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Abstract: Objective: To investigate the mechanism underlying the role of TEX41 in lung adenocarcinoma (LUAD) 
bone metastasis (BM). Methods: We analyzed the biological functions and molecular mechanisms of TEX41 using 
bioinformatics. TEX41 and Runx2 expressions were measured in clinical tissue samples and cell lines by quantita-
tive PCR. The effects of TEX41 on LUAD cell proliferation, migration, invasion and metastasis as well as its mecha-
nism of action were investigated. Fluorescence in-situ hybridization (FISH) was performed to determine TEX41 and 
Runx2 colocalization. Subcutaneous tumor growth and BM were evaluated in nude mice by X-ray and hematoxylin 
and eosin (HE) staining. Results: TEX41 was dramatically increased in LUAD BM tissue, indicating a poorer prog-
nosis in patients with LUAD and BM. TEX41 knockdown suppressed the migration and metastasis of LUAD cells, 
whereas TEX41 overexpression promoted these processes. Data from X-ray and HE staining showed that TEX41 
supported the BM in LUAD. TEX41 overexpression induced autophagy in LUAD cells, as demonstrated by changes in 
autophagy markers. Results of FISH showed that TEX41 and Runx2 colocalized in the nucleus, and Runx2 expres-
sion was regulated by TEX41. The effects of TEX41 on LUAD cell migration, invasion, metastasis and autophagy 
were counteracted by Runx2 inhibition. Moreover, the role of TEX41 in the metastasis was partially dependent on 
autophagy, and phosphoinositide 3-kinase (PI3K)-AKT might be the major signaling pathway involved in TEX41-
regulated autophagy. Conclusion: TEX41 promotes autophagy in LUAD cells by upregulating Runx2 to mediate LUAD 
migration, invasion and BM.
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Introduction

Lung cancer has the second highest incidence 
(11.4%) and the highest mortality (18%) among 
cancers, with approximately 1.8 million deaths 
worldwide in 2020 [1]. Lung adenocarcinoma 
(LUAD) has become the leading type of histo-
logical lung cancers, accounting for 50% of 
lung cancer cases today [2]. Although rapid 
progress has been made in identifying treat-
ments for LUAD, the 5-year survival rate for 
advanced LUAD is only 2-5% [3, 4]. LUAD is 
prone to distant metastasis, especially bone 
metastasis (BM), with 30-40% of patients 
developing BM at advanced disease stages [5]. 

The median survival time after diagnosis of BM 
in LUAD is approximately 1 year [6]. Therefore, a 
better understanding of the pathogenic mecha-
nisms underlying BM in LUAD is critical for find-
ing novel treatments.

The most common noncoding RNAs are long 
noncoding RNAs (lncRNAs), which are longer 
than 200 bp and account for more than 80%  
of all RNAs [7]. LncRNAs play diverse and com-
plex roles in various regulatory processes, 
including development, differentiation, metabo-
lism, genomic imprinting and transcriptional 
regulation [8]. Abnormal lncRNA expression is 
tightly linked to tumorigenesis, progression, 
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recurrence, metastasis and chemotherapy 
resistance [9-11]. Thus, lncRNAs could aid in 
diagnosing disease and determining prognosis 
and can be novel therapeutic targets. Several 
lncRNAs (e.g., MALAT-1 [12], HOTAIR [13], 
CCAT2 [14], GSEC [15], MAFG-AS1 [16], NEAT1 
[17], PCAT19 [18] and HITT [19]) are involved in 
the progression of non-small cell lung cancers. 
Autophagy is a solid tumor survival mechanism, 
but its roles in the inhibition or promotion of 
tumor development remain controversial [20-
23]. Several LncRNAs (e.g., lncRNA RP11-
295G20.2, NFYC-AS1 and FIRRE) can regulate 
autophagy to affect tumor cell migration and 
invasion [24-28].

We previously investigated differentially ex- 
pressed genes in LUAD BM by transcriptomic 
sequencing and bioinformatics analyses of 
LUAD and BM tissue samples [29]. In the cur-
rent study, we examined TEX41, a newly discov-
ered lncRNA that has recently been associated 
with some tumors, although the specific mech-
anism of TEX41 action in LUAD has not yet 
been reported. We found that TEX41 could 
affect LUAD progression by regulating auto- 
phagy via Runx2. Thus, the TEX41-Runx2-
autophagy signaling pathway could be a poten-
tial target for the treatment of BM in LUAD.

Materials and methods

Bioinformatic analysis of TEX41

Gene Ontology (GO) functional annotation and 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis were per-
formed for differentially expressed TEX41 tar-
get genes. The cellular localization of TEX41 
was analyzed with lncATLAS. Transcription fac-
tors associated with TEX41 target genes were 
predicted using the TFBSTools R package.

Patients and samples

This study included 28 surgical LUAD cases 
without distant metastases who underwent 
curative resection and 20 LUAD cases with BM 
who underwent palliative surgery in Yun- 
nan Cancer Hospital between January and 
December 2019. The resected primary LUAD 
lesion, adjacent paracancerous tissue and 
excised BM tissue were collected. The study 
was approved by the Medical Ethics Committee 
of Yunnan Cancer Hospital. The patients pro-
vided written informed consent.

Inclusion criteria for LUAD without metastasis 
included patients who were at first diagnosis of 
LUAD, without preoperative antitumor treat-
ment (e.g., radiotherapy or chemotherapy), with 
tumor stages I-III, and with complete clinico-
pathological data. Inclusion criteria for LUAD 
with BM included patients with LUAD diagnosed 
with BM by palliative surgery and with complete 
clinicopathological data. Patients were exclud-
ed for both groups if they had other malignant 
tumors or serious psychiatric diseases.

Tissue samples were immediately immersed  
in cryovials containing approximately 1 ml 
RNAlater solution (Sigma, USA) after collec- 
tion. The cryovials were placed in a 4°C freezer 
within 30 min and transferred to a liquid nitro-
gen tank after overnight.

Quantitative polymerase chain reaction (qPCR)

RNA was isolated using TriQuick Reagent 
(Solarbio, Beijing, China). Reverse transcription 
was performed using the Takara Primescript RT 
Reagent Kits with gDNA eraser (Takara Bio, 
Shiga, Japan). qPCR was performed using  
SYBR Green Mastermix (Takara Bio) with a 
7500 Fast Dx Real-Time PCR Instrument (ABI, 
USA). The qPCR conditions consisted of  
95°C for 15 min followed by 40 cycles of 95°C 
for 10 s and 66°C for 32 s. RNA expression 
data were normalized to the expression level  
of the control gene glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). The qPCR  
primers (5’-3’) were: TEX41 forward: TCCC- 
TTCGAGTAACACCCACA, TEX41 reverse: GAT- 
TTTCCCCTGGGTCTCACA; Runx2 forward: TG- 
GTTACTGTCATGGCGGGTA, Runx2 reverse: TC- 
TCAGATCGTTGAACCTTGCTA; GAPDH forward: 
CTGGGCTACACTGAGCACC, GAPDH reverse: 
AAGTGGTCGTTGAGGGCAATG. Fold change was 
calculated using the 2-ΔΔCt method.

Cell culture and transfection

Human LUAD cells (A549, H838, H1734 and 
H1299) and normal bronchial epithelial cells 
(Beas-2B) were obtained from the Kunming 
Institute of Zoology. A549, H838 and H1734 
cells were cultured in RPMI-1640 with 10% 
fetal bovine serum (FBS, Gibco, Grand Island, 
NY) and 1% penicillin/streptomycin (Hyclone, 
Logan, Utah, USA). H1299 and Beas-2B cells 
were maintained in DMEM (Gibco, Grand Island, 
NY) containing 10% FBS and 1% penicillin/
streptomycin. All cells grew in a 37°C incubator 
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with 5% CO2. TEX41 interference (sh-TEX41) 
and overexpression (OE-TEX41) lentivirus vec-
tors and the corresponding negative control 
(NC) vectors (sh-NC and OE-NC) were genera- 
ted by OBIO Co., LTD (Shanghai, China). Three 
small hairpin RNA (shRNA) fragments targe- 
ting TEX41 were inserted into a pSLenti-
U6-shRNA (TEX41)-CMV-EGFP-F2A-Puro-WPRE 
individually (sh-TEX41-1: 5’-GGGCAAGCCACAG- 
AAACAA-3’, sh-TEX41-2: 5’-GCAGGGAGAAGTG- 
TTGCTT-3’, and sh-TEX41-3: 5’-CCTACCATAGT- 
TTACCTAA-3’), and a negative control shRNA 
(sh-NC, 5’-CCTAAGGTTAAGTCGCCCTCG-3) was 
used. sh-TEX41-1 was used for subsequent 
experiments because of its high interferen- 
ce efficiency and stability. TEX41 (full-length 
cDNA) was inserted into a GL151 pASLenti-pA-
MCS-CMV-EF1-EGFP-WPRE vector to construct 
the TEX41 overexpression vector. The lentivirus 
was transduced into H838 or A549 cells to  
construct stable cell lines. For Runx2 and 
autophagy experiments, cells were treated  
with the Runx2 protein inhibitor CADD522 (10 
µM) or the autophagy inducer rapamycin (1 µM) 
for 48 h.

Cell Counting Kit-8 (CCK-8) and colony-forming 
assays

For the CCK-8 assay, LUAD cells were seeded in 
96-well plates (3 × 103/well, five replicate wells 
per group) and cultured at 37°C. To measure 
proliferation, CCK-8 test reagent (10 µl; Dojin- 
do, Kumamoto, Japan) was added to the cells 
at 0, 24, 48 or 72 h, and the optical density at 
450 nm was measured with a Bio-Rad reader 
(Bio-Rad, Hercules, CA, USA).

For the colony-forming assay, LUAD cells (0.8 × 
103 cells/well) were seeded in 6-well plates 
and grew for 14 d. The experiment ended when 
macroscopic colonies were visible at the bot-
tom of the wells. The cells were fixed with 4% 
paraformaldehyde (PFA) for 15 min and stained 
with 1% crystal violet for an additional 15 min. 
Colonies were photographed with a Leica cam-
era and analyzed with ImageJ.

Wound healing assay

Cells (3 × 105/well) were seeded into 6-well 
plates and grew to 80-90% confluency. Parallel 
lines were scratched in the monolayer with 
pipette tips, and the cells were maintained in 
serum-free medium. Wound healing was moni-

tored with an inverted microscope at 0, 12, 24 
and 48 h. Cell migration was determined by the 
percentage change in the wound width. The 
results were analyzed with ImageJ.

In vitro invasion analysis

Invasion was assessed using the Transwell 
chambers (Corning, New York, USA). Diluted 
substrate gel (Sigma, USA) (100 µl) was added 
to the upper chamber, and cells (1 × 104 cells/
ml, 100 µl) were seeded in the upper chamber. 
The lower chamber was added with 500 µl 
medium containing 10% FBS. The cells were 
incubated for 24 h. Invading cells were fixed 
with 4% PFA for 15 min and then stained for 15 
min with 1% crystal violet. Five randomly select-
ed fields were counted using a microscope to 
determine the number of invasive cells.

Western blot

Proteins were isolated with radioimmunopre-
cipitation assay buffer (Beyotime, Shanghai, 
China) and quantified using the bicinchoninic 
acid kits (Beyotime). After sodium dodecyl-sul-
fate-polyacrylamide gel electrophoresis, pro-
teins were transferred to polyvinylidene fluo- 
ride membranes (Millipore, Massachusetts, 
USA). The membranes were blocked with 5% 
non-fat milk in TBS-Tween (TBST) for 1 h and 
then incubated with primary antibodies 
(1:1000, Cell Signaling Technology, Danvers, 
MA, USA) at 4°C for 1-2 h. After four washes 
with TBST (10 min each), the membranes were 
incubated with horseradish peroxidase-labeled 
secondary antibody (1:1000) for 2 h. Staining 
was detected using ECL Western blotting kits 
(Biosharp, Shanghai, China). β-actin was used 
as an internal control.

In vivo proliferation and BM assays

Male BALB/c nude mice (4-5 weeks old) were 
obtained from Beijing Vital River Ltd., China, 
and maintained in a specific pathogen-free 
facility. The protocol was approved by the 
Institutional Animal Care and Use Committee of 
the Kunming Medical University Animal Center. 
The experiments involving animals followed the 
institutional guidance for the care and use of 
laboratory animals.

After feeding for one week, the mice were divid-
ed into four groups (sh-NC, sh-TEX41, OE-NC 
and OE-TEX41, n=4 per group). Tumor cells (1 × 
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106/ml) were inoculated subcutaneously (200 
µl) into the right axilla and bilaterally into the 
tibial cavities (100 µl). The mice were weighed 
every 5 d, and the subcutaneous tumors were 
measured in two dimensions (the longest 
dimension and the dimension perpendicular to 
the longest dimension) using calipers. After 35 
d of tumor cell inoculation, X-rays were taken to 
evaluate tibial BM and bone destruction. 
Following euthanasia via cervical dislocation, 
subcutaneous tumor and BM tissue were col-
lected, weighed and subjected to HE staining 
and immunoblotting.

Statistical analysis

Statistical analysis was performed with Gra- 
phPad Prism 8.0 (GRAPH PAD Software Inc., 
CA, USA). Measurement data for continuous 
variables were presented as mean ± standard 
deviation, and t-test, ANOVA followed by LSD 
test and repeated measures ANOVA were used 
for analyses of the continuous variables. 
Categorical variables were expressed as a per-
centage and compared by the Chi-square test. 
Survival curves were constructed using the 
Kaplan-Meier method and evaluated by the log-
rank test. P<0.05 was defined as significant.

Results

Bioinformatic analysis of TEX41

GO functional enrichment analysis was per-
formed to identify potential TEX41 targets. 
Functional annotation of biological processes, 
molecular functions and cellular components 
showed that many TEX41 target genes were 
enriched in functions such as protein regula-
tion, cell surface signaling pathways and tis- 
sue morphogenesis (Figure 1A and 1B). KEGG 
analysis showed that TEX41 target genes were 
enriched in various tumor-related path- 
ways, including the phosphoinositide-3-kinase 
(PI3K)-AKT pathway (Figure 1C). The PI3K-KT 
pathway is regulated by autophagy, which plays 
an important role in tumorigenesis [21]. 
Therefore, we focused on the cellular autopha-
gy pathway. Enrichment analysis of TEX41 tar-
get genes in this pathway revealed that some 
TEX41 target genes were enriched in the 
autophagic pathway (Figure 1D).

The mechanisms of lncRNA actions are tightly 
linked to their cellular localizations. LncRNAs in 
the nucleus can epigenetically or transcription-

ally modulate gene expression by binding to 
chromatin modification complexes, shearing 
factors or transcription factors. Analysis of the 
lncATLAS database revealed that TEX41 largely 
resided in the nucleus (Figure 1E). Transcription 
factor and binding site prediction analysis indi-
cated that Runx2 could be a transcription fac-
tor interacting on TEX41 (Figure 1F).

Expression and clinical significance of TEX41 
in LUAD with BM

TEX41 levels were measured in tumors and 
paired paracancerous tissue from 28 patients 
with non-metastatic LUAD. We found that 
TEX41 was highly expressed in primary LUADs 
compared with that in paired paracancerous 
tissue (Figure 2A). TEX41 levels were also 
assessed in tissues from 20 LUAD cases with 
BM, which indicated that TEX41 was drastically 
increased in LUAD BM compared with that in 
primary LUADs (Figure 2B). However, no differ-
ences in TEX41 levels were observed among 
LUADs in different sizes (Figure 2C). Higher 
TEX41 expression was associated with lymph 
node invasion and more advanced stages 
(Table 1; Figure 2D and 2E). In LUAD patients 
with BM, higher TEX41 levels were associated 
with a worse prognosis (Figure 2F).

Silencing TEX41 inhibits the malignant biologi-
cal behavior of LUAD cells

TEX41 levels were higher in LUAD cell lines 
(A549, H1734, H1299 and H838) than those in 
the normal bronchial epithelial cell line Beas-
2B (Figure 3A). The expression of TEX41 was 
higher in H838 cells derived from LUAD lymph 
node metastases than that in A549 cells 
derived from a primary LUAD. To investigate the 
mechanism of TEX41 action, we generated a 
stable TEX41-knockdown H838 cell line using 
TEX41-targeting shRNA (Figure 3B) and a sta-
ble TEX41-overexpressing A549 cell line by 
introducing the full-length TEX41 coding region 
via a lentiviral construct (Figure S1A). Using the 
CCK-8 and colony-forming assays, we found 
that TEX41 knockdown inhibited the prolifera-
tion of H838 LUAD cells (Figure 3C and 3D). 
Moreover, results of the wound healing assay 
and Transwell assay showed that TEX41 knock-
down prevented H838 migration and invasion 
(Figure 3E and 3F). We also examined the 
effects of TEX41 interference on key proteins 
involved in epithelial-mesenchymal transition 
(EMT) and found that TEX41 knockdown 
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Figure 1. Bioinformatics analysis of TEX41. A, B. Gene Ontology enrichment analysis of differentially expressed TEX41 target genes. C. Kyoto Encyclopedia of Genes 
and Genomes enrichment analysis of differentially expressed TEX41 target genes. D. Accumulation analysis of TEX41 target genes in the autophagic pathway. E. 
TEX41 cell localization analysis using the LncATLAS database. F. Prediction of the TEX41-associated transcription factors.
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increased E-cadherin levels and suppressed 
vimentin (Figure 3G), suggesting that TEX41 
knockdown could reduce LUAD cell metastasis. 
Conversely, the same cell function assays 
showed that TEX41 overexpression promoted 
the growth, migration and invasion of LUAD 
A549 cells (Figure S1B-F).

TEX41 affects the migration, invasion and me-
tastasis of LUAD cells via Runx2

Our previous study and current bioinformatics 
analysis suggested that TEX41 and Runx2 
might play important roles in LUAD BM [29]. 
Runx2 levels in clinical tissue samples were 
evaluated to further explore the underlying 
mechanism. We observed that Runx2 was high-
ly expressed in primary LUAD tissue and even 
at a higher level in BM (Figure 4A and 4B). 
Moreover, Runx2 was highly expressed in the 
LUAD cell lines A549, H1734, H1299 and  
H838 (Figure 4C). Immunoblotting showed that 
Runx2 protein levels were elevated in A549 

and H838 cells, with H838 cells having a  
higher level (Figure 4D). TEX41 knockdown 
inhibited Runx2 expression, whereas TEX41 
overexpression induced Runx2 expression 
(Figure 4E-H). FISH demonstrated that TEX41 
and Runx2 colocalized in the nucleus (Figure 
4I). Furthermore, treatment of TEX41-over- 
expressing A549 with CADD522, a specific 
inhibitor of Runx2-DNA binding, effectively 
counteracted the migratory, invasive and meta-
static phenotypes mediated by TEX41 overex-
pression (Figure 4J-L), demonstrating that the 
oncogenic effects of TEX41 may be facilitated 
through Runx2.

TEX41 regulates the migration, invasion and 
metastasis of LUAD cells by mediating au-
tophagy

Bioinformatics analysis suggested that TEX41 
was linked to autophagy. To determine whether 
TEX41 regulates cellular autophagy in LUAD 
cells, we first examined changes in autophagy 

Figure 2. TEX41 was increased in lung adenocarcinoma (LUAD) with bone metastasis (BM) and correlated with 
prognosis. A. TEX41 expression in primary LUAD. B. TEX41 expression in LUAD BM. C-E. TEX41 expression in LUAD of 
different sizes, with and without lymph node metastases, and at different tumor stages. F. Kaplan-Meier curves for 
the effect of TEX41 levels on overall survival among 20 patients with LUAD and BM. The dataset median was used 
to determine “High TEX41” and “Low TEX41”. *P<0.05, **P<0.01, ***P<0.001.
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marker proteins (p62, Beclin1 and LC3II/I) in 
stable TEX41 knockdown or overexpressing 
LUAD cells. We found increased p62 expres-
sion and decreased Beclin1 and LC3II/I expres-
sions in H838 cells with TEX41 knockdown 
(Figure 5A). By contrast, increased Beclin1 and 
LC3II/I levels and decreased p62 level were 
observed in TEX41-overexpressing A549 cells 
(Figure 5B). It suggested that TEX41 is associ-
ated with autophagy in LUAD cells. Next, we 
examined the effects of TEX41 knockdown on 
autophagy in the presence of the autophagy 
inducer rapamycin, which reversed the inhibi-
tory effects of TEX41 knockdown on cell migra-
tion, invasion and metastasis to some extent 
(Figure 5C-E), demonstrating that the oncogen-
ic function of TEX41 might be partially depen-
dent on autophagy. To further clarify whether 
TEX41 regulates autophagy through Runx2, we 
treated TEX41-overexpressing A549 cells with 
CADD522, a Runx2 inhibitor. CADD522 effec-
tively counteracted the effects of TEX41 over-
expression on autophagy (Figure 5F). However, 
the signaling pathway through which TEX41 
regulates autophagy remains unclear. There- 

fore, we examined the expression of key pro-
teins involved in the classical autophagy path-
way in TEX41-overexpressing A549 cells and 
found that phosphorylated (p)-PI3K, p-AKT and 
p-mechanistic targets of rapamycin were down-
regulated in response to TEX41 overexpres-
sion, whereas no significant changes were 
observed in the levels of p-AMP-activated pro-
tein kinase (Figure 5G). Therefore, TEX41 
appears to regulate autophagy in LUAD cells via 
the PI3K-AKT signaling pathway.

TEX41 promotes the formation of subcutane-
ous LUAD tumors and BM in nude mice

We further elucidated the role and potential 
mechanism of TEX41 in LUAD with BM in nude 
mice. We injected H838 cells stably express- 
ing sh-TEX41 or sh-NC, or A549 cells stably 
expressing TEX41 (OE-TEX41) or negative con-
trol (OE-NC) vectors into the right axilla and the 
bilateral tibia bones of nude mice. We found 
that mice in the sh-TEX41 group gained more 
weight than mice in the sh-NC group (Figure 6A 
and 6B), whereas their subcutaneous tumors 
grew more slowly (Figure 6C). At the end of the 
study, the weights of the subcutaneous tumors 
and BM obtained from the sh-TEX41 group 
were lower than those from the sh-NC group 
(Figure 6E and 6G). Moreover, HE staining  
suggested that the subcutaneous tumor differ-
entiation of sh-TEX41 nude mice was better 
(Figure 6D). HE staining of tissue sections and 
X-rays of the nude mice indicated that the BM 
from the sh-TEX41 group showed lower levels 
of invasion and bone destruction than that 
from the control group (Figure 6F and 6H). 
Furthermore, compared with that from the 
sh-NC group, the BM from the sh-TEX41 group 
showed no significant changes in Runx2 expres-
sion, but increased p62 levels and decreased 
Beclin-1 and LC3II/I levels were observed 
(Figure 6I). Compared with mice injected with 
OE-NC A549 cells, those with OE-TEX41 A549 
cells experienced increased weight loss (Figure 
S2A and S2B), significantly increased subcuta-
neous tumor volumes (Figure S2C), more poorly 
differentiated (Figure S2D), increased weights 
for both subcutaneous tumors and BM (Figure 
S2E and S2G), and increased levels of BM inva-
sion and bone destruction (Figure S2F and 
S2H). Compared with that from mice injected 
with OE-NC A549 cells, the BM from mice 
injected with OE-TEX41 A549 cells displayed 

Table 1. TEX41 levels and clinicopathological 
features

Characteristics
TEX41

P
Low (n, %) High (n, %)

Sex
    Male 8 (32.0%) 17 (68.0%) 0.145
    Female 13 (56.5%) 10 (43.5%)
Age (years)
    ≤60 16 (48.5%) 17 (51.5%) 0.366
    >60 5 (33.3%) 10 (66.7%)
Smoking history
    Yes 10 (35.7%) 18 (64.3%) 0.242
    No 11 (55.0%) 9 (45.0%)
Tumor stage
    I-III 17 (60.7%) 11 (39.3%) 0.008
    IV 4 (20.0%) 16 (80.0%)
Tumor size
    ≤3 cm 11 (50.0%) 11 (50.0%) 0.561
    >3 cm 10 (38.5%) 16 (61.5%)
Lymphatic metastasis
    Yes 7 (25.9%) 20 (74.1%) 0.008
    No 14 (66.7%) 7 (33.3%)
Bone metastasis
    Yes 4 (20.0%) 16 (80.0%) 0.008
    No 17 (60.7%) 11 (39.3%)
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upregulated Runx2 expression and increased 
LC3II/I protein levels, although no significant 
changes were observed in p62 and Beclin-1 
expression levels (Figure S2I). Collectively, our 

in vivo studies suggest that TEX41 can pro- 
mote LUAD BM, which is probably associated 
with increased Runx2 and autophagy protein 
levels.

Figure 3. Silencing TEX41 inhibited the malignant biological behavior of lung adenocarcinoma (LUAD) cells. A. TEX41 
levels in LUAD cells. B. Qualitative polymerase chain reaction (qPCR) detection of TEX41 levels in LUAD cells intro-
duced with small hairpin RNA (shRNA) targeting TEX41 (sh-TEX41) or negative control (sh-NC). C. Disrupting TEX41 
inhibited H838 cell proliferation measured by the Cell Counting Kit-8 assay. D. TEX41 knockdown inhibited H838 
cell proliferation by the colony-forming assay. E. TEX41 knockdown suppressed H838 cell migration. F. The Transwell 
assay indicated that TEX41 interference suppressed H838 cell invasion. G. E-cadherin and vimentin protein levels 
after TEX41 knockdown. *P<0.05, **P<0.01, ***P<0.001 vs. negative control (NC).
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Figure 4. TEX41 affected lung adenocarcinoma (LUAD) cell migration, invasion and metastasis via Runx2. A. Runx2 expression in primary LUAD. B. Runx2 expres-
sion in LUAD bone metastasis (BM). C, D. Runx2 was highly expressed in LUAD cell lines. E, F. TEX41 interference inhibited Runx2 mRNA and protein expressions. G, 
H. TEX41 overexpression upregulated Runx2 mRNA and protein expressions. I. Fluorescence in-situ hybridization showed that TEX41 and Runx2 colocalized in the 
nucleus. J-L. TEX41 affected LUAD cell migration, invasion and metastasis via Runx2. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5. TEX41 regulated lung adenocarcinoma (LUAD) cell migration, invasion and metastasis by mediating autophagy. A. TEX41 interference altered autophagy-
related protein levels. B. TEX41 overexpression altered autophagy-related protein levels. C. TEX41 enhanced LUAD cell migration through autophagy. D. TEX41 
affected LUAD cell invasiveness via autophagy. E. TEX41 promoted LUAD cell metastasis through autophagy. F. TEX41 affected LUAD cell autophagy via Runx2. G. 
TEX41 regulated autophagy via the phosphoinositide 3-kinase (PI3K)/AKT axis. *P<0.05, **P<0.01, ***P<0.001.
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Discussion

With the rapid development of gene chips  
and next-generation sequencing, an increasing 
number of lncRNAs have been identified and 
studied, including TEX41. Our previous findings 

have indicated that TEX41 is increased in LUAD 
BM tissue and is closely related to the BM sig-
naling pathway [29]. BM is a prominent factor 
contributing to the poor prognosis of malignant 
tumors, and characterizing BM pathogenesis to 
uncover effective therapeutic targets remains 

Figure 6. TEX41 interference inhibited the formation of subcutaneous lung adenocarcinoma (LUAD) and bone me-
tastasis (BM) in nude mice treated with small hairpin RNA (shRNA) targeting negative control (sh-NC, n=4) or TEX41 
(sh-TEX41, n=4). A. Large specimens of nude mice. B. Body weight. C. Subcutaneous tumor volume growth curves. 
D. Subcutaneous tumor sections from nude mice and representative HE staining images of tissues from the two 
groups. E. Subcutaneous tumors weight. F. BM sections from nude mice and representative HE staining images of 
tissues from the two groups. G. BM tumors weight. H. BM areas measured by X-ray. I. Runx2 and autophagy marker 
protein levels in BM from nude mice were determined by immunoblotting. *P<0.05, **P<0.01, ***P<0.001.
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a clinical challenge. Studies have shown that 
the lncRNAs MAYA [30], PCAT6 [31], SOX2OT 
[32], NEAT1 [33] and SNHG3 [34] are associat-
ed with BM development in malignant tumors. 
LncRNAs could be adopted as early diagnostic 
markers, efficacy and prognosis predictors, 
and early detection markers for LUAD BM. Our 
results suggest that high TEX41 expression can 
predict deeper lymph node invasion and more 
advanced clinical stage and correlates with the 
prognosis of LUAD patients with BM, which has 
potential clinical value.

By examining the putative biological functions 
of TEX41 in vitro, we found that TEX41 could 
promote the growth, migration, invasion and 
metastasis of LUAD cells. Moreover, TEX41 pro-
moted subcutaneous tumor formation and BM 
in nude mice, indicating that TEX41 plays a pro-
BM role in adapting LUAD cells to grow in the 
bone microenvironment. TEX41 can promote 
the malignant biological behavior of melanoma 
cells by targeting the miR-103a-3p-C1QB axis 
[35]. TEX41 can also promote leukemia cell 
growth in vitro [36]. To further clarify the spe-
cific mechanism through which TEX41 exerts 
carcinogenic effects in LUAD, we used bioinfor-
matics to predict the transcription factors that 
TEX41 might act on. One of the top 30 predict-
ed transcription factors was Runx2, which we 
correlated with the BM signaling pathway in 
LUAD in our previous study [29]. Hence, we 
speculated that TEX41 might modulate LUAD 
BM via Runx2.

Runx2 is a bone-specific transcription factor 
involved in BM and associated with many 
BM-related factors [37]. Runx2 is closely linked 
to breast cancer cell adaption to the bone 
microenvironment and BM enhancement [38]. 
Runx2 affects the formation of BM in prostate 
cancer under the regulation of miR-466 [39]. In 
addition to a potential role in BM, Runx2 may 
also be involved in the onset of EMT, leading to 
distant metastasis [40]. In the current study, 
we found that TEX41 overexpression promoted 
migration, invasion and metastasis of LUAD 
cells, and the effects could be effectively 
reversed by Runx2 inhibitor CADD522. Further- 
more, FISH revealed that TEX41 and Runx2 are 
colocalized in the nucleus, indicating that 
Runx2 could be a target for TEX41.

Currently, most studies assume that autophagy 
plays a role in cancer promotion in advanced 

tumors [41, 42]. MiR-106a enhances the migra-
tion, invasion and EMT of LUAD cells, leading to 
BM through a mechanism that partly depends 
on autophagy [43]. Regulating autophagy is 
expected to become a breakthrough in treating 
BM [44]. Runx2 is known to interact with the 
autophagy pathway [45], and evidence sug-
gests that Runx2 can promote cancer via the 
PI3K-AKT axis [46]. In addition, a study on the 
mechanism of autophagy in osteogenic differ-
entiation showed that Runx2 expression was 
elevated in osteogenic differentiation, which 
was mainly associated with the activation of 
cellular autophagy regulated by the AMPK path-
way [47]. Therefore, Runx2 might represent a 
key autophagy regulator, possibly through 
PI3K-AKT or AMPK signaling.

In the current study, we revealed that TEX41 
target gene functions were mainly enriched in 
cancer-related PI3K-AKT and autophagy signal-
ing pathways. Consequently, we speculate that 
TEX41 mediates LUAD cell migration, invasion 
and metastasis by regulating Runx2 expression 
and affecting autophagy. Our results suggest 
that the TEX41-Runx2 signaling axis regulates 
autophagy in LUAD cells and that the oncogenic 
effects of TEX41 partially depend on autopha-
gy. Furthermore, TEX41 can partially regulate 
autophagy via the PI3K-AKT axis. Our in vivo 
tumor experiments also suggest that TEX41 
could significantly promote BM formation, and 
the expressions of Runx2 and autophagy mark-
er proteins in BM further indicate that the 
effects of TEX41 on LUAD BM are related to 
Runx2 and autophagy. However, there are limi-
tations in this study. Whether TEX41 and Runx2 
interact through a direct binding site requires 
further investigation, and the specific regulato-
ry mechanism between TEX41 and Runx2 
needs to be elucidated.

In conclusion, our study identified TEX41 as a 
possible biomarker for the prognosis of LUAD 
BM. TEX41 could promote the migration, inva-
sion and BM of LUAD cells by regulating Runx2 
and autophagy through the PI3K-AKT signaling 
pathway (Figure 7). Our study provides a new 
theoretical basis for finding effective targets for 
treating LUAD BM.
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Overexpression of TEX41 promoted malignant biological behavior of LUAD cells

In contrast to the results of the TEX41 interference assay, the results of the cell function assay showed 
that overexpression of TEX41 promoted the growth, proliferation, migration, and invasion of LUAD A549 
cells (Figure S1B-E). Overexpression of TEX41 could downregulate E-cadherin expression and upregu-
late vimetin expression (Figure S1F), indicating that overexpression of TEX41 enhanced the metastatic 
ability of LUAD cells. 
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Figure S1. Overexpression of TEX41 promoted malignant biological behavior of lung adenocarcinoma (LUAD) cell. 
A. The expression of TEX41 in LUAD cell line introduced with OE-TEX41 or OE-NC was analyzed by qualitative poly-
merase chain reaction (qPCR). B. Cell Counting Kit-8 (CCK-8) assay suggested that overexpression of TEX41 pro-
mote proliferation of A549 cells. C. Overexpression of TEX41 promoted the independent proliferative ability of A549 
cells by colony formation assays. D. Scratch assay showed that overexpression of TEX41 promoted the migration of 
A549 cells. E. Transwell assays were performed to indicate that overexpression of TEX41 promotes invasion of A549 
cells. F. The levels of E-cadherin and vimetin protein after overexpression of TEX41 were determined by western blot. 
*P<0.05, **P <0.01, ***P<0.001 vs. negative control (NC). 

TEX41 promoted the formation of subcutaneous tumors and bone metastasis of LUAD in nude mice 
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Figure S2. Overexpression of TEX41 promoted the formation of subcutaneous tumors and bone metastasis of lung 
adenocarcinoma (LUAD) in nude mice. A. Large specimens of nude mice. B. Body weight growth curve in nude mice. 
C. Subcutaneous tumor volume growth curve in nude mice. D. Hematoxylin and eosin (HE) staining of subcutaneous 
tumor sections from nude mice. E. Subcutaneous tumors weight. F. HE staining of BM sections from nude mice. G. 
BM tumors weight. H. BM areas measured by X-ray. I. Runx2 and autophagy marker protein levels in BM from nude 
mice were determined by immunoblotting. *P<0.05, **P<0.01, ***P<0.001.


