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Abstract
Osteosarcoma (OS), which is a common and aggressive primary bone malignancy, 
occurs mainly in children and adolescent. Long noncoding RNAs (lncRNAs) are re-
ported to play a pivotal role in various cancers. Here, we found that the lncRNA 
HOTAIRM1 is upregulated in OS cells and tissues. A set of functional experiments 
suggested that HOTAIRM1 knockdown attenuated the proliferation and stimulated 
the apoptosis of OS cells. A subsequent mechanistic study revealed that HOTAIRM1 
functions as a competing endogenous RNA to elevate ras homologue enriched in 
brain (Rheb) expression by sponging miR-664b-3p. Immediately afterward, upregu-
lated Rheb facilitates proliferation and suppresses apoptosis by promoting the mTOR 
pathway-mediated Warburg effect in OS. In summary, our findings demonstrated that 
HOTAIRM1 promotes the proliferation and suppresses the apoptosis of OS cells by 
enhancing the Warburg effect via the miR-664b-3p/Rheb/mTOR axis. Understanding 
the underlying mechanisms and targeting the HOTAIRM1/miR-664b-3p/Rheb/mTOR 
axis are essential for OS clinical treatment.
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1  |  INTRODUC TION

Osteosarcoma (OS), the most common and aggressive type of pri-
mary malignant bone tumor, arises most often in children and ado-
lescents.1,2 It is derived from interstitial tissue and is characterized 
by heterogeneity, rapid progression, and a high risk of metastasis, 
primarily to the lungs.3 Nevertheless, the underlying molecular 
mechanisms of OS pathogenesis remain elusive. Hence, it is imper-
ative to investigate the underlying mechanism and develop novel 
effective targets for the treatment of OS.

Long noncoding RNAs (lncRNAs) are transcripts longer than 
200 nucleotides that lack protein-coding capacity.4-7 An increas-
ing number of studies have indicated that lncRNAs are correlated 
with tumor occurrence, development, and prognosis.8 In addi-
tion, a lot of researches have explored the role of lncRNAs in OS. 
It was reported that lncRNA SNHG10 accelerated OS progression 
via Wnt/β–catenin pathway.9 A previous study demonstrated that 
LINC00629 could activate the KLF4/LAMA4 axis, thus leading to 
a poor prognosis in OS.10 Furthermore, LINC00324 was found to 
promote OS development by regulating WDR66.11 HOXA transcript 
antisense RNA myeloid-specific 1 (HOTAIRM1) is a novel iden-
tified lncRNA that maps within the HOXA gene cluster at human 
chromosome 7p15.2.12 Recently, growing evidence has suggested 
that HOTAIRM1 is an oncogene in multiple cancers and is import-
ant in tumorigenesis and development. It has been reported that 
HOTAIRM1 is upregulated in oral squamous cell carcinoma (OSCC) 
and enhances OSCC development.13 HOTAIRM1 is highly ex-
pressed in glioblastoma multiforme (GBM) and is closely related to 
malignancy grade in GBM patients.14 Ye et al. demonstrated that 
HOTAIRM1 was involved in ovarian cancer (OV) development by 
upregulating MMP9 expression.15 However, the biological function 
of HOTAIRM1 in OS is unclear.

The mTOR pathway is frequently activated in various dis-
eases.16 mTOR exerts its biological functions in protein synthesis, 
cell growth and metabolism mainly through the phosphorylation 
of two important downstream substrates, 70S6K (ribosomal pro-
tein 70S6 kinase) and 4E-BP1, which next phosphorylate effec-
tor S6 (ribosomal protein S6).17-19 Interestingly, growing evidence 
shows that the mTOR pathway can stimulate tumor progression 
via the Warburg effect.17,20,21,22 The Warburg effect is a phe-
nomenon in which virtually all tumor cells consume glucose and 
produce lactic acid for adenosine triphosphate (ATP) production 
despite the presence of ample oxygen.23,24 Nevertheless, the as-
sociation between mTOR and the Warburg effect in OS remains 
unclear.

In this study, we revealed that HOTAIRM1 was upregulated in OS 
and stimulated tumor progression by activating the Warburg effect. 
Mechanistically, HOTAIRM1 competes with a key regulator of the 
mTOR pathway, Rheb, for miR-664b-3p, thus resulting in upregula-
tion of Rheb expression, activation of the mTOR pathway, and the 
transformation from oxidative phosphorylation to aerobic glycolysis. 
Collectively, the HOTAIRM1-miR-664b-3p/Rheb/mTOR axis may be 
a novel target for OS therapy.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture and reagents

The human OS cell lines MG63, U-2OS, MNNG-HOS, and Saos-2 
and the human osteoblast cell line hFOB1.19 were acquired from the 
Cell Bank of the Chinese Academy of Sciences. FTI (farnesyltrans-
ferase inhibitor, a Rheb inhibitor) was purchased from Sigma (Sigma, 
USA). OS cells were incubated at 37°C in humidified air containing 
5% carbon dioxide, while hFOB1.19 cells were maintained at 34.5°C 
with 5% CO2 in a humidified atmosphere. All cells were cultured 
in a medium that contained 10% fetal bovine serum (FBS) and 1% 
penicillin–streptomycin.

2.2  |  Quantitative RT–PCR (qRT-PCR)

Total RNA was isolated and reverse transcribed to cDNA following 
the manufacturer's instructions (Vazyme). qRT-PCR analysis was 
conducted as previously described. β-actin and U6 expression were 
used for normalization.25

2.3  |  Cell transfection

The sequences of shRNAs targeting HOTAIRM1 were sh-1, 5′-
CTGGA​GAC​TGG​TAG​CTT​ATTA-3′ and sh-2, 5′- AGCTG​GGA​GAT​
TAA​TCA​ACCA-3′. HOTAIRM1 shRNA plasmids and their negative 
controls were purchased from Gene Pharma. The negative control 
plasmid and the plasmid containing Rheb-HA were purchased from 
OBiO Technology. We packaged these plasmids into virus particles 
using HEK 293 T cells and determined the viral titers. To obtain sta-
ble HOTAIRM1-knockdown cell lines or Rheb-overexpressing cell 
lines, target cells were seeded on six-well plates and coinfected with 
1 × 108 lentivirus-transducing units and polybrene (Sigma). After 
72 h, the infected cells were screened with 2.5 μg/mL puromycin. 
The interference efficiency was verified by qRT-PCR and Western 
blotting.

Control mimics, miR-579-3p mimics, miR-664b-3p mimics, miR-
142-5p mimics, miR-5590-3p mimics, control inhibitor, and miR-
664b-3p inhibitor, purchased from Gene-Pharma, were transfected 
into target cells with Lipofectamine 3000 (Invitrogen) according to 
the supplier's protocol.

2.4  |  Western blotting

We used RIPA buffer (Sigma), which contained protease inhibitors 
(Roche), to extract total protein. Protein samples were electro-
phoresed on 12% SDS-PAGE gels. After transfer, the membranes 
were blocked for 1 h with 5% skim milk and then incubated with pri-
mary antibodies overnight at 4°C. The membranes were incubated 
in secondary antibody following washing in TBST. Subsequently, 
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the membranes were washed again in TBST, and an ECL detection 
kit (Share-bio) was used to determine luminescence. Densitometric 
analysis of the Western blotting protein was performed using the 
ImageJ software.

2.5  |  Cell proliferation assay and cell 
apoptosis assay

Cell-Counting Kit-8 (CCK-8) assay, EdU assay, colony formation assay, 
and cell apoptosis assay were performed as mentioned previously.24

2.6  |  Mouse xenograft assay

This experiment was performed following the guidelines of the 
Research Ethics Committee of East China Normal University. First, 
male BALB/C nude mice (5–6 weeks old) were randomly divided into 
several groups (n = 5 per group). Subsequently, 1.5 × 106 target cells 
were injected subcutaneously into mice. Tumor volume and weight 
were detected every 5 days. Finally, all tumors were isolated and 
measured after mice were euthanized on day 20.

2.7  |  Dual-luciferase reporter assay

Dual-luciferase reporter assay was performed to determine the as-
sociation among HOTAIRM1, miR-664b-3p, and Rheb as previously 
described.26

2.8  |  Database analysis

Data from TargetScan (http://www.targe​tscan.org/) and StarBase 
(http://starb​ase.sysu.edu.cn/index.php) were applied to analyze po-
tential interacting genes of miR-664b-3p or HOTAIRM1.

2.9  |  Immunohistochemistry staining

Immunohistochemistry (IHC) assay was carried out as previously 
mentioned.27 Cell proliferation in xenograft tumor tissues was as-
sessed by corresponding primary antibodies against Ki67 (GB13030; 
Servicebio) at 1:200 dilutions. The apoptosis of xenograft tumor cells 
was assayed using a TUNEL kit (Roche) as previously described.27

2.10  |  Fluorescence in situ hybridization (FISH)

A microarray containing tissue from 40 OS patients was obtained 
from Alena Biotechnology Co., Ltd. (Xi'an). OS tissue sections 
were hybridized with HOTAIRM1, miR-664b-3p, and Rheb probes 
(Servicebio). FISH was performed as reported previously.24

2.11  |  Bioinformatic analysis and survival analysis

Microarray data from the GSE87624 data set were directly down-
loaded from GEO (Gene Expression Omnibus) (http://www.ncbi.
nlm.nih.gov/geo/) and consisted of 44 disease samples and 3 healthy 
controls. Samples from two groups were analyzed by limma package 
in SangerBox (http://sange​rbox.com/).28

2.12  |  Statistical analyses

All statistical results are presented as the means ± SDs. Statistical 
analyses were conducted using two-tailed Student's t-test for 
comparison of different groups (GraphPad Prism, version 9.3.1 for 
Windows). A p-value of <0.05 was considered to indicate a statisti-
cally significant difference.

3  |  RESULTS

3.1  |  HOTAIRM1 was upregulated in OS cells and 
tissue

To identify differentially expressed genes in OS, the gene expres-
sion profiles of GSE87624 from the GEO database were analyzed 
using SangerBox. As shown in Figure 1A,B and Table S1, differen-
tially expressed genes between OS and normal tissues were identi-
fied using the R package limma (logFC >1 and p-value <0.05). Among 
these differentially expressed genes, we discovered that the lncRNA 
HOTAIRM1 was significantly upregulated in OS samples compared 
with normal samples (Figure 1C). To further validate these results, 
we evaluated the expression level of HOTAIRM1 in tissue samples 
through FISH using a specific HOTAIRM1 probe on an OS tissue 
microarray (n = 40) (Figure  1D). We found that higher HOTAIRM1 
expression was closely associated with advanced pathological stage 
in OS (Figure 1E). Moreover, HOTAIRM1 expression in the normal 
human osteoblast cell line (hFOB1.19) and in OS cell lines (MG63, 
U-2OS, MNNG-HOS, and Saos-2) was detected via qRT-PCR. As 
Figure 1F shows the expression of HOTAIRM1 increased remarkably 
in OS cell lines (especially U-2OS and MNNG-HOS cells) compared 
with hFOB1.19 cells. Taken together, the data above confirmed that 
HOTAIRM1 is upregulated in OS tissues and cells and might be re-
lated to the progression of OS.

3.2  |  HOTAIRM1 promoted proliferation and 
inhibited apoptosis in OS cells

To identify the role of lncRNA HOTAIRM1 in OS progression, sta-
ble HOTAIRM1-knockdown MNNG-HOS and U-2OS cell lines were 
constructed to provide additional insight into the biological func-
tion of HOTAIRM1 in the development of OS. The knockdown ef-
ficiency of HOTAIRM1 was confirmed through qRT-PCR (Figure 2A). 

http://www.targetscan.org/
http://starbase.sysu.edu.cn/index.php
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://sangerbox.com/
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As determined by CCK-8 assay, the proliferative capacity of U-2OS 
and MNNG-HOS cells was significantly inhibited by HOTAIRM1 
knockdown (Figure  2B,C). Colony formation assays indicated that 
HOTAIRM1 knockdown weakened its promoting effect on cell pro-
liferation (Figure 2D,E). The same result was confirmed in the EdU 
assay (Figure  2F). Furthermore, we found that downregulation of 
HOTAIRM1 greatly stimulated apoptosis in OS cells compared with 
that in the control group (Figure 2G,H). Together, our data demon-
strated that HOTAIRM1 induced the proliferation and suppressed 
the apoptosis of OS cells in vitro.

3.3  |  Knockdown of HOTAIRM1 inhibits the 
Warburg effect and the expression of glycolysis-
related genes in OS cells

As is well known, the Warburg effect is a hallmark of cancers and 
contributes to the proliferation of OS.29,30 To determine whether 
HOTAIRM1 promotes OS proliferation by contributing to the reg-
ulation of aerobic glycolysis, a metabolic flux analyzer was used 
to measure ECAR, an indicator of glycolytic activity, and OCR, an 
indicator of oxidative phosphorylation, in HOTAIRM1-knockdown 
and control OS cells. We found that HOTAIRM1 knockdown re-
sulted in a low level of glycolysis in U-2OS and MNNG-HOS cells 
(Figure 3A,B) but increased the oxidative phosphorylation capac-
ity in these cells (Figure  3C,D). Moreover, Figure  3E,F suggests 
that silencing HOTAIRM1 suppressed the formation of lactate and 
increased the level of ATP production. In general, these findings 
revealed that HOTAIRM1 knockdown suppresses the Warburg ef-
fect in OS cells.

To investigate whether HOTAIRM1 modulated the expression 
of glycolysis-related genes, qRT-PCR and Western blotting were 
performed to check their RNA and protein levels. As shown in 
Figure 3G,H and Figure S1A-F, the expression of these glycolysis-
related genes, including GLUT1, HK2, LDHA, and PGK1, was 
largely inhibited at both the RNA and protein levels in HOTAIRM1-
knockdown cells. These findings demonstrated that HOTAIRM1 
plays an important role in the modulation of glycolytic metabolism.

3.4  |  HOTAIRM1 stimulates OS progression via 
Rheb/mTOR/c-MYC pathway-mediated glycolysis

There are reports that the mTOR pathway plays an important role 
in the Warburg effect by regulating the expression of c-MYC, a key 
regulator of glycolysis.31-33 On account of the association between 

the mTOR pathway and the Warburg effect, we sought to explore 
whether HOTAIRM1 regulates the Warburg effect by activating the 
mTOR pathway in OS.

Afterward, we used Western blotting to investigate the link 
between HOTAIRM1 and the mTOR pathway. We found that the 
expression of AKT, phospho-AKT (p-AKT), and mTOR did not 
change significantly in HOTAIRM1-knockdown OS cells, while 
the expression levels of Rheb, phospho-mTOR (p-mTOR), and 
c-MYC were reduced (Figure  S1G). As is known, Rheb interacts 
with mTOR directly and activates it in the GTP-bound form.34 
According to the association between HOTAIRM1 and the mTOR 
pathway, we tried to explore whether HOTAIRM1 promotes OS 
progression by modulating mTOR/c-MYC-mediated glycolysis in a 
Rheb-dependent manner. Subsequently, we overexpressed Rheb 
in wild-type (WT) and HOTAIRM1-knockdown OS cell lines and 
verified the overexpression efficiency through Western blotting. 
Meanwhile, we found that the expression of p-mTOR, c-MYC, 
and the genes involved in glycolysis, including GLUT1, HK2, and 
LDHA, were partly rescued by Rheb overexpression (Figure  4A 
and Figure S2A–G). As shown in Figure  4B–D and Figure  S2H, 
overexpression of Rheb promoted cell proliferation in HOTAIRM1-
knockdown cells. The results of the apoptosis assay indicated that 
overexpression of Rheb partly reversed the enhancing effects of 
HOTAIRM1 knockdown on apoptosis in U-2OS and MNNG-HOS 
cells (Figure 4E and Figure S2I). Moreover, the Warburg effect was 
partially restored by overexpressing Rheb in OS cells (Figure 4F–
I). In general, these findings revealed that HOTAIRM1 modulated 
Rheb/mTOR/c-MYC-mediated glycolysis and then contributed to 
the growth of OS.

3.5  |  miR-664b-3p directly targets Rheb in OS cells

As mentioned, Rheb expression is regulated by HOTAIRM1. 
However, no direct binding site between HOTAIRM1 and Rheb 
was predicted by online prediction algorithms. It has been re-
ported that lncRNAs can modulate the expression of target genes 
in various cell processes by acting as miRNA sponges. Therefore, 
we assumed that HOTAIRM1 modulates Rheb expression via 
microRNAs. Next, we identified four potential microRNAs that 
target Rheb and are regulated by HOTAIRM1 using two predic-
tion algorithms, TargetScan and StarBase (Figure 5A). These four 
miRNAs were overexpressed in U-2OS and MNNG-HOS cells, 
and the overexpression efficiency was detected via qRT–PCR 
(Figure S3A,B). Subsequently, we found that the RNA expression 
of Rheb decreased significantly in U-2OS and MNNG-HOS cells 

F I G U R E  1  HOTAIRM1 was upregulated in osteosarcoma (OS) cells and tissue. (A) Volcano plot representing the differentially expressed 
genes in GEO datasets (GSE87624). (B) Heatmap showed the differentially expressed genes in GSE87624 downloaded from the GEO 
database. (C) The expression of HOTAIRM1 in normal and OS samples of the GSE87624 dataset. (D) Representative FISH photographs of the 
expression patterns of HOTAIRM1 in human OS tissues. Scale bars = 20 μm. (E) Statistical analysis of FISH results based on the expression 
level of HOTAIRM1 in T1-stage (n = 9) and T2-stage (n = 31) OS tissues. (F) Relative HOTAIRM1 mRNA levels of MG63, U-2OS, MNNG-HOS, 
and Saos-2 relative to hFOB1.19 cells were determined using qRT-PCR. Results are displayed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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F I G U R E  2  HOTAIRM1 promoted proliferation and inhibited apoptosis in osteosarcoma (OS) cells. (A) Interference efficacy of sh-RNA 
targeting of HOTAIRM1 in U-2OS and MNNG-HOS cells was determined by qRT-PCR. (B, C) Knockdown of HOTAIRM1 suppressed the 
proliferation capability of U-2OS and MNNG-HOS cells using CCK-8 assay. (D, E) Knockdown of HOTAIRM1 suppressed the proliferation 
of OS cells (U-2OS and MNNG-HOS) using colony formation assay. (F) HOTAIRM1 shRNA decreased the percentage of EdU-positive OS 
cells. Representative photographs of the EdU incorporation assay are shown in the left panel; scale bars = 20 μm. (G, H) The knockdown 
of HOTAIRM1 significantly induces apoptosis of U-2OS and MNNG-HOS cells. Results are displayed as mean ± SD. *p < 0.05, **p < 0.01, 
***p < 0.001.
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F I G U R E  3  Knockdown of HOTAIRM1 inhibits the Warburg effect and the expression of glycolysis-related genes in osteosarcoma (OS) 
cells. (A) Extracellular acidification rate (ECAR) of U-2OS or MNNG-HOS cells in the sh-Control and sh-HOTAIRM1 group was detected via 
a Seahorse Bioscience XFp analyzer. Glc, glucose; O, oligomycin; 2-DG, 2-deoxy-d-glucose. (B) Quantification of glycolytic capacity from 
(A). (C) Oxygen consumption rates (OCR) of U-2OS or MNNG-HOS cells in the sh-Control and sh-HOTAIRM1 group was detected using 
a Seahorse Bioscience XFp analyzer. O, oligomycin; F, FCCP; A&R, antimycin A/rotenone. (D) Quantification of maximal respiration from 
(C). (E) Lactate production was determined in different groups (sh-Control and sh-HOTAIRM1). (F) Adenosine triphosphate (ATP) level was 
determined in different groups (sh-Control and sh-HOTAIRM1). (G) Schematic diagram of the aerobic glycolysis pathway. (H) Protein levels of 
aerobic glycolysis enzymes following knockdown of HOTAIRM1. Results are displayed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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F I G U R E  4  HOTAIRM1 stimulates osteosarcoma (OS) progression via Rheb/mTOR/c-MYC pathway-mediated glycolysis. (A) Protein 
levels of Rheb, total and phosphorylated mTOR, c-Myc, and aerobic glycolysis enzymes following overexpression of Rheb in HOTAIRM1-
knockdown cells. B, C, Overexpression of Rheb partly reversed the suppressed effects of HOTAIRM1 knockdown on the cell viability 
of U-2OS and MNNG-HOS cells using CCK-8 assay. (D) Overexpression of Rheb partly reversed the suppressed effects of HOTAIRM1 
knockdown on the colony-formation capability of U-2OS and MNNG-HOS cells. (E) Overexpression of Rheb partly reversed the induced 
effect of HOTAIRM1 knockdown on the apoptosis of OS cells (U-2OS and MNNG-HOS). (F) Extracellular acidification rates (ECARs) in 
OS cells (U-2OS and MNNG-HOS) in different groups (sh-Control, sh-HOTAIRM1, and sh-HOTAIRM1 + ov-Rheb) were determined. (G) 
Quantification of the glycolytic capacity from F. (H) Oxygen consumption rates (OCR) in OS cells (U-2OS and MNNG-HOS) in different 
groups (sh-Control, sh-HOTAIRM1, and sh-HOTAIRM1 + ov-Rheb) were determined. (I) Quantification of maximal respiration from (H). 
Results are displayed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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F I G U R E  5  miR-664b-3p directly targets Rheb in osteosarcoma (OS) cells. (A) Venn diagram showing the predicted target miRNAs of Rheb 
and HOTAIRM1 from databases (TargetScan and StarBase). (B, C) The mRNA expression patterns of Rheb in predicted target miRNA mimics 
the treated or Control U-2OS and MNNG-HOS cells. (D) Western blot showed Rheb expression in U-2OS and MNNG-HOS cells transfected 
with miR-664b-3p mimics or negative control. (E) Wild-type and mutated sequences of the Rheb mRNA 3’-UTR (mutation site: red). (F, G) 
The luciferase activity of OS cells (U-2OS and MNNG-HOS) in luciferase reporter plasmid containing wild-type Rheb 3’-UTR (Rheb-WT) and 
mutant Rheb 3’-UTR (Rheb-MUT) cotransfected with miR-664b-3p mimics or negative control was assessed. (H, I) RIP assays using antibodies 
against AGO2 or IgG were performed in cellular lysates from U-2OS and MNNG-HOS cells. qRT-PCR showed the relative enrichment of Rheb 
in cells transfected with miR-664b-3p or NC mimics. Results are displayed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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due to overexpression of miR-664b-3p (Figure 5B,C). Furthermore, 
we found that the expression of Rheb at the protein level was re-
duced in the miR-664b-3p overexpression group. (Figure 5D and 
Figure S3C). The potential target site of miR-664b-3p on Rheb is 
shown in Figure 5E. To test the association between miR-664b-3p 
and Rheb, we performed double luciferase reporter assays. As ex-
pected, the miR-664b-3p mimic induced a marked reduction in the 
luciferase intensity of the WT Rheb 3′UTR (Rheb-WT) reporter, 
which was not observed in the mutated type (MUT) 3′UTR of the 
Rheb reporter in OS cells (Figure 5F,G). Additionally, the results of 
the RNA immunoprecipitation (RIP) assay demonstrated a much 
higher enrichment level of Rheb in the anti-Argonaute2 (Ago2) 
group with the overexpression of miR-664b-3p (Figure  5H,I). 
These data suggested that miR-664b-3p inhibited Rheb expres-
sion by interacting with its 3′UTR directly.

3.6  |  HOTAIRM1 directly interacts with mir-664b-
3p as a sponge in OS

To explore the interaction between HOTAIRM1 and miR-664b-3p 
in OS cells in depth, we first examined miR-664b-3p expression by 
qRT-PCR in HOTAIRM1 knockdown and control OS cells, and the 
results showed that miR-664b-3p expression increased significantly 
after HOTAIRM1 knockdown (Figure  6A). Next, using StarBase 
analysis, we discovered that there was a potential binding site be-
tween HOTAIRM1 and miR-664b-3p (Figure 6B). In the meantime, 
the plasmids containing either the WT or MUT miR-664b-3p bind-
ing site of the HOTAIRM1 transcript combined with an MS2 binding 
site were constructed and cotransfected into U-2OS or MNNG-HOS 
cell lines with a construct containing MS2-binding protein (MS2bp) 
and GFP. The results of the MS2-based RIP assay demonstrated that 
miR-664b-3p was largely enriched in RNAs retrieved from the WT 
MS2bs-HOTAIRM1 group relative to the MUT MS2bs-HOTAIRM1 
group (Figure 6C). Moreover, an RNA pulldown assay was performed 
in OS cells and indicated that miR-664b-3p bound biotin-labeled WT 
HOTAIRM1 but not MUT HOTAIRM1 (Figure  6D). As revealed in 
Figure 6E,F, transiently expressing miR-664b-3p induced a marked 
reduction in the luciferase intensity of HOTAIRM1-WT, which was 
not observed in the HOTAIRM1-MUT group. Additionally, anti-
Ago2 RIP demonstrated the enrichment of endogenous HOTAIRM1 
was increased due to miR-664b-3p overexpression in OS cells 
(Figure 6G,H). Collectively, these results suggested that HOTAIRM1 

acts as a sponge for miR-664b-3p via the ceRNA mechanism in OS 
cells.

3.7  |  The inhibitory effect of OS cells triggered 
by silencing HOTAIRM1 was reversed by miR-664b-
3p knockdown

To further assess whether HOTAIRM1 is involved in OS progres-
sion through miR-664b-3p, a rescue experiment was conducted 
with U-2OS and MNNG-HOS cells. We transfected OS cells using 
sh-HOTAIRM1 plus miR-664b-3p inhibitors. As shown in Figure 7A 
and Figure S4A–G, silencing HOTAIRM1 significantly inhibited 
the expression of Rheb, p-mTOR, and glycolysis-related genes at 
the protein level, which was partly reversed by inhibition of miR-
664b-3p. Additionally, we found that silencing HOTAIRM1 mark-
edly suppressed the proliferation of OS cells, while miR-664b-3p 
knockdown partially reversed this inhibitory effect (Figure  7B–D 
and Figure S4A). Moreover, the results of the apoptosis assay indi-
cated that the enhancement of apoptosis was partly rescued in the 
HOTAIRM1-knockdown group with the inhibition of miR-664b-3p 
(Figure  7E and Figure  S4B,C). Similarly, miR-664b-3p knockdown 
partially inhibited the effect of silencing HOTAIRM1 on the Warburg 
effect (Figure  7F,G). Subsequently, we performed cell prolifera-
tion assays in combination with FTI, a Rheb inhibitor. The results of 
CCK–8 assay indicated that FTI partly reversed the enhancement 
of miR–664b–3p knockdown on cell proliferation (Figure S5A,B). 
Meanwhile, the colony formation capacity of OS was remarkablely 
supressed due to the application of FTI (Figure S5C,D). In conclu-
sion, these findings collectively indicated that HOTAIRM1 works as 
a critical promotor of OS growth and aerobic glycolysis by the miR-
664b-3p/Rheb axis.

3.8  |  HOTAIRM1 knockdown attenuates OS 
growth via the miR-664b-3p/Rheb axis in vivo

Next, to further confirm whether HOTAIRM1 promotes OS cell 
proliferation in vivo, xenograft models of OS were established 
in nude mice by subcutaneous injections in established stable 
MNNG-HOS cell lines. As depicted in Figure 8A,B and Figure S6A, 
compared with the control conditions, HOTAIRM1 knockdown 
reduced the tumor burden markedly and inhibited the growth of 

F I G U R E  6  HOTAIRM1 directly interacts with mir-664b-3p as a sponge in osteosarcoma (OS). (A) The expression of miR-664b-3p was 
upregulated in U-2OS and MNNG-HOS transfected with HOTAIRM1 shRNA or the control shRNA by RT-qPCR. (B) Wild-type and the 
mutated sequences of HOTAIRM1 mRNA 3’-UTR (mutation site: red). (C) Top panel shows a schematic image of a construction containing 
HOTAIRM1 wild type combined with MS2 binding sequence. MS2-RIP followed by miR-664b-3p qRT-PCR to measure miR-664b-3p 
endogenously associated with HOTAIRM1. (D) U-2OS and MNNG-HOS cells lysates were incubated with biotin-labeled HOTAIRM1. qRT-
PCR measured miR-664b-3p expression in the products of pulldown by biotin. (E, F) Luciferase activity of OS cells (U-2OS and MNNG-HOS) 
in luciferase reporter plasmid containing wild-type HOTAIRM1 3’-UTR (HOTAIRM1-WT) and mutant HOTAIRM1 3’-UTR (HOTAIRM1-MUT) 
cotransfected with miR-664b-3p mimics or negative control was assessed. (G, H) AGO2-RIP followed by qPCR to evaluate HOTAIRM1 level 
after miR-664b-3p overexpression. Results are displayed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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xenograft tumors. Nevertheless, the tumor-promoting effect of 
HOTAIRM1 was partially rescued by inhibition of miR-664b-3p. 
Subsequently, the proliferation and apoptosis of cells in xenograft 
tumors were analyzed by Ki67 staining and TUNEL assay, respec-
tively. As seen in Figure  8C,D, HOTAIRM1 knockdown caused 
a substantial drop in cell proliferation and induced apoptosis in 
vivo, while knockdown of miR-664b-3p partially restored this ef-
fect. The expression patterns of the HOTAIRM1/miR-664b-3p/
Rheb axis were established using FISH and IF staining in xenograft 
tumors (Figure 8E). This result was further verified in human OS 
samples (Figure  8F). A positive association between the expres-
sion pattern of HOTAIRM1 and Rheb and a negative association 
between HOTAIRM1 and miR-664b-3p, as well as miR-664b-3p 
and Rheb were apparent (Figure 8G–I). Therefore, these data indi-
cated that lncRNA HOTAIRM1 stimulates OS cell growth through 
the miR-664b-3p/Rheb axis in vivo.

4  |  DISCUSSION

Accumulating studies have reported that aberrantly expressed lncR-
NAs exert important functions in various human diseases, including 
OS, by regulating downstream gene expression. A previous study 
reported that lncRNA MELTF-AS1 increased the ability of OS to me-
tastasize through the miR-485-5p/MMP14 axis.35 Shi et al. revealed 
that highly expressed AFAP1-AS1 plays an oncogenic role by activat-
ing the RhoC/ROCK1/p38MAPK/Twist1 signaling pathway in OS.36 
HOTAIRM1, which was first discovered in promyelocytic leukemia 
cells, has been reported to be upregulated and lead to poor progno-
sis in various cancers.12 In our study, we found that HOTAIRM1 was 
highly expressed in OS cells and tissues. Furthermore, HOTAIRM1 
facilitated the proliferation while suppressing the apoptosis of OS 
cells in vivo and in vitro.

Recently, the competing endogenous RNA (ceRNA) hypothesis, 
which suggests that lncRNAs modulate mRNA expression by work-
ing as miRNA sponges, has received increasing attention.37 Emerging 
evidence indicates that HOTAIRM1 can also act as a ceRNA.38,39 In 
our study, we found that HOTAIRM1 promoted OS cell proliferation 
and inhibited OS cell apoptosis by modulating the miR-664b-3p/
Rheb pathway.

Rheb, which belongs to the small GTPase superfamily, performs 
its function by activating the mTOR signaling pathway in its GTP-
bound form.40,41 Growing evidence indicates that the Rheb/mTOR 
pathway critically affects cell proliferation, apoptosis, metabolism, 
tumorigenesis, and development.42-45 Dong et al. suggested that 
VEPH1 downregulation promoted hepatocellular carcinoma (HCC) 
cell proliferation, migration, and invasion by activating Rheb/mTOR 
signaling.46 In breast cancer, Rheb contributes largely to E2-induced 
proliferation as a regulator of the mTOR pathway.47 Our study 
demonstrated that Rheb is upregulated by HOTAIRM1, which func-
tions as a ceRNA by sponging miR-664b-3p and accelerates the pro-
gression of OS via the mTOR pathway.

The Warburg effect is a characteristic of rapidly proliferat-
ing cells.48 mTOR signaling, which is an irreplaceable activator in 
various fundamental cellular processes, including metabolism, is 
known to be one of many glycolysis-related pathways.49,50 It was 
reported that mTOR stimulated glycolysis in a c-MYC-dependent 
manner.51 C-MYC, which functions as a classical regulator of cell 
metabolism, mediates glucose metabolism reprogramming by tar-
geting glycolytic enzymes.30,52 Herein, our results confirmed that 
HOTAIRM1 activates the Warburg effect in the Rheb/mTOR/c-
MYC pathway.

In conclusion, our findings revealed that HOTAIRM1, whose ex-
pression is increased in OS, functions by sponging miR-664b-3p to 
enhance Rheb expression, thereby contributing to the growth of OS 
via mTOR pathway-mediated glucose metabolism reprogramming. 
These data highlight that HOTAIRM1 may be a potential molecular 
target for OS therapy.
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F I G U R E  7  The inhibitory effect of osteosarcoma (OS) cells triggered by HOTAIRM1 knockdown was reversed by miR-664b-3p 
knockdown. (A) Protein levels of Rheb, total and phosphorylated mTOR, c-Myc, and aerobic glycolysis enzymes in U-2OS and MNNG-
HOS cells transfected with miR-664b-3p inhibitor, sh-HOTAIRM1, or negative control. B, C, miR-664b-3p knockdown partly reversed the 
suppressed effects of HOTAIRM1 knockdown on the cell viability of U-2OS and MNNG-HOS cells using CCK-8 assay. (D) miR-664b-3p 
knockdown partly reversed the suppressed effects of HOTAIRM1 knockdown on the colony-formation capability of U-2OS and MNNG-HOS 
cells. (E) miR-664b-3p knockdown partly reversed the induced effect of HOTAIRM1 knockdown on the apoptosis of OS cells (U-2OS and 
MNNG-HOS). (F) Altered levels of extracellular acidification rate (ECAR) in OS cells (U-2OS or MNNG-HOS) in different groups (sh-Control, 
sh-HOTAIRM1, sh-HOTAIRM1 + anti-miR-664b-3p and anti-miR-664b-3p). (G) Altered levels of Oxygen consumption rates (OCR) in OS cells 
(U-2OS or MNNG-HOS) in different groups (sh-Control, sh-HOTAIRM1, sh-HOTAIRM1 + anti-miR-664b-3p and anti-miR-664b-3p). Results 
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