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Abstract

Age-associated osteoporosis is widely accepted as involving the disruption of osteogenic stem cell
populations and their functioning. Maintenance of the local bone marrow (BM) microenvironment
is critical for regulating proliferation and differentiation of the multipotent BM mesenchymal
stromal/stem cell (BMSC) population with age. The potential role of microRNAs (miRNAS)

in modulating BMSCs and the BM microenvironment has recently gained attention. However,
miRNAs expressed in rapidly isolated BMSCs that are naive to the non-physiologic standard
tissue culture conditions and reflect a more accurate /n vivo profile have not yet been reported.
Here we directly isolated CD271 positive (+) BMSCs within hours from human surgical BM
aspirates without culturing and performed microarray analysis to identify the age-associated
changes in BMSC miRNA expression. One hundred and two miRNAs showed differential
expression with aging. Target prediction and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses revealed that the up-regulated miRNAs targeting genes in bone development
pathways were considerably enriched. Among the differentially up-regulated miRNAs the novel
passenger strand miR-29b-1-5p was abundantly expressed as a mature functional miRNA

with aging. This suggests a critical arm-switching mechanism regulates the expression of the
miR-29b-1-5p/3p pair shifting the normally degraded arm, miR-29b-1-5p, to be the dominantly
expressed miRNA of the pair in aging. The normal guide strand miR-29b-1-3p is known to

act as a pro-osteogenic miRNA. On the other hand, overexpression of the passenger strand
miR-29b-1-5p in culture-expanded CD271+ BMSCs significantly down-regulated the expression
of stromal cell-derived factor 1 (CXCL12)/ C-X-C chemokine receptor type 4 (SDF-1 (CXCL12)/
CXCR4) axis and other osteogenic genes including bone morphogenetic protein-2 (BMP-2) and
runt-related transcription factor 2 (RUNX2). In contrast, blocking of miR-29b-1-5p function
using an antagomir inhibitor up-regulated expression of BMP-2 and RUNX2 genes. Functional
assays confirmed that miR-29b-1-5p negatively regulates BMSC osteogenesis /1 vitro. These
novel findings provide evidence of a pathogenic anti-osteogenic role for miR-29b-1-5p and other
miRNAs in age-related defects in osteogenesis and bone regeneration.
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Introduction

Aging, in addition to being inevitable, appears to in part involve an evolutionary conserved,
genetically programmed decline in function that affects us all [1]. Age-related bone loss,
including osteoporosis, is characterized by a progressive decline in bone mass and mineral
density [2]. As with many age-associated disorders a number of emerging changes in
epigenetic regulation of gene expression has been observed with osteoporosis [3-6].

Bone is a primary structural connective tissue, as well as a component of several key
physiological systems regulating the immune system [7,8], hematopoiesis [9,10], peripheral
wound repair [11,12], kidney function [13], ionic and energy balance [14]. As might be
expected this critical organ is regulated by multiple cross-linked pathways. Bone remodeling
involves two stem cell populations; hematopoietic stem cells giving rise to osteoclasts and
mesenchymal stromal/stem cells (BMSCs) giving rise to osteoblasts. BMSCs are involved
in both peripheral injury repair and locally within the bone marrow (and periosteum)
differentiating into adipocytes or osteoblasts [15-17]. In age-related osteoporosis, increased
bone fragility is derived from an imbalance in bone resorption relative to bone formation
[18-20]. Accumulating evidence suggests that age-related osteoporosis is a stem cell
disease. The aged bone and BM microenvironment suppresses the function of adult stem
cells in bone formation [21]. This includes changes in expression of inflammatory mediators
in aging that are linked to bone mass [22-25]. One of the inflammatory factors we

have been focused on is the osteogenic cytokine/chemokine stromal cell-derived factor 1
(SDF-1), also called CXC-motif-ligand-12 (CXCL12). In addition to its chemotactic role

in cell mobilization and migration, SDF-1 is a critical regulator of BMP-2 activity, a key
osteogenic pathway [26-30]. SDF-1 levels and bioactivity decrease with age in the BM
microenvironment and in BMSCs [26,31-35].

Recent studies suggest microRNAs (miRNAS) play a major role in the regulation of
physiological bone development and BMSC differentiation decisions during aging [36-42].
Until now, research has focused on the role of miRNAs in extensively cultured BMSCs from
a variety of species [43-45]. Significant progress has been made in identifying numerous
tissue specific miRNAs, which are selectively expressed at particular stages in bone and
joint tissue development [41,46]. However, no studies have reported the age-related miRNA
changes in rapidly isolated uncultured BMSCs that possess a relatively uncompromised
memory of their resident miRNA gene expression signature. We used a rapid non-culturing
approach to isolate BMSCs in less than 3 h to avoid artifacts in assessing the profiles of
miRNAs expressed in BMSCs in vivo [47,48]. Non-physiological tissue culture generated
artifacts result in differences in gene expression, cell differentiation, function, and frequently
exposure to factors that induce senescence.

Currently available studies on miR-29b and related family members miR-29a, b2, &

¢ have focused on the nominal 3p guide strands including miR-29b-1-3p (previously
miR-29b-1-1). The strands processed from the miR-29 family 3p arms have been widely
considered as the functional mature miRNA arms [49-51]. In contrast, miR-29b-1-5p
(previously miR-29b-1-1*), as well as the other 5p arm miRNAs from miR-29a, b2 & ¢ have
largely been ignored owing to their suggested status as non-functional passenger strand by-
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products of the biogenesis process. Recently and importantly, our research group found that
kynurenine, a tryptophan metabolite that accumulates with age is a driver of osteoporosis
[26]. Importantly, we have shown that Kynurenine upregulates miR-29b-1-5p expression
while suppressing the 3p guide strand in human and murine BMSCs. MiR-29b-1-5p directly
targets HDAC3 and SDF-1 (CXCL12) and impairs the osteogenic differentiation ability of
BMSCs [26]. Here we identify novel age-associated changes in human CD271+ BMSC
miRNA gene expression that are involved or potentially involved in the molecular regulation
of the SDF-1 axis, as well as multiple other osteogenic genes, their regulatory pathways, and
ultimately bone homeostasis.

Methods

Mesenchymal stem cell direct isolation and expansion

Bone marrow was obtained under sterile conditions from orthopaedic surgery patients as
per the Institutional Review Board (IRB) of Augusta University. Briefly, bone marrow was
aspirated from the iliac crest of orthopeadic surgical patients for use in their bone repair
surgery, and 2-10 mL of the surgical waste bone marrow was collected in EDTA tubes

for our BMSC isolation. In some cases, bone marrow was aspirated from vertebral bodies
of spinal orthopaedic surgery patients as per the Institutional Review Board (IRB) of the
Medical University of South Carolina (Fig. 6). Bone marrow was filtered through 100 pm
filter to remove bone fragments and cell clumps. Cells were layered in Ficoll-Paque in an
appropriate conical tube and centrifuged for 35 min at 445 xg. Bone marrow mononuclear
cells (BM MNC) were carefully transferred to a new canonical tube, washed and centrifuged
again at 200 xg for 10-15 min to remove platelets. The CD271 positive (+) BMSCs were
isolated according to the manufacturer’s protocol using a CD271 isolation kit (Miltenyi
Biotec Inc., 130-092-283). Briefly, cells were magnetically labeled by mixing 5 x 107 cells
in 2 ml of Bone Marrow with 50 ul of FcR blocking reagent and 50 uL of CD271-APC

and then incubated for 10 min at 4 °C in the dark. Cells were washed, centrifuged and
resuspended in 50 pl of FcR blocking reagent and 100 pl of Anti-APC MicroBeads. The
mixture was incubated for 15 min at 4 °C, then washed and centrifuged. For magnetic
separation, the cell mixture was loaded onto a MS column placed in the magnetic field

of a MACS Separator. The unlabeled fraction of cells was collected for other uses, and

the column was washed 3 times. The column was removed from magnetic separator and
the CD271 labeled cells were collected by flushing the column into a collection tube. The
cells were then either immediately treated to isolate RNA or placed in BMSC cell culture
for rapid expansion as described below. From surgical aspiration to RNA collection takes
approximately 2-3 h versus 3 weeks minimum in culture with multiple passages for standard
human BMSC isolations prior to use of the cells as BMSCs.

For the microarray study, the direct-isolation procedure was used to quickly capture CD271+
BMSCs from bone marrow without culturing or standard plastic adherence. For other
studies, CD271+ BMSCs were isolated directly from bone marrow, washed with standard
culture medium composed of DMEM medium (Corning, 10-013-CM), 1% antibiotics-
antimycotics (AA; Invitrogen, 15,240-062) and 15% FBS, transferred to 100 mm culture
dish and incubated at 37 °C in humidified atmosphere at 5% carbon dioxide (CO,). After 24
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h, the medium with non-adherent cells was removed, and the adherent cells were carefully
washed in DPBS, further expanded in fresh standard culture medium. Culture-expanded
CD271+ BMSCs of passage 1 were used for quantitative real-time polymerase chain
reaction (QPCR), while passages 2—4 were used for studies described below.

2.2. microRNA Array and miRNA target prediction

Microarrays were performed using an Affymetrix GeneChip® miRNA 2.0 Array at the
Integrated Genomics Core, Georgia Regents University, GA. Directly captured CD271+
BMSCs from 3 “young” patients (29-41 years of age) and 4 “old” patients (64—73 years

of age) were lysed with TRIzol (Invitrogen, 15,596-018). RNA was isolated as described
earlier [52] and further purified using the RNeasy MinElute Cleanup Kit (Qiagen, 74,204).
FlashTag™ Biotin HSR RNA Labeling Kit (Affymetrix®, 901,910) was used to prepare
biotin labeled cRNA probes from 1 microgram (ug) of purified total RNA. Briefly, in the
first step, single stranded cDNA was synthesized by reverse transcription. Single stranded
cDNA was further converted into double stranded cDNA which was extracted with phenol/
chloroform and then precipitated with ethanol. An /n vitro transcription (IVT) reaction was
then carried out in the presence of biotinylated UTP and CTP to produce biotin-labeled
cRNA from the double stranded cDNA. The resulting cRNA was then fragmented in the
presence of heat and Mg++ and were hybridized in GeneChip Hybridization Oven 640
(Affymetrix®) at 60 °C for 16 h. The miRNA array was then washed and stained with
streptavidin-phycoerythrin using the GeneChip Fluidics Station 450 (Affymetrix®) and then
scanned using GeneChip Scanner 3000 (Affymetrix®). Data was extracted from the images,
quantile-normalized, summarized (median polish), and log2-transformed with the miRNA
QC software from Affymetrix®. The results were assessed by 2-way ANOVA analysis of
young vsold CD271+ BMSCs (with sex and age categories as the variables) using the
Partek® Genomics Suite™ (PGS7.19.1125) [53]. The miRNA profile was analyzed for
hierarchic clustering of miRNA to generate heat maps. The results were normalized using
robust multichip average (RMA).

In addition to validated targets for miRNA from reported studies, pathway analysis of
significantly differentially expressed miRNAs and their associated putative genes were
performed using built-in TargetScan5.0, Partek® Pathway and KEGG databases (https://
www.genome.jp/kegg/pathway.html) within PGS7.19.1125.

2.3. miRNA mimic and inhibitor transfection

Transient transfections of miRNA mimics and inhibitors were performed using HiPerFect
transfection reagent (Qiagen, 301,704) according to manufacturer’s protocol. In brief,
shortly before transfection, 2 x 104 cells/cm? of culture-expanded CD271+ BMSCs were
seeded per well of a 24-well plate in 0.5 ml of complete media. For the short time until
transfection, the cells were incubated under 37 °C and 5% CO2. The miRNA mimic or
inhibitor was diluted to final concentration of 5 nM or 50 nM in 100 pl culture medium
without serum. 3 pl of HiPerFect Transfection Reagent was added to the diluted miRNA
and was mixed by vortexing. Samples were incubated for 5-10 min at room temperature

to allow the formation of transfection complexes. Formed complexes were added dropwise
onto the cells. Uniform distribution of the transfection complexes was achieved with gentle
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swirling of the plate. Cells with the transfection complexes were kept under their normal
growth conditions and monitored. Syn-hsa-miR-29b-1-5p mimic and anti-hsa-miR-29b-1-5p
inhibitor were purchased from Qiagen (see Supplementary Table. 5A). AllStars Negative
Control siRNA (cat# S103650318, Qiagen) was used as a control for Syn-hsa-miR-29b-1-5p
mimic and miScript Inhibitor Neg. Control (cat# 1027271, Qiagen) was used as a control
for anti-hsa-miR-29b-1-5p inhibitor. The cell lysates and the conditioned medium were
harvested at different experimental conditions and used for miRNA, mRNA gPCR assays,
ELISA, differentiation assays and migration assays.

2.4. Mature microRNA gPCR

Directly captured or culture-expanded CD271+ BMSCs were lysed in TRIzol and the RNA
was isolated as described earlier [54]. The cDNA was prepared in a reverse transcription
reaction using miScript 1l RT kit (Qiagen, 218,160). Three nanograms of cDNA served

as the template for real-time PCR iCycler™ (Bio-Rad) using a miRNA-specific miScript
Primer assay (forward primer; see Supplementary Table. 5B) and the miScript SYBR Green
PCR kit (Qiagen, 218,073), which contains miScript Universal Primer (reverse primer) and
the Quantitect SYBR Green PCR Master Mix. The expression levels of miRNAs were
normalized to RNU6B and SNORDG61. Unless otherwise stated, experimental groups were
compared to control groups (Younger CD271+ BMSCs, Control miRNA, Control inhibitor).

2.5. mRNA gPCR

Culture-expanded CD271+ BMSCs were lysed by TRIzol. RNA isolation and subsequent
cDNA synthesis (Bio-Rad, 170-8891) were performed as previously described [54]. cDNA
was amplified in duplicates in each 40-cycle reaction using an iCycler™ (Bio-Rad) with
annealing temperature set at 60 °C, ABsolute™ QPCR SYBR® Green Fluorescein Mix
(ABgene, Thermo Fisher Scientific), and custom-designed gPCR primers (Supplementary
Table 5C) (Thermo Fisher Scientific). A melt curve was generated to analyze the purity

of amplification products. The expression levels of mMRNA were normalized to p-actin and
18 s. Relative expression of mMRNA was evaluated by using the comparative CT method
(AACY) [55]. Unless otherwise stated, experimental groups were compared to control groups
(younger CD271+ BMSCs, control miRNA, control inhibitor).

2.6. Western blotting

Whole cell lysates of BMSCs were prepared in RIPA lysis and extraction buffer (#89901
ThermoFisher Scientific) containing protease and phosphatase inhibitor cocktail (Millipore
Sigma). Protein concentration was determined using Pierce BCA Protein Assay Kit (#23225
ThermoFisher Scientific) and equal amounts (30 ug) of protein lysates were subjected

to SDS-PAGE using gradient 4-12% NuPAGE Bis-Tris gels (#NP0321 Invitrogen) and
transferred to 0.2 mm nitrocellulose membranes using Power Blotter Select Transfer Stacks
(#PB3310 ThermoFisher Scientific).

Membranes were blocked with 5% Bovine Serum Albumin (#A2153 Sigma-Aldrich) in
TBST. Specific primary antibodies were used to detect osteogenic markers Collagen 1A1
(mouse, #sc-293,182, Santa Cruz), Osteocalcin (rabbit, #sc-630,045, Santa Cruz), RUNX2
(mouse, #ab76956, Abcam), BMP2 (rabbit, #MBP1-19751, Novus Biological), and
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Beta Actin (mouse, #A5441, Sigma). Bound antibodies were visualized with Pierce

ECL detection system (#32106 ThermoFisher Scientific) on Amersham Imager 680 (GE
Healthcare, Pittsburgh, PA). The intensity of immunoreactive bands was quantified using
Image Lab (Bio-Rad, Hercules, CA).

2.7. Osteogenic differentiation assay

The ability of culture-expanded CD271+ BMSC:s to differentiate into osteogenic cells was
validated according to earlier described methods [54,56]. In brief, cells were plated in
24-well plates at 5000 cells/cm? and cultured in DMEM for 24 h. Culture medium was then
aspirated and replaced with differentiation-specific medium. For osteogenesis, the cultures
were incubated in DMEM that was supplemented with 5% FBS, 1% AA, 0.25 mM ascorbic
acid (Sigma-Aldrich, A4544), 0.1 mM dexamethasone (Sigma-Aldrich, D4902), and 10 mM
B-glycerophosphate (Sigma-Aldrich, G9891). The freshly prepared medium was replaced 2
times per week for 3 weeks. Osteogenic differentiation was assessed by staining for bone
mineralization with Alizarin Red (AR; Sigma-Aldrich, A5533). The cells were fixed with
10% formalin for 20 min at room temperature (RT) and stained with 40 mM AR, pH 4.1

for 20 min at RT. Stained monolayers were visualized by phase-contrast microscopy using
an inverted microscope (Nikon, Melville, NY). Differentiation was quantified as previously
described [26,57]. In brief, cells were destained by using 10% cetylpyridinium chloride
(Sigma-Aldrich, C0732). Collected samples were then analyzed by using a microplate reader
at 590 nm.

2.8. Transwell migration assay

In vitro chemotaxis was assayed using the HTS Transwell® 96-well system (8 um pore size;
Corning®, 3374 and 3583). Bone marrow aspirate supernatants or medium conditioned by
culture-expanded CD271+ BMSC:s at different experimental conditions were collected and
loaded in the bottom chamber of the black receiver plate as a source of chemoattractants.
The inserts (upper compartment) of the transwell plate were placed to expose to the

lower chamber containing the samples. BMSCs derived as previously described [58] from
18-month-old male C57BL/6 J mice were starved overnight in a Phenol Red Free DMEM
supplemented with 1% FBS. After the incubation, the cells were dissociated with trypsin/
EDTA and samples each containing 2 x 103 cells in 50 ul of migration buffer (Phenol Red
Free DMEM/1% FBS) were added to the transwell inserts and incubated for 6 h at 37 °C

in 5% CO, to allow migration across the porous membrane. SDF-1 (100 ng/mL) diluted in
a migration buffer was used as a positive control and fresh migration buffer was used as a
negative control. At the end of the incubation, cells that had migrated into the lower chamber
and attached to the lower surface of the filter were detached by trypsin/EDTA, lysed and
stained with Cyquant® dye (Molecular probes, C7026) and counted using a fluorescence
plate reader (M1000 Infinite®; Tecan). All experiments were performed in triplicate.

2.9. Luciferase reporter assay

Culture expanded CD271+ BMSCs were seeded at 1.5 x 10% cells/cm? in a 96 well plate
(Costar®, 3917) and were co-transfected with the LightSwitch 3’-UTR reporter GoClone
plasmids (30 ng/ul; SwitchGear Genomics, COL1A1-S809272 or empty vector- S890005)
together with syn-hsa-29b-5p or Control miRNA (5 nM; Qiagen) using DharmaFECT DUO
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transfection reagent (Fisher Thermo Scientific, 2010-01). Luciferase activity was analyzed
24 h post transfection using LightSwitch Luciferase Assay reagents (SwitchGear Genomics,
LS010). The signal was normalized to empty vector and the luciferase signal ratio of the
average mimic signal divided by the average signal from the control miRNA was calculated.
All transfection experiments were conducted in triplicate.

2.10. Statistical analysis

Statistical significance was assessed by comparing mean values + standard deviation (£ SD)
using Student’s #test and analysis of variance (ANOVA) followed by the Tukey’s post hoc
test for independent groups. Experiments were performed 3 independent times. Significance
was assumed for p < 0.05. Data were analyzed using GraphPad Prism version 8.3.0 for
Windows (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Aging induces differential expression of more than 100 miRNAs among human
miRNA genome

Using flow cytometry analysis, we confirmed that the phenotype of isolated CD271+
BMSCs was consistent with the accepted profile for BMSCs (92.1% CD90; 80.1%
CD105; 12.5% CD14/CD20/CD34/CD45; 91.4% CD73) (Supplementary Fig. 1) [59]. To
investigate the age-related changes in miRNA expression, we performed miRNA profiling
on uncultured CD271+ BMSCs captured from 3 younger (29-41 years of age) and 4 older
(57-73 years of age) patient’s BM aspirates. Two-way ANOVA analysis identified 102 of
the whole human miRNA genome to be significantly differentially expressed with aging
(p < 0.05 and absolute fold change<1.1). Among the differentially expressed miRNAs,

39 were up-regulated and 63 were down-regulated with age (Supplementary Table. 1 and
2). Mapping of hierarchical cluster analysis using the normalized miRNA expression data
confirmed that the expression of miRNASs in younger CD271+ BMSC:s is distinctly different
from the older CD271+ BMSCs (Fig. 1A and 1B).

To investigate the potential biological impact of differentially expressed miRNAs, we
computationally identified putative miRNA targets employing TargetsScan5.0 built inside
Partek® Genomics Suite™ (PGS7.19.1125). This was a conservative approach; we
combined the 39 up-regulated miRNAs to identify their mRNA targets and found that 29

of these 39 miRNAs had validated gene targets. That is the genes linked to these miRNAs
as targets had been identified and independently experimentally validated as target genes,

a total of 17,538 putative genes were targeted by this group of miRNAs, of which 5229
were distinct genes. Similarly, we combined the 63 down-regulated miRNAs with their
mRNA targets using TargetScan4.0 and found that 28 of these 63 miRNAs target a total

of 5621 known putative genes (of which 3672 are distinct). While the other miRNAs have
predicted targets they have not been validated as functional targets. Verified Genes identified
as miRNA targets were analyzed with Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis. Supplementary tables 3A and 3B summarize the multiple predicted pathways
regulated by genes targeted by differentially expressed miRNAs. For up-regulated miRNAs,
the target gene clusters were associated with 317 different cellular pathways. Out of the
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317 pathways, 105 pathways were significantly enriched by the genes targeted by 29
up-regulated miRNAs (enrichment score greater than 3 and p-value<0.05). Interestingly,

the critical osteogenic wnt signaling pathway was the second highest scoring pathway
(enrichment score: 24.74, p<0.0001) (Supplementary Fig. 4), signaling pathways regulating
pluripotency of stem cells (enrichment score: 18.81, p <0.0001) (Supplementary Fig. 5),
longevity regulating pathway (enrichment score: 10.05, p <0.0001) and cellular senescence
pathway (enrichment score: 9.33, p <0.0001) were among the highest enriched pathways

by genes targeted by up-regulated miRNAs with aging. For down-regulated miRNAs, the
target gene clusters were associated with 324 different cellular pathways, 117 pathways were
significantly enriched by the genes targeted by 28 down-regulated miRNAs (enrichment
score greater than 3 and p-value<0.05). As more predicted gene targets are validated the
pathway analysis will potentially change to reflect the added gene targets.

In addition to verified targets for miRNA reported in Partek® Genomics Suite™,

predicted miRNA targets of interest relevant to the SDF-1 signaling axis and osteogenesis
were selected according to other public database information. Three databases were
considered; miRDB (http://mirdb.org), TargetScan ((http://www.targetscan.org/vert_72/)
and TargetMiner (https://www.isical.ac.in/~bioinfo_miu/targetminer20.htm). Supplementary
tables 4A and 4B summarize the multiple predicted genes that might be targeted by
differentially expressed miRNAs. Osteogenic genes including bone morphogenetic protein-2
(BMP2), p-arrestin, stromal derived factor-1 (SDF-1/CXCL12), insulin-like growth factor 1
(IGF-1), leptin receptor and peroxisome proliferator-activated receptor gamma 2 (PPAR-y2)
that were putatively targeted by the differentially expressed miRNAs. This was a focused
discovery and does not show all potential gene targets or rank potential interactions.
Predicted genes of interest targeted by miR-29b-1-5p were experimentally assessed as
describe below.

To confirm the data obtained from microarray analysis we isolated miRNAs from an
additional set of patient BM aspirates using the same rapid CD271+ BMSCs isolation
approach. However, to have enough miRNA for multiple by quantitative real-time PCR
(gPCR) experiments we culture-expanded 14 sets of isolated CD271+ BMSCs once
(approximately 2-3 days to reach 70% confluency) then isolated the miRNA (n=7; young
18-48 years of age; and n = 7 old 71-80 years of age). We then performed gPCR with
primers for 2 of the identified up-regulated and 2 down-regulated miRNAs. In addition to
miR-29b-1-5p, which we were interested in further assessing, this included three randomly
selected miRNAs chosen for validation by qPCR. The qPCR analysis revealed comparable
patterns of miRNA up- or downregulation as seen with the microarray analysis supporting
our results (Fig. 2). Next, rapidly isolated CD271+ BMSCs from additional sets of young
and old BM aspirates were further culture-expanded up to 3—4 cell passages to attain
sufficient cell numbers for additional experiments looking at the gene expression and
functional assays described in Sections 3.2 and 3.3 below. This suggests that short-term
culture-expanded directly-isolated CD271+ hBMSCs retain a stable miRNA and mRNA
expression profile within early passages.
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3.2. Aging downregulates SDF-1/CXCR4 signaling axis genes and osteogenic genes

Computational predictions indicated that the differentially expressed miRNAs with age
might play a role in modulating several gene regulatory networks associated with skeletal
development and homeostasis. To that end, we performed gPCR analysis of genes relevant to
the SDF-1/CXCR4 signaling axis, as well as selected osteogenic genes in culture-expanded
CD271+ BMSCs (n = 6 young 13-45 years of age; n = 6 old 69-80 years of age). The
results showed that all osteogenic and SDF-1 axis gene expression levels assessed were
significantly down-regulated with age except for the adipogenic transcription factor PPAR-
v2 (Fig. 3). This supports the finding we recently reported on SDF-1a protein expression in
the supernatant of the human BM aspirates (AKA BM interstitial fluid, BMISF) by ELISA
and the BMISF’s ability to mediate migration of BMSCs in a standard transwell assay.

We showed that SDF-1a secretion in older BMISF was significantly reduced compared to
younger BMISF and had a reduced ability to drive cell migration [60].

3.3. The passenger strand miR-29b-1-5p is up-regulated with aging and regulates SDF-1/
CXCR4 signaling axis genes, osteogenic genes and osteogenic differentiation in CD271+

BMSCs

According to miRBase (http://www.mirbase.org/), hsa-miR-29b-1 encodes minor miRNA
hsa-miR-29b-1-5p at the 5p arm, ranging from nt.10 to 33 of pre-miRNA with 623 read
counts, and major (mature) miRNA hsa-miR-29b-1-3p at the 3p arm, ranging from nt.51

to 73 with 39,647 read counts. However, among the significantly up-regulated miRNAs,

the miRNA expression profiling detected miR-29b-1-5p as the dominant mature miRNA

of the duplex miRNA pair (Fig. 1, Supplementary Table 1). We validated this initial
microarray observation by gPCR in additional independently isolated hBMSCs populations,
this again showed that miR-29b-1-5p expression was up-regulated with aging compared to
miR-29b-1-3p (Supplementary Fig. 2). Therefore, we selected 2 culture-expanded CD271+
BMSCs isolated from an 18-year-old female and a 72-year-old female. Based on the
rationale that the level of the 5p arm was lower in young hBMSCs, but high in the older
hBMSCs we transiently up-regulated miR-29b-1-5p levels using a synthetic miRNA mimic
in the younger culture-expanded CD271+ BMSCs, and down-regulated miR-29b-1-5p
levels employing a synthetic miRNA inhibitor in the older culture-expanded CD271+
BMSCs. The transfected cells showed no gross morphological changes compared to control
transfected cells. As expected, following transfection with the mimetic gPCR showed that
the expression of miR-29b-1-5p was increased by ~1000-fold in the younger CD271+
BMSCs 24 h after transfection compared to controls (Fig. 4A). Expression levels remained
high even after 48 h (data not shown). We also confirmed that overexpressing miR-29b-1-5p
did not alter the expression of miR-29b-1-3p (Fig. 4B). To evaluate the biological effects

of the syn-hsa-miR-29b-1-5p mimic the expression of the same selected genes related to
the SDF-1/CXCR4 signaling axis and BMSC differentiation that were changed with age in
hBMSCs (Fig. 3) were measured by gPCR. Similar to aging overexpressing miR-29b-1-5p
in young hBMSCs significantly decreased the transcript levels of all assessed genes

relative to controls except PPAR-y2 (Fig. 4C). To verify that the observed miR-29b-1-5p-
mediated decrease in SDF-1a mRNA causes a direct impairment in functional protein, we
investigated secreted levels of SDF-1a protein from younger CD271+ BMSCs cultured in
standard proliferation medium following transient transfection with syn-hsa-miR-29b-1-5p
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mimic. ELISA analysis revealed that miR-29b-1-5p significantly decreased SDF-1a levels
in cell culture media compared to controls (Supplementary Fig. 3A). Functional transwell
migration analysis showed that miR-29b-1-5p significantly attenuated the chemotactic
potential of the conditioned media relative to controls as a result of decreased SDF-1a
(Supplementary Fig. 3C). Pretreatment of migratory BMSCs with AMD3100 significantly
reduced CXCR4 mediated SDF-1 chemotaxis. Overall, this suggests that overexpression
of miR-29b-1-5p decreases SDF-1a levels and chemotactic activity in younger CD271+
BMSCs.

To further confirm the functional activity, syn-miR-29b-1-5p mimic transfected younger
CD271+ BMSCs were cultured in osteogenic medium to induce osteogenic differentiation.
Results indicated that overexpression of miR-29b-1-5p significantly attenuated the
osteogenic differentiation as indicated by Alizarin red staining of the mineralized matrix
and the mRNA expression of COL1AL1 (Fig. 4D and E). We further verified these results
using luciferase reporter assays that contained putative 3’'UTR sequence for COL1A1
binding (miR-29b family ‘seed sequence). Consistent with bioinformatical prediction, when
compared to control, overexpression of miR-29b-1-5p significantly suppressed the luciferase
activity of COL1A1 Goclone reporter plasmids (Fig. 4F). Although, without a mutated
miR29b-1-5p binding site 3’UTR reporter construct we can’t clearly demonstrate direct
versus indirect targeting of COL1A1 by miR-29b-1-5p.

Transfection with the anti-hsa-miR-29b-1-5p antagomir inhibitor resulted in a decrease

in miR-29b-1-5p expression levels by ~19-fold relative to controls in the older CD271+
BMSCs after 24 h (Fig. 5A). Similar to treatment with mimics, the transfected cells

showed no gross morphological changes compared to control cells. Again, similar to

young cells being treated with the miR-29b-1-5p mimetic, treatment with the antagomir
inhibitor did not alter the expression level of miR-29b-1-3p (Fig. 5B). This suggests that

the 2 arms do not directly interfere with each other’s expression or show complementary
pairing. qPCR analysis showed that the transcript levels of SDF-1a and B, CXCR4,

BMP-2, runt-related transcription factor 2 (Runx2), and COL1A1 were augmented while
the expression of PPAR-y2 was reduced in miR-29b-1-5p inhibitor transfected cells
compared to controls (Fig. 5C), moving in the opposite direction from mimetic effects

on young BMSCs (Fig. 4). We also examined SDF-1a protein levels in the conditioned
medium collected from older CD271+ BMSCs following transient transfection with anti-
hsa-miR-29b-1-5p inhibitor and its effects on migratory BMSCs (Supplementary Fig. 3B
and D). While the inhibitor did not show increased SDF-1a. protein levels by the ELISA,

it did demonstrate significantly enhanced chemotactic migration of inhibitor treated BMSCs
relative to controls. Pretreatment of migratory BMSCs with AMD3100 significantly reduced
chemotaxis towards the younger BM supernatant, suggesting potentially increased SDF-1a
mediated CXCR4 based signaling.

Next, we transiently transfected anti-miR-29b-1-5p inhibitor in the older CD271+ BMSCs
prior to inducing /n vitro osteogenesis. Inhibiting miR-29b-1-5p expression increased
osteogenesis as assessed by Alizarin red staining at three weeks (Fig. 5D). However, it did
not appear to significantly augment expression of COL1A1 mRNA levels in the older cells
at three weeks (Fig. 5E), although by that time point collagen synthesis may have ended.
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We also assessed the protein level expression of a subset of osteogenic markers on three
separate rapidly-isolated low passage (2—3) human BMSC lines transfected with either the
miR29b-1-5p mimetic or inhibitor (Fig. 6A-D). This showed the 5p mimetic suppressed
the protein expression of Runx2, osteocalcin and Col1Al, while the 5p inhibitor increased
their expression relative to controls 48 h following transfection. Additionally, the 5p mimetic
reduced Alkaline Phosphatase (ALP) activity, an early osteogenic marker, while the 5p
inhibitor increased ALP activity (Fig. 6E). Interestingly, neither showed significant effects
on BMP2 although there was a trend for the inhibitor to increase BMP2 expression at this
time point, assessing at a later time point such as 72 h is needed to see if BMP2 protein
levels are affected since we showed changes in the gene expression for BMP2 at 24 h (Figs.
4C and 5C).

In order to see if extensive passaging increases the expression of miR29b-1-5p in rapidly
isolated human BMSCs we compared the miRNA expression from four human cell lines at
low passage (2-3) then again at high passage (12-13). By passage 8 the cell proliferation
rate started to significantly decline, eventually going from a doubling about every 7 days at
the lower passages to 10-14 days by passage 12 (Fig. 6F). Of interest there was a biphasic
effect with the levels of miR29b-1-5p appearing to increase with high passages (12-13) of
older human BMSCs (67 & 70 year old), while there was an apparent decrease in younger
(18 & 36 year old) BMSCs. This increase in miR29b-1-5p levels with extensive passaging
of older human BMSCs, but not younger BMSCs, echoed the original observations of

the higher expression of miR29b-1-5p from the directly isolated non-passaged microarray
data (Fig. 1) and the two independent experiments (Fig. 2 and Supplementary Fig. 2)

with directly isolated low passage (1) human BMSCs showing higher miR29b-1-5p with
age (18-45 vs71-80 year old). Taken together, the results suggest that miR-29b-1-5p is

an age-associated negative regulator of osteoblast differentiation characterized by discrete
anti-osteogenic properties.

4. Discussion

To date, few studies have investigated the miRNA expression patterns in BMSCs with age
and these have used extensively culture expanded BMSCs that likely do not accurately
reflect the /n vivo profiles of mMiIRNA expression [61-63]. A close relationship between

the dysregulation of miRNAs and changes in bone formation and loss has been described
[64,65]. Here we examined the age-related changes of the human miRNA expression profile
in native uncultured CD271+ BMSCs using microarray analysis and identified 102 miRNAs
that were differentially expressed with age. Although the gene targets of a number of the
differentially expressed miRNAs from our microarray are not well defined in the Partek®
Genomics Suite™ verified target database we used, many of the predicted biological
functions had a direct association with musculoskeletal system and its development. Overall,
these data suggested that the differentially expressed miRNAs might affect stem cell
renewal, differentiation, and chemotaxis by changing the fate of hBMSCs in their niche.

Among up-regulated miRNAs, miR-29b-1-5p has been shown to increase with age [26,66—
68]. No previous studies have reported the effect of aging on the expression or regulation of
miR-1244, a second miRNA we confirmed was up-regulated with age in hBMSCs. However,
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its role in sensitizing non-small lung cancer cells to cisplatin therapy has been reported,

and we saw it targeted SDF-1 axis genes reducing their expression when its mimetic

was transfected in young hBMSCs (data not shown) [69,70]. Among the down-regulated
miRNAs we confirmed miR-1231 was reduced with age. Little is known about it but a lower
expression of miR-1231 with an increased expression of miR-29b was described in human
colon cancer cells [71]. The biological functions of the remaining down-regulated miRNAs
were validated to link with skeletal system development, cancer and neurodevelopmental
disorders [72-77].

miRNAs are short non-coding RNA species which are initially transcribed as primary-
miRNA molecules, cleaved into precursor miRNAs with 5p/3p arms and a terminal loop,
then further processed into a miRNA duplex [64]. The miRNA duplex is unwound into

3p arm/strand and 5p arm/strand. One strand is then selected as the mature guide strand
(miRNA) and the other becomes the complementary passenger strand (miRNA* or miRNA
star sequence) through a selection process that is not fully understood. Mature miRNA
downregulates target MRNA gene expression; either by mMRNA degradation or by blocking
its translation [78,79]. In contrast, the passenger strand miRNA* was thought to be typically
degraded. However, recent studies found that mature functional gene targeting miRNAs can
be generated from both the 3p and 5p arm of many duplexes. This has complicated the
earlier narrative and it is now understood that this can result in two mature miRNAs from
one duplex that can undergo arm-switching where the different arms can each be dominantly
expressed and functional in different tissues, developmental stages, pathologies or species,
and now it is emerging in cells or tissues during aging as well [80-85]. microRNA
dysregulation is coming to be understood as a common inductive feature found in many
diseases and in aging [86-88].

The principles governing miRNA expression and activity are starting to be well elucidated,
however; the regulation of arm-selection and arm-switching is still poorly understood
[89,90]. Genes for the 4 members of the miR-29 family are arranged in pairs at 2 genomic
sites [91] and their role in osteogenesis has been well described, with the caveat it is
assumed that it is the 3p guide strand being discussed since the bone literature is silent

on the 5p passenger strand, unless there is some unrealized confusion as to the strand
responsible for described actions [92-95]. miR-29b facilitates osteogenic differentiation of
human BMSCs [67,96] and somatic stem cells [97]. Remarkably, at the early stages of
osteogenesis, miR-29b was shown to target inhibitors of /7 vivo bone formation including
histone deacetylase 4 (HDAC4), transforming growth factor beta-3 (TGFp3) and dual
specific phosphatase. miR-29b was found to control the osteogenic function of Runx2 and
directly attenuate collagen gene expression allowing for efficient collagen fibril maturation
and mineral deposition [68,98].

As such, available data in the literature strongly support the notion that miR-29 family
members exert pro-osteogenic effects. In contrast, our recent study by Elmansi et al.,
demonstrated that the passenger strand, miR-29b-1-5p, is an anti-osteogenic miRNA that
down regulates SDF-1 and HDACS3 levels in murine BMSCs, directly targeting their 3’UTR
binding sites [26]. Here, we show that miR-29b-1-5p expression in rapidly directly isolated
CD271+ BMSCs suppresses osteogenic genes and osteogenic differentiation, and that
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its inhibition can rescue these effects. Most studies on miR-29b used its mature guide
sequence processed from the 3p arm, miR-29b-1-3p, while miR-29b-1-5p was largely
considered a non-functional by-product of the biogenesis process. The miR-29 family
member miR-29b-1-3p has been well characterized. Using the miR-29b-1-3p sequence,

it was shown that the expression of miR-29b is low during the early matrix deposition
phases of osteoblastogenesis and increases as the matrix matures and the osteoblasts

achieve terminal maturation [99]. In contrast, little is known about miR-29b-1-5p, the

other mature miRNA expressed from the same precursor. Xu et al., [100] reported the

role of miR-29b-1-5p on cell growth in bladder urothelial cancer. We are the first to
demonstrate that CD271+ BMSCs from older patients show age-related arm-switching and
produce the passenger strand miR-29b-1-5p as the dominant mature miRNA with little effect
on miR-29b-1-3p levels. We have previously reported that treatment of BMSCs with the
age-associated tryptophan metabolite kynurenine signals via the aryl hydrocarbon receptor
(AhR) transcription factor [26]. AhR mediated kynurenine signaling increases miR-29b-1-5p
levels and induces an aging-like inhibition of osteogenesis in murine BMSCs via the
targeting the CXCL12 axis, HDAC3, and other osteogenic genes [26]. Since the sequences
of mature miRNA products from 5p and 3p arms are different (Supplementary Table 5B),
they are predicted to target primarily distinct sets of MRNAs, although they have some
common target genes. The latter may be the result of these genes having separate binding
sites for both miRNA strands in their 3’UTRs (data not shown).

Together with a number of other labs we have demonstrated that SDF-1/BMP-2 signaling
is critical for regulating the differentiation and survival of BMSCs [54,101,102]. BMP-2
stimulates the master transcription factor, Runx2, and SPARC, which in turn independently
or cooperatively stimulate osteoblast genes like COL1A1 at early stages, and others like
osteocalcin at later stages of differentiation [103,104]. Furthermore, aged BMSCs are
linked to poor wound healing, angiogenesis, proliferation and anti-apoptosis capabilities
show reduced Sirtuin 1 (Sirtl) and SDF-1 gene expression [35]. Based on bioinformatics
analysis, miR-29b-1-5p was identified to target several genes including SDF-1, mothers
against decapentaplegic homolog 4 (SMADA4), calcitonin receptor and Sirtl. We altered the
individual miR-29b-1 3p/5p arm levels using mimics and antagomir inhibitors to recapitulate
or rescue age-related changes in culture expanded CD271+ BMSCs. We investigated

the possibility that miR-29b-1-5p can post-transcriptionally regulate SDF-1a expression.
The SDF-1a secretion was significantly lower with reduced chemotaxis activity in the
conditioned medium collected from the miR-29b-1-5p mimic expressing CD271+ BMSCs.
Additionally, using luciferase reporter assays, we show that miR-29b-1-5p targets directly
or indirectly the COL1A1 mRNA 3’UTR. Our group has shown that SDF-1 enhances
osteogenesis by regulating BMP-2 signaling /n vitro [105] and /n vivo [106]. Here we show
that among the many miRNAs whose expression changes with age miR-29b-1-5p by itself
is a potent anti-osteogenic factor, that overexpressing miR-29b-1-5p significantly reduces
the osteogenic potential of younger CD271+ BMSCs by downregulating SDF-1 expression
along with other osteogenic genes. In contrast, inhibiting miR-29b-1-5p expression in

the older CD271+ BMSCs can rescue osteogenesis, supporting the idea that targeting
miR-29b-1-5p might be a potential therapeutic strategy to address age-related bone loss

or dysfunctional bone repair.
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5. Conclusion

Aging alters the miRNA profile in hBMSCs and potentially this change results in a shift in
the targeting of mMRNAS representing many different genes related to BMSC function and
cell fate. Each individual miRNA may have many target genes and the sum of the shift up or
down in gene expression across these miRNAs consequently decreases osteogenic activity in
aged BMSCs. While there are at least 39 up-regulated and 63 down-regulated miRNAs, we
looked at changes related to only a small set focusing on the novel arm-switching increase

in the passenger strand of a well characterized and critical osteogenic regulatory miRNA,
miR-29b-1. This work suggests that miR-29b-1-5p might act as a potential therapeutic target
to rescue osteogenic function in aged BMSCs. However, there are still a large number of
potentially important miRNAs to confirm and validate, as well as to clarify their interacting
roles in age-driven changes in osteogenic and other BMSC functions.
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IGF-1 Insulin-like growth factor 1
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RUNX2 Runt-related transcription factor 2
SDF-1 Stromal cell-derived factor 1
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References

[1]. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G, The hallmarks of aging, Cell 153
(6) (2013) 1194-1217. [PubMed: 23746838]

[2]. Kanis JA, Melton LJ 3rd, Christiansen C, Johnston CC, Khaltaev N, The diagnosis of osteoporosis,
J. Bone Miner. Res. Off. J. Am. Soc. Bone Miner. Res 9 (8) (1994) 1137-1141.

[3]. Xia B, Li Y, Zhou J, Tian B, Feng L, Identification of potential pathogenic genes associated with
osteoporosis, Bone Joint Res. 6 (12) (2017) 640-648. [PubMed: 29203636]

[4]. Ralston SH, de Crombrugghe B, Genetic regulation of bone mass and susceptibility to
osteoporosis, Genes Dev. 20 (18) (2006) 2492-2506. [PubMed: 16980579]

[5]. Morris JA, Kemp JP, Youlten SE, Laurent L, Logan JG, Chai RC, Vulpescu NA, Forgetta V,
Kleinman A, Mohanty ST, Sergio CM, Quinn J, Nguyen-Yamamoto L, Luco AL, Vijay J, Simon
MM, Pramatarova A, Medina-Gomez C, Trajanoska K, Ghirardello EJ, Butterfield NC, Curry
KF, Leitch VD, Sparkes PC, Adoum AT, Mannan NS, Komla-Ebri DSK, Pollard AS, Dewhurst
HF, Hassall TAD, Beltejar MG, Adams DJ, Vaillancourt SM, Kaptoge S, Baldock P, Cooper
C, Reeve J, Ntzani EE, Evangelou E, Ohlsson C, Karasik D, Rivadeneira F, Kiel DP, Tobias
JH, Gregson CL, Harvey NC, Grundberg E, Goltzman D, Adams DJ, Lelliott CJ, Hinds DA,
Ackert-Bicknell CL, Hsu YH, Maurano MT, Croucher PI, Williams GR, Bassett JHD, Evans
DM, Richards JB, An atlas of genetic influences on osteoporosis in humans and mice, Nat. Genet
51 (2) (2019) 258-266. [PubMed: 30598549]

[6]. Ralston SH, Genetics of osteoporosis, Proc. Nutr. Soc 66 (2) (2007) 158-165. [PubMed:
17466098]

[7]. Lorenzo J, Horowitz M, Choi Y, Osteoimmunology: interactions of the bone and immune system,
Endocr. Rev 29 (4) (2008) 403-440. [PubMed: 18451259]

[8]. Arron JR, Choi Y, Bone versus immune system, Nature 408 (6812) (2000) 535-536. [PubMed:
11117729]

[9]. Yin T, Li L, The stem cell niches in bone, J. Clin. Invest 116 (5) (2006) 1195-1201. [PubMed:
16670760]

[10]. Takami M, Kim N, Rho J, Choi Y, Stimulation by toll-like receptors inhibits osteoclast
differentiation, J. Immunol 169 (3) (2002) 1516-1523. [PubMed: 12133979]

[11]. Eming SA, Martin P, Tomic-Canic M, Wound repair and regeneration: mechanisms, signaling,
and translation, Sci. Transl. Med 6(265) (2014) 265sr6. [PubMed: 25473038]

[12]. Kanji S, Das H, Advances of stem cell therapeutics in cutaneous wound healing and regeneration,
Mediators of Inflammation 2017 (2017) 5217967. [PubMed: 29213192]

[13]. Wei K, Yin Z, Xie Y, Roles of the kidney in the formation, remodeling and repair of bone, J.
Nephrol 29 (3) (2016) 349-357. [PubMed: 26943181]

[14]. Zhang Q, Riddle RC, Clemens TL, Bone and the regulation of global energy balance, J. Intern.
Med 277 (6) (2015) 681-689. [PubMed: 25597336]

[15]. Siddiqui JA, Partridge NC, Physiological bone remodeling: systemic regulation and growth factor
involvement, Physiology (Bethesda) 31 (3) (2016) 233-245. [PubMed: 27053737]

[16]. Pierce JL, Begun DL, Westendorf JJ, McGee-Lawrence ME, Defining osteoblast and adipocyte
lineages in the bone marrow, Bone 118 (2019) 2—7. [PubMed: 29782940]

Bone. Author manuscript; available in PMC 2022 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eisa et al.

Page 17

[17]. Lian JB, Stein GS, van Wijnen AJ, Stein JL, Hassan MQ, Gaur T, Zhang Y, MicroRNA control
of bone formation and homeostasis, Nat. Rev. Endocrinol 8 (4) (2012) 212-227. [PubMed:
22290358]

[18]. Ganguly P, El-Jawhari JJ, Giannoudis PV, Burska AN, Ponchel F, Jones EA, Age-related changes
in bone marrow mesenchymal stromal cells: a potential impact on osteoporosis and osteoarthritis
development, Cell Transplant. 26 (9) (2017) 1520-1529. [PubMed: 29113463]

[19]. Armas LA, Recker RR, Pathophysiology of osteoporosis: new mechanistic insights, Endocrinol.
Metab. Clin. N. Am 41 (3) (2012) 475-486.

[20]. Compston JE, McClung MR, Leslie WD, Osteoporosis, Lancet 393 (10169) (2019) 364-376.
[PubMed: 30696576]

[21]. Baker N, Boyette LB, Tuan RS, Characterization of bone marrow-derived mesenchymal stem
cells in aging, Bone 70 (2015) 37-47. [PubMed: 25445445]

[22]. Bektas A, Schurman SH, Sen R, Ferrucci L, Aging, inflammation and the environment, Exp.
Gerontol 105 (2018) 10-18. [PubMed: 29275161]

[23]. JafariNasabian P, Inglis JE, Reilly W, Kelly OJ, llich JZ, Aging human body: changes in bone,
muscle and body fat with consequent changes in nutrient intake, J. Endocrinol 234 (1) (2017)
R37-r51. [PubMed: 28442508]

[24]. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A, Inflammaging: a new immune-
metabolic viewpoint for age-related diseases, Nat. Rev. Endocrinol 14 (10) (2018) 576-590.
[PubMed: 30046148]

[25]. Minciullo PL, Catalano A, Mandraffino G, Casciaro M, Crucitti A, Maltese G, Morabito N,
Lasco A, Gangemi S, Basile G, Inflammaging and anti-inflammaging: the role of cytokines in
extreme longevity, Arch. Immunol. Ther. Exp 64 (2) (2016) 111-126.

[26]. EImansi AM, Hussein KA, Herrero SM, Periyasamy-Thandavan S, Aguilar-Pérez A, Kondrikova
G, Kondrikov D, Eisa NH, Pierce JL, Kaiser H, Ding K-H, Walker AL, Jiang X, Bollag WB,

Elsalanty M, Zhong Q, Shi X-M, Su Y, Johnson M, Hunter M, Reitman C, Volkman BF, Hamrick

MW, Isales CM, Fulzele S, McGee-Lawrence ME, Hill WD, Age-related increase of kynurenine
enhances miR29b-1-5p to decrease both CXCL12 signaling and the epigenetic enzyme Hdac3 in
bone marrow stromal cells, Bone Rep 12 (2020) 100270. [PubMed: 32395570]

[27]. Carbone LD, Blzkova P, Fink HA, Robbins JA, Bethel M, Hamrick MW, Hill WD, Association
of plasma SDF-1 with bone mineral density, body composition, and hip fractures in older adults:
the cardiovascular health study, Calcif. Tissue Int 100 (6) (2017) 599-608. [PubMed: 28246930]

[28]. Herberg S, Fulzele S, Yang N, Shi X, Hess M, Periyasamy-Thandavan S, Hamrick MW,

Isales CM, Hill WD, Stromal cell-derived factor-1p potentiates bone morphogenetic protein-2-
stimulated osteoinduction of genetically engineered bone marrow-derived mesenchymal stem
cells in vitro, Tissue Eng. A 19(1-2) (2013) 1-13.

[29]. Zhu W, Boachie-Adjei O, Rawlins BA, Frenkel B, Boskey AL, Ivashkiv LB, Blobel CP, A novel
regulatory role for stromal-derived factor-1 signaling in bone morphogenic protein-2 osteogenic
differentiation of mesenchymal C2C12 cells, J. Biol. Chem 282 (26) (2007) 18676-18685.
[PubMed: 17439946]

[30]. Hosogane N, Huang Z, Rawlins BA, Liu X, Boachie-Adjei O, Boskey AL, Zhu W, Stromal
derived factor-1 regulates bone morphogenetic protein 2-induced osteogenic differentiation of
primary mesenchymal stem cells, Int. J. Biochem. Cell Biol 42 (7) (2010) 1132-1141. [PubMed:
20362069]

[31]. Sanguineti R, Puddu A, Mach F, Montecucco F, Viviani GL, Advanced glycation end products
play adverse proinflammatory activities in osteoporosis, Mediat. Inflamm 2014 (2014) 975872.

[32]. Periyasamy-Thandavan S, Herberg S, Arounleut P, Upadhyay S, Dukes A, Davis C, Johnson M,
McGee-Lawrence M, Hamrick MW, Isales CM, Hill WD, Caloric restriction and the adipokine
leptin alter the SDF-1 signaling axis in bone marrow and in bone marrow derived mesenchymal
stem cells, Mol. Cell. Endocrinol 410 (2015) 64-72. [PubMed: 25779533]

[33]. Subramanian S, Liu C, Aviv A, Ho JE, Courchesne P, Muntendam P, Larson MG, Cheng S,
Wang TJ, Mehta NN, Levy D, Stromal cell-derived factor 1 as a biomarker of heart failure and
mortality risk, Arterioscler. Thromb. Vasc. Biol 34 (9) (2014) 2100-2105. [PubMed: 25060794]

Bone. Author manuscript; available in PMC 2022 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eisa et al.

[34].

[35].

[36].

Page 18

Guang LG, Boskey AL, Zhu W, Age-related CXC chemokine receptor-4-deficiency impairs
osteogenic differentiation potency of mouse bone marrow mesenchymal stromal stem cells, Int. J.
Biochem. Cell Biol 45 (8) (2013) 1813-1820. [PubMed: 23742988]

Choudhery MS, Khan M, Mahmood R, Mehmood A, Khan SN, Riazuddin S, Bone marrow
derived mesenchymal stem cells from aged mice have reduced wound healing, angiogenesis,
proliferation and anti-apoptosis capabilities, Cell Biol. Int 36 (8) (2012) 747-753. [PubMed:
22352320]

Kim M, Kim C, Choi YS, Kim M, Park C, Suh Y, Age-related alterations in mesenchymal stem
cells related to shift in differentiation from osteogenic to adipogenic potential: implication to
age-associated bone diseases and defects, Mech. Ageing Dev 133 (5) (2012) 215-225. [PubMed:
22738657]

[37]. Alt EU, Senst C, Murthy SN, Slakey DP, Dupin CL, Chaffin AE, Kadowitz PJ, 1zadpanah R,

Aging alters tissue resident mesenchymal stem cell properties, Stem Cell Res 8 (2) (2012) 215-
225. [PubMed: 22265741]

[38]. Valenti MT, Dalle Carbonare L, Mottes M, Role of microRNAs in progenitor cell commitment

[39].

[40].
[41].
[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].
[51].

[52].

and osteogenic differentiation in health and disease (review), Int. J. Mol. Med 41 (5) (2018)
2441-2449. [PubMed: 29393379]

Sun M, Zhou X, Chen L, Huang S, Leung V, Wu N, Pan H, Zhen W, Lu W, Peng S,
The regulatory roles of MicroRNAs in bone remodeling and perspectives as biomarkers in
osteoporosis, Biomed. Res. Int 2016 (2016) 1652417. [PubMed: 27073801]

Papaioannou G, miRNAs in bone development, Curr Genomics 16 (6) (2015) 427-434.
[PubMed: 27019617]

Nakasa T, Yoshizuka M, Andry Usman M, Elbadry Mahmoud E, Ochi M, MicroRNAs and bone
regeneration, Curr Genomics 16 (6) (2015) 441-452. [PubMed: 27019619]

Wang J, Liu S, Li J, Zhao S, Yi Z, Roles for miRNAs in osteogenic differentiation of bone
marrow mesenchymal stem cells, Stem Cell Res Ther 10 (1) (2019) 197. [PubMed: 31253175]

Lin Z, He H, Wang M, Liang J, MicroRNA-130a controls bone marrow mesenchymal stem cell
differentiation towards the osteoblastic and adipogenic fate, Cell Prolif. 52 (6) (2019), €12688.
[PubMed: 31557368]

Davis C, Dukes A, Drewry M, Helwa I, Johnson MH, Isales CM, Hill WD, Liu Y, Shi X, Fulzele
S, Hamrick MW, MicroRNA-183-5p increases with age in bone-derived extracellular vesicles,
suppresses bone marrow stromal (stem) cell proliferation, and induces stem cell senescence,
Tissue Eng. A 23(21-22) (2017) 1231-1240.

Mead B, Tomarev S, Bone marrow-derived mesenchymal stem cells-derived exosomes promote
survival of retinal ganglion cells through miRNA-dependent mechanisms, Stem Cells Transl.
Med 6 (4) (2017) 1273-1285. [PubMed: 28198592]

Kranjc T, Ostanek B, Marc J, Bone microRNAs and ageing, Curr. Pharm. Biotechnol 18 (3)
(2017) 210-220. [PubMed: 28164757]

Shahrabi S, Kaviani S, Soleimani M, Pourfathollah AA, Bakhshandeh B, Hajizamani S, Saki
N, MicroRNA modulation during the in vitro culture of hematopoietic stem cells prior to
transplantation, Iran J Med Sci 42 (1) (2017) 40-47. [PubMed: 28293049]

Ikari J, Smith LM, Nelson AJ, lwasawa S, Gunji Y, Farid M, Wang X, Basma H, Feghali-
Bostwick C, Liu X, DeMeo DL, Rennard Sl, Effect of culture conditions on microRNA
expression in primary adult control and COPD lung fibroblasts in vitro, In Vitro Cell. Dev.
Biol. Anim 51 (4) (2015) 390-399. [PubMed: 25552310]

Granados-Lo6pez AJ, Ruiz-Carrillo JL, Servin-Gonzalez LS, Martinez-Rodriguez JL, Reyes-
Estrada CA, Gutiérrez-Hernandez R, Lopez JA, Use of mature miRNA strand selection in
miRNAs families in cervical cancer development, Int. J. Mol. Sci 18 (2) (2017) 407.

Jiang H, Zhang G, Wu JH, Jiang CP, Diverse roles of miR-29 in cancer (review), Oncol. Rep 31
(4) (2014) 1509-1516. [PubMed: 24573597]

Kwon JJ, Factora TD, Dey S, Kota J, A systematic review of miR-29 in cancer, Mol. Ther.
Oncolytics 12 (2019) 173-194. [PubMed: 30788428]

Peirson SN, Butler JN, RNA extraction from mammalian tissues, Methods Mol. Biol 362 (2007)
315-327.

Bone. Author manuscript; available in PMC 2022 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eisa et al.

[53].

[54].

[55].

[56].

[57].

Page 19

Partek Inc., Partek® Genomics Suite® (Version 7.0) [Computer software], 2020, https://
www.partek.com/partek-genomics-suite/.

Herberg S, Fulzele S, Yang N, Shi X, Hess M, Periyasamy-Thandavan S, Hamrick MW,

Isales CM, Hill WD, Stromal cell-derived factor-1beta potentiates bone morphogenetic protein-2-
stimulated osteoinduction of genetically engineered bone marrow-derived mesenchymal stem
cells in vitro, Tissue Eng. A 19(1-2) (2013) 1-13.

Schmittgen TD, Livak KJ, Analyzing real-time PCR data by the comparative C (T) method, Nat.
Protoc 3 (6) (2008) 1101-1108. [PubMed: 18546601]

Peister A, Mellad JA, Larson BL, Hall BM, Gibson LF, Prockop DJ, Adult stem cells from

bone marrow (MSCs) isolated from different strains of inbred mice vary in surface epitopes,
rates of proliferation, and differentiation potential, Blood 103 (5) (2004) 1662-1668. [PubMed:
14592819]

Ripoll CB, Bunnell BA, Comparative characterization of mesenchymal stem cells from eGFP
transgenic and non-transgenic mice, BMC Cell Biol. 10 (2009) 3. [PubMed: 19144129]

[58]. Zhang W, Ou G, Hamrick M, Hill W, Borke J, Wenger K, Chutkan N, Yu J, Mi QS, Isales CM,

[59].

[60].

[61].

[62].

[63].

[64].
[65].
[66].

[67].

[68].

[69].

[70].

Shi XM, Age-related changes in the osteogenic differentiation potential of mouse bone marrow
stromal cells, J. Bone Miner. Res. Off. J. Am. Soc. Bone Miner. Res 23 (7) (2008) 1118-1128.
Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, Deans R, Keating
A, Prockop D, Horwitz E, Minimal criteria for defining multipotent mesenchymal stromal cells,
The International Society for Cellular Therapy position statement, Cytotherapy 8 (4) (2006) 315—
317. [PubMed: 16923606]

Periyasamy-Thandavan S, Burke J, Mendhe B, Kondrikova G, Kolhe R, Hunter M, Isales CM,
Hamrick MW, Hill WD, Fulzele S, MicroRNA-141-3p negatively modulates SDF-1 expression in
age-dependent pathophysiology of human and murine bone marrow stromal cells, J. Gerontol. A
Biol. Sci. Med. Sci 74 (9) (2019) 1368-1374. [PubMed: 31505568]

Pandey AC, Semon JA, Kaushal D, O’Sullivan RP, Glowacki J, Gimble JM, Bunnell BA,
MicroRNA profiling reveals age-dependent differential expression of nuclear factor xB and
mitogen-activated protein kinase in adipose and bone marrow-derived human mesenchymal stem
cells, Stem Cell Res Ther 2 (6) (2011) 49. [PubMed: 22169120]

Xiang S, Li Z, Weng X, Changed cellular functions and aberrantly expressed miRNAs and
circRNAs in bone marrow stem cells in osteonecrosis of the femoral head, Int. J. Mol. Med 45
(3) (2020) 805-815. [PubMed: 31922208]

Yu JM, Wu X, Gimble JM, Guan X, Freitas MA, Bunnell BA, Age-related changes in
mesenchymal stem cells derived from rhesus macaque bone marrow, Aging Cell 10 (1) (2011)
66-79. [PubMed: 20969724]

Hassan MQ, Tye CE, Stein GS, Lian JB, Non-coding RNAs: epigenetic regulators of bone
development and homeostasis, Bone 81 (2015) 746—-756. [PubMed: 26039869]

Kim KM, Lim S-K, Role of miRNAs in bone and their potential as therapeutic targets, Curr.
Opin. Pharmacol 16 (2014) 133-141. [PubMed: 24907412]

Lee WY, Li N, Lin S, Wang B, Lan HY, Li G, miRNA-29b improves bone healing in mouse
fracture model, Mol. Cell. Endocrinol 430 (2016) 97-107. [PubMed: 27113026]

Suh JS, Lee JY, Choi YS, Chong PC, Park YJ, Peptide-mediated intracellular delivery of
miRNA-29b for osteogenic stem cell differentiation, Biomaterials 34 (17) (2013) 4347-4359.
[PubMed: 23478036]

Li Z, Hassan MQ, Jafferji M, Ageilan RI, Garzon R, Croce CM, van Wijnen AJ, Stein JL, Stein
GS, Lian JB, Biological functions of miR-29b contribute to positive regulation of osteoblast
differentiation, J. Biol. Chem 284 (23) (2009) 15676-15684. [PubMed: 19342382]

Li W, Wang W, Ding M, Zheng X, Ma S, Wang X, MiR-1244 sensitizes the resistance of
non-small cell lung cancer A549 cell to cisplatin, Cancer Cell Int 16 (1) (2016) 30. [PubMed:
27073334]

Li GJ, Zhao GQ, Yang JP, Zhou YC, Yang KY, Lei YJ, Huang YC, Effect of miR-1244 on
cisplatin-treated non-small cell lung cancer via MEF2D expression, Oncol. Rep 37 (6) (2017)
3475-3483. [PubMed: 28498474]

Bone. Author manuscript; available in PMC 2022 March 21.


https://www.partek.com/partek-genomics-suite/
https://www.partek.com/partek-genomics-suite/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eisa et al.

Page 20

[71]. Yu XF, Zou J, Bao ZJ, Dong J, miR-93 suppresses proliferation and colony formation of human

[72].

[73].

[74].

[75].

[76].

[77].

[78].
[79].

[80].

[81].
[82].
[83].

[84].

[85].

[86].

[87].

[88].

[89].

colon cancer stem cells, World J. Gastroenterol 17 (42) (2011) 4711-4717. [PubMed: 22180714]

Morgan CP, Bale TL, Early prenatal stress epigenetically programs dysmasculinization in second-
generation offspring via the paternal lineage, J. Neurosci 31 (33) (2011) 11748-11755. [PubMed:
21849535]

Ito T, Sato F, Kan T, Cheng Y, David S, Agarwal R, Paun BC, Jin Z, Olaru AV, Hamilton JP,
Selaru FM, Yang J, Matsumura N, Shimizu K, Abraham JM, Shimada Y, Mori Y, Meltzer SJ,
Polo-like kinase 1 regulates cell proliferation and is targeted by miR-593* in esophageal cancer,
Int. J. Cancer 129 (9) (2011) 2134-2146. [PubMed: 21170987]

Liu RF, Xu X, Huang J, Fei QL, Chen F, Li YD, Han ZG, Down-regulation of miR-517a and
miR-517c promotes proliferation of hepatocellular carcinoma cells via targeting Pyk2, Cancer
Lett. 329 (2) (2013) 164-173. [PubMed: 23142219]

Scott H, Howarth J, Lee YB, Wong LF, Bantounas |, Phylactou L, Verkade P, Uney JB,
MiR-3120 is a mirror microRNA that targets heat shock cognate protein 70 and auxilin
messenger RNAs and regulates clathrin vesicle uncoating, J. Biol. Chem 287 (18) (2012) 14726-
14733. [PubMed: 22393045]

El Tayebi HM, Hosny KA, Esmat G, Breuhahn K, Abdelaziz Al, miR-615-5p is restrictedly
expressed in cirrhotic and cancerous liver tissues and its overexpression alleviates the
tumorigenic effects in hepatocellular carcinoma, FEBS Lett. 586 (19) (2012) 3309-3316.
[PubMed: 22819824]

Muroya S, Taniguchi M, Shibata M, Oe M, Ojima K, Nakajima I, Chikuni K, Profiling of
differentially expressed microRNA and the bioinformatic target gene analyses in bovine fast-
and slow-type muscles by massively parallel sequencing, J. Anim. Sci 91 (1) (2013) 90-103.
[PubMed: 23100578]

Bartel DP, MicroRNASs: genomics, biogenesis, mechanism, and function, Cell 116 (2) (2004)
281-297. [PubMed: 14744438]

Kapinas K, Delany AM, MicroRNA biogenesis and regulation of bone remodeling, Arthritis Res.
Ther 13 (3) (2011) 220. [PubMed: 21635717]

Yang JS, Phillips MD, Betel D, Mu P, Ventura A, Siepel AC, Chen KC, Lai EC, Widespread
regulatory activity of vertebrate microRNA* species, RNA 17 (2) (2011) 312-326. [PubMed:
21177881]

Guo L, Zhang H, Zhao Y, Yang S, Chen F, Selected isomiR expression profiles via arm
switching? Gene 533 (1) (2014) 149-155. [PubMed: 24120620]

Ro S, Park C, Young D, Sanders KM, Yan W, Tissue-dependent paired expression of miRNAs,
Nucleic Acids Res. 35 (17) (2007) 5944-5953. [PubMed: 17726050]

Griffiths-Jones S, Hui JHL, Marco A, Ronshaugen M, MicroRNA evolution by arm switching,
EMBO Rep. 12 (2) (2011) 172-177. [PubMed: 21212805]

Kern F, Amand J, Senatorov |, Isakova A, Backes C, Meese E, Keller A, Fehlmann T,
miRSwitch: detecting microRNA arm shift and switch events, Nucleic Acids Res. 48 (W1)
(2020) W268-W274. [PubMed: 32356893]

Kim H, Kim J, Yu S, Lee YY, Park J, Choi RJ, Yoon SJ, Kang SG, Kim VN, A mechanism
for microRNA arm switching regulated by uridylation, Mol. Cell 78 (6) (2020) 1224-1236.e5.
[PubMed: 32442398]

de Lucia C, Komici K, Borghetti G, Femminella GD, Bencivenga L, Cannavo A, Corbi G,
Ferrara N, Houser SR, Koch WJ, Rengo G, microRNA in cardiovascular aging and age-related
cardiovascular diseases, Front. Med 4 (2017).

Hooten NN, Fitzpatrick M, Wood WH, De S, Ejiogu N, Zhang Y, Mattison JA, Becker KG,
Zonderman AB, Evans MK, Age-related changes in microRNA levels in serum, Aging 5 (10)
(2013) 725-740. [PubMed: 24088671]

Smith-Vikos T, Slack FJ, MicroRNAs and their roles in aging, J. Cell Sci 125 (1) (2012) 7-17.
[PubMed: 22294612]

Eyholzer M, Schmid S, Wilkens L, Mueller BU, Pabst T, The tumour-suppressive miR-29a/b1
cluster is regulated by CEBPA and blocked in human AML, Br. J. Cancer 103 (2) (2010) 275-
284. [PubMed: 20628397]

Bone. Author manuscript; available in PMC 2022 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eisa et al.

Page 21

[90]. Gibbings D, Mostowy S, Voinnet O, Autophagy selectively regulates miRNA homeostasis,
Autophagy 9 (5) (2013) 781-783. [PubMed: 23422216]

[91]. Mott JL, Kurita S, Cazanave SC, Bronk SF, Werneburg NW, Fernandez-Zapico ME,
Transcriptional suppression of mir-29b-1/mir-29a promoter by c-Myc, hedgehog, and NF-
kappaB, J. Cell. Biochem 110 (5) (2010) 1155-1164. [PubMed: 20564213]

[92]. Kapinas K, Kessler CB, Delany AM, miR-29 suppression of osteonectin in osteoblasts:
regulation during differentiation and by canonical Wnt signaling, J. Cell. Biochem 108 (1) (2009)
216-224. [PubMed: 19565563]

[93]. Kapinas K, Kessler C, Ricks T, Gronowicz G, Delany AM, miR-29 modulates Wnt signaling
in human osteoblasts through a positive feedback loop, J. Biol. Chem 285 (33) (2010) 25221-
25231. [PubMed: 20551325]

[94]. Muniyappa MK, Dowling P, Henry M, Meleady P, Doolan P, Gammell P, Clynes M, Barron
N, MiRNA-29a regulates the expression of numerous proteins and reduces the invasiveness and
proliferation of human carcinoma cell lines, Eur. J. Cancer 45 (17) (2009) 3104-3118. [PubMed:
19818597]

[95]. Sengupta S, den Boon JA, Chen IH, Newton MA, Stanhope SA, Cheng YJ, Chen CJ, Hildesheim
A, Sugden B, Ahlquist P, MicroRNA 29c is down-regulated in nasopharyngeal carcinomas,
up-regulating mRNASs encoding extracellular matrix proteins, Proc. Natl. Acad. Sci. U. S. A. 105
(15) (2008) 5874-5878. [PubMed: 18390668]

[96]. Suh JS, Lee JY, Choi YS, Chong PC, Park YJ, Peptide-mediated intracellular delivery of
miRNA-29b for osteogenic stem cell differentiation, Biomaterials 34 (17) (2013) 4347-4359.
[PubMed: 23478036]

[97]. Trompeter HI, Dreesen J, Hermann E, lwaniuk KM, Hafner M, Renwick N, Tuschl T,

Wernet P, MicroRNAs miR-26a, miR-26b, and miR-29b accelerate osteogenic differentiation
of unrestricted somatic stem cells from human cord blood, BMC Genomics 14 (1) (2013) 111.
[PubMed: 23418963]

[98]. van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall WS, Hill JA, Olson
EN, Dysregulation of microRNAs after myocardial infarction reveals a role of miR-29 in cardiac
fibrosis, Proc. Natl. Acad. Sci. U. S. A. 105 (35) (2008) 13027-13032. [PubMed: 18723672]

[99]. Kapinas K, Delany AM, MicroRNA biogenesis and regulation of bone remodeling, Arthritis Res.
Ther 13 (3) (2011) 220. [PubMed: 21635717]

[100]. Xu F, Zhang Q, Cheng W, Zhang Z, Wang J, Ge J, Effect of miR-29b-1* and miR-29¢c
knockdown on cell growth of the bladder cancer cell line T24, J. Int. Med. Res 41 (6) (2013)
1803-1810. [PubMed: 24265332]

[101]. Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Kleinman ME, Capla JM,
Galiano RD, Levine JP, Gurtner GC, Progenitor cell trafficking is regulated by hypoxic gradients
through HIF-1 induction of SDF-1, Nat. Med 10 (8) (2004) 858-864. [PubMed: 15235597]

[102]. Herberg S, Shi X, Johnson MH, Hamrick MW, Isales CM, Hill WD, Stromal cell-derived
factor-1beta mediates cell survival through enhancing autophagy in bone marrow-derived
mesenchymal stem cells, PLoS One 8 (3) (2013), €58207. [PubMed: 23472159]

[103]. Chen D, Zhao M, Mundy GR, Bone morphogenetic proteins, Growth Factors 22 (4) (2004)
233-241. [PubMed: 15621726]

[104]. Rivera LB, Bradshaw AD, Brekken RA, The regulatory function of SPARC in vascular biology,
Cell. Mol. Life Sci 68 (19) (2011) 3165-3173. [PubMed: 21822645]

[105]. Herberg S, Susin C, Pelaez M, Howie RN, Moreno de Freitas R, Lee J, Cray JJ Jr., Johnson MH,
Elsalanty ME, Hamrick MW, Isales CM, Wikesjo UM, Hill WD, Low-dose bone morphogenetic
protein-2/stromal cell-derived factor-1beta cotherapy induces bone regeneration in critical-size
rat calvarial defects, Tissue Eng. A 20(9-10) (2014) 1444-53.

[106]. Hwang HD, Lee JT, Koh JT, Jung HM, Lee HJ, Kwon TG, Sequential treatment with SDF-1
and BMP-2 potentiates bone formation in calvarial defects, Tissue Eng. A 21(13-14) (2015)
2125-35.

Bone. Author manuscript; available in PMC 2022 March 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Eisa et al. Page 22

-t
0

N

E |

o

% |
3

3

1

— ¢

Fig. 1.
Differentially expressed miRNAs in CD271+ BMSCs with age. The figure shows the

hierarchical cluster analysis of differentially expressed (P < 0.05) miRNAs between younger
(29-41 years of age-orange colour) and older (57—73 years of age-red colour) CD271+
BMSCs using Partek® Genomics Suite™ software. (A) is showing 39 up-regulated miRNAs
while (B) is showing 63 down-regulated miRNAs with aging. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Validation of some miRNAs expression levels in CD271+ BMSCs. gPCR analysis for
culture expanded CD271+ BMSCs (passage 1) verified down-regulation of miR- 3120 and
miR- 1231 (upper panel) and upregulation of miR-29b-1-5p and miR-1244 (lower panel)

in older (71-80 years of age) CD271+ relative to younger (18-48 years of age) CD271+
BMSCs. miRNA expression levels were normalized to the average of SNORD1 and RNU-6
expression. Data are shown as means + SD, n =7 young and n = 7 old groups.
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Fig. 3.
Aging regulation of SDF-1/CXCRA4 signaling in CD271+ BMSCs. Analysis of gene

expression by gPCR showed that except PPAR-y2 other selected gene transcript levels
were significantly down-regulated in older (69-80 years of age) when compared to younger
(13-45 years of age) CD271+ BMSCs. Gene expression levels were normalized to average
of B-actin and 18 s expression, and the fold change was calculated in relation to younger
CD271+ BMSCs. Data are shown as means + SD, n = 6 young and n = 6 old groups.
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Fig. 4.
Effect of overexpressing syr-miR-29b-1-5p mimic on regulating SDF-1/CXCR4 signaling

axis genes, osteogenic genes and osteogenic differentiation in younger CD271+ BMSCs.
Syn-miR-29b-1-5p mimic and control miRNA were transfected into a younger culture-
expanded CD271+ BMSCs (Passage 3). (A) After 24 h, the transfection of efficiency was
verified using RT gPCR and was presented as fold change relative to control miRNA.
miRNA expression levels were normalized to the average of SNORD1 and RNU-6
expression. (B) The figure showing the expression level of miR-29b-1-3p. (C) Analysis

of gene expression by qPCR showed that except PPAR-y2 other selected gene transcript
levels were significantly down-regulated in syn-miR-29b-1-5p mimic transfected cells. Gene
expression levels were normalized to B-actin expression, and the fold change was calculated
in relation to control miRNA. Data are shown as means = SD, n= 3. (D) Mimic and control
miRNA were transfected into a younger CD271+ BMSCs. After 24 h, CD271+ BMSCs
were induced with osteogenic medium for 21 days. Alizarin red staining was performed
and quantified. The results show that overexpression of miR-29b-1-5p significantly

inhibits osteogenic differentiation of CD271+ BMSCs. (E) qPCR analysis showed that
overexpressing miR-29b-1-5p significantly suppressed the COL1A1 transcription level in
CD271+ BMSCs at day 21 during osteogenesis. Gene expression levels were normalized

to 18 s expression and the fold change was calculated in relation to control miRNA. Data
are shown as means + SD, n = 3. (F) Signals from 3’UTR reporters for the COL1A1 was
significantly knocked down in the presence of the miR-29b-1-5p mimic when compared to
the signals for control miRNA. Data are shown as means + SD, n = 3. (For interpretation of
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the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 5.

Efgfects of expressing anti-miR-29b-1-5p inhibitor on regulating SDF-1/CXCR4 signaling
axis genes, osteogenic genes and osteogenic differentiation in CD271+ BMSCs from older
patients. Anti-miR-29b-1-5p inhibitor and control inhibitor were transfected into an older
culture-expanded CD271+ BMSCs. (A) After 24 h, the transfection of efficiency was
verified using miScript gPCR. miRNA expression levels were normalized to the average

of SNORD1 and RNU-6 expression and the fold change was calculated relative to control
inhibitor. 7= 6 or 8/group (B) The figure showing the expression level of miR-29b-1-3p.
n=4/group (C) Analysis of gene expression by gPCR showed that except PPAR-y2, other
selected gene transcript levels were up-regulated in CD271+ BMSCs expressing low levels
of miR-29b-1-5p. Gene expression levels were normalized to f B-actin expression and the
fold change was calculated in relation to control inhibitor. Data are shown as means * SD,
n=3or 4/group. (D) Inhibitors to miR-29b-1-5p and control inhibitor were transfected
into an older CD271+ BMSCs. After 24 h, transfected CD271+ BMSCs were induced with
osteogenic medium for 21 days. Alizarin red staining for mineralization indicated that the
downregulation of miR-29b-1-5p stimulated osteogenic differentiation in CD271+ BMSCs.
N = 3/group (E) Gene expression level of COL1A1 was analyzed by qPCR and was shown
as fold change relative to control inhibitor. Gene expression levels were normalized to 18 s
expression. Data are shown as means + SD, n = 3/group. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6.

miR29b-1-5p inhibits osteogenic protein expression and ALP activity. (A& C) miR29b-1-5p
mimic suppress expression of osteogenic markers, Collagen-1A1, osteocalcin, and Runx2.
(B& D) miR-29b-1-5p inhibitor upregulates osteogenic markers in human BMSC. (A& B)

- representative images of protein expression, (C& D) - protein expression changes ratio,
data expressed as protein to beta-actin ratio, adjusted to scrambled miRNA controls. (C& D)
results are a combination of triplicated experiments from 3 separate low (2-3) passage
human BMSC lines transfected with the miR29b-1-5p mimetic or inhibitor with 3 biological
replicates and 3 technical replicates in each independent experiment (1-way ANOVA).

(E) Alkaline Phosphatase activity assay with the same 3 separate human cell lines with

Bone. Author manuscript; available in PMC 2022 March 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Eisa et al.

Page 29

6 technical replicates for each experiment (1-way ANOVA). (F) Four independent rapid
directly isolated human BMSC lines were assessed for the expression of miR29b-1-5p at
either passage 2 or 3 then again at either passage 12 or 13. BMSCs from older patient
showed increased expression of the miRNA with extensive passaging compared to low
passage (when set to 1).
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