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A tumor suppressor protein encoded
by circKEAP1 inhibits osteosarcoma cell
stemness and metastasis by promoting
vimentin proteasome degradation

and activating anti-tumor immunity

Ying Zhang'?""®, Zhaoyong Liu**", Zhigang Zhong>*', Yanchen Ji', Huancheng Guo?, Weidong Wang® and
Chuangzhen Chen'

Abstract

Background Osteosarcoma (OS) is one of most commonly diagnosed bone cancer. Circular RNAs (circRNAs) are a
class of highly stable non-coding RNA, the majority of which have not been characterized functionally. The underlying
function and molecular mechanisms of circRNAs in OS have not been fully demonstrated.

Method Microarray analysis was performed to identify circRNAs that are differentially-expressed between OS
and corresponding normal tissues. The biological function of circKEAP1 was confirmed in vitro and in vivo. Mass
spectrometry and western blot assays were used to identify the circKEAP1-encoded protein KEAP1-259aa. The
molecular mechanism of circKEAP1 was investigated by RNA sequencing and RNA immunoprecipitation analyses.

Results Here, we identified a tumor suppressor circKEAP1, originating from the back-splicing of exon2 of the KEAP1
gene. Clinically, circKEAP1 is downregulated in OS tumors and associated with better survival in cancer patients.
N6-methyladenosine (m6A) at a specific adenosine leads to low expression of circKEAP1. Further analysis revealed that
circKEAP1 contained a 777 nt long ORF and encoded a truncated protein KEAP1-259aa that reduces cell proliferation,
invasion and tumorsphere formation of OS cells. Mechanistically, KEAP1-259aa bound to vimentin in the cytoplasm to
promote vimentin proteasome degradation by interacting with the E3 ligase ARIH1. Moreover, circKEAP1 interacted
with RIG-I to activate anti-tumor immunity via the IFN-y pathway.

Conclusion Taken together, our findings characterize a tumor suppressor circKEAP1 as a key tumor suppressor
regulating of OS cell stemness, proliferation and migration, providing potential therapeutic targets for treatment of
OsS.
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Introduction

Osteosarcoma (OS) is the most common primary bone
tumor of adolescents, and both frequently metasta-
sizes to the lungs and is resistant to chemoradiotherapy,
resulting in poor prognosis [1]. Aberrant molecular sig-
naling pathways and non-coding (nc) RNAs can provide
valuable insight into mechanisms underlying the devel-
opment and stemness of OS, as well as provide biomark-
ers to explore mechanism-based therapies to improve OS
patient survival [2].

A key ncRNA subfamily, denoted circular RNAs (cir-
cRNAs) is generated by back splicing of mRNA, and
lacks the 5’-3’ polarity and a poly-A tail of mRNAs [3].
Recent studies have demonstrated that circRNA plays
important roles in the physiology and pathology of cells
[4]. High-throughput sequencing discovered that amount
of circRNAs are abnormally expressed and exert func-
tion in various cancers, including OS [4, 5]. For instance,
circTADA2A is upregulated in both OS tissues and cell
lines [6]. CircECE1 mediates the Warburg effect through
the c-Myc/TXNIP axis in OS [7]. CircMYO10 promotes
chromatin remodeling via the miR-370-3p/RUVBL1 axis
and increases transcriptional activity of the [-catenin/
LEF1 complex to promote OS progression [8]. However,
the knowledge that circRNAs could regulate the tumori-
genesis and stemness of OS is only at the preliminary
level and need to be further explored.

N6-methyladenosine (m6A), the most common post-
transcriptional RNA modification, regulates RNA tran-
scription, splicing, degradation, and translation [9]. RNA
m6A modification of RNA is performed by m6A meth-
yltransferases (writers), such as methyltransferase-like
3 proteins (METTL3) and METTL14 as well as m6A
demethylases (erasers), such as fat mass and obesity-
associated protein (FTO) and human AlkB homolog H5
(ALKBHS5), whereas readers YT521-B homology domain
(YTHDF1/2) mediate m6A-dependent functions [10].
CircRNAs modified by m6A can be affected by writers,
erasers, and readers, which modulate the translation and
degradation of circRNAs, resulting in altered expression
[11]. Moreover, dysregulation of m6A modification has
been linked to initiation, metastasis, drug resistance, and
other OS processes [12]. However, how m6A modifica-
tion mediates circRNA expression or function need to be
explored.

Retinoic acid-inducible gene-I (RIG-I) is a RIG-I-
likereceptor (RLR) family member that functions as a
pathogen recognition receptor (PRR) to trigger the innate
immune response against viral infections [13]. Recent
studies have demonstrated that RIG-1 expression can be
increased by virus infection, LPS and interferons (IFN)
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[14]. RIG-I signaling activates transcriptional activa-
tion and expression of pro-inflammatory genes, includ-
ing type I IFNs and its downstream genes, such as signal
transducers and activators of transcription (STATs) and
interferon regulatory factors (IRFs) [15]. RIG-I has been
reported to serve as a tumor suppressor by promoting
innate immune activation and immunogenic cell death
in hepatocellular carcinoma (HCC) and cervical can-
cer [16]. The underlying mechanisms by which RIG-I
increases infiltration of immune cells and enhances anti-
cancer effects and reduces immunosuppressive activities
remain to be defined.

Here, we identify a circular RNA, circKEAP1, derived
from the tumor suppressor gene Kelch-like ECH-asso-
ciated protein 1 (KEAP1). We show that m6A lowers
circKEAP1 expression in OS. Overexpression of circK-
EAP1 inhibits OS cell proliferation, migration and stem-
ness. Mechanistically, circKEAP1 contains a large open
reading frame (ORF) and encodes a truncated protein,
KEAP1-259aa, that suppresses OS malignancy by inter-
acting with E3 ligase Ariadne-1 homolog (ARIH1) to
promote vimentin degradation. We further show circK-
EAP1 activates anti-tumor immunity through the RIG-I
signaling pathway, providing important insight into the
immune response in OS.

Materials and methods

Patient samples and cell lines

OS tissues and normal adjacent tissues from patients
with primary OS who underwent radical resection
were collected from both the First Affiliated Hospital of
Shantou University Medical College and Cancer Hospi-
tal of Shantou University Medical College from 2015 to
2021.In this cohort, 48 (66.7%) were men and 24 (33.3%)
were women; the age was 8—69 years, with a median of
25 years. Twenty-one cases (29.1%) were located in the
femur, whereas 26 (36.1%) cases were located in the jaw-
bone, three cases located in the tibia and the remaining
were located in the other part of body. A total of 12.5%
of patients (1=9) showed lung metastasis. Tumor inva-
sion was found in 12.5% of the tumors (n=9). All partici-
pants involved in our study provided written informed
consents. This study was approved by the ethical review
committees of the Cancer Hospital of Shantou University
Medical College.

HEK293T human embryonic kidney cells, the
hFOB1.19 osteoblast cell line, and OS cell lines U20S,
Saos-2, HOS and MG63 were purchased from the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China), and maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) or Roswell Park Memorial
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Institute (RPMI) 1640 (Gibco, Waltham, MA, USA) sup-
plemented with 10% fetal bovine serum (Gibco) and 1x
antibiotic mixture (Yeasen, Shanghai, China). hFOB1.19
was cultured in medium (DMEM/F12 supplemented
with 0.3 mg/ml G418, 10% FBS and 1% P/S) purchased
from Procell (Wuhan, China), maintained at 33.5 °C in a
humidified atmosphere of 5% CO,. Cell lines were con-
firmed to be mycoplasma negative and authenticated by
short tandem repeats (STR) profiling.

Human circRNA microarray analysis

Total RNA from OS sample and case matched nor-
mal tissues was isolated using TRIzol (Invitrogen, MD,
USA) and quantified using the NanoDrop ND-1000.
The sample preparation and microarray hybridization
were performed based on standard Arraystar’s proto-
cols (Aksomics, Shanghai, China). Briefly, total RNA was
digested with RNase R (Epicentre, Inc.) to remove linear
RNAs and enrich circular RNAs. Then, the enriched cir-
cular RNAs were amplified and transcribed into fluores-
cent cRNA utilizing a random priming method (Arraystar
Super RNA Labeling Kit; Arraystar). The labeled cRNAs
were hybridized onto the Arraystar Human circRNA
Array V2 (Arraystar). After washing the slides, the arrays
were scanned by the Agilent Scanner G2505C.

Stable cell lines and plasmids transfection

Human circKEAP1 overexpression vectors, KEAPI1-
259aa overexpression vectors, IRSE mutant overex-
pression vectors, ATG mutant overexpression vectors,
vimentin overexpression vectors, short hairpin(sh) RNA
vectors targeting circKEAP1 and empty lentivirus vector
were purchased from the Vigene Company (Shandong,
China). After lentiviral vectors were co-transfected with
packaging plasmids psPAX2 and pMD2.G into HEK293T
cells, supernatant was harvested at 48 and 72 h and used
for infection of the OS cells. After 48 h, stably infected
cell lines were obtained by selection with puromycin as
per the manufacturer’s suggested protocol.

Full length circKEAP1, start codon ATG-mutated
circKEAP1, IRSE-mutant circKEAP1 KEAP-259aa and
control vector were cloned into a CMV promoter-depen-
dent flag-tagged expression vector (Vigene). GFP-tagged
wild-type or mutant vimentin, Myc-tagged ARIH1, and
HA-tagged wild-type or mutant ubiquitin vectors were
purchased from Vigene. Transfection was carried out
using jetPRIME (Polyplus Transfection, Guangzhou,
China) according to the manufacturer’s instructions.

Drugs and siRNAs

RNase R (20 U/pl, Yeasen) was used to treat total RNA
(20 pg) at 37 °C for 15 min. DNA transcription and rep-
lication inhibitor actinomycin D (Act D, HY-17,559),
protein synthesis inhibitor cycloheximide (CHX,
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HY-12,320), and vimentin inhibitor Withaferin A (WFA,
HY-N2065) were purchased from MedChemExpress
(Shanghai, China). SiRNAs targeting ARIH1, vimentin,
FTO, METTL3, and METTL14 were purchased from
GenePharma (Jiangsu, China).

Western blot and liquid chromatography-mass
spectrometry (LC-MS)/MS

Total cell extracts were lysed in RIPA buffer containing
protease and phosphatase inhibitor cocktail (Beyotime,
Shanghai, China). Western blot was performed as previ-
ously described [17]. Primary antibodies against KEAP1
(1:500, sc-514,914, USA) and ARIH1 (1:500, sc-514,551)
were purchased from Santa Cruz (MD, USA). Primary
antibodies against Cleaved-caspase-3 (#9664), cas-
pase-3 (#9662), PARP (#9542), cleaved-PARP (#9541),
vimentin (#5741), ubiquitin (#8240), Flag (#14,793),
HA(#3724), GFP (#2555), FTO (#31,687), METTL3
(#86,132), METTL14 (#51,104), YTHDF2 (#80,014),
STAT1 (#9172),p-STAT1 (#8826), P65 (#8242), p-p65
(#3033), RIG-I (#3743), IRF7 (#4920), IRF3 (#11,904),
p-IRE7 (#24,129), p-IRF3 (#4947), PCNA (#2586), SOX2
(#23,064), ABCG2 (#4477), NAONG (#4903), GAPDH
(#2118), and B-actin (#4967) were purchased from Cell
Signaling Technology. Densitometry analysis of Western
blots was performed using Image ] and the band densities
were normalized to GAPDH. The control was set to 1 for
plotted graphs. Protein identification was performed by
LC-MS/MS. Briefly, 50 ug proteins was subjected to SDS-
PAGE and the silver stained protein bands were excised
and analyzed by LC-MS/MS (BGI, Shenzhen, China.

RNA extraction, PCR and quantitative RT-PCR

Total RNA was extracted with a Cell/Tissue RNA Iso-
lation kit (Vazyme, Nanjing, China) according to the
manufacturer’s instructions. HiScript II RT SuperMix
(Vazyme) was used to synthesize first-strand cDNA.
QRT-PCR was performed with ChamQ SYBR ¢PCR
(Vazyme) using a CFX96 QPCR Detection System (BIO-
RAD, CA, USA). The running conditions for qPCR were
as follows: for activating the DNA polymerase, hot start
was performed for 30 s at 95 °C, and then cycling at
95 °C for 10 s and 60 °C for 30 s for a total of 40 cycles.
PCR was subsequently performed by 2xTaq PCR Mix kit
(Absin, Shanghai, China), and the product was run on
a 2% agarose gel. The running conditions for PCR were
as follows: for activating the DNA polymerase, hot start
was performed for 2 min at 94 °C, and then cycling was
done at 94 °C for 30 s, 60 °C for 30 s and 72 °C for 60 s
for a total of 30 cycles. The primer sequences are listed in
Supplemental Table 1.
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Non-adherent sphere formation assay

After transfection, single-cell suspensions were seeded
in 6-well non-adherent plates at a density of 2,000 cells
per well. The sphere medium contained phenol red-free
DMEM/F-12 (Invitrogen), 2% B27 supplement (Thermo
Fisher Scientific), 4 U/L insulin (Beyotime), 20 ng/ml
basic fibroblast growth factor (bFGF, BD Biosciences,
CA, USA) and 20 ng/ml epidermal growth factor (EGE,
BD Biosciences). After 72 h, the number of sarcospheres
was counted under the microscope and the image
was captured with a microscope (Leica, Mannheim,
Germany).

Flow cytometry

Human CD133 Alexa Fluor 700-conjugated antibody was
obtained from RD Systems (MN, USA). OS cells were
incubated with CD133 antibody in PBS for 15 min and
then analyzed by flow cytometry (C6, Japan). For apop-
tosis, an Annexin V- Apoptosis Detection kit (Bioss, Bei-
jing, China) was used. A mix of Annexin V-AF647 and PI
staining allows for distinction between early (Annexin+/
PI-) and late (Annexin+/PI+) apoptotic cells, necrotic
cells and live cells. For cell death quantitation, 1x10° cells
were collected and washed with pre-cooled PBS. After
adding binding buffer with 5 ul Annexin V-AF647 and
10 pl PI staining solution, cells were incubated at room
temperature for 10-15 min, then flow cytometry was
performed (C6, Japan). The proportion of apoptotic cells
(Annexin-V positive cells) were shown as the mean+SD.

Immunohistochemistry (IHC) and in situ hybridization (ISH)
For IHC, all tissues were deparaffinized and hydrated,
and then heated by microwaving in 0.01 mol/L sodium
citrate buffer (pH=6.0) for 15 min. After treating with
0.3% hydrogen peroxide and blocking with 5% BSA for
30 min, specimens were incubated with Ki67 antibody
(#12,202, CST, 1:200), or CD8 antibody (sc-1181, Santa
cruz, 1:500) overnight followed by washing and incu-
bating with biotinylated anti-rabbit IgG for 1.5 h. Sec-
tions were counterstained with 0.1% hematoxylin. For
ISH, the tissues were hybridized with a specific digoxin-
labeled circKEAP1 probe (Geneseed, Guangzhou, China)
according to the manufacturer’s instructions. ISH was
performed using an ISH kit (Boster) based on the manu-
facturer’s guidelines. For control, the enclosed negative
control sense probe was applied. Expression of Ki67 or
circKEAP1 was quantified and analyzed from 5 randomly
selected fields of view by two pathologists. Proportion
percentages were scored as follows: 0, < 10%; 1, 10—25%;
2,26-50% ; 3, 51-75% and 4, >75%.Staining intensity was
scored as follows: 0, no staining; 1, weak; 2, moderate; 3,
strong. The final score was the proportion score multi-
plied by the intensity score and the cutoff score for high
or low expression was 6.
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Human inflammation antibody array

For semi-quantitative detection of 40 human proteins
in cell culture media, we used a Human Inflammation
Antibody Array (AAH-INEF-3-8, RayBiotech Company,
Norcross, GA). After blocking the membrane for 30 min
at room temperature, we pipetted the media sample and
incubated overnight at 4 °C. After washing, a biotinylated
antibody cocktail and HRP-streptavidin was added into
each well and membranes were incubated for 2 h. Then
membranes were exposed to the chemiluminescence
imaging system.

ELISA

Transfected cell culture supernatants were collected and
analyzed using ELISAs according to the manufacturer’s
instructions. ELISA kits for human CXCL10 and IFNy
were purchased from Absin, (Shanghai, China). ELISA
kits for human CCL5 were purchased from Sino Biologi-
cal (USA).

Methylated RNA immunoprecipitation (MeRIP)

M6A modifications on circKEAP1 were determined
using the MeRIP m6A Kit (BersinBio, Shanghai, China)
according to the manufacturer’s instructions. Briefly, 300
nt length RNAs sheared by ultrasonication were incu-
bated with m6A antibody or IgG-conjugated beads at
4 °C overnight. RNA —antibody complex was incubated
with protein A/G magnetic beads at 4 °C for 3 h and then
eluted with elution buffer. After extracting the RNA, PCR
or qRT-PCR was performed and calculated by normaliz-
ing to input.

RNA immunoprecipitation (RIP) and biotin RNA pulldown
assay

RIP was performed using a RIP kit (BersinBio) according
to the manufacturer’s instructions. Briefly, Protein A/G
agarose beads were coated with 5 pg antibodies against
FTO (CST), METTL3 (CST), and m6A (Abcam) or IgG
(Thermo Fisher Scientific). Then the beads-antibody
complexes were incubated with cell lysates overnight at
4 °C, washed and then subjected to elution buffer and
proteinase K digestion. Finally, the RNA was extracted
and determined by qPCR or PCR, and normalized to
input. For RNA pull-down assays, an RNA pulldown kit
(BersinBio) was used according to the manufacturer’s
instructions. Briefly, 1 x 107 cells were lysed and incubated
with 3 pg of biotinylated oligo probes against endogenous
circKEAP1 (Exon Biotechnology, Guangzhou, China) at
4 °C overnight. Then streptavidin-coated magnetic beads
were added and lysates were further incubated at room
temperature for 2 h. After washing, western blotting was
performed to detect the pulled-down proteins.
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Co-IP

After adding IP lysis buffer (Beyotime) in OS cells, the
supernatants were collected and incubated with 4 pl of
anti-vimentin (CST) or anti-Flag antibodies (CST) at 4 °C
overnight. Then 40 pl of Protein A+G Magnetic Beads
(Beyotime) were added and the mixture was incubated
at room temperature for 2 h. After washing with PBS,
immunoprecipitates beads were eluted with SDS-loading
buffer at 98 °C for 5 min and the proteins were analyzed
by western blot analysis.

Luciferase reporter assay

Wild-type or mutant IRES sequences in circKEAP1 were
amplified and subcloned into the pGL3 vector (Vigene).
For the luciferase assays, cells were plated in 12-well
plates, then the reporter plasmid and pRL-TK were co-
transfected into cells using JetPRIME (Polyplus Trans-
fection). After 48 h, a Dual-Luciferase Reporter assay
kit (Promega, MD, USA) was used to measure luciferase
activity and the results were expressed the ratio of from
firefly to Renilla luciferase luminescence ratio.

Cell counting Kit-8 (CCK8) and cell migration assay

OS cells were transfected with the indicated plasmids.
After 48 h, 1x10° cells were placed in each well of
96-well microplate for 4 days. Then cells were incubated
with 10 pl CCKS8 reagent (Liji, Shanghai, China) for 2 h,
and absorbance at 450 nm relative to a blank well was
measured. For cell migration, transwell and wound heal-
ing assays were performed as described previously [17].
After transfection, 2x10° OS cells were cultured in the
serum-free medium for 12-16 h and then suspended in
serum-free medium. The cells were seeded into the upper
chambers and 500 pl complete medium was added into
the bottom chambers (Corning, NY, USA) for migra-
tion assays. After 24 h, the cells on the lower compart-
ment were fixed in 4% paraformaldehyde (Beyotime) and
stained with crystal violet (Solarbio), then photographed
and counted with an optical microscope (Olympus,
Tokyo, Japan). For the wound healing assay, cells were
seeded in 6-well plates at a density of 1x10° cells per
well. a straight scratch was made using a 200 pl pipette
tip when the density reached approximately 100%. After
washing with PBS, the loose cells were removed and cells
were cultured with serum-free medium. Images were
taken with an optical microscope (Olympus) each day for
3 days. Image ] software was used to measure the relative
wound areas.

Fluorescence in situ hybridization (FISH) and
immunofluorescence (IF) staining

The FISH assay was performed in OS cells using fluo-
rescence in situ hybridization kit (RiboBio) according
to the manufacturer’s manual. Biotin-labeled probes
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specific for circKEAP1 probes were purchased from
BOSTER (Wuhan, China). FISH-IF staining was per-
formed preformed as described previously [18]. Briefly,
cells were seeded and grown onto coated cover slips for
24 h. After fixing with 4% paraformaldehyde and diges-
tion with proteinase K, the slides were incubated with
pre-hybridization solution at 37 °C for 1 h and then the
probe hybridization was allowed to proceed at 37 °C
overnight. Slides were washed in SSC solution and incu-
bated with primary antibodies overnight. After washing,
cells were incubated with appropriate secondary antibod-
ies (Absin) at room temperature for 1 h. Then nuclei were
counterstained with DAPI after washing. Images were
captured with a Zeiss confocal microscope (Oberkochen,
Germany).

Animal studies

Stable circKEAP1-overexpression, KEAP1-25%aa-
overexpression, IRSE mutant-overexpression, ATG
mutant-overexpression, vimentin-overexpression,
circKEAP1+-vimentin-overexpression or control OS cells
(1x10°) were suspended in Matrigel matrix (1:1, Corning,
NY, USA) and subcutaneously injected into the flank of
5-week-old male BALB/c nude mice (n=4—6 per group).
Tumor size was measured every 7 days for a total period
of 4 weeks. Tumor volume was determined using the for-
mula: volume=lengthxwidth?/2. To evaluate metastasis,
Stable circKEAP1-overexpression, KEAP1-259aa-over-
expression, IRSE mutant-overexpression, ATG mutant-
overexpression, control OS cells (5x10°) were injected
into mice through the tail vein (n=6 per group). After five
weeks, euthanasia was administered and the numbers of
metastatic nodules of the lungs were counted under the
microscope. All procedures were approved by the Institu-
tional Animal Care and Use Committee of Shantou Uni-
versity Medical College.

Statistical analysis

Experiments were performed three times independently
and the data are expressed as mean+SD. The data was
analyzed using SPSS software version 20.0 (SPSS Inc.,
Chicago, IL) and GraphPad 8.0. The survival analysis
was measured by Kaplan-Meier curve. Student’ t-test
and one-way ANOVA were used to assess differences in
variables between groups. The correlation between dif-
ferent expressions was tested by the Pearson correlation
coeflicient. Differences were statistically significant when
P<0.05.

Results

Identification of circKEAP1 and its clinical significance in
OS tissues

To characterize differentially-expressed circular RNA
transcripts, we conducted a microarray analysis on 3
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pairs of OS and their corresponding normal tissues and
identified a series of circRNAs (Fig. 1A). The Gene Ontol-
ogy (GO) analysis of the different expressed circRNA is
shown in Figure S1A. We then chose the top 5 most sig-
nificantly differentially-expressed circRNAs and verified
their expression levels in OS and normal tissues to con-
firm the microarray results (Figure S1B). Using divergent
primers to specifically target the circular junction and
sequencing validation, we found that circKEAP1 (hsa_
circ_0049271) was one of the most clearly downregulated
circRNAs in OS, as detected by RT-qPCR and lower in
OS tissues than in normal tissues in our cohort (Fig. 1B).
Similar results were found in the public GSE140256 data-
set from GEO database (Fig. 1C). Also, we determined
the expression of circKEAP1 in osteoblast cells hFOB1.19
and OS cells (Saos2, MG63, HOS and U20S) and found
the expression was higher in hFOB1.19 than OS cells
(Fig. 1D).

CircKEAP1 has been mapped to exon 2 of the KEAP1
gene (686 bp). Sanger sequencing was performed to
confirm the head-to-tail splicing of the amplified circK-
EAP1 (Fig. 1E). Using divergent and convergent prim-
ers, PCR results showed that circKEAP1 was amplified
only from ¢cDNA but not gDNA, indicating that the loop
structure of circKEAP1 is generated from back-splicing
(Fig. 1F). To further evaluate the stability and localization
of circKEAP1, we treated the RNA with RNase R and
found circKEAP1 was resistant to RNase R degradation
compared with the linear form of KEAP1 mRNA, which
suggested that circKEAP1 is highly stable (Fig. 1G). Sub-
sequently, fluorescence in situ hybridization (FISH) and
qRT-PCR following cell fractionation results showed that
circKEAP1 was mainly localized in the cytoplasm rather
than the nucleus (Fig. 1H, I). By ISH staining, we found
that the expression level of circKEAP1 was lower in OS
tissues than normal tissues (Fig. 1J). However, due to the
limited number of OS tissues, we did not find a correla-
tion between circKEAP1 expression and OS patient clini-
cal parameters (Supplemental Table 2). Kaplan-Meier
survival analysis found that OS patients who had higher
levels of circKEAP1 had longer overall survival (Fig. 1K).
Additionally, ROC curve analysis was performed and
gave an AUC was 0.76 (95% CI: 0.5839-0.9231, p<0.05,
Fig. 1L), indicating that circKEAP1 has good sensitivity
and specificity as a diagnostic marker for OS.

CircKEAP1 inhibits the proliferation, migration and
stemness of OS cells

To investigate the biological function of circKEAP1 in
OS, stable circKEAP1-overexpressing HOS and U20S
cells were generated. Furthermore, shRNAs targeting the
back-splice region of circKEAP1 were transfected into
U20S and MG63 cells. The transfection efficiency was
confirmed by qRT-PCR (Figure S2A). Of note, shRNAs
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did not affect the mRNA level of KEAP1 (Figure S2B).
We found that overexpression of circKEAP1 inhibited the
proliferation and colony formation of OS cells as deter-
mined by CCK8 and colony formation assays (Fig. 2A
and S2C). Subsequent western blotting and flow cytome-
try assays showed that apoptosis of OS cells was elevated
by circKEAP1 (Fig. 2B, C). Similarly, the suppression
of cell migration was also confirmed by transwell and
wound healing assays (Fig. 2D, E). On the contrary,
circKEAP1 shRNA increased colony formation prolifera-
tion and migration of OS cells (Fig. 2A-E). Cancer stem
cells (CSCs) are a small subset of cancer cells, a primary
cause of drug resistance, tumor relapse and metasta-
sis of OS cells [19]. As shown in Figure S2D-F, stem cell
markers, such as ABC2G, NANOG, SOX2, and CD133,
were downregulated in circKEAP1-transduced U20S
and HOS cells detected by western blotting, qRT-PCR
and immunofluorescence. Flow cytometry indicated that
the proportion of CD133-positive cells was decreased
after the circKEAP1 was overexpressed in U20S and
HOS cells (Figure S2G). Sarcosphere assays showed that
circKEAP1-overexpressing cell lines formed significantly
smaller and fewer sarcospheres (Figure S2H). Collec-
tively, these results suggested that circKEAP1 inhibited
the proliferation, migration and stemness of OS cells.

To further confirm our in-vitro findings, we verified
the biological role of circKEAP1 in vivo using a xenograft
model. U20S cells stably expressing circKEAP1 were
subcutaneously implanted into nude mice. In vivo meta-
static assays showed that circKEAP1 decreased detect-
able lung metastasis compared with the control group
(Fig. 2F). Consistent with in vitro findings, circKEAP1
dramatically attenuated tumor growth in vivo (Fig. 2G).
We then performed immunohistochemistry for Ki67, a
marker of proliferating cells. Weaker Ki67 staining was
found in circKEAP1-overexpressing tumors compared to
the control group (Fig. 2H).

CircKEAP1 encodes a 259-amino acid (aa) novel protein
KEAP1-259aa

Based on the prediction results of the online database cir-
cRNADD, we found the circKEAP1 sequence to contain a
short 777-nt ORF with an ATG initiation codon and an
IRES at nucleotides 391-512, indicating circKEAP1 may
encode a conserved 259-aa peptide (termed KEAPI-
259aa) (Fig. 3A). Dual-luciferase assay results showed that
the luciferase activity of the wild-type circKEAP1 IRES
reporter was increased compared with that of a mutated
IRES reporter (Fig. 3B). Following transfection, the Flag-
circKEAP1 vector and Flag-circKEAP1-ATG mutant
vector both increased circKEAP1 expression, while the
control vector or linear circKEAP1-25%aa transfection
did not (Fig. 3C). Then, we transfected a circKEAP1-IRES
mutant plasmid or circKEAP1 overexpression plasmid
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Fig. 1 Validation and expression of circKEAP1 in OS tissues. (A). A circRNA microarray was used for 3 pairs of OS tissues and case-matched normal tis-
sues. Circular heatmap showing the differentally-expressed circRNAs. (B). Expression of circKEAPT was detected by gRT-PCR in OS (n=26) and normal
tissues (n=11) from our own tissue bank. (C). The expression of circKEAP1 in normal (n=3) and OS tissues (n=3) was also found in GSE140256 from
GEO database. (D). CircKEAP1 expression was detected by gRT-PCR in various human OS cell lines (HOS, Saos-2, MG63 and U20S) and osteoblast cells
(hFOB1.19). **, *** indicates significant differences compared with the hFOB1.19 at a p value <0.01, < 0.001, respectively. (E). Schematic illustration show-
ing the formation and head-to-tail splicing site of circKEAP1 via the circularization of exon 2 in KEAP1.The presence of circKEAP1 was validated by Sanger
sequencing. (F). RT-PCR validated the existence of circKEAP1 in HOS and U20S cell lines. CircKEAP1 was amplified by divergent and convergent primers in
complementary DNA (cDNA) and genomic DNA (gDNA). (G). The expression of circKEAP1 and KEAPT mRNA in both HOS and U20S cell lines was detected
by RT-PCR and gRT-PCR with/without RNase R (20 U/pl) treatment. (H). Expression of KEAP1 and circKEAPT was detected in the cytoplasm and nuclei
of OS cells. (I). FISH images demonstrating circKEAP1is mainly located in the cytoplasm of OS cells (scale bars, 20 um). (J). Expression of circKEAP1 was
detected by ISH in OS tissues (n=72) and normal tissues (n=6) (scale bars, 100 um, 50 pm). (K). Overall survival analysis based on circKEAP1 expression in
OS. (L). ROC curve was shown based on the expression of circKEAP1 in OS tissues. Error bars represent three independent experiments. *, **, *** indicates
significant differences compared with the normal group at a p value <0.05, < 0.01, < 0.001, respectively



Zhang et al. Journal of Experimental & Clinical Cancer Research (2024) 43:52 Page 8 of 20
B HOS U208 MG63  U20S
. . N N N oS
NC  sh-circ-1 sh-circ-2 S KL S DG
™ S o.Fo & Lo &S
8 400 == NC == shecirc-1 PARP J T & AN SN
—
Q cpare [RERERE [S—= o
1256 1 214 1 013 024 1 0.10 0.10
i Caspase 3 ‘ 3 -
[ cl-Caspase 3 | = s s s l I
8 1 287 1 145
2 MG63 U208 GAPDH s e S0 w
. NC _sh-circ-1 sh-circ-2
T [ " UL orUF
C " — . % 21%) . 5% 3% o == NC
» H j— > N 2 307 e= sh-circ-1
% e GIrSKEAPT 9 : : . 2 == shecirc2
s - pem
£ O | * ¢ %
8 = |- e -
Pl 3 3 3 N
5 X : [ ity 5
o
8 £ : : £
N H a a o 5
] H s 3 H
& HOS U208 B - o R MG63 u20s
D HOS U20S MG63
NC  circKEAP1 NC  circKEAP1 NC sh-circ-1 sh-circ-2
= £ £ =
> 3 1.0
© 3 °
2 5 05
o o
H 3
> 5 % 0.0
® $ & ¢
o HOS  U20s PO

HOS

u20s

Max diameter (mm)

Cell number/ field

circKEAP1

MG63

mmm NC === sh-circ-1
400 _“sh-circ-z

s —
& 300 —_
E —a
. 2 200
H
k 2
v i = 100
O ! 8
AN
HOS U208 > MG63  U20s
W §°] &= H
o4
2
E
] 3
5
E2
2 10
1
2, £
PN 5 6
== NC *kk 1.0 © 3353 ircKEAP1 g 4
i P xx
== circKEAP1 1 5 — & Circl 8
= g 2
i - o
[
05
: PP,
Qo &
:
2
0.0
N
Day7 Day14 Day21 Day28 eC: JQ
&

Fig. 2 Tumor suppressive functions of circKEAP1 in vivo and in vitro. (A). OS cells were transfected with circKEAP1, two circKEAP1 shRNAs or control vec-
tors. Colony formation of OS cells was determined in the indicated transfection groups. (B). Caspase 3 and PARP levels were determined by western blot-
ting in the indicated transfection groups. (C). Apoptosis of the indicated OS cells was detected by flow cytometry. (D). Cell migration of the indicated OS
cells was determined by wound healing assay. (E). Cell migration of indicated OS cells was determined by transwell assay. (F). The indicated U20S cells (NC
and circKEAP1) were injected into nude mice via tail vein and the lungs were harvested after 35 days. Representative image and H&E staining of mouse
lung metastasis is shown (scale bars, 200 um). (G). The indicated U20S cells (NC and circKEAP1) were injected subcutaneously into nude mice (n=5 per
group) and tumor volume was measured every 7 days. After 28 days, tumors were collected and weighed. (H). Tumor tissues stained with Ki67 antibody
and IHC score are shown (scale bars, 50 um). Error bars represent three independent experiments. *, **, *** indicates significant differences compared with
the control group at a p value <0.05, < 0.01, < 0.001, respectively
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Fig. 3 CircKEAP1 encodes a novel 259-amino acid protein denoted KEAP1-259aa. (A). Putative ORF in circKEAP1 and the sequences of the putative ORF
are shown. (B). Putative IRES activity in circKEAP1 was tested by dual luciferase activity assay. (C). U20S cells were transfected with control vector, circK-
EAP1 ATG-mutated vector, circKEAPT wild-type vector and linear KEAP1-259aa vector. CircKEAPT expression was detected by gRT-PCR. (D). Total proteins
from circKEAP1 or control plasmid-transfected U20S cells were separated via SDS-PAGE. The differential gel bands between 25 kDa and 35 kDa were cut
and subjected to LC-MS/MS. The identified KEAP1-259aa amino acids are shown. (E). KEAPT and KEAP1-259aa expression were detected in eight paired
normal and case-matched OS samples. (F). MG63 and U20S cells were transfected with control or two circKEAP1 shRNAs. KEAP1 and KEAP1-259aa levels
were characterized by western blotting. (G). KEAP1 and KEAP1-259aa expression were detected in control-, circKEAP1-, circKEAP1 IRSE mut-, and circK-
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experiments. *, ** *** indicates significant differences compared with the empty vector group at a p value <0.05, < 0.01, < 0.001, respectively

into HEK293T cells. Western blotting and silver staining
of SDS-PAGE gel results showed that there was a protein
band at an approximate molecular weight of 2535 kDa,
which was subjected to LC-MS and found to have the
sequence HSALRGQGTR, consistent with the amino
acid sequence of KEAP1-259aa (Fig. 3D). To detect this
polypeptide product, we used an antibody that recog-
nized the middle amino acids 39-65 of KEAP1, which
can also recognize KEAP1-259aa (Fig. 3SA). Western
blotting was conducted to detect the levels of KEAP1-
259aa and KEAPI in 8 paired OS tissues and cell lines.
KEAP1-259aa levels were lower in OS tissues com-
pared with those in normal tissues (Fig. 3E). In addition,
circKEAP1 expression level showed a clear positive cor-
relation with KEAP1-259aa, but no significant correla-
tion with KEAP1 (Fig. 3SB, C). Among the four OS cell

lines, MG63 had the highest expression of KEAP1-25%aa
(Fig. 3SD). We found that circKEAP1 shRNAs reduced
the expression of KEAP1-25%aa in MG63 and U20S
cells, which had lower levels of KEAP1-259aa expression.
Conversely, transfection of both circKEAP1 and linear
KEAP1-25%aa plasmids produced the predicted KEAP1-
259aa band in U20S and HOS cells, whereas transfection
of the circKEAP1-IRES mutant plasmid or circKEAP1-
ATG mutant vector did not (Fig. 3F, G). Immunofluo-
rescence confirmed that KEAP1-259aa was located in
the cytoplasm of cells transfected with the Flag-KEAP1-
259aa plasmid (Fig. 3H). Overall, circKEAP1 encodes a
novel KEAP1-259aa protein, in OS cells, whose expres-
sion depends on the circKEAP1 IRES.
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KEAP1-259aa exerts tumor suppressor functions

To explore the biological function of KEAP1-25%aa, we
established stable KEAP1-259aa-overexpression OS
cells. Overexpressed of KEAP1-259aa inhibited OS cell
proliferation and colony formation ability, and increased
apoptosis (Fig. 4A-D). The KEAP1-259aa expression level
negatively regulated cell migration, as detected by tran-
swell and wound healing assay (Fig. 4E, F). Additionally,
KEAP1-259aa expression inhibited OS cell stemness,
based on non-adherent sphere formation, flow cytometry
assay and western blotting (Fig. 4G-I). To further explore
the possibility that circKEAP1 functions as a tumor sup-
pressor in OS partly dependent on KEAP1-259aa, we
restored KEAP1-259aa expression in stable circKEAP1
knockdown OS cells (Fig. 4SA). KEAP1-259aa overex-
pression reversed the malignant phenotypes induced by
the stable knockdown of circKEAP1 (Fig. 4SB-F).

Then, we explored the role of KEAP1-25%aa in vivo.
Figure 4] shows that tumors generated from cells with
stable overexpressing KEAP1-259aa had the smallest size
and weight compared with cells transfected with control
or the IRSE or ATG mutant plasmids. Similarly, we found
that KEAP1-259aa-overexpression group had the lowest
number of metastases in the lungs compared with the
other groups (Fig. 4K). Collectively, these data show that
KEAP1-259aa encoded by circKEAP1 inhibits cell prolif-
eration, invasion and stemness of OS cells.

KEAP1-259aa promotes vimentin proteasome degradation
by binding with E3 ligase ARIH1

To investigate the molecular mechanism by which
KEAP1-259aa inhibits OS malignancy, we performed
a mass spectrometry-based formaldehyde crosslinking
assay in KEAP1-259aa OS cells. Gene Ontology (GO)
analysis stated that KEAP1-259aa binding protein was
associated with posttranslational modification (Figure
S5A). The most abundantly recognized protein interact-
ing with KEAP1-259aa in the ranking list are shown in
Figure S5B and include vimentin and ARIH1, an ubiqui-
tin transfer E3 ligase (Fig. 5A). Furthermore, co-immu-
noprecipitation assays showed that circKEAP1 could
mutually interact with vimentin detected, supporting
the direct interaction between exogenous KEAP1-259%aa
and vimentin as well as ARIH1 (Fig. 5B). Co-localization
between KEAP1-25%9aa and vimentin as well as ARIH1
was confirmed by immunofluorescence staining (Fig. 5C
and S5C).

Interestingly, KEAP-259aa overexpression decreased
vimentin protein, but not mRNA expression (Fig. 5SD).
To determine whether KEAP-259aa attenuated vimen-
tin protein stability, we measured the half-life of vimen-
tin and found a faster rate of vimentin degradation in
KEAP-259aa-ovexpressing OS cells compared to control
cells, whereas ARIH1 knockdown restore the expression
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of vimentin after treatment with cycloheximide (CHX),
a protein synthesis inhibitor (Fig. 5D). Moreover,
KEAP-259aa-mediated decrease in vimentin stability was
reversed by MG132, a proteasome inhibitor (Fig. 5E).
Immunoprecipitation experiments showed KEAP-25%aa
induced the polyubiquitination of vimentin (Fig. 5F). To
detect the polyubiquitin chains linked toKEAP-25%aa-
polyubiquitinated vimentin, HEK293T cells were tran-
siently transfected with GFP-vimentin together with
HA-ubiquitin (wild-type or mutant) under conditions
of Flag-KEAP-259aa overexpression or control followed
by treatment with MG132. KEAP-259aa specifically pro-
moted K11 polyubiquitination of vimentin and not any
other chain types (Fig. 5G), indicating that KEAP-25%aa
mediated vimentin ubiquitination is dependent on K11
ubiquitin-linked chain formation.

To test whether the KEAP-259aa-mediated vimentin
ubiquitin degradation is linked to phosphorylation of
vimentin, we transfected plasmids encoding wild-type
vimentin or individual phosphorylation site mutants into
HEK293T cells. Interestingly, KEAP-259aa did not bind
to the vimentin (S39A) mutant compared to wild-type
protein and other serine mutants (Fig. 5H). Importantly,
KEAP-259aa-induced ubiquitination of vimentin (S39A)
was reduced compared with wild-type protein and other
serine mutants (Fig. 5I). In sum, these results suggest that
phosphorylation of vimentin at ser39 site is critical to
promote KEAP-259aa-mediated ubiquitination and sta-
bility of vimentin.

CircKEAP1 plays a tumor suppressor role through vimentin
Vimentin has been proposed as a potential anti-tumor
target for cancer therapy [20, 21]. Therefore, we treated
OS cells with withaferin A (WFA), a vimentin inhibi-
tor, and found that it reduced vimentin expression in
the absence of changes in expression level of circKEAP1
(Fig. 6SA). As expected, the proliferation, colony forma-
tion, migration and stemness of circKEAP1 knockdown
cells were decreased, while apoptosis was enhanced in
cell lines treated with WFA. Furthermore, circKEAP1
did not exert tumor suppressor effects when cells were
transfected with vimentin in vivo and in vitro (Fig. 6A-G
and S6B-D). Taken together, these findings indicate that
KEAP1-25%aa encoded by circKEAP1 acted as a tumor
suppressor by suppressing vimentin.

CircKEAP1 is modulated by m6A RNA methylation

M6A, one of the most abundant modifications of RNA,
plays a role in circRNA stability. To explore the detailed
mechanisms controlling circKEAP1 levels in OS, we
predicted m6A sites and found one m6A site in circK-
EAP1 predicted by SRAMP (http://www.cuilab.cn/
sramp) (Figure S7A). Moreover, mutation of this m6A
site (A565G) in circKEAP1 lowered circKEAP1 m6A
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Fig. 4 KEAP1-25%aa exerts the biological function in OS cells. (A). OS cells were transfected with empty vector, circKEAP1 vector, ATG-mutated circKEAP1
vector and IRES-mutated circKEAP1 vector. Colony formation was performed in the indicated transfection groups. (B). Cell proliferation of the indicated
cells was characterized by CCK-8 assay. (C). Apoptosis of the indicated cells was detected by flow cytometry. (D). Cell apoptosis of the indicated cells was
characterized by western blotting assay. (E). Cell migration of the indicated cells was characterized by wound healing assay. (F). Cell migration of the indi-
cated cells was characterized by transwell assay. (G). Tumor sphere assay was performed to detect stemness of the indicated cells (scale bar, 50 um). (H).
Flow cytometry assay was used to examine percentage of CD133+cells in the indicated cells. (I). SOX2, ABCG2, Oct4 and Nanog expression in cells was
characterized by western blotting. (J). The indicated cells (1 =NC, 2=KEAP1-259aa, 3=IRSE mut, 4=ATG mut) were injected subcutaneously into nude
mice (n=4 per group) and tumor volume was measured every 7 days. After 28 days, tumors were collected and weighed. (K). The indicated cells were
injected into nude mice (n=4 per group) via tail vein and the lungs were harvested after 35 days. Representative image and H&E staining of mouse lung
metastases is shown (scale bars, 200 pm). Error bars represent three independent experiments. *, **, *** indicates significant differences compared with

the control group at a p value <0.05, < 0.01, < 0.001, respectively
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Fig. 5 KEAP1-259aa interacts with ARIH1 to promote vimentin degradation. (A). Total immunoprecipitated proteins from Flag-KEAP1-259aa cells were
separated via SDS-PAGE. Vimentin and ARIH1 were identified by LC/LC-MS. (B). Interaction of GFP-vimentin, Myc-ARIH1 and Flag-KEAP1-259aa were
determined by co-IP assay. (C). Flag-tagged KEAP1-259aa and GFP-vimentin were co-transfected into MG63 cells and immunofluorescence staining was
performed using anti-Flag and anti-GFP antibodies (scale bar, 20 um). (D). Expression of vimentin in OS cells transfected with the indicated plasmid or
SIRNAs following the treatment with CHX (50 pug/ml). (E). Expression of vimentin was detected in OS cells transfected with the indicated plasmid or siRNAs
following the treatment with MG132 (10 uM). (F). Ubiquitin of vimentin, in MG132 (10 uM)-treated cells, was detected by IP using GFP antibodies in the
indicated cells followed by immunoblotting using HA antibodies. (G). Wild-type HA-Ub, K11R-, K48R- or K63R-mutant HA-Ub plasmids were transfected
into OS cells. Wild-type HA-Ub, K11 HA-Ub plasmids were transfected into OS cells. Ubiquitin of vimentin was detected by IP assay in the treatment of
MG132 (10 uM). (H). Wild-type GFP-vimentin, or vimentin S39A, S56A or S73A mutant plasmids were transfected into OS cells. The binding of vimentin
and KEAP1-259aa was detected by co-IP assay. (I). Wild-type GFP-Vimentin, or vimentin S39A, S56A or S73A mutant plasmids were transfected into OS
cells. Ubiquitin of vimentin was detected by IP assay in the treatment of MG132 (10 uM). Error bars represent three independent experiments. *, *¥, ***
indicates significant differences compared with the control group at a p value <0.05, < 0.01, < 0.001, respectively
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Fig.6 CircKEAP1 suppresses OS malignancy through decreasing vimentin levels. (A). OS cells were transfected with circKEAP1 shRNA and control vectors
followed by treatment with WFA (5 uM). Control vectors, vimentin or both circKEAPT and vimentin were transfected into OS cells. Caspase-3 and PARP
expression were determined by western blotting. (B). Proliferation of the indicated OS cells was measured by CCK8 assay. (C). Apoptosis of the indicated
OS cells was detected by flow cytometry. (D). Migration of the indicated OS cells was quantified by transwell assay. (E). Migration of the indicated OS cells
was quantified by wound healing assay. (F). Colony formation ability of OS cells was determined. (G). The indicated cells were injected subcutaneously
into nude mice (n=6 per group) and tumor volume was measured every 7 days. After 28 days, tumors were collected and weighed. Error bars represent
three independent experiments. *, **, *** indicates significant differences compared with the control group at a p value <0.05, < 0.01, < 0.001, respectively
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level and increased circKEAP1stability (Fig. 7A and S7B).
RNA pulldown and RIP assays indicated that circKEAP1
interacted with m6A modifiers, such as METTL3, FTO
and YTHDF1/2 (Fig. 7B, C). Intriguingly, either METTL3
or METTL14 reduced the stability of circKEAP1 in HOS
and U20S cells, whereas circKEAP1 in FTO-overex-
pressing cells was more stable than NC-transfected cells
under actinomycin D (Act D) treatment (Fig. 7D). Also,
circKEAP1 and KEAP1-259aa were highly expressed in
cells after transfection with si-METTL3 compared with
the control group. CircKEAP1 and KEAP1-25%aa expres-
sion was decreased after si-FTO transfection (Fig. 7E,
F). Importantly, MeRIP assays showed m6A levels were
reduced when adenosine methyltransferase METTL3
was silenced and were increased when FTO was silenced
(Fig. 7G). Furthermore, we explored the expression of
m6A modifiers in OS tissues and found the expressions of
METTL3, METTL14, and YTHDEF2 in OS were increased
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compared with normal tissues (Figure S7C). These results
indicate that an m6A modification site at A565 exists
on circKEAP1 and regulates circKEAP1 expression by
decreasing its stability when methylated.

CircKEAP1 triggers an immune defense response via the
RIG-I pathway in OS cells

To investigate circKEAP1 downstream signaling path-
ways in OS, RNA-seq was performed. Among 1621
differentially-expressed genes, 1443 genes were upregu-
lated and 178 genes were downregulated (Figure S8A).
GO and KEGG pathway enrichment analysis showed
that circKEAP1 was involved in type I interferon (IFN)
and immunity signaling (Fig. 8A). Consistently, gene
set enrichment analysis (GSEA) confirmed these find-
ings (Fig. 8B). Based on qRT-PCR, expression of a panel
of immune genes were decreased in OS cells follow-
ing circKEAP1 knockdown, indicating that circKEAP1
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Fig.7 CircKEAP1 expression is modulated by m6A methylation. (A). MeRIP assays for m6A-modified circKEAPT in HOS and U20S cell lines, as well as cells
over-expressing circKEAP1 with or without the méA site mutated. (B). RNA pulldown assay was performed using a circKEAP1 or empty control probe and
YTHDF2, METTL3, and FTO were detected by western blotting. (C). RIP assay and PCR analysis for circKEAP1 in U20S cells using FTO, METTL3, YTHDF1/2
antibodies. (D). Expression of circKEAPT in HOS and U20S cells transfected with the indicated siRNAs under actinomycin D (5 ug/ml) treatment for 0, 6 and
12 h by gPCR. (E). Expression of KEAP1 was detected by western blotting in HOS and U20S cells transfected with the indicated siRNAs. (F). QPCR analysis
of circKEAP1 in HOS and U20S cells transfected with control, si-METTL3 or si-FTO. (G). MeRIP assays for méA-modified circKEAP1 in U20S cells transfected
with control, si-METTL3 or si-FTO. Error bars represent three independent experiments. *, **, *** indicates significant differences compared with 0 h or

control group at a p value <0.05, < 0.01, < 0.001, respectively
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Fig. 8 CircKEAP1 provokes cellularimmune responses via RIG-I. (A). RNA sequencing was conducted in control and circKEAP1 overexpression cells. Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) pathway analyses were performed to find the most differentially-changed signal-
ing pathways. (B). GSEA analysis for circKEAP1 compared to the control group. (C). Fold change of the indicated mRNAs in circKEAP1 knockdown and con-
trol OS cells was measured by gRT-PCR. (D). Expression levels of the indicated mRNAs in cells following RIG-| knockdown and/or circKEAP1-overexpression
in U20S and HOS cell lines. (E). Protein levels in HOS and U20S cells with circKEAP1 overexpression and/or RIG-I knockdown were detected by western
blotting. (F). Levels of CXCL10, CCL5 and IFNy in the supernatants of cells was measured by ELISA following RIG-I knockdown or/and circKEAP1 overex-
pression in U20S and HOS cell lines. (G). Expression of inflammatory cytokines in the supernatants of cells was characterized using a human inflammation
antibody array. (H). Protein expression of STATT and P65 was detected by western blotting in the nuclear and cytoplasmic fractions of the indicated cells.
(1). Cellular localization of STAT1 and P65 was detected by immunofluorescence staining (scale bars, 20 um). (J). Biotin pulldown assay was performed
using circKEAP1 probe and the anti-Flag was detected in U20S and HOS cells. (K). FISH-IF staining was performed to show the cellular localization of
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control or indicated group at a p value <0.05, < 0.01, < 0.001, respectively
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elicits immune responses in OS cells (Fig. 8C). Interest-
ingly, we detected a strong tendency towards statistical
significance (p=0.051) regarding the correlation with
circKEAP1 expression and CD8+T-cell density (Figure
S8B). Previous research demonstrated that loss of RIG-I
is involved in cancer immune escape [13], thus we specu-
lated that circKEAP1 potently stimulated immune sig-
naling mediated by RIG-I. RIG-I knockdown abrogated
immune responses induced by circKEAP1 overexpres-
sion (Fig. 8D and S8C). We also noticed RIG-I was upreg-
ulated by circKEAP1. As shown in Fig. 8E, the protein
expression of RIG-I, p-IRF3, p-IRF7, p-STAT1 and p-P65
were increased by circKEAP1, while total P65 and IRF3
expression were not affected by circKEAP1. ELISA and
human inflammation antibody array results showed that
circKEAP1 increased the levels of CXCL10, CCL5, and
IENYy in cell culture supernatant, while RIG-1 knockdown
reduced the expression levels of these cytokines (Fig. 8F,
G). Data also showed that circKEAP1 promoted while
RIG-I knockdown abolished translocation of IRF3 and
P65 from the cytoplasm into the nucleus, as detected by
immunofluorescence and western blotting (Fig. 8H, I). To
explore the potential mechanisms by which circKEAP1
regulate RIG-I, we performed RIP assay and FISH immu-
nofluorescence experiments. Results showed that circK-
EAP1 bound to RIG-I via its CARD domain (Fig. 8]), and
they were co-localized in the cytoplasm (Fig. 8K). These
results indicate that overexpression of circKEAP1 leads
to upregulation of immune response genes via RIG-1.
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Discussion

We demonstrate a circRNA, circKEAPI, acts as a tumor
suppressor in OS. CircKEAP] is expressed at low levels
in OS and is associated with OS prognosis. Function-
ally, circKEAP1 inhibits cancer stemness, invasion and
proliferation. Mechanistically, circKEAP1 encodes a pro-
tein KEAP1-259aa, that binds to vimentin and promotes
vimentin degradation by interacting with the E3 ligase
ARIH1. More importantly, circKEAP1 activates anti-
tumor immunity via the RIG-I signaling pathway. These
results identify circKEAP1 as an important therapeutic
target in OS (Fig. 9).

By high-throughput RNA sequencing and circRNA
microarray analysis, an increasing number of circRNAs
have been identified in regulatory signaling pathways
linked to tumorigenesis. For example, circZKSCAN1
has been involved in stemness modulation by regulating
FMRP protein expression and the CCARI1-B-catenin-
WNT pathway in HCC cells [22]. Knockdown of circ-
FAT1 impairs cancer stemness and inhibits head and
neck squamous cell carcinoma tumorigenesis by revers-
ing the tumor immunosuppressive microenvironment
[23]. We identified the circRNA hsa_circ_0049271,
termed circKEAP1, and showed it is expressed at low lev-
els in OS compared with normal tissues. The decreased
circKEAP1 expression in OS tissues correlates with worse
patient survival. By gain- and loss-of-function experi-
ments, we showed that circKEAP1 inhibits OS prolifera-
tion, migration and stemness of OS in vivo and in vitro.

The mechanism of circRNAs is their function as
miRNA sponges, transcription modulators, and protein-
binding RNA. In OS, most studies focused on the ceRNA

_ cytokines

A
A

Anti-tumér A A
immunity

Fig.9 Schematic diagram of the project. In OS, circKEAP1 inhibits cell proliferation, migration and stemness by encoding a novel protein KEAP1-259aa,
which mediated ubiquitination and stability of vimentin as well as triggers an immune defense response via the RIG-I pathway
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function of circRNAs. Recent evidence has confirmed
protein-coding circRNAs play a key role in tumori-
genesis in HCC, glioblastoma, and colon cancer [24].
For example, circp-catenin generates a novel isoform
named [-catenin-370aa, that interacts with GSK3f to
phosphorylate B-catenin and thus trigger degradation
of B-catenin [25]. Circ-EIF6, encoding the novel peptide
EIF6-224aa, enhances proliferation and metastasis of tri-
ple-negative breast cancer cells by activating the MYH9/
Wnt/B-catenin pathway [26]. However, the roles of pro-
tein-coding circRNAs in OS have never been explored.
In this paper, we demonstrate circKEAP1 encodes a 259
amino acid-long protein that plays a tumor suppressor
role in OS. Functional experiments subsequently con-
firmed that KEAP1-259aa mediates the inhibitory effect
of circKEAP1 in OS.

To further explore the mechanism of KEAP-259aa,
we performed co-immunoprecipitation and showed
that KEAP-259aa interacts with vimentin. Vimentin is a
type III intermediate filament protein, and is considered
a canonical biomarker of epithelial-to-mesenchymal
transition (EMT) [27]. Increased vimentin expression is
observed in several types of cancer, such as breast can-
cer, melanoma and lung cancer [28]. Moreover, EMT can
transform vimentin-positive non-CSCs into cancer stem
cells [29]. These findings highlight its central role in the
regulation of cancer metastasis and stemness. A num-
ber of studies suggest that polyubiquitination is s critical
post-translational modification that mediates vimentin
expression and stability [30].For example, PD-L1 can
bind to vimentin to inhibit vimentin ubiquitination deg-
radation, resulting in pulmonary fibrosis [31]. Ubiquilin2
and myotubularin-1 recognize vimentin for degradation
in skeletal muscle cells to avoid proteotoxic aggregate for-
mation [32].In breast cancer, FERM domain-containing
protein 3 (FRMD3) interacts with ubiquitin protein ligase
E3A (UBE3A) to induce vimentin proteasomal degrada-
tion [33]. Trim56 and Trim16 are considered as ubiqui-
tin ligase for vimentin to suppress ovarian cancer and
lung adenocarcinoma progression, respectively [34, 35].
Our study finds that the expression and stabilization of
vimentin proteins can be mediated by E3 ligand ARIH1
and crucial for KEAP-259aa-inhibited OS malignancy.

M6A modification regulate RNA biological processes,
including RNA localization, splicing, translation and deg-
radation [36]. It is well known that m6A binding proteins,
such as METTL3/14, YTHDF1/2 and FTO, modulate
m6A modification [37]. Moreover, circRNAs modified
by m6A can be recognized by YTHDF1/2 and degraded
by the RNase P/MRP complex, resulting altered circRNA
stability and expression [38]. For example, METTL3
elevates m6A levels of hsa_circ_0029589 and decreases
its expression, which promotes macrophage pyroptosis
in acute coronary syndrome [39]. In this study, we first
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revealed that m6A modification is enriched in circKEAP1
by MeRIP and then hypothesized that the downregula-
tion of circKEAP1 associated with m6A modification.
By a series of experiments, we identified m6A in circK-
EAP1 and showed that the m6A level decreased circK-
EAP1 expression and stability, as well as was involved in
the pathogenesis of OS. Consistent with the above find-
ings, our study showed that METTL3, METTL14, and
YTHDE2 are highly expressed in OS tissues, which may
contribute to the low expression of circKEAP1. These
results extended the knowledge about the effects of m6A
modification on circKEAP1 expression.

As an RLR family member, RIG-I increases phosphory-
lation and nuclear translocation of IRF-3, IRF-7, NF-«xB
and STATs, and induces the expression of IFN-y-induced
genes and pro-inflammatory factors [16]. In addition to
the key role of RIG-I in innate immune responses against
viruses, RIG-I is also implicated in cancer development
[40]. However, the role of RIG-I in cancer is not without
controversy. RIG-I expression is downregulated and cor-
relates with prolonged survival in HCC, but high RIG-I
expression predicts poor clinical outcome for endome-
trial cancer [41, 42]. Here, we show circKEAP1 triggers
an immune defense response by binding to RIG-I in OS
cells. After activation of the RIG-I pathway, STAT1 and
NF-«B translocate into the nucleus to increase the tran-
scription and expression of IFNs and chemokines. Based
on these in vitro experiments, we report that circKEAP1
participates in the infiltration of immune cells into the
TME and inhibits OS progression. Our findings broaden
our understanding of the mechanism in by which cir-
cRNAs activate anti-tumor immunity. In conclusion, our
study shows that circKEAP1 inhibits OS malignancy by
encoding a novel protein KEAP1-259aa, which may pro-
vide a potential therapeutic target in the treatment of OS.
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Supplemental Figure 1: (A). Gene ontology analysis of most downregu-
lated and upregulated circRNAs is shown. (B). The top differentially-
expressed circRNAs were characterized in normal (n=3) and OS tissues
(n=3). Error bars represent three independent experiments. *, **, ***
indicates significant differences compared with the control group at a p
value <0.05, < 0.01, < 0.001, respectively

Supplemental Figure 2: (A). Expression of circKEAP1 was detected by
gRT-PCR after transfection of circKEAP1 or two circKEAPT shRNAs. (B).
Expression of KEAPT was detected by qRT-PCR and western blot after NC
or circKEAP1 transfection. (C). CCK8 assay was performed to measure the
proliferation following transfection of control, circKEAP1 or two circKEAP1
shRNA in OS cells. (D). Western blot analysis of SOX2, ABCG2, and NANOG
in OS cells following transfection of circKEAP1, two circKEAPT shRNAs

or control. (E). Expression of cancer stem cells markers was detected by
gRT-PCR in cells transfected with control, circKEAP1 or two circKEAP1
shRNAs. (F). Immunofluorescence staining using SOX2 and CD133 anti-
bodies to detect their expression in cells transfected with two circKEAP1
shRNAs (scale bars, 20 um). (G). Flow cytometry assay was used to detect
CD133+0S cells transfected with circKEAP1, two circKEAPT shRNAs or
control. (H). Representative image of tumorsphere formation of OS cells
transfected with circKEAP1 or circKEAP1 shRNA as indicated (scale bar,
100 pm). Error bars represent three independent experiments. *, **, ***
indicates significant differences compared with the control group at a p
value <0.05, < 0.01, < 0.001, respectively

Supplemental Figure 3: (A). Schematic diagram of the KEAP1 antibody
detective residues. The KEAP1 antibody used in the study showing recog-
nized both KEAP1 and KEAP1-259aa. (B). Correlation between circKEAP1
and KEAP1 expression in OS tissues was shown. (C). Correlation between
circKEAPT and KEAP1-259aa expression in OS tissues was shown. (D).
KEAP1 and KEAP1-259aa expression were detected in OS cell lines by
western blotting

Supplemental Figure 4: (A). The control, linear KEAP1-259aa and circKEAP1
shRNA +KEAP1-259%aa plasmids were co-transfected into OS cells. The
expression of SOX2, ABC2G, OCT4 and NANOG were measured by im-
munoblotting. (B). Cell proliferation was performed by CCK-8 assay in

the indicated transfected groups. (C). Apoptosis was evaluated by flow
cytometry in the indicated transfected groups. (D). Colony formation
ability of the cells mentioned above was measured by colony formation
assay. (E). Migration of the indicated cells was measured by transwell assay.
(F). Migration ability of the indicated cells was measured by a wound
healing assay. (G). Percentage of CD133 +cells in the indicated cells were
measured by flow cytometry. (H). Effect of plasmids mentioned above on
cell stemness was examined by tumorsphere formation (scale bar: 50 um).
Error bars represent three independent experiments. *, **, *** indicates
significant differences compared with the control indicated or group ata p
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value <0.05, < 0.01, < 0.001, respectively

Supplemental Figure 5: (A). LC-MS/MS was conducted to detect potential
interacting proteins of KEAP1-259aa. GO analysis of binding proteins

was performed. (B). The most abundance proteins in the ranking list. (C).

Expression of vimentin and ARIH1 was detected by immunofluorescence
staining in OS cells (scale bars, 20 um). (D). Protein and mRNA expression

of vimentin was detected by western blotting and qRT-PCR after KEAP1-

259aa or circKEAP1 transfection

Supplemental Figure 6: (A) Expression of circKEAP1 was detected by
gRT-PCRin OS cells treated with WFA (5 uM). Expression of vimentin was
detected by western blotting in OS cells treated with different doses of
WEFA. (B) OS cells were transfected with circKEAPT shRNA and control vec-
tors followed by treatment with WFA. OS cells were transfected with circk-
EAP1, vimentin and control vectors. Expression of PARP was detected. (C)
Flow cytometry was performed to determine the number of CD133+0S
cells. (D) Tumorsphere formation of OS cells are shown (scale bar, 50 pm).
Error bars represent three independent experiments. *, **, *** indicates
significant differences compared with the control group or indicated at a p
value <0.05, < 0.01, < 0.001, respectively

Supplemental Figure 7: (A). M6A site in circKEAP1 was predicted by RM-
Base v2.0. (B). Expression of circKEAP1 in U20S cells over-expressing wild-
type circKEAP1 or the m6A site-mutated circKEAP1 following treatment
with actinomycin D (5 pg/ml) treatment for 0, 6 and 12 h. (C). Expression of
the indicated protein was determined in 7 pairs of normal and OS tissues.
Error bars represent three independent experiments. *, **, *** indicates
significant differences compared with the 0 h group at a p value <0.05, <
0.01, < 0.001, respectively

Supplemental Figure 8: (A). Differentially-expressed genes in U20S cells
with circKEAP1 versus control were identified by RNA-seq analysis. (B).
Expression of CD8 in OS sample (n=10) and correlation with circKEAP1 ex-
pression (scale bar, 200 um). (C). Expression levels of the indicated mRNAs
in cells following RIG-I knockdown and/or circKEAP1-overexpression U20S
and MG63 cell lines. Error bars represent three independent experiments.
¥, *% **xindicates significant differences compared with the control or
indicated group at a p value <0.05, < 0.01, < 0.001, respectively

Supplemental Tables 1 and 2
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