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Abstract
Paired-like homeodomain transcription factor 1 (PITX1) is frequently downregulated in cancers, including osteosarcoma 
(OS). However, its role in OS remains unknown. Therefore, we aimed to explore the functions and potential mechanisms of 
PITX1 in OS malignant progression. Elevated PITX1 suppressed OS cell proliferation and migration, based on transwell, 
proliferation, and colony formation assays. Pathway enrichment analysis of differentially-expressed genes between PITX1-
overexpressing and control OS cells indicated that PITX1 expression was associated with the FAK/Src and PI3k/Akt signaling 
pathways. Mechanistically, ubiquitination assays and rescue experiments showed that PITX1 interacted with transcription 
factor STAT3, leading to decreased STAT3 transcriptional activity, which repressed the expression of LINC00662. Specific 
knockdown of LINC00662 reduced the tumor growth and invasion of OS cells induced by downregulated PITX1. Moreover, 
exosomal LINC00662, derived from PITX1 knockdown OS cell lines activated M2 macrophages in cell co-culture assays. M2 
macrophage secreted several cytokines, among which CCL22 was found to cause OS cell EMT. Collectively, our data indi-
cate that PITX1 suppresses OS cell proliferation and metastasis by downregulating LINC00662. Moreover, LINC00662 can 
be packaged into OS cell-derived exosomes to mediate M2 macrophage polarization to promote OS metastasis via CCL22.
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Introduction

Osteosarcoma (OS) is one of the most common primary 
malignant bone tumors in children. The 5-year survival has 
remained at 60–70% in OS patients, but among patients 
with lung metastases, the 5-year survival is only 20% [1]. 
Therefore, identification of new prognostic markers and 
potential mechanisms of OS metastasis are of importance 
for its treatment and prognosis.

Paired-like homeodomain transcription factor 1 
(PITX1), located on human chromosome 5q31, is a bicoid-
related transcription factor for the pro-opiomelanocortin 
gene, and is involved in both pituitary cell differentiation 
and hind limb development [2]. PITX1 is often down-
regulated in cancer compared with normal tissues and is 
positively associated with patient survival in lung can-
cer, gastric cancer, breast cancer and esophageal cancer 
[3–6]. Thus, PITX1 is considered a potential tumor sup-
pressor. In melanoma cell lines, the molecular mecha-
nisms underlying how PITX1 suppresses carcinogenesis 
have been shown to involve inhibiting RAS activity and 
TERT expression [7]. Previously, we showed that PITX1 
is down-regulated in OS tissues and its expression is nega-
tively correlated with lung metastasis [8]. However, the 
detailed molecular mechanisms underlying how PITX1 
represses OS development and progression remain unclear.

LncRNAs, a class of noncoding RNAs longer than 200 
nucleotides in length, regulate the transcription, stabil-
ity and translation of protein-coding genes, and partici-
pate in important biological processes related to human 
cancer [9]. Intriguingly, lncRNAs are also packaged into 
exosomes and involved in cell–cell communication in the 
tumor microenvironment (TME). Such exo-lncRNAs have 
been implicated in the development, proliferation, inva-
sion, angiogenesis, and drug resistance of tumors [10]. 
The LINC00662 gene, located on chromosome 19, encodes 
a 2085 bp lncRNA that is highly expressed in cancer, such 
as breast cancer and hepatocellular carcinoma [11, 12]. 
Mechanistically, LINC00662 promotes tumor progression 
via interacting with both proteins and RNAs, as well as via 
regulating the Wnt/β-catenin, SMD and Hippo signaling 
pathways [13]. These findings indicate that LINC00662 
may be a potential biomarker for cancer diagnosis and 
prognosis.

Tumor-associated macrophages (TAMs) constitute a 
cellular subset of the tumor microenvironment and are 
involved in the growth and progression in various can-
cers, including OS [14, 15]. In OS, there is a higher den-
sity of M2-type TAMs, and TM-related pro-inflammatory 
molecules, in lung metastases compared with primary 
OS tumors, indicating a role for M2-type TAMs in OS 
invasion [16]. Several studies demonstrate that TAMs can 

activate intracellular signaling pathways to promote angio-
genesis in OS [17, 18]. Furthermore, blocking M2-polar-
ization can reduce expression of stem cell-like properties 
and inhibit OS metastasis [14]. However, the mechanisms 
underlying the activation of M2 macrophages by tumor 
cells and how M2 macrophages affect tumor progression 
remain unclear.

In this study, we determined the function of PITX1 in 
human OS cells and showed that PITX1 inhibits OS cell 
migration, proliferation, and epithelial-mesenchymal tran-
sition (EMT) via suppression of LINC00662. Furthermore, 
LINC00662 stimulated M2 macrophage polarization, which 
in turn enhanced OS cell migration via the C–C motif 
chemokine 22 (CCL22). These findings delineate the tumor 
suppressor role of PITX1 in OS development and suggest 
PITX1 may be a potential therapeutic target for OS.

Materials and methods

Patient samples and cell lines

OS tumor and normal bone samples were collected from Sun 
Yat-sen University Cancer Center and the First Affiliated 
Hospital of Shantou University Medical College. None of 
the patients received preoperative radiotherapy or chemo-
therapy before the surgery and all patients were provided 
written informed consent. This study was approved by the 
ethical review committees of the Shantou University Medi-
cal College Cancer Center.

OS cell lines (U2OS, HOS, Saos-2 and MG63) were pur-
chased from the National Collection of Authenticated Cell 
Cultures and maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco) and a 
streptomycin, penicillin mixture (Gibco). THP-1 mono-
cytes were differentiated into M0 macrophages by incuba-
tion with 100 nm phorbol 12-myristate 13-acetate (PMA) 
(Sigma-Aldrich, St Louis, MO, USA) for 24 h. Differen-
tiated M0 macrophages were treated with 40 ng/ml IL-4 
(PeproTech, New Jersey, USA) to further differentiate into 
M2 macrophages. All cell lines were authenticated by short 
tandem repeat (STR) profiling and confirmed to be myco-
plasma negative.

Immunohistochemistry (IHC) 
and immunofluorescence (IF)

All tumor or mouse tissues were fixed in 10% formalin and 
embedded in paraffin. For immunohistochemical (IHC) 
staining of tissue sections, an IHC staining kit (MXB 
biotechnologies, Fujian, China) was used according to 
the manufacturer’s instructions. PITX1 (1:50, ab244308, 
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Abcam, USA) and CD163 (1:200, Cell Signaling Technol-
ogy, USA) were used as primary antibody. Paraffin-embed-
ded sections or cells were used to conduct IF staining as 
previously described [19]. Proteins were detected with 
antibodies against E-cadherin (#14472,1:400), vimen-
tin (#5741,1:400), β-catenin (#8480,1:400), p-β-catenin 
(#4176,1:400), purchased from Cell Signaling Technology 
(CST). The seconday antibodies were Anti-Mouse or Rab-
bit IgG H&L (Alexa Fluor® 647) (ab150115, ab150075) 
and Anti- Mouse or Rabbit IgG H&L (Alexa Fluor® 488) 
(ab150113, ab150077) purchased from Abcam.

Drug, siRNAs, plasmid constructs, transfection 
and stable cell lines

The proteasome inhibitor Z-Leu-Leu-Leu-al (MG132) was 
purchased from MCE (Shanghai, China), the protein syn-
thesis inhibitor cycloheximide (CHX) was purchased from 
Sigma (USA), and siRNAs targeting PITX1 and STAT3 
were purchased from GenePharma (Jiangsu, China). 
Plasmids expressing Flag-tagged PITX1 and Myc-tagged 
wildtype or domaindeleted STAT3, as well as empty vec-
tors (NC) were purchased from the Vigene (Shandong, 
China). For transfection, 1 ×  106 OS cells were inoculated 
into each well of a 6-well culture dish and transiently 
transfected with 2 μg plasmid using Lipofectamine 3000 
reagent (Invitrogen) as per the manufacturer’s suggested 
protocol. For stable cell lines, PITX1, short hairpin (sh)-
LINC00662 or LINC00662 was cloned into a lentiviral 
expression vector with fluorescent tags GFP from Vigene. 
The packaged lentivirus was used to infect OS cells fol-
lowing the manufacturer’s instructions.

Protein extraction and western blotting

Cells were lysed in RIPA buffer (Beyotime, Jiangsu, 
China) containing a protease inhibitor cocktail, and the 
cell extracts were subjected to western blotting as pre-
viously described [19]. Primary antibodies were against 
PITX1 (1:500, Abcam, USA), cleaved-caspase 3, caspase 
3, PARP, cleaved-PARP, FAK, p-FAK, Src, p-Src, Akt, 
p-Akt, PI3K, p-PI3K, E-cadherin, vimentin, β-catenin, 
p- β-catenin, Myc, TGS101, CD63, CD81, CD163, Flag, 
STAT3, ubiquitin, GAPDH and β-actin (1:1000, Cell 
Signaling Technology, USA), as well as CCL22 (1:1000, 
Abnova, Guangzhou, China). The secondary antibodies 
used were anti-Rabbit (CST, #7074, 1:1000) and anti-
Mouse (Cell Signaling Technology, #7076, 1:1000). The 
protein band intensities were quantified using the Bio-Rad 
Molecular Imager ChemiDoc TM XRS + system.

RNA extraction, quantitative RT‑PCR and RNA 
sequencing

Total RNA was extracted with an RNA extraction kit 
(TaKaRa, China) and used to synthesize cDNA using Pri-
meScript™ RT Master Mix (TaKaRa) according to the 
manufacturer’s instructions. QRT-PCR was performed with 
SYBR® Premix Ex Taq™ kit (TaKaRa) using a CFX96 
QPCR Detection System (Bio-Rad) in a total reaction vol-
ume of 10 μl. 2 − ΔΔCt methods were used to calculate to 
detect the expression. The primer sequences are listed in 
Supplemental Table 1. RNA sequencing was performed 
by the Gene Denovo as previously described (Guangzhou, 
China) [20].

Cell counting kit‑8 (CCK8) assay and colony 
formation assay

For cell proliferation, the CCK8 assay was performed. OS 
cells were transfected with the indicated plasmids, seeded 
into each well of a 96-well microplate at 1 ×  103 cells per 
well, and incubated for 0–4 days. At different times, the cells 
were incubated with 10 μl CCK8 reagent (Invitrogen) for 2 h 
at 37 °C. An optical density of 450 nm relative to a blank 
well was measured. For colony formation, 500 cells were 
resuspended and inoculated into a 6-well plate with culture 
medium. After 14 days at 37 °C, cell colonies were stained 
with 0.1% crystal violet and imaged under a microscope.

Cell migration and adhesion assay

For cell migration, transfected OS cells (0.2 ml, 3.5 ×  105/
ml) were incubated in serum-free medium overnight, then 
suspended and added into the upper chamber of a tran-
swell (BD, NJ, USA), while the bottom chamber was filled 
with 700 μl of 10% FBS medium. After 24 h, the cells that 
migrated through the transwell were fixed and stained with 
0.1% crystal violet, then counted under high magnification. 
For the wound healing assay, OS cells were grown to 80% 
confluence in 6-well plates and then wounded with a sterile 
pipette tip. Five photographs were taken for each dish at 0, 
24, 48 and 72 h, and the average migration distance in each 
photograph was calculated by Image-Pro Plus 6.0. The cell 
adhesion assay was performed with the indicated cells as 
previously described [20].

Fluorescence in situ hybridization (FISH)

LINC00662 probes were designed and synthesized by Boster 
(Wuhan, China). The hybridization and fluorescence detec-
tion were conducted with a FISH Detection Kit (Boster) 
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following the manufacturer’s instructions. The image was 
observed using confocal laser microscopy (Leica, Wetzlar, 
Germany).

Multiplex human cytokine ELISA and ELISA

CCL22 levels in the culture medium of THP-1-derived 
macrophages were measured by ELISA using a ELISA kit 
(R&D, Minneapolis, USA) according to the instructions of 
the manufacturer. The multiplex human cytokine ELISA was 
performed by Asbio (Guangzhou, China).

Luciferase reporter assay

The wild-type (WT) or STAT3 binding site-mutated (Mut) 
LINC00662 promoters were cloned into the pGL3 luciferase 
reporter plasmid (Promega, Madison, WI), then co-trans-
fected with STAT3 or NC, in OS cells, using Lipofectamine 
3000. Forty-eight hours later, the luciferase activities were 
measured by the Dual-Luciferase Reporter Assay System 
(Promega) according to the manufacturer’s instructions.

Flow cytometry

Transfected OS cells were inoculated into 6-well plates 
and resuspended in 1 × binding buffer after 48 h. For the 
apoptosis assay, 2 μl Annexin V/PI was added to 100 μl of 
cell suspension and the mixture was incubated for 5 min in 
the dark. For expression of CD163 in THP-1 cells, FITC-
CD163, or IgG (BD Biosciences, San Jose, CA, USA) anti-
body was added into 100 μl of cell suspension and the mix-
ture was incubated for 15 min in the dark. Then, 400 μl PBS 
was added and the fluorescence intensity of the cells was 
analyzed immediately using a BD Accuri TM C6 (BD, NJ, 
USA) flow cytometer.

Exosome extraction, identification and uptake

Exosome isolation from culture medium was performed by 
using ExoQuick-TC for Tissue culture media and Urine kit 
(SBI, USA) as previously described [20]. The identifica-
tion of exosomes was performed, by GeneChem (Shanghai, 
China), using nanoparticle tracking analysis and transmis-
sion electron microscopy. Isolated exosomes were stained 
using PKH26 Red Fluorescent Cell Linker Kits (Sigma, MO, 
USA) according to the manufacturer’s instructions. PKH26-
labeled exosomes or exosomal LINC00662 (identified by 
GFP fluorescence) were then resuspended and incubated 
with PMA treated THP-1 cells at 37 °C for 4 h. A laser 
confocal microscope (LSM710, Zeiss, Germany) was used 
to observe the fluorescence signal.

Animal studies

OS cell (5 ×  106/50 μl) suspensions were subcutaneously 
injected into the flank of 5-week-old male athymic BALB/c 
nude mice. Tumor size was measured every week for a total 
period of 4 weeks. Tumor volume was determined using the 
formula: volume = (length ×  width2)/2. To evaluate metasta-
sis, stably-transfected and control OS cells were injected into 
nude mice through the tail vein as previously described [20].

Statistical analysis

All data are expressed as mean ± SD and analyzed using 
SPSS software version 20.0 (SPSS Inc., Chicago, IL). Dif-
ferences between different treatment groups were assessed 
by the Student’s t test or one-way ANOVA. Differences were 
statistically significant when p < 0.05.

Results

PITX1 inhibits OS cell proliferation and invasion 
in vivo and in vitro

PITX1 is a transcriptional factor located in the nucleus of 
OS cells (Fig. S1A). We previously showed the expression 
of PITX1 is down regulated in OS tissues compared with 
normal tissues [8]. First, we confirmed this result by using 
western blot and qRT-PCR (Fig. S1B, C). Next, we detected 
PITX1 expression in OS cells and found that MG63 cells 
had the highest expression among the four OS cell lines 
(Fig. S2A). We then transiently transfected U2OS and HOS 
cells with the PITX1 plasmid, and MG63 cells with PITX1 
siRNAs. After 48 h, the transfection efficiency was verified 
by qPCR and western blot (Fig. 1A). PITX1 transfection 
induced apoptosis and inhibited proliferation in both U2OS 
and HOS cells (Figs. 1B, S2B, C). In addition, MG63 cells 
transfected with PITX1 siRNAs displayed increased prolif-
eration and decreased apoptosis in comparison with control 
(Fig. 1B, C). PITX1 overexpression repressed colony for-
mation, indicating that PITX1 suppresses the tumorigenic 
potential of OS cells (Fig. 1C). The migration of OS cells 
was determined by transwell and wound healing assays. As 
shown in Fig. 1D, E, PITX1 transfection inhibited whereas 
knockdown PITX1 enhanced OS cell migration.

To confirm our in vitro findings, we explored the biologi-
cal role of PITX1 in vivo. U2OS cells stably overexpress-
ing PITX1 were constructed and inoculated subcutaneously 
into nude mice. Then, the size of the tumors was observed 
weekly. As shown in Fig. 1F, PITX1 dramatically inhibited 
tumor growth, based on reduced tumor size and weight com-
pared with the control group. To investigate the metastatic 
potential of PITX1 in vivo, cells were injected into the tail 
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veins of nude mice, followed by harvesting of lung tissues 
after five weeks. As shown in Fig. 1G, PITX1 effectively 
decreased the number and size of lung metastatic lesions, as 
shown by H&E staining. All results demonstrated a tumor 
suppressor role for PITX1 in OS.

PITX1 mediates both OS cell adhesion 
to the extracellular matrix (ECM), and EMT

We sought the mechanisms of the anti-tumor effects 
induced by PITX1 by screening its targets genes using RNA 

Fig. 1  Function of PITX1 in OS in  vitro and in  vivo. A PITX1 
expression was detected by qRT-PCR and western blotting following 
transient transfection of the PITX1 plasmid or two siRNAs in HOS, 
U2OS and MG63 cells. B Apoptosis of PITX1-overexpressing or 
-knockdown OS cells was measured by Annexin V-PI staining and 
flow cytometry. Percentage of apoptotic cells (Q2 + Q4) was deter-
mined after 48 h following PITX1 plasmid or siRNA transfection. C 
Colony formation of NC and PITX1-overexpressing or -knockdown 
OS cells was detected. D Wound healing assay was performed to 
measure the migration of NC and PITX1-overexpressing or -knock-
down OS cells. E Transwell assays were performed to detect the 

migration of NC and PITX1-overexpressing or -knockdown OS cells. 
Scale bar, 100 μm. F Images of tumors obtained from NC or stable 
PITX1-overexpressing tumors of BALB/c nude mice after 28  days 
(n = 5 each group). Tumor volumes were measured every 7 days and 
the tumor weights were determined at the 28th day after inoculation. 
G The H&E staining images obtained from lung metastatic nodules 
from NC or PITX1-transfected tumor cells in BALB/c nude mice 
after 35 days (n = 5 each group). Scale bar, 400 μm. Data represent 
the mean ± SD of 3 separate determinations. *p < 0.05, **p < 0.01, 
***p < 0.001 by Student’s t test
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sequencing. There were 1761 upregulated and 1057 down-
regulated differentially-expressed genes (DEGs) between 
control and PITX1-overexpressing U2OS cells (Fig. 2A). 
DEG analysis showed that extracellular matrix and angi-
ogenesis were ranked as the top enriched Gene Ontology 
(GO) terms in biology process. Furthermore, the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis categorized ECM, focal adhesion and PI3K/Akt in 
the top 20 pathways. Western blotting confirmed that the 
expression and phosphorylation of focal adhesion kinase 
(FAK) and steroid receptor coactivator (Src) kinases, as well 
as phosphoinositide 3-kinase (PI3K) and protein kinase B 

Fig. 2  PITX1 regulates EMT and cell adhesion of OS cells. A RNA-
Seq was performed to identify the differentially-expressed genes 
(DEGs) between NC and PITX1-overexpressing U2OS cells. KEGG 
analysis was used to show the relationship of overlapping DEGs 
and pathways. GO analysis showed that the DEGs were enriched in 
extracellular matrix. B Expression of FAK/Src and PI3K/Akt sign-
aling pathway mediators was determined by western blotting in 
PITX1-overexpressing or -knockdown OS cells. C Cell adhesion 

was measured in NC and PITX1-overexpressing OS cells on plates 
coated with fibronectin (FN), laminin (LN), and collagen I (Col I). 
D Expression of EMT biomarkers in NC and PITX1-overexpressing 
or -knockdown OS cells was detected by western blotting. E Expres-
sion of EMT biomarkers in NC and PITX1-overexpressing or -knock-
down was detected by immunofluorescence (Scale bars: 20 μm). Data 
represent the mean ± SD of three separate determinations. *p < 0.05, 
**p < 0.01, ***p < 0.001 by Student’s t test
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(Akt) proteins, were elevated by PITX1 knockdown. Con-
versely, they were significantly repressed in PITX1-overex-
pressing cells (Fig. 2B).

To test whether PITX1 destabilizes cancer cell adhesion 
to the ECM, we performed cell adhesion assays by seeding 
control or PITX1-overexpressing OS cells in plates coated 
with defined components of the ECM, i.e., fibronectin, 
laminin, and collagen I. The results showed that PITX1 
inhibited cell adhesion of OS cells (Fig. 2C). Then, we 
investigated whether PITX1 regulated the expression of 
EMT biomarkers in OS and found that PITX1 induced a 
significant increase in E-cadherin expression and an reduc-
tion in p-β-catenin and vimentin expression in OS cells, 
whereas PITX1 knockdown had produced the opposite 
results (Fig. 2D). These results were confirmed by IF stain-
ing (Fig. 2E). These data suggested that PITX1 reduces OS 
cell adhesion and EMT.

PITX1 mediates OS malignancy via suppressing 
LINC00662

Among the DEGs between control and PITX1-overexpress-
ing U2OS cells, LINC00662 has been shown to exert an 
oncogenic effect in OS [21, 22]. Thus, we further exam-
ined the ability of PITX1 to regulate the expression of 
LINC00662. Our qRT-PCR results showed that LINC00662 
expression was significantly downregulated in PITX1-over-
expressing OS cells and was upregulated in cells following 
PITX1 knockdown, the transfection efficiency of PITX1 was 
confirmed by qRT-PCR (Figs. 3A, S3A, B). As shown in Fig. 
S3C–F, high expression of LINC00662 endowed HOS and 
U2OS cells with strong migratory and colony forming abil-
ity. Then, we examined whether LINC00662 could reverse 
PITX1-induced tumor suppression. In wound healing and 
transwell assays using U2OS and HOS cells, LINC00662-
enhanced cell migration was reversed by PITX1 overex-
pression (Fig. 3B, C). Moreover, LINC00662-inhibited cell 
apoptosis was enhanced by PITX1 transfection, as judged 
by flow cytometry (Fig. 3D). Importantly, immunofluores-
cence and western blotting showed the expression of FAK/
Src and PI3K/Akt pathway regulators and EMT biomarkers 
were also mediated by LINC00662 in PITX1-overexpress-
ing cells (Fig. 3E–G). Then, we examined the correlation 
between PITX1 and LINC00662 expression. LINC00662 
was located both in the nucleus and cytoplasm, as detected 
by FISH (Fig. 3H). LINC00662 expression was markedly 
higher in tumor tissues (n = 23) compared with the normal 
tissues (n = 7) (Fig. 3I). Patients with high LINC00662 
expression had shorter survival compared with patients with 
low LINC00662 expression, based on the patient population 
in TCGA (Fig. 3J). By qRT-PCR, the expressions of PITX1 
and LINC00662 in 12 OS tissues were negatively correlated 

(Fig. 3K). These results indicate that PITX1 inhibits OS 
malignancy by downregulating LINC00662.

PITX1 regulates LINC00662 via suppressing 
transcription factor STAT3 expression

Previous research indicates that transcription factor STAT3 
mediates LINC00662 expression by binding to its pro-
moter [23]. Thus, we speculated that PITX1 could medi-
ate LINC00662 expression via STAT3. QRT-PCR showed 
that LINC00662 expression was enhanced upon STAT3 
upregulation (Fig. 4A). The GEPIA website also identified 
a positive correlation between STAT3 and LINC00662 in 
sarcoma (Fig. S4A). There are two putative binding sites for 
STAT3 in the LINC00662 promoter as predicted by JASPAR 
(Fig. 4B). ChIP and luciferase reporter assays revealed that 
STAT3 occupied sites at −1992 ~  −1982 and −1875 ~ −1865 
in the LINC00662 promoter (Figs. 4C, S4B). These results 
suggest that STAT3 contributes to the transcriptional activa-
tion of LINC00662.

We previously showed that STAT3 stability is regu-
lated through ubiquitin-dependent proteasomal degrada-
tion [19]. First, immunocytochemical staining showed that 
PITX1 and STAT3 were co-localized in the nucleus of OS 
cells (Fig. 4D). Subsequently, co-IP further confirmed that 
PITX1 and STAT3 bound to each other directly in OS cells 
via the DNA binding domain of STAT3 (Fig. 4E, F). Of 
note, overexpression of PITX1 decreased the expression 
levels of STAT3. However, this decrease was blocked by 
treatment with the proteasome inhibitor MG132, suggest-
ing protein stability may contribute to the PITX1-mediated 
STAT3 downregulation (Fig. 4G). Furthermore, U2OS cells 
treated with the protein synthesis inhibitor cycloheximide 
(CHX) showed that PITX1 overexpression decreased STAT3 
expression by shortening its half-life (Fig. 4H). Conversely, 
PITX1 knockdown prolonged the half-life of STAT3 to 
stabilize its expression (Fig. 4I). As expected, overexpres-
sion of PITX1 elevated the polyubiquitination of STAT3 
(Fig. 4J), and the expressions of PITX1 and STAT3 were 
negatively correlated with each other in OS patient samples 
(Fig. 4K). Overall, these results indicate that PITX1 medi-
ates the expression of STAT3 in a proteasome-dependent 
manner.

PITX1 mediates macrophage M2 polarization via OS 
cell‑derived exosomal LINC00662

Previous reports showed that LINC00662 could promote M2 
macrophage polarization in hepatocellular carcinoma [12], 
thus we further explored whether PITX1/LINC00662 could 
mediate macrophage polarization to affect OS malignancy. 
Using a multiplex human cytokine ELISA, we found that 
knockdown of PITX1 elevated the expression of macrophage 
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Fig. 3  PITX1 regulates OS function via LINC00662. A Expression 
of LINC00662 was detected by qRT-PCR in NC and PITX1-over-
expressing or -knockdown OS cells. B A wound healing assay was 
performed to measure the cell migration of NC, LINC00662-, and 
PITX1-, LINC00662-overexpressing OS cells. C Transwell assay was 
performed to measure the cell migration of NC, LINC00662-, and 
PITX1-, LINC00662-overexpressing OS cells. Scale bar, 100  μm. 
D Percentage of apoptotic cells was determined by Annexin V-PI 
staining and flow cytometry in NC, LINC00662-, and PITX1-, 
LINC00662-overexpressing OS cells. Percentage of apoptotic cells 
(Q2 + Q4) was determined 48  h after transfection. E Expression of 
FAK/Src and PI3K/Akt signaling pathway mediators were detected 
by western blotting in NC, LINC00662- and PITX1-, LINC00662-

overexpressing cells. F Expression of EMT biomarkers was detected 
in HOS cells by immunofluorescence (Scale bars: 20 μm). G Expres-
sion of apoptosis and EMT biomarkers was detected by western 
blotting in HOS and U2OS cells. H Location of LINC00662 in 
OS cells was detected by FISH (Scale bars: 20  μm). I Expres-
sion of LINC00662 was detected in OS tissues (n = 23) and normal 
specimens (n = 7). J Survival curve of OS patients with different 
LINC00662 expression levels was determined using TCGA. K The 
correlation between PITX1 and LINC00662 mRNA expression in OS 
tissues (n = 12) is shown. Data represent the mean ± SD of three sepa-
rate determinations. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s 
t test
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Fig. 4  PITX1 promotes STAT3 proteasome degradation to inhibit 
LINC00662 expression. A Expression of LINC00662 was detected 
after STAT3 overexpression or knockdown in OS cells. B Online 
JASPAR software was used to predict the possible binding sites (R1 
and R2) of STAT3 in the LINC00662 promoter. Schematic diagram 
of luciferase reporter vectors containing wild-type (WT) or mutant 
(Mut1: R2 mutant, Mut2: R1 mutant, Mut3: double R1/R2 mutant) 
LINC00662 promoters. C Dual luciferase reporter assay was con-
ducted in OS cells transfected with wild-type or mutant reporters and 
control vector. D Co-localization of PITX1 and STAT3 was detected 
by immunofluorescence (Scale bars: 20  μm). E Binding of STAT3 
and PITX1 was detected by co-IP in HOS and U2OS cells. F Bind-
ing of different STAT3 domains and PITX1 were detected by co-IP 

using HEK 293  T cells. G Expression of STAT3 was detected in 
PITX1-overexpressing cells following MG132 treatment (10 μm). H 
Expression of STAT3 was detected by western blotting in control and 
PITX1-overexpressing OS cells treated with CHX (10 ng/ml) for dif-
ferent times. I Expression of STAT3 was detected by western blotting 
in control and PITX1-knockdown OS cells treated with CHX (10 ng/
ml) for different times. J Immunoprecipitation showing the ubiquit-
ination of STAT3 by ectopic expression of PITX1. STAT3 ubiquit-
ination was detected by immunoprecipitation with anti-STAT3, and 
then immunoblotted with the indicated antibodies. K Expression of 
STAT3 and PITX1 in OS and normal tissues was detected by western 
blotting (n = 4 pairs). Data represent the mean ± SD of three separate 
determinations. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test
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inflammatory proteins (MIPs), while overexpressing 
PITX1 decreased MIP expression in HOS and U2OS cell 
lines (Fig. 5A). Furthermore, we found that CD163 + mac-
rophages were more abundant in the stroma of the OS tis-
sues compared to the stroma of normal tissues (Fig. S5A). 
The expression of PITX1 detected by immunohistochemis-
try was negatively correlated with CD163, a biomarker of 
macrophage M2 polarization (Fig. 5B). To further explore 
whether PITX1-overexpressing OS cells could induce M2 
polarization of macrophages via LINC00662, we used PMA 
to differentiate THP-1 cells into M0 macrophages and co-
cultured the differentiated THP-1 cells with LINC00662-
transfected OS cells. We found that the LINC00662-trans-
fected cells could induce M2 polarization, as defined by 
elevated expression of the M2 macrophage biomarkers 
(CD206, arginase-1 and CD163) detected by qRT-PCR and 
the expression of the typical M2 marker CD163 detected by 
flow cytometry (Fig. S5B). Then we co-cultured the PITX1-
knockdown OS cells with PMA-induced THP-1 cells and 
found that co-culture with PITX1-knockdown cells could 
elevate the expression of M2 macrophage biomarkers while 
reducing expression of M1 macrophage markers (IL-1β and 
iNOS) detected by qRT-PCR. Expression of the typical M2 
marker CD163 was increased in the PITX1-knockdown 
co-culture group compared with the control vector trans-
fection group, detected by flow cytometry. As expected, 
PITX1-transfected cells gave the opposite results (Figs. 5C, 
S5C). However, the ability of PITX1-overexpressing cells to 
inhibit macrophage M2 polarization was visibly reversed by 
LINC00662-transfected OS cells (Fig. 5D).

Exosome-mediated lncRNA delivery is widely believed 
to contribute to M2 polarization in many cancers [12, 24]. 
Thus, we speculated that OS cell-derived exosomes could 
transfer LINC00662 to THP1 cells. As shown in Fig. S5D, 
PMA-differentiated THP-1 cells incubated with exosomes 
derived from LINC00662-overexpressing OS cells exhibited 
high LINC00662 expression compared to that incubated with 
exosomes from control OS cells, and could be prevented by 
the exosome inhibitor GW4869. Exosomes derived from 
OS cell lines were isolated and purified from the culture 
medium. Electron microscopy nanoparticle tracking and 
western blot analysis confirmed that the isolated particles 
were exosomes (Fig. 5E). Then, we labeled the OS cell-
derived exosomes with PKH26 and added them to PMA-
differentiated THP1 cells. The exosomes were internalized 
by the unstained THP-1 cells (Fig. 5F). Exosomes were 
extracted from OS cells transfected with GFP-LINC00662 
and added to PMA-differentiated THP1 cells. Similar to the 
PKH26-labeled exosomes, the exosomal GFP-LINC00662 
was internalized by PMA-induced THP-1 cells (Fig. 5F). 
The expression of LINC00662 was higher in PMA-induced 
THP1 cells co-cultured with LINC00662-containing 
exosomes than in exosomes derived from control vector 

transfection cells (Fig. S5E). Consistent with the above 
results, the expression levels of M2 macrophage biomark-
ers (CD206, arginase-1 and CD163) detected by qRT-PCR, 
as well as the expression of the typical M2 marker CD163 
detected by flow cytometry, were significantly increased in 
PMA-induced THP1 cells treated with exosomes derived 
from OS cells overexpressing LINC00662 or underex-
pressing PITX1, compared with THP1 cells treated with 
exosomes derived from control vector transfection OS cells, 
while reversed by PITX1 transfection or LINC00662 knock-
down (Figs. 5G, S5F).These results indicate that PITX1-
knockdown OS cells induce macrophage M2 polarization 
via OS cell-derived exosomal LINC00662.

LINC00662‑induced M2 macrophages regulate OS 
cell EMT and migration via secretion of CCL22

M2 macrophages have been reported to enhance cell migra-
tion and EMT in various cancers via secreting anti-inflam-
matory cytokines [25, 26]. First, we found that the migrating 
and adhering ability of OS cells was significantly increased 
after co-culture with M2 macrophages or LINC00662-over-
expressing THP1 cells, compared with M0 macrophages or 
control vector transfection cells (Fig. 6A, B). These M2 
macrophages also promoted the expression of mesenchymal 
biomarkers and down regulated the expression of epithelial 
biomarkers detected by western blotting (Fig. 6C). Then, we 
detected the expression of several typical secreted inflam-
matory cytokines in OS cell-derived LINC00662 exosome-
treated M2 macrophages and found that CCL22 was highly 
expressed (Fig. 6D). These results were subsequently sup-
ported by ELISA (Fig. 6E). Then we found CCL22 enhanced 
both the migration and expression of mesenchymal biomark-
ers in OS cells, an effect similar to that induced by M2 mac-
rophages (Fig. 6F–H). To determine whether LINC00662-
induced M2 macrophage CCL22 was responsible for the 
enhanced OS cell migration and EMT, we employed an 
anti-CCL22 antibody to neutralize the function of CCL22. 
We found that the elevation of OS cell migration, resulting 
from co-culture with LINC00662-induced M2 macrophages, 
was inhibited by anti-CCL22 antibody (Fig. 6I, J). Moreover, 
we found that CCL22 antibody reversed the expression of 
EMT biomarkers induced by M2 macrophages (Fig. 6K). 
Together, these results indicate that LINC00662-induced M2 
macrophages promote the migration and EMT of OS cells 
via CCL22.

Discussion

OS is the most common form of primary bone malignancy 
with poor prognosis due to lung metastasis and chemothera-
peutic resistance [1]. First-line therapy, such as doxorubicin, 
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Fig. 5  PITX1/LINC00662 regulates M2 macrophage polarization. 
A Multiple cytokine ELISA was performed to detect the secreted 
cytokines in control and PITX1-transfected or -knockdown OS cells. 
The heatmap shows the difference between each group. B Expres-
sion of CD163 and PITX1 was detected by immunohistochemistry 
in OS tissues (Scale bars: 100 μm, 50 μm). The correlation between 
CD163 and PITX1 is shown. C PMA-treated THP-1 cells were co-
cultured with NC, PITX1-overexpressing or PITX1-knockdown OS 
cells, the expression of M2 macrophage biomarkers (CD163, CD206 
and arginase-1) and M1 macrophage (iNOS and IL-1β) were deter-
mined qRT-PCR. The expression of CD163 was detected by flow 
cytometry. D PMA-treated THP-1 cells were co-cultured with NC, 
PITX1 knockdown, LINC00662 knockdown or both knockdown OS 
cells. PMA-treated THP-1 cells were co-cultured with NC, PITX1-
overexpressing, LINC00662 overexpressing or both overexpressing 
OS cells. The expression of M1 and M2 macrophage biomarkers were 

determined by qRT-PCR, and the expression of CD163 were detected 
by flow cytometry. E Exosomes derived from control and LINC00662 
HOS cells were identified by using Nano Sight nanoparticle tracking, 
electron microscopy and western blot analysis (Scale bars: 200 nm). 
F Representative immunofluorescence image showing internalization 
of PKH26-labeled, HOS-derived exosomes (red) and exosomal GFP-
labeled LINC00662 (green) by PMA-treated THP-1 cells (Scale bars: 
20 μm). G PMA-treated THP-1 cells were co-cultured with exosomes 
derived from NC or PITX1-overexpressing or -knockdown OS cells, 
or with LINC00662-overexpressing or -knockdown OS cells. Expres-
sion of M1 and M2 macrophage biomarkers were determined qRT-
PCR, and the expression of CD163 were detected by flow cytom-
etry. Data represent the mean ± SD of three separate determinations. 
*p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test. (Color figure 
online)
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cisplatin and high-dose methotrexate, alongside limb-spar-
ing surgery, is used for most OS patients [27]. However, 
more effort is needed to increase OS patient survival by 
identifying candidate therapies via experimental stud-
ies and clinical trials of novel treatments. In this paper, 
we demonstrate that PITX1 inhibits OS cell proliferation 
and migration via suppression of LINC00662 expression. 
PITX1 increases proteasomal degradation of STAT3, a tran-
scription factor for LINC00662. Importantly, we show that 

LINC00662-enriched exosomes promote M2 macrophage 
polarization by potentially mediating the crosstalk between 
OS cells and TAMs within the metastatic microenvironment 
(Fig. 6L).

We previously showed that PITX1 expression is down-
regulated in OS compared with normal tissues. High 
expression of PITX1 is associated with better patient sur-
vival, consistent with findings in other types of cancer [3, 
4, 8, 28]. For example, PITX1 expression is decreased in 
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breast cancer, lung cancer and Barrett’s adenocarcinoma 
relative to their normal tissues [3, 5, 29]. The biological 
function of PITX1 has been demonstrated in several types 
of cancer. For example, in melanoma, unregulated PITX1 
results in a reduction in cell proliferation and an increase 
in apoptosis [30]. However, the function of PITX1 in OS 
has not been demonstrated. Thus, we further characterized 
the function of PITX1 in OS and found that high expres-
sion of PITX1 prominently inhibits cell proliferation, col-
ony formation, cell migration and invasion, and increases 
apoptosis. These results indicate that PITX1 regulates the 
biological function of OS cells.

RNA-Seq analysis showed LINC00662, an oncogenic 
lncRNA in tumors, to be a downstream target of PITX1. 
The biological functions of LINC00662 in several human 
cancers have been demonstrated recently. LINC00662 is 
highly expressed and promotes malignant progression in 
several types of cancer, including gastric cancer, lung can-
cer, and oral squamous cell carcinoma [13, 31]. Previous 
studies demonstrated the possibility of LINC00662 as a 
therapeutic target for chordoma, lung cancer and breast 
cancer [13]. Mechanistically, LINC00662 exerts oncogenic 
functions by targeting the miR-16-5p/ITPR1 and miR-
103a-3p/SIK2 axis in OS [21, 22]. In the present study, 
we found that LINC00662 promotes OS cell proliferation 
and migration in vitro. Previous studies combined with 
our findings together provide strong evidence to support 
LINC00662 as an important tumor promoter and promis-
ing therapeutic target of OS.

Emerging evidence states that transcription factors, such 
as Oct4, bind to promoters and induce the expression of 
lncRNAs [32]. With the assistance of bioinformatic predic-
tion tools, as well as ChIP and luciferase reporter assays, 
STAT3 was identified as a transcription factor responsible 
for LINC00662 up-regulation in OS cells by binding to the 
LINC00662 promoter region, consistent with a previous 
report in glioma [23]. STAT3, a highly conserved transcrip-
tion factor, has also been reported to be overexpressed in 
various types of cancer and promotes carcinogenesis through 
modulating cell proliferation, apoptosis, EMT, metas-
tasis and drug resistance [33]. In accordance with previ-
ous reports concerning STAT3 in OS [34], we found that 
STAT3 expression is up-regulated in OS tumors compared 
with normal tissue. More importantly, STAT3 expression is 
negatively correlated with PITX1 expression in OS tissues. 
Through a series of bioinformatic predictions and experi-
mental validation, we identified STAT3 as a binding partner 
of PITX1, and mechanistically, PITX1 serves as a mediator 
for STAT3 proteasome degradation. Since STAT3 has been 
validated as an anticancer target, inhibition of STAT3 activ-
ity has been considered as a promising approach for cancer 
therapy [35]. However, currently there is no STAT3 targeted 
drug approved for clinical application.

Recent research has shown that the TME also plays 
critical roles in tumor initiation and progression. Crosstalk 
between the TME and cancer cells could mediate cancer 
cell proliferation, invasion, apoptosis, and angiogenesis, 
as well as immune evasion [36]. Evidence indicates that 
TAMs, especially the M2-polarized subtype, play a key 
role in regulating tumor growth, migration, and angio-
genesis [37]. Our data suggests that PITX1 mediates MIP 
expression in a paracrine manner. Previous studies state 
that LINC00662 promotes M2 polarization in hepatocel-
lular carcinoma [12]. Thus, we hypothesized that PITX1/
LINC00662 could promote M2 macrophage polarization. 
The regulatory roles of PITX1 on LINC00662 and M2 
macrophage polarization were verified in OS and THP1 
cell models in vitro. The correlations between PITX1, 
LINC00662 and M2 macrophage polarization were further 
found in clinical OS tissues, which support the modulation 
of M2 macrophage polarization by PITX1/LINC00662. 
The possible mechanisms by which M2 polarization 
promotes tumor progression and regulates TME involve 
secretion of growth factors and cytokines, such as IL6 and 
CCL18 [36]. The chemokine CCL22, produced by mac-
rophages, also plays a critical role in immune and inflam-
matory responses in the biology of cancer cells, and con-
tributes to the development and progression of a number 
of human cancers [38]. To date, many studies have dem-
onstrated a key role of CCL22 in the malignant progress. 
For example, CCL22 promotes 5-FU-mediated CRC chem-
oresistance and EMT through PI3K/AKT signaling, and 

Fig. 6  CCL22 is responsible for the pro-EMT effect of LINC00662-
induced macrophages. A A wound healing assay was performed using 
LINC00662-transfected or NC-transfected THP-1-treated OS cells. 
OS cells were co-cultured with M0 or M2 macrophages. B Tran-
swell assay was performed using the OS cells co-cultured with the 
indicated macrophages. Scale bar, 100 μm. C Western blot analyses 
of EMT biomarker expression were performed using OS cells co-
cultured with the indicated macrophages. D Relative expression of 
cytokine mRNA expression levels in LINC00662-transfected mac-
rophages versus control macrophages was detected by qRT-PCR. E 
Secreted CCL22 levels in M0, M2, control or LINC00662-transfected 
macrophages conditioned media determined by ELISA. F Transwell 
assay was used to measure the migration of CCL22-treated OS cells, 
and OS cells co-cultured with M0 or M2 macrophages. Scale bar, 
100 μm. G A wound healing assay was used to measure the migration 
of CCL22-treated OS cells, and OS cells co-cultured with M0 or M2 
macrophages. H Western blot analyses of EMT biomarker expression 
in the indicated cells. I Transwell assays were used to measure the 
migration of OS cells co-cultured with control or LINC00662-trans-
fected macrophages with or without anti-CCL22 antibody. Scale bar, 
100 μm. J A wound healing assay was used to determine the migra-
tion of OS cells co-cultured with control or LINC00662-transfected 
macrophages with or without anti-CCL22 antibody. K Western blot 
analyses of EMT biomarker expression in OS cells co-cultured with 
control or LINC00662-transfected macrophages with or without anti-
CCL22 antibody. L Schematic diagram of the project

◂
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contributes to poor prognosis in colorectal cancer [39]. In 
malignant pleural effusion, macrophage-derived CCL22 
promotes an immunosuppressive tumor microenvironment 
via IL-8 [40]. Here, we show that CCL22 secreted by M2 
macrophages can promote the migration and EMT of OS 
cells, and this effect could be reversed by applying the 
CCL22 antibody.

In conclusion, our data suggest a tumor suppressor role 
of PITX1 in OS progression. Functionally, PITX1 inhibits 
OS cell migration, invasion and EMT in vitro and lung 
metastasis in  vivo. Mechanistically, PITX1 decreased 
LINC00662 expression via promoting STAT3 protein deg-
radation. Exosomal LINC00662-induced M2 macrophages 
can promote OS cell migration and EMT through CCL22. 
Our findings also suggest that PITX1 could expand our 
understanding of OS metastasis and may be a potential 
therapeutic target for OS.
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