Jiang et al. Molecular Cancer ~ (2024) 23:208 Molecular Cancer
https://doi.org/10.1186/512943-024-02120-w

CircLIFRSA/miR-1305/PTEN axis attenuates @
malignant cellular processes in non-

small cell lung cancer by regulating AKT
phosphorylation
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Abstract

Background Non-small cell lung cancer (NSCLC) is typically diagnosed at advanced stages, which limits the
effectiveness of therapeutic interventions. The present study aimed to explore the role of the newly identified
circLIFRSA in the PTEN/AKT signaling pathway and its involvement in the malignant processes of NSCLC.

Methods CircLIFRSA expression was identified through microarray analysis, and its levels in NSCLC samples were
quantified by RT-gPCR. The impact of circLIFRSA on cell growth, proliferation, apoptosis, and cell cycle were evaluated
by MTT assay, colony formation assay, and flow cytometry. Additionally, Western blotting was employed to analyze
the expression of PTEN and phosphorylated AKT (pAKT) in NSCLC cells.

Results The expression of circLIFRSA was found to be significantly reduced in NSCLC cells and tissues. This
downregulation correlated with various clinicopathological characteristics and indicated its potential as an early
diagnostic biomarker for NSCLC. Importantly, circLIFRSA was shown to inhibit cell growth and proliferation while
promoting apoptosis in NSCLC cells. Mechanically, circLIFRSA was found to attenuate the malignant processes of
NSCLC cells via the miR-1305/PTEN axis and the suppression of AKT phosphorylation.

Conclusions These findings indicate that circLIFRSA/miR-1305/PTEN axis attenuates malignant processes by
regulating AKT phosphorylation, and provide new insights into the potential of circLIFRSA as a biomarker for early
diagnosis and as a promising therapeutic target in NSCLC.
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Background

Lung cancer is recognized as the leading cause of cancer-
related fatalities worldwide, significantly contributing
to mortality rates among both male and female popu-
lations [1]. Given the considerable diversity in clinical
and pathological characteristics, lung cancer can be
broadly categorized into two primary types: non-small
cell lung cancer (NSCLC) and small cell lung cancer
(SCLC). NSCLC accounts for approximately 85% of all
lung cancer cases, making it the most prevalent subtype
[2]. Although there has been a gradual decrease in the
incidence of advanced lung cancer over recent decades,
the annual rate of early-stage lung cancer diagnoses has
increased by 4.5% [3]. Currently, the 3-year survival rate
for lung cancer patients remains below 35% [1]. The
mechanisms underlying the pathogenesis of lung cancer,
particularly NSCLC, are not fully understood. Conse-
quently, it is essential to investigate the molecular mech-
anisms that contribute to the initiation and progression
of NSCLC. Such research may provide valuable insights
into the identification of biomarkers and the develop-
ment of novel therapeutic agents.

Circular RNAs (circRNAs) represent a distinct class
of noncoding RNAs (ncRNAs) characterized by their
covalently closed, continuous loop structures. Research
has identified differentially expressed circRNAs that
are implicated in the initiation and progression of vari-
ous cancer types [4, 5]. Due to their unique structure
properties, circRNAs are often recognized for their role
as endogenous competing RNAs (ceRNAs), which are
integral to the regulation of gene expression [6-12].
For example, circPTK2 has been shown to function as a
ceRNA for transcriptional intermediary factor 1 gamma
(TIF1ly) by sponging miR-429 and miR-200b-3p, thereby
inhibiting TGF-B-induced epithelial-mesenchymal tran-
sition (EMT) and tumor metastasis in NSCLC. This sug-
gests that overexpression of circPTK2 may represent
a potential therapeutic strategy for advanced NSCLC
[13]. However, the functions and mechanisms of newly
identified circRNAs in NSCLC remain largely unex-
plored. The aberrant activation of the phosphoinositide
3-kinase (PI3K)/AKT signaling cascade has been widely
observed and is known to play a significant role in vari-
ous cancer hallmarks, including cell growth, metabo-
lism, and metastasis [14, 15]. In esophageal squamous
cell carcinoma (ESCC), circLPAR3 has been shown to
enhance cell migration, invasion, and metastasis by regu-
lating the miR-198-MET signaling axis and activating the
RAS/MAPK and PI3K/AKT pathways [16]. Addition-
ally, circVRK1 has been reported to inhibit the progres-
sion of ESCC by modulating the miR-624-3p/PTEN axis
and the PI3K/AKT signaling pathway [17]. In the con-
text of NSCLC, the frequent loss of PTEN, an antago-
nist of the PI3K/AKT pathway, is a common event that
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contributes to oncogenic transformation [18]. Nonethe-
less, it remains to be determined whether newly discov-
ered circRNAs are invovled in the PTEN/AKT pathway
and whether they contribute to the malignant progres-
sion of NSCLC.

In the present study, we discovered a novel circRNA,
hsa_circ_0072298, designated as circLIFRSA, which
exhibited diminished expression levels in both NSCLC
cells and tissues. Additionally, the downregulation of cir-
cLIFRSA showed a significant correlation with various
clinicopathological characteristics, suggesting its poten-
tial as a promising biomarker for distinguishing benign
lung conditions, and early-stage NSCLC from lung can-
cer. Notably, circLIFRSA was found to inhibit cell growth
and proliferation while promoting apoptosis in NSCLC.
Mechanically, circLIFRSA was shown to attenuate malig-
nant processes via the miR-1305/PTEN axis, leading to
the suppression of AKT phosphorylation. These results
indicate that circLIFRSA may serve as a new biomarker
for early diagnosis and as a novel therapeutic target for
patients with NSCLC.

Materials and methods

Clinical specimens

A total of 101 lung cancer tissues and corresponding
para-carcinoma tissues were obtained from the First
Affiliated Hospital of Ningbo University (Ningbo, China)
and the Affiliated Lihuili Hospital of Ningbo University
(Ningbo, China). These tissue specimens were utilized
for further various analyses (Additional file 1, Figure S1).
Additionally, whole blood samples were collected from
49 healthy individuals, 30 patients with benign lung dis-
eases, and 60 patients diagnosed with lung cancer from
the aforementioned hospitals. These blood samples were
employed for the assessment of circLIFRSA expression
and receiver operating characteristic (ROC) analysis
(Additional file 1, Figure S2). The patients with primary
lung cancer included in this study had not received pre-
operative chemotherapy, and their clinical data were
collected and subsequently analyzed. The study was
approved by the Medical Research Ethics Committee of
Ningbo University (Approval No.: NBU-2021-032), and
all participants provided written informed consent.

Cell culture and transfection

Human lung adenocarcinoma cell lines (A549, NCI-
H1299), as well as normal human bronchial epithelial
cells (HBE), were maintained in RPMI-1640 medium
(Hyclone, USA) supplemented with 10% fetal bovine
serum (FBS) (PAN, Germany) under conditions of
37 °C and 5% CO,. Transfections were performed using
either circLIFRSA siRNA (GenePharma, China) along-
side its corresponding negative control RNA (siRNA
NC), or a recombinant plasmid designed to overexpress
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circLIFRSA in conjunction with the empty pcDNA3.1(+)
circRNA Mini vector (Addgene, USA). Furthermore,
miR-1305 mimics (GenePharma, China) along with their
corresponding control RNA (miR-NC) were introduced
into the cells using lipofectamine 2000 (Invitrogen, USA),
following the manufacturer’s protocols. The sequences
for miR-1305 mimics and siRNA oligonucleotides are
shown in Additional file 2, Table S1.

RT-qPCR
RNA isolation was performed on lung cancer tissues,
blood samples, and cell lines utilizing Trizol reagent
(Invitrogen, USA) following the recommended manu-
facturer’s protocols. Subsequently, cDNA synthesis was
carried out with the NovoScript® Plus All-in-one 1st
Strand ¢cDNA Synthesis SuperMix (gDNA Purge) kit
(Novoprotein, China) and Hairpin-itTM miRNAs RT-
PCR Quantitation Kit (GenePharma, China). Quantita-
tive PCR (qPCR) was conducted using the NovoScript®
SYBR qPCR SuperMix Plus kit (Novoprotein, China) on
an Mx3005P real-time PCR System (Stratagene, USA),
following the manufacturer’s instructions. The quantifi-
cation of circLIFRSA in whole blood using absolute plas-
mid DNA standards as described previously [19]. Primer
sequences are detailed in Additional file 2, Table S2.

Plasmid construction

The gene sequence of circLIFRSA was amplified by PCR
from the cDNA of the HBE cell line and subsequently
subcloned into either the pcDNA3.1(+) CircRNA Mini
Vector (LMAI Bio, China) or the pGL3-control vector
(Promega, USA) as described in our previous work [20].

MTT assay

Cells were plated at a density of 3x1073 cells per well
in 200 pL of media within 96-well plates and incubated
for 24 h until they reached 50-60% confluency. Follow-
ing this, transfection with the plasmid overexpressing
circLIFRSA was performed, and the cells were cultured
for an additional culture period ranging from 24 to 96 h.
At specified time points post-transfection (24, 48, 72, and
96 h), 20 uL of MTT (Solarbio, China) was added to each
well and incubated for 4 h. Subsequently, the media were
aspirated, and 150 pL of DMSO was gently added to each
well. The absorbance was quantified by measuring the
optical density (OD) values at 490 nm using a microplate
reader (Labsystems, Finland).

Colony formation assay

In a 6-well plate, each well was initially seeded with 1500
cells and incubated for 24 h. Following this incubation,
cells were transfected with the plasmid overexpressing
circLIFRSA. The culture medium was refreshed after
one week, with subsequent changes occurring every
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three days for a two-week period. Upon completion of
the cultivation phase, the cells were washed twice with
PBS, fixed in 4% paraformaldehyde (Solarbio, China) for
30 min, and subsequently stained with 0.1% crystal vio-
let (Solarbio, China) for an additional 30 min. Colony
counting in each well was performed using a microscope
(Olympus, Japan).

Cell apoptosis assay

The culture supernatant from the 6-well plate was col-
lected, and the cells were subjected to two washes with
PBS. Following this, the cells were trypsinized using
trypsin without EDTA, and the trypsin activity was
neutralized by the addition of the previously collected
supernatant. The cell suspension was then centrifuged at
1000 rpm for 8 min. The subsequent procedures involved
additional washing with PBS, resuspension in the Bind-
ing Buffer (BD Pharmingen, USA), and incubation in the
dark at room temperature for 20 to 30 min. Finally, flow
cytometry analysis (Beckman, USA) was conducted on
the prepared cell samples.

Cell cycle assay

Cells (2x1075 per well) were cultured in 6-well plates
and starved for 24 h to reach approximately 60% conflu-
ence. Subsequently, transfection was performed with the
plasmid overexpressing circLIFRSA, followed by an addi-
tional 48 h of culture. The cells were then suspended in
70% ethanol and incubated at —20 °C for 24 h. After cen-
trifugation at 3000 rpm at 4 °C for 5 min, the ethanol was
removed, and the cell pellet was washed with PBS. The
pellet was then resuspended in 1 mL of cold PBS con-
taining 100 pg/mL RNase and incubated at 37 °C for 2 h.
Following another centrifugation, 200 pL of DNA stain-
ing solution (BD Pharmingen, USA) was added, and flow
cytometry analysis (Beckman, USA) was employed to
evaluate the distribution of the cell cycle.

CircRNA localization analysis

Nuclear and cytoplasmic fractions from lung cancer cells
were obtained using the PARISTM Kit (Thermo Fisher
Scientific, USA). Subsequently, RT-qPCR was employed
to separately evaluate the expression levels of circLIFRSA
and internal controls (GAPDH, U6) within these distinct
cellular compartments.

RNA stability assay

Cells were treated with 5 pg/mL Actinomycin D (Selleck,
China) and subsequently harvested at predetermined
time intervals. The turnover rate and half-life of circLI-
FRSA and mLIFRSA were assessed utilizing a previously
established protocol [21].



Jiang et al. Molecular Cancer (2024) 23:208

Dual-luciferase reporter assay

Recombinant dual-luciferase reporter vectors were gen-
erated by subcloning the core sequences of circLIFRSA,
PTEN wild-type/mutant-type, and miR-1305 into their
corresponding reporter vectors. Co-transfection of these
constructs along with miR-1305 mimics was performed
in NSCLC cells. The resulting luciferase activity was
measured using the dual-luciferase reporter system (Pro-
mega, USA).

Western blotting

Cellular proteins were extracted by harvesting cells and
lysing them in RIPA buffer (Solarbio, China). The BCA
Protein Assay kit (Beyotime, China) was employed to
quantify the cellular protein content. Subsequently, 30 pug
of protein samples were separated on 10% SDS-PAGE
and transferred onto a PVDF membrane via a wet trans-
fer apparatus (Bio-Rad, USA) for 1 h. Following a block-
ing step with 5% BSA at room temperature for 1 h, the
membrane was incubated overnight at 4 °C with primary
antibodies against PTEN (1:1000, sc-7974, Santa Cruz
Biotechnology, USA), tAKT (1:1000, sc-81434, Santa
Cruz Biotechnology, USA), pAKT (1:1000, sc-514032,
Santa Cruz Biotechnology, USA), or GAPDH (1:1000,
sc-47724, Santa Cruz Biotechnology, USA). Subse-
quently, the membranes were washed three times with
TBST buffer (10 min each) and incubated with an HRP-
labeled secondary antibody (ABconal, China) for 1 h at
room temperature. After additional washing, signals were
detected using an enhanced chemiluminescence (ECL)
kit (Beyotime, China), and the relative expression of each
protein was quantified using Image ] software (NIH,
USA).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 8 software (GraphPad Software, USA). Each
experiment was conducted in triplicate, and the results
are presented as the mean*SD from three independent
trials. The chi-square test was utilized to assess the cor-
relation between circLIFRSA expression and clinical
characteristics in lung cancer patients. Student’s t-test,
one-way ANOVA, and Pearson correlation analysis were
utilized for mean comparisons between groups. A signifi-
cance threshold of P<0.05 was applied to determine sta-
tistical significance across all analyses.

Results

CircLIFRSA is a new circular RNA with stable loop structure
To identify circRNAs associated with lung cancer, we
conducted an analysis of circRNA expression profiles in
cancer tissues and para-carcinoma tissues from lung can-
cer patients, utilizing microarray analysis (GSE126533).
Our investigation revealed a total of 7,081 differentially
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expressed circRNAs, comprising 3,924 that were down-
regulated and 3,157 that were upregulated (Fig. 1A).
From these, the top 100 circRNAs exhibiting significant
aberrant expression were selected for further examina-
tion (Fig. 1B). To maintain a degree of novelty, certain
previously reported circRNAs were excluded based on
a thorough literature review. Given the relationship
between parental gene information and tumorigenesis,
hsa_circ_0072298 was identified as significantly down-
regulated and was subsequently chosen for further study
(Fig. 1A). Hsa_circ_0072298 is derived from the leuke-
mia inhibitory factor receptor subunit alpha (LIFRSA)
gene, which produces 12 circular transcripts through
alternative splicing. According to circRNA sequenc-
ing data (GSE152434), hsa_circ_0072298 was found to
be the most abundant among the 12 circRNAs gener-
ated by LIFRSA (Fig. 1C). Furthermore, circLIFRSA
(hsa_circ_0072298) exhibited higher expression levels in
normal human lung epithelial cells compared to human
lung cancer cell lines, corroborating its downregula-
tion observed in tissue microarray analysis. As a result,
circLIFRSA was selected for further exploration of its
functional role and underlying mechanism in lung cancer
progression.

To validate the stability of loop circLIFRSA, we com-
pared it with its homologous linear counterpart, LIFRSA
mRNA (mLIFRSA), using divergent primer RT-qPCR
and actinomycin D treatment. CircLIFRSA, which is
located on chromosome 5 and spans 2,689 nucleo-
tides, was analyzed using divergent primers designed to
amplify a fragment containing the back junction site of
circLIFRSA, while convergent primers were employed
to amplify a partial fragment of mLIFRSA (Fig. 1D). The
results demonstrated that the divergent primers did not
yield a product when applied to genomic DNA (gDNA)
but successfully amplified a product containing the back
junction site from complementary DNA (cDNA), thereby
confirming the loop structure of circLIFRSA (Fig. 1E).
Additionally, the actinomycin D-mediated gene tran-
scription inhibition assay revealed that the half-life of cir-
cLIFRSA was significantly longer than that of mLIFRSA
(Fig. 1F). The findings substantiate that circLIFRSA,
characterized by its loop structure, exhibits enhanced
stability in comparison to the linear transcript mLIFRSA.

CircLIFRSA is downregulated and associated with various
clinicopathological characteristics in NSCLC

To assess the expression levels of circLIFRSA in NSCLC,
RT-qPCR was employed to evaluate its baseline expres-
sion in normal human bronchial epithelial (HBE) cells,
NSCLC cell lines, and tumor tissues. The results revealed
a significant downregulation of circLIFRSA in NSCLC
cell lines when compared to normal HBE cells (Fig. 2A).
The predominance of circLIFRSA in the cytoplasm of



Jiang et al. Molecular Cancer (2024) 23:208

A B

(Search circRNA array (GSE126533) from GEO DataSets)

Step 1.|Fold change| > 2, P <0.051

7081dysregulated circRNA
(3924 downregulated and 3157 upregulated)

Step 2. Expression level analysisl

(Top 100 dysregulated circRNAs)

Step 3. Unpublished and l
related with tumorigenesis

hsa_circ_0072298

Step 4. Investigate its parent genel

from circular RNA interactome
(LIFRSA produces 12 circRNA transcripts.j

____ = Bl As40
= — i!Z

e = 0 — hsa_circ_0072302

Page 5 of 14

C
I seAs2B

[~ hsa_circ_0072309
[~ hsa_circ_0072308
- hsa_circ_0072307
[~ hsa_circ_0072306
[~ hsa_circ_0072305
[~ hsa_circ_0072304
[~ hsa_circ_0072303

I Hccs2r

— hsa_circ_0072301
i-2 [~ hsa_circ_0072300
[~ hsa_circ_0072299

==h R hsa_circ_0072298
= 3 T T 1
o

15 10 5 0

- e circRNA abundance
Step 5. Search circRNA seql = = >
(GSE152434) from GEO DataSets 0 F
(hsa_circ_0072298 (circLIFRSA) is the highest) = =§ 157 Asa9 —@— circLIFRSA
T E—
D chr5:38482690-38530768 E z ~#- mLIFRSA
A549 e 5 1.0
M 53
1200 34
MLIFRSA S S Seemm—— — )
L 300 €3
O LSS T 100 £ So5-
"N D PLA O DPCO PO P ¢
) cDNA gDNA  cDNA  gDNA
e ainy CircLIFRSA GAPDH 0.0
circLIFRSA ) ’ T T

T T T
0 4 8 12 24h

Fig. 1 CircLIFRSA is a new circular RNA with stable loop structure. (A) Workflow of screening hsa_circ_0072298. (B) Heatmap of top 100 dysregulated
circRNAs. (C) Prediction of the abundance of all circRNA transcripts generated from LIFRSA via circular RNA interactome (step 4 in Fig. 1A). (D) Origin of
linear mLIFRSA and circular circLIFRSA. Arrows indicate the back junction site. (E) Agarose gel electrophoresis of circLIFRSA amplified by PCR in A549 cells.
Divergent primers can amplify circLIFRSA in cDNA but not in genomic DNA (gDNA). GAPDH was used as a negative control. (F) The relative RNA levels of
circLIFRSA and mLIFRSA were analyzed by RT-qPCR after treatment with actinomycin D at the indicated time points in A549. The half-life of circLIFRSA is

longer than that of mLIFRSA. ** P<0.01

NSCLC cells was confirmed through nuclear and cyto-
plasmic RNA fractionation, which demonstrated over
70% cytoplasmic localization (Fig. 2B). In patients with
NSCLC, circLIFRSA expression was significantly lower in
tumor tissues compared to adjacent para-carcinoma tis-
sues (Fig. 2C-E). Among the 101 cases analyzed, 9 cases
(8.9%) exhibited upregulation, 13 cases (12.9%) showed
no significant change, and 79 cases (78.2%) were down-
regulated (Fig. 2F). These results suggest that circLIFRSA
is expressed at low levels in NSCLC cells and tissues.

To further investigate the relationship between
reduced circLIFRSA expression and clinicopathologi-
cal characteristics, comprehensive clinicopathologi-
cal data from 74 lung cancer patients were collected,
and a chi-square analysis was perfomed. The analysis
revealed that circLIFRSA expression did not correlate
with age (P=0.1083), gender (P=0.1067), lesion location
(P=0.3074), body mass index (BMI) (P=0.0833), smoking
history (P=0.7899), metastasis (P=0.7115), TNM stage
(P=0.0564), CYFRA21-1 (P=0.12), CA199 (P=0.3511),
or CA125 (P=0.3575). However, decreased circLIFRSA
expression was significantly associated with tumor size
(P=0.0381), the number of tumors (P=0.0438), dif-
ferentiation grade (P=0.005), and pathological type

(P=0.0144) (Table 1). These findings suggest the poten-
tial clinical relevance of circLIFRSA in the context of
NSCLC.

Blood-derived circLIFRSA serves as an early diagnostic
biomarker for lung cancer

To evaluate the diagnostic performance of circLIFRSA,
we utilized RT-qPCR to quantify its expression levels in
whole blood samples from three groups: healthy indi-
viduals (n=49), individuals with benign lung diseases
(n=30), and patients diagnosed with lung cancer (n=60).
The demographics of the healthy controls and patients
with benign lung disease did not show significant cor-
relations with age (P=0.4115), gender (P=0.1738), BMI
(P=0.0965), or smoking status (P=0.2839) (Additional
file 2, Table S3). Following established methodologies
(as referenced in previous work [19]), a standard curve
was generated to determine the copies of circLIFRSA
in whole blood based on RNA concentration and cycle
threshold (Ct) values through gradient dilution (Fig. 3A).
Notably, circLIFRSA was detected at minimal levels in
the whole blood of healthy individuals. In contrast, there
was a slight increase in circLIFRSA copies in the whole
blood of patients with benign lung diseases compared
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to healthy controls. Importantly, patients with lung can-
cer exhibited an average of approximately 500 copies per
microliter of whole blood (Fig. 3B). ROC curve analysis
indicated that circLIFRSA achieved an area under the
curve (AUC) value of 0.8578 (95% CI: 0.7539-0.9616)
for differentiating benign lung diseases from lung can-
cer, with a sensitivity of 98.53% and specificity of 81.52%
(Fig. 3C). Furthermore, the ROC curve analysis demon-
strated that circLIFRSA yielded an AUC value of 0.7542
(95% CI: 0.7265-0.9481) for distinguishing early stage I
NSCLC from more advanced stages (II-IV), with a sensi-
tivity of 64% and specificity of 82%) (Fig. 3D). Therefore,
circLIFRSA has the potential to serve as an early diagnos-
tic biomarker for patients with NSCLC.

CircLIFRSA exerts inhibitory effects on the malignant
processes of NSCLC cells

Given the observed association between circLIFRSA
and tumor size in NSCLC patients (Table 1), we hypoth-
esized its role in the modulation of cancer cell growth. To
explore this hypothesis, we performed a gain-of-function
experiment targeting circLIFRSA to evaluate its impact

on cell growth and proliferation in A549 cells. The results
showed that the efficacy of circLIFRSA overexpression
(OE) was approximately 80 times greater than that of the
vector control group in A549 cells (Fig. 4A). The MTT
assay revealed that the overexpression of circLIFRSA sig-
nificantly inhibited cell growth in A549 cells (Fig. 4B). In
addition, the colony formation assay demonstrated that
circLIFRSA overexpression impeded the formation of cell
clones in A549 cells (Fig. 4C). These findings suggest that
the upregulation of circLIFRSA effectively suppresses
cell growth and proliferation. Regarding the effects of
circLIFRSA on cell apoptosis and cell cycle progression,
our results indicated that circLIFRSA overexpression
enhanced apoptosis in A549 cells (Fig. 4D). Nevertheless,
it is noteworthy that circLIFRSA overexpression did not
significantly influence DNA content or the cell prolif-
eration index (PI) at various stages in A549 cells (Addi-
tional file 1, Figure S3). Consequently, while circLIFRSA
appears to induce cell apoptosis, it does not appear to
affect cell cycle progression in NSCLC.
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Table 1 Correlations between circLIFRSA expression and clinical
characteristics

Parameters Expression of Pvalue
circLIFRSA
Cases  High Low

Age 0.1083
<55 M 8 3
>55 63 28 35

Gender 0.1067
Male 44 18 26
Female 30 18 12

Lesion location 0.3074
Right 49 24 25
Left 23 10 13
Bilateral 2 2 0

BMI 0.0833
<22 36 16 20
>22 38 20 18

Smoking history 0.7899
Yes 32 15 17
No 42 21 21

Tumor size(cm) 0.0381*
<2 46 27 19
=2 28 9 19

Numbers of tumor 0.0438*
Solitary 64 28 36
Multiple 10 8 2

Metastasis 0.7115
Yes 8 3 5
No 66 33 33

TNM stage 0.0564
1711 66 35 31
/v 8 1 7

Differentiation grade 0.005**
High 39 25 14
Low 35 Il 24

Pathological type 0.0144*
Squamous carcinoma 25 7 18
Adenocarcinoma 45 28 17
Other type 4 1 3

Serum CYFRA21-1 0.12
<33 49 27 22
>33 25 9 16

CA199 03511
>35 70 33 37
=35 4 3 1

CA125 03575
>35 68 35 33
=35 6 1 4

*P<0.05,** P<0.01

CircLIFRSA interacts and negatively correlates with miR-
1305

Given its predominant localization in the cytoplasm
(Fig. 2B), we speculated that circLIFRSA may function
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as a miRNA sponge. Potential miRNAs associated with
circLIFRSA were predicted using bioinformatics tools,
including TSCD, circBank, and circular RNA interac-
tome. Venn diagram analysis revealed that miR-1305 is
the sole candidate miRNA capable of binding to circLI-
FRSA (Fig. 5A). This interaction between circLIFRSA and
miR-1305 was further validated through dual-luciferase
activity assays, which demonstrated binding to core ele-
ments (Fig. 5B). Furthermore, miR-1305 was found to be
significantly upregulated in NSCLC cells compared to
HBE cells (Fig. 5C). Notably, the overexpression of cir-
cLIFRSA resulted in a marked downregulation of miR-
1305 expression in A549 cells (Fig. 5D). Additionally,
elevated levels of miR-1305 were detected in NSCLC
tumor tissues in comparison to adjacent tissues (Fig. 5E-
G). Among 39 NSCLC cases analysed, 29 cases (74.4%)
exhibited upregulation of miR-1305, 1 case (2.5%)
showed no change, and 9 cases (23.1%) demonstrated
downregulation (Fig. 5H). Moreover, a negative correla-
tion between circLIFRSA and miR-1305 was observed in
NSCLC patients (Fig. 5I), indicating an interaction char-
acterized by inverse expression levels.

To further explore the prognostic significance of miR-
1305, bioinformatic analysis was performed utilizing the
RNA transcriptome database and the Encyclopedia of
RNA interactome. The results indicated that miR-1305
expression was elevated in both lung adenocarcinoma
(LUAD) and lung squamous cell carcinoma (LUSC) tis-
sues compared to adjacent para-carcinoma tissues (Addi-
tional file 1, Figure S4A). Survival curve analysis revealed
that LUAD patients with high miR-1305 expression expe-
rienced poorer survival outcomes compared to those
with low miR-1305 expression (P<0.05) (Additional file
1, Figure S4B). However, no significant difference in the
overall survival (OS) rate was observed between high and
low miR-1305 expression groups among LUSC patients
(Additional file 1, Figure S4B). These findings suggest
that miR-1305, as an intermediary for circLIFRSA, may
serve as a risk factor for the prognosis of LUAD patients.

CircLIFRSA suppresses the malignant processes by
regulating miR-1305

To investigate whether the influence of circLIFRSA on
cellular phenotypes is mediated by its interaction with
miR-1305, co-transfection experiments involving circLI-
FRSA and miR-1305 were conducted in NSCLC cells.
The MTT assay demonstrated that miR-1305 facilitated
cell growth, while circLIFRSA attenuated the growth-
promoting effect of miR-1305 in A549 cells (Fig. 6A).
In terms of cell colony formation, the results indicated
that miR-1305 enhanced cell proliferation, whereas cir-
cLIFRSA diminished this promoting effect of miR-1305
on cell proliferation (Fig. 6B). Regarding cell apoptosis,
flow cytometry analysis revealed that miR-1305 inhibited
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apoptosis compared to the control group. In addition,
circLIFRSA was found to partially rescue the inhibitory
effect of miR-1305 on apoptosis (Fig. 6C). However, it
was observed that neither miR-1305 alone nor the simul-
taneous overexpression of circLIFRSA and miR-1305
significantly affected cell cycle progression (Additional
file 1, Figure S5). These findings suggest that circLIFRSA
suppresses malignant cellular phenotypes by sequester-
ing miR-1305.

CircLIFRSA/miR-1305/PTEN regulatory axis modulates AKT
phosphorylation

To identify potential target genes of miR-1305, we uti-
lized a bioinformatics tool to predict candidates with
complementary sequences to miR-1305 (miRbase,
https://www.mirbase.org). Among the top 14 candidates
selected for batch gene expression analysis at ACLBI
(https://www.aclbi.com/static/index.htmL), PTEN,
TP53BP1, and SPOP exhibited low expression in NSCLC

(Fig. 7A). Considering that miRNAs typically exert a
negative regulatory effect on their target genes, we trans-
fected miR-1305 into NSCLC cells and assessed the
expression levels of PTEN, TP53BP1, and SPOP. Notably,
PTEN demonstrated the most significant downregula-
tion among the four candidates (Fig. 7B). Subsequently,
we predicted the potential binding sites between miR-
1305 and the 3’ untranslated region (3'UTR) of PTEN
using SnapGene (https://www.snapgene.com) (Fig. 7C).
A dual-luciferase activity assay confirmed the direct tar-
geting of PTEN 3'UTR by miR-1305 (Fig. 7D), thereby
implicating the circLIFRSA/miR-1305/PTEN regulatory
axis in the malignant processes of NSCLC.

To elucidate the downstream signaling cascade asso-
ciated with the circLIFRSA/miR-1305/PTEN axis, we
focused on the AKT signaling effectors downstream of
PTEN. Western blot analyses indicated that circLIFRSA
overexpression led to an upregulation of PTEN and
total AKT (tAKT), accompanied by a downregulation of
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phosphorylated AKT (pAKT) (Fig. 7E).In contrast, cir-
cLIFRSA knockdown resulted in decreased PTEN levels
and increased pAKT levels, with no significant change in
tAKT levels (Fig. 7F). Notably, treatment with miR-1305
mimics resulted in reduced PTEN expression alongside
elevated pAKT levels (Fig. 7G). Furthermore, co-overex-
pression of circLIFRSA and miR-1305 demonstrated that
circLIFRSA attenuated the inhibitory effect of miR-1305
on PTEN expression (Fig. 7H). Collectively, these finding
suggest that the circLIFRSA/miR-1305/PTEN axis plays
a regulatory role in AKT phosphorylation, thereby influ-
encing the malignant cellular processes (Fig. 7I).

Discussion

While the splicing efficiency of linear RNA is generally
superior to that of reverse splicing across most endog-
enous loci [22], circRNA exhibits enhanced stability and

rapid turnover kinetics compared to linear transcripts,
which facilitates its substantial accumulation in tissues
[23]. This study has identified a novel circRNA associ-
ated with NSCLC, derived from LIFRSA, and established
a correlation between circLIFRSA and lung cancer. Cir-
cLIFRSA is a circular RNA formed through reverse splic-
ing between exon 2 and exon 19 of LIFRSA, resulting in
a closed circular RNA molecule. Comprehensive stability
assessments, utilizing actinomycin D assays, indicated
that circLIFRSA possesses a significantly longer half-
life than mLIFRSA, highlighting its potential as a robust
biomarker.

The stability of biomarkers is crucial for liquid biopsy
applications aimed at the early detection of cancer.
CircRNA has emerged as a promising avenue for bio-
marker discovery due to its high conservation [24], tis-
sue specificity [25], temporal specificity [26], and high
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stability [27]. For instance, circGSK3p demonstrated diagnosis and 0.793 for early ESCC diagnosis [28]. Con-
consistent and elevated expression in the plasma of versely, circSATB2 exhibited consistent and elevated
patients diagnosed with esophageal squamous cell car-  expression levels in exosomes derived from lung can-
cinoma (ESCC), achieving an AUC of 0.782 for ESCC  cer patients, with an AUC of 0.685 for differentiating
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between metastatic and non-metastatic lung cancer [29].
Additionally, circCDYL2 is significantly upregulated in
trastuzumab-resistant breast cancer (BC), particularly
in the HER2 +subtype, where lower levels of circCDYL2
correlate with prolonged disease-free survival and overall
survival compared to patients with higher levels. Conse-
quently, circCDYL2 presents as a promising biomarker
for identifying trastuzumab resistance in HER2+BC
patients [30]. In the present work, circLIFRSA was found
to have low expression in NSCLC tissues but was highly
expressed in whole blood. This observation suggests that
circLIFRSA may be actively transported from cancer
cells into peripheral blood through specific mechanisms,
such as exosomal transmission. Likewise, circLPAR1
showed low expression in colon cancer cells and tissues,
yet exhibited high expression in plasma exosomes, with
further analysis confirming its active packaging into exo-
somes and release from cancer cells. This indicates that
circLPAR1 can be detected in plasma exosomes during
the disease progression of colon cancer [31]. Therefore,
the elevated expression of circLIFRSA in whole blood
may result from the active efflux of cancer cells, closely
associated with NSCLC development. Notably, the AUC
for circLIFRSA in distinguishing benign lung diseases
from NSCLC reached 0.8578. Taken together, these

findings suggest that circLIFRSA is stable in peripheral
blood and may serve as a promising biomarker for liq-
uid biopsy in NSCLC diagnosis. Furthermore, the efflux
of tumor suppressor molecules from cancer cells may
represent a novel strategy for targeted therapy, offer-
ing new insight into translational research. However, to
enhance the reliability of circLIFRSA’s potential clinical
application in cancer diagnosis, it is essential to address
limitations related to larger sample size, comprehensive
subgroup analyses, and the need for further validation in
prospective cohorts.

CircRNAs, which are stable and detectable in biologi-
cal fluids, present significant potential as biomarkers for
innovative diagnostic and prognostic methodologies
due to their correlation with various clinicopathological
characteristics [32]. Nonetheless, the majority of exist-
ing studies on circRNAs as biomarkers, including our
research, has primarily engaged in limited discovery
verification. There is a notable deficiency of prospective
cohort studies and clinical trials in this area [33]. Conse-
quently, substantial progress is required to translate cir-
cRNA detection into actionable clinical decisions.

The relationships between circRNA expression and
clinicopathological characteristics frequently suggest
their influence on cellular phenotypes and underlying
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molecular mechanisms. For example, hsa_circ_0002577,
which is upregulated and correlated with the TNM stage
of endometrial cancer, has been shown to promote tumor
growth and metastasis. Experimental studies conducted
both in vitro and in vivo have demonstrated its func-
tion as a sponge for miR-625-5p, resulting in enhanced
expression of IGFIR and subsequent activation of the
AKT pathway [34]. In the context of triple-negative
breast cancer (TNBC), hsa_circ_0000199 is significantly
overexpressed and associated with tumor size, TNM

stage, and Ki-67 levels. Mechanically, it acts as a sponge
for miR-613 and miR-206, thereby activating the PI3K/
AKT/mTOR signaling pathway, which facilitates cell
proliferation, migration, invasion, and contributes to
resistance to chemotherapy [35]. In patients with BC,
hsa_circ_001569 is associated with lymph node metas-
tasis and pathological type, serving as an independent
prognostic factor for the 5-year overall survival rate.
Enrichment analyses indicate that hsa_circ_001569
likely modulates cellular functions via the PI3K/AKT
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pathway [36]. CircHIPK3, which is elevated in BC and
linked to patient prognosis, promotes BC cell prolifera-
tion, migration, invasion, and tumor growth through the
miR-193a/HMGB1/PI3K/AKT pathway [37]. In hepa-
tocellular carcinoma (HCC), circIGFIR is upregulated
and correlated with tumor size, playing a critical role in
cellular processes. The knockdown of circIGFIR signifi-
cantly inhibits cell proliferation, induces apoptosis, and
causes GO/G1 cell cycle arrest through AKT activation
[38]. In our study, circLIFRSA’s associations with tumor
size (P=0.0381), tumor count (P=0.0438), differentia-
tion grade (P=0.005), and pathological type (P=0.0144)
indicate its potential function as a tumor suppressor in
NSCLC. Gain-of-function experiments were performed
in NSCLC cells to clarify the impact of circLIFRSA on
malignant phenotypes. The findings revealed that circLI-
FRSA inhibits cell growth and proliferation while induc-
ing apoptosis, without affecting cell cycle progression.

The subcellular localization of circRNAs significantly
influences their functional modalities and mechanisms,
which are contingent upon their specific intracellular
distribution. For example, circACTN4 predominantly
sequesters miR-424-5p in the cytoplasm, functioning as
a miRNA sponge that subsequently enhances the expres-
sion of Yes-associated protein 1 (YAP1). In the nuclear
compartment, circACTN4 facilitates the recruitment
of Y-box binding protein 1 (YBX1), thereby initiating
the transcription of Frizzled-7 (FZD7) [5]. Given that
circLIFRSA is primarily localized in the cytoplasm, we
hypothesized that its functional role is predominantly
mediated through the ceRNA mechanism. The predicted
interaction between circLIFRSA and miR-1305 was
substantiated by dual luciferase reporter assays. Inter-
estingly, miR-1305, which is highly expressed and asso-
ciated with poor prognosis in LUAD patients, exhibits
an antagonistic role relative to circLIFRSA. Analysis of
a limited clinical cohort (n=39) revealed a negative cor-
relation between the expression levels of circLIFRSA and
miR-1305.

PTEN, a well-established tumor suppressor, inhib-
its AKT phosphorylation [39]. The loss of function of
tumor suppressor is frequently observed in NSCLC [40].
CircRNAs may play a role in modulating the AKT sig-
naling pathway. In NSCLC, circGFRAL1 is found to be
highly expressed in tumor tissues and acts as a sponge
for miR-188-3p, leading to the upregulation of PI3K
and subsequent activation of the PIBK/AKT pathway,
thereby promoting cell proliferation [41]. In addition,
circRNA_100876 [42] and hsa_circ_0018818 [43] have
been implicated in the regulation of malignant processes
through modulation of AKT signaling in NSCLC. In our
work, we demonstrated that miR-1305 negatively regu-
lates PTEN, which in turn activates AKT phosphory-
lation. Interestingly, circLIFRSA functions as a tumor
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suppressor by upregulating PTEN and counteracting
the downregulation of PTEN induced by miR-1305. In
essence, circLIFRSA competes with PTEN for binding
to miR-1305, leading to the upregulation of PTEN, inhi-
bition of AKT phosphorylation, and ultimately the sup-
pression of malignant phenotypes in NSCLC.

In summary, we have identified circLIFRSA as a novel
tumor suppressor, elucidating its role in attenuating
malignant processes through the circLIFRSA/miR-1305/
PTEN axis and the regulation of AKT phosphorylation in
NSCLC. Furthermore, the elevated expression of circLI-
FRSA in peripheral blood presents promising diagnostic
potential for differentiating NSCLC from benign lung
disease, positioning it as a prospective biomarker and
therapeutic target for the management of NSCLC.
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