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Abstract: Cancer cells have developed anoikis resistance and thereby survive after detachment from their pri-
mary site and while traveling through the circulation. However, the mechanisms underlying resistance to anoikis 
in osteosarcoma (OS) remain largely unknown. MicroRNAs (miRNA) have been reported to contribute to malignant 
phenotypes of cancer cells. To investigate the roles of miRNAs in anoikis resistance of OS cells, the implications 
of 9 well-characterized miRNAs that dysregulated in OS on cell anoikis were screened. As a result, miR-451 was 
identified as a crucial factor involved in anoikis resistance and anchorage-independent growth of OS cell. MiR-451 
was down-regulated in OS cells, re-expression of miR-451 significantly promoted cell anoikis of three OS cell lines 
and inhibition of miR-451 protected HOS cells from anoikis under anoikis condition. Subsequently, bioinformatics 
prediction and luciferase reporter assay indicated that Rab14 was a direct target of miR-451, and Rab14 could be 
down-regulated by miR-451 at both mRNA and protein levels. Genetic silencing of Rab14 recapitulated the role of 
miR-451 on anoikis resistance and restoration of Rab14 largely abrogated the tumor suppressor function of miR-
451. Finally, overexpression of miR-451 remarkably suppressed the lung metastasis of OS cells. Collectively, our 
findings suggest that the miR-451/Rab14 axis might serve as a novel mechanism of resistance to anoikis in OS.
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Introduction

Osteosarcoma (OS) is an aggressive bone mali- 
gnancies derived from osteoblast progenitor 
cells of mesenchymal origin [1]. The majority of 
OS patients present with localized disease, and 
80%-90% will die from their disease, generally 
as a result of the development of lung metasta-
ses. Despite great achievements in neoadju-
vant therapy and surgical treatment, the sur-
vival rate of OS has remained at 60% for the 
past decade [2, 3]. The lack of improvement in 
clinical outcome may be due to the inability to 
effectively target tumor-propagating cells in OS. 

Therefore, the identification of the underlying 
molecular mechanisms by which OS metasta-
sis is of paramount importance for OS treat- 
ment.

Distant metastasis of cancer cells is a multi-
step process that involves the cancer cells 
becoming disseminated from the primary site, 

intravasating into and surviving in the circula-
tion, and extravasating and growing in distant 
organs [4]. Anoikis is a type of programmed cell 
death induced by cell detachment from extra-
cellular matrix, behaving as a critical mecha-
nism in preventing anchor-independent cell 
growth and inappropriate attachment, thus 
avoiding colonizing of distant organs [5, 6]. The 
ability of cancer cells to develop anoikis resis-
tance is a vital step during cancer progression 
and metastatic colonization [4]. In OS, the mole- 
cular basis underlying the regulation of anoikis 
resistance is poorly understood, although sev-
eral investigations have provided new insights 
into the development of resistance to anoikis, 
including activation of Src [7], c-Met [8], Ezrin/
β4 integrin interaction [9], PI3K/Akt signaling 
pathway [7], and down-regulation of Caveolin-1 
[8]. Dysregulation of microRNAs (miRNAs) has 
been widely implicated in almost every known 
malignant phenotype of cancer cells [10]. How- 
ever, the potential regulatory roles of microRNA 
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in the anoikis resistance of OS cells remain 
largely unexplored. 

MicroRNA (miRNA) is a short strand of RNA mol-
ecules, usually ranging between 17 and 27 
nucleotides, and plays an integral role in regu-
lating gene expression by directly binding with 
3’-untranslated region (UTR) of target messen-
ger RNAs (mRNAs) [11, 12]. Accumulating stud-
ies showed that miRNAs are dysregulated in 
various cancer types and implicated in the ini-
tiation, maintenance, and progression of can-
cers [13, 14]. As such, it is no surprise to 
hypotheses that several miRNAs might be dys-
regulated and play a role in regulating anoikis, 
to either confer anoikis resistance or anoikis 
sensitivity. To test this hypothesis, in this study, 
we screened a repertoire of dysregulated miR-
NAs and identified miR-451 as a crucial modu-
lator of anoikis resistance in OS cells. Further- 
more, the functional target in the regulation of 
anoikis by miRNA-451 was highlighted to eluci-
date the underlying mechanisms.

Materials and methods 

Cell culture

Osteosarcoma cell lines (U2OS, Saos-2, MG-63, 
and HOS cells) were from American Type Culture 
Collection (ATCC, Manassas, VA, USA) and cul-
tured in RPMI 1640 medium (Gibco, USA) sup-
plemented with 10% fetal bovine serum (FBS). 
Normal hFOB1.19 cells were grown in DMEM 
medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% FBS (HyClone, Logan, Utah, 
USA) and 1% penicillin/streptomycin. Cultures 
were maintained in a humidified atmosphere at 
37°C with 5% CO2.

Cell transfections

The miR-451 mimics, inhibitor, and their respe- 
ctive controls were chemically synthesized by 
Genechem (Shanghai, China). Small interfering 
RNA (siRNA) specifically targeting human Rab- 
14 was designed to silence Rab14 expression. 
The CDS region of the human Rab14 was chem-
ically synthesized and then cloned into the pc- 
DNA3.1 vector (Promega, Madison, Wisconsin, 
USA). OS cells were transiently transfected with 
miR-451 mimics, miR-451 inhibitor sequences 
using Lipofectamine 2000 (Invitrogen, USA) 
according to the manufacturer’s instructions.

RNA extraction and quantitative real-time PCR

Total cellular RNA was isolated from the cul-
tured cells using Trizol reagent (Invitrogen, CA, 
USA). Total miRNA from cultured cells was 
extracted using the mirVana miRNA Isolation 
Kit (# AM1561, Ambion, USA). Complimentary 
DNA was synthesized from 5 ng of total RNA 
using the TaqMan miRNA reverse transcription 
kit (Applied Biosystems, USA) according to the 
manufacturer’s protocol. Quantitative RT-PCR 
was performed through the SYBR green assay 
(Invitrogen) with the Applied Biosystems 7500. 
The qRT-PCR primers of Rab14 and β-actin 
were obtained from the Harvard Primer Bank. 
The U6 and β-actin were used as controls. The 
relative expression levels of miRNA or mRNA 
was calculated using the 2^-ΔΔCt methods. 

Dual luciferase reporter assay

The U2OS and Saos-2 cells at 5 × 104 density 
per well were seeded in triplicate in 24-well 
plates and allowed to settle overnight. Next, 
100 ng of pGL3-Rab14-3’UTR (WT/Mut), or 
control-luciferase plasmid plus 1 ng of pRL-TK 
renilla plasmid (# E2810. Promega, USA) were 
transfected into the cells using Lipofectamine 
2000 (Invitrogen, USA) according to the manu-
facturer’s protocols. After incubation for 48 h, 
luciferase and renilla signals were detected 
after transfection using the Dual-Luciferase 
Reporter assay system (Promega, USA) accord-
ing to the manufacturer’s protocol. The experi-
ment was performed in triplicate and the data 
are presented as the mean ± SD.

Cell anoikisassay

To induce anoikis, cells at 5 × 104 density per 
well were cultured with 6-well plate coated with 
poly (2-hydroxyethyl methacrylate) (poly-HEMA; 
Sigma, USA). Poly-HEMA was dissolved in 95% 
ethanol (v/v) at 50 mg/ml and added to 6-well 
plate at a density of 5 mg/cm2. Cells in serum-
free medium were seeded into the coated 
plates. At the designated time points, the sus-
pended cells were collected and subjected to 
cell apoptosis assays by Caspase-3/7 Glo kit 
(Promega, USA), and Annexin V/PI staining (7 
Sea Biotech, Shanghai, China) on flow cytome-
ter (Beckman) according to the protocols from 
the respective manufacturers.
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Soft agar assay

Anchorage-independent growth was assessed 
using the colony formation assay in soft agar on 
0.35% low melting-point agar (Invitrogen, USA) 
overlaid on 0.6% agarose. Cell suspensions (2 
× 103 cells per dish) were plated in DMEM con-
taining 10% FBS and incubated at 37°C in a 
humidified 5% CO2 atmosphere. Cells were fed 
every 2 days with complete medium. After 10 
days culture, colonies were stained with 0.05% 
crystal violet and counted by microscopy.

Western blotting analysis

Whole cell lysates were prepared using RIPA 
buffer (Sigma, USA) containing a protease in- 
hibitor cocktail and a phosphatase inhibitor 
cocktail (Roche, USA). Proteins (10-50 μg) were 
separated using SDS-PAGE and transferred to 
a nitrocellulose membrane. The membranes 
were then blocked with 5% nonfat dried milk 
and incubated with antibodies against Rab14 
(ab28639, Abcam, USA) overnight at 4°C, fol-
lowed by incubation with the species-matched 
peroxidase-conjugated secondary antibody for 
1 h at room temperature. Western blots were 
scanned and analyzed using the Li-COR Odys- 
sey infrared imaging system.

In vivo lung metastasis experiment

Six-week-old male athymic nude mice were ran-
domly divided into 2 groups (5 mice per group). 
Single-cell suspensions of 1 × 106 miR-NC  
or miR-451-overexpressing cells/0.2 ml were 

injected into the tail vein of the nude mice. The 
mice were sacrificed 30 days after injection 
and the lungs were isolated, fixed in formalin, 
sectioned, and stained with hematoxylin and 
eosin. The microscopic lung metastasis was 
counted under a light microscope. All the exper-
iments were approved by the Medical Experi- 
mental Animal Care Commission of Shandong 
University.

Statistical analysis

The statistical analyses were performed using 
GraphPad Prism (version 6.0; GraphPad Soft- 
ware). The in vitro experiments were performed 
in triplicate wells and each experiment was per-
formed at least two or three times. All data are 
presented as the means ± SDs. Statistical anal-
ysis was performed by the one-way ANOVA to 
express the difference within groups. Statistical 
significance is denoted with asterisks in the 
figures.

Results

Identification of dysregulated microRNAs in-
volved in anoikis resistance of OS

Anoikis resistance is a critical character of the 
OS cells that are prone to distant metastasis. 
To identify the key microRNA(s) involved in this 
process, we compiled several review articles 
with comprehensive description of dysregulat-
ed microRNAs in OS [11-16]. And finally, a total 
of 9 microRNAs with tumor suppressor func-

Figure 1. Identification of dysregulated microRNAs involved in anoikis resistance of OS. U2OS (A) and Saos-2 (B) 
cells were subjected to anoikis conditions and transfected with the mimics of 9 well-characterized miRs dysregu-
lated in OS as well as their negative control for 48 h. Cell anoikis was then measured by caspase-3/7 activity. *p < 
0.05; **p < 0.01.
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tions was selected, including miR-34a, miR-
124, miR-133a, miR-140-5p, miR-143, miR-
199a-3p, miR-224, miR-451, and miR-506. 
Next, Caspase-3/7 activity assay was per-
formed to determine the implications of can- 
didate microRNAs on cell anoikis. As shown in 
Figure 1A, U2OS transfected with mimics of 
miR-124, miR-133a, miR-140-5p, miR-199a-
3p, miR-224 and miR-451 had significantly in- 
creased Caspase-3/7 activity compared with 
the cells transfected with miR-NC under anoikis 
condition for 48 h. In Saos-2 cells, miR-34a, 
miR-133a, miR-143, and miR-451 were able to 
promote cell anoikis (Figure 1B). Notably, miR-
451 was mostly implicated in cell anoikis of 
both U2OS and Saos-2 cells.

miR-451 inhibits anoikis resistance of OS cells

Next, we focused on the role of miR-451 in the 
anoikis resistance of OS cells. Compared to the 
normal hFOB1.19 cells, U2OS, Saos-2, and 
MG-63 cells had relative lower expression of 
miR-451, whereas HOS cells had the highest 
expression of miR-451 in the all OS cell lines 
detected (Figure 2A). Consistently, transfection 
of miR-451 in the MG-63 cells also resulted in 
marked increase in cell anoikis, as demonstrat-
ed by Caspase-3/7 activity (Figure 2B), and 
Annexin V/PI staining (Figure 2C), respectively. 
To further confirm the tumor-suppressive role 
of miR-451 in OS, we blocked its function by 
transfection of miR-451 inhibitors. As illustrat-
ed in Figure 2D, miR-451 inhibitor significantly 

Figure 2. miR-451 inhibits anoikis resistance of os-
teosarcoma. A: The expression level of miR-451 in 4 
OS cell lines and the normal hFOB1.19 cells. B: The 
effect of miR-451 on MG-63 cell anoikis was detect-
ed by caspase-3/7 activity. C: The effect of miR-451 
on MG-63 cell anoikis as revealed by Annexin V/PI 
assay. D: The effect of miR-451 inhibitor on HOS cell 
anoikis was detected by caspase-3/7 activity. E: The 
effect of miR-451 inhibitor on HOS cell anoikis as re-
vealed by Annexin V/PI assay. F: The effect of miR-
451 on the anchorage-independent growth of MG-63 
cells. *p < 0.05.
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reduced the caspase-3/7 activity of HOS under 
anoikis condition. Similarly, Annexin V/PI stain-
ing assay showed that cell apoptosis of HOS 
cells were markedly decreased by miR-451 
inhibitor (Figure 2E). To further determine the 
role of miR-451 in anoikis resistance, colony 
formation assay was performed. As shown in 
Figure 2F, transfection of miR-451 significantly 
reduced the anchorage-independent growth of 
MG63 cells. Taken together, these data above 
suggest that miR-451 is critically involved in 
the anoikis resistance of OS cells.

miR-451 directly targets ras-related protein 14 
(Rab14) in OS cells

To identify the target of miR-451, we predicted 
the targets of miR-451 using the miRNA target 
prediction websites, and found miR-451 could 
directly bind on the 3’-UTR of Rab14 mRNA 
(Figure 3A). Then, we subcloned the WT or Mut 
Rab14 3’-UTR fragment into pGL3 dual lucifer-
ase reporter vectors. Subsequently, we found 
that miR-451 transfection in both U2OS and 
Saos-2 cells significantly inhibited the lucifer-

ase reporter activity of WT Rab14 3’-UTR, 
whereas mutation of Rab14 3’-UTR abrogated 
the repressive ability of miR-451 (Figure 3B). 
Moreover, qRT-PCR and western blotting were 
used to determine the influence of miR-451 on 
Rab14 expression. Expectedly, miR-451 mim-
ics significantly decreased the mRNA and pro-
tein level of Rab14 in U2OS, Saos-2, and MG-63 
cells (Figure 3C). And reversely, miR-451 mim-
ics pronouncedly up-regulated the mRNA and 
protein level of Rab14 in HOS cells (Figure 3D). 
Collectively, these results demonstrate that 
miR-451 directly acts through the 3’-UTR of 
Rab14 in OS cells.

Genetic silencing of Rab14 recapitulates the 
tumor suppressor functions of miR-451

Next, we investigated whether Rab14 was in- 
volved in miR-451-mediated effects on the 
anoikis of OS cells. For this purpose, we geneti-
cally silenced Rab14 by small interfering RNA 
(siRNA). As shown in Figure 4A, two specific  
siRNAs targeting Rab14 resulted in marked 
decrease in Rab14 protein level in both U2OS 

Figure 3. miR-451 directly targets Rab14 in OS cells. A: Putative miR-451-binding sequence in the 3’-UTR of Rab14 
mRNA. Mutation was also generated on the Rab14 3’-UTR sequence in the complementary site for the seed region 
of miR-451. B: The wild type (WT) or mutant (Mut) reporter plasmids was co-transfected into U2OS and Saos-2 cells 
as well as miR-451 or negative control miR-NC. The luciferase activity was measured by a commercial kit and the 
result was shown as relative luciferase activity. C: The Rab14 mRNA and protein level in U2OS, Saos-2, and MG-63 
cells after transfection of miR-451 was analyzed by RT-PCR assay, Western blotting, respectively. D: The Rab14 
mRNA and protein level in HOS cells after transfection of miR-451 inhibitor were analyzed by RT-PCR assay, Western 
blotting, respectively. *p < 0.05; **p < 0.01.
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and Saos-2 cells. Compared to the si-Ctrl cells, 
Rab14 down-regulated cells showed increased 
caspase-3/7 activity (Figure 4B) and apoptosis 
ratio (Figure 4C). To further confirm that Rab14 
targeting was involved in miR-451-induced 
anoikis enhancement, we then performed res-
cue experiments. The results showed that over-
expression of Rab14 largely abrogated miR-
451-mediated apoptosis enhancement in both 
U2OS (Figure 4D) and Saos-2 cells (Figure 4E). 
Furthermore, Rab14 overexpression cells had 

relative lower anoikis ratio compared with the 
control cells (Figure 4D, 4E). In conclusion, 
these results indicate that Rab14 might be 
potentially involved in miR-451-mediated tumor 
suppressing function on anoikis.

miR-451 inhibits lung metastasis in vivo

Finally, to confirm whether the miR-451 sup-
presses metastasis in OS, we generated an in 
vivo lung metastasis model by injecting trans-

Figure 4. Genetic silencing of Rab14 recapitulates the tumor suppressor functions of miR-451. (A) The knockdown 
efficiency of Rab14 in U2OS and Saos-2 cells was tested by Western blotting assay. (B, C) The effects of Rab14 
knockdown on cell anoikis of U2OS and Saos-2 cells were determined by caspase-3/7 activity (B) and Annexin V/PI 
assay (C), respectively. (D, E) U2OS and Saos-2 cells were cotransfected with miR-451 and pcDNA-Rab14 or empty 
vector. At 48 h after transfection, the cells were collected. And cell anoikis was determined by caspase-3/7 activity 
(D) and Annexin V/PI assay (E), respectively. (F) The numbers of visible lung metastatic nodules on the surface of 
the lung as revealed by HE staining. *p < 0.05; **p < 0.01.
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fected cells into the tail vein of nude mice. 
Overexpression of miR-451 significantly reduc- 
ed the ability of the cells to establish lung 
metastases, as reflected by the metastatic 
nodules (Figure 4F).

Discussion

Resistance to anoikisis a key feature of meta-
static cancer cells, and protection from anoikis 
has been proven to facilitate both the survival 
and expansion of metastatic cells [17]. In this 
study, we showed that miR-451/Rab axis is a 
novel modulator of anoikis resistance in OS.
Forced expression of miR-451 in OS cells incre- 
ased anoikis sensitivity. Genetic silencing of 
Rab14 recapitulated the cardinal tumor sup-
pressor function of miR-451. Our work adds a 
new understanding of anoikis resistance in OS.

Accumulating evidence suggests that miRNAs 
play important roles in variety of biological pro-
cesses, such as cell proliferation, apoptosis, 
differentiation, invasion, migration and anoikis 
[10, 11]. In this study, by screening miRNA func-
tion in OS cells under anoikis condition, miR-
451 was identified as a driver miRNA contrib-
uted to anoikis sensitivity in OS cells. Previously, 
miR-451 was found to be down-regulated in 
many cancers and could affect diverse biologi-
cal functions of human tumor cells including 
proliferation, apoptosis, metastasis, adaption 
to metabolic stress and sensitivity to chemo  
or radiotherapy [18-20]. For example, over-
expression of miR-451 in gastric and colorectal 
cancer cells inhibited cell proliferation and 
increased sensitivity to radiotherapy by regulat-
ing macrophage migration-inhibitory factor pro-
duction [21]. In multiple myeloma, miR-451 
regulates stemness of side population cells  
via PI3K/Akt/mTOR signaling pathway [22]. 
Particularly, the tumor suppressor functions of 
miR-451 in OS were also widely demonstrated 
[20, 23-25]. However, no reportsare available 
for its anti-tumor effect on anoikis. Interestingly, 
increased miR-451 expression promoted anoi-
kis of non-small cell lung cancer (NSCLC) cells 
[26]. Consistent with this observation, by loss-
of-function and gain-of-function studies, we for 
the first time revealed that miR-451 was pro-
foundly involved in the anoikis resistance of OS 
cells. Although our screening was not at a large-
scale, the result, at least, to some extent dem-
onstrated the tumor-suppressive role of miR-
451 on the anoikis resistance of OS.

MiR-451 has multiple targets in human OS. Liu 
et al. showed that miR-451 suppresses prolif-
eration, migration, and promotes apoptosis by 
targeting macrophage migration-inhibitory fac-
tor [20]. Ni et al. showed that miR-451 inhibits 
cell growth, migration, and angiogenesis via 
down-regulation of IL6R [23]. It was also shown 
that miR-451 targets liver receptor homolog-1 
to inhibit the proliferation of OS cells [25]. 
Furthermore, miR-451 inhibits cell growth and 
invasion by targeting CXCL16 in OS [24]. In this 
study, we identified Rab14 as a direct function-
al target of miR-451. Knockdown of Rab14 fully 
recapitulated the inhibitory role of miR-451 on 
anoikis resistance. Consistently, it has been 
reported that miR-451 functions as a tumor 
suppressor in NSCLC by targeting Rab14 [27]. 
And miR-451 is able to increase radio sensitiv-
ity of nasopharyngeal carcinoma cells by tar-
geting Rab14 [28]. Rab14 is a member of RAS 
oncogene family, and its oncogenic functions 
have been demonstrated in several cancers, 
including gastric cancer, breast cancer, and 
ovarian cancer [29-31]. Specifically, we uncov-
ered a novel regulatory role of Rab14 in anoikis 
resistance of OS cells. However, several limita-
tions are present in this part of work. Firstly, we 
cannot fully rule out other targets except for 
Rab14 that mediate the inhibitory role of miR-
451 in OS anoikis resistance. Secondly, the 
downstream signaling pathway of Rab14 in OS 
remains further investigation.

In conclusion, we found that miR-451 is a tumor 
suppressor in OS and miR-451 involved OS 
anoikis resistance by direct targeting Rab14. 
Our experimental data suggest that the miR-
451/Rab14 axis might be a novel mechanism 
underlying the anoikis resistance in OS.
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