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LncRNA LBX2-AS1 promotes proliferation e

and migratory capacity of clear cell renal cell
carcinoma through mitophagy
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Abstract

Background Long non-coding RNAs (IncRNAs) have been extensively investigated in the field of cancer,

among which, INcRNA ladybird homeobox 2-antisense RNA 1 (LBX2-AS1) has been demonstrated to exert carcino-
genic effects on a variety of malignancies. However, the biological functions of LBX2-AS1 in clear cell renal cell carci-
noma (ccRCC) have not been explicitly elucidated.

Methods Arraystar INcRNA chip and gRT-PCR verify the expression of LncRNA LBX2-AST in ccRCC. CCK-8 assay

and cell cloning assay were used to assess the proliferative capacity of ccRCC cells. Migration abilities were quantified
by scratch assay and transwell assay. Potential molecular signaling pathways were determined by high-throughput
whole transcriptomics analysis. WB analysis was performed to validate the relationship between LBX2-AS1 and key
molecules of mitophagy pathway. The effect of LBX2-AS1 on mitophagy was observed by laser confocal microscopy.
Rescue experiments further validated the role of downstream gene FOXO3A in the LBX2-AS1 signaling pathway.
Finally, the authentic effect of LBX2-AST was verified in vivo.

Results LncRNA LBX2-AS1 was over expressed in ccRCC tissues and could enhance the proliferation and migra-

tion of ccRCC cells. Autophagic pathway was identified as a possible mechanism involved in the oncogenic effect

of LBX2-AS1. Mitophagy levels were observed in LBX2-AS1 low-expressing cells through laser confocal microscopy.
Knockdown of LBX2-AS1 significantly elevated mitophagy levels as observed using laser confocal microscopy and led
to FOXOA3 decreasing in and BNIP3L and LC3 enrichment. Meanwhile, LBX2-AS1 knocking down dampened the pro-
liferation of ccRCC cells in vivo.
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Introduction

Renal cell carcinoma, as the most lethal malignancy of
the urinary tract with multiple subtypes, has been the
subject of extensive research. Among its diverse subtypes,
clear cell renal cell carcinoma (ccRCC) has garnered par-
ticular attention in investigations into its developmental
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function [1]. Two categories of non-coding RNAs are
classified based on the length. Those less than 200 nucle-
otides in length are called small non-coding RNAs, while
long non-coding RNAs (IncRNAs) are regarded as having
more than 200 nucleotides in length [2]. It is estimated
that the human genome encodes at least 20,000 IncRNAs,
which play a key role in regulating gene expression and
are involved in various cellular signaling [3]. A growing
body of evidence suggests that IncRNAs are major par-
ticipants in cancer fields, attributed to the fact that IncR-
NAs are involved in a wide range of cellular mechanisms,
including sophisticated interactions with RNA, DNA,
and proteins [4]. Therefore, IncRNAs have a promising
prospect as the biomarkers and therapeutic targets for
malignant tumors.

Ladybird homeobox2 (LBX2)-antisense RNA 1 (AS1)
is a recently identified non-coding RNA that plays an
important biological function in numerous tumor and
non-tumor disorders. Subcellular localization analy-
sis indicated that LBX2-AS1 was mainly available in the
cytoplasm and less distributed in the nucleus. Avail-
able studies suggest that LBX2-AS1 exerts a promo-
tive effect in tumors such as glioma, colorectal cancer,
osteosarcoma, ovarian cancer, hepatocellular carcinoma,
esophageal squamous cell carcinoma, and thyroid can-
cer. Studies on the LBX2-ASl-associated ceRNA net-
work have shown that LBX2-AS1 could enhance tumor
cell proliferation and migration by sponging numer-
ous downstream miRNAs. For example, LBX2-AS1 was
observed to suppress miR-491-5p function in ovarian
cancer, colorectal cancer, gastric cancer, and glioma [5—
8], thereby upregulating oncogenes and mediating the
malignant phenotypes. It has also been shown to affect
apoptosis of tumor cells in glioma and hepatocellular car-
cinoma [6]. Nonetheless, the exploration of LBX2-AS1 in
ccRCC remains largely uncharted. Hence, the aim of this
study is to elucidate the biological function and potential
underlying mechanisms of LBX2-AS1 in the context of
ccRCC.

Methods

Cell culture, lentiviral shRNA transfection and plasmid
vector transfection

Human ccRCC cell lines 769-P and Caki-1 were pur-
chased from the Chinese Academy of Sciences Cell Bank
(Shanghai, China). 769-P was cultured in 1640 medium
containing 10% fetal bovine serum and Caki-1 was cul-
tured in McCoy’s 5A medium containing 10% fetal
bovine serum. Lentiviral vector-based small hairpin RNA
(shRNA) targeting LBX2-AS1 was ordered from GeneP-
harma (Shanghai, China). Plasmid vector-based DNA to
overexpress FOXO3A was purchased from GeneChem
(Shanghai, China). For stable knockdown of LBX2-AS1
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in cells, ccRCC cell lines were transfected with lentivirus
for 24 h and filtered by puromycin killing effects for 2 to
3 times. For stable overexpression of FOXO3A in cells,
ccRCC cell lines were transfected with plasmids using
Lipofectamine 3000 (Thermo Fisher, United States) for
4 to 6 h. The efficiency of genetic interference was con-
firmed by qRT-PCR or Western blotting.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

The RNA Isolation Kit (Vazyme, R333, Nanjing) was used
to extract total RNA from cells and tissues. qPCR was
performed after reverse transcription using SYBR Green
Master Kit as the fluorescent dye, and the StepOne’"
Real-Time Quantitative Fluorescence PCR Instrument
(Thermo Fisher Scientific, Rochester, NY, United States)
was employed to amplify the DNA. Each qRT-PCR was
performed in triplicate and B-actin was used for nor-
malization of gene expression. Primer sequences for gene
amplification are listed in Additional file 1: Table S1.

Western blot

RIPA lysate was used for cell lysis and protein extraction,
and BCA was used to determine the protein concentra-
tion of the samples for western blotting. Proteins were
separated by 8% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to
polyvinylidene difluoride (PVDF) membranes. The PVDF
membranes were closed in 5% skimmed milk for 3 h at
room temperature and incubated overnight at 4 °C with
specific primary antibodies. On the second day, the mem-
branes were incubated with anti-mouse or anti-rabbit
IgG secondary antibodies for 2 h at room temperature.
After washing the PVDF membranes with TBST, protein
imprinting was visualized using an enhanced chemilumi-
nescence (ECL) detection system (Thermo Fisher Scien-
tific, Rochester, NY, United States).

Loss-of-function experiments and rescue experiments
The CCK-8 assay and colony formation assay were used
to assess proliferative capacity of cells. A total of 10° cells
from shLBX2-AS1 group and shNC group were spread
into the 96-well plates and cultured in an environment
of 5% CO, and 37 °C, and the absorbance at OD 450 nm
of each well was measured by multifunctional enzyme
marker at 24, 48, 72 and 96 h, respectively. Meantime, a
total of 10° cells of shLBX2-AS1 group and shNC group
were spread into 6-well plates, respectively, and the
cells were stained with crystal violet solution for one
week. The number of clonal community formation was
counted.

The migration assay and scratch assay were used
to assess the migration ability of cells. A serum-free
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medium suspension containing 2 x 10* cells was placed
in the upper layer of the chamber, and the lower layer was
cell culture medium containing 10% fetal bovine serum.
After 36 to 48 h of migration, tumor cells in the upper
layer were washed away and the number of cells in the
lower layer was stained with crystal violet solution and
recorded under a light microscope.

Subcutaneous tumor formation in nude mice

A suspension of 769-P cells and Caki-1 cells from the
shLBX2-AS1 and NC groups was injected subcutane-
ously into nude mice. After the tumor is formatted, the
volume of subcutaneous tumors was measured every
3 days during the period. 25 days later, the nude mice
were executed and the subcutaneous tumors were
extracted for following analysis.

Results

LBX2-AS1 is highly expressed in ccRCC both in situ

and in vitro

To clarify the expression profile of LncRNAs in
ccRCC, the tumor and adjacent non-tumor tissues of
five ccRCC patients were analyzed using Arraystar
IncRNA microarrays. LBX2-AS1 was found to exhibit

N1 N2 N3 N4 N5 T1

o

0.25- *

0.20

0.15-

0.10

0.05-

Relative Expression of
IncRNA LBX2-AS1 (2ACt)

0.00 iR

Page 3 of 10

significantly higher expression in ccRCC tissues com-
pared to adjacent tissues (Fig. 1A). The overexpression
of LBX2-AS1 was subsequently validated in 96 paired
ccRCC tissues and adjacent non-tumor tissues using
qRT-PCR (Fig. 1B). Consistent results were observed in
various renal cancer cell lines, including 786-0O, 769-P,
ACHN, and Caki-1 (Fig. 1C). Consequently, the upreg-
ulation of LBX2-AS1 in cancer was confirmed, and
769-P and Caki-1 were selected for further investiga-
tion based on their relatively higher expression levels.

Knockdown of LBX2-AS1 significantly impaired

the proliferation and migration ability of ccRCC cells

Using the prescribed methodology, lentivirus-trans-
fected cell lines targeting LBX2-AS1 (shLBX2-AS1) and
a negative control (shNC) were successfully generated
(Fig. 2A). Evaluation through CCK-8 and colony for-
mation assays demonstrated a notable inhibition in the
proliferation capacity of 769-P and Caki-1 cells upon
LBX2-AS1 knockdown (Fig. 2B, C). Furthermore, the
scratch and transwell assays indicated that reduced lev-
els of LBX2-AS1 could effectively suppress the migra-
tion ability of ccRCC cells (Fig. 2D, E).
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Fig. 1 Elevated expression of LBX2-AS1 in ccRCC. A The heatmap of IncRNAs with aberrant expression between tumor and normal tissues of ccRCC.
B The expression of LBX2-AS1 in 96 pairs of ccRCC tissues by gPCR. C The expression of LBX2-AS1 in ccRCC cell lines by gPCR. *P < 0.05, ***P < 0.001
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Fig. 2 LBX2-AS1 promoted the proliferation and migration ability of ccRCC cells. A The validation of LBX2-AS1 knockdown by gPCR. B-E The
results of CCK-8 assay (B), colony formation assay (C), scratch assay (D) and transwell assay (E) in shLBX2-AST and shNC groups. *P<0.05, **P<0.01,

***p<0.001

LBX2-AS1 could promote the malignant phenotype
of ccRCC by regulating mitochondrial autophagy
To reveal the mechanism of the oncogenic potential of
LBX2-AS1, RNA-seq analysis was conducted on shLBX2-
AS1 cell lines. The findings revealed a prominent enrich-
ment of the mitophagy pathway in both 769-P and Caki-1
cells (Fig. 3A), suggesting a potential association between
the phenotypic effects of LBX2-AS1 and the mitophagy
pathway. Subsequently, alterations in the mitochondria
pathway were assessed. Western blot analysis indicated
a significant decrease in FOXO3A protein levels, along
with upregulated expression of NIX/BNIP3L and LC3 in
the shLBX2-AS1 groups (P<0.01, Fig. 3B). Additionally,
transmission electron microscopy revealed evident mito-
chondrial damage and the presence of autophagic vesicles
in cells from the shLBX2-AS1 group (Fig. 3C). Laser con-
focal microscopy further demonstrated distorted mito-
chondrial structures and the formation of autophagic
vesicles upon shLBX2-AS1 intervention, indicating the
occurrence of autophagy in mitochondria (Fig. 3D).
Furthermore, investigations were conducted to assess
the impact of mitophagy occurrence in ccRCC cells on

malignant phenotypes. Carbonyl cyanide m-chlorophe-
nylhydrazone (cccp) was employed to induce mitophagy
in 769-P and Caki-1 cells. The results of CCK-8 and col-
ony formation experiments indicated a significant inhibi-
tion of the proliferation ability of 769-P and Caki-1 upon
ccep intervention (Fig. 4A, B). Similarly, scratch and tran-
swell assays suggested a marked reduction in the migra-
tion ability of ccRCC cells following the induction of cccp
(Fig. 4C, D).

LBX2-AS1 restrained mitophagy in ccRCC cells

via FOXO3A-BNIP3L-LC3 axis

Next, we conducted a screening to identify key genes in
the mitophagy pathway. As a result of significant expres-
sion changes, FOXO3 and BNIP3L were determined as
candidate genes. Based on KEGG analysis, we formu-
lated a hypothesis suggesting that LBX2-AS1 regulates
mitophagy through the FOXO3A-BNIP3L-LC3 axis.
In rescue experiments, lentivirus-mediated transfection
was used to achieve FOXO3A overexpression in 769-P
and Caki-1 cells, and the efficiency was confirmed by RT-
qPCR (Fig. 5A). Subsequently, FOXO3 was overexpressed
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Fig. 3 Mitophagy-related role of LBX2-AS1 in regulating tumor progression. A The results of KEGG analysis on shLBX2-AS1 cells. B The protein
level alteration of autophagy pathway in shLBX2-AS1 cells. C The results of morphologic changes in shLBX2-AS1 cells under TEM. D The results

of morphologic changes in shLBX2-AS1 cells under LCM

in LBX2-AS1 knockdown cells. Evaluation through
CCK-8 and cell cloning experiments revealed that over-
expression of FOXO3 significantly mitigated the decline
in cell proliferation caused by LBX2-AS1 knockdown
(Fig. 5B, C). Furthermore, scratch and transwell tests
demonstrated that FOXO3 overexpression enhanced cell
migration and invasion abilities (Fig. 5D, E). These find-
ings provide objective evidence supporting the hypoth-
esis that LBX2-AS1 modulates mitophagy through the
regulation of the FOXO3A-BNIP3L-LC3 axis. They shed

light on the potential role of this pathway in the develop-
ment and progression of ccRCC.

In vivo experiments showed that knockdown of LBX2-AS1
inhibited subcutaneous tumor formation in mice

Finally, subcutaneous tumor formation experiments
were performed in nude mice to assess the tumorigenic
capacity. The growth curves of ccRCC tumors reflected
the distinction of tumor volume between shLBX2-AS1
group and shNC group, indicating the decreased tumor
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Fig. 4 Mitochondrial autophagy of 769-P and Caki-1 was induced by CCCP, which significantly reduced their proliferation, migration and invasion.
A CCK-8 experiment showed that increased mitochondrial autophagy inhibited the proliferation of 769-P and Caki-1 cells (**P<0.01). B The results
of cell cloning in vitro showed that the colony formation of renal carcinoma cells with low expression of LBX2-AS1 was inhibited (**P<0.01). C Cell
scratch test results showed that mitochondrial autophagy induced by CCCP in 769-P and Caki-1 decreased cell migration (*P<0.05, **P<0.01).
D Transwell assay showed that the invasion ability of 769-P and Caki-1 cells could be inhibited after LBX2-AS1 expression was down-regulated

(**P<0.001)

formation capability of cells resulted by knockdown of
LBX2-AS1 (Fig. 6A, B).

Discussion

The present study focused on the oncogenic effects and
autophagy-related role of LBX2-AS1 in ccRCC. In our
study, LBX2-AS1 was chosen for research based on the
microarray results of 5 pairs of ccRCC samples. Among
all differentially expressed IncRNAs, LBX2-AS1 demon-
strated the most apparent upregulation in tumoral tis-
sues. Despite of the relatively few numbers of samples
subject to Arraystar analysis, the subsequent clinical

validation of 96 pairs of tissues solidly confirmed the
upregulation of LBX2-AS1 in ccRCC.

The early diagnosis of RCC is a persistent challenge in
clinical management, and current tomography technolo-
gies have not fully met the requirements for identifying
small renal masses and cystic lesions in a reliable manner
[9]. Emerging approaches such as molecular biomarker,
genomics, and artificial intelligence application in imag-
ing [10, 11], have been considered promising in early
diagnosis of urinary tumors. Etiologically, the activation
of tumor microenvironment could be the driving force of
tumorigenesis in these contexts [12]. The present study
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showed the upregulated LBX2-AS1 resulted in enhanced
proliferation and migration capabilities of tumor
cells. The LBX2-AS1 silence also inhibited the in vivo
tumor formation of mice. Through the administration
of transcriptomics, we further discovered the strong

involvement of LBX2-AS1 in mitochondrial autophagy
pathway. Furthermore, abundant laboratory results con-
firmed the suppressive role of LBX2-AS1 on mitophagy
which benefited the tumor progression of ccRCC. Nor-
mally the primary way of LBX2-AS1 exerting oncogenic
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Fig. 6 LBX2-AS1 promoted the tumor growth in vivo. A The growth curves of tumors of mice in shLBX2-AS1 and shNC groups. B The display
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role in cancers is based on the mechanism of competing
endogenous RNA (ceRNA) network. Specifically, LBX2-
AS1 could counteract the negative effects of miRNA on
mRNA translation, which is favor to the expression and
stabilization of key factors in cancer-related signaling and
vital regulatory pathways [13]. The classical functioning
pattern has been demonstrated in numerous cancers [5—
8, 14]. Previous studies have confirmed that LBX2-AS1
was an influential regulatory factor in cell proliferation,
apoptosis, invasion and migration in tumors. Neverthe-
less, its role in regulating autophagy and related tumor
progression has been rarely implicated. Meng et al.
screened for autophagy-associated IncRNAs and found
that LBX2-AS1 was an independent prognostic factor
in ovarian cancer [15]. In the present study, our results
confirmed that knockdown of LBX2-AS1 activated the
mitophagy and observed the robust evidence of the

formation of autophagic vesicles in cells. This finding
could be considered as the first validation of autophagy-
related role of LBX2-AS1 in cancers.

Autophagy is an adaptation mechanism that cells
use in response to stress and protect themselves,
and forkhead box O3 (FOXO3) A and BNIP3-like
(BNIP3L)/NIX were determined as inductive factors of
autophagy. As a transcription factor, FOXO3/FOXO3A
promotes autophagy by transactivating related genes
and, meantime, is itself degraded by autophagic regula-
tion [16]. The dominant inductive effects of FOXO3A
on autophagy makes the regulation of itself an effective
way of deciding the cell fate. It has been widely proved
that many upstream factors could regulate FOXO3A
expression in different ways, such as Akt, SIRT1/3,
and mTOR [17-20]. Results provided here suggested
that LBX2-AS1 positively regulated the FOXO3A
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expression while negatively affected the BNIP3L level,
and that knockdown of LBX2-AS1 apparently upreg-
ulated the mitophagy level through BNIP3L which
finally suppressed the tumor progression. The positive
regulatory role of LBX2-AS1 on FOXO3A was consist-
ent with similar studies that reported the relationship
between IncRNAs and FOXO3A. Hong et al. reported
that by using RNA-seq, they found a coincident expres-
sion changes of IncRNA-SNHG14, miR-223-3p, and
FOXO3A. Further experiments confirmed the binding
relationship between SNHG14 and miR-223-3p, as well
as the silencing effect of miR-223-3p on the FOXO3A
expression [21]. Liang et al. found that IncRNA RP11-
295G20.2 could regulate hepatocellular carcinoma
cell growth by influencing Akt phosphorylation and
FOXO3A translocation into the nucleus, which regu-
lated the transcription of autophagy-related genes
[22]. Likewise, RBM47/SNH5G signaling was found to
stabilize FOXO3A and promote its translocation into
nucleus, which activated autophagy and inhibited the
cell proliferation of papillary thyroid carcinoma (PTC)
[23]. Nevertheless, further exploration in our research
found that in ¢cRCC, higher expression of FOXO3A
restrained the mitophagy and enhanced the prolifera-
tion and migration capabilities of tumor cells, which
was contrary to the outcome of previous studies. The
likely explanation here could be that FOXO3A was
involved in numerous signaling pathway and biologi-
cal processes, which could benefit the progression of
ccRCC [24, 25].

The other novel finding was that LBX2-AS1 nega-
tively regulated BNIP3L expression and affected the
autophagy activity in ccRCC. BNIP3L/NIX, known
as BNIP3-like or NIP3-like protein X, was considered
as the vital mitophagy receptor and executor [26].
BNIP3L/NIX is the outer mitochondrial membrane
protein, and its expression increases during red blood
cell differentiation which is required for mitochon-
drial removal. BNIP3L/NIX functions by binding to
MAP1 light chain 3 (also known as LC3) on isolation
membranes and mediate the binding and separation
of mitochondria and autophagosomes [27]. Numer-
ous studies showed that BNIP3L/NIX was capable of
protecting cells from damaged mitochondria through
inducing mitophagy in kinds of disease, including
ischemic brains, lipotoxicity, synapse defects, cancers,
and immunity and autoimmune diseases [26, 28-31].
Although BNIP3, not BNIP3L, was proved as the direct
downstream target of FOXO3A in autophagy signal-
ing, the interaction between FOXO3A and BNIP3L
is still unclear and unreported [32]. Therefore, it was
implicated in the present study that LBX2-AS1 knock-
down led to the paradoxical influences of FOXO3A
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and BNIP3L on mitophagy level independently, and
it finally manifested as upregulated mitochondrial
autophagy in cells.

Still, the research is short of mechanistic explana-
tion on the regulation of LBX2-AS1 on FOXOA1 and
BNIP3L/NIX, and the potential mechanism of FOXO3A
downregulating mitophagy and protecting tumor cells
was not completely elaborated. These items are expected
to be further investigated in future work.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540001-024-01690-1.

[ Additional file 1. Table S1. Sequences of primers used in qPCR. }

Author contributions

BW and PS conceived the project. TH contributed to the data acquisition,
analysis, and interpretation, and manuscript writing. BW, YW and PJ conducted
the experiments and revised the manuscript. All authors read and approved
the submitted manuscript. JQ and PS provided the funding and supervised
the whole study. All authors contributed to the article and approved the
submitted version.

Funding

This study was supported by the National Natural Science Foundation
of China (Grant No. 82372850 & No. 82002697) and Clinical Competence
Improvement Project of Jiangsu Province Hospital (JSPH-MC-2022-16)

Data availability
The original contributions presented in the study are included in the article/
additional files. Further inquiries can be directed to the corresponding authors.

Declarations

Ethics approval and consent to participate

The studies involving human participants were reviewed and approved by
Ethical Committee of the First Affiliated Hospital of Nanjing Medical University.
The patients/participants provided their written informed consent to partici-
pate in this study.

Competing interests

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
competing interests.

Received: 19 December 2023 Accepted: 18 January 2024
Published online: 07 February 2024

References

1. Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, Tanzer A,
Lagarde J, Lin W, Schlesinger F, et al. Landscape of transcription in human
cells. Nature. 2012;489(7414):101-8.

2. Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into
functions. Nat Rev Genet. 2009;10(3):155-9.

3. Bhan A, Soleimani M, Mandal SS. Long noncoding RNA and cancer: a new
paradigm. Can Res. 2017;77(15):3965-81.

4. Qian X, Zhao J, Yeung PY, Zhang QC, Kwok CK. Revealing INncRNA struc-
tures and interactions by sequencing-based approaches. Trends Biochem
Sci. 2019;44(1):33-52.


https://doi.org/10.1186/s40001-024-01690-1
https://doi.org/10.1186/s40001-024-01690-1

Wang et al. European Journal of Medical Research

20.

21

22.

23.

24.

25.

(2024) 29:103

LiW, Soufiany I, Lyu X, Lu C, Wei Y, Shi Z, You Y. SP1-upregulated LBX2-AS1
promotes the progression of glioma by targeting the miR-491-5p/LIF axis.
J Cancer. 2021;12(23):6989-7002.

Xu G, Zhang Y, Li N, WuY, Zhang J, Xu R, Ming H. LBX2-AS1 up-regulated
by NFIC boosts cell proliferation, migration and invasion in gastric cancer
through targeting miR-491-5p/ZNF703. Cancer Cell Int. 2020;20:136.

Ma G, Dai W, Zhang J, Li Q, Gu B, Song Y, Yang X. ELK1-mediated upregula-
tion of INCRNA LBX2-AS1 facilitates cell proliferation and invasion via
regulating miR-491-5p/S100A11 axis in colorectal cancer. Int J Mol Med.
2021;48(1):1.

Cao J,Wang H, Liu G, Tang R, Ding Y, Xu P Wang H, Miao J, Gu X, Han S.
LBX2-AS1 promotes ovarian cancer progression by facilitating E2F2 gene
expression via miR-455-5p and miR-491-5p sponging. J Cell Mol Med.
2021;25(2):1178-89.

Ferro M, Crocetto F, Barone B, Del Giudice F, Maggi M, Lucarelli G, Busetto
GM, Autorino R, Marchioni M, Cantiello F, et al. Artificial intelligence and
radiomics in evaluation of kidney lesions: a comprehensive literature
review. Ther Adv Urol. 2023;15:17562872231164804.

Ascione CM, Napolitano F, Esposito D, Servetto A, Belli S, Santaniello A,
Scagliarini S, Crocetto F, Bianco R, Formisano L. Role of FGFR3 in bladder
cancer: treatment landscape and future challenges. Cancer Treat Rev.
2023;115:102530.

. Ferro M, Musi G, Marchioni M, Maggi M, Veccia A, Del Giudice F, Barone

B, Crocetto F, Lasorsa F, Antonelli A, et al. Radiogenomics in renal cancer
management-current evidence and future prospects. Int J Mol Sci.
2023,;24(5):4615.

Miro C, Di Giovanni A, Murolo M, Cicatiello AG, Nappi A, Sagliocchi S,

Di Cicco E, Morra F, Celetti A, Pacifico F, et al. Thyroid hormone and
androgen signals mutually interplay and enhance inflammation and
tumorigenic activation of tumor microenvironment in prostate cancer.
Cancer Lett. 2022;532: 215581.

SuY,LiC Fang Y, Gu X, Zheng Q, Lu J, Li L. The role of LncRNA LBX2-AS1
in cancers: functions, mechanisms and potential clinical utility. Clin Trans|
Oncol. 2023;25(2):293-305.

Yang Z, Dong X, Pu M, Yang H, Chang W, Ji F, Liu T, Wei C, Zhang X, Qiu X.
LBX2-AS1/miR-219a-2-3p/FUS/LBX2 positive feedback loop contributes
to the proliferation of gastric cancer. Gastric Cancer. 2020;23(3):449-63.
Meng C, Zhou JQ, Liao YS. Autophagy-related long non-coding RNA sig-
nature for ovarian cancer. J Int Med Res. 2020;48(11):300060520970761.
Fitzwalter BE, Thorburn A. FOXO3 links autophagy to apoptosis.
Autophagy. 2018;14(8):1467-8.

Hu J, LiuT, Fu F, Cui Z, Lai Q, Zhang Y, Yu B, Liu F, Kou J, Li F. Omentin1
ameliorates myocardial ischemia-induced heart failure via SIRT3/FOXO3a-
dependent mitochondrial dynamical homeostasis and mitophagy. J
Transl Med. 2022;20(1):447.

Zhang H, Xia P, Liu J, Chen Z, Ma W, Yuan Y. ATIC inhibits autophagy in
hepatocellular cancer through the AKT/FOXO3 pathway and serves

as a prognostic signature for modeling patient survival. Int J Biol Sci.
2021;17(15):4442-58.

ZhengY, Shi B, Ma M, Wu X, Lin X. The novel relationship between

Sirt3 and autophagy in myocardial ischemia-reperfusion. J Cell Physiol.
2019;234(5):5488-95.

LiuW, Wang X, Liu Z, Wang Y, Yin B, Yu P, Duan X, Liao Z, Chen'Y, Liu C,

et al. SGK1 inhibition induces autophagy-dependent apoptosis via the
mTOR-Foxo3a pathway. Br J Cancer. 2017;117(8):1139-53.

Hong J, Mo S, Gong F, Lin Z, Cai H, Shao Z, Yang X, Sun R, Zhang Q, Liu J.
INcCRNA-SNHG14 plays a role in acute lung injury induced by lipopolysac-
charide through regulating autophagy via miR-223-3p/Foxo3a. Mediators
Inflamm. 2021,2021:7890288.

Liang L, Huan L, Wang J, Wu Y, Huang S, He X. LncRNA RP11-295G20.2
regulates hepatocellular carcinoma cell growth and autophagy by target-
ing PTEN to lysosomal degradation. Cell Discov. 2021;7(1):118.

Qin'Y, Sun W, Wang Z, Dong W, He L, Zhang T, Lv C, Zhang H. RBM47/
SNHG5/FOXO03 axis activates autophagy and inhibits cell proliferation in
papillary thyroid carcinoma. Cell Death Dis. 2022;13(3):270.

Ni D, Ma X, Li HZ, Gao Y, Li XT, Zhang Y, Ai Q, Zhang P, Song EL, Huang
QB, et al. Downregulation of FOXO3a promotes tumor metastasis and is
associated with metastasis-free survival of patients with clear cell renal
cell carcinoma. Clin Cancer Res. 2014;20(7):1779-90.

Li P, ChenT, Kuang P, Liu F, Li Z, Liu F, Wang Y, Zhang W, Cai X. Aurora-A/
FOXO3A/SKP2 axis promotes tumor progression in clear cell renal cell

26.

27.

28.

29.

30.

31

32.

Page 10 of 10

carcinoma and dual-targeting Aurora-A/SKP2 shows synthetic lethality.
Cell Death Dis. 2022;13(7):606.

Wu X, Zheng Y, Liu M, Li Y, Ma S, Tang W, Yan W, Cao M, Zheng W, Jiang L,
et al. BNIP3L/NIX degradation leads to mitophagy deficiency in ischemic
brains. Autophagy. 2021;17(8):1934-46.

Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol.
2011;12(1):9-14.

Choi GE, Lee HJ, Chae CW, Cho JH, Jung YH, Kim JS, Kim SY, Lim JR, Han
HJ. BNIP3L/NIX-mediated mitophagy protects against glucocorticoid-
induced synapse defects. Nat Commun. 2021;12(1):487.

da Silva Rosa SC, Martens MD, Field JT, Nguyen L, Kereliuk SM, Hai Y,
Chapman D, Diehl-Jones W, Aliani M, West AR, et al. BNIP3L/Nix-induced
mitochondrial fission, mitophagy, and impaired myocyte glucose
uptake are abrogated by PRKA/PKA phosphorylation. Autophagy.
2021;17(9):2257-72.

Panigrahi DP, Praharaj PP, Bhol CS, Mahapatra KK, Patra S, Behera BP,
Mishra SR, Bhutia SK. The emerging, multifaceted role of mitophagy in
cancer and cancer therapeutics. Semin Cancer Biol. 2020,66:45-58.

Xu'Y, Shen J, Ran Z. Emerging views of mitophagy in immunity and
autoimmune diseases. Autophagy. 2020;16(1):3-17.

Yao J,Wang J, XuY, Guo Q, Sun'Y, Liu J, Li S, Guo Y, Wei L. CDK9 inhibition
blocks the initiation of PINK1-PRKN-mediated mitophagy by regulating
the SIRT1-FOXO3-BNIP3 axis and enhances the therapeutic effects involv-
ing mitochondrial dysfunction in hepatocellular carcinoma. Autophagy.
2022;18(8):1879-97.

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



	LncRNA LBX2-AS1 promotes proliferation and migratory capacity of clear cell renal cell carcinoma through mitophagy
	Abstract 
	Background 
	Methods 
	Results 

	Introduction
	Methods
	Cell culture, lentiviral shRNA transfection and plasmid vector transfection
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Western blot
	Loss-of-function experiments and rescue experiments
	Subcutaneous tumor formation in nude mice

	Results
	LBX2-AS1 is highly expressed in ccRCC both in situ and in vitro
	Knockdown of LBX2-AS1 significantly impaired the proliferation and migration ability of ccRCC cells
	LBX2-AS1 could promote the malignant phenotype of ccRCC by regulating mitochondrial autophagy
	LBX2-AS1 restrained mitophagy in ccRCC cells via FOXO3A–BNIP3L–LC3 axis
	In vivo experiments showed that knockdown of LBX2-AS1 inhibited subcutaneous tumor formation in mice

	Discussion
	References


