
R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Cui et al. Molecular Cancer          (2023) 22:179 
https://doi.org/10.1186/s12943-023-01888-7

Molecular Cancer

†Yumeng Cui and Xiaojie Wu contributed equally to this work.

*Correspondence:
Yanli Lin
linyl1089@163.com
Junjie Xu
xujunjie@sina.com
Youliang Wang
wang_you_liang@aliyun.com

Full list of author information is available at the end of the article

Abstract
Background  Noncoding RNAs such as circular RNAs (circRNAs) are abundant in the human body and influence the 
occurrence and development of various diseases. Non-small cell lung cancer (NSCLC) is one of the most common 
malignant cancers. Information on the functions and mechanism of circRNAs in lung cancer is limited; thus, the topic 
needs more exploration. The purpose of this study was to identify aberrantly expressed circRNAs in lung cancer, 
unravel their roles in NSCLC progression, and provide new targets for lung cancer diagnosis and therapy.

Methods  High-throughput sequencing was used to analyze differential circRNA expression in patients with lung 
cancer. qRT‒PCR was used to determine the level of circHERC1 in lung cancer tissues and plasma samples. Gain- 
and loss-of-function experiments were implemented to observe the impacts of circHERC1 on the growth, invasion, 
and metastasis of lung cancer cells in vitro and in vivo. Mechanistically, dual luciferase reporter assays, fluorescence 
in situ hybridization (FISH), RNA immunoprecipitation (RIP) and RNA pull-down experiments were performed to 
confirm the underlying mechanisms of circHERC1. Nucleocytoplasmic localization of FOXO1 was determined by 
nucleocytoplasmic isolation and immunofluorescence. The interaction of circHERC1 with FOXO1 was verified by RNA 
pull-down, RNA immunoprecipitation (RIP) and western blot assays. The proliferation and migration of circHERC1 in 
vivo were verified by subcutaneous and tail vein injection in nude mice.

Results  CircHERC1 was significantly upregulated in lung cancer tissues and cells, ectopic expression of circHERC1 
strikingly facilitated the proliferation, invasion and metastasis, and inhibited the apoptosis of lung cancer cells in 
vitro and in vivo. However, knockdown of circHERC1 exerted the opposite effects. CircHERC1 was mainly distributed 
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Introduction
According to the latest statistics, lung cancer, of which 
85% are non-small cell lung cancers(NSCLC), is the most 
commonly diagnosed cancer and the leading cause of 
cancer death in both men and women, the incidence and 
mortality of lung cancer have increased due to environ-
mental pollution and an increasing number of smokers 
in recent years [1].The understanding of genetic altera-
tions that drive NSCLC is evolving. New strategies in 
molecular diagnostics and targeted therapies in NSCLC 
to detect and treat them are being explored. These thera-
peutic molecules serve as important sources for new 
drugs that interfere with cellular proliferation, apopto-
sis, metastasis, and angiogenesis by regulating signal-
ing pathways. Despite extensive research and progress, 
therapies for lung cancer remain inadequate and further 
improvements are needed [2]. Profiling the molecular 
aberrations in plasma of lung cancer patients could pro-
vide important biologic insights into lung tumorigenesis, 
and potential biomarkers and therapeutic targets for the 
disease.

Noncoding RNAs (ncRNAs) are a large and diverse 
class of transcribed RNA molecules and participate in 
many biological processes [3]. CircRNAs are a class of 
noncoding RNA molecules that do not have a 5’ termi-
nal cap and a 3’ terminal poly(A) tail and form a ring 
structure by covalent bonds and are present objectively 
in organisms [4, 5]. The unique circular structure of cir-
cRNAs confers inherent resistance to degradation by 
exonuclease and makes circRNAs more stable than their 
linear parental genes [6]. CircRNAs are abundant in 
the human body and have multiple biological functions 
[7–9]. The landscape and action of circRNAs have been 
widely reported in various types of cancer [10], suggest-
ing that circRNAs may be potential biomarkers or thera-
peutic targets [5, 11].The function of circRNAs is usually 
associated with their source and location in the cells. 
Most circRNAs are derived from the exon(s) of genes 
and are thus called exonic circRNAs (ecRNAs), which are 

located in the cytoplasm [12]. There is an interactive rela-
tionship between microRNAs (miRNAs) and circRNAs, 
referred to as the “miRNA sponge” effect [13–15]. During 
this process, circRNAs trap miRNAs on specific bind-
ing sites, thus preventing miRNAs from interfering with 
mRNA expression. This process can mediate cancer pro-
gression [14, 16, 17]. In addition, circRNAs can interact 
with RNA binding proteins and participate in the devel-
opment of different cancers [8, 13, 18–20]. Studies have 
shown that some circRNAs can affect the distribution of 
nuclear matter by causing nuclear/cytoplasmic retention. 
In addition, circRNAs can transport proteins to nucleoli, 
mitochondria and the cell membrane [21]. Research on 
the interaction between circRNAs and protein is still 
in the initial stage. The circRNA‒protein interaction 
changes the protein so that it can regulate vital activities, 
which has inspired us to design new clinical strategies 
based on interference with or utilization of this interac-
tion [22, 23].

With the deepening of research, researchers have 
revealed that circRNAs can affect the incidence and 
development of lung cancer through a variety of mech-
anisms [5, 24]. In this study, we used RNA sequencing 
(RNA-seq) to analyze circRNA profile of NSCLC patients’ 
plasma and identified the upregulated circHERC1, which 
is derived from the exons of the HERC1 gene. CircHERC1 
was significantly upregulated in lung cancer tissues and 
cells, ectopic expression of circHERC1 strikingly facili-
tated the invasion, and metastasis of lung cancer cells in 
vitro and in vivo. Further mechanistic research indicated 
that circHERC1 facilitated the invasion and metastasis 
of NSCLC cells by regulating the miR-142-3p/HMGB1 
axis and activating the MAPK/ERK and NF-κB pathways. 
More importantly, we found that circHERC1 could bind 
to FOXO1 and sequester it in the cytoplasm, thereby pro-
moting the proliferation of lung cancer cells. This is the 
first report on the expression, role and regulatory mecha-
nism of hsa_circHERC1 in NSCLC. The findings of this 
study further expanded the research on the significance 

in the cytoplasm. Further mechanistic research indicated that circHERC1 acted as a competing endogenous RNA of 
miR-142-3p to relieve the repressive effect of miR-142-3p on its target HMGB1, activating the MAPK/ERK and NF-κB 
pathways and promoting cell migration and invasion. More importantly, we found that circHERC1 could bind FOXO1 
and sequester it in the cytoplasm, adjusting the feedback AKT pathway. The accumulation of FOXO1 in the cytosol 
and nuclear exclusion promoted cell proliferation and inhibited apoptosis. CircHERC1 is a new circRNA that promotes 
tumor function in NSCLC and may serve as a potential prognostic biomarker and therapeutic target for NSCLC.

Conclusions  CircHERC1 is a new circRNA that promotes tumor function in NSCLC and may serve as a potential 
diagnosis biomarker and therapeutic target for NSCLC. Our findings indicate that circHERC1 facilitates the invasion 
and metastasis of NSCLC cells by regulating the miR-142-3p/HMGB1 axis and activating the MAPK/ERK and NF-κB 
pathways. In addition, circHERC1 can promote cell proliferation and inhibit apoptosis by sequestering FOXO1 in the 
cytoplasm to regulate AKT activity and BIM transcription.

Keywords  circRNA, Non-small cell Lung cancer, miRNA, Nuclear and cytoplasmic localization
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of circRNAs in NSCLC progression and may bring new 
insights for the exploitation of novel biomarkers and 
therapeutics for NSCLC.

Materials and methods
Clinical specimens
16 tumors and matched adjacent samples of NSCLC 
patients were collected from Chinese PLA General Hos-
pital. Blood samples were collected from patients with 
lung cancer and benign nodules who were hospitalized. 
All patients obtained written informed consent. Detailed 
patient records were recorded and kept during specimen 
collection. According to the clinical data, patients with 
other cancers, patients with previous cancer history or 
infectious virus infection, patients with non-small cell 
lung adenocarcinoma with surgery, radiotherapy, che-
motherapy, or drug treatment were excluded. 188 blood 
samples from patients with non-small cell lung cancer 
and 53 blood samples from patients with benign nodules 
were collected, and plasma was separated, and stored in 
an RNase free tube for cryopreservation. This study was 
authorized by the Ethics Committee of Chinese PLA 
General Hospital and the Ethics Committee of Beijing 
Institute of Biotechnology.

Cell culture
Immortal human bronchial epithelial cells (BEAS-2B), 
and human lung cancer cell lines including A549, NCI-
H460 and NCI-H1299 were purchased from the Ameri-
can Type Culture Collection (ATCC, USA). Lung cancer 
cells including NCI-H3255, HCC-1588 and Calu-3 cells, 
were purchased from Shanghai Cell Bank. All cells were 
maintained at 37  °C under 5% CO2 and at least 95% 
humidity. BEAS-2B, A549, NCI-H460, NCI-H1299 and 
HCC-1588 cells were cultured in DMEM (HyClone, 
USA), and NCI-H3255 and Calu-3 cells were cultured in 
1640 medium (Gibco, USA) supplemented with 10% fetal 
bovine serum (Gibco, USA).

RNA‑seq
For circRNA sequencing, total RNA was extracted 
from plasma with a RNeasy® Kit (Qiagen, GER). The 
RNA was then treated using a Ribo-off rRNA Deple-
tion Kit (Vazyme, China) to remove ribosomal RNA 
before generating the RNA-seq library. Then, an Illumina 
HiSeqTM2500 instrument (Illumina, USA) was used to 
perform library sequencing according to the manufac-
turer’s instructions. The FASTQ reads were aligned to the 
human reference genome (hg38/GRCh38). The counts 
of the remaining reads were normalized and mapped 
across an identified back-splice junction. The transcripts 
overlapping with the exons of the database annotations 
were screened out, and the transcripts overlapping with 
the exons of the spliced transcripts in the database were 

included in the follow-up analysis. The expression of each 
transcript was calculated through Cuffquant, and the 
transcripts with FPKM ≥ 0.5 were selected. The overall 
distribution of different circRNA was visually analyzed 
by volcanic map, and the different circRNA was screened 
from two aspects: the difference multiple and the cor-
rected significant level.

RNA preparation and qRT‒PCR
Total RNA was extracted from cultured cells with an 
Ambion PureLink™ Total RNA Kit (Thermo Scientific, 
USA) and quantified using a NanoDrop1000 spectropho-
tometer (NanoDrop Technologies, USA). For analysis of 
circRNA and mRNA, cDNA was randomly or oligo(dT) 
primed from 1  µg of total RNA using a High-Capacity 
cDNA Reverse Transcription Kit (Invitrogen, USA) fol-
lowing the manufacturer’s instructions. For analysis 
of miRNA, 1  µg of RNA was converted to cDNA using 
Mir-X™ miRNA First-Strand Synthesis (Takara, Japan) 
based on the manufacturer’s procedure. The cDNA was 
amplified by qPCR using Thunderbird SYBR® qPCR Mix 
(Toyobo, Japan) on a CFX96 Real-Time PCR System (Bio-
Rad, USA). GAPDH and U6 were used as internal refer-
ences and calculated using the 2−ΔΔCt method.

RNase R treatment
Total RNA was isolated from tissues and cells using 
TRIzol® reagent (Invitrogen, USA) according to the 
manufacturer’s protocol. cDNA was synthesized with 
random primers or miRNA‒specific stem‒loop prim-
ers using a Revert Aid First Strand cDNA Synthesis Kit 
(Thermo Scientific, USA). qRT‒PCR was performed on 
the Bio-Rad CFX96™ Real-Time PCR System (BioRad, 
USA). The primers for mRNA and circRNA were synthe-
sized by BGI (BGI, China). To verify the ring structure 
of circHERC1, for RNase R treatment, 2  µg total RNA 
was digested with 3 U RNase R (Epicenter Technologies, 
USA) at 37 °C for 20 min and 70 °C for 5 min according 
to the manufacturer’s instructions. For controls, 2 µg of 
total RNA was mock treated under the same conditions 
without the enzyme. Then, the expression levels of linear 
mRNA and circular RNA were determined by qRT‒PCR 
and RT‒PCR.

Cytoplasmic and nuclear fractions
Cytoplasmic and nuclear RNAs were purified with 
Cytoplasmic & Nuclear RNA Purification Kit (Norgen, 
Canada), converted to cDNAs and analyzed by qPCR, 
U6 served as the nuclear RNA marker, and GAPDH 
served as the cytoplasmic RNA marker. Cytoplasmic and 
nuclear proteins were extracted by nuclear and cytoplas-
mic extraction reagents according to the manufacturer’s 
instructions (Thermo Scientific, USA).
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Fluorescence in situ hybridization (FISH)
To investigate the intracellular distribution of circHERC1 
in lung cancer, FAM-labeled circHERC1 and CY3-labeled 
miRNA-142-3p probes were synthesized by Suzhou 
GenePharma Co. Ltd (GenePharma, China). Cells were 
grown to 60–80% confluence and then fixed with 4% 
paraformaldehyde. The hybridization experiments were 
performed using a Fluorescence In Situ Hybridization Kit 
(GenePharma, China) according to the manufacturer’s 
protocol. The cell slices were mounted and images were 
acquired using a Nikon ECLIPSE confocal microscope 
(Nikon, Japan).

Cell transfection and generation of stable cell lines
Plasmids, siRNAs, miRNA mimics or inhibitors were 
transfected into cells using Lipofectamine® 2000 Trans-
fection Reagent (Thermo Scientific, USA) according to 
the manufacturer’s instructions. To construct cell lines 
stably overexpressing circHERC1, we transfected the 
control vector pLC5-circ or the circHERC1 overexpres-
sion vector, and single clones were selected for more than 
4 weeks by incubation with 2 µg/ml puromycin (Invitro-
gen, USA). To generate stable circHERC1 knockdown cell 
lines, the control vector or sh-circHERC1 was transfected 
into NCI-H3255 cells, and single clones were selected for 
more than 4 weeks by incubation with 500 ng/ml hygro-
mycin (Invitrogen, USA). Once fully infected, stable cells 
were cryopreserved or used for other experiments and 
assays.

5-Ethynyl-2’-deoxyuridine (EdU) assay
The cells to be detected were seeded on 4-well slides 
with chambers in advance and 10 µM EdU were added. 
The cells were incubated for 2  h and then stained with 
Azide Alexa Fluor 594 for 30 min and DAPI for 10 min 
using BeyoClick™ EdU Cell Proliferation Kit with Alexa 
Fluor 594 (Reyotime, China) according to the manufac-
turer’s protocol. The cells were visualized by fluorescence 
microscopy. The proliferation rate of cells was deter-
mined by calculating the ratio of EdU-positive nuclei to 
total nuclei.

Cell viability assay
NCI-H3255 and A549 cells were collected and inocu-
lated into 96-well plates at a concentration of 2000 cells 
per well, and 10 µL CCK-8 solution (Dojindo, Japan) was 
added to each well at 0 h, 24 h, 48 h, 72 h, 96 h. The tim-
ing was started after the cells were attached to the well. 
The cells were incubated at 37 °C for 2 h. The absorbance 
at 450 nm was measured with a microplate reader.

Apoptosis detection
Cells were harvested by centrifugation at 1000 × g for 
5 min, gently resuspended in PBS and counted. A total of 

50,000-100,000 suspended cells were centrifuged at 1000 
× g for 5 min, and the supernatant was discarded. Then, 
195 µL binding solution, 5 µL Annexin V-FITC and 10 
µL propyl iodide solution (Beyotime, China) were added 
to the cells and mixed gently. The mixtures were incu-
bated at room temperature (20–25  °C) in darkness for 
10–20 min and then subjected to flow cytometry analysis 
quickly.

Transwell migration and invasion assay
To determine the migration and invasion of cells, 5 × 104 
cells were plated in medium without serum in the top 
chamber of a transwell with an 8.0 μm pore size (Corn-
ing, USA). Matrigel (BD Biosciences, USA) coating to 
perform the invasion assays. The bottom chamber con-
tained standard medium with 20% FBS medium. After 
16–24 h of culture, the cells were fixed with 90% ethanol 
and stained with 0.1% crystal violet (Solarbio Technology, 
China).

Wound healing assays
A wound healing assay was performed in 6-well plates 
(5 × 105 cells per well). When transfected cancer cells 
had grown to 90 to 95% confluence, wound lines were 
manually created by scratching the monolayer with a 
sterile 200 µl pipette tip. The migration of the cells was 
assessed after 24, 48, and 72 h. Pictures were taken using 
an inverted phase-contrast microscope. The distance 
between the parallel lines was measured using Image J 
software. All experiments were carried out at least three 
times. The wound healing rate (%) was calculated accord-
ing to the formula: (the wound area at 0  h minus the 
wound area at 24 h) / the wound area at 0 h.

Western blot
Total proteins were extracted with RIPA Lysis Buffer 
(Thermo Scientific, USA) and quantified using a Pierce 
BCA Protein Assay Kit (Thermo Scientific, USA). The 
total protein was separated by SDS‒PAGE and trans-
ferred onto PVDF membranes (Millipore, USA). After 
they were blocked in 5% nonfat milk for 1 h, the mem-
branes were incubated 1  h at room temperature with 
the indicated primary antibodies, namely, anti-HMGB1 
(Abcam, ab228624, 1:5000 dilution), anti-GAPDH (Cell 
Signaling,#2118,1:2000 dilution), anti-FOXO1(Cell Sig-
naling, #2880,1:1000 dilution), anti-phospho-FOXO1 
(Cell Signaling, #84192,1:1000 dilution), anti-phospho-
AKT (Cell Signaling, #4060, 1:2000 dilution), anti-
phospho-IKBα (Cell Signaling, #4814,1:1000 dilution), 
anti-phospho-p44/42 MAPK(ERK1/2) (Cell Signaling, 
#4370, 1:1000 dilution), anti-p44/42 MAPK(ERK1/2) 
(Cell Signaling, #4695, 1:1000 dilution), anti-AKT (Cell 
Signaling,#4691, 1:1000 dilution), anti-IKBα (Cell Sig-
naling, #4814, 1:1000 dilution), anti-p65 (Cell Signaling, 
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#3033, 1:1000 dilution), anti-phospho-p65 (Cell Signal-
ing, #8042, 1:1000 dilution), anti-CDK2 (Cell Signaling, 
#18,048, 1:1000 dilution), anti-Lamin B1 (Cell Signaling, 
#17,416, 1:1000 dilution), and anti-BIM (Cell Signaling, 
#2933, 1:1000 dilution). Next, they were incubated with 
horseradish peroxidase (HRP)-conjugated secondary 
antibodies for 1  h at room temperature and visualized 
with the enhanced chemiluminescence (ECL) detection 
reagent (PerkinElmer, USA).

RNA immunoprecipitation (RIP)
RIP assays were conducted using a Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Millipore, 
USA) according to the manufacturer’s instructions. A 
total of 1 × 107 A549 and NCI-H3255 cells were harvested 
and lysed in RIP lysis buffer containing protease inhibitor 
cocktail (Thermo, Germany) and RNA inhibitor (Beyo-
time, China), the supernatants were collected after cen-
trifugation for 10 min at 13 000 rpm, and then incubated 
with Dynabeads protein G conjugated with anti-IgG or 
anti-AGO2 using a Magna RIP™ kit (Merck, USA). The 
immunoprecipitated RNAs were extracted for the detec-
tion of miRNA and circRNA expression by qRT‒PCR.

RNA/protein pulldown
RNA pulldown was conducted as previously described 
[25]. Briefly, we designed a biotin-labeled 30 nt probe 
against the back-spliced junction of circHERC1 to spe-
cifically pull down circHERC1 and its intracellular RNA‒
RNA or RNA‒protein complex. A biotin-labeled probe 
with a scrambled sequence was used as a negative con-
trol. A total of 1 × 107 cells were cross-linked in ice-cold 
PBS buffer with 1% formaldehyde for 10 min. Upon PBS 
buffer removal, these cells were lysed in RNA immuno-
precipitation (RIP) buffer on ice for 30 min. After sonica-
tion, the cell supernatant was harvested and divided into 
two equal parts for subsequent RNA pulldown after cen-
trifugation. The biotin-labeled and control probes were 
incubated with the respective cell lysate for 4  h at 4  °C 
with gentle rotation. Identically blocked M280 Strepta-
vidin magnetic Dynabeads (Invitrogen, USA) were added 
to the above lysates and further rotated for 4 h at 4  °C. 
After washing with RIP buffer and RIP buffer supple-
mented with 500 mM NaCl, the bound RNA was isolated 
using TRIzol® and used for RNA detection by RT-qPCR 
assay. The protein was extracted and analyzed by western 
blotting.

Dual luciferase reporter assay
The sequence of circHERC1 (or the 3’ UTR of HMGB1) 
was subcloned into the psiCHECK2 vector (Promega, 
USA) to build the corresponding wild-type (WT) vec-
tors. In the mutant vectors, the miR-142-3p binding sites 
in circHERC1 or the 3’ UTR of HMGB1 were mutated 

in the psiCHECK2 vectors. 293T cells were transfected 
with these vectors and Renilla expression plasmids per 
well using Lipofectamine® 2000 in 24-well plates. After 
24 h of transfection, the cells were lysed with passive lysis 
buffer (Promega, USA), and reporter gene expression was 
assessed using a Dual Luciferase Reporter Assay System 
(Promega, USA).

Hematoxylin and eosin (H&E) and immunohistochemical 
staining
Paraffin-embedded tissues were sectioned at a thick-
ness of 5  μm, deparaffinized and rehydrated. For anti-
gen retrieval, the slides were heated at 100 °C in 0.01 M 
citrate buffer, and 3% hydrogen peroxide was used to 
quench the peroxidase activity for 20  min. The sections 
were treated with normal goat serum and then incubated 
overnight with antibodies at 4 °C. After being rinsed with 
PBS, the sections were incubated with goat anti-rabbit 
IgG for 1 h. After hematoxylin counterstaining was com-
pleted, all sections were dehydrated and sealed.

Tumorigenicity assays in nude mice
Ten athymic Nu/Nu mice (Beijing Vital River Labora-
tory Animal Technology Co., Ltd. China) per group were 
subcutaneously inoculated with 1 × 106 NCI-H3255 cells 
transfected with control, sh-circHERC1, sh-HMGB1, sh-
FOXO1, or circHERC1, or cotransfected with circHERC1 
and sh-HMGB1; circHERC1 and sh-FOXO1 or 
circHERC1, sh-FOXO1 and sh-HMGB1. The mice were 
kept in a standard barrier environment; tumor growth 
was metered via a digital caliper every 7 days. The mice 
were observed for 27 days and then euthanized under 
deep anesthesia with pentobarbital (Sigma, USA) and 
the tumor was removed to measure the tumor weight 
and volume. The volume of the tumors was calculated by 
using the formula width×width×length×0.52. The animal 
protocol was designed to minimize pain or discomfort 
to the animals. All animal procedures were performed 
under the ethical guidelines of Beijing Institute of Bio-
technology and according to the recommendations of 
the Beijing Experimental Animal Regulation Board. All 
animals were euthanized by barbiturate overdose (intra-
venous injection, 150  mg/kg pentobarbital sodium) for 
tissue collection.

In vivo metastatic model
For the metastasis model, female Nu/Nu mice (6 weeks) 
were maintained in pathogen-free conditions. Mice 
were injected through the tail vein with control and 
circHERC1, sh-HMGB1, or sh-FOXO1 treated NCI-
H3255 luciferase cells (1 × 106) (n = 6/per group). The bio-
luminescence was monitored weekly.
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Statistical analysis
All experiments in this study were performed indepen-
dently with at least three biological replicates. The data 
are presented as the means ± standard deviation. Statis-
tical analyses were performed using GraphPad Prism. 
Differences between two groups were analyzed by inde-
pendent sample t-tests, and differences among multiple 
groups were analyzed by one-way ANOVA. A value of 
P < 0.05 indicated a statistically significant difference.

Results
Identification and characteristics of circHERC1 in NSCLC
To investigate the role of circRNAs in NSCLC tumori-
genesis, we performed plasma RNA-seq analyses of total 
RNA obtained from plasma samples of 3 patients with 
lung adenocarcinoma, 3 patients with lung squamous 
cell carcinoma and 3 cancer-free patients, as shown in 
Fig. 1a. A total of 51 distinct circRNAs were detected, of 
which 33 circRNAs were upregulated and 18 were down-
regulated in plasma from NSCLC patients compared 
with plasma from cancer-free patients (Supplementary 
Table  1). Among all of the differentially expressed cir-
cRNAs, hsa_circ_0035796 was significantly upregulated 
in the plasma of both patients with lung squamous cell 
carcinoma (LUSC) and patients with lung adenocar-
cinoma (LUAD) (Fig.  1a). Hsa_circ_0035796, named 
circHERC1, was composed of HERC1 exon 22 to exon 27 
and located on the sense strand of chromosome 15 with 
a length of 1143 nt. The putative circHERC1 back-spliced 
junction was validated by PCR amplification with diver-
gent primers from cDNA of a lung cancer cell line and 
confirmed by Sanger sequencing (Fig. 1b). The sequence 
was consistent with the circBase database annotation 
(http://www.circbase.org/). In NCI-H3255 and A549 
cells, circHERC1 also showed resistance to RNase R 
(Fig.  1c and Fig. S1a) which confirmed that circHERC1 
harbored a closed-loop structure [26, 27]. The expres-
sion of circHERC1, but not the parent gene, was changed 
(Fig.  1d). qRT‒PCR analysis of nuclear and cytoplasmic 
fractionation of circHERC1 and detection of agarose gel 
electrophoresis revealed major cytoplasmic enrichment 
of circHERC1 in A549 and NCI-H3255 cells (Fig. 1e-f and 
Fig. S1b-c). FISH examination revealed that circHERC1 
was predominantly localized in the cytoplasm (Fig. 1g).

qRT‒RCR was used to verify the expression of 
circHERC1 in the plasma of patients. It was found that 
the expression of circHERC1 in plasma was higher in 
patients with LUSC and LUAD than in cancer-free 
patients (Fig.  1h). A ROC curve of the diagnostic accu-
racy of circRNA was drawn according to the results 
(Fig.  1i). The individual circRNAs exhibited AUC val-
ues of 0.746 in distinguishing malignant patients from 
cancer-free patients. Pairing verification between lung 
cancer tissues and adjacent tissues showed that the 

expression of circHERC1 in lung cancer tissues was 
higher than that in adjacent tissues (Fig.  1j). According 
to its occurrence and development, lung cancer can be 
divided into an early stage and a late stage. The expres-
sion of circHERC1 in plasma exosomes from early-stage 
and late-stage of lung cancer patients was significantly 
higher than that in plasma exosomes from cancer-free 
patients, but there was no significant difference between 
the expression of circHERC1 in early-stage lung cancer 
patients and that in late-stage lung cancer patients (Fig. 
S1d).

CircHERC1 promotes proliferation, migration and invasion 
of NLCSC cells and inhibits apoptosis
To study the role of circHERC1 in cancer progression, 
we first tested the endogenous expression of circHERC1 
in lung cancer cell lines, human peripheral blood mono-
nuclear cells (PBMC), human astrocytes (HA), human 
pericytes (PA) and human umbilical vein endothe-
lial cells (HUVEC) (Fig. S1e). CircHERC1 was mainly 
expressed in lung cancer cells, so we focus on lung can-
cer cells. Two lung cancer cell lines (NCI-H3255 and 
A549) were chosen for subsequent experiments due to 
the highest circHERC1 expression levels among the five 
lung cancer cell lines. Furthermore, we constructed a 
circHERC1 overexpression plasmid, and confirmed that 
circHERC1 was overexpressed accurately and efficiently 
in NSCLC cells (Fig. S2a-b). For circHERC1 knockdown, 
siRNAs specifically targeting the backsplice junction 
region were designed (Fig. S2c-d). We investigated cell 
proliferation, apoptosis, migration and invasion after 
circHERC1 knockdown and overexpression in vitro. EdU 
experiments, CCK8 experiments and colony formation 
experiments proved that circHERC1 overexpression sig-
nificantly increased the proliferation ability of BEAS-2B 
and NCI-H3255 cells (Fig. 2a, Fig. S2e-f, Fig. S2i and Fig. 
S2k), while the results observed in circHERC1 knock-
down cells were contrary to those of the control group 
both in A549 and NCI-H3255 cells (Fig.  2b, Fig. S2g-h, 
Fig. S2j, and Fig. S2l). In the apoptosis detection experi-
ments, circHERC1 overexpression inhibited apoptosis 
(Fig.  2c), while circHERC1 knockdown promoted apop-
tosis (Fig.  2d). Likewise, we found that upregulation of 
circHERC1 promoted the migration and invasion abilities 
of lung cancer cells through transwell and wound heal-
ing assays (Fig. 2e and g, Fig. S3a, Fig. S3c, Fig. S3e and 
Fig. S3g), whereas downregulation of circHERC1 exerted 
the opposite effect (Fig. 2f and h, Fig. S3b, Fig. S3d, Fig. 
S3f and Fig. S3h). Taken together, these results show that 
circHERC1 significantly affects the proliferation, migra-
tion, invasion and apoptosis of lung cancer cells.

To explore the biological functions of circHERC1 
in lung cancer in vivo, we subcutaneously inoculated 
NCI-H3255 cells with circHERC1 shRNA plasmid, 

http://www.circbase.org/
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NCI-H3255 cells with scrambled shRNA plasmid and 
NCI-H3255 cells into nude mice. Tumor growth in the 
mice injected with sh-circHERC1 cancer cells was sig-
nificantly lower than that in the mice injected with cells 

transfected with scrambled shRNA (Fig. 2i and Fig. S3i). 
These in vivo findings in ectopic xenograft mouse models 
are consistent with the in vitro observations, and hence 
support that suppression of circHERC1 could inhibit the 

Fig. 1  Oncogenic circRNA discovery and characterization of circHERC1 in NSCLC. (a) Heatmap of RNA-Seq data of differentially expressed circRNAs 
generated from plasma from lung cancer patients and cancer-free individuals. (b) Schematic illustration indicating the generation of circHERC1 from its 
host gene HERC1 and validation by Sanger sequencing. (c) qRT‒PCR assessment of the stability of circHERC1 and HERC1 under RNase R treatment in 
NCI-H3255 cells. ***p < 0.001. (d) qRT‒PCR detection of the expression of circHERC1 and its parent gene after circHERC1 overexpression or knockdown. 
***p < 0.001. (e, f) qRT‒PCR analysis of circHERC1, GAPDH, and U6 in the cytoplasm and nucleus in NCI-H3255 cells. (g) FISH assay showed that circHERC1 
primarily localized in the cytoplasm of NCI-H3255 and A549 cells. The scale bars are 25 μm. (h) qRT‒PCR was applied to analyze circHERC1 expression in 
plasma of LUAD patients (n = 111), LUSC patients (n = 23) and cancer-free individuals (n = 23). *p < 0.05, ****p < 0.0001. (i) Receiver-operating characteristic 
(ROC) curve analysis of circHERC1 expression in lung cancer (n = 134) and cancer-free patient (n = 23) plasma. (j) qRT‒PCR analysis of circHERC1 in tumor 
tissues and peritumoral tissues (n = 16). *p < 0.05
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in vivo tumorigenicity of lung cancer cells. Aberrantly 
expressed circRNAs play important roles in mediating 
cancer progression by regulating the activity of a variety 
of signaling pathways, such as the MAPK/ERK, NF-κB, 

and PI3K/AKT pathways [28–33]. After knockdown and 
overexpression of circHERC1, the expression of pIKBα, 
pP65, pERK1/2, CDK2, pAKT and BIM was tested, and 
the results showed that overexpression of circHERC1 

Fig. 2  CircHERC1 promotes NCSLC cell proliferation, migration and invasion, and inhibits apoptosis. (a) EdU assay to detect the proliferation of NCI-H3255 
cells stably overexpressing circHERC1. **p < 0.01. The scale bar is 25 μm. (b) EdU assay to detect the proliferation of NCI-H3255 cells with stable knockdown 
of circHERC1. ***p < 0.001. The scale bar is 25 μm. (c) Flow cytometry to detect apoptosis of NCI-H3255 cells stably overexpressing circHERC1. ***p < 0.001. 
(d) Flow cytometry to detect apoptosis of NCI-H3255 cells with stable knockdown of circHERC1. **p < 0.01. (e, g) Transwell assay to detect cell migra-
tion (e) and invasion (g) of NCI-H3255 cells stably overexpressing circHERC1. **p < 0.01, ***p < 0.001. (f, h) Transwell assay to detect cell migration (f ) and 
invasion (h) of NCI-H3255 cells with stale knockdown of circHERC1. **p < 0.01, ***p < 0.001. (i) Representative images of tumor xenograft mouse models 
injected with NCI-H3255 cells with stable knockdown of circHERC1 and NCI-H3255 cells stably transfected with a scramble shRNA vector as negative 
control (top). The tumor volumes of mice in the sh-circHERC1 and control groups are shown(bottom). **p < 0.01. (j) Western blot analysis of the MAPK/
ERK, NF-κB and PI3K/AKT pathways in NCI-H3255 cells with stable knockdown and overexpression of circHERC1
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promoted the expression of pIKBα, pP65, pERK1/2, 
pAKT and CDK2 and inhibited the expression of BIM 
(Fig.  2j). With circHERC1 downregulation, the proteins 
pIKBα, pP65, pERK1/2, CDK2 and pAKT were effec-
tively downregulated, while the expression of BIM was 
upregulated.

CircHERC1 functions as a sponge of miR-142-3p in NSCLC 
cells
Considering that circHERC1 was mainly localized in the 
cytoplasm, we speculated that circHERC1 was involved 
in the progression of lung cancer through a miRNA 
sponge mechanism. Since Argonaute2 (AGO2) is an 
important mediator of circRNA-miRNA interactions [34, 
35], an RNA immunoprecipitation (RIP) assay showed 
that circHERC1 was significantly enriched by the AGO2 
protein in NCI-H3255 and A549 cells (Fig.  3a and Fig. 
S4a). This result suggested that circHERC1 may act as 
a miRNA sponge to participate in the AGO2-mediated 
competing endogenous RNA (ceRNA) mechanism of 
action. To investigate the downstream target miRNAs, 
we used three target prediction programs: CircInter-
actome (https://circinteractome.nia.nih.gov/), CSCD 
(http://gb.whu.edu.cn/CSCD/) and CircBank [36, 37] 
(Fig. S4b). Among the predicted miRNAs, we chose the 
14 miRNAs most highly ranked as the candidate miR-
NAs. RNA pull-down experiments using biotinylated 
circHERC1 probes showed that miR-142-3p markedly 
enriched by the circHERC1 probe but not the scrambled 
oligonucleotide probe in A549 and NCI-H3255 cells 
(Fig.  3b and Fig. S4c). Then, we tested the expression 
of these 14 miRNAs in circHERC1 overexpressing and 
circHERC1 knockdown cells, and qRT‒PCR data showed 
that the miRNA miR-142-3p was downregulated after 
circHERC1 overexpression (Fig. S4d-e) and upregulated 
after circHERC1 knockdown (Fig. S4f-g). Sequences of 
circHERC1 incorporating the wild-type and mutant-
type binding sites of miR-142-3p were synthesized and 
cloned into the dual-luciferase reporter vector (Fig. S4h). 
The activity signals of Renilla and firefly luciferase were 
detected by applying the Dual-Luciferase Report Gene 
Assay System. Mimics of mir-142-3p reduced luciferase 
activity in 293T cells transfected with the WT circHERC1 
reporter, but not the MUT circHERC1 reporter (Fig. 3c). 
Active MAPK/ERK and NF-κB expression at the protein 
level was significantly reduced in lung cancer cells trans-
fected with miR-142-3p mimics, while active MAPK/
ERK and NF-κB expression was increased in NCI-H3255 
cells transfected with miR-142-3p inhibitor (Fig. S4i-
j, Fig. S4m). As expected, the expression of miR-142 
in plasma was lower in patients with LUSC and LUAD 
than in cancer-free patients (Fig. S4k). In particular, the 
expression of miR-142 was extremely lower in plasma 
exosomes from late-stage lung cancer patients than those 

from early-stage lung cancer patients and cancer-free 
patients (Fig. S4l). To further investigate the functional 
interaction of circHERC1 and miR-142-3p in lung can-
cer cells, several rescue experiments were performed by 
cotransfection of miR-142-3p mimics and circHERC1 
overexpression vector (Fig.  3d-e). The results showed 
that miR-142-3p overexpression eliminated the promot-
ing effects of circHERC1 overexpression on cell migra-
tion and invasion (Fig.  3g-i), but had no effect on cell 
proliferation (Fig. 3f ). Western blot experiments showed 
that circHERC1 affected the downstream MAPK/ERK 
and NF-κB signaling pathways through the miR-142-3p 
axis, but not the PI3K/ATK signaling pathway (Fig.  3j). 
These results suggest that circHERC1 acts as a functional 
sponge for miR-142-3p in lung cancer cells.

HMGB1 is a functional target of miR-142-3p
To identify the potential target of miR-142-3p, three 
miRNA target gene databases (miRBD, miRBase and 
TargetScan) were exploited (Fig. S5a). We determined 
15 genes for further study through research on lung 
cancer and its correlations, and qRT‒PCR was used to 
test the mRNA expression when circHERC1 was over-
expressed and knocked down (Fig. S5b-c). Among the 
selected genes, HMGB1, a well-known tumor activa-
tor that promotes the metastasis of non-small cell lung 
cancer through NF-κB [38], plays a corresponding role 
in colorectal cancer by regulating ERK1/2 signaling [39], 
and is upregulated in human lung cancer. We found that 
HMGB1 was positively correlated with the expression of 
circHERC1 (Fig. 4a-b). qRT‒PCR and western blot analy-
sis showed that HMGB1 expression at both the mRNA 
and protein levels was significantly reduced in lung can-
cer cells transfected with miR-142-3p mimics, while 
HMGB1 expression was increased in cells transfected 
with miR-142-3p inhibitor (Fig. 4a-c). HMGB1 displayed 
a significantly higher expression level in lung tumor tis-
sues compared with the adjacent tissues (Fig. S5d). The 
TCGA database (https://tcga-data.nci.nih.gov/tcga/) was 
used to analyze differentially expressed miR-142-3p and 
HMGB1 in lung cancer patients. Patients with higher 
expression levels of HMGB1 tended to have shorter sur-
vival times, while patients with higher expression levels 
of miR-142-3p tended to have longer survival times (Fig. 
S5e, and Fig.S5h). To further elucidate the interaction 
between miR-142-3p and the HMGB1 3′UTR, a lucifer-
ase assay was subsequently performed in 293T cells. The 
pGL3- HMGB1-3′UTR vector or pGL3 basic vector was 
cotransfected with miR-142-3p mimics or the negative 
control into cells, and the luciferase activity was detected 
using a Dual-Luciferase Assay System. Cotransfection 
with miR-142-3p mimics significantly decreased the fire-
fly luciferase activity of the HMGB1-3′UTR reporter but 
not that of the mutant HMGB1-3′UTR reporter (Fig. 4d 

https://circinteractome.nia.nih.gov/
http://gb.whu.edu.cn/CSCD/
https://tcga-data.nci.nih.gov/tcga/


Page 10 of 20Cui et al. Molecular Cancer          (2023) 22:179 

Fig. 3  CircHERC1 directly binds miR-142 and regulates miR-142 expression in NSCLC cells. (a) qRT‒PCR for the expression of circHERC1 in NCI-H3255 cells 
after the pulldown of Ago2 by RIP assay. **p < 0.01. (b) qRT‒PCR of the candidate miRNA expression in circHERC1-overexpressing NCI-H3255 cell lysates 
pulled down and enriched with a biotinylated circHERC1-specific probe. *p < 0.05, **p < 0.01. (c) The relative luciferase activity of WT circHERC1 3’ UTR or 
mutant circHERC1 3’ UTR after transfection with miR-142 mimics in 293T cells. **p < 0.01. (d, e) qRT‒PCR was used to test the expression of circHERC1 and 
miR-142-3p in NCI-H3255 cells transfected with circHERC1 overexpression vector and miR-142 mimics. **p < 0.01, ***p < 0.001. (f) EdU analysis of the cell 
proliferation ability of NCI-H3255 cells transfected with the control, the circHERC1 overexpression vector, or miR-142 mimics and cotransfected with the 
circHERC1 overexpression vector and miR-142 mimics. *p < 0.05. The scale bar is 25 μm. (g) Wound healing assay to detect cell migration ability in NCI-
H3255 cells transfected with the control, the circHERC1 overexpression vector, or miR-142 mimics and cotransfected with the circHERC1 overexpression 
vector and miR-142 mimics. **p < 0.01. (h, i) Transwell assay to detect cell migration (h) and invasion (i) of NCI-H3255 cells transfected with the control, 
the circHERC1 overexpression vector, or miR-142 mimics and cotransfected with the circHERC1 overexpression vector and miR-142 mimics. **p < 0.01, 
***p < 0.001. (j) Western blot analysis of the MAPK/ERK, NF-κB and PI3K/AKT pathways in NCI-H3255 cells transfected with the control, the circHERC1 
overexpression vector, or miR-142 mimics and cotransfected with the circHERC1 overexpression vector and miR-142 mimics
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Fig. 4  HMGB1 is a functional target of miR-142-3p. (a, b) qRT‒PCR analysis of HMGB1 expression in NCI-H3255 cells after transfection with miR-142-3p 
mimics or a miR-142-3p inhibitor. ***p < 0.001. (c) Western blot analysis of HMGB1 in NCI-H3255 cells after transfection with miR-142-3p mimics or a miR-
142-3p inhibitor. (d) Relative luciferase activity of the WT HMGB1 3’ UTR or HMGB1 3’ UTR with mutation of potential binding sites after transfection with 
miR-142 mimics in 293T cells. *p < 0.05. (e, f) qRT‒PCR to test the expression levels of miR-142-3p and HMGB1 in NCI-H3255 cells transfected with the 
control, miR-142 mimics, or the HMGB1 overexpression vector and cotransfected with miR-142 mimics and the HMGB1 overexpression vector. **p < 0.01, 
***p < 0.001. (g) EdU analysis of the cell proliferation ability of NCI-H3255 cells transfected with the control, miR-142 mimics, the HMGB1 overexpression 
vector and cotransfected with miR-142 mimics and the HMGB1 overexpression vector. *p < 0.05. The scale bar is 25 μm. (h) Wound healing assays to 
detect cell migration ability in NCI-H3255 cells transfected with the control, miR-142 mimics, or the HMGB1 overexpression vector and cotransfected 
with miR-142 mimics and the HMGB1 overexpression vector. *p < 0.05, ***p < 0.001. (i, j) Transwell assay to detect cell migration (i) and invasion (j) of 
NCI-H3255 cells transfected with the control, miR-142 mimics, or the HMGB1 overexpression vector respectively and cotransfected with miR-142 mimics 
and the HMGB1 overexpression vector. **p < 0.01, ***p < 0.001. (k) Western blot analysis of HMGB1 and the MAPK/ERK, NF-κB and PI3K/AKT pathways 
in NCI-H3255 cells transfected with the control, miR-142 mimics, or the HMGB1 overexpression vector and cotransfected with miR-142 mimics and the 
HMGB1 overexpression vector
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and Fig. S5i). In summary, these findings indicate that 
HMGB1 is a direct target of miR-142-3p.

To further investigate the functional interaction of 
HMGB1 and miR-142-3p in lung cancer cells, several 
rescue experiments were performed by co-transfection 
with miR-142-3p mimics and a HMGB1 overexpression 
vector (Fig.  4e-f ). The results showed that miR-142-3p, 
by targeting HMGB1, eliminated the promoting effects 
of circHERC1 overexpression on cell migration and inva-
sion (Fig.  4h-j), but not on cell proliferation (Fig.  4g). 
Western blot experiment showed that HMGB1 and miR-
142-3p affected the downstream MAPK/ERK and NF-κB 
signaling pathways, and this effect could be rescued by 
cotransfection with HMGB1 and miR-142-3p. but had no 
effect on the PI3K/ATK signaling pathway (Fig. 4k).

CircHERC1 upregulates HMGB1 expression by sponging 
miR-142b-3p
qRT‒PCR and western blot analysis showed HMGB1 
expression was upregulated when circHERC1 was over-
expressed in NCI-H3255 cells (Fig.  5a and Fig. S6a-
b), while it was downregulated when circHERC1 was 
knocked down (Fig.  5b and Fig. S6c-d). To further 
investigate the functional interaction of circHERC1 and 
HMGB1 in lung cancer cells, EdU experiments, CCK8 
experiments and apoptosis detection experiments were 
performed, which showed that sh-HMGB1 did not elimi-
nate the promoting effects of circHERC1 overexpres-
sion on cell proliferation (Fig.  5c and Fig. S6e), and the 
inhibition of apoptosis (Fig. S6f ). Transwell and wound 
healing assays showed that sh-HMGB1 eliminated the 
promoting effects of circHERC1 overexpression on cell 
migration and invasion (Fig. 5d-f ). In lung cancer tissues, 
HMGB1 was positively correlated with circHERC1 (Fig. 
S6g). Western blot experiments showed that circHERC1 
affected the downstream MAPK/ERK and NF-κB sig-
naling pathways through the miR-142-HMGB1 axis, 
but had no effect on the PI3K/ATK signaling pathway 
(Fig. 5g). These results suggest that circHERC1 functions 
as a ceRNA for miR-142-3p and regulates the expres-
sion and activity of HMGB1. The circHERC1-miR-142-
3p-HMGB1 axis regulates cell migration and invasion 
in lung cancer cells, but the axis has little effect on cell 
viability regulation. Therefore, there may be other mech-
anisms involved in regulating the function of circHERC1.

CircHERC1 binds FOXO1 and sequesters it in the cytoplasm 
to promote cell proliferation by feedback AKT activation
CircHERC1-miR-142-HMGB1 axis had no effect on 
cell proliferation and apoptosis, while LY294002, a PI3K 
inhibitor, attenuated the cell proliferation promotion and 
the apoptosis inhibition induced by circHERC1 overex-
pression (Fig. S7). We then focus on the PI3K/ATK sig-
naling pathway, in which the transcriptional activity of 

forkhead box transcription factor class O (FOXO) pro-
teins, the key downstream targets of AKT signaling, can 
result in a variety of cellular outcomes depending on the 
cell type and activating stimulus [40]. We first analyzed 
the expression of FOXO1 in 16 lung cancer tissues with 
adjacent tissues by qRT-PCR, and found that the expres-
sion of FOXO1 in lung cancer tissues was lower than that 
in adjacent tissues (Fig. S8a). From TCGA data, we also 
found that FOXO1 was down-regulated in lung cancer 
tissues (Fig. S8b-g). ROC curve analysis indicated a rela-
tively high diagnostic value of FOXO1 for LUAD, LUSC 
and lung cancers (Fig. S8h-j). These results implied that 
FOXO1 might be the major target to regulate lung can-
cer cell survival. Overexpression of circHERC1 led to 
increased phosphorylation of FOXO1, while inhibi-
tion of circHERC1 decreased the phosphorylation of 
FOXO1 (Fig. 6a). We found that circHERC1 overexpres-
sion caused FOXO1 to almost translocated to the cytosol 
both by western blot analysis of nuclear and cytoplasm 
fractions (Fig. 6b) and IF assays (Fig. 6c and Fig. S9a). By 
combining the FAM-labeled circHERC1 FISH assay and 
IF assay, we found that FOXO1 nuclear exclusion mainly 
occurred in circHERC1 overexpressing cells (Fig. S9b). 
Activation of PI3K/AKT signaling leads to acute trans-
location of FOXO1 out of the nucleus [40]. To verify 
whether FOXO1 translocation is caused by AKT acti-
vation or circHERC1 overexpression, circHERC1 was 
overexpressed in LY294002 pretreated NCI-H3255 cells, 
and the results showed that FOXO1 cytosol accumula-
tion was independent of AKT phosphorylation (Fig.  6d, 
and Fig. S10a-b). As circHERC1 predominantly local-
ized in the cytoplasm (Fig.  1g), we hypothesized that 
circHERC1 could bind FOXO1 and facilitate the seques-
tration of FOXO1 in the cytosol. We performed RIP 
and RNA pulldown assays to verify the interaction with 
FOXO1 and circHERC1, and found that FOXO1 and 
circHERC1 could combine with each other (Fig. 6e-f and 
Fig. S11a-b). FOXO1 inhibitor, AS1842586, could disrupt 
the interaction between FOXO1 and circHERC1 (Fig. 6f 
and Fig. S11b), and the dissociation could restore the 
phosphorylation status of AKT induced by circHERC1 
overexpression (Fig. 6g). AS1842586 also attenuated the 
cell proliferation promotion and the apoptosis inhibition 
induced by circHERC1 overexpression (Fig. S12). Previ-
ous evidence has shown that FOXO1 can feedback acti-
vate AKT, and the feedback activation of AKT maintains 
growth factor-responsive AKT [41, 42]. Knockdown of 
FOXO1 in lung cancer cells downregulated the activa-
tion of AKT, and the AKT activation was not restored 
by circHERC1 overexpression (Fig. S13a). Cytosolic 
FOXO1, not whole-cell FOXO1, seemed to activate AKT 
in a feedback manner. By western blot analysis of the 
nuclear and cytoplasmic fractions, we found that cyto-
solic FOXO1 was positively correlated with the activation 
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of AKT (Fig. 6h). FOXO1 cytosol accumulation, seques-
tered by circHERC1, feedback activated AKT to promote 
cell proliferation (Fig. S13b), while FOXO1 nuclear exclu-
sion inhibited apoptosis (Fig. S13c). On the other hand, 
circHERC1 overexpressing lung cancer cells lost the reac-
tivity to EGF (Fig. S14). These results further confirm that 
circHERC1 binds FOXO1 and sequesters it in the cyto-
plasm to promote cell proliferation by feedback-activat-
ing AKT.

Inhibition of HMGB1 and FOXO1 expression can restore 
the influence of circHERC1 on cell proliferation, apoptosis, 
migration and invasion
Dysregulation of circHERC1 contributed to tumori-
genesis of NSCLC. To verify the function of circHERC1 
through FOXO1 and HMGB1, many rescue experi-
ments were performed. FOXO1 knockdown attenuated 
the activation of AKT and CDK2 and the inhibition of 
BIM caused by FOXO1 cytosolic accumulation and 
nuclear exclusion due to circHERC1 overexpression 

Fig. 5  HMGB1 reversed circHERC1 upregulation-induced cell motility in lung cancer cells. (a) Western blot analysis of HMGB1 expression in NCI-H3255 
cells with circHERC1 overexpression or knockdown. (b) qRT‒PCR to determine the level of circHERC1 in NCI-H3255 cells transfected with the control, a 
circHERC1 overexpression vector, or an HMGB1 knockdown vector and cotransfected with the circHERC1 overexpression vector and the HMGB1 knock-
down vector. ***p < 0.001. (c) EdU analysis of the cell proliferation ability of NCI-H3255 cells transfected with the control, a circHERC1 overexpression vec-
tor, or an HMGB1 knockdown vector and cotransfected with the circHERC1 overexpression vector and the HMGB1 knockdown vector. *p < 0.05. The scale 
bar is 25 μm. (d) Wound healing assays to detect cell migration ability of NCI-H3255 cells transfected with the control, a circHERC1 overexpression vector, 
or an HMGB1 knockdown vector and cotransfected with the circHERC1 overexpression vector and the HMGB1 knockdown vector. **p < 0.01, ***p < 0.001. 
(e, f) Transwell assay to detect cell migration (e) and invasion (f ) in NCI-H3255 cells transfected with the control, a circHERC1 overexpression vector, or an 
HMGB1 knockdown vector and cotransfected with the circHERC1 overexpression vector and the HMGB1 knockdown vector. ***p < 0.001. (g) Western blot 
analysis of HMGB1 and the MAPK/ERK, NF-κB and PI3K/AKT pathways in NCI-H3255 cells transfected with the control, a circHERC1 overexpression vector, 
or an HMGB1 knockdown vector and cotransfected with the circHERC1 overexpression vector and the HMGB1 knockdown vector
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Fig. 6  CircHERC1 binds FOXO1 and sequesters it in the cytoplasm. (a) Western blot analysis of pFOXO1 and FOXO1 in NCI-H3255 cells with circHERC1 
overexpression or knockdown. (b) Western blot analysis of pFOXO1 and FOXO1 in the cytoplasm and nucleus of NCI-H3255 cells with circHERC1 overex-
pression or knockdown. (c) IF assays to detect FOXO1 subcellular localization in A549 cells after alteration of the expression of circHERC1 The scale bars 
are 15 μm. (d) Western blot analysis of FOXO1 in the cytoplasm and nucleus in NCI-H3255 cells transfected with the control vector, control vector treated 
with LY2940002, circHERC1 overexpression vector, and circHERC1 overexpression vector treated with LY2940002, or cells pretreated with LY2940002 
transfected with circHERC1 overexpression vector. (e) RNA pulldown assays to evaluate the interaction between circHERC1 and pFOXO1 or FOXO1 
using biotinylated probes against circHERC1. (f) RIP assays to evaluate the interaction between circHERC1 and FOXO1 after alteration of the expression 
of circHERC1 and treatment with AS1842856 using a FOXO1 antibody. **p < 0.01. (g) Western blot analysis of pAKT in NCI-H3255 cells with circHERC1 
overexpression treatment with AS1842856. (h) Western blot analysis of pFOXO1 and FOXO1 in the cytoplasm and nucleus in NCI-H3255 cells transfected 
with the control vector, circHERC1 overexpression vector, or FOXO1 knockdown vector and cotransfected with the circHERC1 overexpression vector and 
FOXO1 knockdown vector
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(Fig. 7a). HMGB1 knockdown reversed the activation of 
the MAPK/ERK and NF-κB signaling pathways induced 
by circHERC1 overexpression (Fig.  7a). FOXO1 and 
HMGB1 knockdown simultaneously restored all of the 
above signaling pathways to normal levels (Fig.  7a). We 
also conducted EdU, apoptosis and transwell assays to 
detect the rescue of FOXO1 and HMGB1 knockdown on 
cell proliferation, apoptosis, migration and invasion in 
circHERC1 overexpressing lung cancer cells. The results 
showed that FOXO1 knockdown rescued cell viability 
(Fig. 7b-c) and HMGB1 knockdown rescued cell motility 
(Fig. 7d-e) from the effects of circHERC1.

CircHERC1 can promote tumor proliferation and metastasis 
in vivo
To explore the biological function of circHERC1 in 
vivo, we subcutaneously inoculated NCI-H3255 can-
cer cells with altered expression of circHERC1, HMGB1 
or FOXO1, into the flanks of nude mice. In comparison 
with the control, in vivo imaging of mice showed that 
circHERC1 overexpression significantly increased the 
mean tumor volume, tumor weight and fluorescence 
intensity. HMGB1 knockdown inhibited tumor cell pro-
liferation, but HMGB1 knockdown had little ameliora-
tive effect on the tumor promotion caused by circHERC1 
overexpression. The effect of circHERC1 overexpression 
was rescued when cells stably overexpressing circHERC1 
were transfected with a HMGB1 knockdown plasmid 
and a FOXO1 knockdown plasmid (Fig.  8a-c). At the 
same time, the expression of FOXO1, HMGB1, pERK1/2, 
pIKBα and pATK in the tumor tissues of mice was veri-
fied by western blot analysis and immunohistochemistry, 
and the results were consistent with the above in vitro 
experimental results (Fig. 8d, Fig. S15, and Fig. S16). At 
the same time, we performed a tissues microarray by 
using patients’ samples and found that the expression 
level of HMGB1 in lung cancer tissues was consider-
ably higher than that in para-cancerous tissues (Fig. 8e). 
To determine the effect of circHERC1 on tumor cell 
migration in vivo, a mouse model of tumor metasta-
sis was established. In vivo imaging of mice showed 
that circHERC1 overexpression significantly promoted 
tumor metastasis. HMGB1 knockdown inhibited tumor 
metastasis, and HMGB1 knockdown attenuated tumor 
metastasis caused by circHERC1 overexpression (Fig. 8f ). 
These in vivo findings in ectopic xenograft mouse models 
were consistent with the in vitro observations, and hence 
support that overexpression of circHERC1 can promote 
in vivo tumorigenicity of lung cancer cells via the miR-
142-3p-HMGB1 axis and interaction with FOXO1.

Discussion
Recently, circRNAs have become a hot topic in RNA 
research since they play key roles in numerous physi-
ological and pathological processes of a wide variety of 
diseases [43]. In particular, circRNAs can regulate dif-
ferent molecular signaling pathways by acting as miRNA 
sponges, anchors for circRNA binding proteins (cRBPs), 
transcriptional regulators, and sources for translation 
of small proteins/peptides [44]. In this study, we found 
that expression levels of many circRNAs were signifi-
cantly upregulated in lung cancer patient plasma through 
high-throughput sequencing. Among these circRNAs, 
circHERC1 was characterized as a lung cancer-associated 
circRNA derived from exons 22–27 of HERC1 that was 
formed a circRNA through back-splicing. Interestingly, 
circHERC1 was altered not only in plasma of lung cancer 
patients, but also in tissue and plasma exosome of lung 
cancer patients.

Elevated circHERC1 expression is frequently observed 
in lung tumor tissues and plasma exosomes of early-stage 
and late-stage lung cancer patients. CircHERC1 may be a 
cell-free circulating biomarker for lung cancer. Further-
more, we confirmed that circHERC1 has an important 
function in the pathogenesis of NSCLC since its dysregu-
lation contributed to NSCLC cell growth, proliferation, 
migration, invasion and apoptosis. Moreover, the in vivo 
tumorigenicity of circHERC1 was confirmed by observa-
tion of ectopic xenograft mouse models. Therefore, the 
possible pathways by which circHERC1 might participate 
in the development and progression of NSCLC need to be 
investigated. We found that overexpression of circHERC1 
promoted the activation of AKT, ERK1/2 and IKBα 
which controlled several intracellular signaling mole-
cules for cell growth and survival, Moreover, overexpres-
sion of circHERC1 inhibited the expression of BIM that 
was intrinsically responsible for the initiation of apop-
tosis, whereas knockdown of circHERC1 had the oppo-
site effects. The molecular mechanisms of circHERC1 in 
tumorigenesis need to be further investigated.

Previous studies have shown that the cytoplasmic 
localization of circRNA is closely related to the spong-
ing effect of miRNA [45, 46]. In this study, we found that 
circHERC1 predominantly localized in the cytoplasm. 
RNA pulldown with a probe against the back-spliced 
junction of circHERC1 displayed enrichment of miR-
142-3p. Previous research has shown that miR-142-3p 
suppresses cell proliferation, migration and invasion 
through inhibition of NR2F6 in lung adenocarcinoma 
and functions as a potential tumor suppressor in NSCLC 
[47, 48]. Rescue experiments showed that miR-142-3p 
can attenuate the effects of circHERC1 overexpression 
on migration and invasion, but not proliferation. Mech-
anistically, circHERC1 functions as a sponge to reduce 
the expression of miR-142-3p, a negative regulator of 
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Fig. 7  Inhibition of HMGB1 and FOXO1 expression attenuates the influence of circHERC1 on cell proliferation, apoptosis, migration and invasion. (a) 
Western blot analysis of HMGB1, FOXO1 and the MAPK/ERK, NF-κB and PI3K/AKT pathways in NCI-H3255 cells transfected with the control vector, or the 
circHERC1 overexpression vector and cotransfected with the circHERC1 overexpression vector and the HMGB1 knockdown vector; the circHERC1 overex-
pression vector and the FOXO1 knockdown vector; or the circHERC1 overexpression vector, the HMGB1 knockdown vector, and the FOXO1 knockdown 
vector. (b) EdU analysis of the cell proliferation ability in NCI-H3255 cells transfected with the control vector, or the circHERC1 overexpression vector and 
cotransfected with the circHERC1 overexpression vector and the HMGB1 knockdown vector; the circHERC1 overexpression vector and the FOXO1 knock-
down vector; or the circHERC1 overexpression vector, the HMGB1 knockdown vector, and the FOXO1 knockdown vector. *p < 0.05. The scale bar is 25 μm. 
(c) Flow cytometry to detect apoptosis of NCI-H3255 cells transfected with the control vector, or the circHERC1 overexpression vector and cotransfected 
with the circHERC1 overexpression vector and the HMGB1 knockdown vector; the circHERC1 overexpression vector and the FOXO1 knockdown vector; 
or the circHERC1 overexpression vector, the HMGB1 knockdown vector, and the FOXO1 knockdown vector. *p < 0.05, ***p < 0.001. (d, e) Transwell assay to 
detect cell migration (d) and invasion (e) of NCI-H3255 cells transfected with the control vector, or the circHERC1 overexpression vector and cotransfected 
with the circHERC1 overexpression vector and the HMGB1 knockdown vector; the circHERC1 overexpression vector and the FOXO1 knockdown vector; or 
the circHERC1 overexpression vector, the HMGB1 knockdown vector, and the FOXO1 knockdown vector. *p < 0.05, **p < 0.01, ***p < 0.001
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lung cancer progression and metastasis. The activation 
of ERK1/2 and IKBα, not AKT, altered by circHERC1 
overexpression could be reversed by miR-142-3p. Next, 
we investigated the regulatory role of miR-142-3p in 
NSCLC cells and its impact on NSCLC tumorigenesis in 
vitro. Previous studies and our study have verified that 
HMGB1 is a direct target gene of miR-142-3p [49]. As 
a non-histone chromatin-associated protein, HMGB1 
performs a pivotal function in various human diseases, 
including autoimmune diseases, neurodegenerative dis-
eases and cancer. Overexpression of HMGB1 has been 
demonstrated in numerous types of cancer, including 
breast cancer, colorectal cancer, hepatocellular carci-
noma and lung cancer. Rescue experiments showed that 

miR-142-3p can restore the effect of HMGB1 overex-
pression on migration and invasion. The expression of 
pERK1/2 and pIKBα induced by HMGB1 overexpression 
can be reversed by miR-142-3p.

Many studies have shown that circRNAs act as ceR-
NAs that disrupt the ceRNA-miRNA-mRNA axis [43]. 
We studied the functional interaction between HMGB1 
and circHERC1 and found that circHERC1 functions as 
a ceRNA for miR-142-3p and regulates the expression 
and activity of HMGB1 without affecting cell prolifera-
tion and apoptosis. Therefore, there may be other mecha-
nisms regulating the function of circHERC1. Because 
dysregulation of circHERC1 can induce the activation of 

Fig. 8  CircHERC1 promotes tumor proliferation and metastasis in vivo. (a) Representative images of tumor xenograft mouse models injected with 
NCI-H3255 cells transfected with the control vector, the circHERC1 overexpression vector, or the HMGB1 knockdown vector and cotransfected with the 
circHERC1 overexpression vector and the HMGB1 knockdown vector; the circHERC1 overexpression vector and the FOXO1 knockdown vector; or the 
circHERC1 overexpression vector, the HMGB1 knockdown vector, and the FOXO1 knockdown vector. (b) Weights of xenograft tumors in mice injected 
with NCI-H3255 at the endpoint. *p < 0.05, **p < 0.01. (c) Growth curve of tumor volume. *p < 0.05, **p < 0.01. (d) IHC staining of FOXO1 in xenograft tu-
mors. The scale bars are 25 μm. (e) IHC staining of HMGB1 on a lung cancer tissue microarray (R121Lu01, Bioaitech, China). (f) Representative images of 
nude mice injected with the treated-NCI-H3255 cells mentioned above through the tail vein
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AKT, the proliferation of NSCLC cells and the expression 
of pAKT cannot be affected by HMGB1 and miR-142-3p.

AKT mediates multiple critical signal transduction 
processes, including cell proliferation and survival, by 
phosphorylating downstream factors. FOXO1 has been 
found to be one of the most important substrates of AKT. 
In previous studies, AKT-mediated phosphorylation of 
FOXO1 led to the nuclear export and subsequent degra-
dation of FOXO1 via the proteasome, which consequently 
inactivated the transcriptional activity of the protein [40, 
50]. It has also been demonstrated that FOXO1 has tran-
scriptional activity in the nucleus, where it can regulate 
the transcription of BIM and affect apoptosis [51, 52]. In 
this study, we performed RIP and RNA pulldown assays 
to study the binding between circHERC1 and the FOXO1 
protein. RIP assays showed that circHERC1 was more 
enriched in anti-FOXO1 than in anti-IgG immunopre-
cipitates. RNA pulldown assays showed that biotinyl-
ated circHERC1 specific probes could pull down FOXO1 
proteins, while the scramble probe could not. Further 
evidence showed circHERC1 bound FOXO1 and seques-
tered it in the cytoplasm to promote cell proliferation by 
feedback-activating AKT. CircHERC1 functioned as a 
proliferation activator and apoptosis inhibitor through 
FOXO1 translocation from the nucleus to the cytoplasm. 
Moreover, we analyzed the gene expression profile and 
corresponding clinical information of patients from The 
Cancer Genome Atlas (TCGA) database and found that 
HMGB1 was correlated with poor prognosis of NSCLC 
patients. The ROC curves of miR142-3p, HMGB1 and 
FOXO1 were plotted to validate the predictive effect of 
the prognostic signature indicating that circHERC1 may 
also serve as a prognostic biomarker for NSCLC.

The in vivo findings in ectopic xenograft mouse mod-
els further confirmed that the circHERC1 overexpression 
resulted in larger tumor volumes and stronger fluores-
cence than the control, while this promoting effect was 
attenuated by FOXO1 knockdown. In addition, knock-
down of HMGB1 and FOXO1 simultaneously restored 
the changes in the tumor size, volume and fluorescence 
intensity in mice induced by circHERC1 overexpression.

There are still some limitations in this present study. 
As a diagnosis marker, a prospective and multisite lung 
cancer screening trial is needed to validate the diagnostic 
value of circHERC1.The relationship between circHERC1 
and other molecules by using in vitro transcription and 
cyclization of circHERC1 need to be elucidated. It would 
be more accurate and meaningful to investigate the role 
of circHERC1 in clinical application for lung cancer 
treatment.

Conclusion
Overall, for the first time, our data demonstrated that 
circHERC1 plays an oncogenic role in lung cancer devel-
opment via miR-142-3p/HMGB1 axis which enhanced 
the expression of HMGB1 to activate the MAPK/ERK 
and NF-κB pathways by sponging miR-142-3p in cancer 
cells. The other underlying mechanism is that circHERC1 
promotes cell proliferation and inhibits apoptosis by 
sequestering FOXO1 in the cytoplasm to regulate AKT 
activity and BIM transcription (Fig. S17). These help us 
better understand the mechanism of circHERC1 in lung 
cancer progression and provide a promising biomarker 
for lung cancer treatment.

Abbreviations
circRNA	� Circular RNA
NSCLC	� Non-small cell lung cancer
LUAD	� Lung adenocarcinoma
LUSC	� Lung squamous cell carcinoma
qRT-PCR	� Quantitative reverse transcription polymerase chain reaction
RIP	� RNA immunoprecipitation
FISH	� Fluorescent in situ hybridization
ncRNAs	� Noncoding RNA
miRNA	� microRNA
AGO2	� Argonaute-2
3’UTR	� 3′-untranslated regions
EdU	� 5-ethynyl-2’-deoxyuridine
CCK8	� Cell count kit-8
IHC	� Immunohistochemistry
HE	� Hematoxylin and eosin
shRNA	� Short hairpin RNA
siRNA	� Small interfering RNA
HMGB1	�High-mobility group box 1
MAPK	� Mitogen-activated protein kinase
ERK	� Extracellular-signal-regulated kinase
NF-κB	� Nuclear factor-kappa B
IKBα	� NF-kappa-B inhibitor alpha
PI3K	� Phosphatidylinositol 3-kinase
AKT	� Protein kinase B
FOXO1	�Forkhead box O1
BIM	� Bcl-2-like protein 11

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12943-023-01888-7.

Additional file 1: Supplementary Table 1. The RNA-seq results of all dif-
ferentially expressed circRNAs in 9 plasma

Additional file 2: Figure S1. Oncogenic circRNA discovery and characteriza-
tion of circHERC1 in NSCLC (a-e)

Additional file 3: Figure S2. CircHERC1 promotes NSCLC cell proliferation 
(a-l)

Additional file 4: Figure S3. CircHERC1 promotes NSCLC cell migration and 
invasion (a-i)

Additional file 5: Figure S4. CircHERC1directly binds miR-142 and regulates 
miR-142 expression in NSCLC cells(a-m)

Additional file 6: Figure S5. HMGB1 is a functional target of miR-142-3p(a-i)

Additional file 7: Figure S6. CircHERC1 upregulates HMGB1 expression by 
sponging miR-142 (a-g)

Additional file 8: Figure S7. CircHERC1 elevates cell viability through the 
PI3K/AKT pathway (a-b)

https://doi.org/10.1186/s12943-023-01888-7
https://doi.org/10.1186/s12943-023-01888-7


Page 19 of 20Cui et al. Molecular Cancer          (2023) 22:179 

Additional file 9: Figure S8. Down-regulated expression of FOXO1 in lung 
cancers (a-m)

Additional file 10: Figure S9. FOXO1 accumulation in the cytoplasm in 
circHERC1 overexpressing cells (a-b)

Additional file 11: Figure S10. FOXO1 accumulation in the cytoplasm 
independent of AKT activation (a-b)

Additional file 12: Figure S11. CircHERC1 interacts with FOXO1 (a-b)

Additional file 13: Figure S12. CircHERC1 elevates cell viability by interact-
ing with FOXO1 (a-b)

Additional file 14: Figure S13. Inhibition of FOXO1 expression attenuates 
the influence of circHERC1 on cell proliferation and apoptosis (a-c)

Additional file 15: Figure S14. Feedback AKT activation by FOXO1 leads to 
loss of reactivity to EGF (a-b)

Additional file 16: Figure S15. Western blot analysis of HMGB1, FOXO1, 
MAPK/ERK, IKBα and PI3K/AKT in xenograft tumors

Additional file 17: Figure S16. IHC staining of FOXO1, HMGB1, Ki67, pIKBα 
and pERK1/2 in xenograft tumors

Additional file 18: Figure S17. Schematic diagram illustrating the mecha-
nism

Supplementary Material 19

Acknowledgements
Not applicable.

Authors’ contributions
Youliang Wang, Junjie Xu and Yanli Lin designed the study and were 
responsible for project administration. Yumeng Cui, Yanli Lin and Youliang 
Wang wrote the main manuscript text. Jie Li collected the clinical sample. 
Yumeng Cui, Xiaojie Wu, Jie Jin, Weiling Man, Xiang Li, Yanghua Li, He Yao, 
Rongbin Zhong, Shiyun Chen, Jiahui Wu and Tianhao Zhu conducted the 
experiments. Yumeng Cui and Youliang Wang analyzed the data. Yumeng Cui 
and Youliang Wang prepared figures. All authors reviewed the manuscript and 
approved the final manuscript.

Funding
This work was supported by National Key Research and Development 
Program (2022YFC3600100, 2019YFA0903802).

Data Availability
All materials underlying this study are available from the corresponding 
author on the basis of a material transfer agreement.

Declarations

Ethics approval and consent to participate
Studies using human tissues were authorized by the Ethics Committee of 
Chinese PLA General Hospital and the Ethics Committee of Beijing Institute 
of Biotechnology (Approval number: AF/SC-08/02.216), and performed in 
accordance with the principles of Declaration of Helsinki. The animal study 
was approved by the Animal Ethic Review Committees of Beijing Institute 
of Biotechnology (Approval number: IACUC-DXZW-2021-021). All animal 
experiments were strictly implemented in compliance with the NIH Guide for 
the Care and Use of Laboratory Animals.

Consent for publication
All authors give consent for the publication of manuscript in Molecular Cancer.

Competing interests
The authors declare no competing interests.

Author details
1Beijing Institute of Biotechnology, Beijing 100071, China

2Department of Thoracic Surgery, The First Medical Center of Chinese PLA 
General Hospital, Beijing 100850, China

Received: 19 June 2023 / Accepted: 24 October 2023

References
1.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J 

Clin. 2022;72:7–33.
2.	 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin. 

2016;66:7–30.
3.	 Cech TR, Steitz JA. The noncoding RNA revolution-trashing old rules to forge 

new ones. Cell. 2014;157:77–94.
4.	 Li J, Sun D, Pu W, Wang J, Peng Y. Circular RNAs in Cancer: Biogenesis, func-

tion, and clinical significance. Trends Cancer. 2020;6:319–36.
5.	 Vo JN, Cieslik M, Zhang Y, Shukla S, Xiao L, Zhang Y, Wu YM, Dhanasekaran 

SM, Engelke CG, Cao X, et al. The Landscape of circular RNA in Cancer. Cell. 
2019;176:869–881e813.

6.	 Jeck WR, Sharpless NE. Detecting and characterizing circular RNAs. Nat 
Biotechnol. 2014;32:453–61.

7.	 Chen LL, Yang L. Regulation of circRNA biogenesis. RNA Biol. 2015;12:381–8.
8.	 Petkovic S, Muller S. RNA circularization strategies in vivo and in vitro. Nucleic 

Acids Res. 2015;43:2454–65.
9.	 Salzman J, Chen RE, Olsen MN, Wang PL, Brown PO. Cell-type specific features 

of circular RNA expression. PLoS Genet. 2013;9:e1003777.
10.	 Chen S, Huang V, Xu X, Livingstone J, Soares F, Jeon J, Zeng Y, Hua JT, Petricca 

J, Guo H, et al. Widespread and functional RNA circularization in localized 
Prostate Cancer. Cell. 2019;176:831–843e822.

11.	 Du WW, Fang L, Yang W, Wu N, Awan FM, Yang Z, Yang BB. Induction of Tumor 
apoptosis through a circular RNA enhancing Foxo3 activity. Cell Death Differ. 
2017;24:357–70.

12.	 Zhang XO, Wang HB, Zhang Y, Lu X, Chen LL, Yang L. Complementary 
sequence-mediated exon circularization. Cell. 2014;159:134–47.

13.	 Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA, Roslan 
S, Schreiber AW, Gregory PA, Goodall GJ. The RNA binding protein quaking 
regulates formation of circRNAs. Cell. 2015;160:1125–34.

14.	 Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, 
Kjems J. Natural RNA circles function as efficient microRNA sponges. Nature. 
2013;495:384–8.

15.	 Thomson DW, Dinger ME. Endogenous microRNA sponges: evidence and 
controversy. Nat Rev Genet. 2016;17:272–83.

16.	 Huang S, Yang B, Chen BJ, Bliim N, Ueberham U, Arendt T, Janitz M. The 
emerging role of circular RNAs in transcriptome regulation. Genomics. 
2017;109:401–7.

17.	 Man W, Cui Y, Li J, Li Y, Jin J, Jin Y, Wu X, Zhong R, Li X, Yao H et al. circTAB2 
inhibits lung cancer proliferation, migration and invasion by sponging miR-
3142 to upregulate GLIS2. Apoptosis 2023, 28:471–484.

18.	 Du WW, Yang W, Liu E, Yang Z, Dhaliwal P, Yang BB. Foxo3 circular RNA retards 
cell cycle progression via forming ternary complexes with p21 and CDK2. 
Nucleic Acids Res. 2016;44:2846–58.

19.	 Holdt LM, Stahringer A, Sass K, Pichler G, Kulak NA, Wilfert W, Kohlmaier A, 
Herbst A, Northoff BH, Nicolaou A, et al. Circular non-coding RNA ANRIL 
modulates ribosomal RNA maturation and Atherosclerosis in humans. Nat 
Commun. 2016;7:12429.

20.	 Lei M, Zheng G, Ning Q, Zheng J, Dong D. Translation and functional roles of 
circular RNAs in human cancer. Mol Cancer. 2020;19:30.

21.	 Zhou WY, Cai ZR, Liu J, Wang DS, Ju HQ, Xu RH. Circular RNA: metabolism, 
functions and interactions with proteins. Mol Cancer. 2020;19:172.

22.	 Du WW, Yang W, Chen Y, Wu ZK, Foster FS, Yang Z, Li X, Yang BB. Foxo3 circular 
RNA promotes cardiac senescence by modulating multiple factors associated 
with stress and senescence responses. Eur Heart J. 2017;38:1402–12.

23.	 Xu Y, Leng K, Yao Y, Kang P, Liao G, Han Y, Shi G, Ji D, Huang P, Zheng W, et al. 
A circular RNA, Cholangiocarcinoma-Associated Circular RNA 1, contributes 
to Cholangiocarcinoma Progression, induces angiogenesis, and disrupts 
vascular endothelial barriers. Hepatology. 2021;73:1419–35.

24.	 Chen LL. The expanding regulatory mechanisms and cellular functions of 
circular RNAs. Nat Rev Mol Cell Biol. 2020;21:475–90.



Page 20 of 20Cui et al. Molecular Cancer          (2023) 22:179 

25.	 Meng L, Zhang Y, Wu P, Li D, Lu Y, Shen P, Yang T, Shi G, Chen Q, Yuan H, et 
al. CircSTX6 promotes pancreatic ductal adenocarcinoma progression by 
sponging miR-449b-5p and interacting with CUL2. Mol Cancer. 2022;21:121.

26.	 Suzuki H, Zuo Y, Wang J, Zhang MQ, Malhotra A, Mayeda A. Characterization 
of RNase R-digested cellular RNA source that consists of lariat and circular 
RNAs from pre-mRNA splicing. Nucleic Acids Res. 2006;34:e63.

27.	 Qu S, Yang X, Li X, Wang J, Gao Y, Shang R, Sun W, Dou K, Li H. Circular RNA: a 
new star of noncoding RNAs. Cancer Lett. 2015;365:141–8.

28.	 Long W, Foulds CE, Qin J, Liu J, Ding C, Lonard DM, Solis LM, Wistuba II, Qin J, 
Tsai SY, et al. ERK3 signals through SRC-3 coactivator to promote human Lung 
cancer cell invasion. J Clin Invest. 2012;122:1869–80.

29.	 Nieto P, Ambrogio C, Esteban-Burgos L, Gomez-Lopez G, Blasco MT, Yao Z, 
Marais R, Rosen N, Chiarle R, Pisano DG, et al. A braf kinase-inactive mutant 
induces lung adenocarcinoma. Nature. 2017;548:239–43.

30.	 Zeligs KP, Neuman MK, Annunziata CM. Molecular pathways: the balance 
between Cancer and the Immune System challenges the therapeutic speci-
ficity of Targeting Nuclear factor-kappab signaling for Cancer Treatment. Clin 
Cancer Res. 2016;22:4302–8.

31.	 Yuan M, Zhao Y, Arkenau HT, Lao T, Chu L, Xu Q. Signal pathways and 
precision therapy of small-cell Lung cancer. Signal Transduct Target Ther. 
2022;7:187.

32.	 Xue C, Li G, Lu J, Li L. Crosstalk between circRNAs and the PI3K/AKT signaling 
pathway in cancer progression. Signal Transduct Target Ther. 2021;6:400.

33.	 Li Y, Deng L, Zhao X, Li B, Ren D, Yu L, Pan H, Gong Q, Song L, Zhou X, Dai T. 
Tripartite motif-containing 37 (TRIM37) promotes the aggressiveness of non-
small-cell Lung cancer cells by activating the NF-kappaB pathway. J Pathol. 
2018;246:366–78.

34.	 Elkayam E, Kuhn CD, Tocilj A, Haase AD, Greene EM, Hannon GJ, Joshua-
Tor L. The structure of human argonaute-2 in complex with miR-20a. Cell. 
2012;150:100–10.

35.	 Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol. 
2014;15:509–24.

36.	 Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target 
sites in mammalian mRNAs. Elife 2015, 4.

37.	 Chen Y, Wang X. miRDB: an online database for prediction of functional 
microRNA targets. Nucleic Acids Res. 2020;48:D127–31.

38.	 Ren Y, Cao L, Wang L, Zheng S, Zhang Q, Guo X, Li X, Chen M, Wu X, Furlong 
F, et al. Autophagic secretion of HMGB1 from cancer-associated fibroblasts 
promotes metastatic potential of non-small cell Lung cancer cells via NFkap-
paB signaling. Cell Death Dis. 2021;12:858.

39.	 Tanuma SI, Oyama T, Okazawa M, Yamazaki H, Takao K, Sugita Y, Amano S, Abe 
T, Sakagami H. A dual anti-inflammatory and anti-proliferative 3-Styrylchro-
mone derivative synergistically enhances the Anti-cancer effects of DNA-
Damaging agents on Colon Cancer cells by targeting HMGB1-RAGE-ERK1/2 
signaling. Int J Mol Sci 2022, 23.

40.	 Manning BD, Toker A. AKT/PKB signaling: navigating the network. Cell. 
2017;169:381–405.

41.	 Lin A, Piao HL, Zhuang L, Sarbassov dos D, Ma L, Gan B. FoxO transcription 
factors promote AKT Ser473 phosphorylation and renal Tumor growth in 
response to pharmacologic inhibition of the PI3K-AKT pathway. Cancer Res. 
2014;74:1682–93.

42.	 Dharaneeswaran H, Abid MR, Yuan L, Dupuis D, Beeler D, Spokes KC, Janes L, 
Sciuto T, Kang PM, Jaminet SS, et al. FOXO1-mediated activation of akt plays a 
critical role in vascular homeostasis. Circ Res. 2014;115:238–51.

43.	 Liu CX, Chen LL. Circular RNAs: characterization, cellular roles, and applica-
tions. Cell. 2022;185:2016–34.

44.	 Li J, Zhang Q, Jiang D, Shao J, Li W, Wang C. CircRNAs in lung cancer- role and 
clinical application. Cancer Lett. 2022;544:215810.

45.	 Guo XY, Liu TT, Zhu WJ, Liu HT, Zhang GH, Song L, Zhao RN, Chen X, Gao P. 
CircKDM4B suppresses Breast cancer progression via the miR-675/NEDD4L 
axis. Oncogene. 2022;41:1895–906.

46.	 Xie F, Li Y, Wang M, Huang C, Tao D, Zheng F, Zhang H, Zeng F, Xiao X, Jiang 
G. Circular RNA BCRC-3 suppresses Bladder cancer proliferation through miR-
182-5p/p27 axis. Mol Cancer. 2018;17:144.

47.	 Jin C, Xiao L, Zhou Z, Zhu Y, Tian G, Ren S. MiR-142-3p suppresses the 
proliferation, migration and invasion through inhibition of NR2F6 in lung 
adenocarcinoma. Hum Cell. 2019;32:437–46.

48.	 Liu S, Yang N, Jiang X, Wang J, Dong J, Gao Y. FUS-induced circular RNA 
ZNF609 promotes tumorigenesis and progression via sponging mir-142-3p 
in Lung cancer. J Cell Physiol. 2021;236:79–92.

49.	 Sharma P, Yadav P, Jain RP, Bera AK, Karunagaran D. Mir-142-3p simultane-
ously targets HMGA1, HMGA2, HMGB1, and HMGB3 and inhibits tumorigenic 
properties and in-vivo metastatic potential of human Cervical cancer cells. 
Life Sci. 2022;291:120268.

50.	 Aoki M, Jiang H, Vogt PK. Proteasomal degradation of the FoxO1 transcrip-
tional regulator in cells transformed by the P3k and akt oncoproteins. Proc 
Natl Acad Sci U S A. 2004;101:13613–7.

51.	 Grabiec AM, Angiolilli C, Hartkamp LM, van Baarsen LG, Tak PP, Reedquist KA. 
JNK-dependent downregulation of FoxO1 is required to promote the survival 
of fibroblast-like synoviocytes in rheumatoid arthritis. Ann Rheum Dis. 
2015;74:1763–71.

52.	 Boreddy SR, Pramanik KC, Srivastava SK. Pancreatic Tumor suppression by 
benzyl isothiocyanate is associated with inhibition of PI3K/AKT/FOXO path-
way. Clin Cancer Res. 2011;17:1784–95.

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


	﻿CircHERC1 promotes non-small cell lung cancer cell progression by sequestering FOXO1 in the cytoplasm and regulating the miR-142-3p-HMGB1 axis
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Clinical specimens
	﻿Cell culture
	﻿RNA‑seq
	﻿RNA preparation and qRT‒PCR
	﻿RNase R treatment
	﻿Cytoplasmic and nuclear fractions
	﻿Fluorescence in situ hybridization (FISH)
	﻿Cell transfection and generation of stable cell lines
	﻿5-Ethynyl-2’-deoxyuridine (EdU) assay
	﻿Cell viability assay
	﻿Apoptosis detection
	﻿Transwell migration and invasion assay
	﻿Wound healing assays
	﻿Western blot
	﻿RNA immunoprecipitation (RIP)
	﻿RNA/protein pulldown
	﻿Dual luciferase reporter assay
	﻿Hematoxylin and eosin (H&E) and immunohistochemical staining
	﻿Tumorigenicity assays in nude mice
	﻿In vivo metastatic model
	﻿Statistical analysis

	﻿Results
	﻿Identification and characteristics of circHERC1 in NSCLC
	﻿CircHERC1 promotes proliferation, migration and invasion of NLCSC cells and inhibits apoptosis
	﻿CircHERC1 functions as a sponge of miR-142-3p in NSCLC cells
	﻿HMGB1 is a functional target of miR-142-3p
	﻿CircHERC1 upregulates HMGB1 expression by sponging miR-142b-3p
	﻿CircHERC1 binds FOXO1 and sequesters it in the cytoplasm to promote cell proliferation by feedback AKT activation
	﻿Inhibition of HMGB1 and FOXO1 expression can restore the influence of circHERC1 on cell proliferation, apoptosis, migration and invasion
	﻿CircHERC1 can promote tumor proliferation and metastasis in vivo

	﻿Discussion
	﻿Conclusion
	﻿References


