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Abstract 
Background  Dysregulation of circRNA expression 
is associated with increased metastasis and an adverse 
prognosis in non-small cell lung cancer (NSCLC). 
Herein, this study assessed the role and regulatory 
mechanism of circPVT1 in NSCLC development.
Methods  CircPVT1 expression was determined 
using qPCR. Functional assays, including cell pro-
liferation, colony formation, and ferroptosis-related 
measurements (ROS, MDA, SOD, GSH and Fe2+ lev-
els), were conducted following circPVT1 knockdown. 
The interactions between RNA and protein were 
determined through RIP, dual-luciferase reporter and 
fluorescence in  situ hybridization. Actinomycin D 
assay was employed to test circPVT1 stability. Addi-
tionally, tumor progression in  vivo was evaluated in 
xenograft models with U2AF65 knockdown.
Results  CircPVT1 was significantly elevated in 
NSCLC samples, correlating with worse clinical 
outcomes. Its knockdown resulted in diminished cell 

proliferation and increased ferroptosis. Mechani-
cally, circPVT1 sponges miR-338-3p, facilitating 
GPX4 expression, which enhanced cell proliferation. 
U2AF65 bound to and stabilized circPVT1, promot-
ing cell proliferation. In animal models, U2AF65 
knockdown suppressed tumor progression by regu-
lating the circPVT1/miR-338-3p/GPX4 signaling 
pathway.
Conclusions  U2AF65 stabilizes circPVT1 to pro-
mote NSCLC advancement through miR-338-3p sup-
pression and GPX4 upregulation. Thus, circPVT1 
and U2AF65 may be potential therapeutic targets in 
NSCLC.

Keywords  NSCLC · CircPVT1 · U2AF65 · MiR-
338-3p · GPX4 · Ferroptosis

Introduction

Non-small cell lung cancer (NSCLC) is associ-
ated with poor prognosis due to increased risk of 
metastases by the time of diagnosis (Padinharayil 
and George 2024; Khasraw et  al. 2024). Current 
NSCLC treatment strategies blend personalized 
targeted and immunotherapies with traditional 
methods (Favorito et  al. 2024; Zhao et  al. 2024), 
however, facing challenges like treatment resist-
ance (Livanou et  al. 2024), variable immunother-
apy efficacy (Huang et  al. 2024), and the critical 
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need for accurate biomarker identification (Hum-
melink et  al. 2022). Ferroptosis, a regulated cell 
demise (Dixon et  al. 2012), can inhibit NSCLC 
growth when activated, underscoring its sig-
nificance in diagnosis (Xing et  al. 2023). Recent 
research has highlighted the potential of target-
ing ferroptosis to overcome resistance to conven-
tional therapies (Ni et al. 2021; Wang et al. 2023), 
making it a promising avenue for therapeutic 
intervention in NSCLC. Therefore, investigating 
ferroptosis mechanisms in NSCLC is crucial for 
identifying novel biomarkers and advancing thera-
peutic innovations.

CircRNAs are considered potential biomarkers 
in human diseases and cancer (Verduci et  al. 2021). 
CircPVT1, a circRNA associated with oncogenesis, 
has been documented to exhibit critical oncogenic 
functions in multiple cancer types (Adhikary et  al. 
2019) and presents a potential prognostic indicator 
(Zhou et  al. 2021). Researches have highlighted its 
involvement in NSCLC therapy resistance and radio-
sensitivity (Huang et al. 2021; Wang et al. 2021), yet 
its precise functional mechanisms in NSCLC remains 
unclear. Given the association of circPVT1 with 
the ferroptosis pathway (Yao et  al. 2021), its role in 
NSCLC may be attributed to its capacity to modu-
late ferroptosis, a hypothesis that warrants further 
investigation.

In exploring the mechanisms of circRNA, its role 
as a molecular sponge is frequently investigated and 
highlighted (Hansen et  al. 2013). Our early study 
explored the sponge-like function of circPVT1, 
which can further sponge miR-338-3p. Furthermore, 
glutathione peroxidase 4 (GPX4) was recognized as 
a potential downstream effector of this microRNA. 
Since GPX4 is a critical molecule in the ferropto-
sis pathway (Seibt et al. 2019), miR-338-3p is likely 
involved in regulating ferroptosis in NSCLC. MiR-
338-3p has been demonstrated to inhibit NSCLC pro-
liferation and metastasis (Tian et al. 2022). However, 
its precise mechanisms within NSCLC and its inter-
play with ferroptosis necessitates further research.

CircRNAs are regulated by RNA-binding proteins 
(RBPs), crucial for RNA transcription, splicing, mod-
ification, and translation (Okholm et al. 2020). Here, 
we discovered that U2AF65 could serve as a potential 
RBP of circPVT1. U2AF65 due to its upregulation in 
NSCLC cells and high risk of malignant progression 

(Li et  al. 2019), yet its mechanism and interaction 
with circPVT1 are still to be clarified.

Therefore, this study focused on investigat-
ing circPVT1’s involvement in NSCLC advance-
ment, aiming to elucidate its mechanism involving 
U2AF65, miR-338-3p, and GPX4 mRNA, and further 
explored this interaction with the ferroptosis pathway. 
Unraveling these mechanisms might identify potential 
biomarkers for targeting ferroptosis in NSCLC treat-
ment, offering prospects for the development of fer-
roptosis-based therapeutic strategies.

Methods

Clinical sample collections

Tumor and adjacent non-malignant tissues were 
obtained from 30 NSCLC individuals undergoing 
surgical excision. Tumor samples were taken from 
the primary site, while non-cancerous tissues were 
collected from regions adjacent to the tumor. All 
samples were collected immediately post-surgery 
and placed in sterile containers. They were promptly 
transported on ice to the laboratory and preserved at 
− 80 °C. Signed patients’ consent were obtained, and 
ethic approval was obtained from the Ethics Com-
mittee of The Affiliated Changsha Central Hospital, 
Hengyang Medical School, University of South China 
(No. 2022-S0181).

Cell culture

A549, HCC827, NCI-H1650, H2170, and NCI-H446 
cell lines were acquired through the American Type 
Culture Collection (#CCL- 185, #CRL- 2868, #CRL- 
5883, #CRL- 5928, #HTB- 171, respectively, Vir-
ginia, USA), while the 16HBE cell line was obtained 
from Sigma-Aldrich (#SCC150, MO, USA). All cul-
tures were maintained in DMEM (#11965092, Gibco, 
NY, USA), enriched with 10% FBS (#16000044, 
Gibco) and 1% penicillin–streptomycin solution 
(#15140122, Thermo Fisher, MA, USA), followed 
by incubation (37 °C, 5% CO2, changing medium 
every 2–3 d). Cells were passaged at 70–80% con-
fluency, washed with PBS, trypsinized for 5  min at 
37 °C, neutralized with fresh medium, followed by 
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centrifugation (1000 rpm, 5  min), and reseeded (1 
× 105 cells/cm2) in new T25 flasks.

Cell transfection

Vectors for knockdown (sh-NC, sh-circPVT1, sh-
GPX4, sh-U2AF65) and overexpression (pc-NC, 
pc-circPVT1, pc-U2AF65) RNAs were constructed 
using standard molecular cloning techniques. Tar-
get sequences for shRNAs were inserted into the 
pLKO.1 vector (#8453, Addgene, MA, USA), 
while cDNA for overexpression constructs was 
inserted into the pcDNA3.1 vector (#V79020, Inv-
itrogen, CA, USA).

Then, cells (2 × 105) were cultured to 70–80% 
confluency before transfection. For transfection, 
plasmid DNA and Lipofectamine® 2000 Reagent 
(#11668019, Thermo Fisher) were mixed with 
Opti-MEM® (#31985070, Gibco) and left at room 
temperature for 20 min to form complexes. These 
complexes were then introduced into the cells and 
left for incubation for 6  h before the old medium 
was replaced. After 48 h, cells were harvested. 
The target sequences are shown in Supplementary 
Table S1.

Quantitative PCR (qPCR)

Cellular RNA was removed using TRIzol 
(#15596026, Invitrogen) and 1  µg of RNA was 
reverse transcribed for circPVT1, GPX4 and 
U2AF65 (PrimeScript™ RT Kit, #RR037 A, 
Takara, Shiga, Japan). MiR-338-3p was converted 
to cDNA using the Mir-X™ miRNA First-Strand 
Synthesis Kit (#638315, Takara). SYBR® Pre-
mix Ex Taq™ II Kit (#RR820 A, Takara) on an 
ABI 7500 system was used for qPCR (conditions: 
intial denaturation, 95 °C, 30 s; 40 cycles at 95 
°C, 5 s and 60 °C, 34 s). Expression levels quati-
fication was conducted (2−ΔΔCT) and normalized 
circPVT1, GPX4, and U2AF65 to GAPDH, and 
miR-338-3p to U6. Primers were listed in Table 1.

CCK‑ 8 assay

Cells (5 × 103/well) were placed in a 96-well plate 
overnight and treated with CCK- 8 reagent (10 µL, 
#CK04, Dojindo, Kumamoto, Japan) every 24 h 

for 4 h at 37 °C for 3 days and assessed at 450 nm 
wavelength.

Clonogenic assay

We placed cells (500/well) in 4-well dishes and 
treated them at conditions above for 14 d and replaced 
the medium after each following day. Colonies were 
fixed (4% paraformaldehyde), stained (0.5% crystal 
violet), rinsed with PBS, and analyzed microscopi-
cally if containing at least 30 cells.

DCFH‑DA staining for detection of ROS

Cells (1 × 105/well, 6-well plates) were treated 
using DCFH-DA (10 µM, #D6883, Sigma-Aldrich) 
in medium without serum and light at 37 °C for 30 
min and washed thrice using PBS. ROS levels were 
detected using a fluorescence microscope (485 nm 
excitation, 535 nm emission).

MDA, SOD, GSH, and Fe2+ assessment

Cells were homogenized and the supernatant was 
retrieved after centrifugation (10,000 × g, 10 min). 
For malondialdehyde (MDA) detection, the MDA 
Assay Kit (#MAK085, Sigma-Aldrich) was used, and 
absorbance was recorded at 532 nm. Superoxide dis-
mutase (SOD) activity was examined with the SOD 
Assay Kit (#19160, Sigma-Aldrich), with absorbance 
read at 450 nm. Glutathione (GSH) levels were deter-
mined using the GSH Assay Kit (#CS0260, Sigma-
Aldrich), with absorbance measured at 412 nm. 
Fe2+ levels were measured using the Iron Assay Kit 
(#MAK025, Sigma-Aldrich), with absorbance read at 
593 nm. Measured concentrations were compared to 
standard curves.

Western blot

The cells were lysed (RIPA buffer, #89900, Thermo 
Fisher; protease inhibitors, #P8340, Sigma-Aldrich), 
and quantified (BCA kit, #23225, Thermo Fisher). 
Protein (20 µg) were loaded onto SDS-PAGE (Bio-
Rad, CA, USA), then transferred to PVDF mem-
branes (#IPVH00010, Millipore, MA, USA), and 
blocked in TBST with 5% non-fat milk, followed by 
overnight incubation (at 4 °C) with primary antibod-
ies against ACSL4 (#ab155282, Abcam, Cambridge, 
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UK), SLC7 A11 (#12691, Cell Signaling Technol-
ogy, MA, USA), Prominin 2 (PROM2, #HPA042440, 
Sigma-Aldrich), GPX4 (#ab125066, Abcam), 
U2AF65 (#ab37530, Abcam) and GAPDH (#2118, 
Cell Signaling Technology). Next, they were treated 
using HRP-linked secondary antibodies (#7074 and 
#7076, Cell Signaling Technology) for 1 h at ambient 
temperature. Bands were detected using ECL reagent 
(#32106, Thermo Fisher) and visualized (Bio-Rad 
chemiluminescent imaging system). Protein levels 
were normalized to a GAPDH protein for analysis.

Transmission electron microscopy (TEM)

Cells were immobilized in glutaraldehyde (#G5882, 
Sigma-Aldrich) at 4  °C for 2  h, then fixed with 1% 
osmium tetroxide (#75632, Sigma-Aldrich) for 1  h, 
sequentially dehydrated with increasing ethanol 
concentrations, and transferred to propylene oxide 
(#296000, Sigma-Aldrich), before being embedded 
in Epon resin (#14120, Electron Microscopy Sci-
ences, PA, USA). Sections of 70 nm thickness were 
prepared, stained with a mixture of uranyl acetate and 
lead citrate (#73943, Sigma-Aldrich) and assessed 
(JEOL transmission electron microscopy, Tokyo, 
Japan) to visualize mitochondrial structures.

Dual‑luciferase reporter assay

The Starbase software (https://​rnasy​su.​com/​encori/) 
was used to predict potential binding sites of circPVT1 
or GPX4 with miR-338-3p. Cells (1 × 105 cells/well) 
were plated into 24-well plates and subsequently 
co-transfected with 50 ng of luciferase reporter con-
structs circPVT1-WT, circPVT1-MUT, GPX4-WT, 
or GPX4-MUT, custom cloned into the pGL3-Basic 
vector (Promega, WI, USA) and 50 nM miR-338-3p 
mimic (HY-R00698, MCE, NJ, USA). Renilla lucif-
erase plasmid pRL-TK (#E2241, Promega) served as 

an internal control. Transfection was performed utiliz-
ing Lipofectamine® 2000 (#11668019, Thermo Fisher) 
in Opti-MEM® (#31985070, Gibco). After 48 h, cells 
were collected, and luciferase activity was quantified 
(#E1910, Promega), and normalized to Renilla.

Fluorescence in situ hybridization (FISH)

Cells were placed on glass coverslips until adherence, 
fixed (4% paraformaldehyde) for 15 min, permeabi-
lized in 0.1% Triton X- 100 (#X100, Sigma-Aldrich) 
for 10 min, and incubated at 37 °C overnight with fluo-
rescent probes for circPVT1 and miR-338-3p (Qiagen, 
Venlo, Netherlands) in hybridization buffer. Following 
hybridization, the slides were washed, nuclei stained 
using DAPI (#D9542, Sigma-Aldrich), placed on Pro-
Long™ Gold Antifade Mountant (#P36930, Thermo 
Fisher) and assessed using fluorescence microscopy 
(Zeiss, Oberkochen, Germany) and ImageJ.

RNA immunoprecipitation (RIP)

After lysis in RIPA with RNase inhibitor (#R9153, 
Sigma-Aldrich), lysates were incubated with anti-Ago2 
antibody (#ab32381, Abcam) bound to Dynabeads™ 
Protein A (#10002D, Thermo Fisher). After incubation 
overnight at 4 °C, beads were rinsed in RIPA, we sepa-
rated bound RNA with TRIzol™ (#15596026, Thermo 
Fisher). Subsequently, cDNA was synthesized with 
PrimeScript™ RT Reagent Kit (#RR037 A, Takara). 
qPCR analysis was conducted utilizing SYBR® Pre-
mix Ex Taq™ II (#RR820 A, Takara) for quantifying 
circPVT1, miR-338-3p, and GPX4 levels.

Actinomycin D assay

Cells were grown to 70–80% confluence in 6-well 
plates, treated with 5 µg/mL actinomycin D (#A1410, 
Sigma-Aldrich) to halt transcription, and collected at 

Table 1   Primer sequences 
used for qPCR

Name Forward (5’− 3’) Reverse (5’− 3’)

circPVT1 CTA​TGG​AAT​GTA​AGA​CCC​CGA​ GCT​CAG​AAA​ATA​CTT​GAA​CGA​
GPX4 ACA​AGA​ACG​GCT​GCG​TGG​TGAA​ GCC​ACA​CAC​TTG​TGG​AGC​TAGA​
U2AF65 CGG​CAG​CTC​AAC​GAG​AAT​AAA​ GGG​AAC​GAA​TCA​GTC​CAC​CG
miR-338-3p TGC​GGT​CCA​GCA​TCA​GTG​ATT​TTG​TT CCA​GTG​CAG​GGT​CCG​AGG​T
U6 CTC​GCT​TCG​GCA​GCACA​ AAC​GCT​TCA​CGA​ATT​TGC​GT
GAPDH GGA​GCG​AGA​TCC​CTC​CAA​AAT​ GGC​TGT​TGT​CAT​ACT​TCT​CATGG​

https://rnasysu.com/encori/
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0, 2, 4, 6, 8, and 10 h. RNA was extracted with TRI-
zol™ Reagent (#15596026, Thermo Fisher), reverse 
transcribed using the PrimeScript RT Kit (#RR037 
A, Takara), and circPVT1 expression was quantified 
by qPCR with SYBR Premix Ex Taq II (#RR820 A, 
Takara), normalized to GAPDH.

Xenograft tumor model

H2170 cells (5 × 106) were mixed with PBS (Gibco) 
and Matrigel (Corning) at a 1:1 ratio and implanted 
into anesthetized male BALB/c nude mice’s flanks 
(6–8 weeks, n = 6/group). The tumors were moni-
tored biweekly with calipers, and volume determined 
as 0.5 × Length × Width2. They were sacrificed on 28 
th day to retrieve the tumors. Approval was obtained 
from The Affiliated Changsha Central Hospital Ethics 
Committee (No. 2022-S0181).

Hematoxylin and eosin (H&E) staining

After kept in 10% formalin overnight, the tissues 
were embedded in paraffin, cut into 5  µm sections, 
deparaffinized in xylene, rehydrated with graded 
ethanol, stained with hematoxylin (#HHS16, Sigma-
Aldrich) for 5  min, rinsed, counterstained with 
eosin (#HT110216, Sigma-Aldrich) for 1 min, dehy-
drated, cleared, mounted using Permount (#SP15 
- 100, Fisher Chemical), and assessed using light 
microscopy.

Immunohistochemistry (IHC)

Tumor tissue sections were cleared with xylene 
and rehydrated through graded ethanol solutions. 
Antigen epitopes were unmasked by heating the 
sections in a citrate buffer. Endogenous peroxi-
dase activity was blocked in 3% hydrogen per-
oxide, followed by incubation with 10% normal 
goat serum, and overnight at 4  °C with antibod-
ies targeting Ki- 67 (#ab16667, Abcam), U2AF65 
(#ab37530, Abcam), GPX4 (#ab125066, Abcam), 
and ACSL4 (#ab155282, Abcam). After washing, 
an HRP-conjugated secondary antibody (#P0448, 
Dako) was applied. The immune complexes were 
visualized using a DAB substrate (#K3468, Dako), 
and counterstained with hematoxylin (#HHS16, 
Sigma-Aldrich). Finally, sections were dehydrated, 

cleared, and mounted for examination under a 
Zeiss light microscope.

Statistical analysis

Experiments were conducted in triplicate unless stated 
otherwise. Data were analyzed using GraphPad Prism 
9.0 and shown as mean ± SD. Student’s t-test (two 
groups) or one-way ANOVA with Tukey’s test (multi-
ple groups) were used to determine difference between 
groups, correlations were assessed with Pearson’s coef-
ficient and P < 0.05 was considered for significance.

Results

Upregulation of circPVT1 in NSCLC associates with 
poor prognosis

To ascertain circPVT1 in NSCLC, we analyzed its 
expression patterns in NSCLC tissues versus para-
cancer tissues and observed increased expressions 
in NSCLC samples compared to paracancer ones 
(Fig.  1A). Corroborating this, an upregulation of 
circPVT1 was also observed in NSCLC cells relative 
to 16HBE cells (Fig. 1B). Additionally, high expres-
sion of circPVT1 was correlated with tumor size, 
TNM stage, and lymph node metastasis (Table  2). 
Moreover, this high expression was associated with 
shorter overall survival (Fig. 1C). These results indi-
cate that elevated circPVT1 expression correlates with 
a poor prognostic outcome.

CircPVT1 enhances NSCLC cell proliferation and 
suppresses ferroptosis

To elucidate the functional significance of 
circPVT1 in NSCLC, circPVT1 was selectively 
downregulated in A549 and A2170 cell lines 
(Fig.  2A). This intervention notably attenuated 
cellular proliferation (Fig.  2B-C). Considering the 
regulatory role of circPVT1 in tumor ferropto-
sis (Yao et  al. 2021), a critical mechanism under-
lying NSCLC pathogenesis (Gao et  al. 2024), we 
proceeded to evaluate the impact of circPVT1 on 
ferroptosis. The silence of circPVT1 expression 
significantly augmented levels of ROS, MDA, 
and Fe2+, while simultaneously diminishing the 
concentrations of SOD and GSH (Fig.  2D-H). 
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Fig. 1   Upregulation of circPVT1 in NSCLC associates with 
poor prognosis. A qPCR analysis of circPVT1 expression lev-
els in NSCLC tissues and paracancer tissues. B qPCR analy-
sis of circPVT1 expression levels in 16HBE cells and NSCLC 

cells. C Kaplan–Meier analysis of overall survival based on 
circPVT1 expression levels. *P < 0.05, **P < 0.01, ***P < 
0.001

Table 2   Correlation 
between circPVT1 
expression and 
clinicopathological 
characteristics of NSCLC 
patients (N = 30)

Characteristics Total number Low expres-
sion
(n = 15)

High expres-
sion
(n = 15)

P value

Age 0.4621
  < 60 13 8 5
  ≥ 60 17 7 10

Gender 0.1281
  Male 19 7 12
  Female 11 8 3

Smoke 0.7104
  Yes 12 5 7
  No 18 10 8

Drink 0.6999
  Yes 20 9 11
  No 10 6 4

Histology 0.2723
  Adenocarcinoma 14 9 5
  Squamous 16 6 10

Tumor size 0.0253
  < 3 13 10 3
  ≥ 3 17 5 12

TNM stage 0.0025
  I-II 17 13 4
  III-IV 13 2 11

Lymph nodes metastasis 0.0078
  Yes 12 2 10
  No 18 13 5

Moreover, circPVT1 inhibition correlated with 
increased ACSL4 expression while leading to 
the downregulation of SLC7 A11 and PROM2 

(Fig. 2I), all of which are proteins implicated in the 
ferroptosis pathway. Furthermore, knockdown of 
circPVT1 led to the contraction or disappearance of 
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mitochondrial cristae (Fig.  2J). We also observed 
that overexpression of circPVT1 in HCC827 cells 
resulted in the opposite effects, including promoted 
cell proliferation, reduced levels of ROS, MDA, 
and Fe2+, and an increase in SOD and GSH levels 
(Supplementary Fig. 1). These findings underscore 
the critical function of circPVT1 in modulating fer-
roptosis and NSCLC pathogenesis.

CircPVT1 sponges miR‑338‑3p

Given the essential role of circRNA as a molec-
ular sponge for targeting miRNA(Kamali et  al. 
2024), we aimed to identify the target miRNA 
of circPVT1. Prediction analysis had indicated 
a potential interaction between circPVT1 and 
miR-338-3p (Fig.  3A). Also, this microRNA 

Fig. 2   CircPVT1 enhances NSCLC cell proliferation and 
suppresses ferroptosis. Knockdown of circPVT1 in A549 and 
A2170 cells was performed. A qPCR analysis of circPVT1 
expression. B CCK- 8 assay to measure cell proliferation. C 
Colony formation assay to assess cell proliferation. D DCFH-

DA staining to detect ROS levels. Kit assays to measure (E) 
MDA levels, F SOD levels, G GSH levels and (H) Fe2+ levels. 
I Western blot analysis to detect protein expression of ACSL4, 
SLC7 A11, and PROM2. J TEM observation of mitochondrial 
morphology. **P < 0.01, ***P < 0.001
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mimic reduced the luciferase activity of wild-type 
circPVT1 but not of mutant circPVT1 (Fig.  3B). 
FISH indicated the cytoplasmic presence of 
circPVT1 and miR-338-3p (Fig. 3C). Furthermore, 
the circPVT1 interacts with miR-338-3p within the 
RNA complex (Fig.  3D). Additionally, circPVT1 
knockdown promoted miR-338-3p expression 
(Fig.  3E). Interestingly, miR-338-3p was down-
regulated in NSCLC, displaying an inverse corre-
lation with circPVT1 expression (Fig. 3F-H), dem-
onstrating circPVT1 could sponge miR-338-3p to 
suppress its expression in NSCLC.

Fig. 3   CircPVT1 sponges miR-338-3p. A Starbase (https://​
rnasy​su.​com/​encori/) predicted potential binding sites between 
circPVT1 and miR-338-3p. B Dual-luciferase reporter assays 
confirmed the interaction between miR-338-3p and circPVT1. 
C FISH detected the colocalization of circPVT1 and miR-
338-3p in H2170 cells. D RIP assays examined the bind-
ing of circPVT1 and miR-338-3p to Ago2. E qPCR assessed 

miR-338-3p expression after circPVT1 knockdown. F qPCR 
detected miR-338-3p expression in NSCLC tissues and para-
cancer tissues. G qPCR measured miR-338-3p expression in 
16HBE cells and NSCLC cells. H Pearson correlation analysis 
evaluated the correlation between circPVT1 and miR-338-3p 
expression in tissues. **P < 0.01, ***P < 0.001

◂Fig. 4   CircPVT1 sponges miR-338-3p to upregulate GPX4 
expression. A Starbase (https://​rnasy​su.​com/​encori/) predicted 
potential binding sites between miR-338-3p and GPX4. B Dual-
luciferase reporter assays confirmed the interaction between miR-
338-3p and GPX4. C RIP assays examined the binding of Ago2 
with miR-338-3p and GPX4. D qPCR measured miR-338-3p 
expression after overexpression or knockdown of miR-338-3p. E 
qPCR detected GPX4 mRNA expression. F western blot meas-
ured GPX4 protein expression. G qPCR measured GPX4 mRNA 
expression in NSCLC tissues and paracancer tissues. H western 
blot detected GPX4 protein expression in NSCLC tissues and 
paracancer tissues. I Western blot detected GPX4 protein expres-
sion in 16HBE cells and NSCLC cells. J-K Pearson correlation 
analysis evaluated the correlation between miR-338-3p and GPX4 
expression, as well as the correlation between circPVT1 and GPX4 
expression. *P < 0.05, **P < 0.01, ***P < 0.001

https://rnasysu.com/encori/
https://rnasysu.com/encori/
https://rnasysu.com/encori/
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CircPVT1 sponges miR‑338‑3p to elevate GPX4 
expression

Since circPVT1 mediated the progression of ferrop-
tosis in NSCLC, it may influence proteins that related 

to ferroptosis. Therefore, we explored the potential 
regulation of GPX4 expression, a critical protein in 
the ferroptosis pathway (Dos Santos et al. 2023), by 
miR-338-3p. Prediction analysis revealed a promising 
interaction between miR-338-3p and GPX4 (Fig. 4A). 
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Also, the miR-338-3p mimic specifically targets and 
regulates GPX4 by binding to its wild-type sequence 
(Fig.  4B). The RNA complex precipitated by Ago2 
pull-down showed a notable enrichment of this micro-
RNA and GPX4 (Fig.  4C). The overexpression and 
knockdown cell model of miR-338-3p was success-
fully carried out (Fig. 4D). Interestingly, miR-338-3p 
upregulation also reduced GPX4 levels, while knock-
down increased them (Fig.  4E-F). In tumor tissues, 
GPX4 mRNA (Fig. 4G) and protein levels (Fig. 4H) 
were upregulated compared to paracancer tissues. 
GPX4 protein was also higher in NSCLC cells rela-
tive to 16HBE cells (Fig. 4I). GPX4 expression and 
miR-338-3p were shown to be inversely correlated, 
while circPVT1 and GPX4 levels were positively cor-
related (Fig.  4J-K). These studies demonstrate that 
circPVT1 sponges miR-338-3p to upregulate GPX4.

CircPVT1 promotes NSCLC cell growth and inhibits 
ferroptosis by modulating miR‑338‑3p/GPX4 axis

We further found that silencing circPVT1 resulted 
in GPX4 downregulation, which was counteracted 
by miR-338-3p suppression; inhibiting this RNA 
elevated GPX4 expression, an outcome negated 
by GPX4 knockdown (Fig.  5A). Functional stud-
ies indicated that silencing circPVT1 diminished 
cell proliferation, effects that were reversed upon 
miR-338-3p inhibition. Conversely, this micro-
RNA inhibition enhanced cell growth, outcomes 
that were negated following GPX4 knockdown 
(Fig.  5B-C). Additional experiments showed that 
circPVT1 knockdown increased ROS, MDA, and 
Fe2+ levels, while reducing SOD and GSH con-
centrations, effects that were counteracted by miR-
338-3p inhibition. Inhibition of this microRNA 
exhibited opposite effects on ROS, MDA, Fe2+, 

SOD, and GSH compared to circPVT1 silenc-
ing, which were nullified by GPX4 knockdown 
(Fig.  5D-H). Furthermore, circPVT1 suppression 
led to ACSL4 upregulation with SLC7 A11 and 
PROM2 downregulation, which were counteracted 
by miR-338-3p inhibition. Similarly, this micro-
RNA inhibition showed contrasting effects, which 
were mitigated by GPX4 suppression (Fig.  5I). 
CircPVT1 knockdown resulted in the contrac-
tion or disappearance of mitochondrial cristae, 
a scenario counteracted by miR-338-3p inhibi-
tion. However, this microRNA inhibition pro-
duced opposing outcomes, which were abolished 
by GPX4 knockdown (Fig.  5J). These findings 
underscore the circPVT1/miR-338-3p/GPX4 axis 
in driving NSCLC progression and modulating 
ferroptosis.

U2AF65 binds to circPVT1 and stabilizes it

CircRNAs can be regulated by RBPs, thus the 
upregulation of circPVT1 may be modulated by 
its associated RBPs. Prediction analysis identified 
promising RBPs for circPVT1, including EIF4 
A3 and U2AF65 (Fig.  6A). Although both EIF4 
A3 and U2AF65 expressions were increased in 
NSCLC tissues (Fig.  6B), only U2AF65 expres-
sion correlated with circPVT1, exhibiting a posi-
tive association (Fig.  6C). We also verified that 
U2AF65 expression was elevated in NSCLC cells 
(Fig.  6D-E). Molecular experiments revealed that 
U2AF65 bound to circPVT1 and positively regu-
lated its expression (Fig.  6F-G). Furthermore, 
overexpression of U2AF65 significantly enhanced 
the stability of circPVT1 (Fig.  6H). These results 
suggest that U2AF65 binds to circPVT1, stabiliz-
ing and enhancing its expression in NSCLC.

U2AF65 enhances NSCLC cell proliferation and 
suppresses ferroptosis by stabilizing circPVT1

Experiments showed that U2AF65 overexpression 
enhanced cell proliferation, which were negated upon 
circPVT1 silencing (Fig.  7A-B). Additionally, over-
expression of U2AF65 reduced ROS, MDA, and Fe2+ 
levels, while increasing SOD and GSH concentra-
tions, outcomes counteracted by circPVT1 knock-
down (Fig.  7C-G). Moreover, U2AF65 overexpression 

Fig. 5   CircPVT1 promotes NSCLC cell proliferation and 
inhibits ferroptosis by modulating miR-338-3p/GPX4 axis. 
In A549 and H2170 cells, circPVT1 was knocked down and/
or miR-338-3p was inhibited, followed by GPX4 knockdown: 
A Western blot was used to detect GPX4 protein expression. 
B CCK- 8 assays measured cell proliferation. C Colony for-
mation assays assessed cell proliferation. D DCFH-DA stain-
ing detected ROS levels. E–H Kits measured levels of MDA, 
SOD, GSH, and Fe2+. I Western blot detected the expression 
of ACSL4, SLC7 A11, and PROM2 proteins. J TEM observed 
mitochondrial morphology. *P < 0.05, **P < 0.01, ***P < 
0.001

◂
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decreased ACSL4 but increased SLC7 A11 and PROM2 
expression, effects were mitigated when simultaneously 
silencing circPVT1 (Fig. 7H). Knockdown of circPVT1 

also reversed the protective effect of U2AF65 on the 
shrinkage or disappearance of mitochondrial cristae 
(Fig.  7I). Overall, these results highlight that U2AF65 

Fig. 6   U2AF65 binds to circPVT1 and stabilizes it. A CSCD 
(http://​gb.​whu.​edu.​cn/​CSCD/) and CircInteractome (https://​
circi​ntera​ctome.​nia.​nih.​gov/​circu​lar_​rna.​html) predicted RBPs 
interacting with circPVT1. B qPCR was used to detect the 
expression of EIF4 A3 and U2AF65 in NSCLC tissues and 
paracancer tissues. C Pearson correlation analysis evaluated 
the correlation between EIF4 A3 expression and circPVT1, as 
well as between U2AF65 expression and circPVT1. D qPCR 

was used to detect the expression of U2AF65 in 16HBE cells 
and NSCLC cells. E Western blot detected U2AF65 protein 
expression in 16HBE cells and NSCLC cells. F RIP assays 
detected the interaction between circPVT1 and U2AF65. G 
qPCR measured the expression of circPVT1. H Actinomy-
cin D assay determined the half-life of circPVT1. *P < 0.05, 
**P < 0.01, ***P < 0.001

http://gb.whu.edu.cn/CSCD/
https://circinteractome.nia.nih.gov/circular_rna.html
https://circinteractome.nia.nih.gov/circular_rna.html
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Fig. 7   U2AF65 enhances NSCLC cell proliferation and sup-
presses ferroptosis by stabilizing circPVT1. In A549 and 
H2170 cells, U2AF65 was overexpressed or circPVT1 was 
simultaneously knocked down: A CCK- 8 assays were used to 
measure cell proliferation. B Colony formation assays assessed 
cell proliferation. C DCFH-DA staining detected ROS lev-

els. D-G Kits were used to measure the levels of MDA, SOD, 
GSH, and Fe2+. H Western blot detected the expression of 
ACSL4, SLC7 A11, and PROM2 proteins. I TEM was used 
to observe mitochondrial morphology. *P < 0.05, **P < 0.01, 
***P < 0.001
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promotes NSCLC cell proliferation and inhibits ferropto-
sis by stabilizing circPVT1.

U2AF65 promotes NSCLC tumorigenesis via the 
circPVT1/miR‑338‑3p/GPX4 axis

In vivo studies revealed that knockdown of U2AF65 
significantly impeded tumorigenesis, as demonstrated 
by reduced size and weight of tumor nodules (Fig. 8A-
C). Moreover, silencing U2AF65 decreased Ki- 67, 
U2AF65, and GPX4 expressions while promoting the 
ACSL4 expression (Fig.  8D). Additionally, the sup-
pression of U2AF65 resulted in decreased of circPVT1 
expression while enhancing miR-338-3p expres-
sion (Fig.  8E). These in  vivo findings corroborate that 
U2AF65 facilitates NSCLC tumorigenesis through the 
circPVT1/miR-338-3p/GPX4 axis.

Discussion

Recent progress in ferroptosis research within NSCLC 
highlights its crucial role in tumor biology, focusing on 
iron metabolism (Wang et  al. 2024), lipid peroxidation 
(Chen et al. 2024), and the regulatory function of proteins 

like GPX4 (Li et al. 2024). Insights into the relationship 
between ferroptosis and therapy resistance have opened 
new therapeutic avenues (Han et al. 2024), emphasizing 
the potential of ferroptosis inducers in NSCLC treat-
ment strategies. Researches on circRNA’s role in fer-
roptosis regulation reveal its capacity to modulate iron 
metabolism and lipid peroxidation pathways by sponging 
miRNAs that target ferroptosis-related genes like GPX4 
(Arabpour et  al. 2024; Li et  al. 2024). This highlights 
circRNA’s potential in influencing ferroptosis and opens 
new avenues for cancer therapy, particularly in NSCLC.

This research has elucidated that upregulated 
circPVT1 in NSCLC is linked to poor clinical outcomes, 
facilitating cell growth while inhibiting ferroptosis. 
Previous investigations have underscored circPVT1’s 
oncogenic potential in NSCLC (Huang et al. 2021; Lu 
et  al. 2021), highlighting its pivotal role in tumor pro-
gression. However, the intricate relationship between 
circPVT1 and the regulation of ferroptosis in NSCLC 
cells remains incompletely deciphered. In this study, we 
found that circPVT1 knockdown markedly enhanced 
oxidative stress, disrupted mitochondrial integrity, and 
modulated ferroptosis, underscoring its central role 
in the ferroptosis regulatory network within NSCLC. 
These results are not all unexpected, as circPVT1 plays a 

Fig. 8   U2AF65 promotes NSCLC tumorigenesis via the 
circPVT1/miR-338-3p/GPX4 axis. In xenograft models with 
U2AF65 knockdown: A-C Tumor volume and weight were 
measured. D H&E staining of tumor tissue and IHC stain-

ing detected the expression of Ki- 67, U2AF65, GPX4, and 
ACSL4. E qPCR was used to measure the expression of 
circPVT1 and miR-338-3p. n = 6, ***P < 0.001
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pivotal role in cellular adaptation to oxidative stress and 
significantly contributes to cancer development (Zhong 
et al. 2019). However, the association between circPVT1 
and mitochondrial function remains unclear, despite evi-
dence that some circRNAs are closely related to mito-
chondrial dysfunction (Bravo et al. 2020). Furthermore, 
our research revealed that circPVT1 influences ACSL4, 
SLC7 A11, and PROM2 through GPX4 modulation, 
thereby inhibiting ferroptosis in NSCLC cells. Grube 
et  al. have demonstrated that GPX4 silencing trig-
gers ACSL4-associated ferroptosis (Grube et al. 2022). 
Additionally, previous study has found that circPVT1 
silencing can promote ferroptosis by downregulating 
p-β-catenin, GPX4, and SLC7 A11 in esophageal cancer 
(Yao et al. 2021). Nonetheless, we are the first to report 
that circPVT1 modulates GPX4 expression, thereby 
suppressing ferroptosis in NSCLC cells.

Our mechanistic investigation delved into the 
sponge function of circPVT1, aiming to deline-
ate its regulatory role in NSCLC ferroptosis. Uti-
lizing the Starbase public database, miR-338-3p 
was predicted to potentially bind to circPVT1 as a 
regulatory miRNA. Subsequent assays validated 
their interaction and further revealed that silencing 
circPVT1 increased miR-338-3p levels, which was 
implicated in resistant NSCLC (Du et  al. 2023), 
tumor metastasis (Lin et  al. 2022), and progres-
sion (Zhu et al. 2021). Recent investigations start to 
explore its association with ferroptosis (Zhen et al. 
2024; Zhou et al. 2022). Nevertheless, understand-
ing of miR-338-3p role in ferroptosis, particularly 
in NSCLC, remains in its infancy.

Our focus was on determining the miR-338-3p 
targets related to ferroptosis, and identified GPX4 
mRNA as a potential target. Further investiga-
tion confirmed their interaction and demonstrated 
miR-338-3p inhibitory effect on GPX4 expression. 
GPX4, initially identified by Ursini et al. through 
biochemical purification, is a crucial selenopro-
tein that catalyzes the reduction of phospholipid 
hydroperoxides in mammalian cells (Ursini et  al. 
1982). It is pivotal in ferroptosis regulation, acting 
as a critical anti-ferroptotic agent by enzymatically 
converting lipid hydroperoxides into non-toxic 
lipid alcohols, thus preventing lipid peroxidation 
within cellular membranes (Yang et  al. 2014). 
This enzymatic activity is crucial for mitigating 
the accumulation of cytotoxic lipid-based ROS, 
positioning GPX4 as an essential suppressor of 

ferroptosis (Yang and Stockwell 2016). The defi-
ciency or functional inhibition of GPX4 precipi-
tates cellular vulnerability to ferroptosis, attrib-
uted to uncontrolled lipid peroxidation (Matsushita 
et  al. 2015). Our results revealed that circPVT1 
modulates ferroptosis in NSCLC via its sponge 
activity on miR-338-3p, thereby targeting and 
inhibiting GPX4 expression. This study expanded 
the understanding of the modulation mechanism of 
GPX4 and ferroptosis within its circRNA network.

In this study, U2AF65 was identified as the 
RBP of circPVT1 to stabilize it, and was found to 
enhance NSCLC cell proliferation and suppress 
ferroptosis by stabilizing circPVT1. Furthermore, 
U2AF65 can promote NSCLC tumorigenesis via 
the circPVT1/miR-338-3p/GPX4 axis. Research 
indicated that U2AF65 expression was elevated in 
NSCLC tissues, correlating with adverse prognosis 
and higher tumor stages (Blijlevens et  al. 2021). 
Its overexpression was linked to the modulation 
of alternative splicing of pre-mRNA (Glasser 
et  al. 2022), resulting in oncogenic isoforms that 
facilitated tumor progression (Laliotis et al. 2021). 
Nonetheless, its connection to ferroptosis and its 
specific mechanisms of action within NSCLC had 
yet to be fully elucidated. Our research bridged 
this gap by investigating the intricate relation-
ship between U2AF65 and ferroptosis within the 
NSCLC context. By delineating how U2AF65, 
through stabilizing circPVT1 and influencing the 
circPVT1/miR-338-3p/GPX4 axis, contributes to 
ferroptosis regulation, this study uncovered novel 
mechanistic insights into NSCLC progression. 
Knowing how U2AF65 affects ferroptosis could 
provide new avenues for targeted therapeutic strat-
egies, potentially leading to more effective treat-
ments for NSCLC.
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