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Abstract 

Background  Lung cancer poses a serious threat to human health, but its molecular mechanisms remain unclear. 
Circular RNAs (circRNAs) are closely associated with tumour progression, and the important role of 8-oxoguanine 
(o8G) modification in regulating the fate of RNA has been gradually revealed. However, o8G modification of circRNAs 
has not been reported. We identified circPLCE1, which is significantly downregulated in lung cancer, and further 
investigated the o8G modification of circPLCE1 and the related mechanism in lung cancer progression.

Methods  We identified differentially expressed circRNAs by RNA high-throughput sequencing and then conducted 
methylated RNA immunoprecipitation (MeRIP), immunofluorescence (IF) analysis, crosslinking immunoprecipitation 
(CLIP) and actinomycin D (ActD) assays to explore circPLCE1 o8G modification. The biological functions of circPLCE1 
in vivo and in vitro were clarified via establishing a circPLCE1 silencing/overexpression system. Tagged RNA affinity 
purification (TRAP), RNA Immunoprecipitation (RIP) and coimmunoprecipitation (Co-IP) assays, and pSIN-PAmCherry-
KFERQ-NE reporter gene were used to elucidate the molecular mechanism by which circPLCE1 inhibits lung cancer 
progression.

Results  This study revealed that reactive oxygen species (ROS) can induce circPLCE1 o8G modification and that AUF1 
can mediate a decrease in circPLCE1 stability. We found that circPLCE1 significantly inhibited lung cancer progression 
in vitro and in vivo and that its expression was associated with tumour stage and prognosis. The molecular mecha-
nism was elucidated: circPLCE1 targets the HSC70 protein, increases its ubiquitination level, regulates ATG5-depend-
ent macroautophagy via the chaperone-mediated autophagy (CMA) pathway, and ultimately inhibits lung cancer 
progression.
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Conclusion  o8G-modified circPLCE1 inhibits lung cancer progression through CMA to inhibit macroautophagy 
and alter cell fate. This study provides not only a new theoretical basis for elucidating the molecular mechanism 
of lung cancer progression but also potential targets for lung cancer treatment.
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Graphical abstract
ROS induce circPLCE1 o8G modification, and AUF1 specifically recognizes o8G modification, thereby decreases circ-
PLCE1 stability. circPLCE1 targets the HSC70 protein, increases its ubiquitination level, inhibits CMA activity, and pro-
motes ATG5-dependent macroautophagy via the CMA pathway, altering the fate of tumour cells and ultimately 
inhibiting lung cancer progression.

Introduction
Lung cancer is a serious public health problem worldwide 
and the leading cause of cancer-related death. Recent 
studies have revealed that, globally, lung cancer ranks 
first in terms of morbidity and mortality [1, 2]. Recently, 
the development of drugs targeting specific gene prod-
ucts has greatly improved the treatment of patients with 
lung cancer, but the prognosis of lung cancer remains 

poor [3, 4]. Therefore, it is important to study the mech-
anisms of lung cancer progression in depth and explore 
new therapeutic targets for lung cancer. Although many 
coding genes and non-coding RNAs are involved in the 
process of lung cancer progression [5–8], the specific 
molecular mechanisms involved remain unclear.

Circular RNAs (circRNAs) are a class of RNAs pro-
duced by back-splicing that have a covalently closed loop 
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structure without a 5’ cap or a 3’ poly(A) tail [9, 10]. With 
the iterative updating of sequencing techniques and bio-
informatic algorithms, many circRNAs have been found 
to be differentially expressed in a wide range of malig-
nant tumours, and the biological functions of circRNAs 
in tumours have been revealed [8, 11, 12]. Studies have 
revealed that circRNAs play important roles in tumour 
progression through a variety of functional mechanism; 
for example, they can act as microRNA (miRNA) sponges 
[13] or bind directly to mRNAs [14] or proteins [15, 16]. 
As research has intensified, circRNAs are also thought to 
be translated into peptides [17]. Owing to their unique 
expression pattern, high stability and tissue specificity, 
circRNAs have attracted much attention in cancer diag-
nosis and therapy. However, the molecular mechanisms 
of circRNAs in lung cancer have not been fully eluci-
dated. In our previous study on lung carcinogenesis [18], 
we found that circPLCE1 expression was dysregulated 
in a sodium arsenite-induced malignant cell transfor-
mation model, suggesting that circPLCE1 may have an 
important function in lung carcinogenesis. To explore 
whether circPLCE1 may play a biological function in lung 
cancer progression, we examined the expression of circ-
PLCE1 in lung cancer cell lines. The results showed that 
circPLCE1 was significantly downregulated in lung can-
cer cell lines compared to BEAS-2B cells. Subsequently, 
examination of circPLCE1 expression in lung cancer tis-
sues and paracancerous tissues revealed that circPLCE1 
was significantly downregulated in lung cancer tissues, 
which indicate that circPLCE1 may play a key role in the 
progression of lung cancer. Therefore, circPLCE1 was 
selected for in-depth exploration in this study.

Although the number of studies on the role of cir-
cRNAs in tumorigenesis and tumour progression is 
increasing, most related studies still focus mainly on the 
regulation of downstream genes and signalling pathways 
by circRNAs, and little is known about the upstream 
molecular mechanisms of circRNAs. The emergence of 
RNA modifications has resulted in new ideas for eluci-
dating the mechanism of altered expression of circRNA 
itself and its functional research in malignant tumours 
[19–22]. Research suggests that three classes of mol-
ecules are involved in the process of RNA modification: 
RNA-modifying enzymes (writers), which transfer spe-
cific chemical groups to the RNA molecule; eraser pro-
teins (erasers), which remove specific chemical groups 
from modified nucleotides, restoring their unmodified 
state; and RNA-binding proteins (readers), which spe-
cifically recognize modified nucleotides [19–21]. With 
in-depth research related to RNA modifications, the 
important roles of the o8G modification in regulating 
both the fate of RNA molecules and their important roles 
in pathology and physiology have been revealed. The 

results of the present study suggest that the o8G modi-
fication does not involve a writer but rather that it is an 
oxidative modification that occurs when reactive oxygen 
species (ROS) attack guanine bases in RNA molecules 
[23]. o8G modification can change the base pairing mode 
of RNA, transforming the original G‒C pairing of RNAs 
into G‒A pairing. In the rat H9c2 myocardial cell line, 
oxidized miR-184 facilitates the initiation of apoptosis 
by re-targeting Bcl-xl and Bcl-w [24]. The o8G modifica-
tion of the miR-1 seed region also affects the specificity 
of targeting downstream genes to induce cardiac hyper-
trophy [25]. 4o8G-miR-124 and 4o8G-let-7 inhibit the 
progression of gliomas, and 3o8G-miR-122 and 4o8G-
let-7 modulate tumour-promoting signalling pathways 
to promote hepatocellular carcinoma progression [26]. It 
has even been shown that o8G modification can mediate 
the rapid degradation of an RNA and affect its stability 
through multiple pathways [27]. o8G-modified RNAs are 
also recognized by specific RNA-binding proteins (read-
ers) and are degraded via unknown mechanisms [28–30]. 
With the discovery of miRNA o8G modifications, the 
important epigenetic role of o8G modifications has been 
gradually revealed, but the o8G modification of circRNAs 
has not been reported.

With the deepening of circRNA-related research, cir-
cRNAs are thought to play important roles in the bio-
logical process of autophagy [31]. Autophagy is a cellular 
process that mediates the lysosome-dependent degrada-
tion of organelles, proteins, etc., and is closely associated 
with a variety of diseases, including tumours, and plays 
a bidirectional role in cell survival and death [32–35]. 
Autophagy can be categorized into three types accord-
ing to the manner in which the cargos to be degraded 
are captured: macroautophagy, microautophagy, and 
chaperone-mediated autophagy (CMA) [36]. Although 
the mechanism by which circRNAs affect tumorigen-
esis and tumour progression through macroautophagy 
has been revealed [37, 38], circRNAs that target CMA 
have not been elucidated. CMA is a type of selective 
autophagy characterized mainly by its lack of involve-
ment of membrane transport vesicles and selectivity for 
cargo [39]. CMA mainly degrades cytoplasmic proteins 
with KEFRQ-like motifs; these proteins are recognized 
by the chaperone protein HSC70 and are transported 
to lysosomes via the LAMP-2A transporter for protein 
quality control [39]. Recent studies revealed that CMA 
is consistently upregulated in primary tumours, such as 
lung, hepatocellular carcinoma, melanoma, and gastric, 
colon, ovarian, and breast tumours [40], and is downreg-
ulated in only a few malignancies, such as acute myeloid 
leukaemia [41]. Accumulating genetic evidence indicates 
the therapeutic value of targeting CMA in cancer; how-
ever, effective means of inhibiting CMA are lacking. The 
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expansion of circRNA-related research has provided new 
insights into targeting CMA and thus the development of 
antitumour therapeutics.

In this study, we found that circPLCE1 is significantly 
downregulated in lung cancer cell lines and lung cancer 
tissues, and that circPLCE1 expression was significantly 
associated with the stage, tumour size, and prognosis of 
lung cancer. We reported the ground-breaking finding 
that o8G modification occurs on circRNA; intracellular 
ROS induce o8G modification, and AUF1 specifically 
recognizes o8G modification, thereby decreasing circ-
PLCE1 stability and expression. We clarified that circ-
PLCE1 has a biological function in inhibiting lung cancer 
progression both in vitro and in vivo. Moreover, we dis-
covered that ATG5 can act as a novel CMA substrate. 
We elucidated the novel molecular mechanism by which 
o8G-modified circPLCE1 targets HSC70, increases its 
ubiquitination level, decreases CMA activity, and regu-
lates ATG5-dependent macroautophagy through the 
CMA pathway, thus altering the fate of tumour cells and 
ultimately inhibiting lung cancer progression. Overall, 
this study revealed that o8G modification occurs on a 
circRNA and indicates that the o8G-modified circRNA 
can play an important role in lung cancer progression. 
This study provides new insights regarding the molecular 
mechanisms of lung cancer progression and may facili-
tate the development of lung cancer treatment methods.

Methods
Cell culture
The normal human bronchial epithelial cells (BEAS-
2B) and lung cancer cells (A549, H1299, H226, H460, and 
H2170) used in this study were obtained from the Ameri-
can Type Culture Collection (ATCC). 293T cells  used 
in this study were obtained from  Guangzhou Cellcook 
Biotech Co., Ltd (Guangzhou, China).  BEAS-2B cells 
were cultured in BEGM (Lonza, CC-3171) medium; 
H1299, H226, H460 and H2170 cells were cultured in 
RPMI-1640 medium containing 10% foetal bovine serum 
(FBS; Gibco, 10099141C) and 1% penicillin‒streptomy-
cin (Gibco, 1514022); A549 cells were cultured in Ham’s 
F-12K medium containing 10% FBS (Gibco, 10099141C) 
and 1% penicillin‒streptomycin; and 293 T cells were cul-
tured in DMEM containing 10% FBS (Gibco, 10099141C) 
and 1% penicillin‒streptomycin (Gibco, 1514022). All the 
cells were cultured at 37  °C in a 5% CO2 incubator and 
tested negative for mycoplasma contamination.

High‑throughput RNA sequencing
In previous studies, we used BEAS-2B human bronchial 
mucosal epithelial cells exposed to arsenic to establish a 
cell model of arsenic-induced malignant transformation 

(BEAS-2B-As). (For details, please refer to the study 
on the mechanism of action of circBRWD1 in arsenic-
induced lung cancer.) The extracted total RNA was frag-
mented into short sections in fragmentation buffer and 
then converted into 1st-strand cDNA via reverse tran-
scription with random hexamer primers. The second 
strand was synthesized via deoxyribonucleoside triphos-
phate (dNTP), RNase H and DNA polymerase I. The 
cDNA fragment was purified via QiaQuick PCR, the ends 
were repaired, and base A was introduced. Sequencing 
was performed on an Illumina HiSeqTM 2500 at Gene 
Denovo Biotechnology (Guangzhou, China) after PCR 
amplification. Differential circRNA expression profiles 
were successfully generated (Supplementary Table 1).

The differentially expressed circRNAs were screened 
according to “P < 0.1” and “log2-fold change (log2 FC) > 2” 
and visualised in volcano plots. The differentially 
expressed circRNAs with “log2 FC > 2” were screened 
for clustering analysis. The clustering method was “com-
plete”, and the distance method was “Euclidean”.

RNA extraction and RT‒qPCR
Total RNA was extracted from the tissue and cellular 
samples with TRIzol reagent (Invitrogen, 15596018), 
and the RNA concentrations were measured via a Nan-
odrop One spectrophotometer (Thermo Fisher Scientific, 
ND-ONEC-W). Reverse transcription was subsequently 
performed using the GoScript™ Reverse Transcription 
System (Promega, A5001). For the qPCR analysis of cir-
cRNAs, we used the principle of crossing cleavage sites 
to design a divergent primer specific for circRNAs. The 
qPCR primers (Sangon Biotech, Shanghai,  China) were 
diluted to 10 µmol (see Supplementary Table 2 for primer 
sequences). qPCR was performed via a GoTaq® qPCR 
Master Mix (Promega, A6001) kit. The target RNA lev-
els were normalized to the GAPDH mRNA level in each 
sample.

Lung cancer tissue samples
The lung cancer and paraneoplastic clinical tissue sam-
ples used in this study were obtained from the First 
Affiliated Hospital of Guangxi Medical University. Each 
patient signed an informed consent form before surgery. 
Human materials were obtained with patient consent 
and approved by the Ethics Committee of the First Affili-
ated Hospital of Guangxi Medical University. The rela-
tive expression of circPLCE1 in lung cancer tissues was 
assessed via qPCR, and the median relative expression 
was calculated. The samples whose relative expression 
value for circPLCE1 was greater than the median were 
categorized into the high-expression group, and those 
whose relative expression of circPLCE1 was less than the 
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median expression were categorized into the low-expres-
sion group.

Prediction of biological function
We used catRAPID (http://​servi​ce.​tarta​glial​ab.​com/​
page/​catra​pid_​group) for the prediction of direct bind-
ing proteins of circPLCE1 and the DAVID database 
(https://​david.​ncifc​rf.​gov/) for the KEGG analysis (see 
Supplementary Fig.  1a.). For Supplementary Fig.  1b, the 
circBANK (http://​www.​circb​ank.​cn/), TargetScanHuman 
8.0 (https://​www.​targe​tscan.​org/​vert_​80/) and miRBD 
(https://​mirdb.​org/) databases were used to predict circ-
PLCE1-targeted miRNAs; five miRNAs, namely, hsa-miR-
6885-3P, hsa-miR-3174, hsa-miR-4482-5P, hsa-miR-8485, 
and hsa-miR-593-3P, were obtained by taking the inter-
sections of the miRNAs predicted by the three databases. 
Published studies on PubMed (https://​pubmed.​ncbi.​nlm.​
nih.​gov/) indicate that hsa-miR-593-3P and hsa-miR-8485 
might be potential oncogenes, which is inconsistent with 
the expression trend of circPLCE1 in lung cancer; thus, 
these genes were excluded. Subsequently, TargetScanHu-
man 8.0, miRBD, and miPID (http://​ophid.​utoro​nto.​ca/​
mirDIP/​index.​jsp) were used to predict hsa-miR-6885-3P, 
hsa-miR-3174 and hsa-miR-4482-5P targeted mRNAs, 
and the mRNAs targeted by the three miRNAs were inter-
sected for further analysis. Finally, KEGG analysis was 
performed via DAVID.

Transfection
siRNAs targeting circPLCE1, ATG5, and AUF1 were 
designed (RiboBio, Guangzhou, China). The siRNA tar-
get sequence information is shown in Supplementary 
Table  2. The cells were seeded at a density of 2.5 × 106 
cells/well in 6-well plates or 6 × 104 cells/well in 96-well 
plates and cultured for 12–18  h before siRNA transfec-
tion was performed via the riboFECT CP Kit (RiboBio, 
C10511-05). The siRNA concentration used for trans-
fection was 100 nM, and culture was continued for 48 h 
after transfection before subsequent experiments were 
carried out. The circPLCE1 transient overexpression 
plasmid was constructed via the pcircRNA 2.2 hsa vector 
(Supplementary Fig. 1c), and the HSC70 transient over-
expression plasmid was constructed using the pCMV-
SPORT6 vector (Fenghui Biotechnology, Changsha, 
China); the plasmids were purified using a plasmid mini 
kit (Biomiga,  BW-PD1211-03). The cells were seeded at 
a density of 3.5 × 106 cells/well in 6-well plates or 1 × 105 
cells/well in 96-well plates, and after further incubation 
for 12–18  h, the overexpression plasmids were trans-
fected via the Lipofectamine™ 3000 Transfection Kit 
(Invitrogen, L3000015). The cells in the 6-well plates 
were transfected with 2.5  µl (1000  ng/µl) per well, and 

the cells in the 96-well plates were transfected with 0.5 µl 
(1000  ng/µl) per well. The medium containing 10% FBS 
was replaced with new medium 8  h post-transfection, 
and subsequent experiments were carried out after 48 h 
of continued incubation.

Lentiviral infection and stable transfection cell line 
construction
The circPLCE1 stable overexpression plasmid was con-
structed via the V53B plv-puro-circRNA-Hsa vector 
(IEMed,  Guangzhou, China) (Supplementary Fig.  1d). 
A total of 4 × 106 293 T cells were inoculated into 6-well 
plates, after which 2 µg of the circPLCE1 stable overex-
pression plasmid, 1.2 µg of PMD2.G, and 1.2 µg of PSPAX 
were added for cotransfection into 293 T cells using Pol-
yJet™ In Vitro Transfection Reagent (Cisco Biotech Co., 
Ltd., Jinan, China). The mixture was incubated in a 5% 
CO2 incubator for 72  h. Viral supernatants were col-
lected by centrifugation at 3000 rpm for 30 min. The viral 
supernatant was collected and centrifuged at 3000  rpm 
for 30 min. A549 cells were inoculated into 6-well plates 
at 2 × 106 million/well and transduced with viral super-
natant after cell attachment. The cells were incubated at 
37 °C in a 5% CO2 incubator, and the fluorescence inten-
sity was observed under a fluorescence microscope after 
48  h. A stable circPLCE1-overexpressing cell line was 
constructed via the puromycin screening method.

Flow cytometry to detect ROS levels
A ROS assay kit (Beyotime, S0033S) was used to detect 
the cellular ROS levels. DCFH-DA was diluted with 
serum-free culture solution at a ratio of 1:1000 to a final 
concentration of 10  μM/L. One millilitre of DCFH-DA 
was added, and the mixture was incubated at 37 °C in a 
5% CO2 incubator for 20 min. Then, 1 × PBS was used to 
wash the cells three times. The cells were digested with 
trypsin, collected via centrifugation, washed with 1 × PBS 
and resuspended by adding 500 μL of 1 × PBS, and the 
ROS level was detected via flow cytometry  (Beckman 
Coulter, Miami, USA).

Cell viability assay
Cell viability was determined using Cell Counting Kit-8 
(CCK-8; Dojindo, CK04) assays. A549 and H1299 cells 
were seeded in 96-well plates, transfected with siRNAs/
overexpression plasmids and cultured for 48  h. The 
working solution was prepared at a 1:10 ratio of CCK-8 
reagent:medium containing 10% FBS. The working solu-
tion was added to the wells (100 µl/well), and the plates 
were incubated at 37 °C for 1.5 h. The absorbance of the 
cells at 450 nm was measured.

http://service.tartaglialab.com/page/catrapid_group
http://service.tartaglialab.com/page/catrapid_group
https://david.ncifcrf.gov/
http://www.circbank.cn/
https://www.targetscan.org/vert_80/
https://mirdb.org/
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
http://ophid.utoronto.ca/mirDIP/index.jsp
http://ophid.utoronto.ca/mirDIP/index.jsp
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EdU incorporation assay
The Cell Light EdU Apollo 567 In  Vitro Kit (RiboBio, 
C10310-1) was used to evaluate cell proliferation. A549 
cells and H1299 cells were seeded in 96-well plates, 
transfected with siRNAs/overexpression plasmids, and 
cultured for 48 h. The cells were fixed with 4% paraform-
aldehyde (PFA%), and staining solutions were prepared 
for Apollo staining and DNA staining according to the 
manufacturer’s instructions. The cells were imaged via 
the EVOS® FL Auto Imaging System, and ImageJ was 
used for statistical analysis of the DAPI-positive and 
EdU-positive cells.

Detection of apoptosis by flow cytometry
An Annexin V-FITC/Propidium Iodide (PI) Double 
Staining Apoptosis Detection Kit (KeyGen Biotech, 
KGA107) was used to determine the proportion of apop-
totic cells. A549 cells and H1299 cells were seeded in 
6-well plates, and the culture was continued for 48 h after 
siRNA/overexpression plasmid transfection. The cell cul-
ture medium was collected, and the cells were detached 
from the plates with EDTA-free trypsin (Solarbio, T1350) 
and centrifuged at 2000 rpm for collection. The cells were 
then resuspended in binding buffer, and 5 µl of Annexin 
V-FITC and 5  µl of PI were added sequentially. Detec-
tion of apoptosis was performed using a CytoFLEX flow 
cytometer (Beckman Coulter, Miami, USA).

Cell cycle analysis by flow cytometry
The Cell Cycle Assay Kit (KeyGen Biotech, KGA511) was 
used to analyse the cell cycle. A549 cells and H1299 cells 
were seeded in 6-well plates, and culture was continued 
for 48  h after siRNA/overexpression plasmid transfec-
tion. The cells were detached and collected, fixed in a 
solution of 7:3 anhydrous ethanol: PBS, and incubated at 
−20  °C overnight. After centrifugation, the ethanol was 
removed by washing with PBS, and 30  µl of RNase was 
added for incubation at 37 °C for 30 min. Then, 120 µl of 
PI solution was added for incubation at 4 °C for 30 min in 
the dark. Cell cycle analysis was performed with a Cyto-
FLEX flow cytometer (Beckman Coulter, Miami, USA).

Transwell migration assay
A549 cells and H1299 cells were seeded in 6-well plates, 
and the culture was continued for 48 h after siRNA/over-
expression plasmid transfection. The migration chambers 
(Corning,  Corning, USA) were equilibrated at 37  °C for 
1  h in serum-free culture medium. After the cells were 
detached and collected, they were resuspended in serum-
free medium and counted. Then, 1 × 104 cells were seeded 
in each migration chamber, and medium containing 10% 
FBS was added to the lower compartment for incubation 
at 37  °C for 24 h. After the cells were washed with PBS 

and fixed with methanol for 20  min, they were stained 
with crystal violet, and the upper layer of cells in the 
chambers was removed by wiping. After drying, the cells 
were imaged using an EVOS® FL Auto Imaging System, 
and statistical analysis was performed with ImageJ.

Wound healing assay
A549 cells and H1299 cells were seeded in 6-well plates, 
and the culture was continued for 48 h after siRNA/over-
expression plasmid transfection. When the cells were 
approximately 90% confluent, a scratch of uniform width 
was made on the cell surface, the cells were washed with 
PBS, and the medium was changed to medium contain-
ing 10% FBS. Images of the same location in the scratch 
wound were acquired at 0 h and 24 h using a microscope 
(Olympus,  Tokyo, Japan), and the area of the scratch at 
each time point was calculated for statistical analysis.

Subcutaneous tumorigenesis assay in nude mice
Four-week-old female BALB/c nude mice were purchased 
from Guangxi Medical University Laboratory Animal 
Centre. We used a previously published method for gen-
erating a subcutaneous xenograft tumour model in nude 
mice and used seven nude mice per group to conduct 
the experiments. The nude mice were housed at the SPF-
level Experimental Animal Center of Guangxi Medical 
University. The nude mice were randomly divided into 
two groups: those injected with A549 cells with stable 
circPLCE1 overexpression or those injected with control 
A549 cells into the right dorsal surface. The survival sta-
tus of the nude mice was monitored at three-day inter-
vals. The diameters of the tumours were measured by 
using Vernier callipers (volume = length × height2 × 0.5), 
and the nude mice were weighed. The experimental ani-
mals were sacrificed after 21 days of tumour formation, 
and immunohistochemistry and western blotting were 
conducted after tumour excision. The animal experi-
ments conducted in this study were approved by the 
Experimental Animal Ethics Committee of Guangxi 
Medical University, and all experimental operations were 
conducted in compliance with international guidelines.

FISH
circPLCE1-specific FISH probes were designed (San-
gon Biotech Ltd., Shanghai,  China) (see Supplementary 
Table  2). The subcellular localization of circPLCE1 in 
A549 cells and H1299 cells was determined via a FISH kit 
(RiboBio, C10910). The cells were seeded in 12-well plates 
containing microscope cover glasses at a density of 2 × 105 
cells/well, and after the cells had adhered to the plates, 
they were fixed with 4% PFA. The cells were permeabi-
lized via incubation in permeabilization buffer (0.5% 
Triton X-100 in PBS) for 5  min, and the hybridization 
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reaction mixture was prepared at a probe:hybridization 
solution ratio of 1:19. The cells were incubated at 42  °C 
for 16  h in the dark after the addition of the hybridiza-
tion solution. This incubation step was followed by DAPI 
staining and fluorescence imaging using an LSM800 con-
focal microscope (Zeiss, Oberkochen, Germany).

Cellular nuclear–cytoplasmic separation
A PARIS™ kit  (Invitrogen, AM1921) was used to per-
form nuclear–cytoplasmic separation to determine the 
subcellular localization of circPLCE1. A549 and H1299 
cells (1 × 107) were collected and lysed on ice after the 
addition of cell fractionation buffer. The supernatant was 
separated from the precipitate, 2 × lysis/binding solution 
was added, and the mixture was mixed well. The mix-
ture was added to a filter column and centrifuged at 4 °C 
and 10,000 × g for 1 min, after which the filtrate was dis-
carded. Then, 700 µl of wash solution was added to wash 
the column, the column was centrifuged at 10,000 × g for 
1 min at 4 °C, and the filtrate was discarded. Then, 50 µl 
of ES solution was added, and the column was allowed 
to stand at 4  °C for 15  min prior to centrifugation at 
4 °C and 10,000 × g for 1 min to collect RNA. circPLCE1 
expression was measured via RT‒qPCR with GAPDH as 
a cytoplasmic marker and U6 as a nuclear marker.

Western blot analysis and antibodies
Cell lysis buffer (10 mM Tris–HCl (pH 7.4), 1% sodium 
dodecyl sulphate (SDS), and 1  mM Na3VO4) was pre-
pared, and the cells were lysed on ice for 5  min. The 
protein samples were denatured at 100  °C for 5  min 
and subjected to ultrasonic disruption. Protein quanti-
fication was performed using the Pierce™ BCA Protein 
Assay Kit (Thermo Fisher Scientific, 23227). Proteins 
were separated on an SDS‒polyacrylamide gel and 
then transferred to a membrane at a constant current 
of 200 mA for 1.5 h. Blocking buffer was prepared with 
5% skim milk, and the primary antibody was added 
for incubation overnight on a shaker at 4  °C. After the 
membrane was washed with TBS, the corresponding 
secondary antibody was added for incubation at room 
temperature for 1  h. Antibody binding was detected 
using an enhanced chemiluminescence (ECL) kit, and 
images were acquired via a chemiluminescence imager 
and quantitatively analysed via ImageJ software. The 
primary antibodies used in this study were as follows: 
anti-HSC70 (Proteintech, 10654–1-AP), anti-HK2 
(Proteintech, 22029–1-AP), anti-PKM2 (Proteintech, 
60268–1-Ig), anti-P62 (Affinity Biosciences, AF5384), 
anti-LC3B (Affinity Biosciences, AF5402), anti-ATG5 
(Santa Cruz Biotechnology, sc-133158), anti-ATG12 
(Santa Cruz Biotechnology, sc-271688), anti-8-oxogua-
nine (o8G) (Abcam, ab206461 and Sigma, MAB3560), 

anti-AUF1 (Abcam, ab259895), anti-Tubulin (Ser-
vicebio, GB11017) and anti-beta Actin (Servicebio, 
GB15003) antibodies. The secondary antibodies used 
were as follows: anti-mouse IgG (Proteintech, SA00001-
1), anti-mouse IgG (Cell Signaling Technology, 4408S), 
anti-rabbit IgG (Cell Signaling Technology, 7074S), and 
anti-rabbit IgG (Cell Signaling Technology, 8890S).

TRAP
The circPLCE1-MS2 fusion expression vector was con-
structed, and TRAP experiments were carried out using 
a TRAP kit (BersinBio, Bes5106). For cell transfection, 
A549 cells (2 × 107 cells/group) were first prepared, and 
cell transfection was performed using a Lipofectamine™ 
3000 transfection kit (Invitrogen,  L3000015). The cells 
in the negative control group were cotransfected with 
the MS2 plasmid and MS2-GST plasmid, and the cells 
in the experimental group were cotransfected with the 
MS2-circPLCE1 plasmid and MS2-GST plasmid. For 
cell lysis, cell lysis buffer was prepared according to the 
manufacturer’s instructions, and the cells were lysed 
on ice for 10 min, subsequently collected into enzyme-
free EP tubes and centrifuged at 10,000 × g for 15  min 
at 4 °C. Then, 100 µl of the supernatant was separately 
labelled as input protein. For immunoprecipitation, 
GSH magnetic beads were activated according to the 
manufacturer’s instructions and subsequently added to 
each group of cell lysates, and the mixtures were incu-
bated for 3 h at 4 °C with gentle rotation. Subsequently, 
protein elution buffer was added for RBP collection, 
and polyacrylamide gel electrophoresis (PAGE)-silver 
staining and MS analysis were carried out.

RIP
A RIP kit (IEMed, IEMed-K303) was used to conduct RIP 
experiments to detect the direct binding of circPLCE1 to 
proteins. Antibody-protein A/G beads were prepared as 
follows: protein A/G beads were separated into 2 groups, 
and 2 μg of the target antibody (anti-HSC70, Proteintech, 
10654–1-AP) (anti-AUF1, Abcam, ab259895) was added 
to one group (IP group), and 2  μg of IgG was added to 
the other group (IgG group). For cell lysis, 1 × 107 cells 
were detached, centrifuged, collected, and lysed at room 
temperature for 20 min according to the manufacturer’s 
instructions. For IP, 0.4 ml of the cell lysate was added to 
the IP group, 0.4 ml was added to the IgG group, and the 
remaining 0.2 ml was used for the input group. The sam-
ples were placed on a vertical mixer for IP for 1 h. Sub-
sequently, RNA was recovered; circPLCE1 enrichment in 
each group was evaluated via RT‒qPCR, and agarose gel 
electrophoresis was carried out on the basis of the qPCR 
products.
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CLIP
A CLIP kit (BersinBio, Bes3014) was used to conduct 
the CLIP assays. The circPLCE1 truncation primers 
were designed with a length of 50  bp (circPLCE1 trun-
cation primers and sequence are shown in Supplemen-
tary Table 2), and reverse primers were designed with a 
plus-tailed universal primer (PCR Reverse Primer). The 
cells were incubated in medium containing 10% FBS and 
100 µM 4-thiouracil (Sigma, T4509) for 16 h, and subse-
quent experiments were carried out. Antibody‒protein 
A/G beads were prepared as follows: 2  μg of the target 
antibody and 2 μg of IgG were added to the protein A/G 
beads in the IP and IgG groups, respectively, and the 
samples were incubated in a vertical mixer. For UV cross-
linking, 3 × 107 cells were placed on ice for UV cross-link-
ing at 365 nm for 10 min to enhance the binding between 
proteins and RNA molecules. For cell lysis, after UV 
cross-linking, 1 × cell lysis buffer was added to the cells, 
which were subsequently lysed on ice for 10 min. Immu-
noprecipitation was then conducted, followed by protein 
digestion and RNA extraction to evaluate circPLCE1 
enrichment via qPCR.

MeRIP
A MeRIP kit (IEMed, IEMed-K305) was used to carry out 
the MeRIP assay. For RNA extraction, 1 × 107 cells were 
prepared and lysed using TRIzol reagent, total cellular 
RNA was extracted, and 50  μg of RNA was sonicated 
and fragmented for subsequent assays. Antibody‒protein 
A/G beads were prepared as follows: protein A/G beads 
were divided into 2 tubes for the IP group and the IgG 
group, and 2 μg of the target antibody and 2 μg of IgG, 
respectively, were added to the tubes. For immunopre-
cipitation, 10 μg of RNA (input) was stored temporarily 
at −20 °C. The remaining RNA was mixed with 400 μl of 
MeRIP buffer, divided equally into the IP and IgG tubes, 
and placed in a vertical mixer for incubation at room 
temperature for 1 h. Subsequently, RNA elution was per-
formed, qPCR was performed to measure circPLCE1 
expression in each group, and agarose gel electrophoresis 
was performed using the qPCR products.

Co‑IP
A Co-IP Kit (BersinBio, Bes3011) was used to conduct 
Co-IP assays to detect protein‒protein interactions. Anti-
body‒protein A/G beads were prepared as follows: pro-
tein A/G beads were divided into 2 tubes (the IP group 
and IgG group), and 2 μg of the target antibody and 2 μg 
of IgG, respectively, were added to the tubes for 30 min of 
incubation at room temperature. For protein extraction, 
2 × 107 cells were prepared, detached and centrifuged for 
collection. The cell lysis buffer was prepared according to 
the manufacturer’s instructions, the cells were lysed on 

ice, and the supernatant was collected by centrifugation 
at 12,000 × g for 15 min. For immunoprecipitation, 100 μl 
of the supernatant was labelled as the input; 600 μl was 
added to the IP tube, and 600  μl was added to the IgG 
tube. The mixtures were incubated with shaking on a ver-
tical mixer for 1 h. For elution, the protein samples were 
eluted with western blot (WB) elution buffer, and the 
supernatant was collected for PAGE followed by western 
blotting.

IF analysis
The cells (1 × 105 cells/well) were seeded into 12-well 
plates containing microscope cover glasses. After the 
cells had adhered to the plates, 4% PFA was used to fix the 
cells, blocking buffer (1 × PBS/5% FBS/0.3 Triton XTM-
100) was added, and the cells were blocked for 1  h at 
room temperature. Antibody dilution buffer (1 × PBS/1% 
BSA/0.3% Triton XTM-100) was prepared, the primary 
antibody was added, and the mixture was incubated 
overnight at 4  °C with shaking. The cells were washed 
with 1 × PBS 3 times and incubated with a fluorescently 
labelled secondary antibody at room temperature in the 
dark for 1.5 h. Fluorescence images were acquired using 
an LSM800 confocal microscope (Zeiss,  Oberkochen, 
Germany) after washing with 1 × PBS.

Monodansylcadaverine (MDC) assay for measuring cellular 
autophagy
The Autophagy Staining Assay Kit with MDC (Beyo-
time,  C3018S) was used to evaluate the level of cellular 
autophagy. A549 cells were seeded in 6-well plates and 
transfected for 48  h, and subsequent assays were car-
ried out. The medium was discarded, and autophagy 
was induced by adding 1  ml of Earle’s balanced salt 
solution (EBSS) per well and incubating at 37  °C for 
1  h. The 1 × MDC working solution was prepared at 
an MDC:1 × Assay Buffer ratio of 1:1000. Then, 1  ml of 
1 × MDC working solution was added to each well, and 
the plates were incubated at 37 °C for 30 min in the dark. 
The cells were washed well with 1 × assay buffer, and an 
LSM800 confocal microscope (Zeiss,  Oberkochen, Ger-
many) was used for fluorescence imaging.

CYTO‑ID detection of autophagy
CYTO-ID Autophagy Detection Kit 2.0 (Enzo Life 
Sciences, ENZ-KIT175) was used to detect cellular 
autophagy. A549 cells were seeded in 6-well plates and 
transfected for 48  h before subsequent assays were car-
ried out. For flow cytometric analysis, the cells were 
detached, collected via centrifugation, washed with PBS 
and resuspended in 250  µl of 1 × assay buffer. CYTO-
ID staining solution (1  µl CYTO-ID/1  ml 1 × Assay 
Buffer/5% FBS) was prepared, and the cells were 
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incubated with this solution at 37  °C in the dark for 
30  min. Cellular autophagy was detected with a Cyto-
FLEX flow cytometer (Beckman Coulter) after resus-
pension and washing of the cells with 1 × Assay Buffer. 
For fluorescence microscopy, A549 cells were seeded in 
12-well plates containing microscope cover glasses and 
transfected for 48 h before subsequent experiments were 
carried out. CYTO-ID staining solution (2  µl CYTO-
ID/1 ml 1 × Assay Buffer/5% FBS) was prepared, 1 × Assay 
Buffer was used to wash the cells, and then CYTO-ID 
staining solution was added to the cells for 30  min of 
incubation at 37  °C in the dark. Fluorescence imag-
ing was carried out on an LSM800 confocal microscope 
(Zeiss, Oberkochen, Germany).

RNA stability assay
RNA stability was assessed after ActD (MedChemEx-
press,  HY-17559) treatment of the cells. The cells were 
seeded in 6-well plates (3 × 106 cells/well); when the cells 
were approximately 90% confluent, ActD working solu-
tion (ActD diluted to 2 µg/ml in medium containing 10% 
FBS) was added. Total RNA was extracted using TRIzol 
at 0 h, 4 h, 8 h, 12 h and 24 h. Subsequently, qPCR was 
performed to measure gene expression and thus analyse 
RNA stability.

Protein stability assay
Protein stability was evaluated using cycloheximide 
(CHX) (MedChemExpress, HY-12320). The cells were 
seeded into six-well plates (3 × 106 cells/well), plas-
mid transfection was performed when the cell conflu-
ence reached 70–80%, and the culture was continued 
for 48  h. Working solution containing 50  µg/mL CHX 
was prepared with medium containing 10% FBS; 2 ml of 
CHX working solution was added to each well, and the 
proteins were harvested at 0 h, 4 h, 8 h and 12 h. PAGE 
followed by western blotting was performed to measure 
protein expression.

Proteasome inhibition assay
Protein expression levels were measured after inhibi-
tion of the proteasome with MG132 (MedChemEx-
press, HY-13259). The cells were seeded into six-well 
plates (3 × 106 cells/well), plasmid transfection was per-
formed when the cell confluence reached 70–80%, and 
the culture was continued for 48  h. A working solution 
containing 100  nM MG132 was prepared with medium 
supplemented with 10% FBS; 2 ml of medium was added 
to each well, and the proteins were harvested at 0 h and 
24  h. Subsequently, PAGE followed by western blotting 
was carried out to detect protein expression.

Induction of CMA
For the induction of CMA by starvation, the cells were 
seeded into six-well plates (3 × 106 cells/well), and CMA 
was induced via starvation in F-12K medium supple-
mented with 0.5% FBS. Proteins were harvested at 16 h 
and 24  h, and PAGE followed by western blotting was 
carried out to measure protein expression. For treatment 
with the CMA activator, A549 cells were seeded into six-
well plates (3 × 106 cells/well); CMA activity was induced 
by treatment with 10  µM and 20  µM AR7 (MedChem-
Express, HY-101106), and proteins were harvested after 
24 h. Then, PAGE followed by western blotting was car-
ried out to measure protein expression.

PA‑mCherry‑KFERQ reporter assay for the detection 
of CMA activity
CMA activity was visualized via pSIN-PAmCherry-
KFERQ-NE (Addgene, 102365). A549 cells were seeded 
at a density of 2 × 105 in 12-well plates containing micro-
scope cover glasses. After lentiviral packaging, A549 
cells were infected with pSIN-PAmCherry-KFERQ-NE 
lentiviral particles. Protein expression was activated by 
exposure to 405 nm light-emitting diode (LED) light for 
10  min. The cells were incubated at 37  °C for 16  h and 
fixed with 4% PFA, and the nuclei were stained with 
DAPI. Fluorescence imaging was performed with an 
LSM800 confocal microscope (Zeiss,  Oberkochen, 
Germany).

Statistical analysis
In this study, numerical data are expressed as the 
means ± standard deviations (SDs). Independent sam-
ples t-tests were used for comparisons of two groups of 
data that conformed to a normal distribution and whose 
variance was similar between the groups; Wilcoxon 
rank–sum tests were used for comparisons between two 
groups of data that did not conform to a normal distri-
bution. Count data are expressed as the number of cases 
(percentages), and the chi-square test was used for com-
parisons between two groups. Pearson correlation anal-
ysis was used to assess correlations between variables. 
Survival analysis was performed via the Kaplan‒Meier 
method. ROC curves were constructed to evaluate the 
potential diagnostic value of circPLCE1. Statistical anal-
yses were performed via two-sided tests with α = 0.05, 
and differences with P < 0.05 were considered statisti-
cally significant. All experiments were carried out with 
at least three biological replicates, and the data shown 
represent the results of at least three independent 
experiments.
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Fig. 1  circPLCE1 is significantly downregulated in lung cancer tissues and cells. a Differential expression is indicated in the volcano plot. b Heatmap 
of the differentially expressed circRNAs. c qPCR analysis of circPLCE1 expression in different stages of arsenic-induced lung cancer. d qPCR analysis 
of circPLCE1 expression in various lung cancer cell lines (A549, H226, H1299, H460, and H2170). e. circPLCE1 gene structure and Sanger sequencing 
results. f A549 cells were treated with RNase R (3 U of RNase R/μg RNA for 10 min), and qPCR was performed to measure the expression levels 
of circPLCE1 and PLCE1 mRNAs. g H1299 cells were treated with RNase R (3 U of RNase R/μg RNA for 10 min), and qPCR was performed to measure 
the expression levels of circPLCE1 and PLCE1 mRNAs. h Agarose gel electropherogram using convergent and divergent primers. i A549 cells were 
treated with 2 µg/ml ActD, and qPCR was performed to measure the expression levels of circPLCE1 and PLCE1 mRNAs. j H1299 cells were treated 
with 2 µg/ml ActD, and qPCR was performed to measure the expression levels of circPLCE1 and PLCE1 mRNAs. k qPCR analysis of circPLCE1 
expression in lung cancer and paracancerous tissues. l circPLCE1 expression in tissue samples of lung cancer at different pathological stages. m 
Correlation analysis between circPLCE1 expression and tumour size (tumour size is expressed as the longest diameter of the tumour). n Survival 
analysis based on circPLCE1 expression (OS time indicates overall survival time). o ROC analysis based on circPLCE1 expression



Page 11 of 26Zhao et al. Molecular Cancer           (2025) 24:82 	

Results
circPLCE1 is significantly downregulated in lung cancer 
tissues and cells
In previous work, we used sodium arsenite to induce 
the malignant transformation of human bronchial 
mucosal epithelial cells (BEAS-2B-As) [18]. High-
throughput sequencing of BEAS-2B cells and a 
BEAS-2B cell model of arsenic-induced malignant 
transformation was performed to generate differential 
circRNA expression profiles (Fig.  1a and b, Supple-
mentary Table  1). The differentially expressed circR-
NAs with “log2 FC > 2” were screened for clustering 
analysis. The clustering method was “complete”, and 
the distance method was “Euclidean” (Fig.  1b). The 
circRNA circPLCE1 (hsa_circ_0019225), which is sig-
nificantly downregulated in cells with arsenic-induced 
malignant transformation, attracted our attention 
(Fig. 1c). We found via qPCR that circPLCE1 was sig-
nificantly downregulated in different lung cancer cell 
lines compared to BEAS-2B cells (Fig. 1d). Therefore, 
we selected the non-small cell lung adenocarcinoma 
cell lines with the most significant downregulation, 
A549 and H1299, for the follow-up study. The UCSC 
Genome Browser (http://​genome.​ucsc.​edu/) revealed 
that circPLCE1 is formed by alternative splicing of 
exon 8 of PLCE1 on chromosome 10, and its back-
splice junction site was identified via Sanger sequenc-
ing (Fig.  1e). We subsequently designed divergent 
primers and convergent primers based on the circ-
PLCE1 splice site (Supplementary Table 2). Total RNA 
was extracted from A549 and H1299 cells and treated 
with a linear RNA exoribonuclease (RNase R) for ten 
minutes to degrade linear RNA. qPCR was subse-
quently performed and revealed that PLCE1 mRNA 
was not resistant to RNase R digestion, whereas circ-
PLCE1 was resistant to RNase R digestion (Fig. 1f and 
g). Agarose gel electrophoresis was performed on the 
PCR products (Fig. 1h), the results revealed that RNase 
R degraded the linear products but did not degrade 
circPLCE1. Subsequently, an RNA stability assay was 
conducted in A549 and H1299 cells. Actinomycin D 
(ActD) working solution (2  µg/ml) was added, and 
the results revealed that circPLCE1 had a longer half-
life and greater stability than did homologous linear 
mRNAs (Fig.  1i and j). These results confirmed that 
circPLCE1 has a circular structure.

To analyse clinical associations, we assessed the expres-
sion level of circPLCE1 in 98 pairs of lung cancer and 
paracancerous tissues (Supplementary Table  3). circ-
PLCE1 expression was significantly lower in lung cancer 
tissues than in paracancerous tissues (Fig.  1k). Moreo-
ver, circPLCE1 expression was significantly lower in 

stage II-IV lung cancer tissues than in stage I lung can-
cer tissues (Fig. 1l). In-depth clinical correlation analysis 
revealed that the expression level of circPLCE1 in lung 
cancer tissues was negatively correlated with tumour size 
(r = −0.3630, P = 0.0017) (Fig. 1m). Patients with low circ-
PLCE1 expression had poorer overall survival than those 
with high circPLCE1 expression did, as determined by 
Kaplan‒Meier survival analysis (Fig.  1n). Receiver oper-
ating characteristic (ROC) analysis revealed that the area 
under the curve (AUC) was 0.7808 (P < 0.001) (Fig.  1o), 
indicating that circPLCE1 has potential value as a prog-
nostic biomarker for lung cancer.

circPLCE1 o8G modifications
With in-depth research on RNA modifications, the 
important roles of the o8G modification in regulating the 
fate of RNA molecules and in tumorigenesis and tumour 
progression have been revealed [24–27]. To explore that 
o8G modification occurs on circPLCE1, we conducted 
methylated RNA immunoprecipitation (MeRIP) experi-
ments using an o8G modification-specific antibody, and 
the results revealed that circPLCE1 was significantly 
enriched with the anti-o8G antibody, suggesting that o8G 
modification can occur on circPLCE1 (Fig.  2a and b). 
To further confirm the o8G modification region of circ-
PLCE1, we designed primers to amplify the circPLCE1 
truncations in crosslinking immunoprecipitation (CLIP) 
experiments. These experiments revealed that the o8G 
modification is predominantly located in the 10th region 
of circPLCE1 (Fig. 2c and d). It has been shown that o8G 
modification occurs via ROS attack on guanine bases in 
RNA, but whether ROS can induce o8G modification of 
circRNAs is unknown [42–45]. To explore the o8G modi-
fication of circPLCE1 in depth, we used a concentration 
gradient of H2O2 and N-acetylcysteine (NAC) to measure 
intracellular ROS levels on the basis of previous reports. 
Finally, a H2O2 concentration of 200 µM (Fig. 2e and f ) 
and an NAC concentration of 2 mM (Fig. 2g and h) were 
selected for the subsequent studies. We then carried out 
IF experiments and found that H2O2 increased but NAC 
decreased the intracellular o8G modification level (Fig. 2i 
and j), indicating that the level of o8G modification is 
positively correlated with the level of intracellular ROS. 
Therefore, we treated A549 cells with H2O2 and carried 
out MeRIP experiments, we found that circPLCE1 o8G 
modification is increased in the H2O2-treated group, sug-
gesting that ROS can induce o8G modification of circ-
PLCE1 (Fig. 2k and l).

ROS attack of guanine bases in an RNA can promote 
degradation of the RNA via a variety of mechanisms, 
allowing RNA quality control [46, 47]. Therefore, we car-
ried out an RNA stability assay to assess the molecular 

http://genome.ucsc.edu/
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fate of circPLCE1 after o8G modification. The ROS-
induced o8G modification resulted in a shorter half-life 
and reduced the stability of circPLCE1 (Fig.  2m). It has 
been shown that AUF1 preferentially recognizes o8G 
modifications in RNA, thereby affecting RNA stability 
[30]. To further explore whether AUF1 can act as a reader 
of the circRNA o8G modification and thus regulate the 
stability of circPLCE1, we carried out RIP experiments. 
The results revealed that circPLCE1 can directly bind to 
AUF1 and that AUF1 enrichment increases with increas-
ing o8G modification levels, suggesting that AUF1 spe-
cifically recognizes circPLCE1 o8G modifications (Fig. 2n 
and o). We then designed siRNAs targeting AUF1 to con-
duct an RNA stability assay using these siRNAs. When 
AUF1 silencing was combined with H2O2 treatment, 
the results revealed that AUF1 silencing reversed the 
decrease in circPLCE1 stability caused by o8G modifica-
tion (Fig. 2p). These results suggest that ROS increase the 
level of circPLCE1 o8G modification and that AUF1 can 
act as a reader of o8G modification to mediate decreases 
in circPLCE1 stability and expression.

circPLCE1 significantly inhibits lung cancer progression in 
vitro
The functions of circPLCE1-targeted RBPs (Supplemen-
tary Fig.  1a) and mRNAs (Supplementary Fig.  1b) were 
predicted via KEGG enrichment analysis; the results 
revealed that circPLCE1 is closely related to multiple 
tumour-associated pathways, suggesting that circPLCE1 
may play a role in lung cancer progression. Therefore, to 
explore the biological function of circPLCE1 in lung can-
cer, we designed circPLCE1-specific siRNAs and used 
the pcircRNA 2.2 (Supplementary Fig. 1c) and V53B plv-
Puro-circRNA (Supplementary Fig.  1d) vectors to con-
struct plasmids for transient and stable overexpression 
of circPLCE1. qPCR analysis revealed that the efficiency 
of transient silencing and overexpression of circPLCE1 
was good (Supplementary Fig.  1e) and that silencing/
overexpression of circPLCE1 did not affect the mRNA 
level of its homologous linear product PLCE1 (Supple-
mentary Fig. 1f ), indicating that systems for the silencing 
and overexpression of circPLCE1 were successfully estab-
lished. We subsequently carried out a series of functional 
experiments to explore the biological functions of circ-
PLCE1 in vitro in terms of cell proliferation, cell viability, 
cell cycle progression, apoptosis and migration. First, an 
EdU incorporation assay was carried out after circPLCE1 
was silenced and overexpressed in the lung cancer cell 
lines A549 and H1299, and the results revealed that circ-
PLCE1 silencing significantly promoted the proliferation 
of these lung cancer cell lines while circPLCE1 overex-
pression significantly inhibited proliferation (Fig. 3a and 
b). A CCK-8 assay was subsequently performed, and the 

results revealed that circPLCE1 silencing significantly 
increased the viability of these lung cancer cell lines 
while circPLCE1 overexpression significantly decreased 
viability (Fig. 3c). To explore the effects of circPLCE1 on 
apoptosis and the cell cycle, we performed flow cytom-
etry. Apoptosis was suppressed by circPLCE1 silenc-
ing but promoted by circPLCE1 overexpression (Fig. 3d 
and e); cell cycle progression was accelerated after circ-
PLCE1 was silenced and slowed after circPLCE1 was 
overexpressed (Fig.  3f and g). With disease progression, 
metastasis to various organs often occurs in patients 
with advanced lung cancer, posing a serious threat to 
patients’ lives and health. Therefore, we conducted Tran-
swell assays and wound healing to explore whether circ-
PLCE1 plays a role in lung cancer migration and found 
that circPLCE1 suppresses the migration of lung cancer 
cells (Fig. 3h and i, Supplementary Fig. 1 g and h). Taken 
together, these results suggest that circPLCE1 can signifi-
cantly inhibit lung cancer progression in vitro.

circPLCE1 significantly inhibits lung cancer progression in 
vivo
We clarified that circPLCE1 has a biological function 
in significantly inhibiting lung cancer progression 
in  vitro. To explore whether circPLCE1 also inhibits 
lung cancer progression in vivo, we established a sub-
cutaneous xenograft model in nude mice. A549 cells 
with stable circPLCE1 overexpression were generated 
via lentiviral transduction and selected by puromy-
cin screening (Fig.  4a and b). Nude mice were main-
tained under specific pathogen-free (SPF) conditions 
for 1  week, after which the circPLCE1 vector or circ-
PLCE1 OE A549 cells were injected subcutaneously 
into the right dorsal surface of the nude mice. The 
survival status of the nude mice was monitored at 
three-day intervals, and the mouse body weights and 
tumour diameters were measured. Compared with 
those in the control group, the tumours in the stable 
circPLCE1 overexpression group were smaller (Fig. 4c) 
and grew more slowly (Fig.  4d). The nude mice were 
sacrificed 21  days after tumour formation, and the 
tumours were excised for observation and weigh-
ing. Compared with those in the control group, the 
tumours in the circPLCE1-overexpressing group were 
smaller in size (Fig. 4e) and lighter in weight (Fig. 4f ). 
Subsequently, immunohistochemistry was performed 
to detect changes in the expression of proteins related 
to lung cancer progression, including a proliferation-
related protein (Ki67), an apoptosis-related protein 
(BCL2), and a migration-related protein (RhoA), in 
tumours from nude mice. Protein expression was 
quantified and analysed, and compared with those in 
the control group, the tumours in the stable circPLCE1 
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Fig. 2  circPLCE1 o8G modification. a MeRIP assay using A549 cells and MeRIP‒qPCR analysis of the circPLCE1 o8G modification. b MeRIP products 
were subjected to agarose gel electrophoresis. c Schematic diagram of the CLIP experiment. d CLIP assay using A549 cells and CLIP‒qPCR analysis 
of the o8G modification region in circPLCE1. e Intracellular ROS detection in A549 cells treated with different concentrations H2O2. f Statistical 
analysis of ROS levels after treatment with different concentrations of H2O2. g Intracellular ROS detection in A549 cells after treatment with different 
concentrations of NAC. h Statistical analysis of the ROS levels after treatment with different concentrations of NAC. i IF staining was carried 
out in A549 cells to detect o8G modification levels (red fluorescence: o8G modification; blue fluorescence: nucleus) after treatment with 200 μM 
H2O2 and 2 mM NAC. j Statistical graphs of the results of the quantitative analysis of the IF results. k MeRIP assay using A549 cells and MeRIP‒qPCR 
analysis of circPLCE1 o8G modification after treatment with 200 μM H2O2. l The MeRIP products were subjected to agarose gel electrophoresis 
after treatment with 200 μM H2O2. m An RNA stabilization assay was carried out after treatment of A549 cells with 200 μM H2O2. n After A549 cells 
were treated with 200 μM H2O2, a RIP‒qPCR assay was performed to detect the interaction between circPLCE1 and AUF1. o The RIP products were 
subjected to agarose gel electrophoresis after treatment with 200 μM H2O2. p An RNA stabilization assay was carried out after treatment of A549 
cells with 200 μM H2O2 and AUF1 knockdown
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overexpression group presented lower expression of 
Ki67 (Fig.  4g and j), BCL2 (Fig.  4h and j), and Rho A 
(Fig.  4i and j). These results indicate that circPLCE1 
can significantly inhibit lung cancer progression 
in vivo.

circPLCE1 targets the HSC70 protein and regulates its 
ubiquitination
Since the subcellular localization of a gene is closely 
related to its molecular mechanism, we carried out 
nuclear–cytoplasmic separation and fluorescence in situ 
hybridization (FISH), which revealed that circPLCE1 

Fig. 3  circPLCE1 significantly inhibits lung cancer progression in vitro. Silencing/overexpression of circPLCE1 in A549 and H1299 cells. a EdU 
incorporation assay of cell proliferation after circPLCE1 silencing/overexpression. b Statistical analysis of the EdU incorporation assay results. c CCK-8 
assay of cell viability after circPLCE1 silencing/overexpression. d Flow cytometry analysis of apoptosis after circPLCE1 silencing/overexpression. e 
Statistical analysis of the flow cytometric apoptosis assay results. f Analysis of the cell cycle distribution after circPLCE1 silencing/overexpression 
via flow cytometry. g Statistical analysis of the flow cytometric cell cycle analysis results. h Transwell migration assay after circPLCE1 silencing/
overexpression. i Statistical analysis of the results of the Transwell assay
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was expressed in both the cytoplasm and nucleus but 
was localized mainly in the cytoplasm (Fig.  5a and b). 
Numerous studies have revealed that direct binding to 
proteins is an important mechanism by which circR-
NAs perform their functions [48–50]. Therefore, we 

constructed a circPLCE1-MS2 fusion expression vec-
tor and performed tagged RNA affinity purification 
(TRAP)-mass spectrometry (MS) to enrich and identify 
proteins that directly bind to circPLCE1 (Supplementary 
Fig.  2a, Supplementary Table  4). Screening for proteins 

Fig. 4  circPLCE1 significantly inhibits lung cancer progression in vivo. a Fluorescence visualization after lentiviral packaging. b Stable 
overexpression efficiency of circPLCE1. c Cells stably overexpressing circPLCE1 and the corresponding control cells were injected subcutaneously 
into the right dorsal surface of female nude mice at 4 weeks of age, and the ability of the cells to form subcutaneous tumours was observed 
after 21 days. d Tumour growth curves for each group of nude mice during rearing. e Excision of the tumours for photographic documentation. 
f Weights of the tumours from the nude mice. g Immunohistochemical analysis of Ki67 expression. h Immunohistochemical analysis of BCL2 
expression. i Immunohistochemical analysis of RhoA expression. j Quantitative analysis of the immunohistochemistry results
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with RNA-binding ability with the catRAPID (tartag-
lialab.com) in the MS data (Supplementary Fig. 2b) and 
KEGG enrichment analysis algorithm revealed that circ-
PLCE1 may be involved in multiple tumour-related path-
ways, such as endoplasmic reticulum protein processing 
(Fig.  5c). We performed an M-versus-A plot (MA plot) 
analysis and selected HSC70, which had the highest 
binding score in this pathway, for in-depth exploration 
(Supplementary Fig.  2c). The RIP assay further revealed 
that circPLCE1 can directly bind to the HSC70 pro-
tein (Fig. 5d and e). We subsequently found via western 
blot (WB) analysis that circPLCE1 negatively regulates 
HSC70 protein expression (Fig. 5 f and g). Immunohisto-
chemical analysis of HSC70 expression also revealed that 
HSC70 expression was significantly decreased in nude 
mouse tumours with stable overexpression of circPLCE1 
(Fig. 5h, Supplementary Fig. 2d). Proteins were extracted 
from the nude mouse tumours, and WB analysis revealed 
that the HSC70 protein level in the nude mouse tumours 
was reduced after stable overexpression of circPLCE1 
(Fig.  5i). Analysis of the TCGA database (https://​xena.​
ucsc.​edu) revealed that HSC70 was significantly overex-
pressed in lung cancer tissue samples compared to nor-
mal tissues samples (Supplementary Fig.  2e and f ) and 
that patients with high HSC70 expression have a lower 
survival rate (Fig. 5j).

To further explore how circPLCE1 regulates HSC70, 
we measured HSC70 expression via qPCR and found that 
alteration of circPLCE1 expression did not affect HSC70 
mRNA expression (Supplementary Fig.  2  g). Therefore, 
we speculated that circPLCE1 may affect HSC70 expres-
sion at the protein level. First, we treated A549 cells with 
CHX, and after protein synthesis was inhibited, we found 
that circPLCE1 significantly shortened the HSC70 half-
life (Fig. 5k and l). Since the ubiquitin proteasome path-
way is the major degradation pathway for proteins, we 
focused on the ubiquitination of HSC70. We treated cells 
with MG132 and found that circPLCE1 failed to alter the 
protein level of HSC70 upon inhibition of the protea-
some (Fig. 5m and n), which also suggests that the regula-
tion of HSC70 protein levels by circPLCE1 occurs via the 
ubiquitin‒proteasome pathway. Combining these results 
with those of subsequent coimmunoprecipitation (Co-
IP) experiments (Fig. 5o), we concluded that circPLCE1 
can affect the ubiquitination level of the HSC70 protein 
and regulate its ubiquitin-mediated degradation. Our 
previous results indicated that H2O2 treatment resulted 
in increased circPLCE1 o8G modifications and reduced 
circPLCE1 stability (Fig.  2k-m). AUF1 specifically rec-
ognizes the circPLCE1 o8G modification and mediates 
the decrease in circPLCE1 stability (Fig. 2n-p). To assess 
whether circPLCE1 regulates HSC70 protein expression 
through o8G modification, we treated A549 cells with 

H2O2 and knocked down AUF1 at the same time (Sup-
plementary Fig.  2  h). WB analysis revealed that HSC70 
protein expression was increased by H2O2 treatment 
(Fig.  5p, Supplementary Fig.  2i), whereas AUF1 knock-
down reversed the trend of increased HSC70 protein 
expression (Fig. 5p, Supplementary Fig. 2i). These results 
indicate that o8G modification decreases the stability of 
circPLCE1 and that circPLCE1 can decrease the stability 
and expression level of HSC70 via direct binding.

circPLCE1 regulates ATG5 protein expression 
through the CMA pathway
Through a literature review, we found that HSC70 is a 
key protein for not only endoplasmic reticulum pro-
tein processing but also molecular CMA [51]. CMA is 
a form of selective autophagy that mediates the lysoso-
mal degradation of proteins containing a KFERQ motif 
via HSC70 [39]. Since circPLCE1 regulates the HSC70 
protein level, we hypothesized that circPLCE1 has the 
potential to regulate the CMA pathway through HSC70. 
To explore whether circPLCE1 regulates CMA activ-
ity, we selected 2 reported CMA substrates (PKM2 and 
HK2) for subsequent studies [52, 53]. Co-IP experiments 
in A549 cells revealed that HSC70 interacts with PKM2 
(Fig.  6a). IF experiments revealed the intracellular colo-
calization of HSC70 with PKM2, and the Pearson cor-
relation coefficient was 0.752 (Fig.  6b), suggesting that 
one of the conditions for being a CMA substrate is bind 
directly to HSC70. Numerous studies have revealed that 
CMA can be activated under conditions such as starva-
tion and oxidative stress [54–56]. Thus, we subjected 
lung cancer cells to serum starvation and found that the 
expression of HK2 and PKM2 decreased with increasing 
duration of starvation (specifically at the 16  h and 24  h 
time points) (Fig. 6c, Supplementary Fig. 3a and b). Sub-
sequently, we treated lung cancer cells with a CMA-spe-
cific agonist (AR7), which revealed that the expression 
of HK2 and PKM2 decreased with increasing concen-
trations of AR7 (Fig.  6d, Supplementary Fig.  3c and d). 
Similarly, the expression of HK2 and PKM2 decreased 
with increasing treatment time (Supplementary Fig.  3e 
and f ). The above results indicated that the expression 
level of the CMA substrate was related to CMA activ-
ity and decreased after CMA activity increased. Next, 
we silenced and overexpressed circPLCE1 and found 
that circPLCE1 positively regulated the expression of 
CMA substrate proteins (HK2 and PKM2) (Fig. 6e, Sup-
plementary Fig. 3 g and h). Immunohistochemistry also 
revealed that circPLCE1 promoted HK2 and PKM2 pro-
tein expression in  vivo (Fig.  6f and g, Supplementary 
Fig. 3i). The above results suggested that circPLCE1 reg-
ulates the CMA substrate levels (HK2 and PKM2) both 
in  vitro and in  vivo. We subsequently constructed an 

https://xena.ucsc.edu
https://xena.ucsc.edu
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HSC70 overexpression plasmid and measured the HSC70 
expression level via qPCR (Supplementary Fig. 3j). A549 
cells were treated with 20  μM AR7 for 24  h while circ-
PLCE1 was overexpressed, and western blotting was 

performed. The results revealed that overexpressing circ-
PLCE1 increased the expression level of the CMA sub-
strates HK2 and PKM2. However, the addition of AR7 
reversed the increased of HK2 and PKM2 induced by 

Fig. 5  circPLCE1 targets the HSC70 protein and regulates its ubiquitination. a Evaluation of the subcellular localization of circPLCE1 via a nuclear‒
cytoplasmic separation assay in A549 and H1299 cells. b Evaluation of the subcellular localization of circPLCE1 via FISH in A549 and H1299 cells 
(green fluorescence: circPLCE1; blue fluorescence: nucleus). c KEGG enrichment analysis of proteins identified by circPLCE1 TRAP‒MS. d RIP 
assay using A549 cells and RIP‒qPCR analysis of the direct binding of circPLCE1 to HSC70. e The RIP products were subjected to agarose gel 
electrophoresis. f Protein expression levels of HSC70 analysed by WB after circPLCE1 silencing/overexpression in A549 and H1299 cells. g Statistical 
analysis of the HSC70 WB analysis results. h Immunohistochemical analysis of HSC70 protein expression in nude mouse subcutaneous tumours. i 
WB analysis of HSC70 expression in nude mouse tumours. j Survival analysis on the basis of HSC70 expression (HR, hazard ratio). k HSC70 protein 
stability was analysed by WB after inhibition of protein synthesis by treatment of A549 cells with 50 µg/mL CHX. l Statistical analysis of HSC70 
protein stability. m HSC70 protein expression was analysed by WB after inhibition of the protein proteasome by treatment of A549 cells with 100 nM 
MG132. n Statistical analysis of HSC70 WB data after MG132 treatment. o A co-IP assay was carried out in A549 cells to detect the binding 
of the HSC70 protein to ubiquitin (ubiquitin). p WB analysis of HSC70 protein expression levels after 200 μM H2O2 treatment combined with AUF1 
silencing in A549 cells
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circPLCE1 overexpression, indicating that circPLCE1 
may be related to CMA activity (Fig.  6h, Supplemen-
tary Fig. 3 k and l). Subsequently, the overexpression of 
circPLCE1 in A549 cells was accompanied by the over-
expression of HSC70, and WB analysis revealed that the 
overexpression of circPLCE1 increased the expression 
levels of the CMA substrates HK2 and PKM2. However, 
HSC70 overexpression reversed the increase in HK2 and 
PKM2 expression induced by circPLCE1 overexpression, 
indicating that circPLCE1 regulates CMA substrates via 
HSC70 (Fig. 6i, Supplementary Fig. 3 m and n). Further, 
we used a fusion protein with KFERQ motifs to visual-
ize CMA activity (pSIN-PAmCherry-KFERQ-NE can be 
used as a defined CMA substrate and can be observed by 
fluorescence). The number of red fluorescent puncta was 
significantly reduced after circPLCE1 was overexpressed, 
and CMA activity was decreased (Fig. 6j, Supplementary 
Fig. 3o). Taken together, these results indicate that circ-
PLCE1 can regulate CMA activity through HSC70.

It has been shown that CMA is closely related to mac-
roautophagy, but the crosstalk between CMA and mac-
roautophagy has not been elucidated [57]. Thus, we 
sought to explore whether circPLCE1 can regulate key 
macroautophagy proteins through the CMA pathway 
and thus regulate macroautophagy. We initially found via 
protein interaction prediction (https://​cn.​string-​db.​org/) 
that HSC70 has the potential to interact with key mac-
roautophagy proteins (Supplementary Fig. 4a). Co-IP and 
IF experiments subsequently revealed that HSC70 can 
interact with the key protein of macroautophagy (ATG5) 
(Fig. 6k) and colocalize with it intracellularly, with a Pear-
son correlation coefficient of 0.776 (Fig.  6l). A query of 
KFERQ motifs (https://​rshine.​einst​einmed.​edu/) revealed 
that ATG5 has three KEFRQ motifs (KDVLR, DKVKK, 
and FRIYQ), suggesting that it may be a potential CMA 
substrate protein. To further explore whether ATG5 can 
act as a potential CMA substrate, we subjected lung can-
cer cells to serum starvation and found that ATG5 protein 
expression was decreased after starvation (Fig. 6m, Sup-
plementary Fig. 4b). Moreover, after treatment with AR7, 
the expression of ATG5 decreased along with increas-
ing AR7 concentration (Fig. 6n, Supplementary Fig. 4c). 
Similarly, ATG5 expression decreased with increasing 
AR7 treatment time (Supplementary Fig. 4d). To exclude 
the effect of AR7 on ATG5 mRNA, we treated A549 cells 
with 10 μM and 20 μM AR7; collected the cells at 0, 16, 
and 24  h to extract RNA; and then carried out qPCR 
experiments, which revealed that AR7 did not affect the 
level of ATG5 mRNA (Supplementary Fig.  4e). These 
results suggest that ATG5 can act as a CMA substrate. 
Therefore, we silenced and overexpressed circPLCE1 
and assessed the ATG5 expression level via western 
blotting and found that circPLCE1 promotes ATG5 

protein expression (Fig.  6o and p). Immunohistochem-
istry revealed that stable overexpression of circPLCE1 
significantly increased ATG5 expression (Fig. 6q, Supple-
mentary Fig. 4f ). A549 cells with circPLCE1 overexpres-
sion were treated with 20 μM AR7 for 24 h, and western 
blotting was carried out. The results revealed that overex-
pressing circPLCE1 increased the expression level of the 
CMA substrate ATG5 by inhibiting CMA activity. How-
ever, the addition of AR7 reversed the decrease in CMA 
activity induced by circPLCE1 overexpression, leading 
to a reduction in ATG5 expression (Fig. 6r, Supplemen-
tary Fig. 4 g). Notably, the overexpression of circPLCE1 
in A549 cells was accompanied by the overexpression of 
HSC70, and western blotting revealed that the overex-
pression of circPLCE1 increased the expression level of 
the CMA substrate ATG5 by inhibiting CMA activity. 
However, HSC70 overexpression reversed the increase in 
ATG5 expression induced by circPLCE1 overexpression 
(Fig.  6s, Supplementary Fig.  4  h). These results indicate 
that circPLCE1 can target HSC70 to inhibit CMA activity 
and increase ATG5 protein expression through the CMA 
pathway.

circPLCE1 inhibits lung cancer progression by targeting 
HSC70 and regulates ATG5‑dependent macroautophagy 
via the CMA pathway
These previous results suggest that circPLCE1 inhibition 
of CMA leads to increased ATG5 expression. Therefore, 
we further explored whether circPLCE1 can regulate 
ATG5-dependent macroautophagy and inhibit lung can-
cer progression. We detected cellular autophagy via 
flow cytometry after circPLCE1 was silenced or overex-
pressed and found that circPLCE1 positively regulated 
macroautophagy (Fig.  7a and b). Detection of cellular 
autophagy via MDC staining and CYTO-ID staining also 
revealed that circPLCE1 positively regulated macroau-
tophagy (Fig.  7c and d). WB analysis was performed to 
assess the expression of ATG12 and autophagy markers 
(P62 and LC3B), and circPLCE1 was found to positively 
regulate ATG12 protein expression (Fig.  7e, Supplemen-
tary Fig.  5a), negatively regulate P62 protein expression 
(Fig.  7e, Supplementary Fig.  5b) and positively regulate 
LC3B protein expression (Fig. 7e, Supplementary Fig. 5c). 
These findings demonstrated that circPLCE1 can pro-
mote macroautophagy in vitro. We subsequently explored 
whether circPLCE1 can promote macroautophagy in vivo 
via immunohistochemical analysis of the autophagy 
markers P62 and LC3B in nude mouse tumours. The 
expression of P62 was decreased in the nude mouse 
tumours with stable overexpression of circPLCE1 (Fig. 7f, 
Supplementary Fig.  5d), and the expression of LC3B 
was increased in these tumours (Fig.  7g, Supplemen-
tary Fig.  5d). WB analysis of proteins extracted from 

https://cn.string-db.org/
https://rshine.einsteinmed.edu/
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Fig. 6  circPLCE1 regulates ATG5 protein expression through the CMA pathway. a A Co-IP assay was carried out in A549 cells to detect 
the interaction between the HSC70 protein and the PKM2 protein. b IF staining was carried out in A549 cells to detect the colocalization of HSC70 
and PKM2 (red fluorescence: PKM2; green fluorescence: HSC70; yellow: merged), and Pearson correlation coefficient analysis was performed 
via Fiji ImageJ. c A549 and H1299 cells were serum starved for 16 and 24 h, and WB was carried out to analyse the protein expression levels of HK2 
and PKM2. d A549 and H1299 cells were treated with 10 μM and 20 μM AR7, and HK2 and PKM2 protein expression levels were detected via WB 
analysis. e WB analysis of HK2 and PKM2 expression levels after circPLCE1 silencing/overexpression. f Immunohistochemical analysis of HK2 
expression in nude mouse tumours. g Immunohistochemical analysis of PKM2 expression in nude mouse tumours. h A549 cells were treated 
with 20 μM AR7 for 24 h, circPLCE1 was overexpressed at the same time, and WB was carried out to detect HK2 and PKM2 protein expression levels. i 
Overexpression of circPLCE1 in A549 cells was accompanied by overexpression of HSC70, and the expression levels of HK2 and PKM2 were analysed 
by WB analysis. j Evaluation of CMA levels in A549 cells with the pSIN-PAmCherry-KFERQ-NE reporter (red puncta: PAmCherry; blue: DAPI). k A Co-IP 
assay was carried out in A549 cells to detect the interaction of the HSC70 protein with the ATG5 protein. l IF staining was carried out in A549 cells 
to detect the colocalization of HSC70 with ATG5 (red fluorescence: ATG5; green fluorescence: HSC70; yellow fluorescence: merged), and Pearson 
correlation coefficient analysis was performed via Fiji ImageJ. m A549 and H1299 cells were serum starved for 16 and 24 h, and WB was carried 
out to analyse the expression levels of ATG5. n A549 and H1299 cells were treated with 10 μM and 20 μM AR7, and ATG5 protein expression levels 
were detected via WB analysis. o WB analysis of ATG5 expression after circPLCE1 silencing/overexpression. p Statistical analysis of the ATG5 WB data 
after circPLCE1 silencing/overexpression. q Immunohistochemical analysis of ATG5 expression in nude mouse tumours. r A549 cells were treated 
with 20 μM AR7 for 24 h, circPLCE1 was overexpressed at the same time, and WB was carried out to detect the ATG5 protein expression level. s 
Overexpression of circPLCE1 in A549 cells was accompanied by overexpression of HSC70, and the expression levels of ATG5 were analysed via WB
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nude mouse tumours revealed that stable overexpres-
sion of circPLCE1 resulted in decreased P62 expression 
and increased LC3B expression (Supplementary Fig. 5e). 
These results suggest that circPLCE1 promotes macroau-
tophagy. To explore whether circPLCE1 regulates macro-
autophagy through ATG5, we designed an ATG5-specific 
siRNA, and qPCR and WB experiments revealed that 
silencing ATG5 resulted in decreases in both the ATG5 
mRNA and protein expression levels (Supplementary 
Fig.  5f and g). ATG5 was silenced when circPLCE1 was 
overexpressed, and macroautophagy was quantitatively 
analysed via flow cytometry. ATG5 silencing reversed the 
increase in macroautophagy induced by circPLCE1 over-
expression (Fig. 7h, Supplementary Fig. 5 h). The levels of 
the autophagy markers P62 and LC3B were subsequently 
assessed by western blotting. Silencing ATG5 reversed the 
decrease in P62 expression caused by the overexpression 
of circPLCE1, and reversed the increase in LC3B expres-
sion caused by the overexpression of circPLCE1 (Fig.  7i 
and Supplementary Fig.  5i). The above results revealed 
that circPLCE1 promotes macroautophagy through an 
ATG5-dependent pathway.

Many studies have reported the inhibitory role of 
ATG5-related macroautophagy in lung cancer and other 
cancers [58–60]. Therefore, to focus on exploring the 
role of HSC70-mediated CMA downregulation in lung 
cancer progression, we constructed an HSC70 overex-
pression plasmid and designed rescue experiments. We 
overexpressed circPLCE1 simultaneously with HSC70. 
First, cellular autophagy was quantitatively analysed via 
flow cytometry, and the results revealed that HSC70 
overexpression reversed the increase in macroautophagy 
induced by circPLCE1 overexpression (Supplementary 
Fig. 5j and k), the above results suggested that circPLCE1 
promotes macroautophagy by targeting HSC70. Subse-
quently, CCK-8 and EdU incorporation assays were car-
ried out to evaluate cell viability and cell proliferation 
capacity, respectively. HSC70 overexpression reversed 
the decreases in cell viability (Fig. 7j) and cell prolifera-
tion capacity (Fig. 7k, Supplementary Fig. 5 l) induced by 
circPLCE1 overexpression. Analysis of apoptosis via flow 
cytometry revealed that HSC70 overexpression reversed 
the increase in apoptosis induced by circPLCE1 overex-
pression (Fig. 7l and 7m). Considering these results col-
lectively, we conclude that circPLCE1 can target HSC70, 
inhibit CMA activity, and promote ATG5-dependent 
macroautophagy through the CMA pathway, thereby 
inhibiting lung cancer progression.

Discussion
Approximately 80% of the sequences in the human 
genome are transcribed into RNA; of these transcribed 
sequences, only approximately 2% are mRNAs encoding 

proteins, and the rest constitute a wide variety of regu-
latory RNA molecules [61, 62]. In the past 20 years, cir-
cRNAs have been considered “by-products” of aberrant 
splicing and have almost no biological function. With 
advances in research, important roles of circRNAs in 
human diseases have been revealed [8, 10, 11]. Stud-
ies have revealed that many circRNAs are aberrantly 
expressed in diverse malignant tumours, including lung, 
liver, bladder, and oral tumours, and are involved in 
tumorigenesis and tumour progression [8, 11]. Dysregu-
lation of circRNAs can drive tumorigenesis and tumour 
progression through a variety of functional mechanisms, 
making circRNAs effective targets for cancer therapy. We 
found that circPLCE1, which is sheared from exon 8, is 
significantly downregulated in lung cancer cells and tis-
sues and correlated with tumour stage and prognosis, 
suggesting that circPLCE1 may play an important role in 
lung cancer progression. To date, studies have revealed 
the role of different isoforms of circPLCE1 in cancer; 
for example, one circPLCE1 isoform that is formed by 
the shearing of PLCE1 exon 2 acts as an NF-κB regula-
tor to inhibit the progression of colorectal carcinoma 
(CRC) by promoting the ubiquitin-dependent degrada-
tion of RPS3 and decreasing NF-κB nuclear translocation 
[63]. Another circPLCE1 isoform formed by the shearing 
of PLCE1 exons 12 and 13 mediates SRSF2-dependent 
PLCE1 pre-RNA splicing to promote the malignant pro-
gression of colorectal cancer. It has also been reported 
that circPLCE1 promotes CRC epithelial mesenchymal 
transition, glycolysis and M2 polarization in tumour-
associated macrophages. These findings suggest that the 
diversity of circRNAs generated due to different alterna-
tive splicing patterns leads to a wide range of circRNA 
biological functions in tumours. Through in  vitro and 
in vivo functional experiments, circPLCE1 was found to 
inhibit lung cancer cell viability, proliferation, and migra-
tion and to promote apoptosis, indicating that circPLCE1 
has the biological function of inhibiting lung cancer pro-
gression. Our study results are consistent with the role of 
circPLCE1 as a cancer inhibitor, as previously reported 
by Liang et  al. [63]. However, the biological function of 
circPLCE1 in lung cancer has not been revealed in previ-
ous studies.

In this study, we revealed that ROS can induce circ-
PLCE1 o8G modification. The o8G modification was 
initially thought to be a product of oxidative damage to 
DNA, and as research progressed, related studies were 
extended to RNA. Because it is single-stranded and 
lacks protection from histones, RNA is more suscepti-
ble to ROS-mediated oxidation in vivo than DNA is [64]. 
o8G modifications are important RNA modifications in 
eukaryotes, but o8G modifications in circRNAs have not 
yet been reported. ROS, products of aerobic metabolism 
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Fig. 7  circPLCE1 inhibits lung cancer progression by targeting HSC70 and regulates ATG5-dependent macroautophagy via the CMA pathway. 
a After circPLCE1 silencing/overexpression in A549 cells, cellular autophagy was detected via flow cytometry. b Statistical analysis of the cellular 
autophagy levels. c After cirPLCE1 silencing/overexpression in A549 cells, cellular autophagy was detected via MDC staining. d After cirPLCE1 
silencing/overexpression in A549 cells, cellular autophagy was detected via CYTO-ID staining. e After circPLCE1 silencing/overexpression in A549 
cells, ATG12, P62 and LC3B protein expression levels were detected via WB analysis. f Immunohistochemistry was performed to evaluate P62 
protein expression in nude mouse tumours. g Immunohistochemistry was performed to evaluate LC3B expression in nude mouse tumours. h Flow 
cytometry was performed to determine the proportion of cell undergoing autophagy after circPLCE1 was overexpressed and ATG5 was silenced 
in A549 cells. i WB was performed to detect P62 and LC3B protein expression levels after circPLCE1 was overexpressed and ATG5 was silenced 
in A549 cells. j After circPLCE1 and HSC70 were overexpressed in A549 cells, a CCK-8 assay was performed to evaluate cell viability. k After circPLCE1 
and HSC70 were overexpressed in A549 cells, an EdU incorporation assay was performed to determine the cell proliferation capacity. l After 
circPLCE1 and HSC70 were overexpressed in A549 cells, flow cytometry was performed to determine the proportion of apoptotic cells. m Statistical 
analysis of the results of the apoptosis assay after combined overexpression of circPLCE1 and HSC70
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(mitochondrial respiration), are involved in all cellular 
biological activities. The dysregulation of ROS homeosta-
sis caused by environmental stress or pathophysiological 
conditions can lead to abnormal o8G levels and affect the 
occurrence and progression of various diseases, including 
tumours [24–27]. Since exogenous supplementation with 
H2O2 and NAC is currently widely used as a convenient 
method to modulate intracellular ROS levels [65, 66], in 
this study, we added exogenous H2O2 and NAC to mimic 
intracellular ROS dysregulation and assessed the o8G 
modification level after ROS dysregulation. Our results 
indicate that the circPLCE1 o8G level is closely related 
to the intracellular ROS level. Although we revealed that 
ROS can induce o8G modification of circPLCE1, whether 
the increased o8G modification of circPLCE1 occurs via 
direct attack of ROS on guanine bases in circPLCE1 or 
through the insertion of free nucleotides after oxidation 
remains to be further explored. In addition, further clari-
fication of the specific circPLCE1 o8G modification base 
sites is needed for subsequent studies.

Studies have shown that o8G modification plays an 
important role in the regulation of RNA fate. The o8G 
modification can change the base pairing pattern of an 
RNA, shifting the original G‒C pairing to the G‒A pair-
ing, and it has been suggested that o8G modification may 
also be involved in the regulation of RNA stability. To 
explore whether o8G modification regulates the molecu-
lar fate of circPLCE1, we carried out an in-depth explora-
tion. We found that AUF1 can act as an o8G reader and 
bind specifically to the o8G modification of circPLCE1, 
reversing the o8G modification-mediated decrease in 
circPLCE1 stability after AUF1 silencing. The change in 
RNA stability mediated by RNA modification is a criti-
cal step in the strict regulation of gene expression and is 
closely associated with various pathological and physi-
ological processes [47]. RNA o8G modifications can lead 
to altered gene expression through multiple mechanisms, 
including “nonsense-mediated mRNA decay”, “continu-
ous mRNA decay”, and “no-go decay (NGD)” [47, 67]. 
There are also studies indicating that o8G-modified 
RNAs can be recognized by specific proteins to achieve 
the selective degradation of RNAs. The RBPs reported 
in the present study that preferentially recognize o8G 
modifications are AUF1, YB-1, PNPase, and PCBP1&2 
[68–72]. Y-box binding protein 1 (YBX1) has been shown 
to bind preferentially to o8G modifications, thereby trig-
gering rapid degradation of o8G-modified mRNAs [71]; 
the AUF1 protein binds specifically to RNA o8G modifi-
cations and acts as an o8G reader, mediating RNA decay, 
and AUF1 preferentially binds oxidized RNA approxi-
mately three times more than unmodified RNA [30, 73]. 
In our study, o8G modifications induced by ROS accu-
mulation led to a decrease in the stability of the tumour 

suppressor circRNA circPLCE1, thereby promoting lung 
cancer progression. This result is also consistent with 
the results of studies on redox imbalance and abnormal 
increases in o8G modifications in various tumours [74, 
75]. Our work provides new insights into the expression 
and regulatory patterns of circRNAs, but the underlying 
mechanism by which AUF1 recognizes o8G modifica-
tions and decreases the stability of circRNAs needs to be 
further clarified. Whether o8G modifications can affect 
the nucleocytoplasmic output of circRNAs and cap-
independent translation also needs further exploration. 
Recently, the role of RNA modifications in major human 
diseases has been highlighted, with major breakthroughs 
in biomedical research. Owing to their unique molecular 
characteristics, circRNAs are also expected to overcome 
the limitations in the clinical transformation of linear 
RNAs related to instability [76]. Therefore, in-depth 
exploration of circRNAs and their chemical modifica-
tions will be beneficial for developing highly specific and 
long-term approaches for tumour treatment.

Numerous studies have revealed that the direct bind-
ing of circRNAs to proteins is an important mechanism 
by which circRNAs function in tumours [48–50]. Our 
results revealed that circPLCE1 binds directly to HSC70 
and reduces its stability. HSC70 is a molecular chaper-
one heat shock protein (HSP) whose primary function 
is protein quality control through its activity as a folding 
catalyst or in targeting misfolded proteins for degrada-
tion, and it is also a key protein in CMA [51]. Two key 
proteins of CMA, LAMP2A and HSC70, are significantly 
overexpressed in lung cancer, and both are independ-
ent markers of a poor prognosis for lung cancer, which 
is consistent with the trend of circPLCE1 as a cancer 
suppressor [77]. Since we focused on changes in HSC70 
expression in this study, we propose that circPLCE1 tar-
gets HSC70, increases HSC70 ubiquitination and reduces 
HSC70 stability. The ubiquitin‒proteasome pathway is an 
important pathway of endogenous protein degradation 
in which proteins to be degraded are modified by ubiq-
uitination and then degraded via the proteasome [78]. 
Previous studies have revealed that circRNAs can regu-
late the ubiquitination levels of binding proteins, thereby 
regulating protein expression. circRNAs can serve as 
molecular scaffolds for the direct binding of proteins 
with ubiquitin ligases/deubiquitinates, enhancing the 
interactions between these proteins and thereby regu-
lating protein ubiquitination levels. circHIPK3 acts as a 
scaffold to recruit ubiquitin ligases, leading to HuR deg-
radation [16]. circGALNT16 acts as a protein scaffold to 
enhance the interaction between hnRNPK and SUMO1, 
thereby inhibiting the progression of colorectal cancer 
[79]. The TRAP-MS data revealed substantial enrichment 
of ubiquitin ligases, suggesting that circPLCE1 may act 
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as a molecular scaffold to enhance interactions between 
HSC70 and ubiquitin ligases, thus increasing the level of 
HSC70 ubiquitination. We will continue to explore spe-
cific HSC70 ubiquitin ligases and ubiquitination sites in 
subsequent studies.

Through in-depth exploration of the molecular mecha-
nisms of circPLCE1 in lung cancer, we found that circ-
PLCE1 inhibits CMA activity through HSC70. Previous 
studies emphasized the role of CMA in protein qual-
ity control and suggested that abnormally synthesized 
or damaged proteins containing a KFERQ motif are the 
main CMA substrates [80]. However, evidence indi-
cates that most proteins that are functionally intact and 
contain a KFERQ motif can be degraded via the CMA 
pathway [39, 81]. The majority of these findings indicate 
that CMA facilitates tumour cell survival and promotes 
cancer progression. The activity of CMA is consistently 
increased in various tumours, such as lung tumours, 
and CMA can be significantly activated under exposure 
to external stimuli or conditions, such as nutrient defi-
ciency, hypoxia and oxidative stress [54–56]. After cells 
were subjected to serum starvation, the protein levels of 
the classical CMA substrates HK2 and PKM2 were sig-
nificantly decreased via lysosomal degradation; HK2 and 
PKM2 are also key rate-limiting enzymes in glycolysis 
that have been reported to play a role in promoting can-
cer progression [52]. A large body of evidence indicates 
that CMA activity facilitates tumour progression, but we 
found that the expression of HK2 and PKM2, which are 
also protumorigenic molecules, was negatively correlated 
with CMA activity. A reasonable explanation for this dis-
crepancy is that the accelerated degradation of proteins 
such as PKM2 by CMA leads to the accumulation of gly-
colytic intermediates, which supports the requirements 
for the rapid proliferation of tumour cells. Related stud-
ies on cellular energetics indicate that CMA reduces the 
overall metabolic activity of cells by selectively degrad-
ing functionally intact key enzymes involved in lipid and 
glucose metabolism, which facilitates the unlimited pro-
liferation of tumour cells to support their survival in a 
nutrient-limited microenvironment [82].

Our results suggest that ATG5 can act as a CMA sub-
strate and can be degraded via the lysosomal pathway. 
ATG5 is a key protein involved in phagocytic membrane 
extension in autophagic vesicles, and it forms a constitutive 
complex with ATG12. It has been reported that CMA acti-
vation downregulates ATG5-dependent macroautophagy, 
which promotes breast cancer cell metastasis, suggesting 
a close correlation between ATG5 and CMA activity [83]. 
This study revealed increased levels of ATG5 mRNA and 
protein expression after LAMP2A was knocked down in 
MDA-MB-231 cells, but whether ATG5 can act as a CMA 
substrate and thus be degraded via the lysosomal pathway 

has not been elucidated. In the current study in lung can-
cer cells, we did not find a link between CMA activity and 
the ATG5 mRNA expression level (Supplementary Fig. 4e), 
which may be related to the differences in autophagy pat-
terns in cells from different tumours. Our study demon-
strated that circPLCE1-mediated inhibition of CMA activity 
leads to increased ATG5 expression levels and increased 
macroautophagy, thereby inhibiting lung cancer progres-
sion. Many research groups have reported the inhibitory 
role of ATG5-related macroautophagy in lung cancer and 
other cancers. For example, macroautophagy promotion 
due to DDX24 loss inhibits lung cancer growth [58]. Muyin 
extract (MSE) treatment significantly promotes macroau-
tophagy and increases ATG-5 and Beclin-1 levels and the 
LC3II/I ratio; it also inhibits NSCLC cell proliferation [59]. 
The ACSS2/SIRT1/ATG5/ATG2B axis activates macroau-
tophagy and inhibits OC progression in  vitro and in  vivo 
[60]. Therefore, to explore the role of HSC70-mediated 
CMA downregulation in lung cancer, we designed res-
cue experiments that targeted CMA activity. Increasing 
evidence indicates a close association between CMA and 
macroautophagy [57]. Compensatory macroautophagy can 
help CMA-deficient cells maintain normal protein deg-
radation  processes and viability. In the PC12 cell model, 
pathogenic α-congruent nucleoprotein mutant-medi-
ated  inhibition of CMA led to compensatory activation of 
macroautophagy, which compensated for the protein degra-
dation function of CMA [84]; CMA dysfunction due to the 
presence of A53T mutant α-synuclein in  cortical neurons 
and differentiated SHSY5Y cells can also lead to increased 
macroautophagic activity [85].  However, the mechanism 
underlying the interaction between CMA and macroau-
tophagy has not been elucidated. There are complex mecha-
nisms of interaction between CMA and macroautophagy; 
however,  the study of crosstalk between macroautophagy 
and CMA is still in an early stage. Elucidating the compen-
satory mechanism between these two autophagic path-
ways will provide additional support for exploring effective 
tumour interventions that target autophagy.

In summary, the present study reveals the existence of 
o8G modifications on circRNAs and the important role 
of o8G-modified circRNAs in lung cancer progression. 
We identified AUF1 as a reader that recognizes the ROS-
induced o8G modification of circPLCE1 and reduces its 
stability. We elucidated a novel molecular mechanism by 
which circPLCE1 targets the HSC70 protein, increases 
its ubiquitination level, inhibits CMA activity, and pro-
motes ATG5-dependent macroautophagy via the CMA 
pathway, altering the fate of tumour cells and ultimately 
inhibiting lung cancer progression. Our study provides 
new insights into the molecular mechanisms of lung can-
cer progression as well as potential targets for lung can-
cer therapy.
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Supplementary Material 5: Fig. S1 circPLCE1 significantly inhibits lung can-
cer progression in vivo and in vitro. a. circPLCE1-targeted binding proteins 
were identified and analysed via KEGG to predict the biological function of 
circPLCE1. b. circPLCE1-targeted mRNAs were identified and analysed via 
KEGG to predict the biological function of circPLCE1. c. circPLCE1 transient 
overexpression plasmid profile. d. circPLCE1 stable overexpression plasmid 
profile. e. qPCR analysis of the circPLCE1 transient silencing/overexpres-
sion efficiency. f. Measurement of PLCE1 mRNA expression via qPCR after 
transient silencing/overexpression of circPLCE1. g. Wound healing assay 
to evaluate cell migration ability after circPLCE1 silencing/overexpression. 
h. Statistical analysis of the wound healing assay results. Fig. S2 circPLCE1 
targets the HSC70 protein. a. Schematic diagram of the TRAP experi-
ment. b. Predicting proteins with direct RNA-binding ability in the MS 
data. c. TRAP-MS was carried out to identify the direct binding proteins of 
circPLCE1, and an MA plot (M-versus-A plot) of TRAP-MS was generated. d. 
Quantitative analysis of the immunohistochemistry results. e. HSC70 gene 
expression levels in lung adenocarcinoma. f. HSC70 gene expression levels 
in lung squamous cell carcinoma. g. Measurement of the HSC70 mRNA 
expression level via qPCR after circPLCE1 silencing/overexpression. h. qPCR 
analysis of AUF1 silencing efficiency. i. Statistical analysis of HSC70 WB 
data after 200 μM H2O2 treatment combined with AUF1 silencing in A549 
cells. Fig. S3 circPLCE1 regulates the CMA pathway by targeting HSC70. 
A Statistical analysis of HK2 WB data after serum starvation. b. Statistical 
analysis of the PKM2 WB data after serum starvation. c. Statistical analysis 
of the HK2 WB data after AR7 treatment. d. Statistical analysis of the PKM2 
WB data after treatment. e. A549 cells were treated with 10 μM and 20 
μM AR7, collected at 0, 16, and 24 h and lysed to obtain total protein; the 
HK2 protein levels were detected via WB. f. A549 cells were treated with 10 
μM and 20 μM AR7, collected at 0, 16, and 24 h and lysed to obtain total 
protein; the PKM2 protein levels were detected via WB. g. Statistical analy-
sis of HK2 WB data after circPLCE1 silencing/overexpression. h. Statistical 
analysis of the PKM2 WB data after circPLCE1 silencing/overexpression. i. 
Statistical analysis of the results of the immunohistochemical staining for 
HK2 and PKM2. j. The efficiency of HSC70 overexpression was assessed 
via qPCR. k. Statistical analysis of HK2 WB data after circPLCE1 overexpres-
sion and AR7 treatment. l. Statistical analysis of the PKM2 WB data after 
circPLCE1 overexpression and AR7 treatment. m. Statistical analysis of 
HK2 WB data after combined overexpression of circPLCE1 and HSC70. n. 
Statistical analysis of the PKM2 WB data after combined overexpression of 
circPLCE1 and HSC70. o. Statistical analysis of the number of fluorescent 
spots. Fig. S4 circPLCE1 regulates ATG5 protein expression through the 
CMA pathway. a. Prediction of the interactions of HSC70 with key proteins 
involved in macroautophagy. b. Statistical analysis of the ATG5 WB data 
after serum starvation. c. Statistical analysis of the ATG5 WB data after 
treatment with AR7. d. A549 cells were treated with 10 μM and 20 μM 
AR7, cells were lysed to obtain total protein at 0, 16, and 24 h, and ATG5 
protein levels were detected via WB. e. A549 cells were treated with 10 
μM and 20 μM AR7 and collected at 0, 16 and 24 hours to extract RNA, 
and a qPCR assay was carried out to detect ATG5 mRNA levels. f. Statistical 
analysis of the results of the immunohistochemical staining for ATG5. g. 
Statistical analysis of the ATG5 WB data after circPLCE1 overexpression and 
AR7 treatment. h. Statistical analysis of the ATG5 WB data after combined 
overexpression of circPLCE1 and HSC70. Fig. S5 circPLCE1 targets HSC70 
and regulates ATG5-dependent macroautophagy, thereby inhibiting lung 
cancer progression. A Statistical analysis of the ATG12 WB data after circ-
PLCE1 silencing/overexpression. b. Statistical analysis of P62 WB data after 
circPLCE1 silencing/overexpression. c. Statistical analysis of the LC3B WB 
data after circPLCE1 silencing/overexpression. d. Statistical analysis of the 
immunohistochemical staining for P62 and LC3B. e. WB was performed 

to detect P62 and LC3B expression levels in nude mouse tumours. f. qPCR 
analysis of the ATG5 silencing efficiency. g. Silencing of ATG5 in A549 cells 
and detection of ATG5 protein expression levels via WB. h. Statistical analy-
sis of the autophagy assay results after the overexpression of circPLCE1 
with the silencing of ATG5. i. Statistical analysis of the P62 and LC3B WB 
data after the overexpression of circPLCE1 with the silencing of ATG5. j. 
Detection of cellular autophagy by flow cytometry after combined over-
expression of HSC70 and circPLCE1. k. Statistical analysis of the results of 
the cellular autophagy assay after combined overexpression of circPLCE1 
and HSC70. l. Statistical analysis of the EdU incorporation assay results after 
combined overexpression of circPLCE1 and HSC70.
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