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Estrogen signaling is critical for the development and mainte-
nance of healthy bone, and age-related decline in estrogen levels
contributes to the development of post-menopausal osteopo-
rosis. Most bones consist of a dense cortical shell and an
internal mesh-like network of trabecular bone that respond
differently to internal and external cues such as hormonal
signaling. To date, no study has assessed the transcriptomic dif-
ferences that occur specifically in cortical and trabecular bone
compartments in response to hormonal changes. To investigate
this, we employed a mouse model of post-menopausal osteopo-
rosis (ovariectomy, OVX) and estrogen replacement therapy
(ERT). mRNA and miR sequencing revealed distinct transcrip-
tomic profiles between cortical and trabecular bone in the
setting of OVX and ERT. Seven miRs were identified as likely
contributors to the observed estrogen-mediated mRNA expres-
sion changes. Of these, four miRs were prioritized for further
study and decreased predicted target gene expression in bone
cells, enhanced the expression of osteoblast differentiation
markers, and altered the mineralization capacity of primary os-
teoblasts. As such, candidate miRs and miR mimics may have
therapeutic relevance for bone loss resulting from estrogen
depletion without the unwanted side effects of hormone
replacement therapy and therefore represent novel therapeutic
approaches to combat diseases of bone loss.

INTRODUCTION
Endocrine signaling, and in particular estrogen signaling, is critical
for the maintenance of healthy bone in mammals of both sexes.1,2

A major consequence of a deficiency in estrogen signaling in adults
is the disruption of the balance between bone formation and resorp-
tion, with resorption rates outpacing formation rates, leading to net
bone loss and ultimately osteoporosis.3 In the United States, an esti-
mated 43% of adults over 50 have low bone mass, and 10% of adults
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over 50 have osteoporosis. In the United States, over 2 million osteo-
porosis-related fractures occur annually at an expected financial
burden of $253 billion per year.4–6 Estrogen replacement therapy
(ERT) was once considered the treatment of choice for post-meno-
pausal osteoporosis. However, it has lost this distinction and is now
used more sparingly, due in large part to considerable controversy
regarding extraskeletal effects of estrogen including cardiovascular
disease and breast cancer.7 Nevertheless, decreased estrogen levels
and the subsequent increase in bone resorption following menopause
remain a primary driver of osteoporosis.3 For these reasons, efforts to
mimic the agonistic effects of estrogen in bone without the unwanted
side effects in other tissues remains of interest and could have a clin-
ically relevant impact in the prevention and treatment of low-bone-
mass-related disorders.

Estrogens exert their effects on cells and tissues primarily through the
activation of estrogen receptors (ERs) a and b. ERa and ERb are nu-
clear receptor transcription factors that directly bind DNA estrogen
response elements to regulate the expression of thousands of genes.8,9

In addition to regulating the levels of protein coding mRNAs, multi-
ple studies have demonstrated that ERs also regulate numerous non-
protein coding genes such as lncRNAs, miRs, and circRNAs.10–12 Of
these RNA species, the functions and tissue-related consequences of
miRNAs are most well-known.13

Classically, miRs directly bind multiple mRNAs with complementary
sequences to target them for degradation and/or to repress their abil-
ity to be translated.14 Transcription factors are also known to regulate
he Author(s).
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networks of miRs that can subsequently function in a feedback loop
where both miRs and transcription factors regulate a target gene
together, with or without additional influence on each other.14–16

Therefore, miRs have a major influence on the gene expression pro-
files of a cell given altered expression of their direct mRNA targets as
well as downstream impacts influenced by depletion of these direct
targets. Regarding estrogen signaling, the contributions of noncoding
RNA transcripts in mediating estrogenic responses is poorly charac-
terized, with only two studies having forayed into identifying the
ovariectomy-associated miR transcriptome in rodents.17,18

For these reasons it was of interest to determine if specific miRs
directly targeted by ERs could be identified that mimic the effects
of estrogen on bone as an alternative approach toward reducing or
slowing the development of age-related osteoporosis. To this end,
we utilized an ovariectomy-induced (OVX) mouse model of osteopo-
rosis, with and without ERT, to identify specific miRs that participate
in mediating estrogen signaling in bone. RNA sequencing for both
mRNAs and miRs was performed on cortical and trabecular bone
compartments of the femur. Bioinformatic analyses were used to pre-
dict the most relevant miRs responsible for mediating the protein
coding gene expression profiles elicited in response to OVX and
ERT. The relative expression levels of these miRs were assessed across
bone cell types, and their impacts on target gene expression, relevant
bone biomarker gene expression, and osteoblast differentiation/
mineralization were determined.

RESULTS
Bone/RNA isolation

To ascertain the estrogen-regulated transcriptome in cortical and
trabecular bone, mice underwent sham surgery (Sham), ovariectomy
plus placebo (OVX), or ovariectomy with estrogen replacement ther-
apy (OVX+ERT). 30 days post surgery and treatment, mice were
sacrificed, and the femurs were dissected, and all contaminating mus-
cle and connective tissues were removed. The cortical and trabecular
bone compartments were separated from the right femora of each
mouse, immersed in trizol, and pulverized, and total RNA was iso-
lated (Figure 1A).

Micro-CT confirmation of surgical and treatment interventions

Prior to proceeding with library preparation and sequencing, the left
femur of each mouse was examined via mCT to ensure bone loss and
gain in response to OVX and OVX+ERT respectively. As shown in
representative 3D reconstruction images, subtle effects of OVX
were appreciable with substantial increases in bone mass observed
in response to ERT (Figure 1B). More specifically, there were numer-
ical but non-significant decreases in bone volume, bone area, bone
mineral content, bone mineral density, cross-sectional volume,
marrow volume, and Ipolar (Figure 1C). Estrogen replacement therapy
Figure 1. RNA extraction from cortical and trabecular bone compartments

(A) Illustration of cortical and trabecular bone isolation procedure followed by tissue h

sentative mCT images of femoral cortical and trabecular bone compartments 30 days fo

each mouse randomized to indicated treatment groups. *p % 0.05, **p % 0.01, and *
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resulted in much more dramatic effects with significant increases in
bone volume, bone mineral content, bone mineral density, cortical
volume, cortical thickness, Imin, and Ipolar (Figure 1C).

Cortical and trabecular mRNA expression profiling

A total of 12,756 unique transcripts were expressed (reads per kilo-
base of transcript per million reads mapped [RPKM] > 1) in at least
one of the six treatment/bone compartment groups. Of these, 2,748
were differentially expressed (DE) between cortical and trabecular
bone (Figures 2A–2C). The effects of OVX on gene expression in
cortical bone were minimal, with only 17 DE genes identified
(Figures 2C–2E). However, in trabecular bone, the expression of
143 genes were altered in response to OVX (Figures 2C–2E). Only
nine of these genes were commonly regulated by OVX in both cortical
and trabecular bone (Figure 2F). OVX+ERT led to a much more
robust response with 2,186 and 1,781 DE transcripts relative to
OVX alone in cortical and trabecular bone compartments, respec-
tively (Figures 2C–2E). Of these, 704 were regulated in both cortical
and trabecular bone (Figure 2F). As expected, the majority of mRNAs
identified to be altered in expression following OVX were rescued in
response to ERT (Figure 2B). A List of all DE genes by comparison
can be found in Table S3, a list of gene expression changes by compar-
ison without statistical cutoffs can be found in Table S4, and a list of
counts and RPKM for all genes in each replicate can be found in
Table S5.

Cortical and trabecular miR expression profiling

In tandem with mRNA sequencing (mRNA-seq), we also performed
miR sequencing (miR-seq) using the same RNA samples. Of the 1,915
miRs surveyed we identified 484 miRs meeting our expression criteria
in at least 1 sample. Of these 484 miRs, 200 were differentially ex-
pressed between sham-operated cortical and trabecular bone com-
partments (Figures 3A and 3B). As with the mRNA expression pro-
files, very few DE miRs (13 in total) were identified in cortical bone
following OVX (Figure 3B). Similarly, only nine DE miRs were de-
tected in trabecular bone in response to OVX (Figure 3B). Larger
numbers of DE miRs were identified in both cortical (47) and trabec-
ular (66) bone following OVX+ERT relative to OVX alone (Fig-
ure 3B). There were no miRs commonly regulated in both cortical
and trabecular bone in OVX mice, while 11 were regulated in both
bone compartments in OVX+ERT animals (Figure 3C). Intriguingly,
nearly all DE miRs in both cortical and trabecular bone following
OVX were restored to sham levels in OVX+ERT groups, though
this restoration is more pronounced in trabecular bone (Figure 3D).
As in the mRNA, the most pronounced miR expression changes
were in trabecular bone and in response to OVX+ERT (Figure 3E).
A list of all DE miRs by comparison can be found in Table S6. A table
of all miRs by comparison can be found in Table S7, and the counts
for all miRs can be found in Table S8.
omogenization and total RNA extraction (created with biorender.com). (B) Repre-

llowing OVX and ERT. (C) Quantification of multiple bone parameters obtained from

**p % 0.001 between indicated mouse groups.
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Figure 2. mRNA expression profiles in cortical and trabecular bone compartments following OVX and OVX+ERT

(A) Heatmap depicting the relative expression levels of the 12,756 expressed transcripts in cortical and/or trabecular bone. (B) Expression patterns of mRNA transcripts

differentially expressed in cortical and trabecular bone of OVX mice and their respective expression levels in OVX+ERT mice normalized to sham controls (log2 scale). (C)

(legend continued on next page)
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Bioinformatic integration of mRNA-seq and miR-seq datasets

Given the minimal number of DE genes identified in cortical bone,
the overall lack of overlap between cortical and trabecular bone tran-
scriptomic changes, and the fact that trabecular bone exhibits rapid
and robust changes in response to altered levels of estrogen in both
rodents and humans,19,20 we chose to focus on the mRNAs and
miRs regulated in the trabecular compartment.

Using the trabecular miR signature identified in OVX+ERT relative to
OVX alone, we performed target prediction analyses to identify estro-
gen-regulatedmiRs that were most likely to contribute to the effects of
estrogen onmRNA transcripts that were also impacted by ERT. These
analyses identified seven miRs (miR-9-5p, miR-129-5p, miR-34a-5p,
miR-148a-5p, miR-712-5p, miR-101a-3p, and miR-224-5p) as most
likely to contribute to the differential expression changes observed
in both bone marker genes and estrogen-regulated genes in these
studies. The ERT-mediated expression changes of these miRs, the
number of DE mRNAs predicted to be regulated by a given miR
that were also found to be downregulated by ERT, and the number
of those mRNAs that are involved in bone metabolism or estrogen
response are shown in Figure 4A. Given these data, we chose to de-
prioritize miRs 129-5p and 712-5p due to very low levels of expres-
sion. Additionally, miR-34a-5p was excluded due to extensive prior
study related to its effects on bone.21–23 The effects of both OVX
and ERT on the four remaining miRs are shown in Figure 4B relative
to sham-operated controls.
miRexpression across bone cell types and response to estrogen

treatment

Next, we profiled the basal expression of each miR in MC3T3 osteo-
blasts, preosteoclasts, differentiated osteoclasts, and OCY454 osteo-
cytes (Figure 4C). Interestingly, each miR exhibited different expres-
sion patterns across these cell lines. All miRs, except for miR-9-5p,
were moderately to highly expressed in osteoblasts (Figure 4C). All
four miRs were detected in preosteoclasts cells with miRs 101a-3p,
224-3p, and 148a-5p robustly suppressed in differentiated osteoclasts
(Figure 4C). Osteocytes exhibited expression of all miRs except miR-
148a-5p (Figure 4C). Given the detected increased expression of these
four miRs in mouse bone following ERT, it was of interest to deter-
mine if these miRs were directly regulated by ERs. Given that primary
calvarial osteoblast and MC3T3 cells express relatively low and vari-
able levels of ERa and ERb, we chose to independently over-express
each of these receptors.24 Briefly, MC3T3-CAR cells were infected
with a mouse ERa or ERb adenovirus, and expression of ERa and
ERb was confirmed via RT-PCR and found to be more highly ex-
pressed in their respective cell lines compared with control virus-
infected cells (Figure 4D). Control and ERa- and ERb-expressing
MC3T3-CAR cells were treated with ethanol vehicle or 10 nM E2
Tabular summary highlighting the number of differentially expressed mRNAs by directio

expressed transcripts and their relative fold changes between treatment groups. Signific

Euler plots depicting the overlap of differentially expressed mRNAs in sham vs. OVX and

transcripts. (F) Venn diagrams indicating the number of unique and commonly regulated
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for 2 and 24 h. miR-101a-3p was immediately induced following E2
treatment in both ERa- and ERb-expressing cells, an effect that was
maintained at 24 h in the ERb cell line (Figure 4E). miR-148a-5p
was strongly induced by E2 following 24 h of treatment in ERa-ex-
pressing cells and was not found to be regulated by ERb (Figure 4E).
miR-9-5p was highly expressed in a ligand-independent manner in
ERb-expressing MC3T3-CAR cells, an effect that was attenuated in
the presence of E2 (Figure 4E). In ERa-expressing cells, miR-9-5p
was upregulated by E2 at both time points (Figure 4E). Of note,
miR-224-3p was not expressed in MC3T3-CAR cells, nor was it regu-
lated in a ligand independent or dependent way in ERa- or ERb-ex-
pressing cells (data not shown).

Additionally, we mined publicly available ERa ChIP-seq datasets in
various mouse tissues including mammary tissue,25 uterus, and
liver.26 Strong evidence of ERa binding proximal to miRs 101a,
148a, and 9-2, the parent form of miR-9-5p, was identified in multiple
tissues (Figure 4F). There are no publicly available datasets for ERb
ChIP-seq in mouse tissues, making it impossible to determine if
ERb can localize to these chromatin regions as well.
Effects of miR mimics on mRNA expression and osteoblast

differentiation and matrix mineralization

We next sought to determine if these four miRs could regulate a
random sampling of their predicted mRNA targets in osteoblasts.
miR mimics were transfected into primary calvarial osteoblasts, and
the resulting effects on target mRNA expression were monitored
72 h later via qPCR. Encouragingly, all three of the randomly selected
mRNA targets were significantly downregulated by their respective
miR mimics (Figure 5A).

Confident in the mimics’ ability to recapitulate ERT-mediated gene
expression changes identified by our in vivo studies, as well as their
ability to be regulated by E2 in bone cells, we next sought to determine
their impact on osteoblast differentiation andmineralization.We sur-
mised that if these miRs contribute to the effects of estrogen in bone,
miR mimics would partially recapitulate the bone anabolic actions of
E2. Using the same primary calvarial osteoblast cells, we next profiled
the expression levels of common osteoblast markers at 72 h following
miRmimic transfection.We observed upregulation of essential differ-
entiationmarkers including Runx2, osterix, and osteocalcin, as well as
downregulation of the osteoclastogenesis inhibitory factor osteopro-
tegerin (Opg), by all mimics (Figure 5A). Mixed responses of alkaline
phosphatase (Alk Phos), Wnt10b, and Rankl were observed in a miR
mimic-dependent manner (Figure 5A).

The common increase in Runx2, osterix, and osteocalcin expres-
sion by all mimics suggested that they may be capable of
n (upregulated vs. downregulated) between treatment groups. (D) Volcano plots of

ant transcripts (fold change > 2, p% 0.05, FDR% 0.1) are highlighted in orange. (E)

OVX vs. ERT by bone compartment. Size is relative to the total number of expressed

mRNA transcripts between the two bone compartments followingOVX or OVX+ERT.



Figure 3. miR expression profiles in cortical and trabecular bone compartments following OVX and OVX+ERT

(A) Heatmap depicting the relative expression levels of the 484miRs expressed in cortical and/or trabecular bone. (B) Tabular summary highlighting the number of differentially

expressed miRs by direction (upregulated vs. downregulated) between the indicated treatment groups. (C) Venn diagrams indicating the number of unique and commonly

regulated miRs between the two bone compartments following OVX or OVX+ERT. (D) Expression patterns of miRs identified to be differentially expressed in cortical and

trabecular bone of OVX mice and their respective expression levels in OVX+ERT mice, normalized to sham controls. (E) Volcano plots depicting all miRs detected by

sequencing and their relative fold changes between indicated treatment groups. miRs exhibiting fold change >2 and FDR %0.1 are highlighted in green.
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promoting osteoblast differentiation. To test this possibility, we
performed a calcein incorporation assay in primary calvarial
osteoblast cells using an IncuCyte S3 system. 72 h post miR mimic
transfection, calvarial osteoblasts were cultured in differentiation
medium for an additional 21 days in the presence of calcein.
Calcein incorporation was significantly enhanced in miR mimic
101a-3p and 148a-5p transfected cells (Figures 5C and 5D). miR
mimic 224-5p had no impact on calcein incorporation, while
mimic 9-5p robustly decreased calcein incorporation (Figures 5C
and 5D).
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 33
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DISCUSSION
It is well known that estrogen is protective against bone loss in both
men and women and that ERT is an effective treatment strategy that
slows the progression of osteopenia and prevents the development of
osteoporosis.2 Here, we sought to determine the type and degree of
transcriptomic changes in a murine model of post-menopausal oste-
oporosis and, from this, to identify miRs that regulate critical down-
stream effects of estrogen signaling, and as such may ultimately reca-
pitulate the bone-beneficial effects of estrogen on their own. A
number of novel observations and data were derived from these
studies. Foremost, this is the first reported study to examine the effects
of OVX and ERT on both the mRNA and miR transcriptomes in
cortical and trabecular bone independently. Second, profound differ-
ences in both mRNA and miR expression were observed between
cortical and trabecular bone compartments, suggesting non-redun-
dant mechanisms of estrogen signaling in a tissue subtype-specific
manner. Third, trabecular bone was impacted greatly by both OVX
and ERT compared with the far more stable and overall non-respon-
sive cortical compartment during the 30-day treatment period.
Finally, these studies have uncovered a number of miRs that are direct
targets of the ERs that were also shown to regulate the expression of
multiple ERT-regulated mRNAs in bone, to enhance the expression
of critical osteoblasts differentiation genes, and to increase osteoblast
mineralization.

Transcription factors, such as the ERs, directly influence gene expres-
sion through their interaction with enhancer and promoter elements.
However, gene signatures of ER activity are also reflective of the many
indirect effects of estrogen that occur due to secondary and tertiary
responses controlled by both coding and noncoding RNAs that repre-
sent the direct ER targets. The identification and therapeutic utiliza-
tion of these secondary and tertiary factors hold many advantages
over their upstream counterparts including enhanced specificity to
tissues of interest, a smaller window of “on target” effects, and corre-
sponding decreases in the likelihood of deleterious side effects. Ther-
apeutic advances on this front have the potential to impact pathways
and genes considered hard to target by current approaches. At pre-
sent, a search of the ClinicalTrials.gov database identifies 1,188
studies that incorporate miRs as biomarkers or therapeutics as part
of the trial. Over 150 trials are listed with “oligonucleotide” as a ther-
apeutic intervention, of which nearly 100 are utilizing miRs as a drug.
However, none of these focus on osteoporosis.27 Given the substantial
advances that have been made regarding the development of RNA-
based therapies,28 there is a wealth of opportunity to expand the clin-
Figure 4. Identification and confirmation of E2-regulated miRs in bone cells

(A) Table of the sevenmiRs that were differentially expressed in trabecular bone following

mRNA expression differences detected in trabecular bone. Each miR’s fold change (FC

were predicted to target among all differentially expressed mRNAs are reported. (B) Gra

normalized to sham expression from the miR sequencing data. (C) Expression of each m

OCY454 osteocyte cells. (D) RT-PCR confirmation of ERa and ERb in MC3T3 cells follo

miR-101a-3p, miR-9-5p, and miR-148a-5p in control, ERa-expressing, or ERb-express

PCR. miR 224-3p was undetected in all samples and at all time points. (F) ERa ChIP-

genomic regions encoding each miR. Mean and SEM are indicated for bar graphs; ns,
ical toolkit for the management of bone-related disorders, including
osteopenia and osteoporosis.

To this end, we focused on identifying the transcriptomic changes
that occur following both OVX and ERT to identify candidate miRs
likely to be directly regulated by estrogen and involved in mediating
downstream estrogen signaling. A novel consequence of this work re-
lates to the specific analysis of mRNA and miR expression changes in
two independent bone compartments (cortical vs. trabecular) and not
in whole bone tissue that can also be contaminated by many cell types
in the marrow. Not surprisingly, we demonstrate that the basal gene
expression profiles between cortical and trabecular bone are largely
different, likely due to differences in the abundance of specific bone
cell types and/or a reflection of differential activity of specific
signaling pathways. Consistent with the fact that trabecular bone re-
acts to external factors more rapidly than cortical bone and the known
increased incidence of osteoporosis in skeletal regions with higher
trabecular bone content,19 many more DE mRNA and miRs were
identified in the trabecular compartment of the mouse femur
following both OVX and ERT. Bone loss is also more rapid in trabec-
ular bone compared with cortical bone during aging and following
menopause20 and as such represents a target for therapeutics designed
to treat low-bone-mass diseases, including the use of miRs or miR
mimics.

The present investigation also expands upon a previous study that
analyzed miR expression changes in mouse bone following OVX.29

In their microarray-based design, they also utilized long bones as
the source of RNA but combined both the femur and the tibia without
prior separation of cortical and trabecular compartments. Their work
identified a significantly larger number of DE mRNA following OVX
(658) compared with the combined 142 reported here for cortical and
trabecular datasets. Interestingly, a total of nine DE miRs were iden-
tified in their study in response to OVX, none of which overlapped
with the 22 reported here in the cortical or trabecular bone compart-
ments. Further, five of the nine miRs that they identified (miRs 127,
133a, 126, 206, and 378) had significantly lower basal expression in
trabecular bone compared with cortical bone in our dataset, with
the remaining four exhibiting no differences in expression. However,
many factors likely contribute to our discrepant findings including
the age and strain of the mice, the aforementioned differences in
bone collection, and technical differences between microarray and
RNA-seq-based platforms that were employed. Finally, the inclusion
of an ERT treatment group in the present study allows for a better
ERT and identified through ranked target prediction asmost likely to contribute to the

), counts per million sequencing reads (CPM), and the number of mRNAs that they

phical representation of the miR expression patterns in cortical and trabecular bone,

iR in MC3T3-E1 cells, preosteoclasts (day 0), differentiated osteoclasts (day 4), and

wing adenoviral-mediated infection relative to a control virus. (E) Expression levels of

ing MC3T3 cells following 72 h of vehicle or estrogen treatment as detected by RT-

seq tracts from publicly available mouse mammary, uterus, and liver tissue for the

non-significant change; *p % 0.05, **p % 0.01, and ***p % 0.001.
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assessment of miRs and mRNAs likely to be directly regulated by es-
trogen and not due to other systemic effects of OVX alone.

Impressively, our bioinformatic analyses were able to identify seven
high-confidence miRs that were estrogen regulated and involved in
both estrogen signaling and bone metabolism. Additionally, the accu-
racy of this approach in linking these identified miRs with predicted
mRNA targets that were also differentially expressed in vivo following
ERTwas impressive, especially given that our prediction was based on
in vivo data and our confirmation on in vitro observation. The four
miRs chosen for further study are relatively unknown with regard
to bone and estrogen research. Interestingly, these miRs were ex-
pressed across multiple bone cell types, suggesting that they have
the potential to dynamically modulate estrogen responses in the skel-
eton. miR-101a-3p has been shown to enhance IL1b-induced chon-
drocyte apoptosis.30 The addition of an exo-miR-9-5p mimetic in
rats was shown to significantly improve the rate of cartilage healing
in a rheumatoid arthritis model system.31 Additionally, established
links between miR-9-5p and ERa have been described, with miR-9-
5p decreasing the expression of ERa in a model of hepatocellular car-
cinoma.32,33 To our knowledge, no known links between miR-148a-
5p or miR-224-3p in the fields of bone or estrogen research have
been reported.

Given the lack of information regarding the potential functions of
these miRs in bone cells or the skeleton, we sought to further investi-
gate their biological implications in primary and immortalized calva-
rial osteoblasts. miRs 101a-3p, 148a-5p, and 9-5p were found to be
immediately upregulated by ERa, ERb, or both in response to
short-term E2 treatment, while miR-224-5p was not detected in
MC3T3 cells under any treatment condition. In agreement with these
findings, ChIP-seq based ER binding sites near the genomic loci for
miR 101a-3p, 148a-5p, and 9-5p were identified in one or more estro-
gen-responsive target tissues of mice with no peaks found in prox-
imity to miR-224-5p. Combined, these discoveries lend confidence
that at least three of these four miRs are direct ER targets and there-
fore are likely to contribute to the effects of E2 in bone. Indeed,
mimics of all four miRs enhanced the expression of Runx2, osterix,
and osteocalcin, factors essential for the differentiation and function
of osteoblasts,34 the primary cell type responsible for synthesizing
bone tissue.35 Impressively, mimics of miRs 101a-3p and 148a-5p
increased osteoblast mineralization as measured by calcein incorpo-
ration despite the fact that these mimics were only transfected into
primary calvarial osteoblasts once, which occurred over 3 weeks prior
to completion of the differentiation and mineralization assays. A
common feature of miR mimics 101a-3p and 148a-5p that was not
observed by 9-5p or 224-5p was the suppression of Rankl expression,
Figure 5. Impact of miR mimics on predicted target mRNA levels, expression o

formed by primary calvarial osteoblasts

(A) Effects of miR mimics on three predicted, and randomly selected, target genes in

Expression levels of important osteoblast marker genes in primary calvarial osteoblas

calvarial osteoblast differentiation assay as determined by IncuCyte assessment of calce

of fluorescent calcein incorporation. Mean and SEM; ns, non-significant change; *p %
a factor critical for the differentiation and function of bone resorbing
osteoclasts in vivo,36 suggesting that they may elicit bone anabolic ef-
fects in the absence of increased rates of bone turnover. These findings
suggest that therapeutic strategies employing such miR mimics may
not require frequent administration in order to achieve clinically
meaningful responses, a possibility that must be explored in future
mouse and rat models of post-menopausal osteoporosis.

In summary, using a pre-menopausal mouse model of osteoporosis
and high-throughput mRNA and miR sequencing, we have defined
the transcriptomic changes that occur in cortical and trabecular
bone following OVX and ERT. Bioinformatic analyses identified
seven specific miRs that exhibited altered expression in response to
OVX and ERT as most likely to contribute to changes in mRNA
expression in the same bone compartments. Of these, four were cho-
sen for further study based on their overall expression levels and lack
of data linking them to estrogen signaling or bone disease. miRs 101a-
3p, 148a-5p, and 9-5p were shown to be estrogen regulated, capable of
decreasing the expression of their predicted target genes in bone cells,
and able to enhance the expression of critical osteoblast differentia-
tion factors in primary calvarial osteoblasts. Further, miR mimics of
101a-3p and 148a-5p increased the rates of bone matrix mineraliza-
tion in vitro.

There are several limitations to our study including the age of animals
utilized in this report. We chose to perform surgical procedures at a
young age to prevent the occurrence of any endogenous estrogenic ef-
fects from occurring. However, the miRs identified were confirmed to
be estrogen regulated, and future studies aimed at assessing their
in vivo effects on bone should be studied across age groups. Addition-
ally, it is difficult to extrapolate the bulk RNA-seq studied as a func-
tion of specific cell types within bone. Our in vitro studies confirmed
that these miRs are detectable in osteoblasts, osteoclasts, and osteo-
cytes, but further work is required to elucidate their molecular mech-
anisms of action within a given cell. Another limitation of this study
potentially relates to the dose of estradiol used for the in vivo studies.
As reflected in the micro-CT images, the bone mass following estra-
diol supplementation exceeds that observed in sham-operated ani-
mals and thus can be considered supra-physiological. However, this
dose has been used in many previous studies37,38 and was chosen to
maximize the number and magnitude of mRNA and miR expression
changes detected in the RNA-seq studies. Finally, there are no rele-
vant human datasets that include cortical vs. trabecular bone biopsies
from pre- and post-menopausal women, as well as women receiving
ERT, to validate our findings. Nevertheless, our studies have identi-
fied multiple miRs that are likely to mediate the bone-beneficial ef-
fects of estrogen on the skeleton and therefore warrant further in vivo
f essential osteoblast differentiation genes, and mineralization of matrix

primary calvarial osteoblasts 72 h post transfection as determined by RT-PCR. (B)

ts 72 h post transfection with miR mimics as determined by RT-PCR. (C) Primary

in incorporation 21 days post transfection of miR mimics. (D) Representative images

0.05, **p % 0.01, and ***p % 0.001.
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study to determine their ability to prevent bone loss in post-meno-
pausal models of osteoporosis. If successful, such discoveries would
pave the way for a new class of oligonucleotide-based drugs to slow
bone loss and prevent osteoporosis in humans without the unwanted
side effects of hormonal therapies.

MATERIAL AND METHODS
Animals

A total of 18 (six per group) 8-week-old female C57BL/6 mice were
randomized to sham+placebo, OVX+placebo, or OVX+ERT treat-
ment groups. Sham and OVX surgeries were performed as previously
described.39 Immediately following surgery, a 1.88 mg 17b-estradiol
30-day slow-release pellet, or placebo pellet, (Innovative Research
of America, Sarasota, FL) was implanted subcutaneously in the
nape of the neck between the shoulder blades. 30 days post-surgery,
mice were sacrificed, and the femurs were collected for mCT imaging
and cortical/trabecular bone separation. All mice were housed in a
temperature-controlled room (22�C ± 2�C) with a standard light
and dark cycle of 12 h with unrestricted access to water and standard
laboratory chow. The protocol was approved by the Mayo Clinic
Institutional Animal Care and Use Committee (Permit Number:
A5735).

mCT imaging

mCT imaging was performed as previously described.39,40 Briefly the
femora were placed in a Scano mCT40 scanner (Scano, Basserdorf,
Switzerland) and scanned with the following settings: a voxel size of
12 mm � 12 mm x 12 mm, 55 kVp X-ray voltage, 145 mA intensity,
200 ms integration time, bone segmentation 245, and filtering param-
eters sigma 0.8 and support 1. Cortical bone was assessed in the mid
femur diaphysis and trabecular bone evaluated in the distal femur
metaphysis. 3D reconstruction images were generated to confirm
bone loss and gain in response to OVX and ERT respectively.

Isolation of cortical and trabecular bone compartments

Manual separation of cortical and trabecular bone was adapted from
Kelly et al.41 Briefly, all muscle and connective tissue was removed
from the femurs using tweezers and sterilized Kimwipes. Both epiph-
yses were cut and removed, and the marrow was cleared by centrifu-
gation. Trabecular bone was isolated from each end of the femoral
shaft using a 1-mm biopsy punch and immediately placed into TRIzol
(Invitrogen, Waltham, MA). The remaining cortical shell was
trimmed on each end, and the remaining mid diaphysis consisting
of cortical bone was placed in a separate microcentrifuge tube of TRI-
zol. Bone tissues were homogenized using an ULTRA-TURRAX ho-
mogenizer (IKAWorks, Wilmington, NC), and total RNA, including
miRs, was extracted using the Qiagen miRNeasy kit (Qiagen, Hilden,
GER). Resulting RNA was further purified on a Qiagen RNeasy Mini
spin column.

mRNA and miR sequencing

Prior to sequencing, equal amounts of cortical or trabecular RNA
from two individual mice were pooled to generate three replicate sam-
ples for each bone compartment and treatment group. Library prep-
38 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
aration and mRNA sequencing were performed by the Mayo Clinic
Genome Analysis core, and secondary analysis was performed by
the Mayo Clinic Bioinformatics core using the Map-Rseq pipeline.42

To remove lowly expressed genes, an RPKM >1 in at least one sample
was used as a cutoff. miR sequencing was performed using CAP-
miRSeq v1.1.43 A count threshold R5 was used to remove lowly ex-
pressed miRs. Differential expression of mRNA and miR data was
calculated by exact tests using edgeR.44 Statistical cutoffs used to iden-
tify DEmRNAs andmiRs were a fold change >2, a p value%0.05, and
a false discovery rate %0.1. Venn diagrams were generated using
Venny (BioinfoGP, Spanish National Biotechnology Center, Madrid,
ES) to determine overlap between treatment groups and bone
compartments.

Predicted mRNA targets of DE miRs

In order to identify mRNA targets of DE miRNAs, we first grouped
expression datasets into pairs including DE miRNAs and DE
mRNA. Target predictions were performed using the multimiR pack-
age,45 with a prediction score cutoff of 30%, only in the trabecular da-
tasets given the small number of transcripts identified in cortical sam-
ples. Two independent predictions, (1) upregulated DE miRs vs.
downregulated DE mRNAs and (2) downregulated DE miRs vs. up-
regulated DE mRNAs, were performed.

Gene lists

Human genes associated with the estrogen-related signaling pathways
were obtained from the following databases: KEGG (estrogen
signaling pathway), PharmGKB (estrogen metabolism pathway),
SMPDB (androgen and estrogen metabolism), Wikipathways (estro-
gen receptor pathway), Wikipathways (ESR-mediated signaling), Wi-
kipathways (estrogenmetabolism),Wikipathways (estrogen signaling
pathway), HumanCyc (estradiol biosynthesis II), PID (validated nu-
clear estrogen receptor alpha network), PID (plasma membrane es-
trogen receptor signaling), BioCarta (carm1 and regulation of the es-
trogen receptor), Reactome (estrogen biosynthesis), BioCarta
(estrogen responsive protein Efp controls cell cycle and breast tumor
growth), PID (validated nuclear estrogen receptor beta network),
HumanCyc (estradiol biosynthesis I), BioCarta (pelp1 modulation
of estrogen receptor activity), Reactome (estrogen-dependent gene
expression), EHMN (androgen and estrogen biosynthesis and meta-
bolism), Reactome (RUNX1 regulates estrogen receptor-mediated
transcription), and Reactome (ESR-mediated signaling). Human
genes associated with bone metabolism were obtained from
Table S1 of a related publication.46 We excluded the “Genetics.in.Ar-
terial.Calcification” gene list given that this dataset is confounded by
other diseases contributing to arterial calcification such as diabetes
mellitus, dyslipidemia, hypertension, gender, renal health, and
inflammation. Different gene lists were combined with each other us-
ing NCBI_synonyms() and lists_combiner() R functions from the
wizbionet R package.47

Translation of human gene symbols into mouse orthologs

Translation of the human estrogen gene lists and bone metabolism-
related gene lists into mouse orthologs was performed using the
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Ensembl Biomart database.48,49 For further analysis, we used only
genes that were present on any of the estrogen-related or bone meta-
bolism-related gene lists and that had orthologs with high (equal to 1)
mouse orthology confidence scores. These gene lists with their pre-
dicted orthologs are included in Table S1.

Data aggregation and ranking

Data aggregation and prioritization were performed using functions
col_aggrecounter() and clusterizer_oneR() from the R package wiz-
bionet to prioritize miRs most likely to contribute to the identified
gene expression changes. These were miRs that were predicted to
target DE genes within the first two clusters of all three analyzed
gene lists (any DE genes with opposite regulation between OVX
and OVX+ERT, estrogen-related DE genes, and bone metabolism-
related DE genes).

Cell lines

Primary calvarial osteoblast cultures were derived from 3-day-old
C57BL/6 mice as previously described.50,51 Briefly, the calvarium
was removed, washed with PBS, and minced in Hanks balanced saline
solution (Sigma-Aldrich, St. Louis, MO) containing 4mg/ml BSA and
4 mg/ml collagenase 2 for several hours at 37�C. The dissociated cells
were centrifuged at 221 x g for 5 min and resuspended and main-
tained in a-MEM (Invitrogen, Carlsbad, CA) with 10% FBS (Gibco
Waltham, MA, Gemini Bio, Sacramento, CA). The cells are main-
tained in a-MEM (Invitrogen, Carlsbad, CA) with 10% FBS (Gemini
Bio-Products, West Sacramento, CA) and 1% Anti-Anti antibiotic-
antimycotic (Gibco Waltham, MA). Cultures were passaged no
more than four times, and low-passage cultures were used for all
experiments.

The osteoclast precursors were derived and differentiated as previ-
ously described.52 Skeletally mature (4 months of age) female
C57BL/6 mice were euthanized, and long bones were isolated to
obtain mouse bone marrow. Bone marrow was flushed with sterile
PBS, and red blood cells were lysed with Red Cell Lysis Buffer
(eBioscience, San Diego, CA). Whole bone marrow cells were
cultured overnight with 30 ng/mL recombinant murine M-CSF
(R&D Systems, Minneapolis, MN). Non-adherent cells were
collected and plated at a density of 4 x 105 cells/well in 24-well
plates in osteoclast differentiation medium (alpha-MEM, 10%
FBS, 1x antibiotic/antimycotic, 20 ng/mL rmM-CSF, 50 ng/mL re-
combinant murine RANKL). Alternatively, the remaining progeni-
tors were collected for osteoclast progenitor RNA isolation. Osteo-
clast culture media was replaced on differentiation cells after 72 h.
RNA was collected from differentiated osteoclasts 24 h later
(4 days of differentiation total).

The OCY454 osteocyte cell line was provided by Dr. Pajevic’s labora-
tory and cultured as previously described.53 MC3T3-E1 cells were ob-
tained from ATCC and maintained in alpha-MEM containing 10%
FBS and 1% AA. The derivative MC3T3-E1-CAR cells were devel-
oped by stably integrating the coxsackievirus and adenovirus
receptor.
miR mimics

miRIDIANmiRmimics were purchased fromDharmacon (Lafayette,
CO) and transfected into calvarial osteoblast cell lines using
DharmaFECT #1 following the recommended protocol at a final con-
centration of 25 nM. 72 h post transfection, medium was replaced
with osteoblast differentiation medium (a-MEM + 10% FBS +
50 mg/ml ascorbic acid + 4 mM b-glycerol phosphate). Following
4 days of differentiation, total RNA was isolated as described above.
To examine gene expression, cDNA was generated using the iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA), and qRT-PCR was per-
formed as previously described54 to determine changes in candidate
gene expression compared with housekeeping controls. qRT-PCR
was performed using PerfectCT SYBR Green Fast Mix (Quanta Bio-
sciences, Gaithersburg, MD) in a Bio-Rad CFX Real-Time PCR detec-
tion system (Bio-Rad, Hercules, CA), and data were analyzed using
the 2�DDCt method. Primer sequences are included in Table S2. Sta-
tistical significance was determined using the Student’s t test and per-
formed using GraphPad Prism version 9.3.1 (GraphPad Software, San
Diego, CA).
Effects of estrogen signaling on miR expression

Mouse ERa and ERb adenoviruses (Vector Biolabs, Malvern, PA)
were utilized to confer expression of these two receptors in
MC3T3-E1-CAR cells following standard techniques with
10 mg/mL Polybrene (Sigma-Aldrich). 2 days post infection, cells
were treated with ethanol vehicle or 10 nM estradiol for 2 and 24 h.
Total RNA was isolated as described above, and miR expression
was assayed using the Taqman Advanced miRNA assay kit (Applied
Biosystems, Waltham, MA, USA) following the manufacturer’s in-
structions. miR-let-7f-5p was used to normalize expression55 using
the 2�DDCt method.
Effects of miR mimics on osteoblast differentiation

Calvarial osteoblast differentiation was assessed using calcein incor-
poration and an IncuCyte S3 system (Sartorius, Goettingen, Ger-
many) as described previously.56 Briefly, cells were plated in 12-well
plates and transfected with miR mimics as described above. 3 days
following transfection, differentiation medium containing 1 mM cal-
cein (Sigma-Aldrich, St. Louis, MO) was added and refreshed every
3–4 days. Following 21 days of differentiation, calcein was removed,
and cells were washed 2 times with PBS. Differentiation medium
without calcein was added, and the cells were imaged in the
IncuCyte S3 system with the green and phase channels. Calcein incor-
poration (green fluorescence) was quantified using the Incucyte soft-
ware package. Green signal was defined using an adaptive segmenta-
tion with a threshold adjustment (GCU 0.25). Additionally, a
minimum area filter of 1500 mm2 and a minimum mean intensity fil-
ter of 8.0 were applied. Data are representative of 16 replicate images.
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