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Long noncoding RNAs (IncRNAs) have emerged as key regula-
tors of cell differentiation and development. However, poten-
tial roles for IncRNAs in chondrogenic differentiation have
remained poorly understood. Here we identify IncRNA
ADAMTS9 antisense RNA 2, ADAMTS9-AS2, which controls
the chondrogenic differentiation by acting as a competing
endogenous RNA (ceRNA) in human mesenchymal stem cells
(hMSCs). We screen out ADAMTS9-AS2 of undifferentiated
and differentiated cells during chondrogenic differentiation
by microarrays. Suppression or overexpression of IncRNA
ADAMTS9-AS2 correlates with inhibition and promotion of
hMSC chondrogenic differentiation, respectively. We find
that ADAMTS9-AS2 can sponge miR-942-5p to regulate the
expression of Scrgl, a transcription factor promoting chondro-
genic gene expression. Finally, we confirm the function of
ADAMTS9-AS2 to cartilage repair in the absence of transform-
ing growth factor B (TGF-B) in vive. In conclusion,
ADAMTS9-AS2 plays an important role in chondrogenic dif-
ferentiation as a ceRNA, so that it can be regarded as a therapy
target for cartilage repair.

INTRODUCTION

Cartilage plays an important role in human growth and development,
and the formation and growth of limb bones are derived from the
endochondral ossification." Chondrogenesis involves condensation
and arrangement of mesenchymal cells in the embryo.” This process
depends on precise control of key signal pathways and core transcrip-
tion factors, such as Indian hedgehog signal pathway’ and Sox9.*
Osteoarthritis and other degenerative diseases can cause cartilage
tear and progressive loss of chondrocytes. Articular cartilage has
weak regeneration potential due to its avascularity.” Chondrogenic
differentiation from mesenchymal stem cells (MSCs) in vitro is a
promising approach for cartilage repair, but the fibrosis and hypertro-
phy of chondrocytes has affected this process.’ Thus, knowledge of
the molecular switch that controls chondrogenic differentiation is
critical to acquiring a better understanding of cartilage development
and to designing new strategies for cartilage degenerative disease.

MSCs show excellent tissue regeneration ability by their intrinsic
capacity for self-renewal and multipotent differentiation.” MSCs
also display immunomodulatory capacities for T cell, B cell, and
natural killer cell proliferation and function.*” MSCs have been
identified as attractive cell sources for cartilage repair for their
chondrogenesis ability. So far, several transcription factors and
growth factors are reported to promote MSC chondrogenesis,
such as TGF-B'’ and the insulin growth factor (IGF)'" superfamily.
In addition, a variety of scaffolds combined with MSCs is used to
boost cartilage regeneration.'” Thus, identifying additional factors
that promote chondrogenic differentiation may provide new in-
sights into cartilage repair.

LncRNAs are broadly classified as transcripts longer than 200 nt, and
they have limited protein-coding potential.>'* IncRNAs are emerging
as important players in cell differentiation and determination, such as
controlling muscle differentiation'> and cardiovascular lineage
commitment'® and driving thermogenic adipocyte differentiation,'”
indicating that they have the potential ability to determine cell destiny.
A new regulatory circuitry has been recently focused on that IncRNA
can crosstalk with mRNA by competing for shared microRNAs
(miRNAs)."> Such competing endogenous RNAs (ceRNAs) regulate
the distribution of miRNA molecules on their targets and, thereby,
impose an additional level of post-transcriptional regulation. This
finding has prompted the in-depth studies of the circuitries that are
regulated by this molecular mechanism.

Recent studies have shown that cartilage development and homeostasis
are not only controlled by protein-coding genes but also regulated by
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specific miRNAs. For example, miR-140 shows dual effect in cartilage
development and homeostasis,'® miR-146a facilitates osteoarthritis
progression,'” and miR-221 promotes cartilage repair.”” Meanwhile,
it has been reported that IncRNAs exert their roles as ceRNAs by re-
pressing the functions of miRNAs in various research fields, such as
IncARSR in renal cancer,”’ IncRNA ODRUL that contributes to oste-
osarcoma progression,”” and IncRNA MDI that controls muscle dif-
ferentiation.'” Despite these inspiring findings, our knowledge of
IncRNAs that function in chondrogenic differentiation is limited,
and a detailed understanding of circuitries they regulate is lacking.

In this study, we report the identification of ADAMTS9 antisense
RNA 2, ADAMTS9-AS2, an IncRNA in humans that is necessary
for chondrogenic differentiation. By inducing human MSCs (hMSCs)
for chondrogenic differentiation, we found that the expression of
ADAMTS9-AS2 increased during chondrogenesis by microarrays.
Then we explored the function of ADAMTS9-AS2 for hMSC chon-
drogenic differentiation in vitro. Further experiments showed that
ADAMTS9-AS2 acted as a ceRNA for miR-942-5p. Moreover,
miR-942-5p also played a critical role to regulate chondrogenic differ-
entiation, and it exerted its function by regulating its target gene
Scrgl. At last we confirmed that ADAMTS9-AS2 could facilitate
cartilage repair in an in vivo microenvironment by seeding hMSCs
into cartilage defects implanted subcutaneously into nude mice.
Together, these results indicate that ADAMTS9-AS2 functions as a
ceRNA that promotes hMSC differentiation toward chondrocytes.
More broadly, our work identifies the capacity of ADAMTS9-AS2
for cartilage regeneration, and it suggests that ADAMTS9-AS2
may present a promising therapy target for cartilage degeneration
diseases.

RESULTS

ADAMTS9-AS2 Is Upregulated during Chondrogenic
Differentiation

To test the chondrogenic differentiation ability of our hMSCs, we
cultured hMSCs in chondrogenic induced medium as a micromass
model.” After standard chondrogenic induction, we tested the glycos-
aminoglycan expression in the extracellular matrix by Alcian blue stain-
ing, and we detected chondrocyte marker gene expression by qPCR.
The content of glycosaminoglycan in the extracellular matrix
increased after differentiation, and chondrocyte marker genes were
continuously upregulated during chondrogenic differentiation (Figures
1A and 1B).

To determine IncRNAs that affect differentiation, we used microar-
ray analysis to compare undifferentiated and differentiated cells dur-
ing chondrogenesis (Figure 1C). Next, we confirmed that the expres-
sion of ADAMTS9-AS2 was increased during differentiation by
qPCR, which was consistent with the microarray result (Figure 1D).
In addition, ADAMTS9-AS2 exhibited a gradual increase until
7 days and then it reduced expression in 14 days (Figure 1E). To
determine the subcellular localization of ADAMTS9-AS2, we sepa-
rated nuclear and cytoplasmic RNA, respectively, and ADAMTS9-
AS2 was specifically amplified by reverse transcription PCR.
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Through standard denaturing agarose gel electrophoresis, it revealed
that ADAMTS9-AS2 localized both in the nucleus and cytoplasm
(Figure 1F).

ADAMTS9-AS2 Regulates hMSC Chondrogenic Differentiation

In Vitro

To determine the biological effects of ADAMTS9-AS2 on the chon-
drogenic differentiation of hMSCs, we constructed lentiviruses for
IncRNA knockdown and overexpression. To avoid potential off-
target effects of small hairpin RNA (shRNA) plasmids, we con-
structed five sShRNA plasmids and only one could inhibit the expres-
sion of ADAMTS9-AS2 (data not shown). Meanwhile, because of
IncRNA ADAMTS9-AS2 existing both in the nucleus and cytoplasm,
we also tested the antisense oligonucleotide (ASO) efficiency to knock
down this IncRNA (Figure S1). We further tested the efficiency of the
two lentiviruses to change IncRNA expression in hMSCs (Figures 2A
and 3A).

Chondrogenesis of MSCs requires the ordered arrangement and
condensation of the cells for subsequent differentiation,’ so that the
condensation process is a critical step during stem cell chondrogene-
sis. Therefore, we used low-density micromass culture to detect the
influence of ADAMTS9-AS2 on hMSC condensation. It revealed
that knockdown of ADAMTS9-AS2 interfered with hMSC condensa-
tion ability during chondrogenic differentiation (Figure 2B). We
found that ADAMTS9-AS2 inhibition significantly decreased the
mRNA levels of chondrogenic genes, including Sox9, Col2al, and
ACAN, in hMSCs (Figures 2C-2E). Conversely, ADAMTS9-AS2
overexpression increased the mRNA levels of these genes in hMSCs
(Figures 3B-3D). Safranine O staining, Alcian blue staining, and to-
luidine blue staining showed that ADAMTS9-AS2 overexpression
increased the synthesis of glycosaminoglycan and formed a more
aggregated shape, whereas chondrocyte extracellular matrix
decreased after shRNA lentivirus treatment (Figures 2F and 3E).
Then we performed immunohistochemistry staining to detect the
protein levels of chondrogenic genes in micromass. It also revealed
that ADAMTS9-AS2 overexpression increased Col2o.l and ACAN
protein levels (Figure 2G) and suppression of ADAMTS9-AS2 limited
their expression (Figure 3F).

It is well known that the expression of collagen type X (ColX), a
marker gene for chondrocyte hypertrophy and apoptotic death, is
an undesired outcome of a cell-based approach to cartilage regenera-
tion.”* We tested the protein level of ColX by immunohistochemistry
staining. It showed that, although forced expression of ADAMTS9-
AS2 promoted chondrogenic differentiation, it did not increase
ColX expression (Figure 3F). Furthermore, the dye depth of the stain-
ing may cause false-positive results depending on the cell quantity, so
we examined the effect of ADAMTS9-AS2 on cell proliferation. We
used the PrestoBlue Cell Viability Reagent to test cell proliferation
for 4 consecutive days, and we found no significant difference after
the hMSCs were treated with ADAMTS9-AS2-overexpressing lenti-
virus (data not shown).
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Figure 1. IncRNA ADAMTS9-AS2 Is Upregulated during hMSC Chondrogenic Differentiation

(A) Isolated hMSCs from bone marrow and Alcian blue staining for (MSC micromass chondrogenesis on 14 days. (B) mRNA level of chondrogenic genes (Sox9, Col2a1, and
ACAN) during chondrogenic differentiation on 14 days. (C) Heatmaps of IncRNA differentially expressed during hMSC chondrogenesis. (D) Expression of the upregulated and
downregulated IncRNAs by gPCR. (E) gPCR for the expression of ADAMTS9-AS2 during chondrogenic differentiation at the indicated time points. (F) RT-PCR analysis
indicating ADAMTS9-AS? localization in the nucleus and the cytoplasm. Experiments were performed in triplicate and error bars represent SD of a triplicate set of exper-

iments. Data are shown as mean + SD; *p, 0.05; **p, 0.01; ns, non-significant.

ADAMTS9-AS2 Acts as a Sponge of miR-942-5p, and miR-942-
5p Can Negatively Regulate Chondrogenic Differentiation
Recent IncRNA function
ceRNA by sponging miRNA and regulating its target transcription
factor."> According to the target prediction websites (miRDB,
http://mirdb.org/custom.html; TargetScan, www.targetscan.org; and
Computational Medicine Center, https://cm.jefferson.edu/), we
collected 15 potential miRNAs that exist in the above three databases
simultaneously. Referring to some research articles, we found that

studies have focused on as a

IncRNAs could regulate the sponging miRNAs.'>*>*° We detected
these 15 miRNA levels after ADAMTS9-AS2 overexpression, and
only two miRNAs (miR-153-5p and miR-942-5p) changed (Fig-
ure 4A). Furthermore, we found that ADAMTS9-AS2 contained
complementary sequences with miR-153-5p and miR-942-5p
(Figure 4B).

To determine whether ADAMTS9-AS2 directly regulates the two
miRNAs, we generated a luciferase reporter construct. It showed
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Figure 2. ADAMTS9-AS2 Is Required for Proper Chondrogenic Differentiation
(A) Targeting of ADAMTS9-AS2 in hMSCs by small hairpin RNA-constructed lentivirus led to significant depletion of the transcript, as measured by gPCR. (B) ADAMTS9-AS2
depletion affects cell condensation morphology and Alcian blue staining on cells on day 7. (C-E) Expression of chondrogenic genes measured by gPCR in ADAMTS9-AS2-
depleted hMSCs after 14 days of chondrogenic differentiation in negative control and shRNA treatment group. (F) Synthetic glycosaminoglycan in ADAMTS9-AS2-
knockdown hMSCs compared to negative controls on day 14, assessed by Safranine O staining, Alcian blue staining, and toluidine blue staining. Scale bar, 100 um. (G)
Antibody staining of paraffin-embedded sections of day 14 micromass showed Col2a1 and ACAN abundance between negative control and shRNA treatment group. Scale
bar, 50 um. (H and I) Quantitative statistics for dyeing results of (G) between negative control and shRNA treatment group. Experiments were performed in triplicate and error
bars represent SD of a triplicate set of experiments. Data are shown as mean + SD; *p, 0.05; **p, 0.01; ns, non-significant.

that the IncRNA reporter was suppressed by miR-942-5p rather
than miR-153-5p. Meanwhile, the mutant IncRNA reporter was
not affected by miR-942-5p (Figure 4C). In addition, to prove
the accuracy of miR-942-5p, we detected the two miRNAS
function in chondrogenic differentiation. It showed that only
miR-942-5p could regulate hMSC chondrogenic differentiation
(Figure 4D). Thus, we believed that miR-942-5p could interact
with ADAMTS9-AS2 and it also played a critical role during chon-
drogenic differentiation.

We examined the change of miR-942-5p during chondrogenic dif-
ferentiation to further explore its specific function on chondrogen-
esis. miR-942-5p exhibited a gradual decrease after chondrogenic
induction (Figure 4E). We further detected the mRNA levels of
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chondrogenic genes under miR-942-5p knockdown and overexpres-
sion after chondrogenic induction. It revealed that suppression of
miR-942-5p increased the chondrogenic genes’ expression (Fig-
ure 4F). Additionally, overexpression of miR-942-5p inhibited their
expression (Figure 4G). The staining for the extracellular matrix by
Safranine O and toluidine blue also showed the same trend results
(Figure 4H).

Now that ADAMTS9-AS2 could sponge miR-942-5p, we predicted
that ADAMTS9-AS2 could reverse the miR-942-5p effect on hMSC
chondrogenic differentiation. We found that inhibition of chondro-
genic differentiation causing by miR-942-5p could be rescued though
overexpression of ADAMTS9-AS2 (Figure 4I). Meanwhile, after sup-
pression of ADAMTS9-AS2, the promotion effect of hMSCs
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Figure 3. ADAMTS9-AS2 Promotes hMSC Chondrogenic Differentiation

(A) Forced expression of ADAMTS9-AS2 in hMSCs led to a significant increase of the transcript, as measured by gPCR. (B-D) Expression of chondrogenic genes
measured by gPCR at representative time points in hMSCs during chondrogenic differentiation between control and ADAMTS9-AS2 overexpression group. (E) Synthetic
glycosaminoglycan in ADAMTS9-AS2-overexpressed hMSCs compared to controls on day 14, assessed by Safranine O staining, Alcian blue staining, and toluidine blue
staining. Scale bar, 100 pm. (F) Antibody staining of paraffin-embedded sections of day 14 micromass showed Col2a1, ACAN, and ColX abundance between control and
ADAMTS9-AS2 overexpression group. Scale bar, 50 um. (G-I) Quantitative statistics for dyeing results of (F) between control and ADAMTS9-AS2 overexpression group.
Experiments were performed in triplicate and error bars represent SD of a triplicate set of experiments. Data are shown as mean + SD; *p, 0.05; **p, 0.01; ns, non-

significant.

chondrogenic differentiation by downregulating miR-942-5p was
reversed (Figure 4]).

ADAMTS9-AS2 Modulates Transcription Factor SCRG1 through
Regulating miR-942-5p

MiRNAs can direct the RNA-induced silencing complex (RISC) to
downregulate gene expression by two posttranscriptional mecha-
nisms: mRNA cleavage or translational repression.”” We sought the
target genes of miR-942-5p from miRNA prediction website miRBase
(www.mirbase.org), and we obtained large amounts of predicted
target genes for miR-942-5p. Chondrogenesis was controlled by
several key signaling pathways along with some transcriptional fac-
tors, such as Notch, Indian hedgehog, TGF-p signaling pathway,
Sox9, and a series of genes. Among various putative targets for the
miR-942-5p, we screened out 13 mRNAs encoding for proteins
with a relevant function in chondrogenesis. Numerous miRNAs

possess the ability to regulate mRNA decay.”® Hence, we tested the
mRNA levels of these genes after miR-942-5p overexpression by
qPCR. It revealed that only two genes (Sox9 and Scrgl) were inhibited
after overexpressing miR-942-5p (Figure 5A). Then we found that
ADAMTS9-AS2 contains the same complementary sequence with
miR-942-5p as Scrgl and Sox9 (Figure 5B), which further proved
that ADAMTS9-AS2 functioned as a ceRNA to miR-942-5p target
genes.

Furthermore, to determine whether miR-942-5p directly regulated
the two genes, we constructed the two luciferase reporter plasmids.
The result revealed that only the Scrgl reporter was inhibited by
miR-942-5p and the Sox9 reporter was not influenced by miR-942-
5p. Additionally, the mutant Scrgl reporter was not affected by
miR-942-5p (Figure 5C). The miR-942-5p had a direct effect on
Scrgl, and it could influence Sox9 expression without interacting
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with it directly. Consistent with ADAMTS9-AS2 being a decoy for
miR-942-5p, we proved that ADAMTS9-AS2 depletion reduced the
levels of Scrgl (Figure 5D) while its overexpression produced an in-
crease in mRNA level (Figure 5E). The same trend results were
demonstrated on protein levels in micromass by immunohistochem-
istry staining (Figures 5F and 5G).

ADAMTS9-AS2 Also Can Promote hMSC Chondrogenic
Differentiation In Vivo

To validate the promoting effect on chondrogenic differentiation of
ADAMTS9-AS2 in vivo, hMSCs were cultured in an osteochondral
microenvironment presented by a cartilage defect model (Figures
6A and 6B). For in vivo experiments, hMSCs treated with
ADAMTS9-AS2-overexpressing lentivirus or control lentivirus com-
pounding with alginate were seeded in the osteochondral defects, and
then we implanted the defects subcutaneously into nude mice. After
16 weeks, ADAMTS9-AS2-overexpressing hMSCs generated a
cartilage-characterized region by extensive production of glycosami-
noglycans, as evidenced by the presence of a large Alcian blue- and
toluidine blue-positive area throughout the entire region of the defect.
This phenomenon was different from the newly formed tissue on the
cartilage defect when control hMSCs were used (Figures 6C and 6D).
Consistent with these results, immunohistochemistry staining anal-
ysis revealed a significantly stronger staining for the chondrogenic
marker gene, Col2al, in the osteochondral defects filled with
ADAMTS9-AS2-overexpressing hMSCs compared with osteochon-
dral defects filled with control hMSCs (Figure 6G).

The expression of ColX was slightly increased in the regeneration
group but showed a non-significant difference (Figure 6H). This phe-
nomenon was consistent with the results in vitro. It presented once
again that upregulation of collagen type II is not correlated with an
increased deposition of ColX after ADAMTS9-AS2 overexpression
in hMSCs.

DISCUSSION

It is now widely accepted that the noncoding portion of the genome
accounts for significant roles in biology development, cell fate deter-
mination, and disease therapy. Various new noncoding RNAs with
different functions have been identified and studied in stem cell dif-
ferentiation. In contrast to the extensive study of well-known small
noncoding RNAs, LncRNAs are now attracting much interest. Recent
studies have showed that IncRNAs can regulate the coding mRNA by

competing to bind miRNAs; this class of IncRNAs is termed as
ceRNA.*’ ceRNAs can sponge miRNAs, so that they can protect
the target genes from miRNA repression.

In this study, we identified a novel IncRNA ADAMTS9-AS2 that pro-
moted chondrogenic differentiation in vitro and in vivo. (The detailed
information about IncRNA ADAMTS9-AS2 can be viewed in Fig-
ure S1 and the Supplemental Material.) It regulated the key transcrip-
tion factor Scrgl by displaying its decoy activity for miR-942-5p to
accomplish its function.

There is a growing demand for advanced experimental strategies and
technology to accomplish intact and effective repair of damaged carti-
lage. hMSCs are broadly used in the regeneration of cartilage de-
fects.>* Different hMSC application methods have been exploited,
such as the cells combining with Bio-printed smart scaffold material’’
or growth factors like TGF-B** and IGF.>> However, the most opti-
mized conditions for cartilage repair are still not being identified.
The appropriate growth conditions and growth density as well as
the key transcription factors for hMSC chondrogenic differentiation
should be further considered and explored. We demonstrated that
IncRNA ADAMTS9-AS2 can promote hMSC chondrogenic differen-
tiation in micromass in vitro and form cartilage without TGF-f in-
duction in vivo.

Because IncRNA ADAMTS9-AS2 was limited to the human spe-
cies, genetically modified mice could not be applied in this study.
To prove the function of this IncRNA ADAMTS9-AS2 in an
in vivo microenvironment for cartilage repair and to avoid im-
mune rejections between the cells from different species, we
used the nude mice as our experimental mouse model. According
to previous studies, direct subcutaneous implantation of MSCs
can cause cell fibrosis and ossification instead of differentiation
to cartilage. The formation of ectopic cartilage requires the coop-
eration of chondrocytes or the microenvironment of the chondro-
cyte extracellular matrix.”* The differentiation of MSCs requires
the secreted cytokines for chondrogenesis from surrounding chon-
drocytes and the interaction of MSCs and chondrocyte extracel-
lular matrix.”

So, we used an in vivo method with subcutaneous implantation in
mice derived from a recently reported osteochondral defect model.”
This model can supply soluble factors other than TGF-f and the IGF

Figure 4. ADAMTS9-AS2 Acts as a Sponge of miR-942-5p, and miR-942-5p Can Negatively Regulate Chondrogenic Differentiation

(A) Expression of miRNAs measured by gPCR after overexpressing ADAMTS9-AS2 in hMSCs. (B) Schematic of the miR-153-5p and the miR-942-5p putative target site on
ADAMTS9-AS2. (C) The luciferase reporter assay for the wide-type ADAMTS9-AS2 in the presence of miR-153-5p and miR-942-5p and the mutant ADAMTS9-AS2 in the
presence of miR-942-5p. The values are showed as Renilla luciferase activity to firefly luciferase activity. (D) Representative images of hMSCs transfected with mimic-nc,
mimic-153-5p, and mimic-942-5p after 14 days of chondrogenic differentiation. (E) gPCR for the expression of miR-942-5p during chondrogenic differentiation at the
indicated time points. (F) Expression of chondrogenic genes measured by gPCR in transfected hMSCs with mimic-942-5p after 14 days of chondrogenic differentiation. (G)
Expression of chondrogenic genes measured by gPCR in transfected hMSCs with antagomir-942-5p after 14 days of chondrogenic differentiation. (H) Representative
images of hMSCs transfected with blank, antagomir-nc, and antagomir-942-5p after 14 days of chondrogenic differentiation. (I and J) gPCR for mRNA levels of chondrogenic
genes in different groups as shown in the figure. Experiments were performed in triplicate and error bars represent SD of a triplicate set of experiments. Data are shown as

mean + SD; *p, 0.05, **p, 0.01; ns, non-significant.

Molecular Therapy: Nucleic Acids Vol. 18 December 2019 539


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

§'51 &= mimicNC
@ B mimic 942-5p
gm hsa-miR-942-5p 3 GUGUACCGGUUUUGUCUCUUCU
g RN
% position 786-792 of SOX9 3’UTR 5...AGUAAACAAUAGUCUAGAGAAGC
Eos [ITTTT
2 position 1569-1575 of SCRG1 3UTR ~ 5’...UGUGAAGCCUGCUACAGAGAAGU
K
2o - . LLLLTEL
T JIREINC I @0‘\@»"‘150*«,@“:6«9@ 50,_(,\ position 1631-1637 of ADAMTS9-AS2 5. TGGGCTGATTTTACATAGAGAAGA
X i
Cc D Scrg1 E Scrg1
[ mimic-nc c15 c8
B mimic-942-5p .% .g -
15 a @
g ns " ns E g 6
1.0
LB 1 3 3
i < <4
2 [ [
S €05 €
gﬂj g = g 2
8 ® k5
S oo 200 2o
Sox9-wt Scrg1-wt Scrg1-mut sh-nc ShRNA CON AD-AS2
F sh-nc shRNA
H Scrg1 | Scrg1
30 = 50 o~
40
3} [$)
T 20 z
S 5 45 30
g AD-AS2 > s
L 2 220
< 10 o
G s o
10
0 0
sh-nc  shRNA CON  AD-AS2

Figure 5. ADAMTS9-AS2 Modulates Transcription Factor SCRG1 through Regulating miR-942-5p

(A) Expression of mMRNAs measured by gPCR after hMSCs were treated with mimic-942-5p. (B) Schematic of the miR-942-5p putative target site on ADAMTS9-AS2, Sox9,
and Scrg1. (C) The luciferase reporter assay for the wide-type Sox9 and Scrg1 in the presence of miR-942-5p and the mutant Scrg1 in the presence of miR-942-5p. The
values are shown as Renilla Iuciferase activity to firefly luciferase activity. (D and E) gPCR for mRNA levels of Scrg1 in hMSCs after downregulating and overexpressing
ADAMTS9-AS2. (F and G) Immunohistochemistry assay for sections of day 14 micromass for Scrg1 protein abundance in hMSCs after downregulating and overexpressing
ADAMTS9-AS2. Scale bar, 50 um. (H and |) Quantitative statistics for dyeing results of (F) and (G) after downregulating and overexpressing ADAMTS9-AS2. Experiments were
performed in triplicate and error bars represent SD of a triplicate set of experiments. Data are shown as mean + SD; *p, 0.05, **p, 0.01; ns, non-significant.

superfamily, which contribute to the microenvironment in vivo for
chondrogenic differentiation. Indeed, implanting in the osteochon-
dral defect with ADAMTS9-AS2-overexpressed hMSCs significantly
improved cartilage repair compared with control hMSCs. Addition-
ally, ColX was not discovered upregulated after implantation of modi-
fied cells. This is an exciting result because ColX is a marker gene for
hypertrophic chondrocyte, which represents the beginning of carti-
lage aging and ossification. Therefore, IncRNA ADAMTS9-AS2 has
the ability to be a candidate for applying to hMSCs for articular carti-
lage defect repair, and it might have a broad prospect in future
application.

ADAMTS9-AS2 belongs to antisense IncRNA, which plays crucial
roles in the regulation of gene expression and genomic integrity.
Like BACE1-AS, it originates from the BACE1 gene in the antisense
orientation, and it can enhance the expression of BACEL1 via the for-
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mation of the RNA duplex.”” Also, CDKN2B-ASI has the ability to
repair DNA damage.*® So, when we started to explore the mechanism
for ADAMTS9-AS2, we first detected the gene ADAMTS9 expression
after IncRNA change. We found the expression of gene ADAMTS9
remaining unchanged during IncRNA fluctuation. Then we focused
on the ceRNA function of ADAMTS9-AS2, and we discovered that
antisense IncRNA also had the ability to sponge miRNA and
repressed its target gene. Like HOTAIR, it is a kind of antisense
IncRNA to the HOXCI11 and HOXC12 genes, and it also can control
the Rab22a gene expression by sponging miR-373.* In this study, we
confirmed that ADAMTS9-AS2 can sponge miR-942-5p and reverse
its repression on chondrogenesis-promoting transcriptional factor
stimulator of chondrogenesis 1 (Scrgl).

Scrgl is a transcript originally discovered through identification
from the genes associated with neurodegenerative changes observed
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Figure 6. Evaluation of the Ability of ADAMTS9-AS2-
Overexpressing hMSCs to Stimulate Cartilage Repair
In Vivo

(A) Scheme graph for osteochondral defects with a diam-
eter of 5 mm. (B) Photograph of the osteochondral defects
from rats (8—10 weeks old) femur heads. (C and D) Cartilage
formation was assessed by Alcian blue staining and tolui-
dine blue staining in control and ADAMTS9-AS2 over-

expression group. (G) Immunohistochemistry assay for
sections of Col2a.1 abundance after 3 months in control
and ADAMTS9-AS2 overexpression group. (H) Antibody
staining of paraffin-embedded sections of ColX expression
after 3 months in control and ADAMTS9-AS2 over-

expression group. (E, F, I, and J) Quantitative statistics for
dyeing results of (C), (D), (G), and (H) between different
groups. (K) Schematic image of the circuitry linking INncRNA-
ADAMTS9-AS2, miR-942-5p, and Scrg! and chondro-

genic differentiation. Data are shown as mean + SD; *p,
0.05, *p, 0.01; ns, non-significant. Experiments were
performed in triplicate and error bars represent SD of a
triplicate set of experiments. NT, newly formed tissue. Scale

bars, 100 and 50 pm for the lower and higher magnification
photomicrographs, respectively.

circuitry. However, the specific molecular mech-
anism still needs to be explored and studied.

Stem cells have great potential for cell differen-
tiation and function. Therefore, it’s a great

challenge for us to regulate the stem cells pre-
cisely their capability. For
example, subsets of stem cells expressing
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cells. differences

in transmissible spongiform encephalopathies from mice.*” Then
Scrgl of the human species was found related to self-renewal, migra-
tion, osteogenic differentiation, and chondrogenic differentiation of
MSCs.*! Previous study has reported that Scrgl was induced by
dexamethasone through the activation of glucocorticoid receptor
and forced expression of Scrgl stimulates in vitro chondrogenesis.**
In our study, we detected that miR-942-5p overexpression in hMSCs
inhibited the expression of Sox9 and Scrgl. Meanwhile, we found
miR-942-5p repressing the luciferase activity from Scrgl reporter
rather than Sox9 plasmid. So we believed there was a tight interac-
tion between the miR-942-5p and Scrgl. Furthermore, forced
expression of miR-942-5p could inhibit the expression of Sox9. It
indicated that Sox9 might not be the direct target for miR-942-5p,
but Sox9 was still regulated on the downstream of the regulatory

complex factors before utilizing stem cells for
chondrogenic differentiation. In the future,
stem cells need to be classified according to the chondrogenic dif-
ferentiation ability, so that they can be better used in clinical trials.
Also, we should explore the methods from different ways of
applying cytokines in cartilage repair.

Many studies have paid much attention to growth factors that are
involved in promoting cartilage repair from hMSCs. These growth
factors, particularly the members of the transforming growth fac-
tor-beta family, have the ability to induce hMSC chondrogenesis
and synthesize specific chondrogenic extracellular matrix like
collagen type II and aggrecan. However, the use of TGF-B produced
contradictory results due to its side effect to drive stem cells toward
hypertrophy or fibrosis.”” Additionally, several studies have reported
that TGF-P plays a critical role in the progression of osteoarthritis, a
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kind of cartilage degenerative disease.*® For this purpose, we focused
on the function of IncRNA ADAMTS9-AS2. Our study revealed that
ADAMTS9-AS2 had the ability to promote hMSC chondrogenic dif-
ferentiation in osteochondral defect in vivo, without the addition of
TGF-B. In this case, ADAMTS9-AS2 can positively regulate the
chondrogenic differentiation of hMSCs both in vitro and in vivo.
Our findings provide a novel perspective for using IncRNA to induce
hMSC chondrogenesis for cartilage defect therapy.

MATERIALS AND METHODS

hMSC Cultures

Primary hMSCs were collected from the bone marrow of 6 individ-
uals, aged 35-55 years, who were undergoing total hip replacement.
None of these selected patients had any clinical evidence of recent
infection or systemic disease, and none had a history of smoking or
radiotherapy or chemotherapy. All samples were collected from the
Shanghai Ninth People’s Hospital. Written informed consent was
provided by all participants.

hMSCs from bone marrow aspirates were cultured in expansion me-
dium (10% fetal calf serum, a-MEM) supplemented with 1% peni-
cillin-streptomycin and 1 ng/mL basic fibroblast growth factor.
Non-adherent cells were washed off after 2 days, and adherent cells
were further expanded. At subconfluence, hMSCs were trypsinized
for cell passages. The expanded cells at passage 3-6 were used for
experiments.

Microarray and Data Analysis

Two groups of cells (hMSCs from the same patient undergoing expan-
sion and chondrogenic induction to chondrogenesis), which each con-
tained the mixture of cell sources from three parallel experiment, were
prepared, and total RNA was isolated using TRIzol reagent. RNA qual-
ity and quantity were measured by Nanodrop 2000 (Thermo Fisher
Scientific). RNA integrity was assessed by standard denaturing agarose
gel electrophoresis. For microarray analysis, Agilent Array platform
was employed. The sample preparation and microarray hybridization
were performed based on the manufacturer’s standard protocols with
minor modifications. All labeled IncRNAs were hybridized onto an
Arraystar Human LncRNA Microarray version -3.0 (Arraystar, Kang-
cheng, Shanghai, China). The microarray screening data have been
submitted to the GEO database (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgitacc=GSE128533). A heatmap was exported using Agi-
lent Feature Extraction software (version 11.0.11, Agilent Technolo-
gies). Differentially expressed IncRNAs with statistical significance be-
tween the two samples were identified through fold change filtering.

Oligonucleotide and Cell Transfection

Both the miRNA mimics (mimic-nc) and miRNA antagomir (antago-
mir-nc) were synthesized by RiboBio Biotech (Guangzhou, China).
Oligonucleotide transfection was conducted using Lipofectamine
2000 transfection reagent (Invitrogen), in accordance with the man-
ufacturer’s recommendations. For induction of hMSC chondrogenic
differentiation, the cells were transfected every 3 days to maintain the
effectiveness of genetic changes during chondrogenic induction.
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Lentiviruses and Plasmids

The shRNA oligonucleotides were designed from the website RNAi-
Designer (http://rnaidesigner.thermofisher.com/rnaiexpress/). The
shRNA and sh-nc plasmid were constructed by using the plasmid
pLVX-shRNA, and the overexpressing plasmid was constructed
by using the plasmid pLVX-puro. For lentivirus packaging, 293T
cells were transfected with the above plasmids and the packaging
plasmids pMD2.G and psPVX2. The harvested lentiviruses were
concentrated, purified, and preserved at —80°C. The lentivirus
titer was 1*10°TU/mL. hMSCs were cultured at a concentration
of 2 x 10° cells per well in six-well plates. After the cells had grown
to 30%-40% confluence, they were infected with 20 pL lentiviruses
in the presence of polybrene. When hMSCs were transfected with
lentiviruses for 12 h, we replaced with fresh medium to grow the
cells. Because the plasmids we used contained GFP fragments,
so the lentivirus infection efficiency could be tested by GFP
expression.

In Vitro Chondrogenic Differentiation

Micromass culture was performed with hMSCs at passage 3-6. hMSCs
were infected with lentiviruses to inhibit and overexpress ADAMTS9-
AS2, respectively. Then hMSCs were collected and plated at a density
of 2 x 107 cells/mL as 10-pL drops on a dish. After cell adhesion of 3 h,
we supplemented with chondrogenic induced medium to the plate.
Then we replaced the chondrogenic induced medium every 3 days.
The chondrogenic induced medium contained insulin-transferrin-se-
lenium (100*), Thermo Fisher Scientific; L-proline (4 j1g/mL), Sigma;
dexamethasone (100 nM), Sigma; sodium L-ascorbate (10 pg/mL),
Sigma; linoleic acid (470 ng/mL), Sigma; BSA (50 pg/mL, BSA), Sigma;
and TGF-B1 (10 ng/mL), PeproTech.

To explore the condensation ability of hMSCs after inhibiting the
expression of ADAMTS9-AS2, we performed semi-micromass cul-
ture. hMSCs at the density of 5 x 10° cells/mL as 10-pL drops were
plated on a dish. Further induction methods were the same as those
mentioned above.

Luciferase Report Assay

The putative miR-942-5p and miR-153-5p target-binding sequence in
wild-type IncRNA ADAMTS9-AS2 and the mutant of binding
sequence for miR-942-5p were synthesized and cloned downstream
of luciferase gene in psi-check2 luciferase vectors. To determine
whether miR-942-5p directly targets Scrgl and Sox9, we constructed
wild-type Scrgl and Sox9 reporter plasmids and mutant plasmid by
changing binding sequences of Scrgl with psi-check2 plasmids.

These plasmids and miRNA mimics (mimic-nc and mimic-miRNA)
were co-transfected into 293T cells. Firefly and Renilla luciferase ac-
tivities were measured by a Dual Luciferase Assay (Promega) at 48 h
after transfection. All experiments were repeated three times.

RNA Isolation and qPCR
Total RNA was extracted with TRIzol reagent (Invitrogen). cDNA
was synthesized with a reverse transcript kit (Takara) according to
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the manufacturer’s instructions. QPCR was performed in a ViiA 7
real-time PCR system (Applied Biosystems) using the SYBR premix
EX TAG (Takara). miRNAs were detected by using Bulge-loop
primers designed from RiboBio Biotech (Guangzhou, China).
mRNA primers were designed and synthesized from Sangon Biotech.
B-actin and small nuclear RNA U6 were used as internal controls for
mRNAs and miRNAs.

Histology and Immunohistochemistry

The presence of sulfated proteoglycans and glycosaminoglycan from
the extracellular matrix indicative of cartilage formation was detected
by Safranine O staining, Alcian blue staining, and toluidine blue stain-
ing. Micromass from hMSC differentiation was washed in PBS, fixed
in 4% paraformaldehyde for 1 h, and rehydrated with graded ethanol.
Safranine O was stained with 0.2% Safranine O solution (Sigma).
Alcian blue was stained with 1% Alcian blue (Sigma) dissolved in ace-
tic acid. Toluidine blue was stained with 0.5% toluidine blue solution
(Sigma). Each experiment was repeated at least three times using trip-
licate samples.

Sections of hMSC micromass (5 mm) or osteochondral constructs
(6 mm) were subjected to immunohistochemistry. With this aim,
immunohistochemistry antibodies were used as follow: Col2al
(1:200, Abcam), ACAN (1:100, Abcam), Sox9 (1:200, Abcam), and
Scrgl (1:200, Novus Biologicals). Pepsin (Sigma) was used to
retrieve the antigen and 5% goat serum was used to block the un-
specific background antigen. Sections were incubated with the pri-
mary antibodies overnight at 4°C. A streptavidin-horseradish perox-
idase (HRP) detection system (MX Biotech) was used according to
the manufacturer’s instructions. Sections were then counterstained
with hematoxylin and sealed with neutral balsam. For the statistical
analysis on immunohistochemistry of the sections, the positive im-
munostaining was expressed as percentage of positive area of the
samples.

Osteochondral Defect Model

Osteochondral defects were created from rat osteochondral femur
head, this method slightly modified from a previous study. The femur
heads were taken from 8- to 10-week-old male rats. All of the rats
were maintained in a specific pathogen-free animal facility of the
Institute of Health Sciences (the Chinese Academy of Sciences). All
of the animal experiments were approved by the Ethics Committee
of the Shanghai Jiao Tong University School of Medicine. The tissues
were then incubated overnight in 10% fetal calf serum DMEM high-
glucose supplemented with 1.5 mg/mL fungizone and 50 mg/mL
gentamicin to verify sterility. Osteochondral defects were produced
using a 5-mm diameter electric drill, and the osteochondral defects
were created according to the follow aspects: the cartilage sections
were removed completely and the upper parts of the subchondral
bone were damaged by scraping the surface. To prevent outgrowth
of cells from the subchondral bone, the defect tissues were placed
in 2% low-gelling agarose (Sigma), in such a way that the subchondral
bone was coated by the agarose and the cartilage and supplemented
hMSCs were above the agarose surface.

In Vivo Implantation of Osteochondral Defects with hMSCs
hMSCs were infected with overexpression ADAMTS9-AS2 lentivirus
and control lentivirus as described above, and then the cells were
collected at day 7 and resuspended in 1.2% low-viscosity alginate
(Sigma), at a density of 2.5 x 107 cells/mL. Meanwhile, 40 mL alginate
cell suspension and 60 mL 102 mM CaCI, were added to the engi-
neered osteochondral defects. The defect tissues were cultured over-
night in a 37°C incubator to stabilize this system. The osteochondral
defects were implanted subcutaneously on the backs of 10- to 12-
week-old female nude mice under 4% chloral hydrate anesthesia.
Each mouse was implanted with two osteochondral defect tissues,
in such way that the two different condition hMSCs (treated with con-
trol lentivirus and ADAMTS9-AS2 overexpression lentivirus) were
present in the same animal, which guaranteed the similar microenvi-
ronment. Before implantation the surface of the osteochondral de-
fects was covered with a permeable membrane, which allowed the
surrounded cytokines to pass through it. This membrane originated
from Milli Hang Culture transwell (Millipore), the pore size 8 pum,
was cut with scissors to cover the defect. In such a way, the membrane
prevented the seeded cells from escaping from the defects and
stopped cells from the outside of the defects entering the injury posi-
tion for repair. After 12 weeks, mice were euthanized by cervical dislo-
cation, and the osteochondral defects were taken out and fixed in 4%
paraformaldehyde for 24 h, decalcified in 12.5% EDTA (pH 7.0) for
3 weeks, and embedded in paraffin. The samples were then sectioned
and subjected to histological analysis. All of the animals were main-
tained in a specific pathogen-free animal facility of the Institute of
Health Sciences (the Chinese Academy of Sciences). All of the animal
experiments were approved by the Ethics Committee of the Shanghai
Jiao Tong University School of Medicine.

Statistical Analysis

Statistical analysis was performed with SPSS 19.0 (IBM, Armonk, NY,
USA). Data were presented as mean + SD. A statistical difference be-
tween two groups was determined by a two-tailed Student’s t test. p <
0.05 was considered statistically significant.
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