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Abstract

Osteosarcoma (OS) is a bone tumour affecting adolescents. Dysregulation of Barx homeobox 1 (BARX1) expression is
involved in various cancers, but its function and mechanism in the process of OS are undefined. This study revealed
that BARX1 expression is higher in OS tissue than in adjacent normal tissue. Downregulation of BARX1 in OS cells
significantly suppressed their proliferation and migration, whereas enforced expression of exogenous BARX1 exerted
the opposite effects on OS cells. Subsequently, heat shock 70-kDa protein 6 (HSPA6) expression was clearly increased
after BARX1 overexpression in OS cells, as confirmed by RNA sequencing. The dual-luciferase reporter assay confirmed
that HSPA6 expression is directly regulated by BARX1. The in vitro assay indicated that silencing HSPA6 expression
attenuated OS proliferation and migration induced by BARX1. A dual immunofluorescence labelling assay provided
further evidence that BARX1 was overexpressed and associated with HSPAG overexpression in OS tumour tissue. In
conclusion, BARX1 promotes OS cell proliferation and migration by inducing the expression of HSPA6, which plays an
oncogenic role in OS. BARX1 and HSPA6 can potentially act as novel therapeutic targets for OS.
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Introduction

Osteosarcoma (OS) is a prevalent primary bone tumour
mainly occurring in adolescents less than 20 years old [1].
OS most frequently occurs in the long extremity bone
metaphysis. The currently reported 5-year overall sur-
vival rate of localized OS is 60-70%[2]. However, OS
metastasis decreases the survival rate; the 5-year survival
rate for individuals with lung metastases is 20—30% [3, 4].
Therefore, there is an urgent need to clarify the patho-
logical mechanisms underlying OS metastasis to improve
the survival of patients with metastatic OS.

Barx homeobox 1 (BARX1), belonging to the Barx
homeobox protein family, has been investigated in mul-
tiple developmental contexts, including cranium, face,
stomach, and muscle development [5-7]. BARX1 regu-
lates the proliferation and metastasis of many tumours.
Evidence has demonstrated that BARX1 promotes
the proliferation of renal cell carcinoma and oesopha-
geal adenocarcinoma [8, 9]. However, enforced BARX1
expression in gastric cancer can inhibit tumour prolif-
eration. In endometrial carcinoma, silencing of BARX1
suppresses ERK/MEK signalling pathway activity, which
decreases migration and cell viability [10]. BARX1 is
considered a promising oncogenic transcription factor
in non-small cell lung cancer (NSCLC) [11]. Notably,
BARX1 expression is decreased in hepatocellular car-
cinoma (HCC), and its absence causes enhancement of
tumour invasion and metastasis by inducing MGAT5 and
MMP9 expression [12]. However, the function of BARX1
in OS is still unknown.

We aimed to clarify the role of BARX1 in OS. We
detected BARX1 expression in tissues of OS patients.
BARX1 was found to be significantly overexpressed in
OS tumour tissue compared with adjacent normal tis-
sue. In addition, our functional experiment demonstrated
that silencing BARX1 in OS cells inhibited cell prolifera-
tion and invasion. We also identified the genes targeted
by BARX1 via RNA sequencing (RNA-seq) and luciferase
reporter assays. Above all, our study demonstrated that
BARX1 plays an essential role in OS progression by regu-
lating transcription and may be a therapeutic target.

Materials and methods

Human samples

Tumour tissues and normal adjacent tissues were
obtained from OS patients from Shanghai Changzheng
Hospital (Shanghai, China). All tissue samples were con-
firmed by histopathological biopsy. All participating
patients were aware of the study and signed an informed
consent form. Experiments were approved by the Naval
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Medical University Ethics Committee of Biomedicine and
were performed following the Declaration of Helsinki.

Immunofluorescence (IF)

The tissue slices were treated with EDTA buffer for
antigen repair and subsequently blocked with 3% BSA.
Anti-BARX1 (ab220859, Abcam) and anti-HSPA6
(13616-1-AP, Proteintech) primary antibodies were
applied dropwise to the sections, and they were then
incubated at 4 °C overnight, followed by treatment with
the matching secondary antibody and incubation for
1 h at normal temperature. Immunofluorescence was
detected by a three-colour fluorescence kit (Shanghai
Recordbio Biological Technology, Shanghai, China).
Then, DAPI was used to stain the nucleus. The images
were observed and collected under an inverted micro-
scope. The nucleus is dyed blue by DAPI, HSPAG is col-
oured orange, and BARX1 is coloured green.

Real-time PCR (RT-PCR)

RNA extraction from the tissue samples was per-
formed by homogenization. Briefly, tissue samples
were cut into fragments and transferred into 2 ml
tubes, followed by the addition of TRIzol (1 ml) to each
tube. The samples were then subjected to homogeniza-
tion, and the supernatant was collected. The following
steps were performed according to the instructions for
TRIzol (Invitrogen Corporation, 15,596-018). We uti-
lized Evo M-MLV RT Premix for qPCR and the SYBR
Green Premix Pro Taq HS qPCR Kkit; reverse transcrip-
tion and RT-PCR were performed using GAPDH as
an internal control. All qPCRs were conducted on a
7900HT Fast Real-Time PCR System. Table 1 lists the
primers used.

Table 1 RT-PCR primer sequences

Gene Forward Primer (5’-3') Reverse Primer (5’-3)

DNAJB1 AAGGCATGGACATTGATG GGCCAAAGTTCACGTTGGT
ACC

HSPB1 ACGGTCAAGACCAAGGATGG  AGCGTGTATTTCCGCGTGA

BARX1 TTCCACGCCGGACAGAAT AGTAAGCTGCTCGCTCGTTG
AGA

HSPA6 CAAGGTGCGCGTATGCTAC GCTCATTGATGATCCGCAACAC

SERPINHT  TCAGTGAGCTTCGCTGATGAC CATGGCGTTGACTAGCAGGG

CLDNG6 TGTTCGGCTTGCTGGTCTAC  CGGGGATTAGCGTCAGGAC

ARC AGCGGGACCTGTACCAGAC  GCAGGAAACGCTTGAGCTTG

GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG
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Western blotting (WB)

The protein content of the tissue samples was extracted
using radioimmunoprecipitation assay buffer (RIPA)
containing a phosphatase inhibitor, and the protein con-
centration was determined with a BCA kit. By using
10-12% polyacrylamide gels, the proteins were sepa-
rated and then transferred to PVDF membranes, which
were incubated with the primary antibodies BARX1
and HSPAG6 at 4 °C for a whole night after being blocked
with 5% skim milk, followed by adding the correspond-
ing horseradish peroxidase-conjugated secondary
antibodies.

Cell culture and transfection

The OS cell lines and bone marrow mesenchymal stem
cells (BMSCs) were procured from the Shanghai Cell
Bank Type Culture Collection Committee (Shanghai,
China). BMSCs and MG63, U20S, HOS, and Saos-2 cells
were cultured in DMEM with 10% foetal bovine serum
(FBS) and 1% penicillin—streptomycin supplements at
37 °C and 5% CO, in a humidified atmosphere. Plasmids
and siRNAs were purchased from Shanghai GeneChem
(Shanghai, China). A density of 2x 10° cells/well was
used for culturing OS cells. Plasmid and siRNA cell trans-
fections were performed following the Lipofectamine "
2000 reagent protocols.

Cell counting Kit-8 (CCK-8) assay

After seeding cells in 96-well plates, plasmids or siRNA
were transfected into the cells. After 72 h of culture, a
CCK-8 assay was utilized to evaluate cell viability per the
protocols.

Invasion assay

In a 24-well plate, the cell invasion assay was carried out.
When the cell density reached 80-90%, the cells were
resuspended and injected at a 1 x 10° cells/millilitre into
the Matrigel-coated upper layer of the Transwell cham-
ber (Scipu002874; Corning Inc.), while for the chamber
bottom layer, serum-containing medium was added. The
cells were fixed with 4% formaldehyde and stained with
0.1% crystal violet after a 24-h culture period (C0121;
Beyotime).

Luciferase reporter assay

OS cells were transfected with HSPA6-luciferase
reporter gene constructs for 48 h by Lipofectamine 2000
per the protocols, followed by OE-BARX1 treatment.
Luciferase activity was measured by using a luciferase
assay kit.
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RNA-seq

TRIzol Reagent (Invitrogen, USA) was applied to extract
total RNA from MG63 cells (transfected with pcDNA-
BARX1 or vectors for 24 h), followed by Illumina mRNA
deep sequencing. The sequence results were obtained for
each transcript as fragments per kilobase of exon per mil-
lion reads.

Statistics

All values are reported as the mean + standard deviation
(SD). Student’s t test was used to assess significant dif-
ferences between group; the Kaplan-Meier method and
log-rank test were used to compare survival curves and
determine statistical significance, respectively. Counting
data were analysed with a x* test. p <0.05 indicates a sig-
nificant difference.

Results

BARX1 expression is upregulated in OS and correlated

with OS progression

In this study, we differentiated OS and adjacent tissues
by HE staining (Fig. 1A). The expression level of BARX1
in the HE-stained tissue samples was detected by IF; the
results revealed that BARX1 expression was significantly
higher in OS tissue than in adjacent tissue (Fig. 1B). Then,
BARX1 mRNA levels were measured in the tumour and
adjacent tissues using RT-PCR; the results indicated
significant overexpression of BARX1 in the tumour tis-
sue compared with the adjacent tissue (Fig. 1C). These
results, in combination with the WB results presented
in Fig. 1D, demonstrate that the BARX1 expression level
was markedly increased in OS tumour tissue. Kaplan—
Meier analysis showed significantly worse overall survival
in patients with high BARX1 expression than in those
with low expression (Fig. 1E). In addition, the expression
of BARX1 (Tables 2 and 3) was closely related to tumour
size, TNM stage, and metastasis.

Downregulation of BARX1 expression decreases OS cell
proliferation and invasion.

To investigate the role of BARX1 in OS cells, BARX1
protein expression was evaluated first in four differ-
ent OS cell lines (MG63, U20S, Saos-2, and HOS)
using BMSCs as the normal control. As Fig. 2A shows,
BARXI1 was significantly overexpressed in the four OS
cell lines compared with BMSCs. We then amplified or
reduced BARX1 expression in HOS and MG63 cells
using an overexpression plasmid or siRNA, respectively.
The efficiency of the overexpression plasmid and siRNA
was identified by WB, as shown in Fig. 2B and C. The
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BARX1 immunofluorescence staining
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Fig. 1 Barx homeobox 1 (BARX1) expression is upregulated in OS. A HE staining of tissues from OS patients. BARX1 B Immunofluorescence, C
gRT-PCR, D Western blot analyses in tumour and adjacent tissues. E Kaplan—Meier overall survival curves of two groups of OS patients (low and high
BARX1 expression groups) (log-rank test: p < 0.0306); actin was used as the loading control

Table 2 BARX1 expression in OS tissues and normal paratumour

tissues

Group n BARX1 expression p
High (n, %) Low (n, %)

OS tissue 60 36 (60%) 24 (40%) <0.001

Peritumoral tissue 60 14 (23.3%) 46 (76.7%)

transfection efficiency is shown in S Fig. 3. To further
define the influence of BARX1 on OS cell proliferation,
a CCK-8 assay was conducted to measure cell prolifera-
tion after transfection with the overexpression plasmid
or siRNA. As Fig. 2D and E shows, the proliferation abil-
ity of OS cells approximately doubled after transfection
with the overexpression plasmid. In contrast, the down-
regulation of BARX1 expression by siRNA markedly sup-
pressed OS cell proliferation, indicating that BARX1 is an
OS cell proliferation inducer.

To further verify the role of BARX1 in OS cell invasion,
a Transwell experiment was conducted. As Fig. 2F and G
shows, BARX1 overexpression significantly increased OS
cell invasion. However, inhibition of BARX1 expression
suppressed OS cell invasion. These data demonstrate that
BARX1 acts as an oncogene in OS by promoting OS cell
proliferation and invasion.

BARX1 directly regulates HSPA6 expression in OS cells

BARX1 is defined as a transcription factor [6]. BARX1
was found to be crucial for regulating OS cell prolif-
eration and invasion; hence, to clarify the mechanism
underlying that function, RNA-seq was used to iden-
tify potential downstream BARXI targets. As shown
in Fig. 3A, pcDNA-BARX1 or vectors were transfected
into MG63 cells for RNA-seq. All sample data were sub-
jected to standard quality control prior to difference
analysis (Additional file 1: Figure S1). A total of 46 differ-
entially expressed genes (DEGs) (|log twofold-change|> 1,
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Table 3 The relationship of BARX1 expression with patient
clinicopathological features and OS stage

Group BARX1 expression p
High (n) Low (n)

Sex
Male 26 13 0.1151
Female 10 11

Age (years)
<14 22 10 0.139
>14 14 14

Tumour site
Tibia/Femur 18 17 0.109
Other 18 7

Subtype
Osteoblastoma 13 8 0.825
Other 23 16

Tumour size (cm)
<8 23 9 0.045
>8 13 15

TNM stage
[=I1 11 17 0.002
-V 25 7

Metastasis
Yes 30 14 0.032
No 6 10

p<0.05) were identified in MG63 cells overexpressing
BARX1 compared with the control cells. KEGG path-
way and GO enrichment analyses indicated that BARX1
participates in the VEGF pathway and the functional
response to unfolded proteins (Additional file 1: Figure
S2). These results strongly suggest that BARX1 func-
tions as a tumour inhibitor by suppressing the TNF path-
way. Subsequently, we selected the six most upregulated
genes for verification. As Fig. 3B shows, HSPA6 was sig-
nificantly overexpressed after BARX1 overexpression
in MG63 cells, suggesting that HSPA6 may be a direct
downstream target of BARX1.

To confirm the relationship between BARX1 and
HSPA6, we performed bioinformatics analysis using the
JASPAR database. As shown in Fig. 3C, there were five
sites on the promoter of HSPA6 that were appropriate
for BARX1 binding. A dual-luciferase assay was used to
determine whether BARX1 could induce HSPA6 pro-
moter activity (Fig. 3C). To accurately identify the target
site on the HSPAG6 promoter, we constructed five mutants
of the HSPA6 promoter (each containing one muta-
tion), mut-A to mut-E (Fig. 3D). Luciferase activity was
decreased in the mut-E group, indicating that the E site
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was the binding site of BARX1 in the HSPA6 promoter
(Fig. 3E).

To further validate whether HSPA6 expression was
upregulated by BARX1, the HSPA6 expression level in
OS cells was detected by WB. As shown in Fig. 3F, HSPA6
expression was increased after BARX1 overexpression in
OS cells, demonstrating that HSPAG6 is a direct BARX1
target in OS cells.

BARX1 function depends on HSPA6 expression

HSPA6 belongs to the heat shock 70 protein family.
Although HSPA6 plays an important role in various
tumours, whether HSPA6 can affect the progression of
OS remains unclear [13]. To determine whether HSPA6
is involved in BARX1-mediated promotion of OS cell
proliferation and invasion, we used siRNA to knockdown
HSPAG6 in OS cells with enforced BARX1 expression. The
efficacy of si-HSPA6 was detected by WB (Fig. 4A and
B). Cell growth was assessed by CCK-8 assay. As Fig. 4C
and D shows, silencing HSPA6 expression significantly
decreased OS cell proliferation induced by BARX1. In
addition, HSPA6 depletion inhibited OS cell invasion
induced by enforced BARX1 expression (Fig. 4E and F).
We further assessed whether BARX1 and HSPA6 could
colocalize in OS tissues. As shown in Fig. 4G, the IF assay
indicated that BARX1 was overexpressed and associated
with HSPA6 overexpression in OS tumour tissues, which
revealed the regulatory effect of BARX1 on HSPA6 from
a clinical perspective.

Discussion

OS, which is derived from primitive bone-forming mes-
enchymal cells, is a common primary bone malignancy
[14]. High-grade OS treatment has progressed remark-
ably since the advent of chemotherapy in the 1970s.
Nevertheless, the survival rate remains unsatisfactory
because of metastasis and relapse. The biology of OS
is complex and not well understood [15], and there are
many clinical challenges related to OS, including wide
histological heterogeneity, lack of biomarkers, high local
aggressiveness, and rapid metastasis.

Increasing evidence shows that BARX1, as a transcrip-
tion factor, is a two-way regulator of tumour diseases:
it can not only promote but also inhibit tumour occur-
rence and progression [12, 16]. Our study found that the
increased expression of BARX1 was associated with a
poor prognosis in OS patients and promoted OS cell pro-
liferation and invasion, while downregulation of BARX1
suppressed OS cell proliferation and invasion, indicating
that BARX1 acts as an oncogene in OS.
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Fig. 2 Barx homeobox 1 (BARX1) knockdown decreased OS cell proliferation and invasion. A BARX1 expression in four OS cell lines (MG63, U20S,
Saos-2, and HOS) and BMSCs according to Western blotting. B/C Plasmids or siRNAs were transfected into HOS and MG63 cells, and the efficiency
was measured by Western blot assays (**p <0.01, ***p <0.001). D/E After transfection of HOS and MG63 cells with plasmids or siRNA for 48 h, cell
growth was assessed via CCK-8 assays. F/G Plasmids or siRNAs were transfected into HOS and MG63 cells, and Transwell assays were used to assess

OS cell invasion

HSPAG6 was first identified as an HSP70 family mem-
ber by Leung et al. in 1990 [17]. Heat shock proteins are
overexpressed in different tumours, including breast,
prostate, colorectal, and lung cancers, as well as OS [18],
where their overexpression is correlated with a poor
prognosis and a high rate of chemotherapy resistance

[19-21]. High HSP70 levels in many cancers facilitate
the survival of these cancer cells [22]. Downregulation of
HSP70 strongly reduced tumorigenicity in experimental
models [23]. HSP70 also participates in several biological
processes that directly enhance tumorigenesis, includ-
ing cell proliferation, apoptosis, angiogenesis, migration,
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Fig. 3 Barx homeobox 1 (BARX1) regulates HSPAG expression directly in OS cells. A RNAs derived from MG63 cells transfected with pcDNA-BARX1
or vectors were extracted and subjected to RNA sequencing. Heatmap of the DEGs in MG63 cells with BARX1 knockdown compared with controls.
B MG63 cells were transfected with either the overexpression plasmid of BARX1 or the negative control (NC). After 48 h, RNA was extracted, and
gPCR was performed to detect the expression of DNAJB1, HSPAB1, HSPA6, SERPINHT, CLDN6, and ARC. C The binding sites of BARX1 on the HSPA6
promoter. A dual-luciferase assay was used to analyse the effect of BARX1 on the HSPA6 promoter. D Mutation of the predicted binding sites of
BARX1 on the HSPA6 promoter. E A dual-luciferase assay was used to analyse the effect of BARX1 on the HSPA6 promoter with different mutational
sites. F HOS and MG63 cells were transfected with the BARX1 overexpression plasmid for 48 h. Western blotting was performed to determine the

HSPAG6 protein level

and drug resistance. In this study, we performed bioin-
formatics analysis and found that HSPA6 may be the
direct target gene of BARX1. HSPA6 can directly or
indirectly inhibit or promote tumour occurrence and
development. For example, bladder and cervical cancer
tumour cell growth, migration, and invasion could be
inhibited by increasing the expression of HSPA6 [24].
Knocking down HSPA6 promoted triple-negative breast
cancer cell growth, migration, and invasion [25]. Our
results revealed the coexpression of BARX1 and HSPA6
in the OS cell line; HSPA6 expression was also high in
cells with BARX1 overexpression, and the expression of
HSPA6 was not significant in cells with low expression
of BARX1. Furthermore, through cell experiments, we
found that knocking out HSPA6 while overexpressing
BARX1 almost completely abolished the proliferation-
and invasion-promoting effects of BARX1. The above

results suggest that HSPA6 may be an effector molecule
of the BARX1-mediated malignant behaviour of OS.

In summary, this research clinically confirmed the
tumour-promoting effect of BARX1 in OS at the cel-
lular and molecular levels and demonstrated that
BARX1 enhances OS cell proliferation and invasion by
regulating the downstream effector molecule HSPA®G,
providing an innovative basic theory for studying OS.
However, there are still some shortcomings to this
study, and an animal model needs to be used to further
verify the experimental findings.

The obtained results are helpful for further under-
standing the biological function of BARX1 and its role
in OS; these results provide an in-depth understanding
of the OS pathogenesis and recurrence mechanism and
provide ideas for OS prognosis evaluation and targeted
treatment.
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Abbreviations

0sS Osteosarcoma

BARX1 Barx homeobox 1

IF Immunofluorescence

BMSCs Bone marrow mesenchymal stem cells

HSPAG Heat shock 70-kDa protein 6
NSCLC Non-small cell lung cancer
HCC Hepatocellular carcinoma

IF Immunofluorescence

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513018-023-03690-7.

Additional file 1. Supplementary Figure 1. RNA sequencing gene
expression analysis and advanced QC. Supplementary Figure 2. RNA
sequencing GO analysis and KEGG pathway analysis.

Author contribution

XH designed the study and wrote the first draft of the paper. ZW and JZ pre-
pared the figures. GB, JC, and XN performed the statistical analyses. TL, HZ, and
CZ supervised the study design and search strategy. All authors reviewed the
manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(No. 81972506; No. 82172779).

Data availability
The datasets generated or analysed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to pariticipate

All applicable international, national, and/or institutional guidelines for the
care and use of animals were followed. All procedures performed in studies
involving human participants were in accordance with the ethical standards
of the institutional and/or national research committee and with the 1964 Hel-
sinki declaration and its later amendments or comparable ethical standards.

Informed consent
Informed consent was obtained from all individual participants included in
the study.

Competing interests

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Received: 7 February 2023 Accepted: 8 March 2023
Published online: 16 March 2023

References

1. Lilienthal |, Herold N.Targeting molecular mechanisms underlying treat-
ment efficacy and resistance in osteosarcoma: a review of current and
future strategies. Int J Mol Sci. 2020;21:6885. https://doi.org/10.3390/ijms2
1186885.

2. Kelley LM, Schlegel M, Hecker-Nolting S, Kevric M, Haller B, Rossig C,
Reichardt P, Kager L, Kuhne T, Gosheger G, Windhager R, Specht K, Rechl H,
Tunn PU, Baumhoer D, Wirth T, Werner M, von Kalle T, Nathrath M, Burdach
S, Bielack S, von Luttichau I. Pathological fracture and prognosis of high-
grade osteosarcoma of the extremities: an analysis of 2,847 Consecutive

(2023) 18:211

Page 9 of 10

Cooperative Osteosarcoma Study Group (COSS) Patients. J Clin Oncol.
2020;38:823-33. https://doi.org/10.1200/JCO.19.00827.

Bielack SS, Kempf-Bielack B, Delling G, Exner GU, Flege S, Helmke K, Kotz R,
Salzer-Kuntschik M, Werner M, Winkelmann W, Zoubek A, Jurgens H, Winkler
K. Prognostic factors in high-grade osteosarcoma of the extremities or trunk:
an analysis of 1,702 patients treated on neoadjuvant cooperative osteosar-
coma study group protocols. J Clin Oncol. 2002;20:776-90. https://doi.org/
10.1200/JC0O.2002.20.3.776.

Kager L, Zoubek A, Potschger U, Kastner U, Flege S, Kempf-Bielack B, Bran-
scheid D, Kotz R, Salzer-Kuntschik M, Winkelmann W, Jundt G, Kabisch H,
Reichardt P, Jurgens H, Gadner H, Bielack SS. Cooperative German-Austrian-
Swiss Osteosarcoma Study, Primary metastatic osteosarcoma: presentation
and outcome of patients treated on neoadjuvant Cooperative Osteosar-
coma Study Group protocols. J Clin Oncol. 2003;21:2011-8. https.//doi.org/
10.1200/JC0.2003.08.132.

Kim BM, Buchner G, Miletich |, Sharpe PT, Shivdasani RA. The stomach
mesenchymal transcription factor Barx1 specifies gastric epithelial identity
through inhibition of transient Wnt signaling. Dev Cell. 2005;8:611-22.
https://doi.org/10.1016/j.devcel.2005.01.015.

Makarenkova HP, Meech R. Barx homeobox family in muscle development
and regeneration. Int Rev Cell Mol Biol. 2012;297:117-73. https://doi.org/10.
1016/B978-0-12-394308-8.00004-2.

Tissier-Seta JP, Mucchielli ML, Mark M, Mattei MG, Goridis C, Brunet JF. Barx1,
a new mouse homeodomain transcription factor expressed in cranio-facial
ectomesenchyme and the stomach. Mech Dev. 1995;51:3-15. https://doi.
0rg/10.1016/0925-4773(94)00343-1.

Becker J, May A, Gerges C, Anders M, Veits L, Weise K, Czamara D, Lyros

O, Manner H, Terheggen G, Venerito M, Noder T, Mayershofer R, Hofer JH,
Karch HW, Ahlbrand CJ, Arras M, Hofer S, Mangold E, Heilmann-Heimbach
S, Heinrichs SK, Hess T, Kiesslich R, Izbicki JR, Holscher AH, Bollschweiler

E, Malfertheiner P, Lang H, Moehler M, Lorenz D, Muller-Myhsok B, Ott K,
Schmidt T, Whiteman DC, Vaughan TL, Nothen MM, Hackelsberger A, Schu-
macher B, Pech O, Vashist Y, Vieth M, Weismuller J, Neuhaus H, Rosch T, Ell C,
Gockel I, Schumacher J. Supportive evidence for FOXP1, BARX1, and FOXF1
as genetic risk loci for the development of esophageal adenocarcinoma.
Cancer Med. 2015;4:1700-4. https://doi.org/10.1002/cam4.500.

Sun G, GeY, Zhang Y, Yan L, Wu X, Ouyang W, Wang Z, Ding B, Zhang Y, Long
G, Liu M, ShiR, Zhou H, Chen Z, Ye Z. Transcription factors BARX1 and DLX4
contribute to progression of clear cell renal cell carcinoma via promot-

ing proliferation and epithelial-mesenchymal transition. Front Mol Biosci.
2021;8:626328. https://doi.org/10.3389/fmolb.2021.626328.

LuY, Lu H,Yang X, Song W. BarH-like homeobox 1 induces the progression
of cell malignant phenotype in endometrial carcinoma through the regula-
tion of ERK/MEK signaling pathway. Reprod Biol. 2021;21:100502. https://doi.
0rg/10.1016/j.repbio.2021.100502.

. Zhang DL, Qu LW, Ma L, Zhou YC,Wang GZ, Zhao XC, Zhang C, Zhang YF,

Wang M, Zhang MY, Yu H, Sun BB, Gao SH, Cheng X, Guo MZ, Huang YC,
Zhou GB. Genome-wide identification of transcription factors that are criti-
cal to non-small cell lung cancer. Cancer Lett. 2018;434:132-43. https://doi.
0rg/10.1016/j.canlet.2018.07.020.

Wang G, Liu J, Cai Y, Chen J, Xie W, Kong X, Huang W, Guo H, Zhao X, Lu Y,
Niu L, Li X, Zhang H, Lei C, Lei Z,Yin J,Hu H, Yu F, Nie Y, Xia L, Wu K. Loss of
Barx1 promotes hepatocellular carcinoma metastasis through up-regulating
MGATS5 and MMP9 expression and indicates poor prognosis. Oncotarget.
2017;8:71867-80. https://doi.org/10.18632/oncotarget.18288.

Wu J, LiuT, Rios Z, Mei Q, Lin X, Cao S. Heat shock proteins and cancer.
Trends Pharmacol Sci. 2017,38:226-56.

Ottaviani G, Jaffe N. The epidemiology of osteosarcoma. Cancer Treat Res.
2009;152:3-13. https://doi.org/10.1007/978-1-4419-0284-9_1.

Luetke A, Meyers PA, Lewis |, Juergens H. Osteosarcoma treatment—where
do we stand? A state of the art review. Cancer Treat Rev. 2014;40:523-32.
https://doi.org/10.1016/j.ctrv.2013.11.006.

Yan C, JiY,Huang T,Yu F, GaoY,GuY, Qi Q Du J, Dai J, Ma H, Jin G. An
esophageal adenocarcinoma susceptibility locus at 9922 also confers risk to
esophageal squamous cell carcinoma by regulating the function of BARX1.
Cancer Lett. 2018;421:103-11. https://doi.org/10.1016/j.canlet.2018.02.019.
Leung TK, Rajendran MY, Monfries C, Hall C, Lim L. The human heat-shock
protein family. Expression of a novel heat-inducible HSP70 (HSP70B') and
isolation of its cDNA and genomic DNA. Biochem J. 1990;267:125-32.
https://doi.org/10.1042/0j2670125.


https://doi.org/10.1186/s13018-023-03690-z
https://doi.org/10.1186/s13018-023-03690-z
https://doi.org/10.3390/ijms21186885
https://doi.org/10.3390/ijms21186885
https://doi.org/10.1200/JCO.19.00827
https://doi.org/10.1200/JCO.2002.20.3.776
https://doi.org/10.1200/JCO.2002.20.3.776
https://doi.org/10.1200/JCO.2003.08.132
https://doi.org/10.1200/JCO.2003.08.132
https://doi.org/10.1016/j.devcel.2005.01.015
https://doi.org/10.1016/B978-0-12-394308-8.00004-2
https://doi.org/10.1016/B978-0-12-394308-8.00004-2
https://doi.org/10.1016/0925-4773(94)00343-l
https://doi.org/10.1016/0925-4773(94)00343-l
https://doi.org/10.1002/cam4.500
https://doi.org/10.3389/fmolb.2021.626328
https://doi.org/10.1016/j.repbio.2021.100502
https://doi.org/10.1016/j.repbio.2021.100502
https://doi.org/10.1016/j.canlet.2018.07.020
https://doi.org/10.1016/j.canlet.2018.07.020
https://doi.org/10.18632/oncotarget.18288
https://doi.org/10.1007/978-1-4419-0284-9_1
https://doi.org/10.1016/j.ctrv.2013.11.006
https://doi.org/10.1016/j.canlet.2018.02.019
https://doi.org/10.1042/bj2670125

Huang et al. Journal of Orthopaedic Surgery and Research

20.

21

22.

23.

24,

25.

(2023) 18:211

Calderwood SK, Khaleque MA, Sawyer DB, Ciocca DR. Heat shock proteins in
cancer: chaperones of tumorigenesis. Trends Biochem Sci. 2006;31:164-72.
https://doi.org/10.1016/j.tibs.2006.01.006.

Ciocca DR, Calderwood SK. Heat shock proteins in cancer: diagnostic,
prognostic, predictive, and treatment implications. Cell Stress Chaperones.
2005;10:86-103. https://doi.org/10.1379/csc-99r.1.

Cornford PA, Dodson AR, Parsons KF, Desmond AD, Woolfenden A, Ford-
ham M, Neoptolemos JP, Ke Y, Foster CS. Heat shock protein expression
independently predicts clinical outcome in prostate cancer. Cancer Res.
2000;60:7099-105.

van de Vijver MJ, He YD, van't Veer LJ, Dai H, Hart AA, Voskuil DW, Schreiber
GJ, Peterse JL, Roberts C, Marton MJ, Parrish M, Atsma D, Witteveen A, Glas A,
Delahaye L, van der Velde T, Bartelink H, Rodenhuis S, Rutgers ET, Friend SH,
Bernards R. A gene-expression signature as a predictor of survival in breast
cancer. N EnglJ Med. 2002;347:1999-2009. https://doi.org/10.1056/NEJMo
a021967.

Nylandsted J, Brand K, Jaattela M. Heat shock protein 70 is required for the
survival of cancer cells. Ann N'Y Acad Sci. 2000,926:122-5. https://doi.org/10.
1111/).1749-6632.2000.tb05605 X.

Gurbuxani S, Schmitt E, Cande C, Parcellier A, Hammann A, Daugas E,
Kouranti |, Spahr C, Pance A, Kroemer G, Garrido C. Heat shock protein 70
binding inhibits the nuclear import of apoptosis-inducing factor. Oncogene.
2003;22:6669-78. https://doi.org/10.1038/sj.0nc.1206794.

Shin SS, Song JH, Hwang B, Noh DH, Park SL, Kim WT, Park SS, Kim WJ, Moon
SK. HSPA6 augments garlic extract-induced inhibition of proliferation,
migration, and invasion of bladder cancer EJ cells; Implication for cell cycle
dysregulation, signaling pathway alteration, and transcription factor-asso-
ciated MMP-9 regulation. PLoS ONE. 2017;12:e0171860. https.//doi.org/10.
1371/journal.pone.0171860.

Shen S, Wei C, Fu J. RNA-sequencing reveals heat shock 70-kDa protein 6
(HSPAG) as a novel thymoquinone-upregulated gene that inhibits growth,
migration, and invasion of triple-negative breast cancer cells. Front Oncol.
2021;11:667995. https://doi.org/10.3389/fonc.2021.667995.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.tibs.2006.01.006
https://doi.org/10.1379/csc-99r.1
https://doi.org/10.1056/NEJMoa021967
https://doi.org/10.1056/NEJMoa021967
https://doi.org/10.1111/j.1749-6632.2000.tb05605.x
https://doi.org/10.1111/j.1749-6632.2000.tb05605.x
https://doi.org/10.1038/sj.onc.1206794
https://doi.org/10.1371/journal.pone.0171860
https://doi.org/10.1371/journal.pone.0171860
https://doi.org/10.3389/fonc.2021.667995

	BARX1 promotes osteosarcoma cell proliferation and invasion by regulating HSPA6 expression
	Abstract 
	Introduction
	Materials and methods
	Human samples
	Immunofluorescence (IF)
	Real-time PCR (RT-PCR)
	Western blotting (WB)
	Cell culture and transfection
	Cell counting Kit-8 (CCK-8) assay
	Invasion assay
	Luciferase reporter assay
	RNA-seq
	Statistics

	Results
	BARX1 expression is upregulated in OS and correlated with OS progression
	Downregulation of BARX1 expression decreases OS cell proliferation and invasion.
	BARX1 directly regulates HSPA6 expression in OS cells
	BARX1 function depends on HSPA6 expression

	Discussion
	Anchor 21
	References


