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Abstract

Adolescent idiopathic scoliosis (AIS) is a complex, three dimensional deformity of the spine that commonly occurs in
pubescent girls. Abnormal osteogenic differentiation of mesenchymal stem cells (MSCs) is implicated in the pathogenesis of
AIS. However, the biological roles of long noncoding RNAs (IncRNAs) in the regulation of osteogenic differentiation of
MSCs are unknown. Through microarray analyses of bone marrow (BM) MSCs from healthy donors and AIS patients, we
identified 1483 differentially expressed IncRNAs in AIS BM-MSCs. We defined a novel IncAIS (gene symbol:
ENSTO00000453347) is dramatically downregulated in AIS BM-MSCs. In normal BM-MSCs, IncAlIS interacts with NFOO0 to
promote HOXD8 mRNA stability that enhances RUNX2 transcription in BM-MSCs, leading to osteogenic differentiation of
normal BM-MSCs. By contrast, IncAIS downregualtion in AIS BM-MSCs cannot recruit NF90 and abrogates HOXDS
mRNA stability, which impedes RUNX?2 transcription for osteogenic differentiation. Thereby IncAIS downregualtion in BM-
MSCs suppresses osteogenic differentiation that is implicated in the pathogenesis of AIS.
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Introduction

Adolescent idiopathic scoliosis (AIS) is a complex three
dimensional deformity of the spine occurring mostly in girls
between 10 and 16 years of age during the pubertal growth
spurt [1] [2]. The general incidence of AIS is about 2—4%
worldwide and ~10% of those diagnosed with AIS need
treatment [1]. The main treatment of AIS includes full-time
bracing, which may cause back pain along with psycholo-
gical disorder, and corrective surgery with pedicle screw
instrumentation, which inevitably leads to major operative
trauma, decreased spinal range of motion, and even per-
manent catastrophic neurologic or vascular injury in case of
screw malposition [3-5]. However, the cause and patho-
genesis of AIS remains largely unknown. New therapeutic
approaches are likely to come from an improved under-
standing of the molecular basis of AIS.

AIS patients have abnormal skeletal growth and persis-
tent lower bone mineral density (BMD) compared with sex-
and age-matched controls [6, 7]. Reduced bone mass in
patients with AIS was first reported by Burner et al. in
1982 [8]. Numerous studies verified that reduced BMD in
27 to 38% of patients with AIS [9-11]. In addition,
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Fig. 1 LncAlIS is downregulated in the BM-MSCs of AIS patients.
a Differentially expressed IncRNAs were analyzed by microarray
using BM-MSCs from healthy donors versus AIS patients. BM-MSCs
were derived from 5 healthy donors and 12 AIS patients. b Location of
IncAIS in human genome. LncAIS locates on human chromosome 1,
comprising 4 exons. ¢ LncAIS transcript was analyzed in normal BM-
MSCs and AIS BM-MSCs by real-time qPCR. BM-MSCs were
derived from 20 healthy donors and 30 AIS patients. Primers were
listed in Table S1. Relative gene expression folds were normalized to
endogenous p-actin and counted as means + S.D. **P <0.01. d LncAIS
expression in normal BM-MSCs and AIS BM-MSCs were examined
by Northern blot. A 217 nt probe of IncAIS (11-228nt) was labeled for
northern blot analysis. RNAs were extracted from indicated cells. 18S
RNA was used as a loading control. BM-MSCs were derived from 3
healthy donors and 3 AIS patients. e LncAIS displayed no coding
potential by CPAT analysis. XIST transcript served as a non-coding
gene control. GAPDH and RUNX2 served as coding gene controls.

f LncAIS transcript was cloned into pcDNA4-mychisplasmid and
transfected into 293 T cells for 48 h. Expression of Myc-fused protein
was analyzed by immunoblotting with anti-Myc antibody. KLF4 was
used as a coding protein control. g Fractionation of BM-MSCs fol-
lowed by gPCR. BM-MSCs were lyzed followed by nuclear and
cytoplasmic fractionation and RNA extraction for qRT-PCR analysis.
ACTIN RNA and GAPDH RNA served as positive controls for
cytoplasmic gene expression. Ul RNA served as a positive control for
nuclear gene expression. N: nuclear fraction. C: cytoplasmic fraction.
Primers were listed in Table S1. The data are from three independent
experiments using BM-MSCs derived from 3 healthy donors.
h LncAIS was visualized in BM-MSCs by RNA-FISH assays followed
with immunofluorescence staining. Red: IncAIS probe; Green: Actin;
nuclei were counterstained by DAPI. Scale bar, 20 um. Probes
Sequences were listed in Table S1. More than 100 typical cells were
observed
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longitudinal follow-up to skeletal maturity revealed that
osteopenia persists in over 80% of girls with AIS [12],
suggesting that osteopenia may be a lifelong systematic
abnormality of bone metabolism in patients with AIS.
Mesenchymal stem cells (MSCs), present in the stroma of
all mammalian organs, can differentiate into osteoblasts,
adipocytes and chondrocytes [13, 14]. In addition, MSCs
are indispensable in both intramembranous and endochon-
dral bone formation [15, 16]. We previously demonstrated
that bone marrow (BM) MSCs in AIS patients display
decreased osteogenic differentiation ability [17]. Our find-
ings were further confirmed by Park et al.’s study [18].
Given the functional characteristics of MSCs in bone
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Osteoid area

formation and resorption, we thus hypothesized that MSCs
is implicated in the pathogenesis of AIS.

Long non-coding RNAs (IncRNAs) are recently recog-
nized as a class of genes, longer than 200 nucleotides (nt)
transcripts lacking protein-coding potential [19]. LncRNAs
are less conserved in various species but more tissue-
specific compared with protein-coding genes. Recent stu-
dies revealed that IncRNAs participate in various biological
processes, including chromatin modification, transcriptional
regulation, imprinting, and nuclear transportation [20]. We
recently reported that several IncRNAs are involved in the
self-renewal maintenance of liver cancer stem cells [21-23].
Recent studies reported that several IncRNAs modulate
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« Fig. 2 LncAIS knockdown suppresses in vitro osteogenic differ-

entiation and in vivo bone formation. a BM-MSCs were infected with
lentivirus expressing shlncAIS and cultured MSC media for 3 days,
followed by detection of mRNA levels of IncAIS with real-time qPCR.
Primers were listed in Supplementary Table S1. Relative gene
expression fold changes were normalized to endogenous f-actin and
counted as means +S.D. **P<0.01. The data are from three inde-
pendent experiments using BM-MSCs derived from 3 healthy donors.
b Cell proliferation of shlncAIS BM-MSCs compared with shCtrl BM-
MSCs were tested by Cell Counting Kit-8 (CCK-8) assay. 1x 10
human BM-MSCs per well were seeded. CCK-8 reagent was loaded
24 h after seeding. OD450 was measured every 2 days. Absorbance
changes were counted as means = S.D. **P <(0.01. Data are from three
independent experiments using BM-MSCs derived from 3 healthy
donors. ¢ Cell migration of BM-MSCs was measured by wound
healing assay. Data are from three independent experiments using BM-
MSCs derived from 3 healthy donors. Scale bar, 10 pm. d Apoptosis of
BM-MSCs was analyzed by Hoechst 33342/PI double-staining fol-
lowed by flow cytometry. Data represent three independent experi-
ments using BM-MSCs derived from 3 healthy donors. e BM-MSCs
were cultured in MSC maintenance medium. Expression levels of self-
renewal related genes were assessed in indicated BM-MSCs by real-
time qPCR. Primers were listed in Table S1. Relative gene expression
fold changes were normalized to endogenous p-actin and counted as
means +S.D. **P<0.01. Data represent three independent experi-
ments using BM-MSCs derived from 3 healthy donors. f BM-MSCs
were cultured in OriCell MSC osteogenic differentiation medium for
6 days. Expression levels of osteogenic differentiation genes were
assessed in indicated BM-MSCs by real-time qPCR. Primers were
listed in Supplementary Table S1. Relative gene expression fold
changes were normalized to endogenous f-actin and counted as means
+S.D. ¥**¥P <0.01. Data represent three independent experiments using
BM-MSCs derived from 3 healthy donors. g ALP staining was per-
formed on day 6 of osteogenic differentiation. Scale bar, 10 um. h Von
kossa staining was performed to detect mineral deposition on day 12.
Scale bar, 10 pum. Color intensity of mineral deposition was quantified
by Imagel. Intensity changes were counted as means=+S.D.
*#P <0.01. i Indicated BM-MSCs were implanted into NOD/SCID
mice. Bone matrix formation was measured by Fast Green staining
after 8 weeks of implantation. Black arrow denotes bone formation in
upper panel. Osteoid areas were quantified by ImagelJ. Positive-stained
areas were counted as means = S.D. **P <(.01. Bone maturity was
measured by Alcian Blue staining. N =6 mice for each group. BM-
MSCs were derived from 3 healthy donors. Scale bar, 50 um

their respective nearby protein-coding genes to exert critical
roles in the mesendodermal differentiation and heart
development [24, 25]. However, the biological roles of
IncRNAs in the pathogenesis of AIS are unknown. Here, we
show that a novel IncRNA [ncAIS (gene symbol:
ENST00000453347) is highly expressed in normal BM-
MSCs and its downregulation in BM-MSCs is implicated in
the pathogenesis of AIS.

Results

LncAlIS is downregulated in the BM-MSCs of AIS
patients

In order to identify key IncRNAs involved in adolescent
idiopathic scoliosis (AIS), we performed microarray

analyses in BM-MSCs derived from 5 healthy donors and
12 AIS patients. A total of 1483 IncRNAs (718 upregulated
and 765 downregulated) were differentially expressed in
normal BM-MSCs versus AIS BM-MSCs (Fig. 1a). Among
the top downregulated IncRNAs in AIS BM-MSCs, we
focused on an uncharacterized IncRNA that we called
IncAIS (gene symbol: ENST00000453347). LncAIS, located
on chromosome 1, was composed of four exons with a full-
length of 476 nt transcript. Of note, IncAIS was identified as
a conserved locus (Fig. 1b). We further verified that IncAIS
was significantly downregulated in AIS patient-derived
BM-MSCs from 30 samples compared with BM-MSCs
from 20 healthy donors (Fig. 1¢). Downregulation of IncAIS
in AIS BM-MSCs was further validated by Northern blot,
with only one transcript in BM-MSCs (Fig. 1d). In addition,
IncAIS did not produce any detectable peptides by predic-
tion with coding-potential assessment tool (CPAT) and by
in vitro translation assay (Fig. le, f). Of note, IncAIS was
mainly distributed in the nucleus of human BM-MSCs
through cellular fractionation assays (Fig. 1g). Moreover,
downregulation of IncAIS in AIS BM-MSCs and nuclear
distribution of IncAIS were further validated by RNA
fluorescence in situ hybridization (RNA-FISH) (Fig. 1h).
Altogether, we reveal that IncAIS is highly expressed in
normal human BM-MSCs and dramatically downregulated
in AIS patients.

LncAlS knockdown suppresses in vitro osteogenic
differentiation and in vivo bone formation

To explore the physiological role of IncAIS in AIS patho-
genesis, we silenced /ncAIS in healthy normal BM-MSCs
using lentivirus-mediated short hairpin RNAs (shRNAs).
Knockdown efficiency was confirmed by real-time quanti-
tative PCR (Fig. 2a). We found that IncAIS depletion
inhibited proliferation of BM-MSCs compared with
scrambled control (shCtrl) treated cells (Fig. 2b). However,
IncAIS knockdown did not affect migratory capability of
BM-MSCs by wound healing assay (Fig. 2c). Moreover,
IncAIS depletion did not significantly alter cell apoptosis
compared to shCtrl-treated BM-MSCs (Fig. 2d). Of note,
IncAIS depletion remarkably suppressed expression levels
of self-renewal related genes in BM-MSCs when cells were
cultured in MSC maintenance medium (Fig. 2e). In addi-
tion, IncAIS depletion substantially downregulated expres-
sion levels of osteogenic differentiation genes when cells
were cultured in osteogenic differentiation medium
(Fig. 2f). Consequently, IncAIS knockdown dramatically
suppressed osteogenic differentiation via alkaline phos-
phatase (ALP) staining (Fig. 2g), as well as decreased
mineral deposition by Von Kossa staining (Fig. 2h).

To further determine the role of IncAIS in vivo, we used
an ectopic bone formation model in NOD/SCID mice.

SPRINGERNATURE
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shCtrl or shlncAIS-infected BM-MSCs were incubated with
hydroxyapatite/tricalcium phosphate (HA/TCP) scaffolds
and implanted subcutaneously into NOD/SCID mice for
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8 weeks. We observed that shCtrl-infected BM-MSCs could
form substantial osteoids in the mouse grafts, whereas
shincAIS-infected BM-MSCs formed less osteoids in the
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<« Fig. 3 LncAlIS overexpression promotes osteogenic differentiation and

bone formation. a BM-MSCs from healthy donors (Normal) were
infected with lentivirus expressing IncAIS and cultured in MSC media
for 3 days, followed by detection of cell proliferation with CCK-8 kit
as in Fig. 2b. Absorbance changes were counted as means + S.D. **P
<0.01. Data are from three independent experiments using BM-MSCs
derived from 3 healthy donors. b Indicated BM-MSCs were cultured
as in Fig. 2e. Expression levels of self-renewal related genes were
assessed by real-time qPCR. ¢ Indicated BM-MSCs were cultured as in
Fig. 2f. Expression levels of osteogenic differentiation genes were
assessed by real-time qPCR. Data are from three independent
experiments using BM-MSCs derived from 3 healthy donors.
d Western blot analysis of osteoblast marker gene expression in
indicated cells on day 6 of osteogenic differentiation. Data are from
three independent experiments using BM-MSCs derived from 3
healthy donors. e Osteogenic differentiation was induced as in Fig. 2f.
ALP staining was performed on day 6 of osteogenic differentiation.
Data are from three independent experiments using BM-MSCs derived
from 3 healthy donors. Scale bar, 10 um. f Osteogenic differentiation
was induced as in Fig. 2f. Von Kossa staining was performed to detect
mineral deposition on day 12. Data are from three independent
experiments using BM-MSCs derived from 3 healthy donors. Scale
bar, 10 pm. Color intensity of mineral deposition was quantified by
Imagel. Intensity changes were counted as means = S.D. **P<0.01. g
Ectopic bone formation in vivo was induced as in Fig. 2i. Bone matrix
was measured by Fast green staining after 8 weeks of implantation.
Black arrow denotes bone formation in upper panel. Osteoid areas
were quantified by Imagel. Positive-stained areas were counted as
means + S.D. ¥**P <(.01. Bone maturity was measured by Alcian Blue
staining. N =6 mice for each group. BM-MSCs were derived from 3
healthy donors. Scale bar, 50 um. h BM-MSCs from healthy donors
(Normal) or AIS patients (AIS) were infected with lentivirus expres-
sing IncAIS (oelncAlS) or vector control (Vec) and cultured in MSC
media for 3 days, followed by detection of expression levels of self-
renewal related genes as in Fig. 2e. i BM-MSCs from healthy donors
(Normal) or AIS patients (AIS) were infected with lentivirus expres-
sing IncAIS (oelncAlS) or vector control (Vec) and cultured in MSC
media for 3 days, followed by detection of expression levels of
osteogenic differentiation genes as in Fig. 2f. Data are from three
independent experiments using BM-MSCs derived from 3 healthy
donors. j BM-MSCs from healthy donors (Normal) or AIS patients
(AIS) were infected with lentivirus expressing IncAIS (oelncAlS) or
vector control (Vec) and cultured in MSC media for 3 days. Osteo-
genic differentiation was induced as in Fig. 2f. ALP staining was
performed on day 6 of osteogenic differentiation. k BM-MSCs from
healthy donors (Normal) or AIS patients (ALS) were infected with
lentivirus expressing IncAIS (oelncAlIS) or vector control (Vec) and
cultured in MSC media for 3 days. Osteogenic differentiation was
induced as in Fig. 2f. Von Kossa staining was performed to indicate
mineral deposition on day 12. Data are from three independent
experiments using BM-MSCs derived from 3 healthy donors. Scale
bar, 10 um

mouse grafts (Fig. 2i). Therefore, IncAIS knockdown
inhibits osteogenic differentiation in vitro and ectopic bone
formation in vivo.

LncAlS overexpression promotes osteogenic
differentiation and bone formation

We next overexpressed IncAIS in normal BM-MSCs by
lentivirus. LncAIS overexpression dramatically increased

cell proliferation of normal BM-MSCs (Fig. 3a). Con-
sistently, IncAIS overexpression enhanced expression levels
of self-renewal related genes and osteogenic differentiation
genes (Fig. 3b, c¢). In addition, /ncAIS overexpression also
augmented protein levels of the osteogenic marker genes
such as osteopontin (OPN), COL1A1 and IBSP compared
with vector-transfected BM-MSCs during osteogenic dif-
ferentiation (Fig. 3d). Consequently, IncAIS overexpression
enhanced osteogenic differentiation of BM-MSCs by ALP
staining (Fig. 3e) and Von Kossa staining (Fig. 3f). Finally,
IncAlS-overexpressed BM-MSCs remarkably increased
quantity and size of osteoids in the mouse grafts through
in vivo ectopic bone formation model in NOD/SCID mice
(Fig. 3g).

In order to determine the role of /ncAIS in the pathologic
process of AIS, we enforced IncAIS expression in AIS BM-
MSCs by lentivirus infection. Of note, overexpression of
IncAIS in AIS BM-MSCs could also rescue the expression
levels of self-renewal related genes and osteogenic differ-
entiation genes to normal levels (Fig. 3h, i). Importantly,
enforced IncAIS expression in AIS BM-MSCs restored
osteogenic differentiation capacity as well (Fig. 3j, k).
Collectively, IncAIS promotes BM-MSCs to drive osteo-
genic differentiation.

LncAlIS activates HOXD8 transcription

We next performed transcriptome microarray analysis
between IncAlS-silenced and shCtrl-treated BM-MSCs. We
chose top ten downregulated transcription factors (TFs) in
IncAIS-silenced BM-MSCs (Fig. 4a), and detected their
expression levels in normal BM-MSCs. Of note, HOXDS,
acting as a BM-MSC marker gene, was most highly
expressed in BM-MSCs (Fig. 4b). However, the role of
HOXDS$ in regulating osteogenic differentiation of BM-
MSCs has not been characterized. We then depleted
HOXDS8 in normal BM-MSCs by lentivirus-mediated
shRNAs. We observed that HOXDS depletion inhibited
proliferation of BM-MSCs compared with shCtrl treated
cells (Fig. 4c). Moreover, HOXDS8 depletion also sup-
pressed expression levels of self-renewal related genes and
osteogenic differentiation genes in BM-MSCs (Fig. 4d, e).
Repressed osteogenic differentiation by HOXDS8 depletion
was further validated by ALP staining (Fig. 4f) and by Von
Kossa staining (Fig. 4g).

In addition, HOXDS8 overexpression dramatically
increased cell proliferation rate in normal BM-MSCs
(Fig. 4h). Consistently, HOXDS8 overexpression promoted
expression levels of self-renewal related genes and osteo-
genic differentiation genes in BM-MSCs (Fig. 4i, j). Con-
sequently, HOXDS8 overexpression enhanced osteogenic
differentiation of BM-MSCs by ALP staining (Fig. 4k) and
Von Kossa staining (Fig. 41). Altogether, these data suggest
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that HOXDS is required for osteogenic differentiation of
BM-MSCs.

LncAIS interacts with NF90 to enhance the mRNA
stability of HOXD8

LncRNAs are usually positively correlated with regulation of
their nearby protein-coding genes [22, 23]. However, we
found that depletion of IncAIS in BM-MSCs did not affect the
expression levels of its neighboring genes (Fig. 5a), sug-
gesting IncAIS may exert its regulatory roles in trans. We then
performed a Biotin-labeled RNA pulldown assay to identify

SPRINGER NATURE

potential /ncAlS-associated proteins from BM-MSC lysates.
NF90 was identified to bind IncAIS in BM-MSCs (Fig. 5b).
NF90, a protein of interleukin enhancer binding factor 3
(ILF3) family, is an RNA-binding protein to regulate gene
expression or to stabilize mRNAs [26, 27]. The interaction of
IncAIS with NFO0 was further confirmed by RNA pulldown
(Fig. 5c), and RNA-immunoprecipitation (RIP) assay
(Fig. 5d). Moreover, IncAIS was co-localized with NF90 in
the nuclei of BM-MSCs (Fig. Se). These results indicate that
IncAIS associates with NF90 protein in BM-MSCs.

How NF90 regulates osteogenic differentiation and AIS
pathogenesis has not been defined yet. We then depleted
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Fig. 4 LncAlIS activates HOXDS8 transcription. a Heat map of tran-
scriptome microarray analysis between shlncAIS and shCtrl treated
BM-MSCs. Top ten downregulated TFs in shlncAIS BM-MSCs were
listed. Data are from two independent experiments using BM-MSCs
derived from 2 healthy donors. Each matched shCtrl and shLncAIS
was derived from the same healthy BM-MSC donor. b HOXDS was
most highly expressed in BM-MSCs among the top 10 downregulated
TFs by real-time qPCR analysis. Data are from three independent
experiments using BM-MSCs derived from 3 healthy donors. ¢ BM-
MSCs were infected with lentivirus expressing shHOXDS8 and cultured
in MSC media for 3 days, followed by detection of cell proliferation
with CCK-8 kit as in Fig. 2b. Absorbance changes were counted as
means + S.D. ¥¥P < 0.01. Data are from three independent experiments
using BM-MSCs derived from 3 healthy donors. d Indicated BM-
MSCs were cultured as in Fig. 2e. Expression levels of self-renewal
related genes were assessed by real-time qPCR. e Indicated BM-MSCs
were cultured as in Fig. 2f. Expression levels of osteogenic differ-
entiation genes were assessed by real-time qPCR. Data are from three
independent experiments using BM-MSCs derived from 3 healthy
donors. f Osteogenic differentiation was induced as in Fig. 2f. ALP
staining was performed on day 6 of osteogenic differentiation. g
Osteogenic differentiation was induced as in Fig. 2f. Von Kossa
staining was performed to indicate mineral deposition on day 12. Data
are from three independent experiments using BM-MSCs derived from
3 healthy donors. Scale bar, 10 pm. Color intensity of mineral
deposition was quantified by ImageJ. Intensity changes were counted
as means + S.D. ¥**P <(0.01. h BM-MSCs were infected with lentivirus
overexpressing HOXDS8 (oeHOXDS) and cultured in MSC media for
3 days, followed by detection of cell proliferation with CCK-8 kit as in
Fig. 2b. Data are from three independent experiments using BM-MSCs
derived from 3 healthy donors. i Indicated BM-MSCs were cultured as
in Fig. 2e. Expression levels of self-renewal related genes were
assessed by real-time qPCR. j Indicated BM-MSCs were cultured as in
Fig. 2f. Expression levels of osteogenic differentiation genes were
assessed by real-time gPCR. Data are from three independent
experiments using BM-MSCs derived from 3 healthy donors. k
Osteogenic differentiation was induced as in Fig. 2f. ALP staining was
performed on day 6 of osteogenic differentiation. 1 Osteogenic dif-
ferentiation was induced as in Fig. 2f. Von Kossa staining was per-
formed to indicate mineral deposition on day 12. Data are from three
independent experiments using BM-MSCs derived from 3 healthy
donors. Scale bar, 10 um. Color intensity of mineral deposition was
quantified by ImageJ. Intensity changes were counted as means + S.D.
**P<0.01

NF90 in normal BM-MSCs by lentivirus-mediated
shRNAs. We observed that NF90 depletion inhibited
expression levels of self-renewal related genes and osteo-
genic differentiation genes in BM-MSCs (Fig. 5f, g).
Moreover, repressed osteogenic differentiation was further
validated by ALP staining (Fig. 5h) and Von Kossa staining
(Fig. 5i). These data suggest that NF90 is required for
osteogenic differentiation of BM-MSCs.

It has been reported that NF90 interacts with the 3’-UTR
region of PARP/ mRNA to maintain its mRNA stability
[27]. Notably, among the top ten downregulated transcrip-
tion factors in IncAIS silenced BM-MSCs (Fig. 4a),
NF90 specifically bound to HOXDS8 mRNA (Fig. 5J). In
addition, [ncAIS depletion in BM-MSCs abrogated the
interaction of NF90 with the 3’-UTR region of HOXDS8
mRNA (Fig. 5k) and consequently caused HOXDS mRNA

decay (Fig. 51). Consistently, the interaction of NFO0 with
the 3’-UTR region of HOXDS mRNA was undetectable in
AIS BM-MSCs (Fig. 5k), and abrogated the stability of
HOXD8 mRNA as well (Fig. 51). We conclude that IncAIS
interacts with NF90 that maintains HOXD8 mRNA stability
in normal BM-MSCs.

HOXDS8 initiates RUNX2 expression to drive
osteogenic differentiation

We wanted to explore the mechanism by which IncAIS
regulated osteogenic differentiation of BM-MSCs through
HOXDS. RUNX2 is a key transcription factor for osteo-
genic differentiation [28]. From our above data, we noticed
that IncAIS knockdown significantly decreased RUNX2
expression (Fig. 2f). Intriguingly, HOXD8, RNA poly-
merase II and transcription active marker H3K4me3 were
all enriched onto the same region of RUNX2 gene (Fig. 6a).
In addition, depletion of HOXDS suppressed RUNX2
expression in BM-MSCs (Fig. 6b). By contrast, over-
expression of HOXDS8 in HOXDS silenced BM-MSCs
could restore RUNX2 expression (Fig. 6b). These results
suggest that the RUNX2 gene is a downstream target for
HOXDS.

Of note, restoration of either HOXD8 or RUNX2 in
IncAlS-silenced BM-MSCs could well rescue expression
levels of self-renewal related genes and osteogenic differ-
entiation genes (Fig. 6¢, d). In addition, restoration of either
HOXD8 or RUNX?2 in IncAlS-silenced BM-MSCs could
well recover osteogenic differentiation capacity to normal
levels (Fig. 6e, f). Importantly, enforced expression of either
HOXD8 or RUNX2 in AIS BM-MSCs could also restore
osteogenic differentiation capacity to the normal level
(Fig. 6g, h). Taken together, IncAIS interacts with NF90 to
promote HOXD8 mRNA stability that enhances RUNX2
transcription in BM-MSCs, leading to osteogenic differ-
entiation of normal BM-MSCs. By contrast, IncAIS down-
regualtion in AIS BM-MSCs cannot recruit NF90 to
promote HOXD8 mRNA stability, which impedes RUNX2
transcription for osteogenic differentiation.

Discussion

AIS is a complex, three dimensional deformity of the spine
that commonly occurs in pubescent girls. We and others
showed that MSCs in AIS patients display decreased
osteogenic differentiation ability [17, 18, 29, 30]. Thus
abnormal osteogenic differentiation of MSCs is implicated
in the pathogenesis of AIS. In this study, we performed
microarray analyses in BM-MSCs from 5 healthy donors
and 12 AIS patients and identified 1483 differentially
expressed IncRNAs in AIS BM-MSCs. We defined a novel
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IncAIS (gene symbol: ENST00000453347) is dramatically
downregulated in AIS BM-MSCs. In normal BM-MSCs,
IncAIS interacts with NF90 to promote HOXDS mRNA
stability that enhances RUNX?2 transcription in BM-MSCs,
leading to osteogenic differentiation of normal BM-MSCs.
By contrast, /ncAIS downregualtion in AIS BM-MSCs
cannot recruit NFOO and abrogates HOXDS mRNA stabi-
lity, which impedes RUNX2 transcription for osteogenic
differentiation. Thus /ncAIS downregualtion in BM-MSCs

SPRINGER NATURE

suppresses osteogenic differentiation that is implicated in
the pathogenesis of AIS.

Around one-third AIS patients are associated with poor
bone mineral density (BMD) [31, 32]. Low BMD has been
reported to be a key prognostic factor of curve progression
in girls with AIS [11, 33, 34]. It has been considered that
osteopenia may be a primary contributing factor to the
spinal deformity of AIS. We and others showed that MSCs
from AIS patients undergo abnormal differentiation during
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Fig. 5 LncAIS interacts with NF90 to enhance the mRNA stability of
HOXDS. a LncAIS depletion did not alter the expression of neigh-
boring genes assessed by RT-qPCR. Relative gene expression fold
changes were calculated as means+S.D. Primers were listed in
Table S1. Data are from three independent experiments using BM-
MSCs derived from 3 healthy donors. b Biotin-RNA pulldowns were
performed with lysates of BM-MSCs using full-length IncAIS tran-
script (Sense) and antisense sequence control followed by mass
spectrometry. ¢ The interaction of IncAIS with NF90 was verified by
RNA pulldown assay, followed with immunoblot analysis by anti-
NF90 antibody. Data are from three independent experiments using
BM-MSCs derived from 3 healthy donors. d The interaction of IncAIS
with NFO0O was verified by immunoprecipitation (RIP) assay. BM-
MSC lysates were incubated with anti-NF90 antibody, followed by
RIP assay. RNA was extracted and reversely transcribed. LncAIS
transcript was analyzed by real-time qPCR. Primers were listed in
Table S1. Data are from three independent experiments using BM-
MSCs derived from 3 healthy donors. e BM-MSCs were probed with
IncAIS by RNA-FISH, followed by immunofluorescence staining for
NF90. Red: IncAIS probe; Green: NF90; Nuclei were counterstained
by DAPIL Scale bar, 50 ym. More than 100 typical cells were
observed. Data are from three independent experiments using BM-
MSCs derived from 3 healthy donors. f BM-MSCs were infected with
lentivirus expressing shNF90 and cultured in MSC media for 3 days.
Indicated BM-MSCs were cultured as in Fig. 2e. Expression levels of
self-renewal related genes were assessed by real-time qPCR. g Indi-
cated BM-MSCs were cultured as in Fig. 2f. Expression levels of
osteogenic differentiation genes were assessed by real-time qPCR.
Data are from three independent experiments using BM-MSCs derived
from 3 healthy donors. h Osteogenic differentiation was induced as in
Fig. 2f. ALP staining was performed on day 6 of osteogenic differ-
entiation. i Osteogenic differentiation was induced as in Fig. 2f. Von
Kossa staining was performed to indicate mineral deposition on day
12. Data are from three independent experiments using BM-MSCs
derived from 3 healthy donors. Scale bar, 10 um. Color intensity of
mineral deposition was quantified by ImagelJ. Intensity changes were
counted as means + S.D. **P < 0.01. j Interactions of indicated mRNA
with NFO90 in BM-MSCs were analyzed by RIP assay. BM-MSC
lysates were incubated with anti-NF90 antibody, followed by RNA
immunoprecipitation and real-time qPCR. Primers were listed in
Table S1. Data are from three independent experiments using BM-
MSCs derived from 3 healthy donors. k The interaction of HOXDS
mRNA with NF90 in BM-MSCs was verified by RIP assay. BM-MSC
lysates were incubated with anti-NF90 antibody, assayed as in (k).
Data are from three independent experiments using BM-MSCs derived
from 3 healthy donors. | HOXD8 mRNA stability from indicated BM-
MSCs were measured by real-time gPCR at indicated time points after
Act D treatment. Data were shown as means = S.D. **P <0.01. Data
are from three independent experiments using BM-MSCs derived from
3 healthy donors. NS no significance

development of osteoblasts, chondrocytes and adipocytes
[17, 18, 29, 30], suggesting that abnormal osteogenic dif-
ferentiation of MSCs is implicated in the pathogenesis of
AIS. However, how MSCs is abnormally regulated in the
patients with AIS remains elusive.

LncRNAs have been reported to play widespread roles in
gene regulation and other cellular processes [19, 35].
LncRNAs exert their functions via diverse mechanisms,
including cotranscriptional regulation, modulation of gene
expression, scaffolding of nuclear or cytoplasmic com-
plexes, and pairing with other RNAs [36]. We previously

demonstrated that peripheral blood of AIS patients man-
ifests differentially expressed 139 IncRNAs and 546
mRNAs compared to healthy controls [37]. In this study we
showed that AIS BM-MSCs harbor 1483 differentially
expressed IncRNAs, with 718 upregulated and 765 down-
regulated. We found that IncAIS downregualtion cannot
recruit NF90 and consequently inhibits RUNX?2 expression
in AIS BM-MSCs, which suppresses osteogenic differ-
entiation leading to osteopenia. We firstly revealed that
IncAlS is implicated in the pathogenesis of AIS.

Of note, IncRNAs can function in cis in regulating
expression of neighboring genes or in trans through various
modes [38]. Here we showed that IncAIS depletion in nor-
mal BM-MSCs does not change the expression levels of its
neighboring genes, indicating IncAIS exerts its regulatory
role in trans, but not in cis. Intriguingly, /ncAIS associates
with a RNA binding protein NF90. ILF3 family members,
including NF90 and NF110, were originally identified from
a protein complex that regulates interleukin-2 (IL-2) tran-
scription [39, 40], which are the products of differential
splicing of ILF3 gene. NF90 and NF110 proteins are
identical at their N-terminal and central regions but different
at their C-terminal regions [41]. Through the ability to bind
both DNA and RNA, ILF3 family members can regulate
transcription [40, 42, 43], translation [44], mRNA stability
[45, 46] and primary microRNA processing [47]. Herein we
demonstrated that NF90 specifically binds to HOXDS
mRNA and sustains its stability in normal BM-MSCs.
Consequently, HOXDS8 protein can initiate RUNX2 tran-
scription that drives MSCs into osteogenic differentiation.

Homeobox genes encode homeodomain-containing
transcription factors that determine the positional iden-
tity along the anterior-posterior body axis of animal
embryos [48]. They are widely expressed in the adult
tissues [49, 50]. In humans, 39 known HOX transcription
factors reside in four separate clusters HOXA to D, which
are located on four different chromosomes. HOX genes
modulate cell differentiation during embryonic develop-
ment in many different lineages and developmental
pathways [S51]. Ackema et al. reported that mouse MSCs
from different organs are characterized by distinct topo-
graphic HOX codes [52]. Chang et al. revealed that
fibroblasts from different anatomic sites across the human
body express distinct HOX patterns [53]. These studies
suggest that the typical HOX code of a cell reflects the
specific expression of functionally active HOX genes in
distinct tissues. Herein we showed that HOXDS8 gene is
highly expressed in human BM-MSCs, whose mRNA
stability is modulated by NF90 recruited by IncAIS.
HOXDS8 protein can trigger RUNX2 expression for
osteogenic differentiation of normal MSCs. RUNX2 is a
master transcription modulator of osteoblasts differentia-
tion, which plays a fundamental role in modulating
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Fig. 6 HOXDS initiates RUNX2 expression to drive osteogenic dif-
ferentiation. a HOXDS together with RNA polymerase 1I (Pol II) and
H3K4me3 were highly enriched on RUNX2 promoter by ChIP assays.
Data are from three independent experiments using BM-MSCs derived
from 3 healthy donors. b BM-MSCs were infected with indicated
lentivirus and RUNX2 expression was assessed by qPCR. Data are
from three independent experiments using BM-MSCs derived from 3
healthy donors. ¢ Normal BM-MSCs were infected with indicated
lentivirus and cultured in MSC media for 3 days. Indicated BM-MSCs
were cultured as in Fig. 2e. Expression levels of self-renewal related
genes were assessed by real-time qPCR. Data are from three inde-
pendent experiments using BM-MSCs derived from 3 healthy donors.
d Normal BM-MSCs were infected with indicated lentivirus and
cultured in MSC media for 3 days. Indicated BM-MSCs were cultured
as in Fig. 2f. Expression levels of osteogenic differentiation genes
were assessed by real-time qPCR. Data are from three independent
experiments using BM-MSCs derived from 3 healthy donors. e Nor-
mal BM-MSCs were infected with indicated lentivirus and cultured in
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MSC media for 3 days. Osteogenic differentiation was induced as in
Fig. 2f. ALP staining was performed on day 6 of osteogenic differ-
entiation. f Normal BM-MSCs were infected with indicated lentivirus
and cultured in MSC media for 3 days. Osteogenic differentiation was
induced as in Fig. 2f. Von Kossa staining was performed to indicate
mineral deposition on day 12. Data are from three independent
experiments using BM-MSCs derived from 3 healthy donors. Scale
bar, 10 pm. Color intensity of mineral deposition was quantified by
Image J. Intensity changes were counted as means + S.D. ¥**P <0.01. g
Indicated BM-MSCs were infected with lentivirus and cultured as in
Fig. 2f. ALP staining was performed on day 6 of osteogenic differ-
entiation. h Indicated BM-MSCs were infected with lentivirus and
cultured as in Fig. 2f. Von Kossa staining was performed to indicate
mineral deposition on day 12. Data are from three independent
experiments using BM-MSCs derived from 3 healthy donors. Scale
bar, 10 pm. Color intensity of mineral deposition was quantified by
Image J. Intensity changes were counted as means + S.D. **P <0.01



Long noncoding RNA IncAlS downregulation in mesenchymal stem cells is implicated in the pathogenesis... 1711

osteoblasts maturation and homeostasis [54, 55]. Runx2-
deficient mice display weakly calcified bone without
detectable osteoblasts [56]. It has been reported that
RUNX2 promotes bone formation through upregulation
of expression of bone matrix formation, including type I
collagen, osteopontin, osteocalcin, bone sialoprotein and
fibronectin [57, 58]. A recent study showed that there are
positive correlations between low RUNX2 expression and
BMD of lumbar spine and femoral neck of AIS patients.
[59] We found that RUNX?2 is a downstream target of
HOXDS in normal BM-MSCs that drives osteogenic dif-
ferentiation. By contrast, in AIS BM-MSCs, I[ncAIS
downregualtion fails to recruit NF90 and abrogates
HOXDS8 mRNA stability, which impedes RUNX2 tran-
scription for osteogenic differentiation.

In summary, /ncAIS plays a critical role in the regulation
of osteogenic differentiation of BM-MSCs and down-
regulation of IncAIS is involved in the pathogenesis of AIS.
Our findings reveal that IncRNAs may represent an addi-
tional layer of regulation of AIS pathogenesis that can be
act as important biomarkers for AIS. Therefore transplan-
tation of MSCs with IncAIS overexpression may provide a
potential therapy for AIS treatment.

Materials and Methods
Antibodies and reagents

Antibody against H3K4me3 (9751) was purchased from
Cell Signaling Technology (Danvers, USA). Antibodies
against human HOXDS8 (ab228450) and NF90 (ab89100)
were purchased from Abcam (Cambridge, USA). Anti-
body against human RNA-polymerase II (clone 4H8) was
purchased from Active Motif (Carlsbad, USA). Antibody
against P-actin (clone AC-74) was from Sigma-Aldrich
(St. Louis, USA). Antibody against Myc (clone 9E10)
was from Santa Cruz Biotechnology (Santa Cruz, USA).
Antibodies against COL1A1 (BA0325), IBSP (BA2329)
and OPN (PA1432) were from Boster (Wuhan, China).
Secondary antibodies conjugated with Alexa-594 were
purchased from Molecular probes Inc (Eugene, USA).
Streptavidin beads were from Sigma-Aldrich (St. Louis,
USA). Protein A/G beads were from Santa Cruz Bio-
technology (Santa Cruz, USA). Alkaline phosphatase
detection kit was purchased from Millipore (Millerica,
USA). SuperReal premix plus qPCR buffer was from
TIANGEN Biotech (Beijing, China). OriCell BM-MSC
osteogenic differentiation Kit was from Cyagen
(HUXMA-90021, China). Von Kossa staining kit was
from Genmed Scientifics (Shanghai, China). Cell count-
ing Kit-8 (CCK-8) was from Dojindo (Kumamoto,
Japan). Fast Green staining kit and Alcian Blue staining

kit were from Xinhualvyuan Biotechnology (Beijing,
China).

Patients and specimens

Bone marrow (BM) aspirates were obtained from 42 AIS
patients (mean age 14.5 years, range 12—17), and 25 healthy
donors (mean age 14.9 years, range 12-17). In the AIS
group, all of the patients underwent full clinical and radi-
ological examinations to rule out other causes of scoliosis
and to ascertain the diagnosis of AIS. In the control group,
each of the 25 age- and gender-matched subjects had a
straight spine and a normal forward bending test on the
physical examination. They were confirmed to be free of
any associated medical diseases or spinal deformities when
entered to the study. The study was approved by the Ethics
Committee of Chinese Academy of Medical Sciences and
Peking Union Medical College Hospital. Written informed
consents were obtained from all subjects and their parents
before entering the study.

Cell isolation, culture and osteogenic differentiation
assay

Human bone marrow tissues were collected from AIS
patients and healthy donors. All experiments followed the
procedures approved by the Ethics Committee of Chinese
Academy of Medical Sciences and Peking Union Medical
College Hospital. Human BM-MSCs were isolated and
cultured as previously described. [29] Human 293 T cells
were cultured with DMEM supplemented with 10% FBS
and 100 U/ml penicillin and 100 mg/ml streptomycin.
Lentivirus was produced in 293 T cells using the standard
protocols. Transfection was performed using lipofectin
(Invitrogen). For shRNA knockdown and overexpression
experiments, target sequences were constructed into pSicoR
plasmid. Lentivirus was produced by 293 T cells. Most
efficient ShRNA among 3 shRNA constructs was screened
for following experiments. Three independent knockdown
cell lines were used for biological replicates in each assay.
At least four independent experiments were performed as
biological replicates. shRNA sequences were listed in
Table S2. To induce osteogenic differentiation, third-
passage BM-MSCs were seeded in six-well plates and
treated with osteogenesis induction medium according to
the manufacturer’s protocol. The medium was changed
every 3 days.

Wound healing assay
Dishes were coated with 0.1% gelatin (v/v) for 1 h at 37 °C.
1 x 10° BM-MSC cells were plated to create a confluent

monolayer. Cells were cultured to adhere and spread
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completely. Wound was created by manually scraping the
cell monolayer with a p200 pipet tip. First images were
acquired using reference point marks. Cells were cultured in
a tissue culture incubator for 24 h. Second images were
acquired by matching the photographed region of first
image.

Coding potential analysis

Coding potential of IncAIS was analyzed by Coding-
Potential Assessment Tool (CPAT) at the website of http://
lilab.research.bcm.edu/cpat/ according to the manu-
facturer’s instructions. XIST transcript served as a non-
coding gene control. GAPDH and RUNX?2 served as coding
gene controls.

Cellular fractionation assay

BM-MSCs were lyzed followed by nuclear and cytoplasmic
fractionation using NE-PER Nuclear and cytoplasmic
Extraction Kit (Pierce) according to the manufacturer’s
instructions. RNA was extracted using TRIzol Reagent
(Invitrogen), followed by purification with an RNeasy kit
(Qiagen, Valencia, CA, USA). Reverse transcription was
performed by M-MLYV reverse transcriptase (Promega) and
gRT-PCR analysis. ACTIN RNA and GAPDH RNA served
as positive controls for cytoplasmic gene expression. Ul
RNA served as a positive control for nuclear gene
expression.

ALP and Von Kossa staining

ALP staining was monitored using an ALP staining kit
according to the manufacturer’s protocol. Mineral deposi-
tion was monitored using a Von Kossa staining kit
according to the manufacturer’s protocol. Images were
obtained with Nikon EclipseTi microscope (Nikon, Japan).
Color intensity of mineral deposition was quantified by
Imagel.

Northern blot

Total RNA was extracted from BM-MSCs with TRIzol. 10
pg RNA from each sample was subjected to formaldehyde
denaturing agarose electrophoresis followed by transferring
to positively charged NC film with 20 x SSC buffer (3.0 M
NaCl and 0.3 M sodium citrate, pH 7.0). Membrane was
UV cross-linked and incubated with biotin-labeled RNA
probes (IncAIS 11-228 nt) generated by in vitro transcrip-
tion. Biotin signals were detected with HRP-conjugated
streptavidin for the Cheniluminescent Nucleic Acid Detec-
tion Module according to the manufacturer’s instruction
[60].
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RNA FISH

Fluorescence-conjugated [ncAIS probes were generated
according to protocols from Biosearch Technologies.
LncAIS probe sets for RNA FISH were listed in Table S1.
BM-MSCs were hybridized with DNA probe sets then
stained with indicated antibodies. Images were obtained
with Olympus FV1200 laser scanning confocal microscopy
(Olympus, Japan).

Microarray analysis

RNA was extracted from BM MSCs using TRIzol Reagent
(Invitrogen), according to the manufacturer’s instructions,
followed by purification with an RNeasy kit (Qiagen,
Valencia, CA, USA). cDNA was generated using One-
Cycle Target Labeling and Control Reagents (Affymetrix,
SantaClara, CA, USA), and cRNA was created with a
GeneChip WT Labeling Kit (Affymetrix, Santa Clara, CA,
USA). Biotin-labeled, fragmented (<200nt) cRNA was
hybridized for 16h at 45°C to Affymetrix GeneChip
Human transcript array 2.0 (Affymetrix). GeneChips were
washed and stained in the Affymetrix Fluidics Station 450.
GeneChips were scanned by using Affymetrix® GeneChip
Command Console (AGCC) which installed in GeneChip®
Scanner 3000 7 G. The data were analyzed with Robust
Multichip Analysis (RMA) algorithm using Affymetrix
default analysis settings and global scaling as normalization
method. Values presented are log, RMA signal intensity.
Microarray data were deposited in GEO with an accession
number (GSE110359).

RNA pulldown assay

Biotin-labeled IncAIS full-length (sense) and antisense RNA
were obtained with Biotin RNA labeling Mix (Roche)
in vitro followed by incubation with nuclear extracts sepa-
rated from BM-MSCs. RNA-binding proteins were pulled
down by streptavidin beads. Pulldown components were
separated with SDS-PAGE followed by silver staining.
Differential bands enriched by IncAIS were analyzed by
LTQ Orbitrap XL mass spectrometry or immunobloted with
indicated antibodies.

RNA immunoprecipitation (RIP) assay

BM-MSCs were treated with 1% formaldehyde then dis-
solved with RNase-free RIPA buffer (50 mM Tris-HCI
[pH 7.4], 150mM NaCl, 0.5% sodium desoxycholate,
0.1% SDS, 5 mM EDTA, 2 mM PMSF, 20 mg/ml aprotinin,
20 mg/ml leupeptin, 10 mg/ml pepstatin A, 150 mM ben-
zamidine, 1% Nonidet P-40 and RNase inhibitors). Samples
were sonicated on ice and centrifuged. Supernatants were
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pre-cleared and incubated with indicated antibodies, fol-
lowed by protein A/G beads immunoprecipitation. Total
RNA was extracted from eluents. LncAIS enrichment was
analyzed by qPCR. Primers were listed in Table S1.

Chromatin immunoprecipitation (ChIP) assay

Quantitative ChIP was performed according to a
standard protocol (Upstate). Sheared chromatin (soni-
cated to 200-500 bp) from BM-MSCs (2 x 10% fixed in
1% formaldehyde was incubated with 4 ug antibody
overnight at 4 °C followed by immunoprecipitation with
salmon sperm DNA/protein agarose beads. After wash-
ing, elution and cross-link reversal, DNA from each ChIP
sample and corresponding input sample were purified
and analyzed using qPCR. Primers were listed in
Table S1.

Ectopic bone formation in vivo

A total of 2x 10° human BM-MSCs were incubated with
about 100 mg wetted HA/TCP ceramic powder (National
Engineering Research Center for Biomaterials, Chengdu,
China) at 37°C overnight. Cells were implanted sub-
cutaneously into the dorsal surface of 8-week-old NOD/
SCID mice. Implants were harvested after 8 weeks, fixed in
4% paraformaldehyde, decalcified in 10% EDTA, embed-
ded in paraffin followed by section and staining. Osteoid
tissues were dyed green by fast green staining. Cartilage
tissues were dyed blue by Alcian blue staining to indicate
bone maturity.

Statistical analysis

An unpaired Student’s 7 test was used as statistical analysis
in this study. Statistical calculations were performed by
using Microsoft Excel or SPSS 13. P values were sig-
nificant when P < 0.05.
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