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Abstract

Matrix vesicles (MVs) are extracellular organelles produced by growth plate cartilage cells in a zone-specific manner. MVs
are similar in size to exosomes, but they are tethered to the extracellular matrix (ECM) via integrins. Originally associated
with matrix calcification, studies now show that they contain matrix processing enzymes and microRNA that are specific to
their zone of maturation. MVs produced by costochondral cartilage resting zone (RC) chondrocytes are enriched in micro-
RNA 503 whereas those produced by growth zone (GC) chondrocytes are enriched in microRNA 122. MVs are packaged
by chondrocytes under hormonal and factor regulation and release of their contents into the ECM is also under hormonal
control, suggesting that their microRNA might have a regulatory role in growth plate proliferation and maturation. To test
this, we selected a subset of these enriched microRNAs and transfected synthetic mimics back into RC and GC cells. Trans-
fecting growth plate chondrocytes with select microRNA produced a broad range of phenotypic responses indicating that
MV-based microRNAs are involved in the regulation of these cells. Specifically, microRNA 122 drives both RC and GC cells
toward a proliferative phenotype, stabilizes the matrix and inhibits differentiation whereas microRNA 22 exerts control over
regulatory factor production. This study demonstrates the strong regulatory capability possessed by unique MV enriched

microRNAs on growth plate chondrocytes and their potential for use as therapeutic agents.
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Introduction

Matrix vesicles (MVs) are small membrane bound orga-
nelles present in the extracellular matrix (ECM) of mam-
malian growth plates, as well as other calcifying tissues
including dentine, metastatic cancers, and blood vessels[1,
2]. Like exosomes, they range in size from roughly 50 to
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150 nm. Whereas exosomes are found in biological fluids,
MVs are tethered to the ECM via integrins [3, 4]. Long
associated with matrix calcification [5-7], studies show that
MVs also play a role in growth plate regulation [6, 8]. Their
importance in the avascular growth plate is related to their
contents, which vary with the zone of chondrocyte matura-
tion. MVs produced by resting zone cartilage (RC) cells are
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enriched in neutral metalloproteinases needed for mainte-
nance of a proteoglycan rich matrix [8§—10]. In contrast, MVs
produced by growth zone cartilage (GC) cells contain acid
metalloproteinases, which are involved in matrix degrada-
tion prior to matrix calcification [8, 10, 11].

Recently, studies have demonstrated that microRNAs
are selectively packaged inside these MVs in both the RC
and GC regions of the costochondral cartilage growth plate,
with 37% of the MV microRNA significantly increased or
decreased compared to cell microRNA [12, 13]. Further
examination showed that 22% of the microRNA in RC MVs
are differentially expressed when compared to GC MVs
[12]. This suggests that MV microRNA may also function
in the regulation of growth plate chondrocyte proliferation,
differentiation and maturation.

The costochondral cartilage growth plate provides an
excellent model for assessing the role of individual micro-
RNA in this process. Growth plate chondrocytes express
phenotypic changes as they mature with corresponding
alterations in the composition of the ECM. Within the cos-
tochondral cartilage growth plate the RC encompasses the
reservoir of immature chondrocytes and the upper prolif-
erative zone. Cells in the lower proliferating zone, pre and
upper hypertrophic zones are referred to as GC chondro-
cytes. RC and GC chondrocytes can be successfully cultured
and retain unique phenotypes through four passages as well
as exhibiting zone-specific responses to regulatory factors
and hormones [14—17].

Various factors are involved in growth plate regulation.
We selected a handful of the key regulators, described here
in greater detail, to investigate if their production is affected
by select microRNA transfection. Indian hedgehog (Ihh) and
parathyroid hormone-related protein (PTHrP) are two fac-
tors that form a feedback loop regulating the proliferation
and differentiation of chondrocytes at various stages of the
growth plate [18-20]. Resting chondrocytes at the periar-
ticular end of the fetal lone bone growth plate express PTHrP
that, in turn, maintains chondrocytes in a proliferative state,
delaying their differentiation to hypertrophic cells [21, 22].
As chondrocytes move far enough away from the PTHrP
production they stop proliferating and begin to express Ihh,
marking the transition within the growth plate from pro-
liferating to hypertrophic chondrocytes [19, 22]. This Ihh
diffuses through the growth plate and stimulates continued
PTHrP production in the resting chondrocytes. This feed-
back loop functions to regulate the distance between PTHrP
and Thh expressing zones, providing sufficient space for the
proliferating chondrocytes [20].

Additional factors are known to play important roles
in regulating the growth plate. Transforming growth fac-
tor beta 1 (TGF-p1) stimulates bone marrow stromal cell
differentiation and regulates chondrocyte maturation [23].
Vascular endothelial growth factor (VEGF) is produced by
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hypertrophic chondrocytes and is involved in the vascular
invasion that occurs in the late hypertrophic region [20, 24,
25]. SRY-Box transcription factor 9 (Sox9) is an early tran-
scription factor active during chondrocyte differentiation
and required for the expression of specific matrix proteins
[26, 27]. RUNX family transcription factor 2 (RUNX2) is
involved in late stage chondrocyte differentiation and needed
for the expression of numerous proteins [28].

This study examines the role that MV microRNA may be
playing in the regulation of growth plate chondrocytes. We
hypothesize that the microRNAs exported with the highest
fold change by GC chondrocytes likely play distinct roles
in proliferation, differentiation, factor production and ECM
composition of cells in the upper growth plate as well as the
zone of maturation. Accordingly, we report on the effect that
a select subgroup of GC MV microRNAs have on both RC
and GC chondrocytes.

Results

Where an effect from treatment was observed it is in relation
to the negative control (NC) microRNA group. Unlike the
no treatment (NT) group, NC received transfection reagents
and a scrambled vector microRNA.

MicroRNA Expression

Comparing the differentially expressed microRNAs in GC
MVs vs. cells using a stacked bar chart we were able to
identify the microRNAs exhibiting the largest fold change
(Fig. 1a). We selected microRNA 22-3p as a positive control
due to its abundance in the cell fraction (2.2%) compared to
the top three MV microRNA (<0.0005%) and its similar
expression profile in RC samples (Fig. 1b). We selected the
three microRNA (122-5p, 223-3p and 451-5p) having log2
fold change values below — 10 (Fig. 1c).

Nanostring analysis using a panel of rat microRNA
showed that microRNA 22-3p was present in high propor-
tion for both RC and GC sections. MicroRNA 122-5p and
223-3p were not above background levels in either RC or
GC samples and microRNA 451-5p was only found above
background in the GC samples (Fig. 1d). MicroRNA not
above background levels are those that are at or below the
threshold levels determined by the system for each sample.

MicroRNA RT-qPCR on RC and GC tissue samples had
CT values below 35 for snRNA U6 and microRNA 22-3p.
MicroRNA 122-5p and 451-5p groups had three out of four
GC samples below 35, all RC samples were between 35 and
40 but one in 451-5p group that was above 40 (Fig. le). For
microRNA 122-5p the standard curve stopped amplifying
at 0.06 ng/pL and for microRNA 451-5p amplification was
no longer detected at 0.02 ng/pL with a total cycle count of
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Fig. 1 MicroRNA expression of resting zone (RC) and growth zone
(GC) cells. a Differentially expressed microRNAs (FDR <0.05)
found in MVs as compared to cell isolate. b Expression of select
four microRNA in RC and GC samples based on normalized read
counts from EdgeR. ¢ Volcano plot of microRNA in GC cells com-

60. Examining the melt curves for all eight groups shows
tight clustering and a peak appearing within or near to the
expected T,, range of 74.5-76 “C for these primers (Sup-
plemental Fig. 1).

Response of GC Chondrocytes
Chondrocyte Proliferation and Apoptosis

MicroRNA 122 increased total DNA at 24 and 48 h while
microRNA 451 decreased it. MicroRNA 22 and 223 had
no effect at 24 h whereas at 48 h microRNA 22 decreased
and microRNA 223 increased total DNA (Fig. 2a, b).
We normalized microRNA treatments to controls for 12
separate experiments and observed a consistent increase
in DNA production as a result of microRNA 122 while

v GCRC GCRC GCRC GCRC

Sample

pared to MVs, red denotes differentially expressed microRNA with
FDR <0.05, teal are not differentially expressed. d Nanostring anal-
ysis of RC and GC ex-vivo tissue samples, minimum threshold lev-
els determined by Nanostring system. e MicroRNA RT-qPCR cycle
threshold values for RC and GC ex-vivo tissue samples. Mean + SE

being unaffected by microRNA 22, 223 or 451 (Fig. 2c¢).
We examined proliferation rates using 5-ethynyl-2'-
deoxyuridine (EdU) incorporation at 24 and 48 h. Micro-
RNA 122 and 451 increased the proliferation rate at 24 h
while all four microRNAs increased proliferation at 48 h
(Fig. 2 d, e). We examined whether the acute impact of
microRNA 122 on proliferation was present at earlier time
points. MicroRNA 122 increased proliferation at 0, 12 and
24 h compared to NC after which it fell below NC for 36
and 48 h (Fig. 2f). Examining metabolic activity, there was
increased 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) reduction in GC cells transfected
with microRNA 122 at 48 h (Fig. 2g).

None of the select microRNA appeared to induce cel-
lular apoptosis. No change was observed between NC and
any of the microRNAs with TUNEL (DNA fragmentation)
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Fig.2 Proliferation and apoptosis of GC cells. a, b Total DNA at 24
and 48 h. ¢ Treatment over control of total DNA at 48 h for twelve
experiments. d, e Proliferation rate at 24 and 48 h, f time course
every 12 h for 48 h. g Metabolism of GC cells at 48 h. h—j Apop-

(Fig. 2h), Bcl-2 associated X (Bax)/apoptosis regulator
Bcl-2 (Bcl2) levels (Fig. 2i) or tumor suppressor p53 (p53)
levels (Fig. 2j).

Alkaline Phosphatase Activity and ECM Composition

Chondrocytes demonstrated an increase in alkaline phos-
phatase activity in response to microRNA 223 with 122
and 451 having a significant reduction compared to NC
(Fig. 3a). Looking at 5 separate experiments confirmed
these results with microRNA 223 increased compared to
NC and microRNA 122 and 451 decreased (Fig. 3b).
Production of two ECM components—sulfated glycosa-
minoglycans (SGAGs) and collagen 2—was sensitive to
microRNA transfection. MicroRNA 122 increased sGAG
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miRNA

tosis indicators (Tunnel, Bax/Bcl2 ratio and p53) were assayed at
48 h. Mean + SE, groups not sharing a letter are statistically different
(@=0.05), NT no treatment, NC negative control microRNA

levels compared to all other groups while decreasing levels
of collagen 2 (Fig. 3c, d). Collagen X was also examined
and found to be below the standard for all samples (data
not shown).

Growth Plate Factors

Seven different enzyme-linked immunosorbent assays
(ELISAs) were used to investigate the production of growth
plate proteins (bone morphogenetic protein 2 [BMP-2], Thh,
osteoprotegerin [OPG], PHTP, receptor activator of NF-kB
ligand [RANKL], TGF-B1 and VEGF) with protein levels
normalized to total DNA per well. BMP-2 was below the
standard for all samples (data not shown). VEGF increased
following microRNA 22 transfection and decreased in
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response to microRNAs 122 and 451 (Fig. 4a). OPG produc-
tion increased in response to microRNA 122 or 451, while
RANKL was not detected in any of the samples (Fig. 4b, c).
GC cells exhibited an increase in Ihh and PTHrP production
following microRNA 22 and a decrease following micro-
RNA 122 (Fig. 4d, e). Transfected chondrocytes increased
latent TGF-p1 as a response to microRNA 22 compared to
the control cultures, but levels were not different than NT
and no change in active TGF-$1 was observed (Fig. 4f, g).

Response of RC Chondrocytes
Proliferation and Apoptosis

Total DNA, TUNEL and p53 of RC chondrocytes were
assessed at 48 h. Total DNA increased in cells following
microRNA 122 transfection whereas it was decreased by
microRNAs 22, 223 and 451 (Fig. 5a). Apoptosis as meas-
ured by TUNEL and p53 was unaffected by the four micro-
RNAs (Fig. 5b, ¢).

Alkaline Phosphatase Activity and ECM Composition

RC chondrocytes exhibited a reduction in alkaline phos-
phatase activity for all four microRNA when compared

NT NC 22 122 223 451
miRNA

NT NC 22 122 223 451
miRNA

to control with microRNA 122 resulting in a significantly
greater decrease (Fig. 5d). We normalized the five micro-
RNA treatments over control (NC) for three separate experi-
ments at 48 h and observed a similar response (Fig. 5e).
ECM composition was assessed by sGAG levels with micro-
RNA 22 resulting in a decrease in sGAG levels and micro-
RNA 122 an increase (Fig. 5f).

Growth Plate Factors

Thh and PTHrP were found to be increased as a result of
microRNA 22 transfection and decreased following transfec-
tion with microRNA 122 (Fig. 5g, h).

Selective MicroRNA Inhibitors

In order to examine the sensitivity of the mimics used in
the transfection experiments, RC and GC chondrocytes were
transfected with a select microRNA inhibitor (22-3p or 122-
5p) at three different concentrations, with and without the
corresponding mimic along with a NT group and a mimic
only group. Alkaline phosphatase activity and total DNA
production were assayed.
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Fig.4 Growth plate factor production of GC cells at 48 h a VEGF, b OPG, ¢ RANKL, d Ihh, e PTHrP, f Active TGF-f1 and g Latent TGF-f1.
Mean + SE, groups not sharing a letter are statistically different (¢ =0.05), NT no treatment, NC negative control microRNA

Response of GC Chondrocytes

MicroRNA 22 decreased DNA production and this effect
was reversed by transfection alongside the inhibitor with
inhibitor alone having a slight reduction in DNA production
compared to NT (Fig. 6a). Alkaline phosphatase activity was
not significantly different for all but the mimic plus inhibitor
(30 or 50 nM) groups where slight decreases were observed
(Fig. 6b).

MicroRNA 122 inhibitor alone had no effect on total
DNA production, 122 mimic alone increased DNA pro-
duction and mimic + inhibitor was able to reduce DNA
production but not back to NT levels (Fig. 6¢). Alkaline
phosphatase activity underwent no change with inhibitor
alone but was significantly reduced when transfected with
122 mimic on its own. The addition of 122 inhibitor to the
mimic increased the alkaline phosphatase activity but was
unable to return it to the NT level (Fig. 6d).

Response of RC Chondrocytes

MicroRNA 22 decreased total DNA production when com-
pared to all other groups. The addition of inhibitor to the
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mimic was able to bring DNA production nearly back to
the NT group. Transfection with inhibitor alone resulted in
a slightly greater decrease of total DNA production com-
pared to mimic combined with inhibitor (Fig. 6e). Alka-
line phosphatase activity was largely unaffected by the
22 inhibitor alone with the highest concentration (50 nM)
resulting in a slight decrease. Mimic alone resulted in a
significant decrease that was largely reversed by addition
of inhibitor (Fig. 6f).

MicroRNA 122 inhibitor alone had no significant effect
on total DNA production, mimic alone produced a sig-
nificant increase in DNA production that was partially
reversed by addition of inhibitor (Fig. 6g). Similarly, the
addition of inhibitor on its own resulted in no significant
difference in alkaline phosphatase activity, whereas the
122 mimic on its own significantly reduced alkaline phos-
phatase activity, which was partially reversed by addition
of inhibitor (Fig. 6h).

Angiogenesis

MicroRNA 122 had a clear visual effect on human umbili-
cal vein endothelial cells (HUVECs) when compared to
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scrambled vector transfection (Fig. 7a) and also resulted
in a decrease in total DNA production when compared to
NC (Fig. 7b). MicroRNA 22, 122, 223 and 451 all resulted
in a decrease in the connection length at 20 h with only
microRNA 122 and 451 driving a reduction in connection
number (Fig. 7¢).

miRNA

production of RC cells. g, h Ihh & PTHrP factor production of RC
cells. Mean + SE, groups not sharing a letter are statistically different
(@=0.05), NT no treatment, NC negative control microRNA

Discussion

This study using rat costochondral cartilage cell cultures as
a model system, demonstrates the potential of growth plate
chondrocyte microRNA, packaged in MVs and exported
into the ECM, to exert a regulatory influence back on the
chondrocytes in a paracrine and potentially autocrine fash-
ion. These selectively packaged microRNA produce clear
and maturation zone-dependent effects on growth plate
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chondrocytes [12, 13]. Establishing regulatory capability for
MYV microRNAs lays out additional roles for M Vs, providing
protection against degradation for microRNA and directly
modulating chondrocyte gene expression [11, 29]. Micro-
RNA have robust potential as a regulatory molecule as a
result of each microRNA’s ability to impact the production
of multiple proteins within a cell.

Our study examined the effects that MV microRNAs can
exert on growth plate chondrocytes. Previous work exam-
ined the importance of microRNA for a functioning growth
plate and the role that microRNAs have in regulating fac-
tor production [30, 31]. This study found two microRNA
that exhibited significant maturation-dependent regulatory
effects on chondrocytes. MicroRNA 22 demonstrated an
ability to modulate ECM and factor production by both RC
and GC chondrocytes. MicroRNA 122 demonstrated a main-
tenance type of effect increasing production of components
associated with healthy cartilage while delaying terminal
differentiation and increasing proliferation.

MicroRNA 122 transfection resulted in consistent
responses from both RC and GC cells that are characteristic
of proliferating chondrocytes. Cell proliferation increased,
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and alkaline phosphatase activity following transfection with 22-3p,
g, h following transfection with 122-5p. Mean + SE, groups not shar-
ing a letter are statistically different (@ =0.05), NT no treatment

alkaline phosphatase activity decreased and sGAG produc-
tion increased (with GC cells approaching levels found in
RC cells). To further study the maintenance aspect of micro-
RNA 122 we used HUVEC cells to examine the potential
angiogenic effect of microRNA 122 in the growth plate
(an avascular tissue). When transfected into HUVEC cells,
microRNA 122 drove a reduction in both connection number
and length between the cells indicating a potential inhibitory
effect on blood vessel formation useful for avascular tissue
maintenance.

A stark response demonstrated by both RC and GC
chondrocytes to microRNA 122 transfection was an
increase in proliferation that may be connected to the
reduction of both Ihh and PTHrP production that was also
observed. Proliferating cells of the growth plate are located
within the PTHrP and Thh feedback loop sandwiched by
resting cells producing PTHrP on one end and cells dif-
ferentiating to a hypertrophic phenotype and producing
Ihh on the other. Between these two regions chondrocytes
are proliferating with expression of IThh and PTHrP largely
absent [20]. Whether the reduction in PTHrP and Ihh is
driving the increase in proliferation or if other effectors
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are involved is unknown. What was made very clear is that
microRNA 122 has numerous impactful effects on growth
plate chondrocytes (increasing proliferation, stopping
vascularization and maintaining production of ‘healthy’
ECM).

The response of both RC and GC cells to microRNA 22
was unexpected. Transfection with microRNA 22 was able
to impact the ECM composition of both chondrocyte popu-
lations, as well as proliferation and differentiation markers
of RC cells. Its strongest impact was on factors produced by
cells from both growth plate zones. Although microRNA
22 was active in both RC and GC chondrocytes, it did not
appear to drive either population of cells toward a more pro-
liferative or hypertrophic phenotype. Instead, it increased the
production of proteins that are characteristic of both regions.
MicroRNA 22’s relatively abundant presence in RC and GC
cells and their corresponding MVs, the observed response of
chondrocytes to microRNA 22 transfection not being charac-
teristic of either zone indicate that it is potentially function-
ing as part of a larger microRNA regulatory network within
growth plate chondrocytes [32].
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As a result of microRNA 22 and 122 exhibiting the
majority of effects we decided to assess the specificity of
these mimics by transfecting them along with their specific
inhibitor. Both mimics and inhibitor are transfected as dou-
ble stranded RNA molecules that require cellular processing
in order to be activated. We observed partial or complete
reversal of the effects of the mimic when transfected along-
side specific inhibitors. It is likely that a portion of the mim-
ics are loaded into the RNA-induced silencing complex and
able to regulate available mRNA before being sequestered
by the co-transfected inhibitors even when the inhibitor is
administered at three times the concentration of the mimic.

In addition to examining the specificity of the mimics,
we wanted to verify the presence of these microRNA in
tissue samples to ensure they are not an artifact of cell cul-
ture. Our first approach was using a NanoString microRNA
panel to examine RNA isolated from GC and RC tissue
samples. At first glance, the absence of microRNA 122
and 223 in any of the tissue samples and microRNA 451
in the RC tissue samples are concerning. However, in the
RNAseq data these microRNA range from 0 to 4.9x 1074%
in the cell samples and 4.3x 1072 to 1.1% in the MV
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samples. The quantity of MV RNA that is isolated from
cell culture preparations is very low compared to the cor-
responding cell pellet (average of 300 times less accord-
ing to bioanalyzer analysis, data not shown). These three
microRNA (122, 223 and 451) were found primarily if
not exclusively in the MV isolation and so are likely to be
present in extremely low numbers in actual tissue. Results
from the NanoString are not conclusive that the microRNA
are not present in native tissue given the low read numbers
in the RNAseq data from tissue culture. Colleagues in our
lab have found microRNA 122 and 451 in articular carti-
lage using qPCR from ex vivo samples [33]. Additionally,
a recent publication comparing four different microRNA
quantification methods (small RNAseq, FirePlex, EdgeSeq
and nCounter) found the nCounter system to be the least
sensitive of the four with fewer microRNAs determined
to be above background levels [34]. MicroRNA 22 was
found by the NanoString panel in both RC and GC tissue
samples (average of 11.19 and 5.15%, respectively). These
values are similar to the results from the small RNAseq
data (cells: 2.2% RC and GC, MV: 20% RC and 17% GC).
These data do confirm the presence of both microRNA 22
and 451 in ex-vivo GC tissue samples.

In order to further validate the presence of the microRNA
in tissue we performed RT-qPCR on RNA isolated from
RC and GC tissue. The standard curve generated produced
an upward trend in CT values as the dilution increased for
snRNA U6 (positive control) and microRNA 22. There is
no clearly discernable trend for microRNAs 122 and 451
however the ability to amplify a detectable product was lost
as dilutions increased. In a similar fashion all snRNA U6 and
microRNA 22 samples fell below 35 CT (a commonly used
cut off point for mRNA RT-qPCR) along with all but one of
the GC microRNA 122 and 451 groups. Both the increase in
CT values from microRNA 22 to microRNAs 122 and 451
and the standard curve becoming undetectable for microR-
NAs 122 and 451 follows the trend that was observed in the
small RNAseq data with microRNA 22 being more abundant
than either microRNAs 122 or 451. These RT-qPCR results
provide compelling evidence of their presence at a low level
in tissue (Supplemental Fig. 1).

Investigating the in vivo chondrocyte response to micro-
RNA 22 and 122 is an intriguing next step. MicroRNA 122
transfection was able to generate a response from both RC
and GC cells that was analogous to proliferating chondro-
cytes while the strong factor response to microRNA 22
makes both microRNAs interesting candidates for future
animal studies. Delivery of targeted cocktails of microRNA
packaged into vesicles look to be potential methods for treat-
ing cartilage disorders. A more detailed understanding of
MYV packaging and release would be beneficial in designing
treatment delivery mechanisms that closely mimic existing
biological systems.
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This study demonstrates that microRNA, first discov-
ered in cell culture isolations, are likely involved in the
complex regulation of growth plate chondrocytes as they
proliferate and mature. These microRNA that are exported
into the ECM within MVs are able to produce phenotypic
effects on growth plate chondrocytes that fall within
understood zonal behaviors for these cells. Gaining a bet-
ter understanding of the regulation that microRNA produc-
tion and export falls under as well as a more precise view
into the regulatory effects that individual microRNA are
able to elicit will be fundamental in selecting microRNA
for potential treatment avenues.

Experimental Procedures
Chondrocyte Cultures

Costochondral cartilage was removed from 100 to 125 g
male Sprague Dawley rats, isolated by enzymatic digestion
and cultured as previously described by Boyan et al. [14,
17]. All animal procedures followed a protocol approved
by the Institutional Animal Care and Use Committee at
Virginia Commonwealth University. Animals were killed
by CO, asphyxiation followed by cervical dislocation. Rib
cages were removed by sharp dissection and placed in Dul-
becco’s modified Eagle’s medium (DMEM; Life Technolo-
gies, Carlsbad, CA) containing 1 g/L glucose with 150 U
penicillin/mL and 150 pg streptomycin/mL (Lonza, Basel,
Switzerland). Tissue was removed from around the ribs
and RC and GC cartilage sections were dissected out. A
small region of GC tissue was between the bone and RC
tissue and the three different regions were clearly visible
under a dissection scope. One or two transition slices
between the RC and GC regions were discarded and the
dissected tissue incubated overnight in DMEM. RC and
GC slices were incubated in 0.25% trypsin—EDTA (Gibco,
Gaithersburg, MD) for 1 h, washed and incubated in 0.2%
collagenase type II (Worthington Biochemical, Lakewood,
NIJ) for 3 h on a shaker. Cells were filtered through a 40 um
nylon mesh strainer, collected by centrifugation (751 g for
10 min) and re-suspended in DMEM FM (1 g/L glucose
DMEM with 10% FBS, 50 U/mL penicillin, 50 pg/mL
streptomycin and 50 pg/mL ascorbic acid). Cells were
plated at a density of 20,000 GC cells/cm? or 10,000 RC
cells/cm? and incubated at 37 °C and 5% CO,. The cul-
ture media were changed 24 h after plating and then every
48 h thereafter. Confluent cells were passaged using 0.25%
trypsin and plated as above. Fourth passage cells were
used for all experiments.
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Bioinformatic Analysis

Small RNA-seq data from chondrocytes and MVs that were
isolated in a previous study (Lin et al. 2016) were used
for this study [13]. Reads were aligned against the rat
genome and analyzed using the miARma-Seq tool [35].
In brief the read quality was assessed using FASTQC;
reads were aligned to the NCBI Rattus norvegicus annota-
tion release 105 (Rnor_6.0) using Bowtie2. Resulting
bam files were processed by miARma-Seq to quantify
microRNAs and differential expression calculated using
edgeR [36]. Normalized read counts from edgeR were used
to determine the percent of each microRNA in the sample

. __ [ specificmicroRNA
percent X microRNA = (—mm e X 100). Log twofold

change of GC microRNA in cell vs. MV was visualized
against — log 10 false discovery rate in a volcano plot and
the three microRNA with a log 2 fold change less than — 10
highlighted. Differentially expressed microRNA with a false
discovery rate (FDR) less than 0.05 were loaded into a

1 ercent MV microRNA
stacked bar chart with MV = percen
% GCMY percent total(MV+CellymicroRNA

-ent Cell microRNA
over ell = i

% GCC percent total(MV+Cell)microRNA
111 DE microRNA.

for each of the

Nanostring

We used NanoString’s nCounter system to quantify the pres-
ence of microRNA in costochondral tissue. Tissue slices
were harvested, cleaned and directly transferred to Qiazol
lysis reagent (Qiagen, Hilden, Germany) for homogeniza-
tion with no intermediate. In brief, the RC and GC zones
were carefully cut into thin slices taking extra care to remove
surrounding tissue from the ribs and discarding one or two
slices separating the zones. The tissue was not exposed to
media or FBS. Cartilage slices (avg ~ 15 mg per sample)
were transferred to BeadBug homogenizer tubes (Bench-
mark Scientific, Sayreville, NJ) with 6.0 mm zirconium bead
(previously treated to degrade any contaminating RNA: 2 h
under UV light and 2 h in 75 “C). 700 pL Qiazol was added
to the tube and slices were homogenized on a BeadBug
(cycle settings: speed =400, time =40 s) with GC slices
requiring 19 cycles for homogenization and 8 cycles for
RC samples. RNA was extracted using Qiagen’s miRNeasy
micro kit and resuspended in nuclease-free water. Samples
were submitted for analysis at the Biobehavioral Research
Lab at VCU using Nanostring’s Rat v1.5 miRNA panel.

Ex-Vivo RT-qPCR
Tissue was removed in identical manner to ‘chondrocyte

cultures’ above. Following trypsin digestion, tissue slices
were washed with Hank’s Balanced Salt Solution (HBSS)

and deposited into a BeadBug homogenizer tube (same
tube and treatment as ‘Nanostring’). 700 pL of Qiazol was
added to the tube and allowed to sit at room temperature
for 5 min. GC and RC tubes were then run on the BeadBug
homogenizer (cycle settings: speed =400, time =60 s) for
four cycles. RNA was purified using Qiagen’s miRNeasy
micro kit and resuspended in nuclease-free water. RT-PCR
was performed on four GC and RC samples normalized to
1,250 ng of RNA per well using Qiagen’s HiSpec Buffer
and incubating in thermocycler at 37 °C for 60 min fol-
lowed by 95 °C for 5 min. qPCR was run on the result-
ing cDNA diluted to a final working concentration of
3.125 ng/pL using Qiagen’s miScript II RT kit and prim-
ers for snRNA U6, microRNA 22-3p (Qiagen), 122-5p and
451-5p (Eurofins Scientific, Luxembourg). An eight-point
standard curve was generated by mixing 4 pL from each
of the eight samples together and performing a 1:3 serial
dilution starting at 5 ng/pL and run in duplicate. 10 pL
reactions were run in a 96-well plate using a QuantStudio
3 RT-PCR system (ThermoFisher): activation: 95 °C for
15 min, 60 cycles of (denaturation: 94 “C for 15 s, anneal-
ing: 55 °C for 30 s, extension: 70 °C for 30 s) followed by
melt curve. Data were collected on the extension and melt
curve steps.

MicroRNA Transfection

Once fourth passage chondrocytes were 60—70% confluent
they were transfected with microRNA mimics (mirVana;
Invitrogen, Carlsbad, CA) at final concentration of 14.5 nM
using Lipofectamine RNAIMAX transfection reagent (Inv-
itrogen) at a final dilution of 1:500. Four microRNA mimics
were used for these experiments: (microRNA 22-3p, 122-5p,
223-3p and 451-5p). Transfection was carried out in DMEM
1 g/L glucose with 10% FBS and incubated at 37 °C and 5%
CO, for 24 h. At transfection completion the media were
changed to DMEM FM until harvest. Harvest was carried
out according to the requirements of each specific assay with
reported hours being hours post transfection completion.
Two control groups were included in the experiments: a NT
group that received neither lipofectamine nor microRNA
mimics and a NC group that included lipofectamine along
with a mimic designed not to interact with known mRNA.

Specific microRNA inhibitors (22-3p and 122-5p miR-
CURY LNA miRNA Inhibitors, Qiagen) were transfected
following the same procedure as for the microRNA mimics.
Final concentration of microRNA inhibitors was 10, 30 or
50 nM. When transfected along with microRNA mimics the
inhibitors were prepared and administered together with the
mimics in one treatment solution. Lipofectamine concentra-
tion and media formulations unchanged. MicroRNA inhibi-
tors for 223-3p and 451-5p were not investigated.
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Cell Response
DNA Content

Double stranded DNA was quantified after sonicating the
cell monolayer (40 amps, 10 s per well) and assaying bound
fluorescent dye (QuantiFluor® dsDNA system; Promega,
Madison, WI) using a plate reader (Synergy H1 Hybrid
Reader; BioTek, Winooski VT) with excitation of 485 nm
and emission of 538 nm.

Proliferation Rate

Four hours before indicated timepoint cells were pulsed
with EdU at 10 pM concentration and incubated at 37 °C for
four hours. Cells were then fixed, labeled and read (excita-
tion 568 nm emission 585 nm) according to manufacturer’s
protocol (Click-iT® EdU Microplate Assay; Invitrogen) to
quantify all EAU that was incorporated by the actively pro-
liferating cells during the four hour pulse.

Metabolic Activity

100 pL of MTT solution (5 mg/mL in PBS) was added to
the 500 pL of serum-free media per well and incubated at
37 °C for four hours. Media was aspirated and replaced with
500 pL of DMSO per well and placed on a shaker for 5 min.
200 pL of the DMSO per well was transferred to a 96-well
plate and absorbance read at 570 nm.

Production of Proteins

Proteins were quantified by ELISA normalized to DNA con-
tent. Assays were carried out following accompanying pro-
tocols for: BMP-2 (PeproTech, Rocky Hill, NJ), type II col-
lagen, type X collagen, Ihh, p53 and PTHrP (LS Bio, Seattle,
WA), OPG, TGF-p1 and VEGF (R&D Systems, Minneapo-
lis, MN). Media and cell monolayer were isolated at 48 h.

In cell western analysis was used to quantify specific pro-
tein levels with results normalized to DNA content. At 48 h
cells were fixed using 3.7% formaldehyde, permeabilized
with 0.1% Triton X-100, blocked for 1.5 h (Odyssey Block-
ing Buffer) and incubated overnight at 4 ‘C with primary
antibody specific for Bax or Bcl at 1:100 and 1:20 dilu-
tion, respectively. Wells were washed and incubated for 1 h
at room temperature with DRAQS5 (1:10,000 dilution) and
corresponding secondary antibody (1:1,000 dilution). Wells
were washed and imaged on the Li-Cor Odyssey CLx (LI-
COR, Lincoln, NE).
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TUNEL

Cells were fixed with 3.7% buffered formaldehyde solution,
permeabilized with proteinase K and labeled with TdT labe-
ling buffer. Absorbance was measured at 450 nm on a plate
reader.

Alkaline Phosphatase Activity

At 48 h media were aspirated and cell monolayer washed
twice with 1 X PBS. Monolayer was removed with 0.05%
Triton X 100 and lysed by three cycles of freeze thaw-
ing. Alkaline phosphatase activity was quantified using a
colorimetric assay that determines the amount of enzyme
needed to hydrolyze 1 umole of p-nitrophenyl phosphate to
1 pumole of p-nitrophenol at 37 °C. Absorbance was read in
plate reader at 405 nm. Activity was normalized to protein
content as determined by Pierce BCA assay (ThermoFisher,
Waltham, MA).

Sulfated Glycosaminoglycan Production

At 48 h media were aspirated and cell monolayer washed
twice with 1 X PBS. Cell monolayer was removed from
wells with papain digest solution (3.8 U/mL papain in
55 mM sodium citrate, 10 mM cysteine) and digested over-
night at 60 °C. sGAG content was assessed using 1,9-dimeth-
ylmethylene blue dye with pH of 1.5 and absorbance meas-
ured at 525 nm on a plate reader.

Regulation of Vasculogenesis

HUVECs were grown on Geltrex and cultured using
endothelial cell growth media from the Angiogenesis Starter
Kit (ThermoFisher). The four select microRNA were trans-
fected into HUVECS, as detailed above, and the connection
length (measured in pixels) and the connection count taken
every four hours over a 20 h period.

Statistical Analysis

DNA content, proliferation rate, MTT, ELISA, in cell west-
ern, TUNEL, alkaline phosphatase activity and sGAG are
presented as mean + standard error for six independent cul-
tures per variable. Differences between groups were exam-
ined by ANOVA with post-hoc Tukey HSD. A p-value less
than 0.05 was considered significant. Experimental observa-
tions validated with at least one repeat experiment. Connec-
tion length and number examined by ANOVA with post-hoc
Tukey HSD. Significance discussed is between treatment
and NC group based on a p-value less than 0.05. Statistical
analysis and presentation for all examinations were carried
out using R 3.6.0 [37]. Following R packages were used:
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egg, grid, gridExtra, ggplot2, ggsignif, magrittr, multcom-
pview, outliers, plyr and sfsmisc [37-46].

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00223-021-00855-y) contains supplementary mate-
rial, which is available to authorized users.
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