal area (1). WT n=17; Decoy n=9.
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Figure 3. Histomorphometric analysis of femurs from two-month-old wild-type and global

miR-29 decoy mice.

(A, B) Representative images of TRAP stained sections from wild-type (A) and global
miR-29 decoy (B) mice used for static histomorphometry. (H, 1) Representative images of
calcein-double labeling in wild-type (H) and global miR-29 decoy (1) mice used for
dynamic histomorphometry. (C-E) Static histomorphometry measurement of osteoblast
surface (C), osteoclast surface (D), eroded surface (E); n=7 for both genotypes. Serum
markers of bone remodeling, serum CTX (F) and serum P1NP (G) were measured by
ELISA. WT n=6-7; Decoy n=7. (J-K) Dynamic histomorphometry measurement of bone
formation rate (J), and mineral apposition rate (K), mineralizing surface (L); WT n=4;

Decoy n=5.
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Figure 4. Expression of osteoblastic genes in calvaria from two-month-old global miR-29 decoy
mice.

(A, B) mRNA for osteoblast marker genes Runx2 (A) and Bglap (osteocalcin) (B) (C-E)
mRNA for Rank/ (C), Opg (D), and the Rankl/Opg ratio (E). n=8 for both genotypes.
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Figure 5. microCT analysis of femoral bone microarchitecture in six-month-old wild-type and
global miR-29 decoy mice.

(A) Representative reconstructed images of cortical and trabecular bone. (B-F) Quantified
trabecular bone parameters: bone volume (B), bone volume fraction (BV/TV; bone volume/
total volume) (C), trabecular spacing (D), trabecular number (E), and trabecular thickness
(F). (G-1) Quantified cortical bone parameters: cortical thickness (G), subendosteal area
(H), and subperiosteal area (I). WT n=10; Decoy n=11. Cortical bone mineral-to-matrix
ratio (J) and the carbonate-to-phosphate ratio (K) in bone sections from 5 month-old mice
was determined by Raman spectroscopy; n=>5 for both genotypes.
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Figure 6. Histomorphometric analysis of femurs from six-month-old wild-type and global

miR-29 decoy mice.

(A, B) Representative images of TRAP stained sections from wild-type (A) and global
miR-29 decoy (B) mice used for static histomorphometry. (E, F) Representative images of
calcein-double labeling in wild-type (E) and global decoy (F) mice used for dynamic
histomorphometry. (C, D, G) Static histomorphometry measurement of osteoclast surface
(C), eroded surface (D), and osteoblast surface (G); WT n=10; Decoy n=11. (H, K, L)
Dynamic histomorphometry measurement of mineralizing surface (H), bone formation rate
(K), and mineral apposition rate (L); WT n=4; Decoy n=5. (K, L) Serum markers of bone
remodeling, serum CTX (1) and serum P1NP (J) were measured by ELISA. WT n=8-9;

Decoy n=8-11.
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Figure 7. microCT analysis of femoral bone microarchitecture in wild-type and global miR-29

decoy mice treated with intermittent PTH1-34.

(A) Representative reconstructed images of trabecular and cortical bone. (B-F) Quantified
trabecular bone parameters: bone volume (B), bone volume fraction (BV/TV; bone volume/
total volume) (C), trabecular thickness (D), trabecular spacing (E), and trabecular number
(F). (G-1) Quantified cortical bone parameters: cortical thickness (G), subendosteal area
(H), and subperiosteal area (1). n=9 for all groups.
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Figure 8. Histomorphometric analysis of femurs from wild-type and global miR-29 decoy mice
treated with intermittent PTH1-34.

(A) Representative images of TRAP stained sections from wild-type and global miR-29
decoy mice used for static histomorphometry. (B) Representative images of calcein-double
labeling in wild-type and global decoy mice used for dynamic histomorphometry. (C-E, J-
L) Static histomorphometry measurement of trabecular number (C), trabecular thickness
(D), trabecular spacing (E), osteoblast surface (F), osteoclast surface (J), eroded surface
(K), and adipocyte number (L). WT vehicle n=8, WT PTH n=6, Decoy vehicle n=6, Decoy
PTH n=7. (G-1), Dynamic histomorphometry measurement of mineralizing surface (G),
mineral apposition rate (H) and bone formation rate (I). WT vehicle n=5, WT PTH n=6,
Decoy vehicle n=5, Decoy PTH n=6
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Figure 9. Expression of selected miR-29 targets and miR-29-3p isoforms in calvaria from wild-
type and global miR-29 decoy mice treated with intermittent PTH1-34.

(A, B) mRNA for miR-29 targets Ctrnnb1 and Bmprla. (C) miR-29a-3p, (D) miR-29b-3p,
(E) miR-29¢-3p. n=9 for all groups.
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