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Background: Lung cancer is one of the most lethal types of cancer, and effective
diagnostic biomarkers are required. There is increasing evidences that exosome-
secreted IncRNAs could play an important role in lung cancer diagnosis.
However, the diagnostic value and molecular mechanism of the key IncRNA
PITPNA-ASL in lung cancer remain unclear.

Methods: gRT-PCR was conducted to determine the levels of exosomal IncCRNA
PITPNA-ASL in pleural effusions from lung adenocarcinoma, squamous cell lung
carcinoma, and small cell lung cancer patients. Receiver operating characteristic
(ROC) curve analyses were used to evaluate the diagnostic accuracy of PITPNA-
AS1. Its role in lung cancer development was determined by a series of
experiments, including CCK-8, flow cytometry, and transwell assays. RNA pull-
down and RNA immunoprecipitation assays were carried out to examine the
interaction between PITPNA-AS1 and Fragile X messenger ribonucleoprotein
1 (FMR1).

Results: We discovered PITPNA-AS1 in exosomes from lung cancer patients. Its
expression was significantly increased in lung cancer patients compared to non-
cancer patients, and it was strongly associated with tumor stage, lymph node
metastasis, and distant metastasis in all lung cancer subtypes assessed (all
p<0.05). ROC curve analyses demonstrated that exosomal PITPNA-AS1 had a
high accuracy for differentiating among lung cancer subtypes. Furthermore,
PITPNA-AS1 boosted H1299 and A549 cell proliferation, migration, and
invasion. Mechanistically, via direct interaction, PITPNA-AS1 increased FMR1
stability by preventing its ubiquitination.

Conclusions: These results reveal that exosome-derived IncRNA PITPNA-AS1
acts as an oncogene to promote malignant biological behaviors and is a
promising diagnostic biomarker in lung cancer.
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Introduction

With the increasing number of smokers and serious air
pollution, lung cancer is the most common cause of cancer-
related death worldwide (1, 2). Lung cancer is traditionally
divided into small cell lung cancer (SCLC, approximately 15%)
and non-small cell lung cancer (NSCLC, approximately 85%), of
which lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma (LUSC) are the most common subtypes (3, 4). Despite
continuous improvements in lung cancer treatment being made
over many decades, only a small number of patients benefit from
these therapies and 5-year survival rates are still below 20% (5). Due
to the lack of specific clinical manifestations and rapid cancer
progression, most patients with lung cancer are diagnosed at an
advanced stage, which gains greater difficulties in the cancer
therapy. Hence, it is important to identify biomarkers with high
sensitivity and specificity for distinguish lung cancer from non-
cancer conditions at an early stage.

Exosomes, 30-100 nm in diameter, act as bridges for
intercellular communication by delivering messages in the form
of proteins, lipids, and nucleic acids (mRNAs and noncoding
RNAs) (6, 7). Recent discoveries regarding the tumor
microenvironment in cancer patients have highlighted the
relevance of exosomes in tumorigenesis and tumor progression
(8-10). As tumors progress, the cargo in exosomes can be
dynamically distributed throughout the body, and this cargo can
be involved in tumor progression (11, 12). For instance, cancer cells
can suppress immune functions by triggering apoptosis and
exhaustion of various immune effector cells via the release of
tumor-derived exosomal cargo, such as transforming growth
factor (TGF)-B (13), FasL (14), and TRAIL (15). However,
exosomal miR-BART6-3p has been shown to inhibit cancer cell
metastasis and invasion by targeting LOC553103 (16). Thus,
exosomes have gained increasing attention as critical elements in
tumorigenesis and oncotherapy responses.

Long noncoding RNAs (IncRNAs) are typically more than 200
nucleotides in length and function as regulators of protein-coding
genes (17). Notably, they can also be released from cells in exosomes
and act as intercellular messengers. Recent researches have shown
that exosomal IncRNAs can induce angiogenesis and regulate
tumor cell apoptosis, proliferation, and migration (17, 18). For
instance, the pituitary tumor-transforming 3 pseudogene
(PTTG3P) is upregulated in hepatocellular carcinoma (HCC),
functioning as an oncogene (19). Additionally, hypoxic exosomes
participate in bladder tumor growth and development by secreting
the IncRNA UCAL1 (20). Thus, IncRNAs are emerging as potential
diagnostic biomarkers in multiple cancers (21, 22).

Here, we investigated the diagnostic accuracy of IncRNA
PITPNA-ASI for differentiating among lung cancer subtypes, as
well as its contribution to lung cancer progression and the
underlying mechanism. Our results indicate that exosomal
IncRNA PITPNA-ASI is a promising biomarker for lung cancer
diagnosis, and it may contribute to developing prognostic tools and
therapeutic strategies for lung cancer.
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Materials and methods
Patients and clinical samples

This study involved patients who were histopathologically
diagnosed with lung cancer from February 2017 to February 2019
at Lishui Hospital of Zhejiang University. The exclusion criteria
were as follows: malignant pleural effusions caused by lung
metastasis; other cancers, systemic connective tissue disease,
rheumatic disease, severe liver or kidney insufficiency, severe
hypoproteinemia, severe heart failure; and leakage of lung
cancer. Based on pathological stage classification according to
the patients’ medical records, patients with SCLC were divided
into stage I-II (15 cases) and III-IV (29 cases); patients with
LUAD were divided into stage I-II (17 cases) and III-IV (31
cases), and patients with LUSC were divided into stage I-1I (14
cases) and ITI-IV (26 cases). In addition, we enrolled non-cancer
patients (i.e., free of cancer at enrollment) exhibiting massive
pleural effusion (50 cases), comprising 13 cases of tuberculous
pleurisy, 22 cases of pneumonia, 9 cases of lung abscess, and 6
cases of chest trauma. There were no significant differences in
gender or age between the cancer and non-cancer patients
(p >0.05). Patients demographic are presented in Table 1.
The study was approved by the ethics committee of Lishui
Hospital of Zhejiang University. All participants provided
informed consent.

Exosome isolation and identification

Pleural effusions from lung cancer and non-cancer patients
were ultra-centrifuged at 100,000 g for 120 min at 4°C. Next, the
exosomes were purified according to a previously described
standard protocol(29). The exosomes were observed by
transmission electron microscopy (TEM; JEM-2100; Jeol, Japan).
Nanoparticle tracking analysis (NTA) was performed using a
Malvern Zetasizer Nano ZS90 system (Malvern Panalytical,
Shanghai, China) to assess the concentration and size of

the exosomes.

Cell lines and culture

The human lung cancer cell lines H1299 and A549 were
purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). These cells were cultured at 37°C in
5% CO2 in Roswell Park Memorial Institute (RPMI) 1640 medium
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS, Biological Industries, Israel).

Plasmid construction and cell transfection. Specific siRNAs
targeting IncRNA PITPNA-ASI (si-PITPNA-AS1#1/2) and
negative control siRNA (si-NC) were synthesized by GenePharma
(Shanghai, China). H1299 and A549 cells were seeded in 6-well
plates and transfected with the siRNAs (40 nM) using
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TABLE 1 Patient characteristics.

Benign Disease

Characteristic (n=50)

10.3389/fimmu.2025.1539557

Lung Cancer

SCLC (n=44)

LUAD (n=48) LUSC (n=40)

Age in years Median (range) 62 (57-67.25) 61.5 (57-64) 66.5 (60.25-71) 65 (59.25-68)
Gender

Male 33 (66%) 29 (65.91%) 28 (58.33%) 14 (35%)

Female 17 (34%) 15 (34.09%) 20 (41.67%) 26 (65%)
Smoking status

Yes 29 (58%) 26 (59.09%) 31 (64.58%) 25 (62.5%)

No 21 (42%) 18 (40.91%) 17 (35.42%) 15 (37.5%)
Stage

-1 / 15 (34.09) 17 (35.42%) 14 (35%)

-1V / 29 (55.91%) 31 (54.58%) 26 (65%)
Lymph metastasis

Yes / 31 (70.45%) 25 (50.83%) 28 (70%)

No / 13 (28.55%) 13 (49.17%) 12 (30%)
Distal metastasis

Yes / 14 (31.82%) 9 (18.75%) 10 (25%)

No / 30 (58.18%) 39 (81.25%) 30 (75%)

ECOG, Eastern cooperative oncology group; SCLC, small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

Lipofectamine 2000 (Invitrogen) following the manufacturer’s
instructions. Thereafter, the cells were cultured for 24 h and then
subjected to quantitative real-time (qQRT)-PCR analysis. The target
sequences were as follows: si-PITPNA-AS1#1: GCA GGG TGG
ATA AAG AGG AAG ATG T; si-PITPNA-AS1#2: CCT CTT CCT
AAT CCT GCC CTG GTA A; and si-NC: UGG UGA GAA AUU
UAU UCA CAA A. Short hairpin RNAs (shRNA) specifically
targeting PITPNA-AS1 and control shRNA were constructed by
GenePharma (Shanghai, China). The cells were infected by
lentivital-conditional medium to stably downregulated PITPNA-
AS1 according to the manufacturers” advice.

Western blotting

A549 and H1299 cells were harvested using radioimmunoprecipitation
assay (RIPA) buffer on ice for 30 min. Total protein was then
extracted by centrifugation. Equal amounts of protein (20-40 ug)
were subjected to 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE; Biosharp), transferred to 0.22-mm
polyvinylidene fluoride (PVDF) membranes (Millipore, USA),
and probed with primary antibodies (Abcam, Cambridge, UK)
against the exosomal marker CD9 (ab92726, 1: 1000), the
exosomal marker CD63 (ab134045, 1: 2000), Fragile X
messenger ribonucleoprotein 1 (FMRI; ab17722, 1: 1000), or
tubulin (ab6046, 1: 500) at 4°C overnight. After incubation with
horseradish peroxidase-conjugated goat anti-mouse IgG H&L
antibody (ab205719, 1: 10000; Abcam) for 2 h, the PVDF
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membranes were washed three times with phosphate-buffered
saline and visualized using a chemiluminescence system.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; ab8245,
1: 10000) served as the internal control.

RNA extraction and qRT-PCR

Total RNA was extracted from exosomes and A549 and H1299
cells using Trizol Reagent (Takara Bio Inc., Japan) according to the
standard protocol. 1 g mRNA was used for reverse transcription
using a Prime Script RT Reagent Kit (Takara Bio Inc.). gqRT-PCR
was conducted with a Mastercycler® pro (Eppendorf, Hamburg,
Germany) using SYBR Green (Bio-Rad, China) using the following
program: 94°C for 30 s and 40 cycles of 55°C for 1 min and 72°C for
30 s. GAPDH was used as the reference gene in parallel reactions.
The primer sequences were shown in Supplementary Table S1.

Cell proliferation assay

H1299 and A549 cells were seeded in each well of a 96-well plate
and cultured overnight at 37°C with or without co-incubation with
exosomes from lung cancer patients for 24 and 48 h. Thereafter,
10 pl CCK8 reagent was added for an extra 4 h of incubation. The
absorbance (optical density) at 450 nm was then assessed using a
microplate spectrophotometer (Thermo Fisher Scientific, Inc.).
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Apoptosis assay

Apoptosis was evaluated using an Annexin V-FITC Apoptosis
Detection Kit (Beyotime Biotechnology) and flow cytometry
following the manufacturer’s protocols. A549 and H1299 cells
were cultured with or without co-incubation with exosomes. They
were then incubated in binding buffer, followed by staining with
Annexin V-FITC solution (200 puL) and PI solution (10 uL).
Annexin Vstains the membranes of early-stage apoptotic cells
(green) and PI stains the nuclei of advanced-stage apoptotic cells
or necrotic cells (red). Data were analyzed using FlowJo software
(Becton, Dickinson & Company).

Transwell assay

To assess exosome function, A549 and H1299 cells were
incubated with or without exosomes for 24 h. The cells were then
suspended in FBS-free medium and seeded in 24-well transwell
plates with inserts for migration assays. The inserts were free of
serum, whereas the lower chamber contained 10% FBS. After 24 h,
the cells on the lower surface of the membrane were fixed and
stained according to the manufacturer’s instructions.
Representative fields were photographed under a light microscope
(200x) and the numbers of migrated cells in four random visual
fields were counted. Each experiment was repeated three times.

RNA immunoprecipitation assay

The interaction between IncRNA PITPNA-AS1 and RNA-
binding protein FMRI1 was assessed using an RIP assay kit
according to the manufacturer’s instructions (Guangzhou
Geneseed Biotechnology Co., Ltd, Guangzhou, China). Cell
lysates were generated using complete RIP lysis buffer with
DNase I and RNase A inhibitor and then cultured with protein
A/G and 5 pg anti-PITPNA-AS1 antibody (Millipore) or
nonspecific IgG (Millipore) at 4°C overnight. Thereafter, the cell
lysates were eluted using washing buffer and elution buffer three
times, respectively. Proteinase K was employed to isolate the bound
RNAs, which were then subjected to qRT-PCR.

RNA pull-down assay

RNA pull-down assay was performed to verify the interaction
between IncRNA PITPNA-AS1 and FMRI using an RNA pull-
down assay kit according to the manufacturer’s instructions
(Guangzhou Bersin Biotechnology Co., Ltd, Guangzhou, China).
Cell lysates were incubated with biotinylated PITPNA-AS1 sense
probe, PITPNA-AS] anti-sense probe, or negative control. RNA-
protein complexes were isolated using streptavidin agarose
magnetic beads (Bersin Biotechnology). The level of FMR1 in the
complexes was assessed by western blotting.
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Database analyses

The targets of PITPNA-AS1 were predicted using the RNA
Interactome Database (www.rna-society.org/rnainter/home.html).
Using the Protein Lysine Modification Database (PLMD, http://
plmd.biocuckoo.org/), the lysine modification sites of FMRI
were assessed.

Statistical analysis

The pathological results of biopsy or surgical specimens were
used as the gold standard for diagnosis. Receiver operating
characteristic (ROC) curve analyses were used to evaluate the
diagnostic accuracy of IncRNA PITPNA-ASI. Area under the
curve (AUC) >0.5 was considered to indicate diagnostic value. All
data from triplicate assays are presented as mean * SD. Student’s t-
test was used to assess significant differences between pairs of
groups. One-way analysis of variance (ANOVA) with Tukey’s test
was used to assess significant differences among multiple groups.
Two-tailed p<0.05 was considered to indicate significant differences.

Results

Exosomal PITPNA-ASI was strikingly increased in the pleural
effusions from lung cancer patients. Extracellular vesicles from the
pleural eftusions of 15 lung cancer patients (5 per with SCLC,
LUAD, LUSC) and 5 non-cancer patients were isolated by
ultracentrifugation, and they were demonstrated to be high-
quality exosomes according to the following observations (8, 23,
24). Visualization using transmission electron microscopy (TEM)
demonstrated that the extracellular vesicles were oval-shaped
(Figure 1A). The Malvern Zetasizer Nano ZS90 system indicated
that their diameters were 50 - 150 nm (Figures 1B, C). CD63 and
CD9 expression was observed in the exosomes using western
blotting (Figure 1D).

Accumulated evidence has revealed that exosomal IncRNAs
regulate tumorigenesis. By reviewing the recent literature on cancer-
associated IncRNAs, we selected 20 IncRNAs for further analysis,
comprising IncRNA DLEU2, IncRNA UCAIL, IncRNA CCAT2,
IncRNA AC020978, IncRNA NNT-ASI, IncRNA SLC16A1-
AS1, IncRNA SLC7A11-AS1, IncRNA SNHG3, IncRNA
PITPNA-AS1, IncRNA PSMA3-AS1, IncRNA LINC00520, IncRNA
HOXA11-AS, IncRNA GMDS-AS1, IncRNA SBF2-ASI,
IncRNA SNHG16, IncRNA ZXF1, IncRNA FTX, IncRNA LUCAT]I,
IncRNA LINCO00857, and IncRNA TM4SF1-AS1. The expression of
these IncRNAs in exosomes from 20 plural effusion samples (from 15
lung cancer patients and 5 non-cancer patients) was shown in the
clustering heatmap (Figure 1D). Based on the relative IncRNA
expression level, the list of 20 IncRNAs of interest was narrowed
down to 11 (Figure 1F). These 11 IncRNAs comprised IncRNA-
AC020978, IncRNA NNT-ASI, IncRNA SLC16A1-AS1, IncRNAs
PITPNA-ASI, IncRNA PSMA3-ASI, IncRNA LINC00520, IncRNA
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FIGURE 1

Exosomes were isolated from pleural effusions, and IncRNA PITPNA-AS1 was found to be enriched in the exosomes from lung cancer patients.

(A) Representative transmisson electron microscopy images of exosomes from 15 lung cancers (5 per with SCLC, LUAD, LUSC) and 5 patients with
benign disease. Scale bar: 100 nm. (B, C) Distribution of exosomes with diameters of 50-150 nm assessed using a Malvern Zetasizer Nano ZS90
system in benign disease group (B) and lung cancer group (C). (D) Level of indicated proteins in exosomes and supernatant from 15 lung cancers
and 5 patients with benign disease. (E) Fold changes of IncCRNA expression. The expression of each IncRNA in benign disease group was normalized
to 1. 1-20 indicates IncRNA DLEU2, IncRNA UCAL, IncRNA CCAT2, IncRNA-AC020978, IncRNA NNT-AS1, IncRNA SLC16A1-AS1, IncRNA SLC7A11-
AS1, IncRNA SNHG3, IncRNAs PITPNA-AS1, IncRNA PSMA3-AS1, IncRNA LINC00520, IncRNA HOXA11-AS, IncRNA GMDS-AS1, IncRNA SBF2-AS1,
INncRNA SNHG16, IncRNA ZXF1, IncRNA FTX, IncRNA LUCATL, IncRNA LINC00857, and IncRNA TM4SF1-AS1, respectively. (F) Clustering heatmap of
the expression of 20 IncRNAs in exosomes from 20 plural effusion samples. Each column represents one sample and each row represents one
IncRNA. Gene expression in shown in red (upregulation) and green (downregulation). ID B1-B5 represents 5 patients with benign disease. ID L1-L15
represents 15 patients with lung cancer. The data are expressed as mean + SEM.
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GMDS-ASI, IncRNA SBF2-AS1, IncRNA SNHGI16, IncRNA
LUCAT]I, IncRNA LINC00857, and IncRNA TM4SF1-AS1, which
were all significantly changed in the lung cancer patients compared to
the non-cancer patients. Among these, the IncRNA PITPNA-ASI had
the highest significance and was remarkably increased in the lung
cancer patients (Figure 1E). This IncRNA is smaller than the other
IncRNAs and has gained more attention in the field of cancer research.
Thus, the exosomal PITPNA-ASI level was significantly and
dramatically elevated in lung cancer, and it was subjected to
further analysis.

Exosomal PITPNA-AS1 in pleural effusions
was positively associated with lung cancer
pathological stage

To further evaluate the association between the exosomal
PITPNA-ASI level and lung cancer, we analyzed a validation cohort
of 178 patients (50 non-cancer, 42 SCLC, 46 LUAD, and 40 LUSC
patients). The quantitative comparison demonstrated that patients
with the various lung cancer subtypes have higher exosomal PITPNA-

Frontiers in Immunology

05

AS1 levels than non-cancer patients (Figure 2A). Interestingly, there
were significantly different levels among the patients with different
lung cancer subtypes. Compared to non-cancer patients, the fold
changes in patients with SCLC, LUAD, and LUSC were 2.80, 2.13, and
1.63, respectively. This suggests that the exosomal PITPNA-AS]I level
might contribute to the pathological lung cancer subtype. On the basis
of the medical records on tumor stage, patients with different lung
cancer subtypes were divided into two groups, which represented the
early (I-II) and advanced (III-IV) stages. We then investigated
whether the exosomal PITPNA-ASI level was associated with
tumor stage in the lung cancer subtypes. Our analysis revealed that
the exosomal PITPNA-ASI level was lower at stage I-II than stage ITI-
IV stage for SCLC, LUAD, and LUSC (all p <0.01, Figures 2B-D). The
associations between exosomal PITPNA-ASI levels and lung cancer
clinicopathological features are presented in Table 2. For SCLC
patients, exosomal IncRNA PITPNA-ASI level was related to tumor
stage, lymph node metastasis, and distant metastasis (all p <0.05). The
rates of exosomal IncRNA PITPNA-ASI positivity in SCLC, LUAD,
or LUSC at stage III-IV were 65.5%, 71.0%, and 69.2%, respectively.
Among the SCLC patients with high IncRNA PITPNA-AS]I levels, the
proportions of patients with lymph node metastasis and distant
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FIGURE 2

LncRNA PITPNA-ASL is closely related to pathological stage in various lung cancer subtypes. (A) gRT-PCR analysis of INcRNA PITPNA-AS1 levels in
50 non-cancer patients, 42 SCLC patients, 46 LUAD patients, and 40 LUSC patients. (B-D) IncRNA PITPNA-AS1 levels in stage -1l and llI-1V SCLC
(B), LUAD (C), and LUSC (D). Statistical significance of between-group differences was determined by two-tailed Student’s t-tests. **p<0.01 vs. non-
cancer cases or stage |-Il. ##p<0.01 vs. SCLC. §&p<0.01 vs. LUAD.

TABLE 2 The correlation between differentially expressed exo-PITPNA-AS1 and clinicopathological characteristics of patients with SCLC, LUAD
and LUSC.

SCLC LUAD LUSC

Characteristic  H-IncRNA = L-IncRNA P value H-lncRNA  L-IncRNA P value H-lncRNA L-lncRNA P

(n=22) (n=22) (n=24) (n=24) (n=20) (n=20)  value
Gender 14/8 15/7 0.500 15/9 13/11 0.385 8/12 6/14 0371
(male/female) ’ i :
Age (<65y>65y) 16/6 18/4 0.360 10/14 9/15 0.500 10/10 911 0.500
Smoking story 15/7 1111 0.179 17/7 14/10 0273 13/7 12/8 0.500
(Yes/No)
Stage (I-II/ITL-TV) 3/19 12/10 0.005 222 15/9 0.000 2/18 12/8 0.001
Lymph metastasis 2012 1111 0.003 222 13/11 0.004 19/1 911 0.001
(Yes/No)
Distal metastasis 12/10 2/20 0.001 8/16 123 0011 911 1/19 0.004
(Yes/No)

According to the median of IncRNA PITPNA-ASI in patients with different subtype, lung cancer patients were divided into two groups: L-IncRNA group and H-IncRNA group; SCLC, small cell
lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.
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metastasis were 90.9% and 54.5%, respectively, while the proportions
of patients with low IncRNA PITPNA-AS]1 levels were decreased, at
50.0% and 9.1%. Similar results were found for LUAD patients (91.7%
and 33.3% vs. 54.2% and 4.2%, respectively) and LUSC patients
(95.0% and 45.0% vs. 45.0% and 5.0%, respectively). Taken together,
the data showed that high exosomal PITPNA-ASI level in pleural
effusion is positively related to lung cancer occurrence and advance
lung cancer stage, which highlights the potential clinical significance of
IncRNA PITPNA-ASI in lung cancer diagnosis.

Validation of exosomal PITPNA-AS1
indicated its independent diagnostic value
in SCLC, LUAD, and LUSC

Next, we verified the independent diagnostic value of exosomal
PITPNA-AS1 in SCLC, LUAD, and LUSC. The 178 cases were
subjected to receiver operating characteristic (ROC) curve analyses.
The AUC for differentiating SCLC from non-cancer cases was 0.983,
with a sensitivity of 92.9% and a specificity of 100% (Figure 3A, Table 3).
The AUC for differentiating LUAD from non-cancer cases was 0.972,
with a sensitivity of 87% and a specificity of 98% (Figure 3B, Table 3).
The AUC for differentiating LUSC from non-cancer cases was 0.876,
with a sensitivity of 85% and a specificity of 74% (Figure 3C, Table 3).
Based on these results, we further explored the value of exosomal
PITPNA-ASI for distinguishing among SCLC, LUAD, and LUSC. The
AUC for differentiating LUAD or LUSC from SCLC was 0.784 or 0.914,
respectively, with a sensitivity of 61.9% and 81%, respectively, and a
specificity of 93.5% and 95%, respectively (Figures 3D, E, Table 3).

10.3389/fimmu.2025.1539557

Moreover, the AUC for differentiating LUAD from LUSC was AUC of
0.788, with a sensitivity of 67.4% and a specificity of 80% (p <0.01;
Figure 3F, Table 3). Our analysis strongly suggested that exosomal
PITPNA-ASI in pleural effusions could be used as an independent
diagnostic biomarker in lung cancer subtypes.

PITPNA-AS1 acted as an oncogene to
promoted proliferation and migration of
lung cancer cells

We next explored the biological function of IncRNA PITPNA-
AS1 in HI1299 and A549 lung cancer cells. qRT-PCR results
illustrated that co-incubation with exosomes increased the relative
IncRNA PITPNA-AS1 expression in H1299 and A549 cells, which
indicated that the IncRNA PITPNA-ASI1 enriched in exosomes
could be transferred to lung cells (Figures 4A, B). To identify the
specific IncRNA involved, we knocked down the PITPNA-ASI
expression with short hairpin RNAs (shRNA) in lung cells and
the effect was identified (Figures 4A, B). Similarly, exosomes and
lung cancer cells were co-incubated for 24 or 48 h. CCK-8 assays
showed that this co-incubation significantly boosted cell
proliferation, while the knockdown of PITPNA-AS1 repressed
proliferation in A549 and H1299 (Figures 4C, D). Flow cytometry
showed that there was no significant difference in apoptosis among
those four groups (Figures 4E-H). These findings illustrated that
PITPNA-AS1 upregulation or downregulation boosted or
restrained the cell proliferation in lung cancer cells without
affecting the cell apoptosis.
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Validation of exosomal IncRNA PITPNA-AS1 level as a diagnostic biomarker in SCLC, LUAD, and LUSC. (A-C) ROC curves of exosomal IncRNA
PITPNA-AS1 in non-cancer cases vs SCLC (A), LUAD (B), and LUSC (C). (D-F) ROC curves of exosomal IncRNA PITPNA-AS1 in patients with SCLC,

LUAD and LUSC.
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TABLE 3 The data of ROC curve were corresponding to Figure 3, including AUC, 95% ClI, sensitivity, specificity and Youden index.

95%Cl P value Sensitivity =~ Specificity \_(oden criieal
index value
Down
SCLC vs BD 0.983 0.962 1 <0.01 92.9% 100% 0.929 4215
LUAD vs BD 0972 0.945 0.998 <0.01 87% 98% 0.850 3.65
LUSC vs BD 0.876 0.805 0.946 <0.01 85% 74% 0.59 2.87
SCLC vs LUAD 0.784 0.685 0.884 <0.01 61.9% 93.5% 0.554 6275
SCLC vs LUSC 0914 0.847 0.981 <0.01 81% 95% 0.76 5215
LUAD vs LUSC 0.788 0.692 0.883 <0.01 67.4% 80% 0.474 45

BD, benign disease; SCLC, small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

Next, we determined whether exosomal IncRNA PITPNA-AS1
contributes to cell invasion and migration in lung cancer. Transwell
assays indicated that migration of H1299 or A549 cells was
accelerated by exosomal PITPNA-AS1 co-incubation, and the
phenomenon was neutralized through PITPNA-AS1 knockdown
(Figures 41-L). Transwell assays also showed that exosomal IncRNA
PITPNA-ASI increased the invasion ability of A549 cells, and vice
versa (Figures 4M, N). Similar results were found in H1299 cells
(Figures 40, P). Taken together, these results confirmed that
exosomal IncRNA PITPNA-AS1 co-incubation or PITPNA-AS1
knockdown promoted or suppressed the motility in lung
cancer cells.

FMR1 may be a functional target of
PITPNA-AS1

Next, we predicted the targets of IncRNA PITPNA-ASI in lung
cells using the RNA Interactome Database (http://www.rna-
society.org/rnainter/home.html). The top 100 predicted targets
are shown in Figure 5A. Among these targets, IncRNA PITPNA-
AS1 was most likely to bind to the protein FMR1 with highest score
0.6668 (Figure 5B). Based on this prediction, we assessed FMRI1
expression in H1299 and A549 lung cancer cells after co-incubation
with exosomes (containing PITPNA-AS1), and found that FMR1
protein expression was strikingly elevated (Figures 5D, E).

Mechanistic experiments were used to assess the interaction
between FMRI and IncRNA PITPNA-ASI in A549 cells. In the
RNA pull-down assays, FMR1 was pulled down by biotinylated
IncRNA PITPNA-ASI sense probe (Figure 5F). In the RIP assays,
IncRNA PITPNA-AS1 was enriched in the material that was
precipitated by anti-FMRI antibody relative to nonspecific IgG
(Figure 5G). By searching the Protein Lysine Modification Database
(PLMD; http://plmd.biocuckoo.org/), we found that FMR1 (which
is an RNA-binding protein) could be ubiquitinated at site 324,
which is close to the RNA-binding site (site 323) of FMRI
(Figures 5C, H). Hence we tested the hypothesis that IncRNA
PITPNA-ASI regulated the level of FMRI1 in ubiquitination-
dependent manner. After knockdown of IncRNA PITPNA-AS1 in
A549 cells using si-PITPNA-AS1#1 and si-PITPNA-AS1#2
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(Figure 5I), RIP assays using anti-ubiquitin antibody were
performed to assess FMR1 ubiquitination, showing that the levels
of FMRI ubiquitination were increased (Figure 5]). To sum up,
IncRNA PITPNA-ASI specifically bound to FMR1, which inhibited
the ubiquitination of FMRI.

Discussion

Accumulated evidence indicates that exosomes and their
contents can serve as biomarkers for cancer diagnosis and
prognosis (25, 26). Exosomes can be obtained from a variety of
bodily fluids such as serum, breast milk, and ascites, and also pleural
effusions (12, 24, 27, 28), and a large amount of pleural effusion can
be obtained by minor access surgery. Thus, the use of isolated
exosomes might be able to substitute surgical procedures for
diagnosing lung cancer, as primary tumor tissues are difficult to
obtain in most patients. In our study, we focused on the exosomes
in pleural effusion, which might contain high-value
valid biomarkers.

Exosomes may carry a broad range of IncRNAs and play critical
roles in cancer occurrence and development by inhibiting
translation or acting as competitive endogenous RNAs. The qRT-
PCR analysis showed that 11 IncRNAs were particularly enriched in
exosomes from lung cancer patients compared to non-cancer
patients, while others were barely expressed, indicating that
specific IncRNAs are selectively sorted into exosomes. The
IncRNAs protected by specific proteins in exosomes might act as
detectable biomarkers, though the additional underlying
mechanisms have not yet been fully elucidated. In our study, we
unexpectedly discovered that IncRNA PITPNA-AS] was enriched
in exosomes in pleural effusions from lung cancers. The exosomal
IncRNA PITPNA-AS1 level in pleural effusions was highly
significantly different between lung cancer and non-cancer
patients (more significantly than the other differentially expressed
IncRNAs). This is consistent with research by Sun et al. (29), in
which PITPNA-AS1 was increased and functioned as an oncogene
in HCC. Analysis also showed that exosomal PITPNA-ASI was
associated with tumor stage, lymph node metastasis, and distant
metastasis. It is further suggested that exosomal PITPNA-AS1 may
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FIGURE 4

Upregulation or downregulation of exosomal INcRNA PITPNA-AS1 could promote or inhibit cell proliferation and motility in vitro. H1299 and A549
cells were pretreatment with shPITPNA-AS1 and then co-incubated with exosomes for the indicated times. (A, B) IncRNA PITPNA-AS1 expression
assessed by qRT-PCR in A549 (A) and H1299 (B) cells. (C, D) Proliferation of A549 (C) and H1299 (D) cells assessed by CCK-8 assay. (E, H) Apoptosis
of A549 (E, F) and H1299 (G, H) cells assessed by flow cytometry. (I-P) Cell invasion and migration assessed by transwell assay in A549 (left panel)
and H1299 (right panel) cells. Scale bar, 100 um. Statistical significance of between-group differences was determined by two-tailed Student's t-
tests. **p<0.01 vs. Ctrl with 24h. $$p<0.01 vs. Ctrl with 48h. &§&p<0.01 vs. exosome+shNC with 24h. ##p<0.01 vs. exosome+shNC with 48h.

be helpful to differentiate among lung cancer subtypes. We found
that not only did exosomal PITPNA-ASI accurately distinguish
SCLC patients from non-cancer patients with the highest AUC
(0.983) and the highest sensitivity and specificity out of all the ROC
curve analyses, but it also distinguished SCLC from LUSC very well,
showing excellent sensitivity, specificity, and AUC value. Our
findings provide an objective basis for distinguishing among lung
cancer subtypes, and the IncRNA could also distinguish among

Frontiers in Immunology

tumor stages. The accuracy of using proteins combined with other
biomarkers (such as PITPNA-AS1) to differentiate among lung
cancer subtypes remains a research focus for the future.
LncRNAs such as PITPNA-AS] are emerging as critical
regulators of gene expression, participating in tumor progression
and metastasis. It was reported that PITPNA-AS1 boosted LUSC
cell proliferation and migration by recruiting TAF15 to stabilize
HMGB3 (30). However, its exact effects on the progression of other
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lung cancer subtypes remain unknown. Through exosome co-
incubation assays, we discovered that IncRNA PITPNA-AS1 can
be delivered to cancer cells via exosomes. Gain-of-function and
loss-of-function investigations found that IncRNA PITPNA-AS1
contributed to cell growth, invasion, and migration. This is
consistent with the findings of Ren et al. (30). More importantly,
IncRNA PITPNA-AS1 knockdown significantly inhibited the
proliferation and migration of lung cancer cells, while co-
incubation with exosomes could reverse this inhibition. However,
co-incubation with exosomes did not significantly affect apoptosis,
which may be due to the low baseline apoptosis level leading to no
significant exosome-induced increase. further research on its
function in malignant biological behaviors in vivo is also required.

Finally, we further explored the underlying mechanism of
IncRNA PITPNA-ASI regarding lung cancer progression. The
database-based prediction of IncRNA PITPNA-AS1 targets
indicated that Fragile X messenger ribonucleoprotein 1 (FMR1)
had the highest confidence score. FMRI is a RNA-binding protein
and functions as a central regulator of transcription and translation
in nervous system. Of note, emerging evidence indicates that FMR1
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is increased in multiple cancers (31-33), such as colorectal cancer
(34) and HCC (35). For example, Zalfa et al. (36) reported that
FMRI1 in metastatic melanoma cell lines affects cell migration,
invasion, and adhesion. Therefore, we speculate that the
involvement of IncRNA PITPNA-ASI in the progression of lung
cancer may be mediated by FMRI. In this study, the validated
interaction between IncRNA PITPNA-AS1 and FMRI in lung
cancer was first presented, with IncRNA PITPNA-ASI
upregulation increasing FMR1 levels. Research has shown that the
ubiquitin-proteasome pathway is a common endogenous protein
degradation pathway. Takabatake et al. (37) found that this pathway
is involved in Sema3A-induced FMRI1 degradation in growth cones.
Therefore, we investigated whether IncRNA PITPNA-AS1 affects
FMRI1 levels by regulating ubiquitination. We found that IncRNA
PITPNA-ASI binds to FMRI at site 324, which might competitively
hamper the approach of ubiquitination proteins to site 323. RIP
assays confirmed that IncRNA PITPNA-AS1 knockdown increased
the levels of FMR1 ubiquitination. These findings highlight the
important effect of IncRNA PITPNA-AS1 on lung cancer
progression by blocking FMR1 ubiquitination. However, the
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signaling pathway that mediates the inhibition of FMRI1
ubiquitination by IncRNA PITPNA-ASI1 remains unknown.
Although FMRI1 has been reported to be involved in cancer
progression, an in-depth exploration of its biological function will
contribute to understand the mechanism of IncRNA PITPNA-AS1-
mediated proliferation and metastasis in lung cancer (38, 39).
Taking the results together, we showed that exosomal IncRNA
PITPNA-ASI is increased in pleural effusions from lung cancer
patients. Furthermore, it had a high accuracy for differentiating
among lung cancer subtypes. In addition, it was found to be
involved in lung cancer progression by inhibiting FMR1
ubiquitination. Our study sheds a light on the potential use of
exosomal IncRNA PITPNA-ASI as an objective basis for the early
diagnosis, early treatment, and prognosis of lung cancer.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The study was approved by the ethics committee of Lishui
Hospital of Zhejiang University. All participants provided
informed consent.

Author contributions

MC: Conceptualization, Data curation, Formal Analysis,
Methodology, Project administration, Writing - original draft,
Writing - review & editing. XF: Data curation, Formal Analysis,
Investigation, Writing — original draft. CL: Data curation, Formal
Analysis, Writing — original draft. YH: Data curation, Formal Analysis,
Writing - original draft. LS: Data curation, Formal Analysis, Writing -
original draft. XL: Data curation, Formal Analysis, Writing — review &
editing. JZ: Data curation, Formal Analysis, Writing — original draft,
Writing - review & editing,

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer ] Clin. (2020)
70:7-30. doi: 10.3322/caac.21590

2. Wu G, Li M, Meng H, Liu Y, Niu W, Zhou Y, et al. Analysis of status and
countermeasures of cancer incidence and mortality in China. Sci China Life Sci. (2019)
62:640-7. doi: 10.1007/s11427-018-9461-5

3. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Non-small cell lung cancer:
epidemiology, risk factors, treatment, and survivorship. Mayo Clin Proc. (2008) 83:584-
94. doi: 10.4065/83.5.584

4. Travis WD, Brambilla E, Nicholson AG, Yatabe Y, Austin JHM, Beasley MB, et al.
The 2015 world health organization classification of lung tumors: impact of genetic,

Frontiers in Immunology

11

10.3389/fimmu.2025.1539557

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

We thank all the authors for their support,without their help
this work would never have been possible.

Conflict of interest

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

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1539557/full#supplementary-material

clinical and radiologic advances since the 2004 classification. J Thorac Oncol. (2015)
10:1243-60. doi: 10.1097/JT0O.0000000000000630

5. Chen Z, Fillmore CM, Hammerman PS, Kim CF, Wong KK. Non-small-cell lung
cancers: a heterogeneous set of diseases. Nat Rev Cancer. (2014) 14:535-46.
doi: 10.1038/nrc3775

6. Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q, Zimmerman
L], et al. Reassessment of exosome composition. Cell. (2019) 177:428-445 e418.
doi: 10.1016/j.cell.2019.02.029

7. Thery C, Ostrowski M, Segura E. Membrane vesicles as conveyors of immune
responses. Nat Rev Immunol. (2009) 9:581-93. doi: 10.1038/nri2567

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1539557/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1539557/full#supplementary-material
https://doi.org/10.3322/caac.21590
https://doi.org/10.1007/s11427-018-9461-5
https://doi.org/10.4065/83.5.584
https://doi.org/10.1097/JTO.0000000000000630
https://doi.org/10.1038/nrc3775
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1038/nri2567
https://doi.org/10.3389/fimmu.2025.1539557
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

8. Kalluri R. The biology and function of exosomes in cancer. J Clin Invest. (2016)
126:1208-15. doi: 10.1172/JCI81135

9. Kahlert C, Kalluri R. Exosomes in tumor microenvironment influence cancer
progression and metastasis. ] Mol Med (Berl). (2013) 91:431-7. doi: 10.1007/s00109-
013-1020-6

10. Becker A, Thakur BK, Weiss JM, Kim HS, Peinado H, Lyden D. Extracellular
vesicles in cancer: cell-to-cell mediators of metastasis. Cancer Cell. (2016) 30:836-48.
doi: 10.1016/j.ccell.2016.10.009

11. LiuY, GuY, Cao X. The exosomes in tumor immunity. Oncoimmunology. (2015)
4:1027472. doi: 10.1080/2162402X.2015.1027472

12. Ung TH, Madsen HJ, Hellwinkel JE, Lencioni AM, Graner MW. Exosome
proteomics reveals transcriptional regulator proteins with potential to mediate
downstream pathways. Cancer Sci. (2014) 105:1384-92. doi: 10.1111/cas.12534

13. Wu DM, Deng SH, Liu T, Han R, Zhang T, Xu Y. TGF-beta-mediated
exosomal Inc-MMP2-2 regulates migration and invasion of lung cancer cells to
the vasculature by promoting MMP2 expression. Cancer Med. (2018) 7:5118-29.
doi: 10.1002/cam4.1758

14. Whiteside TL. Immune modulation of T-cell and NK (natural killer) cell
activities by TEXs (tumour-derived exosomes). Biochem Soc T. (2013) 41:245-51.
doi: 10.1042/Bst20120265

15. Huber V, Fais S, Iero M, Lugini L, Canese P, Squarcina P, et al. Human colorectal
cancer cells induce T-cell death through release of proapoptotic microvesicles: Role in
immune escape. Gastroenterology. (2005) 128:1796-804. doi: 10.1053/
j.gastro.2005.03.045

16. He B, Li W, Wu Y, Wei F, Gong Z,BoH,etal. Epstein-Barr virus-encoded miR-
BARTG6-3p inhibits cancer cell metastasis and invasion by targeting long non-coding
RNA LOC553103. Cell Death Dis. (2016) 7:¢2353. doi: 10.1038/cddis.2016.253

17. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev
Biochem. (2012) 81:145-66. doi: 10.1146/annurev-biochem-051410-092902

18. Gutschner T, Diederichs S. The hallmarks of cancer: a long non-coding RNA
point of view. RNA Biol. (2012) 9:703-19. doi: 10.4161/rna.20481

19. Zhou Q, Zhang W, Wang ZF, Liu SY. Long non-coding RNA PTTG3P functions
as an oncogene by sponging miR-383 and up-regulating CCNDI and PARP2 in
hepatocellular carcinoma. BMC Cancer. (2019) 19. doi: 10.1186/s12885-019-5936-2

20. Xue M, Chen W, Xiang A, Wang RQ, Chen H, Pan JJ, et al. Hypoxic exosomes

facilitate bladder tumor growth and development through transferring long non-
coding RNA-UCA1. Mol Cancer. (2017) 16. doi: 10.1186/s12943-017-0714-8

21. Huarte M. The emerging role of IncRNAs in cancer. Nat Med. (2015) 21:1253-
61. doi: 10.1038/nm.3981

22. Schmitt AM, Chang HY. Long noncoding RNAs in cancer pathways. Cancer
Cell. (2016) 29:452-63. doi: 10.1016/j.ccell.2016.03.010

23. Thery C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and
function. Nat Rev Immunol. (2002) 2:569-79. doi: 10.1038/nri855

24. Witwer KW, Buzas EI, Bemis LT, Bora A, Lasser C, Lotvall J, et al.
Standardization of sample collection, isolation and analysis methods in extracellular
vesicle research. ] Extracell Vesicles. (2013) 2. doi: 10.3402/jev.v2i0.20360

Frontiers in Immunology

12

10.3389/fimmu.2025.1539557

25. Xie Y], Zhang Y, Du LT, Jiang XM, Yan SZ, Duan WL, et al. Circulating long
noncoding RNA act as potential novel biomarkers for diagnosis and prognosis of non-
small cell lung cancer. Mol Oncol. (2018) 12:648-58. doi: 10.1002/1878-0261.12188

26. Masaoutis C, Mihailidou C, Tsourouflis G, Theocharis S. Exosomes in lung
cancer diagnosis and treatment. From the translating research into future clinical
practice. Biochimie. (2018) 151:27-36. doi: 10.1016/j.biochi.2018.05.014

27. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and
friends. J Cell Biol. (2013) 200:373-83. doi: 10.1083/jcb.201211138

28. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular
interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol.
(2014) 30:255-89. doi: 10.1146/annurev-cellbio-101512-122326

29. Sun JM, Zhang YB, Li B, Dong YD, Sun CM, Zhang F, et al. PITPNA-AS1
abrogates the inhibition of miR-876-5p on WNT5A to facilitate hepatocellular
carcinoma progression. Cell Death Dis. (2019) 10. doi: 10.1038/s41419-019-2067-2

30. Ren P, Xing L, Hong X, Chang L, Zhang H. LncRNA PITPNA-ASI1 boosts the
proliferation and migration of lung squamous cell carcinoma cells by recruiting TAF15
to stabilize HMGB3 mRNA. Cancer Med. (2020) 9:7706-16. doi: 10.1002/cam4.3268

31. Zhu YJ, Zheng B, Luo GJ, Ma XK, Lu XY, Lin XM, et al. Circular RNAs
negatively regulate cancer stem cells by physically binding FMRP against CCAR1
complex in hepatocellular carcinoma. Theranostics. (2019) 9:3526-40. doi: 10.7150/
thno.32796

32. Luca R, Averna M, Zalfa F, Vecchi M, Bianchi F, La Fata G, et al. The Fragile X
Protein binds mRNAs involved in cancer progression and modulates metastasis
formation. EMBO Mol Med. (2013) 5:1523-36. doi: 10.1002/emmm.201302847

33. Majumder M, Palanisamy V. RNA binding protein FXRI-miR301la-3p axis
contributes to p21(WAFI) degradation in oral cancer. PloS Genet. (2020) 16:(1).
doi: 10.1371/journal.pgen.1008580

34. Di Grazia A, Marafini I, Pedini G, Di FD, Laudisi F, Dinallo V, et al. The fragile X
mental retardation protein regulates riplk and colorectal cancer resistance to
necroptosis. Digest Liver Dis. (2020) 52:549-9. doi: 10.1016/51590-8658(20)30605-8

35. Liu YF, Zhu XJ, Zhu J, Liao SB, Tang Q, Liu KK, et al. Identification of
differential expression of genes in hepatocellular carcinoma by suppression subtractive
hybridization combined cDNA microarray. Oncol Rep. (2007) 18:943-51. doi: 10.3892/
0r.18.4.943

36. Zalfa F, Panasiti V, Carotti S, Zingariello M, Perrone G, Sancillo L, et al. The
fragile X mental retardation protein regulates tumor invasiveness-related pathways in
melanoma cells. Cell Death Dis. (2017) 8:e3169. doi: 10.1038/cddis.2017.521

37. Takabatake M, Goshima Y, Sasaki Y. Semaphorin-3A promotes degradation of
fragile X mental retardation protein in growth cones via the ubiquitin-proteasome
pathway. Front Neural circuits. (2020) 14:5. doi: 10.3389/fncir.2020.00005

38. Ma Q, Jiang H, Ma L, Zhao G, Xu Q, Guo D, et al. The moonlighting function of
glycolytic enzyme enolase-1 promotes choline phospholipid metabolism and tumor cell
proliferation. Proc Natl Acad Sci U S A. (2023) 120:€2209435120. doi: 10.1073/
pnas.2209435120

39. Liu X, Song Y, Cheng P, Liang B, Xing D. Targeting HER?2 in solid tumors:
Unveiling the structure and novel epitopes. Cancer Treat Rev. (2024) 130:102826.
doi: 10.1016/j.ctrv.2024.102826

frontiersin.org


https://doi.org/10.1172/JCI81135
https://doi.org/10.1007/s00109-013-1020-6
https://doi.org/10.1007/s00109-013-1020-6
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1080/2162402X.2015.1027472
https://doi.org/10.1111/cas.12534
https://doi.org/10.1002/cam4.1758
https://doi.org/10.1042/Bst20120265
https://doi.org/10.1053/j.gastro.2005.03.045
https://doi.org/10.1053/j.gastro.2005.03.045
https://doi.org/10.1038/cddis.2016.253
https://doi.org/10.1146/annurev-biochem-051410-092902
https://doi.org/10.4161/rna.20481
https://doi.org/10.1186/s12885-019-5936-2
https://doi.org/10.1186/s12943-017-0714-8
https://doi.org/10.1038/nm.3981
https://doi.org/10.1016/j.ccell.2016.03.010
https://doi.org/10.1038/nri855
https://doi.org/10.3402/jev.v2i0.20360
https://doi.org/10.1002/1878-0261.12188
https://doi.org/10.1016/j.biochi.2018.05.014
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1038/s41419-019-2067-2
https://doi.org/10.1002/cam4.3268
https://doi.org/10.7150/thno.32796
https://doi.org/10.7150/thno.32796
https://doi.org/10.1002/emmm.201302847
https://doi.org/10.1371/journal.pgen.1008580
https://doi.org/10.1016/S1590-8658(20)30605-8
https://doi.org/10.3892/or.18.4.943
https://doi.org/10.3892/or.18.4.943
https://doi.org/10.1038/cddis.2017.521
https://doi.org/10.3389/fncir.2020.00005
https://doi.org/10.1073/pnas.2209435120
https://doi.org/10.1073/pnas.2209435120
https://doi.org/10.1016/j.ctrv.2024.102826
https://doi.org/10.3389/fimmu.2025.1539557
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Diagnostic value of exosome-derived lncRNA PITPNA-AS1 in lung cancer
	Introduction
	Materials and methods
	Patients and clinical samples
	Exosome isolation and identification
	Cell lines and culture
	Western blotting
	RNA extraction and qRT-PCR
	Cell proliferation assay
	Apoptosis assay
	Transwell assay
	RNA immunoprecipitation assay
	RNA pull-down assay
	Database analyses
	Statistical analysis

	Results
	Exosomal PITPNA-AS1 in pleural effusions was positively associated with lung cancer pathological stage
	Validation of exosomal PITPNA-AS1 indicated its independent diagnostic value in SCLC, LUAD, and LUSC
	PITPNA-AS1 acted as an oncogene to promoted proliferation and migration of lung cancer cells
	FMR1 may be a functional target of PITPNA-AS1

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


