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Abstract: Osteosarcoma (0S) is the most common primary malignant bone tumor in adolescents and children. The
pathogenesis of this disease is complex and the mechanisms involved have not been fully elucidated. Thioredoxin-
interacting protein (TXNIP), as a member of the a-rhodopsin inhibitory protein family, can combine with thioredoxin
to inhibit its antioxidant function. This process inhibits glucose absorption and metabolic rearrangement necessary
for the regulation of cellular growth. In recent years, TXNIP has emerged as a new candidate target for tumors.
However, the biological function and role of TXNIP in OS remains unclear. This study confirmed the low expression
of TXNIP in OS tissues and cells, which was significantly related to the poor survival rate and clinical characteristics
of patients with OS. Various cell phenotype experiments have shown that TXNIP inhibits the proliferation, migration,
and invasion of OS cells, and promotes their apoptosis. Further studies found that the tumor suppressor effect of
TXNIP was mediated by upregulating DNA damage-inducible transcript 4 (DDIT4) and inhibiting the phosphorylation
of mechanistic target of rapamycin complex 1 (mTORC1) downstream substrate S6. Based on the above, our study
explored the key role of TXNIP/DDIT4/mTORC1 suppression as a regulatory axis in the progression of OS, and laid

the foundation for precise targeted therapy for OS.
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Introduction

Osteosarcoma (0S) is a malignant tumor of
mesenchymal origin. The connective tissue of
OS can directly induce tumor bone or osteoid
tissue, mainly involving the metaphysis of the
long bones [1]. In addition, as a primary sar-
coma of the bone, OS is highly invasive, and
easily metastasizes. In recent years, significant
improvements have been made in the clinical
diagnosis and treatment of OS, however, dis-
tant metastasis is often present at the time of
initial diagnosis. Pulmonary metastasis is the
most common, with a 5-year overall survival
rate of less than 30% [2, 3]. At present, the
occurrence, progression, and metastasis me-
chanisms of OS remain unclear. Therefore, an
in-depth study of the mechanism of disease
progression is of great significance for explor-
ing new therapeutic targets and improving the
outcome of OS.

Thioredoxin-interacting protein (TXNIP) is a
member of the a-rhodopsin inhibitory protein

family and is the only endogenous inhibitor in
this family that can bind to thioredoxin [4].
TXNIP can regulate the levels of reactive oxy-
gen species, promote inflammatory responses,
and play an essential role in intracellular redox
stress [5, 6]. In recent years, the non-redox
pathway of TXNIP has attracted the attention of
many researchers. TXNIP affects the growth
state of cells through mitochondria-related
energy metabolism pathways, and participates
in cellular apoptosis, aging, differentiation, and
proliferation [7]. In addition, TXNIP exerts bio-
logical functions, such as affecting tumor pro-
gression, regulating glucose and lipid metabo-
lism, and mediating natural Killer cell develop-
ment, and is considered a key hub between
metabolic reprogramming and tumor progres-
sion [8]. Previous studies have shown that
TXNIP expression is downregulated in lung ade-
nocarcinoma, hepatocellular carcinoma, gastric
cancer, and other cancer cells, and inhibition of
TXNIP expression promotes the malignant
transformation of tumors [9, 10]. However, the
role of TXNIP in OS remains to be explored,
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and few studies have clarified its downstream
targets and specific etiopathogenic mecha-
nisms.

DNA damage-inducible transcript 4 (DDIT4) is
also known to regulate development and DNA
damage response 1 (REDD1). Originally discov-
ered as a downstream target gene of hypoxia
inducible HIF-1 [11], HIF-1 can induce its
increased expression under conditions of DNA
damage, hypoxia, nutrient consumption, and
oxidative stress conditions [12], DDIT4 can
participate in the regulation of cell survival by
affecting DNA damage repair factor, HIF-1,
mTOR, and other signaling pathways [13, 14].
In addition, DDIT4 is significantly correlated
with tumor development, with significant differ-
ences in its expression levels having been
described for a variety of malignancies [15].
The upregulated expression of DDIT4 can in-
hibit the formation of the downstream TSC1/
TSC2 complex, negatively regulate the mecha-
nistic target of rapamycin complex 1 (mTORC1),
and inhibit the phosphorylation of its substrate
protein S6, which exerts an anti-cancer func-
tion in tumor growth [16, 17]. However, this
mechanism has not been confirmed in OS.
Notably, previous studies have implicated the
direct interaction between TXNIP and DDIT4 as
a pathogenic mechanism of cardiovascular dis-
ease and oxidative stress [18, 19]. However,
this relationship has not been explored in
oncological settings.

This study demonstrated low levels of TXNIP
expression in OS and its correlations with sur-
vival and prognosis. Furthermore, TXNIP was
found to inhibit the phosphorylation of mTOR-
C1 downstream target S6 through interaction
with DDIT4 to restrain the proliferation, migra-
tion, and invasion of OS and promote apopto-
sis. Our results elucidate the interaction and
regulatory mechanisms of TXNIP and DDIT4 in
OS progression, and provide potential thera-
peutic targets for OS.

Material and methods
Patients and tissue samples

Tissue specimens were obtained from 90
patients with OS who underwent tumor resec-
tion and neoadjuvant chemotherapy at the
Department of Orthopedics, Xiangya Hospital,
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Central South University. The paired collected
OS tumor and adjacent tissues were derived
from the pathological biopsy specimens before
neoadjuvant chemotherapy, and stored at
-80°C. The demographic data of the patients,
including sex, age, tumor diameter, location,
local recurrence, Enneking stage, metastasis,
histology, and prognosis, were collected from
the hospital’'s medical record management
information system and used for statistical
analysis. This study was approved by the Eth-
ics Committee of Xiangya Hospital of Central
South University, and informed consent was
obtained from the patients and their legal
guardians.

Cell lines and cell culture

The OS cell lines 143B, HOS, MG63, and U20S,
and the human osteoblastic cell line hFOB1.19
were obtained from the Xiangya cell repository.
The cells were cultured in Dulbecco’s modified
Eagle’s medium (Biological Industries, Israel)
containing antibiotics and 10% fetal bovine
serum (Gibco, USA) at 5% CO, and 37°C.

Immunohistochemistry (IHC)

Fresh OS and adjacent tissues were fixed with
4% paraformaldehyde and embedded in paraf-
fin, and slices with a thickness of 6-8 uym were
obtained. The slices were dewaxed with xylene
for 20 min, rehydrated with an ethanol concen-
tration gradient, and boiled in antigen repair
solution for 20 min. The tissue was covered
with a 3% hydrogen peroxide solution for 10
min to block endogenous peroxidase interfer-
ence. Goat serum was applied for blocking for
1 h and then washed with a phosphate-buff-
ered saline solution (PBST). Subsequently, pri-
mary antibodies (dilution ratio, 1:100) were
added and incubated overnight in a refrigera-
tor at 4°C. The solution was washed with PBST
three times, and secondary antibodies (AB-
clonal, China) were added dropwise and incu-
bated for 20 min. After washing, the slides
were stained with DAB chromogenic reagent
for 2 min and counterstained with hematoxylin
for 2 min. Finally, after permeabilization with
an ethanol concentration gradient, the slides
were sealed with neutral gum and observed
under a microscope. The antibodies used were
TXNIP (Abcam, ab210826), BAX (CST, 14796S),
Bcl-2 (CST, 15071S), and Ki-67 (Proteintech,
27309-1-AP).

Am J Cancer Res 2022;12(8):3760-3779



TXNIP/DDIT4/mTORC1 inhibits osteosarcoma

Immunocytochemistry (ICC) and
immunofluorescence (IF)

ICC and IF were performed as described in our
previous studies [20]. For ICC, the cells were
fixed with 4% paraformaldehyde. Dewaxing
and antigen repair were also performed for IF.
Incubation with primary antibodies (dilution
ratio, 1:100, TXNIP, Abcam, UK) was performed
overnight at 4°C, fluorescent secondary anti-
bodies were used for binding for 1 h, and the
cells were stained with DAPI for 5 min. After
washing with PBS, images were captured using
a Leica laser confocal microscope.

Reverse-transcriptase polymerase chain reac-
tion (QRT-PCR)

A Trizol kit (CW Biotech, Beijing, China) was
used to extract total RNA from tissues or cells,
and cDNA was synthesized using a reverse
transcription kit (Takara, Japan). Then, the
cDNA was amplified using the qPCR system.
Using GAPDH as a reference for data process-
ing, the sequences of each target gene are
shown in Table S1.

Western blotting (WB) and CO-IP

TPEB buffer (Invitrogen, Carlsbad, CA, USA) was
used to extract tissue or cell proteins, and sam-
ple concentration was evaluated using the BCA
method (Beyotime Biotechnology, Shanghai,
China). We referred to our previous research on
the specific operation process [21]. Briefly, pro-
tein samples were electrophoresed by SDS-
PAGE and transferred to a polyvinylidene fluo-
ride (PVDF) membrane. Sealing was completed
with skim milk and the samples were incubated
with the target antibodies. Luminescence was
measured using an ECL kit. CO-IP with RIPA
buffer (Thermo Fisher Scientific) was used to
extract proteins from the input, IgG, and TXNIP/
DDIT4 groups. Protein A/G magnetic beads
(MedChemExpress, USA) were used to sort the
protein complexes and obtain the protein
supernatant for western blotting. The antibod-
ies used were DDIT4 (Proteintech, 10638-1-
AP), GAPDH (ABclonal, A19056), and B-actin
(ABclonal, AC038). The remaining antibodies
were consistent with our IHC results.

Lentiviral transduction and RNA interference

The overexpression lentivirus OE-TXNIP and the
corresponding control lentivirus Con335 (Ubi-
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MCS-3FLAG-CBh-gcGFP-IRES-puromycin), the
knockdown lentivirus sh1TXNIP, sh2TXNIP, and
corresponding control Con313 (hU6-MCS-
Ubiquitin-EGFP-IRES-puromycin), the transient
plasmids for TXNIP (no GFP), the knockdown
plasmid siDDIT4, and the corresponding con-
trol CTRL-si (hU6-MCS-CMV-Neomycin) were
synthesized by Gikai GENE (Shanghai, China).
The required concentration of the lentiviral
solution was calculated to yield an MOI of 10,
and cells were infected using 2 ug/mL puromy-
cin for screening and 1 ug/ml puromycin to
maintain the stable expression of cell lines. The
plasmid was transfected using Lipofectamine
300 (Invitrogen, Carlsbad, CA, USA), and the
intervention effect was observed after 48 h.

Cell proliferation and colony formation

As described in a previous study [22], the prolif-
eration ability of cells was measured using
the CCK-8 kit (Beyotime, China) and EdU kit
(RiboBio, China). The cell suspension was pre-
pared and seeded in a 96-well plate with a cell
density of 3000 cells/well and 1.2 x 10* cells/
well, respectively. The working solution from
each kit was added at the corresponding time
points. Cell proliferation was quantified using a
multifunctional enzyme labeling instrument
and fluorescence microscope. For colony for-
mation experiments, cells were seeded in
6-well plates at a density of 1000 cells/well
and cultured for 2 weeks.

Cell apoptosis assay

An Annexin V/PI kit (Vazyme, China) was used
to detect apoptosis. 20 x 10* cells/well were
planted in a 6-well plate. After 48 h, the plates
were cleaned with PBS and the contents were
added to a centrifuge tube. EDTA-free trypsin
was added for digestion, and the cells were
incubated with the binding buffer, annexin V,
and Pl for 1 h in the dark. Finally, the samples
were analyzed using flow cytometry.

Transwell assay

A 24-well plate with a transwell chamber
(Corning, NY, US) was used for the experi-
ments. The cells were resuspended in serum-
free cell culture medium and placed into the
upper chamber (migration, 4 x 10* cells/well;
invasion, 8 x 10% cells/well). The invasion ex-
periment included Matrigel coating (dilution
ratio, 1:8; BD), and the complete culture medi-
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um was placed in the lower chamber. After 24 h
of culture, the cells from the lower chamber
were treated with 4% paraformaldehyde and
crystal violet dye for 15 min, photographed,
and counted under a microscope.

Scratch wound-healing assay

Transfected cells were seeded in 6-well plates
(30 x 10* cells/well). When the cells reached
approximately 80% confluence, a trace was
scratched with a 10 pL tip head. After 24 h,
images were captured using an inverted micro-
scope and the transverse distance of the
scratch was calculated.

Tumor xenograft models

Five-week-old female BALB/C nude mice were
selected for tumor modelling, and HOS cell
lines (4 x 108 cells/mouse) transfected with
OE-TXNIP and Con335 were subcutaneously
injected into the dorsal side of the nude mice.
The tumor size was measured once per week.
After 35 days, the nude mice were euthanized
with 2% pentobarbital injection, and the tu-
mors were collected and weighed. Subse-
quently, the tumor was embedded in paraffin
and sectioned, and tissue proteins were
extracted to detect the expression of relevant
target molecules. This animal experiment was
approved by the Experimental Animal Ethics
Committee of Xiangya Hospital of Central South
University.

Statistical methods

The Kaplan-Meier method and log-rank test
were used to plot survival curves. Data collec-
tion and analysis were performed using SPSS
25.0, and quantitative statistical graphs were
drawn using GraphPad Prism 8. All quantitative
data were expressed as the mean + standard
deviation. The independent Student’s t-test
was used for comparisons between two gro-
ups, and one-way ANOVA was used to compare
multiple groups. Qualitative data were ex-
pressed as frequencies, and statistical analy-
sis was performed using the Chi-squared test
or Fisher’'s exact test. Throughout this study,
statistical significance was set at P<0.05.

Results

TXNIP downregulation in osteosarcoma is as-
sociated with a poor prognosis

HE staining demonstrated the classic cancer
nest characteristics of OS tissues. TXNIP
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expression in OS tissues and adjacent tissues
was detected by IHC staining, revealing that
TXNIP was significantly underexpressed in 0S
(Figure 1A). Furthermore, the same results
were obtained by IF staining analysis of OS and
adjacent tissues; the red light representing
TXNIP was significantly downregulated in OS
tissues (Figure 1B). The proteins of OS and nor-
mal control (NC) tissues were extracted and
detected by western blotting. These results
further confirmed that TXNIP was significantly
downregulated in OS tissues (Figure 1C). TXNIP
MRNA expression in OS and NC tissues was
analyzed using qRT-PCR. Compared to NC tis-
sues, significantly lower TXNIP transcription lev-
els were observed in OS tissues (Figure 1D). In
addition, IHC was performed on the tumor tis-
sues of 90 patients with OS, indicating that 53
patients showed relatively low TXNIP expres-
sion (Figure 1E). Survival prognostic analysis
was performed using the Kaplan-Meier method
and log-rank test, revealing that patients with
low TXNIP expression had significantly lower
overall survival and disease-free survival rates
than those with high TXNIP expression (Figure
1F, 1G). Statistical analysis of the clinicopatho-
logical features of these patients showed that
the expression level of TXNIP correlated with
tumor size, Enneking stage, and lung metasta-
sis (Table 1).

Morphological expression of TXNIP in OS cell
line and human normal osteoblast cell line
hFOB1.19, as well as verification of transfec-
tion efficiency

An ICC experiment was performed to determine
the specific expression and localization of
TXNIP in OS cells compared to hFOB1.19. The
OS cell lines, HOS, MG63, 143B, and U20S,
were expressed at low levels, and were mainly
located in the cytoplasm (Figure 2A). In addi-
tion, the expression levels of TXNIP in the five
cell lines were detected by qRT-PCR and west-
ern blotting, which confirmed that TXNIP was
downregulated to various degrees in the four
OS cell lines. Semi-quantitative analysis re-
vealed that TXNIP expression was lowest in
HOS cells and highest in MG63 cells (Figure
2B, 2C). Therefore, the TXNIP-overexpressing
lentivirus (OE-TXNIP) was transfected into the
HOS cell line, and the TXNIP-knockdown len-
tivirus (shATXNIP, sh2TXNIP) was transfected
into the MG63 cell line (Figure 2D). The post-
transfection expression levels of TXNIP were
detected by qRT-PCR and western blotting, indi-
cating that TXNIP expression levels were signifi-
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Figure 1. TXNIP is expressed in low amounts in OS tissue and is associated with survival prognosis. (A) HE staining
showed the morphological characteristics of OS tissues and adjacent tissues, and the expression of TXNIP in 0S
tissues and adjacent tissues was detected by immunohistochemistry. Scale bar: 100 um. (B) Tissue immunofluo-
rescence showed the expression and localization of TXNIP in OS tissues and adjacent tissues. Scale bar: 25 ym. (C)
WB analysis of the expression of TXNIP at the protein level in OS tissues and normal control tissues. (D) The mRNA
expression of TXNIP in OS and normal control tissues was analyzed by qRT-PCR. (E) Representative images of high
and low TXNIP expression in OS tissues. Scale bar: 25 um. (F, G) Overall survival (F) and disease-free survival rate
(G) in patients with 0S. Data from at least 3 independent replicate experiments. Results are expressed as mean +
SD. ***P<0.001, vs. Control, by Student’s t-test.

cantly upregulated and silenced in the trans- the standards of subsequent experiments
fected HOS and MGG3 cell lines, which reached (Figure 2E-G).
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Table 1. Correlation of TXNIP expression with clinicopathologi-
cal features of OS patients

TXNIP protein expression

assay indicated that TXNIP overex-
pression promoted the apoptosis of
HOS cells, upregulated the apopto-

Clinicopathological parameter Low (n=53) High (n = 37) P value sis marker protgin Bax, and in.hibit-
Age 0.004 ed the expressmn.of Bpl-2 (Flgure
3C, 3E), whereas silencing TXNIP in
=i 44 31 MG63 cells showed the opposite
221 9 6 trend and inhibited apoptosis.
Sex 0.813 Compared to the Con313 group,
Female 17 11 Bax expression was downregulated
Male 36 26 and Bcl-2 expression was upregu-
Tumour size (cm) 0.045 lated (Figure 3D, 3F). Moreover,
<8 23 24 transwell and scratch wound-heal-
>8 30 13 ing assays confirmed that migration
Local recurrence 0.553 gnq .|nva?5|on were ;lgnlflcantly
Ves 6 5 inhibited in HOS cells with upregu-
lated TXNIP (Figure 3G, 3I, 3K).
No 47 35 However, migration and invasion
Enneking’s stage 0.011 abilities were enhanced in the two
1A 8 5 TXNIP-silenced MG63 cell groups
1B 25 28 (Figure 3H, 3J, 3L). These results
I 20 4 indicated that TXNIP inhibits the
Anatomic location 0.685 growth and metastasis of OS cells
Femur 27 15 and plays an inhibitory role in OS
Tibia 14 10 progression.
Humerus 8 9 TXNIP suppresses OS cell growth
Others 4 3 and proliferation in xenograft mice
Lung metastasis 0.004
Yes 24 6 The tumor-inhibitory effects of
No 29 31 TXNIP were further investigated in
Histology 0.909 vivo. The same number of HOS
Conventional osteosarcoma 41 29 cells stably transfected with Con-
Others 12 8 335 and OE-TXNIP was transplant-

Differences between groups were done by the Chi-square test.

TXNIP can inhibit the proliferation, migration
and invasion of OS cells and promote their
apoptosis in vitro

CCK-8 and EdU assays were performed to
investigate the specific function of TXNIP in OS
progression. The results indicated that the pro-
liferation of the HOS cell line transfected with
OE-TXNIP lentivirus was significantly inhibited.
However, increased proliferation of MG63 cells
transfected with TXNIP shRNA lentivirus was
observed (Figure 2H, 2I). Consistently, com-
pared with the empty vector group, the number
of clones formed was significantly lower in HOS
cells with TXNIP overexpression and significant-
ly higher in MG63 cells with TXNIP knockdown
(Figure 3A, 3B). Furthermore, the apoptosis
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ed subcutaneously into nude mice,
and tumor growth was monitored
and measured every 7 days. On day
28 after inoculation, the size of the subcu-
taneous tumors was observed using in vivo
imaging. A significant difference in tumor size
was observed between the Con335 and OE-
TXNIP groups (Figure 4A). On day 35, tumors
were collected and weighed. Tumor size and
weight in the control group were significantly
larger than those in the OE-TXNIP group (Figure
4B). Extraction of tissue proteins from both
groups followed by western blotting results
showed that the expression of TXNIP and Bax
was significantly upregulated, and Bcl-2 was
significantly downregulated, in the OE-TXNIP
group (Figure 4C). Subsequently, the tumor tis-
sue was stained with HE and IHC was per-
formed, demonstrating that the cancer nests
formed in the OE-TXNIP group were relatively
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Figure 2. The expression and localization of TXNIP in OS cells, and can inhibit the proliferation of OS cells. (A) From the observation of cell immunofluorescence,
the expression of TXNIP is mainly located in the cytoplasm, the nucleus is stained with DAPI, and the TXNIP protem is marked in red. Scale bar: 10 um. (B, C) The
proteins and mRNAs of four OS cell lines and human normal osteoblast cell line hFOB1.19 were extracted and analyzed by WB (B) and qRT-PCR (C). (D) Lentiviruses
with GFP that up-regulated or knocked down TXNIP were transfected into HOS cells and MG63 cells, respectively. Scale bar: 100 ym. (E-G) Using qRT-PCR (E) and
WB to evaluate the overexpression efficiency of TXNIP in HOS cells (F) and the silencing efficiency of TXNIP in MG63 cells (G). (H) CCK-8 was used to detect the
growth of OS cells after TXNIP overexpression and knockdown. (1) EAU was used to detect the proliferation of OS cells after TXNIP overexpression or knockdown.
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invasion ability of HOS (K) and MG63 (L) cells. Scale bar: 100 um. Data from 3 independent replicate experiments. Results are expressed as mean + SD. **P<0.01,
**%P<(0.001, vs. Control, by Student’s t-test.
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Figure 4. Overexpression of TXNIP can inhibit the growth of xenograft tumors. A. Live imaging experiments showed the inhibitory effect of TXNIP overexpression on
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experiments. Results are expressed as mean + SD. ***P<0.001, vs. Control, by Student’s t-test.

3771 Am J Cancer Res 2022;12(8):3760-3779



TXNIP/DDIT4/mTORC1 inhibits osteosarcoma

atypical. IHC staining of TXNIP and Bax showed
a noticeable dark brown color with a high
expression level, while the expression of Bcl-2
and Ki-67 was relatively low (Figure 4D). These
results suggest that TXNIP overexpression
inhibits OS development in vivo.

TXNIP directly binds to DDIT4 and positively
regulates its expression, thus inhibiting phos-
phorylation of mTORC1 downstream substrate
S6

To further clarify the downstream pathways
of TXNIP that are involved in its tumor suppres-
sor effect, the protein interaction network of
TXNIP was analyzed using the STRING data-
base (Figure 5A). Although the interaction
between DDIT4 and TXNIP has been confirmed
in cardiovascular disease and oxidative stress-
related research [18, 19], this relationship
remains unexplored in oncology. Therefore,
DDIT4 was included as the candidate gene. We
First, CO-IP experiments were performed to
confirm that TXNIP can bind to DDIT4 in OS
cells (Figure 5B). Second, a TXNIP-overex-
pressing plasmid was transiently transfected
into HOS cells and a TXNIP-knockout plasmid
was transiently transfected into MG63 cells.
Furthermore, immunofluorescence revealed
that TXNIP and DDIT4 co-existed in the cyto-
plasm. Obvious yellow fluorescence was ob-
served in the cells after merging, which further
supported the direct physical connection
between TXNIP and DDIT4 (Figure 5C, 5D).
Moreover, western blotting and gRT-PCR results
indicated that, compared with the control
group, the expression of DDIT4 in the OE-TXNIP
group was significantly upregulated, and the
phosphorylation of the downstream substrate
S6 of mTORC1 was inhibited (Figure 5E, 5G).
Correspondingly, DDIT4 expression was in-
hibited in both the sh1-TXNIP and sh2-TXNIP
groups, while S6 phosphorylation was activat-
ed (Figure 5F, 5G). Based on these data, the
DDIT4 knockdown plasmid siDDIT4 and its
control empty vector CTRL-si were transfected
into the Con335 and OE-TXNIP groups, respec-
tively. Semi-quantitative analysis revealed that
in TXNIP overexpression, downregulation of
DDIT4 significantly reversed the phosphoryla-
tion of S6 (Figure 5H). Therefore, it can be con-
sidered that DDIT4 mediates the inhibitory
effect of TXNIP on mTORC1.
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DDIT4 is a key downstream target of TXNIP for
its tumor suppressor effect

To determine whether DDIT4 is a functional
downstream gene of TXNIP, the phenotypes of
the four groups of HOS cells were examined.
The CCK-8 and EdU results showed that knock-
down of DDIT4 in Con335 HOS cells slightly
increased their proliferation ability, but the dif-
ference was not statistically significant. After
transduction of siDDIT4 into OE-TXNIP HOS
cells, it was found that knockdown of DDIT4
significantly reversed the inhibition of HOS cell
proliferation by TXNIP (Figure 6A-C). A transwell
assay was performed to evaluate the migration
and invasion of HOS cells in each group.
Following TXNIP overexpression, silencing the
expression of DDIT4 reversed the migration
and invasion abilities of the cells. However, si-
lencing of DDIT4 had little effect on the migra-
tion ability of HOS cells (Figure 6D). Notably,
apoptosis flow cytometry results also indicated
that siDDIT4 attenuated most of the pro-apop-
totic effects of TXNIP in HOS cells (Figure 6E).
Collectively, these findings suggest that TXNIP
inhibits OS progression via DDIT4-mediated
mTORC1 suppression (Figure 6F).

Discussion

OS is a complex process involving various
molecular changes. Genetic changes and
abnormal regulation of various cellular signal-
ing pathways are major events that result in
high invasiveness, metastasis rate, and mor-
tality in OS [23, 24]. TXNIP is a thioredoxin-bind-
ing protein that exerts a variety of biological
functions in the human body, including endo-
crine metabolism, transcriptional regulation of
intracellular genes, regulation of a variety of
stress reactions, and taking part in the devel-
opment of natural killer cells. TXNIP can affect
the response pathway of reactive oxygen spe-
cies in mitochondria to regulate cell prolifera-
tion and apoptosis [5]. Recently, many studies
have found that abnormal expression of TXNIP
plays an essential role in the progression of
various tumors and is correlated with clinical
prognosis [8, 25]. However, no in-depth study
has been performed on OS. In this study, we
first confirmed low mRNA and protein expres-
sion of TXNIP in human OS tissue samples and
OS cell lines. Low TXNIP expression was highly
correlated with tumor stage, distant metasta-
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Figure 5. DDIT4 is the downstream target of TXNIP. (A) The protein interaction prediction network of TXNIP was obtained from the STRING database. (B) The protein
lysates of HOS and MG63 cells were subjected to CO-IP with anti-TXNIP, anti-DDIT4, or control IgG antibodies, respectively. (C, D) The co-localization of TXNIP and
DDIT4 in HOS (C) and MG63 cells (D) was analyzed by cellular immunofluorescence confocal. Scale bar: 10 um. (E, F) The expression of TXNIP, DDIT4, S6 and p-S6
was detected by WB in OE-TXNIP HOS cells (E), sh-TXNIP MG63 cells (F) and their control groups. (G) The transcription of TXNIP and DDIT4 in each intervention group
was detected by qRT-PCR. (H) WB analysis showed the effects of transduction of OE-TXNIP lentivirus and/or si-DDIT4 plasmid on the expression of TXNIP, DDIT4,
S6 and p-S6 in HOS cells. Data from 3 independent replicate experiments. Results are expressed as mean + SD. **P<0.01, ***P<0.001, vs. Control. ##P<0.01,
###P<0.001, vs. OE-TXNIP+CTRL:si, by one-way ANOVA.
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matic diagram of TXNIP targeting DDIT4 to exert its tumor suppressor effect. Data from 3 independent replicate
experiments. Results are expressed as mean + SD. ***P<0.001, vs. Control. ###P<0.001, vs. OE-TXNIP+CTRL:si,

by one-way ANOVA.

sis, tumor size, and poor prognosis in patients
with OS. Our results indicated that TXNIP may
be a prognostic marker for OS.

Next, we explored the specific function of TXNIP
in OS. Previous studies have reported low
TXNIP expression in various tumor tissues com-
pared to the corresponding adjacent tissues.
TXNIP can inhibit the development of solid
malignant tumors, such as breast cancer, renal
cell carcinoma, lung cancer, and gastric cancer
[26, 27] through the involvement of multiple
signaling pathways. TXNIP is also considered to
be involved in tumor energy metabolism, cell
senescence and immune microenvironment
[28, 29]. Cell phenotype experiments demon-
strated that TXNIP overexpression inhibited
the proliferation, migration, and invasion of OS
cells, and promoted their apoptosis. In con-
trast, TXNIP knockdown promoted OS cell pro-
liferation, migration, and invasion and inhibited
apoptosis. Furthermore, a xenograft model of
OS was established in nude mice. TXNIP signifi-
cantly inhibits tumor growth. Therefore, the
inhibitory role of TXNIP in the progression of
0S was confirmed, which is consistent with
relevant studies conducted in other cancers.

However, studies on the mechanism underlying
TXNIP inhibition of cancer progression are
scarce, and the downstream pathways remain
unknown. In the TXNIP protein network, DDIT4
plays a similar role in many non-tumor diseases
and mechanisms. For example, DDIT4 can
positively regulate the production of intracellu-
lar reactive oxygen species, and participate in
DNA damage repair, lipid metabolism, the
inflammatory response, and autophagy [30,
31]. Under normal circumstances, DDIT4 is
generally expressed in low amounts in most
adult tissues, and its expression is regulated
by many factors [32]. Previous studies have
shown that DDIT4 mainly exists in the cyto-
plasm and has obvious co-localization with
mitochondria, which may provide the structural
basis for the functional relationship between
TXNIP and DDIT4 [33]. Moreover, recent stud-
ies on DDIT4 have investigated its potential as
a new tumor-related target. Significant differ-
ences among the expression levels in malig-
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nant tumors, such as lung, bladder, and ovarian
cancers, were initially found. Furthermore, DD-
IT4 is involved in the prognostic evaluation of
breast cancer and lymphoma [34, 35]. More-
over, DDIT4 can also affect antitumor drug tol-
erance by regulating autophagy and can inter-
fere with temozolomide, radiotherapy, and hy-
poxia-induced tumor cell death [11]. However,
the specific functional mechanisms are still
unclear. Interestingly, some studies have con-
firmed the existence of the TXNIP/DDIT4 axis
in apoptosis, hypoxic stress, mitochondrial
metabolism, cell movement, and injury [18,
19]. Under conditions of aerobic exercise,
TXNIP was found to affect DDIT4 expression
by regulating the levels of reactive oxygen spe-
cies in mitochondria [36], however, further
studies have confirmed that TXNIP can directly
bind to DDIT4 to regulate its synthesis, and
then participate in redox reactions, ischemia
and reperfusion injury, autophagy activation,
and other mechanisms [18, 37]. In these stud-
ies, relevant experiments, such as bioletter
data analysis and CO-IP provide a strong
argument, and the connection between TXNIP
and DDIT4 in OS should be further explored.
First, we confirmed the direct physical binding
relationship between TXNIP and DDIT4 in OS
cells through CO-IP and ICC experiments.
Western blotting and gRT-PCR experiments
revealed that the expression of DDIT4 was
positively correlated with TXNIP and inhibited
the phosphorylation of the mTORC1 down-
stream substrate S6. Multiple studies have
shown that inactivation of mMTORC1 can hinder
the phosphorylation of the downstream factor
S6, thereby suppressing tumor growth and
basal metabolism [38, 39]. As an endogenous
inhibitor of mMTORC1, DDIT4 is likely to mediate
the tumor suppressor pathway of TXNIP th-
rough this classical target. Therefore, it is rea-
sonable to assume that there is a signal regula-
tion axis of TXNIP/DDIT4/mTORC1/p-S6 in OS.

We then knocked down DDIT4 while overex-
pressing TXNIP, which restored the phosphory-
lation of S6. After transduction of siDDIT4 into
OE-TXNIP HOS cells, downregulation of DDIT4
significantly reversed the inhibitory effect of
TXNIP on the proliferation, migration, and inva-
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sion of HOS cells. Moreover, it significantly
attenuated the pro-apoptotic effects of TXNIP
on HOS cells. However, the downregulation of
DDIT4 itself did not affect the functional phe-
notype of HOS cells. Therefore, the anti-tumor
effect of TXNIP is mainly mediated by the
DDIT4/mTORC1/p-S6 pathway. Other signaling
molecules may also participate in the TXNIP-
DDIT4 signaling axis. In addition, some studies
suggest that DDIT4 interacts with TXNIP to par-
ticipate in the fate and outcome of cells [40,
41], which requires further research. Further
analysis of the molecular mechanism of the
TXNIP-DDIT4 signaling axis will provide a theo-
retical and experimental basis for the com-
bined application of antitumor drugs targeting
TXNIP and DDIT4 in clinical practice.

In summary, the expression, biological func-
tion, and downstream regulatory mechanism of
TXNIP in OS were verified for the first time. This
study found that TXNIP was underexpressed
in OS tissues and cells, and was associated
with poor overall and disease-free survival in
patients with OS. In addition, TXNIP can control
the proliferation, migration, and invasion of
OS cells and promote their apoptosis by upreg-
ulating DDIT4 and inhibiting the phosphoryla-
tion of mTORC1 downstream substrate S6.
Thus, TXNIP/DDIT4/mTORC1 suppression was
identified as the mechanism of inhibiting ma-
lignant biological behavior in OS.
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Table S1. Primer sequences

Primer name Primer sequence

TXNIP Forward Sequence CAGCAGTGCAAACAGACTTCGG
TXNIP Reverse Sequence CTGAGGAAGCTCAAAGCCGAAC
DDIT4 Forward Sequence GTTTGACCGCTCCACGAGCCT
DDIT4 Reverse Sequence GCACACAAGTGTTCATCCTCAGG
GAPDH Forward Sequence GTCTCCTCTGACTTCAACAGCG

GAPDH Reverse Sequence ACCACCCTGTTGCTGTAGCCAA




