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The TMSB4 Pseudogene LncRNA Functions
as a Competing Endogenous RNA to Promote
Cartilage Degradation in Human Osteoarthritis
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Mechanical stress plays a key role in the development of
cartilage degradation in osteoarthritis (OA). Nevertheless,
the role of long noncoding RNAs in mechanical stress-
induced regulation of chondrocytes remains unclear. The
aim of this study was to explore the function of mechani-
cal stress-related long noncoding RNAs in cartilage. Tissue
samples were collected from 50 patients and chondro-
cytes were exposed to cyclic tensile strain (CTS). A total
of 107 IncRNAs were differentially expressed in damaged
cartilage versus intact cartilage. Of these INncRNAs, 51
were upregulated and 56 were downregulated in the
damaged tissue. The TMSB4 pseudogene, INCRNA-MSR,
was upregulated in the damaged cartilage and was acti-
vated in chondrocytes in response to mechanical stress.
Furthermore, INncRNA-MSR regulated the expression of
TMSB4 by competing with miRNA-152 in chondrocytes.
Our results demonstrated that upregulation of IncRNA-
MSR initiates pathological changes that lead to cartilage
degradation, and the inhibition of IncRNA-MSR could
represent a potential therapeutic target for OA.
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INTRODUCTION
Osteoarthritis (OA) is a degenerative joint disease characterized by
articular cartilage degradation and is the leading cause of physical
disability." In OA, the medial compartment of the articular cartilage
is the most susceptible to degeneration, whereas the lateral com-
partment remains relatively unaffected.>® Differences in mechanical
factors underlie the disparity in disease susceptibility between the
medial and lateral compartment; the damaged cartilage regions are
usually subjected to mechanical loading, whereas intact regions are
not. In particular, chondrocytes in the damaged cartilage are suscep-
tible to mechanical stress and the tensile properties of the damaged
cartilage are lost due to the destruction of the collagen network.**
During normal movements in vivo, articular chondrocytes
are exposed to compression loads of 15%, which leads to 5% ten-
sile strain in chondrocytes.® In vitro, chondrocytes with a tensile
strength at a magnitude of 10% or higher have proinflamma-
tory functions, whereas a magnitude of 5% exerts protective and

anti-inflammatory effects.”® In our study, we applied cyclic tensile
strain (CTS) with 10% elongation for 24 hours and CTS with 5%
as a control. Thymosin (-4 (TMSB4) is the principal intracellular
G-actin sequestering protein involved in the binding of mono-
meric actin. The function of TMSB4 is to prevent actin filament
polymerization while maintaining a pool of actin monomers to
use when the cell requires filament assembly.’” Previous stud-
ies have shown that TMSB4 expression is upregulated at all time
points during mechanical load in cartilage'® and TMSB4 can acti-
vate the induction of metalloproteinase in chondrocytes."

Pseudogenes, a subclass of long noncoding RNAs (IncRNAs)
that developed from protein-coding genes but have lost the abil-
ity to produce proteins, have long been viewed as nonfunctional
genomic relics of evolution.”? LncRNAs are a diverse class of tran-
scribed RNA molecules with a length of more than 200 nucleotides
and limited protein coding potential.> Many IncRNAs are differ-
entially expressed in different tissues and under various devel-
opmental and pathological conditions."*'* We have previously
shown that a number of IncRNAs are differentially expressed in
OA and normal cartilage, and identified a vimentin pseudogene,
IncRNA-CIR, in OA.'®

In the present study, we investigated the mechanism of
IncRNAs on mechanical stress-induced degeneration of articular
cartilage during OA progression. We identified a small number of
new IncRNAs that are upregulated or downregulated in different
cartilage regions. Specifically, we identified a new TMSB4 pseu-
dogene IncRNA related to mechanical stress (IncRNA-MSR). We
showed IncRNA-MSR controls TMSB4 expression by functioning
as a competing endogenous RNA (ceRNA) for microRNAs (miR-
NAs), which leads to the disruption of the cytoskeleton and the
increased expression of matrix metalloproteinases (MMPs). We
also showed that IncRNA-MSRs participate in chondrocyte ECM
degradation and in the occurrence and development of OA.

RESULTS

LncRNA expression profiles in the different regions

of cartilage

Cartilage fragments of intact or damaged tissue that satisfied the cri-
teria for inclusion were selected for the experiments. A hierarchical
clustering showed the expression of IncRNAs and protein-coding
RNAs in the cartilage (Supplementary Figure S1). We identified 107
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IncRNAs that were differentially expressed in the damaged cartilage
compared to the intact cartilage. Of these IncRNAs, 51 were upreg-
ulated and 56 were downregulated in the damaged tissue samples
(Supplementary Table S1). The differentially expressed mRNAs
were selected for gene ontology (GO) analysis. We selected signifi-
cant GO terms including “response to stress” and “cytoskeleton orga-
nization” according to the GO enrichment analyses (Supplementary
Figure S4). To validate the microarray data, we performed real-time
PCR on the selected genes using 50 pairs of cartilage samples. We
identified a new TMSB4 pseudogene IncRNA related to mechanical
stress, which we called IncRNA-MSR. LncRNA-MSR is located at
20q13.13, and its primary source is HGNC: 11888. Gene ID: 7120
in NCBI. The parent gene TMSB4 is at Xq21.3-q2. HGNC: 11881.
Gene ID: 7114 in NCBI. There are 37 base differences between
IncRNA-MSR and the parent gene (Supplementary Table S2). In
addition, we used RNAFOLD to predict the secondary structure of
IncRNA-MSR, and bioinformatics results indicated that IncRNA-
MSR is a long noncoding RNA and lack of protein-coding potential
(Supplementary Figure S2). The data confirmed that the TMSB4
pseudogene IncRNA (IncRNA-MSR) was significantly upregulated
in the damaged region compared with the intact region of the car-
tilage in OA (Figure 1a). Furthermore, the expression of COL2A1
and aggrecan (ACAN), which are regulated in OA, were signifi-
cantly decreased, whereas the expression of TMSB4, MMP13, and
ADAMTSS5 were increased in the damaged region of the cartilage
compared to the intact region (Figure 1b).

The newly identified IncRNA-MSR is upregulated by
mechanical stress

To investigate the effect of biomechanics on chondrocytes, the
cells were exposed to preoptimized magnitudes of CTS using
Flexcell-5000. Northern blotting analysis showed that the expres-
sion of IncRNA-MSR in chondrocytes was increased by CTS
with a magnitude of 10% compared to 5% (Figure 2a). ECM-
related genes (COL2A1 and ACAN) were not induced by CTS
over a period of 4 hours; however, the expression of MMP13 and
TMSB4 increased with the duration of CTS, and the expression
of COL2A1 and ACAN were significantly downregulated over
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24 hours (Figure 2b). We also confirmed that the expression of
IncRNA-MSR and TMSB4 increased after chondrocytes were
exposed to CTS at a magnitude of 10% and higher (Figure 2c).
Furthermore, the expression of IncRNA-MSR and TMSB4 were
regulated in parallel with the duration of CTS (Figure 2d).
Chondrocytes were exposed to optimized CTS with a magnitude
of 10% (0.5 Hz) for 24 hours throughout the study.

The effects of IncRNA-MSR on the expression

of TMSB4 and the degradation of the ECM in
chondrocytes

To analyze the effects of IncRNA-MSR on the expression of
TMSB4, we transfected chondrocytes with p-IncMSR and si-MSR
(Supplementary Figure S3). The results showed that the overexpres-
sion of IncRNA-MSR increased TMSB4 expression (Figure 3a). In
addition, IncRNA-MSR knockdown induced the repression of TMSB4
expression at both the transcriptional and protein level (Figure 3b).
Studies have reported that upregulation of TMSB4 prevents the
exchange of the G-actin-bound nucleotide, resulting in the inhibi-
tion of actin polymerization.'""” Therefore, we investigated the effects
of IncRNA-MSR on ECM degradation and cytoskeleton structure in
the chondrocytes (Supplementary Figure S5). The overexpression of
IncRNA-MSR significantly decreased the expression of COL2A1 and
ACAN, and promoted the expression of MMP13 and ADAMTS5
in chondrocytes (Figure 3a,c). LncRNA-MSR knockdown had the
opposite effects on the expression of these markers (Figure 3bc).
Furthermore, the overexpression of IncRNA-MSR induced cytoskel-
eton remodeling, disorganization of F-actin and a concomitant cell
retraction (Figure 3d); however, IncRNA-MSR knockdown reversed
the mechanical stress-induced disorganization of F-actin (Figure 3e).

The effects of IncRNA-MSR on TMSB4 expression as a
ceRNA in chondrocytes

Many pseudogene transcripts exert regulatory control of their
ancestral gene’s expression and function as competing endog-
enous RNA (ceRNA), competing for miRNAs that target the com-
mon sequences.** We predicted miRNAs using the TargetScan,
microRNA.org, and miRanda prediction algorithms.** We found
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Figure 1 The differentially expressed genes in the different cartilage regions. (a) The expression of INcRNA-MSR was analyzed using quantita-
tive polymerase chain reaction (qPCR). The ACt values were used to measure gene expression, which was normalized to the expression level of
GAPDH. (Intact region group = 50, damaged region group = 50, *P < 0.05, **P < 0.01). (b) The expression of TMSB4, COL2A1, ACAN, MMP13, and
ADAMTS5 were analyzed using qPCR. The results are shown as the mean + standard error of the mean of at least three independent experiments
(*P < 0.05, **P < 0.01).
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that two microRNAs (miR-152 and miR-217) directly targeted the
conserved sequences of both IncRNA-MSR and TMSB4 (Figure 4a).
The miR-REPORT luciferase reporter was constructed to determine
whether miRNA could directly target the 3’-UTR of TMSB4 and
IncRNA-MSR. The luciferase signal of the wild-type IncRNA-MSR
reporter and wild-type TMSB4 3’-UTR reporter was suppressed by
miR-152, whereas the luciferase signal of the mutant reporters was
not affected (Figure 4b,c). In addition, the luciferase activity was not
influenced by miR-217. Furthermore, the overexpression of miR-152
repressed TMSB4 and IncRNA-MSR expression, and the inhibition of
miR-152 increased the expression of TMSB4 and IncRNA-MSR at both
the transcriptional and protein level in the chondrocytes (Figure 4d,e).
These results demonstrated that both TMSB4 and IncRNA-MSR
expression was directly downregulated by miR-152. Furthermore, we
found that high expression of TMSB4 induced by overexpression of
IncRNA-MSR was downregulated by miR-152 (Figure 5a,c), and the
repression of TMSB4 through inhibiting IncRNA-MSR was upregu-
lated by the miR-152 inhibitor (Figure 5b,d). Therefore, we concluded
that IncRNA-MSR functioned as a ceRNA by competing for binding
with miR-152 to regulate TMSB4 expression.

Verification of a schematic model for the ceRNA
function of IncRNA-MSR in chondrocytes

To validate the pathway of mechanical stress in chondro-
cytes, we cotransfected miR-152 mimics and p-IncMSR into
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chondrocytes. The effects of IncRNA-MSR were rescued by
miR-152 and the expression of COL2A1 and ACAN increased.
In addition, the expression of MMP13 significantly decreased
at the transcriptional and protein levels (Figure 6a,c). The
effects of IncRNA-MSR on ECM degradation were also res-
cued by TMSB4 knockdown at the transcriptional and protein
level (Figure 6a,c). Furthermore, we inhibited miR-152 in the
IncRNA-MSR knockdown chondrocytes. The inhibition of
miR-152 reversed the increased expression of the ECM-related
genes that were induced by the depletion of IncRNA-MSR
(Figure 6b,d). The overexpression of TMSB4 also reversed the
protection of ECM by IncRNA-MSR knockdown (Figure 6b,d).
Moreover, the overexpression of IncRNA-MSR disrupted the
actin cytoskeleton, but ectopic expression of miR-152 elimi-
nated this effect. Similarly, TMSB4 knockdown inhibited cyto-
skeleton disassembly (Figure 6e). LncRNA-MSR knockdown
maintained the integrity of the cytoskeleton organization, but
the miR-152 inhibitor induced cytoskeleton reorganization; the
overexpression of TMSB4 also similarly induced cytoskeleton
reorganization (Figure 6f). Finally, we proposed a schematic
model in which IncRNA-MSR is activated by mechanical stress
and functions as a ceRNA to promote the expression of TMSB4
by competitively binding with miR-152. This induces cytoskel-
eton disorganization and MMP expression, leading to ECM
degradation (Figure 6g).
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Figure 2 The newly identified IncRNA-MSR in chondrocytes is stimulated by mechanical stress. (a) The expression of INcRNA-MSR in chondrocytes
by cyclic tensile strain (CTS) at a magnitude of 5% and 10% was examined using Northern blotting. ACTB was used as an internal control. (b) The
chondrocytes were stimulated with mechanical stress for the indicated times. The expression of COL2A1, ACAN, TMSB4, and MMP13 were analyzed
using qPCR at 0, 4, 12, and 24 hours (the 0 hour timepoint was used for comparisons). (c) The expression of TMSB4 and IncRNA-MSR in chondrocytes
were analyzed using gPCR at the various magnitudes of CTS. (d) The expression of TMSB4 and IncRNA-MSR in chondrocytes were analyzed using qPCR
for the various durations of CTS. The results are shown as the mean + SEM of at least three independent experiments (*P < 0.05, **P < 0.01).
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Figure 3 The effects of IncRNA-MSR on TMSB4 expression and ECM in chondrocytes. (a, b) The mRNA expression of TMSB4, COL2A1, ACAN,
MMP13, and ADAMTS5 were determined after overexpression of INcRNA-MSR or siRNA knockdown of IncRNA-MSR. (c) The chondrocytes were
transfected with p-IncMSR or si-MSR, and the protein expression of COL2AT and MMP-13 was analyzed using Western blotting. GAPDH was used
as loading control. (d, e) The chondrocytes were transfected with p-IncMSR or si-MSR, and the cells were fixed and stained with rhodamine phal-
loidin and Hoechst 33342. Bar = 100 um. The results are shown as the mean + SEM of at least three independent experiments (*P < 0.05, **P < 0.01
p-IncMSR versus control (treated with empty plasmid) and si-MSR versus the negative control (NC) siR-Ribo).

DISCUSSION
In our study, we found that IncRNA-MSR, which is activated by
mechanical stress, induced cytoskeleton remolding and MMP
production, thereby promoting cartilage degradation. And we
considered that the inhibition of IncRNA-MSR by siRNA could
represent a potential therapeutic target for OA. OA is a degenera-
tive joint disease, thus, local treatment could achieve good thera-
peutic effect and the side effect is less. So far, numerous previous
studies, both in the laboratory and clinic, have demonstrated the
potential of nucleic acids as therapeutic agents, particularly with
their promise of specificity and functional diversity. But there
are also challenges need to overcome, such as therapeutic agents’
delivery, pharmacokinetics, immunogenicity, and toxicity.**
Pseudogenes are genomic loci that resemble real genes, but
are considered biologically inconsequential because they harbor

Molecular Therapy vol. 24 no. 10 oct. 2016

premature stop codons, deletions or insertions, and frameshift
mutations that abrogate their translation into functional pro-
teins.” The number of pseudogenes is similar to the number of
coding genes and they represent a significant proportion of the
transcriptome.” Despite lacking true promoters, processed pseu-
dogenes utilize proximal regulatory elements to mediate their tran-
scription.” Many pseudogene transcripts belonging to IncRNAs
exhibit tissue-specificity and are involved in various biological
process.” However, to date, very few pseudogenes have been func-
tionally characterized. Processed pseudogenes in mouse oocytes
have been previously reported to generate endogenous small
interfering RNAs (endo-siRNAs) that downregulate the expres-
sion of cognate genes through conventional RNA interference.?
In our previous study, we hypothesized that IncRNA-CIR may
either act as an siRNA itself to suppress the expression of genes
or it may induce mRNA to form endo-siRNAs to downregulate
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Figure 4 LncRNA-MSR is targeted by TMSB4-targeting miR-152. (a) TMSB4 and IncRNA-MSR 3’-UTRs contain a highly conserved domain.
Targeted miRNA seed matches within the high homology region are conserved between TMSB4 and IncRNA-MSR. The miRNAs binding to TMSB4
and IncRNA-MSR are matched by solid lines. (b, c) The luciferase reporter analysis of either the wild-type or mutant TMSB4 and IncRNA-MSR 3’-UTR
activity. The miRNAs were cotransfected with the wild-type or mutant vector, and scrambled miRNA was used as a negative control. (d) The primary
chondrocytes were transfected with the miR-152 mimic or inhibitor. Scrambled miRNA was used as a negative control. The expression of INCcRNA-MSR
and TMSB4 was analyzed using gPCR. (e) The protein expression of TMSB4 was analyzed using western blotting with GAPDH as loading control. The
results are shown as the mean + SEM of at least three independent experiments (*P < 0.05, **P < 0.01).
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Figure 5 The effects of IncRNA-MSR on TMSB4 expression as a ceRNA in chondrocytes. (a) The chondrocytes were transfected with p-IncMSR or
cotransfected with p-IncMSR and the miR-152 mimics. The expression of TMSB4 was determined using qPCR. (b) The chondrocytes were transfected
with si-MSR or cotransfected with si-MSR and the miR-152 inhibitor. The expression of TMSB4 was determined using qPCR. (¢, d) The protein expres-
sion of TMSB4 was analyzed using western blotting. GAPDH was used as loading control. The results are shown as the mean + SEM of at least three
independent experiments (*P < 0.05, **P < 0.01).

vimentin.'® According to recent studies, only a few pseudogenes  is the decoy for the ancestral gene TMSB4. Lnc-MSR acts simi-
undergo antisense transcription. However, the transcripts of larly to a “sponge” and can affect the distribution of miRNA-152
pseudogenes competing with cognate genes for miRNA binding  on its targets. In this decoy manner, ectopic miR-152 expression
have been extensively investigated. We suggest that IncRNA-MSR  is closely related to the expression of IncRNA-MSR and TMSB4.
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Figure 6 The mechanism of IncRNA-MSR regulation of ECM expression by functioning as a ceRNA. (a) The chondrocytes were cotransfected
with the p-IncMSR and miR-152 mimics or cotransfected with p-IncMSR and si-TMSB4. The expression of ECM was analyzed using qPCR. (b) The
protein expression of COL2A1 and MMP-13 was analyzed using Western blotting. (c) The chondrocytes were cotransfected with p-IncMSR and miR-
152 inhibitor or cotransfected with si-MSR and p-TMSB4. The expression of ECM was analyzed using qPCR. (d) The protein expression of COL2A1
and MMP-13 was analyzed using western blotting. The findings in B and D were quantitatively analyzed using western blot images. The results are
shown as the mean + SEM of at least three independent experiments (*P < 0.05, **P < 0.01). (e) The chondrocytes were cotransfected with the
p-IncMSR and miR-152 mimics or cotransfected with p-IncMSR and si-TMSB4, and the cells were stained with rhodamine phalloidin. Bar = 50 um.
(f) The chondrocytes were co-transfected with si-MSR and miR-152 inhibitor or cotransfected with si-MSR and p-TMSB4, and cells were stained with
rhodamine phalloidin. Bar = 50 um. (g) A schematic model showing that IncRNA-MSR was stimulated by mechanical stress and regulated TMSB4
expression through the binding of miR-152, which induced cytoskeleton disassembly and ECM degradation.

Given that no homolog of IncRNA-MSR has been found in other
species, no in vivo models are currently available to study this
mechanism in detail.

TMSB4 has numerous biological activities, including in wound
healing, apoptosis, inflammatory responses, and angiogenesis,
which fundamentally depend upon cell migration.” TMSB4 may
indirectly affect MMP expression by inducing changes in the cyto-
skeleton. Alternatively, TMSB4 may induce MMP expression in
response to a mechanical stimulus either directly or as part of a
second messenger signaling cascade.'” We also found IncRNA-
CIR was differentially expressed in our study and its target gene
was vimentin, which is another vital component of the cytoskel-
eton. Vimentin is a determinant of cell stiffness and is important
in signal transduction and the relay of mechanical signals to
downstream biochemical responses.?” Therefore, the cytoskeleton
plays a vital role in chondrocytes subjected to mechanical stress.
Furthermore, IncRNAs are involved in the mechanical response
of chondrocytes and have a regulatory effect on the process.
Although the function of many IncRNAs has yet to be elucidated,
determining the precise molecular mechanisms of IncRNAs in

Molecular Therapy vol. 24 no. 10 oct. 2016

mechanical stress is critical to understanding the pathogenesis of
OA and exploring novel potential targets for therapy.

MATERIALS AND METHODS

Patients and specimens. OA cartilage was isolated from the knee joints
of 50 patients undergoing total knee arthroplasty and processed for histo-
logical examination. Informed consent was obtained from all tissue donors
included in the current study. The study was approved by the Human
Ethics Committee of Peking University Third Hospital (China). Methods
were carried out in “accordance” with the approved guidelines.

Histological examination. The cartilage specimens were dehydrated in
graded alcohols and xylene, embedded in paraffin, and serially sliced into
5mm sagittal sections. The sections were stained with Toluidine Blue,
Safranin-O, and Hematoxylin and Eosin according to standard protocols.
Histological changes were graded according to a modified Mankin scale.*
A score of <4 points was considered intact cartilage and a score of >6 rep-
resented damaged cartilage.”

Microarray and quantitative real-time PCR. Arraystar IncRNA label-
ing, array hybridization and data processing were performed as previously
described.’ For miRNA quantitative PCR analysis, reverse transcription
of specific miRNAs was performed using Bulge-Loop miRNA primer sets
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(RiboBio, Guangzhou, China.), according to the manufacturer’s instructions.
For mRNA analysis, total RNA was reverse transcribed using target-specific
primers. The expression of constituently active genes GAPDH and U6 were
used to calculate the mRNA and miRNA expression, respectively, using the
2-AACT method.* The primers used in the present study were as follows:

COL2A1 forward: 5-TGGACGATCACGAAACC-3", reverse: 5'-GCT
GCGGATGCTCTCAATCT-3';

ACAN forward: 5-ACTCTGGGTTTTCGTGACTCT-3’, reverse:
5"-ACACTCAGCGAGTTGTCATGG-3';

MMP13 forward: 5-ACTGAGAGGCTCCGAGAAATG-3’, reverse:
5-GAACCCCGCATCTTGGCTT-3%

ADAMTS5 forward: 5-GAACATCGACCAACTCTACTCCG-3,
reverse: 5'-CAATGCCCACCGAACCATCT-3;

TMSB4 forward: 5-CCAGACTTCGCTCGTACTCG-3',
5"-ATTTCACTGTCGTCCCACCC-3%;

IncRNA-MSR  forward:  5-ACTACTGACAACGAAGGCCG-3,
reverse: 5- TTTCACTGTTGTCCCACCCC-3; and IncRNA-CIR
forward: 5-ACACTTGCAAGCCTGGGTAG-3’, reverse: 5-CCATTTT
CCTGTTGGTGCGG-3". The PCR products were confirmed by
sequencing.

reverse:

Northern blotting. Northern blotting was performed as previously
described.”* For all the groups, 20 pg of total RNA was analyzed on an
agarose gel and transferred to a Hybond N+ nylon membrane (Pharmacia).
The membranes were cross-linked using ultraviolet light at 5,000 uJ/cm>.

Primary culture of chondrocytes and exposure to mechanical stress.
Donor chondrocytes were isolated as previously described. Chondrocytes
(5% 10°/well) were grown on ProNectin F-coated Bioflex 6-well culture
plates (Flexcell International, Hillsborough, NC) to 80% confluence. CTS
experiments were performed using an FX-5000 Flexercell system (Flexcell
International, McKeesport, PA). CTS was enforced at 5, 10, and 15% elon-
gation (0.5 Hz) for various periods of time.**

Luciferase assay. LncRNA-MSR containing the putative binding site for
miR-152 and its identical sequence with a mutation of the miR-152 seed
sequence were inserted between the restrictive sites Xho I and Not I of the
pmiR-RB-Report and validated using sequencing. The pmiR-RB-Report
luciferase reporter vectors of the TMSB4 3’-UTR were constructed as
above. HeLa cells were transfected with wild type or mutated reporter vec-
tors, miRNA mimics or negative control. Lysates were harvested 24 hours
after transfection. Renilla luciferase activities were consecutively measured
according to the dual-luciferase assay manual (Promega).

Plasmid construction, RNA interference, and transfection. The full-
length IncRNA-MSR was introduced into the pEGFP-C1 vector, and the
correct constructs were verified using DNA sequencing and designated as
p-IncMSR. Similarly, full-length TMSB4 was cloned into the vector and
designated as p-TMSB4. Small interfering RNAs (siRNAs) against IncRNA-
MSR (named si-MSR) and TMSB4 (named si-TMSB4) were designed
and synthesized by RiboBio. The sequence of the functional si-MSR is
AUGAGGCGUGUGCCGUCAAJTAT and the sequence of the functional
si-TMSB4 is CCCAUCUGUCUAUCUAUCUATAT. For miRNA transfec-
tion, miR-152 mimics, miR-152 inhibitors and negative control (RiboBio)
were transfected into cells using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions.

Western blot. Total protein was extracted using lysis buffer (50 mmol/l of
Tris HCL, pH 7.4, 150 of mmol/l NaCl, 1% NonidetP40, and 0.1% sodium
dodecyl sulfate) and the concentration was determined using a bicincho-
ninic acid protein assay kit (Pierce). The blots were probed overnight at
4 °C with antibodies against COL2A1 (1:1,000 dilution; Abcam), MMP-
13 (1:3,000 dilution; Abcam) and TMSB4 (1:2,000 dilution; Abcam), fol-
lowed by incubation for 1 hour at room temperature with horseradish
peroxidase-conjugated secondary antibody (1:4,000 dilution; Santa Cruz
Biotechnology).
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Cytoskeleton staining. Cells were rinsed in PBS and fixed with 4% para-
formaldehyde for 15 minutes at room temperature. Chondrocytes probed
with rhodamine phalloidin were incubated at room temperature in the
dark for 30 minutes. Subsequently, the samples were washed in PBS and
incubated with Hoechst 33342 for 5 minutes. The cells were observed
under a confocal microscope (FV 1000 Olympus IX-81, Olympus, Tokyo,
Japan).

Statistics. Statistically significant differences between multiple groups were
calculated using an analysis of variance. The results from two groups were
evaluated using t-tests. The results are reported as the mean + standard
error of the mean. A P < 0.05 was considered statistically significant. All
experiments were performed and analyzed in triplicate. The data analysis
was performed using SPSS software (version 15.0, SPSS, Chicago, IL).

SUPPLEMENTARY MATERIAL

Figure S1. The differential expression of IncRNAs in the different
regions.

Figure $2. The secondary structure of INcRNA-MSR was predicted
using RNAFOLD.

Figure $3. The effect of 3 different small interfering RNAs (siRNAs)
against TMSB4 (si-TMSB4) was analyzed using qPCR.

Figure $4. Gene ontology (GO) analysis of differentially expressed
mMRNAs.

Figure S5. The effects of INcRNA-MSR on COL2 degradation.

Table $1. Differentially Expressed LncRNAs in damage versus intact
Cartilage.

Table S$2. The sequence between INcCRNA-MSR and the parent gene.
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