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Dysregulated microRNAs (miRNAs) play an important role in
osteosarcoma (OS) progression. In the present study, we inves-
tigate the clinical significance of serum miR-491 level and the
potential role of miR-491 in OS lung metastasis and chemore-
sistance. Clinical data show that the level of miR-491 was
decreased in serum from OS patients compared with healthy
control subjects, and that a decreased serum miR-491 level is
correlated with increased metastasis, poor chemoresponse,
and lower survival rate in OS patients. In vitro and in vivo ex-
periments show that overexpression of miR-491 suppresses OS
cell lung metastasis, whereas it enhances cisplatin (CDDP)-
induced tumor growth inhibition and apoptosis. In contrast,
inhibition of miR-491 stimulates OS cell lung metastasis and
suppresses CDDP-induced tumor growth inhibition and
apoptosis. Furthermore, we demonstrate that miR-491 exerts
its role by directly targeting aB-crystallin (CRYAB) in OS.
Our findings suggest that serum level of miR-491 has potential
as a biomarker for predicting OS progression and prognosis of
OS patients. Additionally, restoration of miR-491 may be a
novel strategy for inhibiting OS lung metastasis and over-
coming OS cell resistance to chemotherapy.
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INTRODUCTION
Osteosarcoma (OS) is the most common primary malignant tumor in
children and adolescents.1 The standard care for OS patients leads to
an overall 5-year survival rate of approximately 70%.2 However, 30%
of patients diagnosed with OS will not survive for more than 5 years,
and fewer than 50% will live beyond 10 years.3–5 Treatment of OS
often fails because of the development of chemoresistance and metas-
tasis.5,6 However, there are no predictive biomarkers or effective treat-
ment methods for OS metastasis and chemoresistance. Thus, a
comprehensive understanding of OS biology is required to optimize
treatment strategies and to develop new therapeutic agents for OS
patients with metastasis or chemoresistance. However, the cellular
mechanisms that lead to the development of OS chemoresistance
and metastasis remain unclear.
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aB-crystallin (CRYAB) is a human small heat shock protein and is
involved in cancer progression. Recent studies show that CRYAB
was upregulated in several types of human cancers including hepato-
cellular carcinoma,7 breast cancer,8 and OS.9 In addition, studies
show that increased expression of CRYAB was closely related with
cancer metastasis, chemoresistance, and poor prognosis in OS pa-
tients,9,10 indicating that CRYAB plays an oncogenic role in OS. How-
ever, the mechanism by which the CRYAB expression is upregulated
in cancer is largely unknown.

MicroRNAs (miRNAs) are a family of small, noncoding RNA mole-
cules that play important roles in many normal biological processes,
including cell proliferation, differentiation, and apoptosis and organ
development.11,12 miRNAs function by negatively regulating gene
expression through direct binding to the 30 UTR of a target gene
mRNA, which induces mRNA cleavage or translational repres-
sion.11,12 Interestingly, accumulating evidence suggests that certain
miRNAs undergo aberrant regulation during carcinogenesis, chemo-
resistance, and metastasis in many cancers, including OS.13–17 More
importantly, studies have shown that restoration or inhibition of
these aberrantly regulated miRNAs can dramatically suppress cancer
progression, indicating that miRNAs can be developed as effective
therapeutic agents or targets for cancer treatment.15–17 Additionally,
clinical evidence shows that miRNAs may become fantastic diag-
nostic and/or prognostic biomarkers in cancers.18 For example,
serummiR-200c has been identified as a biomarker of relapse in stage
erican Society of Gene and Cell Therapy.
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Figure 1. Downregulated Expression Level of miR-

491 in Serum Was Correlated with OS Progression

(A) The level of serum miR-491 was significantly

decreased in OS patients (n = 102) compared with

healthy control subjects (n = 20). (B) The level of serum

miR-491 was significantly decreased in OS patients with

metastasis (no metastasis) (n = 36) compared with pa-

tients with no metastasis (metastasis) (n = 66). (C) The

level of serummiR-491 was significantly decreased in OS

patients with poor chemoresponse (PR) (n = 19)

compared with those with a good chemoresponse (GR)

(n = 83). The level of miR-491 in serum was measured by

qRT-PCR. (D) Kaplan-Meier analysis of overall survival

rate for patients with OS with low and high serum miR-

491 levels. *p < 0.05; **p < 0.01; ***p < 0.001.
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I epithelial ovarian cancer,19 and serummiR-1290 has been identified
as a biomarker for early detection, recurrence, and prognosis in colo-
rectal cancer.20

Downregulated expression of miR-491 was identified in several can-
cer tissues compared with normal tissues, including OS.21,22 How-
ever, the clinical significance of the serum level of miR-491 and
the detailed mechanisms of its involvement in OS progression still
remain to be fully clarified. Here, we determined that level of serum
miR-491 was indeed downregulated in OS patients compared with
healthy controls, and downregulated miR-491 in serum was closely
correlated with increased metastasis, poor chemoresponse, and low
overall survival in patients with OS. Our data indicate that miR-
491 is a tumor-suppressor miRNA that inhibits OS growth and OS
cell lung metastasis, and enhances the sensitivity of OS cells to
cisplatin (CDDP) treatment. In addition, we demonstrate that
miR-491 exerts its tumor-suppressing activity by directly targeting
CRYAB in OS.

RESULTS
Decreased Level of SerummiR-491Was Closely Correlated with

Worse Clinical Outcomes in OS Patients

To investigate whether the serum miR-491 expression levels were
different between OS patients and healthy subjects, we first
measured the level of miR-491 in serum from 102 newly diagnosed
OS patients (no metastasis at diagnosis) and 20 healthy control sub-
jects by qRT-PCR. As shown in Figure 1A, the level of serum miR-
491 was significantly decreased in OS patients compared with
healthy controls. Then, to investigate the clinical significance of
Molecular
the serum miR-491 level in OS, we divided
the 102 OS patients into high- and low-miR-
491 expression groups based on the mean level
of miR-491 in OS patient serum, and patients
were followed up. As shown in Table 1, our
follow-up data indicate that the OS patient
group with the low level of serum miR-491
had a higher metastatic rate and poorer che-
moresponse compared with the high-level
serum miR-491 OS patient group. Consistent with these follow-up
data, our qRT-PCR results show that OS patients with metastasis
or a poor chemoresponse present lower serum miR-491 compared
with OS patients with no metastasis or a good chemoresponse (Fig-
ures 1B and 1C). In addition, our Kaplan-Meier survival analysis
demonstrates that the OS patient group with the low level of serum
miR-491 had a lower overall survival rate compared with the OS pa-
tient group with a high level of serum miR-491 (Figure 1D). Impor-
tantly, multivariable analyses show that miR-491 is an independent
predictor of OS patients’ prognosis (Table 2). Taken together, these
results suggest that decreased expression of miR-491 indicates a
poor prognosis and may be involved in the stimulation of OS metas-
tasis and chemoresistance.

Inhibition of miR-491 Stimulates OS Cell Lung Metastasis and

Chemoresistance Both In Vitro and In Vivo

Next, we investigated whether decreased expression of miR-491 was
involved in OS cell lung metastasis and chemoresistance in several
OS cell lines by inhibiting miR-491 (Figures S1A and S1B). As
shown in Figure 2A, in vitro Transwell assays indicate that inhibi-
tion of miR-491 can significantly promote OS cell invasion in
both U2OS and Saos-2 cells. In addition, western blot analysis shows
that inhibition of miR-491 reduced anti-metastatic protein E-cad-
herin expression and increased pro-metastatic protein MMP-9
expression in OS cells (Figure 2B). Furthermore, we use animal
models to investigate whether inhibition of miR-491 could induce
similar effects on metastasis in vivo. 143B cells that express miR-
491-antisense were injected into the intramedullar cavity of the tibia,
and mice were sacrificed 4 weeks after cell injection. Data show that
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Table 2. Univariate andMultivariable Analyses of Factors Predictive of Poor

Overall Survival in OS Patients

Variable

Univariate Analysis Multivariate Analysis

HR (95% CI)
p
Value HR (95% CI)

p
Value

Gender 1.32 (0.62–2.81) 0.47 2.96 (0.70–3.95) 0.25

Age 1.00 (0.95–1.04) 0.69 0.97 (0.92–1.02) 0.18

Anatomical site 0.78 0.39

Histologic subtype 0.76 0.13

Histologic grade 1.71 (0.59–4.96) 0.32 1.11 (0.34–3.62) 0.87

Enneking grade 1.89 (0.76–4.69) 0.17 1.72 (0.61–4.85) 0.30

miR-491 level 3.15 (1.27–7.81) 0.01 2.96 (1.09–8.07) 0.03

Response to
chemotherapy

0.23 (0.11–0.50) <0.01 0.11 (0.04–0.29) <0.01

CI, confidence interval; HR, hazard ratio.

Table 1. Correlation of Serum miR-491 Level and Chemotherapy Response

and Metastasis in OS Patients

No. of Patients (%)

p ValuemiR-491 Low miR-491 High

Response to Chemotherapy

Good response 41 (70.69) 42 (95.45) 0.001

Poor response 17 (29.31) 2 (4.55) 0.001

Metastasis

Yes 26 (44.83) 10 (22.73) 0.023

No 32 (54.17) 34 (77.27) 0.023
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inhibition of miR-491 (Figure S1C) stimulated 143B cell lung metas-
tasis compared with vector control (Figure 2C); these results were
confirmed using other OS lung metastatic models. MG63 or
Saos-2 cells that stably expressed miR-491-antisense (Figures S1D
and S1E) were injected into nude mice through the tail vein. These
mice were sacrificed 6 weeks after injection, and the lung surface
tumor nodules were counted. The results show that inhibition of
miR-491 significantly increased OS cell lung metastasis compared
with the vector control groups in both MG63 and Saos-2 cell lung
metastasis models (Figure S2A). Additionally, we examined the
effects of miR-491 inhibition on the chemotherapeutic sensitivity
of OS cells. As shown in Figures 2D and 2E, 3-(4,5-dimethylthia-
zol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and apoptosis
assays show that inhibition of miR-491 can protect cells from
CDDP-induced cell death in both U2OS and Saos-2 cells. Consistent
with these results obtained from in vitro experiments, the inhibition
of miR-491 significantly suppressed CDDP-induced tumor growth
inhibition and apoptosis in MG63 (Figures 2F and 2G) and Saos-2
xenograft models (Figures S2B and S2C). Inhibition of miR-491
also stimulated cell proliferation compared with the vector control
group and suppressed CDDP-induced tumor cell proliferation inhi-
bition (Figure 2H). Taken together, these findings suggest that
decreased expression of miR-491 in OS significantly contributes to
tumor metastasis and chemoresistance.

Overexpression ofmiR-491 Inhibits OSCell LungMetastasis and

Chemoresistance

Our observations that inhibition of miR-491 stimulates OS cell
lung metastasis and chemoresistance in turn prompted us to inves-
tigate whether miR-491 overexpression could suppress OS cell lung
metastasis and chemoresistance. As shown in Figures 3A–3C, our
in vitro results clearly show that overexpression of miR-491 can
significantly inhibit OS cell invasion (Figure 3A) and the expres-
sion of pro-metastatic protein MMP-9 increased anti-metastatic
protein E-cadherin expression in both U2OS and Saos-2 cells (Fig-
ure 3B). In addition, overexpression of miR-491 enhances CDDP-
induced cell growth inhibition and apoptosis in both U2OS and
Saos-2 cells (Figures 3C and 3D). These results were further
confirmed using animal models. Consistent with the in vitro exper-
iments, the in vivo results showed that overexpression of miR-491
2142 Molecular Therapy Vol. 25 No 9 September 2017
dramatically suppressed OS cell lung metastasis (Figure 3E; Fig-
ure S2D) and enhanced CDDP-induced tumor growth inhibition,
proliferation, and apoptosis compared with the control group in
OS cell xenograft models (Figures 3F–3H; Figures S2E and S2F).
Taken together, these data suggest that restoration of miR-491
may be a novel strategy for treatment of OS lung metastasis and
chemoresistance.

miR-491 Inhibits OS Lung Metastasis and Chemoresistance

through Direct Targeting of CRYAB

To investigate the underlying mechanism of the effect of miR-491 on
OS cell metastasis and chemoresistance, we used miRNA target pre-
diction algorithms (http://targetscan.org and http://microrna.org) to
screen miR-491 target genes, and we identified CRYAB as a tentative
target of miR-491 (Figure 4A), because a previous report shows that
CRYAB is highly expressed in human OS tissues and is closely corre-
lated with OS progression.9 To investigate the association between
miR-491 and CRYAB expression, we examined the expression level
of CRYAB in miR-491-overexpressing or miR-491-inhibited OS cells.
As shown in Figure 4B, the expression of CRYAB was significantly
decreased in miR-491-overexpressing MG63 cells at both the
mRNA and protein levels compared with control cells. In contrast, in-
hibition of miR-491 led to an increase in the expression of CRYAB at
both the mRNA and the protein level (Figure 4B). Also, the miR-491
negatively regulates CRYAB downstream of signal or protein expres-
sion, including ERK signaling and MMP-9 expression (Figure 4B).
Next, to determine whether the regulation of CRYAB-luciferase
expression depends on the binding of their complementary 30 UTR
sequences to the miR-491 seed sequence, we inserted a 3-nt mutation
into the CRYAB 30 UTR, as indicated in Figure 4A. Our data show
that overexpression of miR-491 significantly repressed the luciferase
activity associated with the wild-type 30 UTR. In contrast, the 30

UTR mutation completely abrogated the effect of miR-491 overex-
pression on luciferase activity in MG63 cells (Figure 4C). Further-
more, we investigated the correlation between miR-491 and CRYAB
expression in human OS specimens. Data show that the expression of
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Figure 2. Inhibition of miR-491 Stimulates OS Metastasis and Chemoresistance In Vitro and In Vivo

(A) Inhibition of miR-491 stimulated OS cell invasion in both U2OS and Saos-2 cells. Cells were transfected with negative control oligonucleotides (NC) or antisense oli-

gonucleotides of miR-491 (ASOmiR-491). After 24 hr of transfection, cells were subjected to an invasion assay. (B) Inhibition of miR-491 reduced E-cadherin expression and

increased MMP-9 expression in OS cells. Indicated cells were transfected with NC or ASOmiR-491. After 72 hr of transfection, cells were subjected to western blot analysis.

(C) Inhibition of miR-491 stimulates OS lung metastasis in vivo. 143B cells were transfected with miR-491-antisense oligonucleotides expressing plasmid or empty vector.

After 48 hr of transfection, cells were injected into the intramedullary cavity of the tibia of 6-week-old nude mice (n = 5 per group). The mice were sacrificed 4 weeks after cell

injection, and the lung surface nodules were counted under microscopy. (D) Inhibition of miR-491 suppressed CDDP-induced cell growth inhibition in both U2OS and Saos-2

cells. After 24 hr of transfection with the indicated oligonucleotides, cells were plated into a 96-well plate. 12 hr after seeding, cells were incubated with or without CDDP

(10 mM) for 48 hr and then subjected to an MTT assay. (E) Inhibition of miR-491 attenuated CDDP-induced apoptosis in U2OS and Saos-2 cells. 24 after transfection with the

indicated oligonucleotides, cells were plated into a six-well plate. After 12 hr of seeding, cells were incubated with or without CDDP (10 mM) for 24 hr and then subjected to a

flow cytometry assay. (F) Inhibition of miR-491 promotes tumor growth and induces resistance to CDDP in MG63 xenograft models. Stably expressing miR-491-antisense

cells were injected subcutaneously into nudemice (n = 8 per group). After the tumor size reached approximately 100mm3, themice were started on a treatment of either PBS

or CDDP (10mg/kg body weight). Themice were sacrificed after 3 weeks of CDDP treatment, and the tumor weight was measured. (G) Apoptotic cells were detected using a

TUNEL assay in the indicated xenograft tumor samples. (H) Inhibition of miR-491 promotes cancer cell proliferation in MG63 xenograft models. Tumor tissues from theMG63

xenograft model were stained with Ki-67. *p < 0.05; **p < 0.01; ***p < 0.001.
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miR-491 was inversely correlated with CRYAB expression in OS pa-
tient specimens (Figure 4D). Cumulatively, these data suggest that
miR-491 negatively regulates the expression of CRYAB by directly
targeting its 30 UTR sequence.

We also investigated the correlation between forkhead box P4
(FOXP4) and miR-491 in OS specimens, because this protein has
been reported to be regulated by miR-491 in OS cells.21 However,
our data show that miR-491 and FOXP4 expression are not inversely
correlated in OS specimens (Figure S3), suggesting that FOXP4 is not
a major target gene of miR-491 in OS.

Further, to determine whether CRYAB directly contributes to miR-
491 function, we overexpressed CRYAB in miR-491-overexpressing
Molecular Therapy Vol. 25 No 9 September 2017 2143
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Figure 3. Overexpression of miR-491 Inhibits OS Metastasis and Enhances Chemosensitivity In Vitro and In Vivo

(A) Overexpression of miR-491 inhibited OS cell invasion in both U2OS and Saos-2 cells. Cells were transfected with negative control oligonucleotides (NC) or miR-491

mimics. After 24 hr of transfection, cells were subjected to an invasion assay. (B) Overexpression of miR-491 increased E-cadherin expression and reduced MMP-9

expression in OS cells. Indicated cells were transfected with NC or miR-491 mimics. After 72 hr of transfection, cells were subjected to western blot analysis. (C) Over-

expression of miR-491 enhanced CDDP-induced cell growth inhibition in both U2OS and Saos-2 cells. After 24 hr of transfection with the indicated oligonucleotides, cells

were plated into a 96-well plate. 12 hr after of seeding, cells were incubated with or without CDDP (10 mM) for 48 hr and subjected to an MTT assay. (D) Overexpression of

miR-491 enhanced the CDDP-induced apoptosis in both U2OS and Saos-2 cells. After 24 hr of transfection with the indicated oligonucleotides, cells were plated into a six-

well plate. 12 hr after of seeding, cells were incubated with or without CDDP (10 mM) for 24 hr and then subjected to a flow cytometry assay. (E) Overexpression of miR-491

inhibits OS lung metastasis in vivo. 143B cells were transfected with miR-491 expression plasmid or empty vector. After 48 hr of transfection, cells were injected into the

intramedullary cavity of the tibia of 6-week-old nude mice (n = 5 per group). The mice were sacrificed 4 weeks after cell injection, and the lung surface nodules were counted

under microscopy. (F) Overexpression of miR-491 inhibits tumor growth and enhances CDDP-induced tumor growth inhibition in a xenograft model. Stably expressing miR-

491MG63 cells were injected subcutaneously into nudemice (n = 8 per group). After the tumor size reached approximately 100mm3, the mice were started on a treatment of

either PBS or CDDP (10 mg/kg body weight). The mice were sacrificed after 3 weeks of CDDP treatment, and the tumor weight was measured. (G) Overexpression of miR-

491 inhibits cell proliferation in MG63 xenograft models. Tumor tissues fromMG63 xenograft model were stained with Ki-67. (H) Apoptotic cells were detected using a TUNEL

assay in the indicated xenograft tumor samples. *p < 0.05; **p < 0.01; ***p < 0.001.
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Saos-2 cells (Figure S4A). Cells were then analyzed with MTT,
apoptosis, and metastasis assays. As expected, exogenously expressed
CRYAB blocked the miR-491-mediated inhibition of metastasis (Fig-
ure 5A). In addition, the enhanced effect of CDDP on cell growth in-
hibition mediated by miR-491 was blocked by restoration of CRYAB
in Saos-2 cells (Figure 5B). In contrast, knockdown of CRYAB (Fig-
ure S4B) blocked the inhibition of miR-491-induced stimulation of
OS cell invasion and resistance to CDDP (Figures 5C and 5D). Taken
2144 Molecular Therapy Vol. 25 No 9 September 2017
together, these data suggest that CRYAB is an important player in the
effects of miR-491 on OS cell metastasis and chemoresistance.

DISCUSSION
The identification of prognostic factors that can stratify patients ac-
cording to clinical and biological markers may help to select adequate
treatment strategies.23 Serum is an ideal biological sample that is easy
to collect and contains an archive of information because of the



Figure 4. CRYAB Is a Target of miR-491 in OS

(A) Sequence alignment of miR-491 with the 30 UTR of CRYAB genes. (B) miR-491 negatively regulates CRYAB expression and its downstream signaling. MG63 cells that

stably express miR-491 or miR-491-antisense were subjected to qRT-PCR and western blot analysis. (C) A 30 UTR luciferase reporter assay for CRYAB. Wild-type (CRYAB-

WT) or mutant 30 UTR of CRYAB (CRYAB-MT) luciferase reporter constructs were transfected into MG63 cells that stably express miR-491 or miR-491-antisense. After 48 hr

of transfection, the luciferase intensity was assessed. (D) The expression of miR-491 and CRYAB was inversely correlated in OS specimens. Using qRT-PCR, we analyzed

the expression of miR-491 and CRYAB mRNA in human OS samples (n = 19). *p < 0.05; **p < 0.01; ***p < 0.001.
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presence of a variety of DNA, RNA, and proteins released by tissues.24

However, not every miRNA that is abnormally expressed in tumor
tissues is reflected in the serum. Here, we provide the first evidence
that miR-491 was indeed downregulated in the serum of OS patients
compared with healthy controls. Notably, we found that a decreased
level of serum miR-491 was significantly correlated with increased
metastasis and a poor chemoresponse in OS patients. Metastasis
and chemoresistance are important prognostic factors and are associ-
ated with poor survival in patients with OS.5,25 In fact, our Kaplan-
Meier survival analysis revealed that patients with OS whose serum
displayed a low expression level of miR-491 had short overall survival.
In addition, our multivariate analysis indicates that serum miR-491
level is an independent prognostic factor for OS patient survival.
Taken together, these findings suggest that serum level of miR-491
has potential as a biomarker for predicting OS progression and prog-
nosis of OS patients.

Treatment of OS patients often fails because of development of metas-
tasis and chemoresistance.5,25 In this study, we performed a series of
in vitro and in vivo experiments to provide evidence that decreased
expression of miR-491 significantly contributes to lung metastasis
and chemoresistance through inhibition of apoptosis in OS. Studies
show that defects in apoptosis are implicated in the progression of
virtually all types of human cancers, including OS.26,27 Thus, one
strategy for cancer treatment is the induction of apoptosis. In fact,
accumulating evidence shows that induction of apoptosis can dramat-
ically suppress tumor growth, chemoresistance, and metastasis.28 Our
data clearly show that overexpression of miR-491 can significantly
enhance CDDP-induced apoptosis of OS cells, and it dramatically
inhibits OS cell metastasis in vitro and in vivo, suggesting that resto-
ration of miR-491 may be a useful strategy for treatment of lung
metastasis and chemoresistance in OS patients.

In this study, we also clarified the tumor inhibition mechanism of
miR-491 in OS. A previous in vitro study showed that miR-491 in-
hibits cell migration by directly targeting FOXP4 in OS cells.21 How-
ever, our clinical data show that there is no correlation between the
expression of miR-491 and FOXP4 in OS specimens, suggesting
that FOXP4 is not a major target gene of miR-491 in OS. In this study,
we identified CRYAB as a novel target gene of miR-491 on OS cells.
CRYAB is an oncogene. The expression of CRYAB is significantly
increased in OS tissues, and elevated expression of CRYAB was
Molecular Therapy Vol. 25 No 9 September 2017 2145
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Figure 5. Effects of miR-491 on OS Cell Metastasis and Sensitivity to CDDP Are Mediated through CRYAB

(A) Restoration of CRYAB blocked inhibition of OS cell invasion by miR-491. Saos-2 cells stably expressing miR-491 were transfected with a CRYAB expression plasmid for

24 hr and then subjected to a Transwell assay. (B) Restoration of CRYAB protected cells from combination treatment with miR-491 andCDDP. Saos-2 cells stably expressing

miR-491 were transfected with a CRYAB expression plasmid. After 24 hr of transfection, cells were incubated with or without CDDP for 48 hr and then subjected to an MTT

assay. (C) Silencing of CRYAB blocked stimulation of cell invasion induced bymiR-491 inhibition. Saos-2 cells stably expressingmiR-491-antisense were transfected with an

siRNA of CRYAB (siCRYAB) for 24 hr and then subjected to a Transwell assay. (D) Silencing of CRYAB inhibited CDDP resistance in OS cells induced by miR-491 inhibition.

Saos-2 cells that stably expressed miR-491-antisense were transfected with siCRYAB. After 24 hr of transfection, cells were incubated with or without CDDP for 48 hr and

then subjected to an MTT assay. **p < 0.01; ***p < 0.001.
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positively correlated with metastasis, poor chemoresponse, and short-
ened survival time in OS patients.9 Here, our data show that the resto-
ration of miR-491 expression in OS cells leads to the suppression of
CRYAB expression; conversely, inhibition of miR-491 further upre-
gulates CRYAB expression. Luciferase reporter gene experiments
show that miR-491 directly targets the 30 UTR of CRYAB. In addition,
our clinical data show that expression of CRYAB is inversely corre-
lated with miR-491 in OS specimens. Furthermore, our data indicate
that restoration of CRYAB blocked the miR-491 overexpression-
induced inhibition of OS cell metastasis and chemosensitivity. These
findings clearly suggest that increased expression of CRYAB is
partially caused by decreased expression miR-491, and CRYAB is a
key downstream effector that mediates the effects of miR-491 on
OS cell metastasis and chemoresistance.

In summary, we combined clinical and experimental studies to deter-
mine the clinical significance and the role of miR-491 in the progres-
sion of OS. Our findings suggest that downregulation of miR-491 is
2146 Molecular Therapy Vol. 25 No 9 September 2017
significantly associated with OS progression. Our findings may also
aid in the development of potential therapeutics for the treatment
of OS lung metastasis and chemoresistance.

MATERIALS AND METHODS
Reagents

Fetal bovine serum (FBS), MTT, glutaraldehyde, puromycin, CDDP,
anti-actin antibody, and cell culture medium were purchased from
Sigma. The small interfering RNA (siRNA) for aB-cryab (CRYAB),
QuantiTect SYBR Green PCR Kit, and miRNeasy Serum/Plasma
Kit were obtained from QIAGEN. An miR-491-antisense expression
vector and CRYAB expression plasmid were from GeneCopoeia.
CRYAB antibody was obtained from Novus Biologicals. Antibodies
against Ki-67, p-ERK (Thr202/Tyr204), E-cadherin, and MMP-9
were purchased from Cell Signaling Technologies. A Dual-Luciferase
Assay Kit and Lipofectamine 2000 were obtained from Promega.
TRIzol and a BLOCK-iT Pol II miR RNAi Expression Vector Kit
were purchased from Invitrogen. Opti-MEM, a High-Capacity



Table 3. Characteristics of Patients with OS

Variables
Healthy Control
Subjects

No. of Patients (%)

p Value
miR-491 Low
(n = 58)

miR-491 High
(n = 44)

Gender 0.50

Male 8 32 (55.17) 22 (50.00)

Female 12 26 (44.83) 22 (50.00)

Age

Median 24.5 17.3 16.4

Range 7–43 4–41 4–40

Anatomical site 0.88

Femur 29 (50.00) 23 (52.27)

Tibia 13 (22.41) 12 (27.27)

Humerus 12 (20.69) 6 (13.64)

Pelvis 2 (3.45) 1 (2.27)

Other 2 (3.45) 2 (4.55)

Histologic subtype 0.63

Osteoblastic 33 (56.90) 27 (61.36)

Chondroblastic 7 (12.07) 6 (13.64)

Fibroblastic 13 (22.41) 5 (11.36)

Telangiectatic 3 (5.17) 3 (6.82)

Other 2 (3.45) 3 (6.82)

Histologic grade 0.18

III 8 (13.79) 2 (4.55)

IV 50 (86.21) 42 (95.45)

Enneking grade 0.77

2A 9 (15.52) 5 (11.36)

2B 49 (84.48) 39 (88.64)
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cDNA Reverse Transcription Kit, an miRNA expression reporter vec-
tor, miR-491 mimics, antisense oligonucleotides of miR-491 (ASO
miR-491), negative control oligonucleotides (NC), and an miR-491
primer set were purchased from Life Technologies. EDTA-containing
Vacutainer tubes and Invasion Assay Kits were obtained from BD
Biosciences. An apoptosis assay kit and an In Situ Cell Death Detec-
tion kit were purchased from Biotium and Roche, respectively.

Cell Culture and Human Samples

The OS cell lines MG63, Saos-2, and U2OS were obtained from the
American Type Culture Collection, and 143B was obtained from
the Type Culture Collection of the Chinese Academy of Sciences.
All cells were cultured in DMEM, supplemented with 10% FBS, at
37�C in an atmosphere of 95% air and 5% CO2.

Blood and tumor samples were collected from 102 patients with
newly diagnosed OS (no metastasis at diagnosis) at the General Hos-
pital of the People’s Liberation Army. None of the patients had
received preoperative adjuvant chemotherapy before the blood was
drawn. Blood samples were also obtained from 20 healthy individuals.
Blood samples were allowed to stand for 30 min and then were centri-
fuged at 1,000 � g for 15 min in 4�C. The supernatant sera were
recovered and stored at �80�C until analysis. For evaluation of the
chemotherapy response, OS specimens were also obtained at resec-
tion after chemotherapy. The characteristics of the OS patients and
healthy controls are summarized in Table 3. This research was
approved by the Research Ethics Board of the General Hospital of
the People’s Liberation Army.

Histological Response Evaluation

All patients received the same multidrug chemotherapy regimen as
described previously.29 The histological response was reviewed by
an expert panel of pathologists. When the percentage of tumor necro-
sis was R90%, the patients were classified as good responders, and
when the percentage of tumor necrosis was lower than 90%, the pa-
tients were defined as poor responders.30

Real-Time qRT-PCR Analysis

Total RNA was isolated from cells and tissues using TRIzol reagent
according to the manufacturer’s protocol. miRNAs from serum
were isolated using the miRNeasy Serum/Plasma Kit following the
manufacturer’s instructions. Mature miR-491 and the RNU6 endog-
enous control were analyzed using the TaqMan microRNA Assay
Kit. The expression of miR-491 was quantified in relation to the
expression of RNU6. For analysis of CRYAB expression, RT and
PCR were performed with a High-Capacity cDNA Reverse Transcrip-
tion Kit and QuantiTect SYBR Green PCR kit, respectively. The
expression of CRYAB was quantified in relation to the expression of
b-actin. Primers for CRYAB were 50-CTTTGACCAGTTCTTCG
GAG-30 and 50-TCCGTGTTCAGCTGCTGGTA-30; primers for
b-actin were 50-AGAGCTACGAGCTGCC TGAC-30 and 50-AGC
ACTGTGTTGGCGTACAG-30.

Luciferase Reporter Assay

In brief, 30 UTR segments of CRYAB that were predicted to interact
with miR-491 were amplified by PCR from human genomic DNA
and inserted into the Mlu I and Hind III sites of the miRNA Expres-
sion Reporter Vector. For the luciferase reporter experiments, the
indicated cells were seeded into 24-well cell culture plates at a concen-
tration of 1� 104 per well. On the next day, the cells were transfected
with the indicated reporter plasmids containing firefly luciferase. The
Renilla luciferase plasmid was cotransfected as a transfection control.
Cells were lysed 48 hr after transfection, and luciferase activity was
measured by a Dual-Luciferase Assay System according to the man-
ufacturer’s protocol. The firefly luciferase activity was normalized
by the activity of Renilla luciferase.

Western Blot and Immunohistochemistry Assays

Western blotting and immunohistochemical assays were performed
as described previously.31

MTT and Apoptosis Analysis

For the MTT assay, cells were transfected with the indicated oligo-
nucleotides or plasmid using Lipofectamine 2000. After 24 hr of
Molecular Therapy Vol. 25 No 9 September 2017 2147
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transfection, cells were plated into 96-well plates at a density of
5 � 103 cells per well. After 12 hr of seeding, cells were incubated
with or without 10 mM CDDP for 48 hr. The cell viability was
measured using MTT according to the manufacturer’s protocol.

For apoptosis analysis, cells were seeded in six-well plates after 24 hr
of transfection; then cells were incubated with the indicated drugs. Af-
ter 24 hr, cells were harvested and stained with annexin V and 7-ami-
noactinomycin D (7-AAD) according to the manufacturer’s protocol,
followed by flow cytometric analysis. The apoptotic cells in tumor tis-
sues were detected using an In Situ Cell Death Detection kit according
to the manufacturer’s instructions.

Invasion Assay

Cells were transfected with the indicated oligonucleotides or plasmid
for 24 hr; then 1 � 104 cells in growth medium without serum were
seeded in the upper wells of BD Chambers. The lower wells contained
the same medium with 10% serum. After 24 hr, the cells that had
invaded to the lower side of the chamber were fixed with 2.5% glutar-
aldehyde, stained with 0.1% crystal violet, dried, and counted.

Stable Cell Line Selection

An miR-491 expression vector was constructed using a LOCK-iT Pol
II miR RNAi Expression Vector Kit according to the manufacturer’s
protocol and transfected into the indicated cells for selection of stable
miR-491-expressing cells. After 48 hr of transfection, cells were incu-
bated with 10 mg/mL blasticidin for 2 weeks. To construct stably
expressing miR-491-antisense cells, we transfected an miR-491-anti-
sense expression vector into the indicated cells. After 48 hr of trans-
fection, cells were incubated with 2 mg/mL puromycin for 1 week.
Then, cells were frozen in aliquots for later use.

Animal Experiments

Stably expressing miR-491 or miR-491-antisense cells and their vec-
tor control cells were used to generate the animal model. For the sub-
cutaneous tumor growth assay, 2� 106 of the indicated cells in 0.1 mL
of PBS were subcutaneously injected into 6-week-old female nude
mice (eight mice per group). When tumors reached a size of approx-
imately 100 mm3, the mice were started on a treatment of either PBS
or CDDP (10 mg/kg body weight). The treatment was administered
every third day. After 3 weeks, the mice were sacrificed, and the tumor
weights were measured. For the lung metastasis experiments, we
generated OS lung metastatic models by injection of OS cells through
the tail vein or the intramedullary cavity of the tibia. For tail vein in-
jection, 5� 105 of the indicated cells were suspended in 0.1 mL of PBS
and injected into the lateral tail vein of 6-week-old female nude mice
(eight mice per group). At 6 weeks after injection, all mice were sacri-
ficed, and the lung surface tumor foci were counted. For tibia intra-
medullary cavity injection, 5 � 105 143B cells in 5 mL of matrigel
per mouse were injected into the intramedullary cavity of the tibia
as described by Hayashi et al.32 previously. At 4 weeks after injection,
all mice were sacrificed, and the lung surface tumor foci were counted.
The mice were obtained from Charles River Laboratory or Shanghai
Laboratory Animal Center, and all animal care and experimentation
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were conducted according to the guidelines of the Institutional Ani-
mal Care and Use Committee of the University of South Florida
and Third Military Medical University of China.

Statistical Analysis

All data are presented as the mean ± SD, and significant differences
between treatment groups were analyzed by Student’s t test or one-
way ANOVA and Duncan’s multiple range test using SAS statistical
software version 6.12 (SAS Institute). The survival rate of patients
with non-small-cell lung cancer (NSCLC) was calculated using a Ka-
plan-Meier survival analysis. The significance of multiple predictors
of survival was assessed using Cox regression analysis. Differences
were considered statistically significant at p < 0.05.
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Figure S1. Expression of miR-491 in indicated OS cells. (A) Saos-2 cells were 

transfected with the indicated oligonucleotides. After 48 hours of transfection, the 

cells were subjected to RT-qPCR analysis to detect the miR-491 expression level. (B) 

U2OS cells were transfected with the indicated oligonucleotides. After 48 hours of 

transfection, the cells were subjected to RT-qPCR analysis to detect the miR-491 

expression level. (C) 143B cells were transfected with the indicated plasmids. After 

72 hours of transfection, the cells were subjected to RT-qPCR analysis to detect the 

miR-491 expression level. (D) The expression level of miR-491 was measured by 

RT-qPCR in Saos-2 cells stably expressing miR-491 (miR-491) or miR-491-antisense 

(miR-491 inhibitor). (E) the expression level of miR-491 was measured by RT-qPCR 

in MG63 cells stably expressing miR-491 or miR-491-antisense. NC: negative control 

oligonucleotides, ASO miR-491: antisense oligonucleotides of miR-491.  

Figure S2. miR-491 negatively regulates OS cell lung metastasis and 

chemoresistance in vivo. (A) Inhibition of miR-491 stimulates OS cell lung 

metastasis in an animal model. Indicated cells that stably expressed 

miR-491-antisense (miR-491 inhibitor) were injected into the tail vein of 6-week-old 

nude mice (n = 8 per mice). The mice were sacrificed 6 weeks after the tail vein 

injection, and the lung surface nodules were counted using microscopy. (B) Inhibition 

of miR-491 promotes tumor growth and induces resistance to CDDP in Saos-2 

xenograft models. Saos-2 cells stably expressing miR-491-antisense were injected 

subcutaneously into nude mice (n = 8 per group). After the tumor size reached 

approximately 100 mm
3
, the mice were started on a treatment of either PBS or CDDP 

(10 mg/kg body weight). The mice were sacrificed after 3 weeks of CDDP treatment, 

and the tumor weight was measured. (C) Apoptotic cells were detected using a 

TUNEL assay in the indicated xenograft tumor samples. (D) Overexpression of 

miR-491 inhibits OS cell lung metastasis. Indicated cells that stably expressed 

miR-491 (miR-491) were injected into the tail vein of 6-week-old nude mice (n = 8 



per group). The mice were sacrificed 6 weeks after the tail vein injection, and the lung 

surface nodules were counted using microscopy. (E) Overexpression of miR-491 

inhibits tumor growth and enhances the tumor growth inhibition effect of CDDP in 

animal models. Saos-2 cells stably expressing miR-491 were injected subcutaneously 

into nude mice (n = 8 per group). After the tumor size reached approximately 100 

mm
3
, the mice were started on a treatment of either PBS or CDDP (10 mg/kg body 

weight). The mice were sacrificed after 3 weeks of CDDP treatment, and the tumor 

weight was measured. F, Apoptotic cells were detected using a TUNEL assay in the 

indicated xenograft tumor samples. 

Figure S3. Correlation between miR-491 and FOXP4 expression in OS specimens. 

Using RT-qPCR, we analyzed the expression of miR-491 and FOXP4 in 18 tumor 

specimens from patients with OS.  

Figure S4. Expression of CRYAB. (A) Saos-2 cells that stably overexpressed 

miR-491 were transfected with a CRYAB expression plasmid. After 72 hours of 

transfection, cells were subjected to Western blot analysis. (B) Stably overexpressing 

miR-491-antisense Saos-2 cells were transfected with CRYAB siRNA (siCRYAB). 

After 72 hours of transfection, cells were subjected to Western blot analysis. 
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