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A Tumor-suppressive Molecular Axis EP300/circRERE/
miR-6837-3p/MAVS Activates Type I IFN Pathway and
Antitumor Immunity to Suppress Colorectal Cancer
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ABSTRACT
◥

Purpose: The oncogenic role of circular RNAs (circRNA) has
been well studied in cancers including colorectal cancer. How-
ever, tumor-suppressive circRNAs and the mechanism through
which they exert their antitumor effects remain largely unknown.
We aim to find out the critical tumor-suppressive circRNAs and
their possibility to serve as gene therapy targets.

Experimental Design: circRNA sequencing, gain-of-function
and loss-of-function experiments, and transcriptomic analysis were
performed to find tumor-suppressive and antitumor immunity
effects of circRERE.Molecular biology experiments were conducted
formechanism exploration. Finally, we conducted adeno-associated
virus (AAV) to deliver circRERE (circRERE-AAV) and evaluated
circRERE-AAV alone and in combination with anti-PD-1 antibody
in C57BL/6J mice bearing subcutaneous MC38 tumors.

Results: circRERE is lowly expressed in colorectal cancer.
Overexpression of circRERE inhibits the malignant behaviors

of colorectal cancer in vitro and in vivo, while knockdown
exhibits the opposite effects. The expression of circRERE is
regulated by EP300, a histone acetyltransferase downregulated
in colorectal cancer as well. Mechanistically, circRERE acts as
a competitive endogenous RNA to sponge miR-6837-3p to up-
regulate MAVS expression, thereby activating type I IFN signaling
and promoting antitumor immunity. Delivery of circRERE-
AAV elicits significant antitumor effects, and combination
treatment with circRERE-AAV and anti-PD-1 antibody exhibits
synergistic effects on tumor growth in preclinical models of
colorectal cancer.

Conclusions: These results uncover modulatory axis constitut-
ing of EP300/circRERE/miR-6837-3p/MAVS and its essential roles
in antitumor immunity, and demonstrate that circRERE-AAV
might represent a new therapeutic avenue to prime immune
responses and boost the effects of immunotherapy in clinic.

Introduction
In the global cancer report in 2020, colorectal cancer ranked the

third and second among malignant tumors in terms of incidence and
mortality, respectively (1). Even though the diagnosis and treatment
have improved significantly, the majority of patients with colorectal
cancer are diagnosed at an advanced stage, and therefore therapeutic
options remain limited. In recent years, immunotherapy, especially
immune checkpoint inhibitors (ICI), has brought hope to a certain
number of patients with cancer. However, a large number of patients
with colorectal cancer are not sensitive to immunotherapy. Therefore,
new therapeutic approaches are in urgent need to improve the
effectiveness of immunotherapy in treating colorectal cancer. Circular

RNAs (circRNA), a new type of noncoding RNAs, possess a closed-
loop structure without 50 and 30 ends to prevent their hydrolysis by
exonucleases. circRNAs have been found to play critical roles in the
occurrence, metastasis, and drug resistance of cancer cells through a
variety of mechanisms including miRNA sponge, RNA-binding pro-
teins scaffold, and microprotein (2–8). circRNAs are potential bio-
markers for the diagnosis, treatment, and prognosis of cancers. A large
number of dysregulated circRNAs have been identified and investi-
gated in colorectal cancer (9–11). And there is a close correlation
between circRNAs and antitumor immunity. Hsa_circ_0020397
induces the expression of TERT (telomerase reverse transcriptase)
and PD-L1 by binding and inhibiting the activity of miR-138, thereby
promoting immune escape in colorectal cancer (12). circ-0000977/
miR-153/HIF1a axis regulates HIF1a-mediated immune escape of
pancreatic cancer cells by inhibiting natural killer (NK)-cell killing
activity (13). circARSP91 interacts with the ULBP1 promoter region
and recruits RNA polymerase II to enhance the expression of
ULBP1 gene, thus assisting NK cells to recognize and attack target
tumor cells (14). circNDUFB2 was shown to be recognized by RIG-I to
activate the RIG-I-MAVS signaling cascade and recruit immune cells
to the tumormicroenvironment (15). circRNAs are involved in almost
all critical processes of tumor immunity through sponging miRNAs to
regulate specific mRNAs or function as potential tumor antigens (16).
Most of these circRNAs are reported to be oncogenic, while circRNAs
that are tumor-suppressive are rarely reported. Furthermore, it
remains largely unknown how these circRNAs exert antitumor effects.

The RIG-I-MAVS pathway is a natural immune shield against viral
infections (17). RIG-I–like receptors (RLR), including RIG-I, MDA5,
and LGP2, are a series of cytoplasmic RNAhelicases that detect various
viral RNAs accumulated during viral infection or replication (18, 19).
MAVS is the core adaptor protein of RLR signal transduction. Acti-
vation of MAVS leads to the activation of interferon-regulatory factor
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3/7 (IRF3/7) and NFkB, thus inducing type I IFN and other proin-
flammatory cytokines (20, 21). Subsequently, type I IFN binds to the
IFNAR complex (composed of IFNAR1 and IFNAR2) to initiate the
JAK/STAT downstream pathway and promote the transcription of
interferon-stimulated genes (ISG), thereby priming the immune
response of the host cells (22, 23). The activation of type I IFN
signaling pathway is thought to be critical for improving the thera-
peutic effects of ICIs.

In this study, we reported that an EP300-regulated, poorly expressed
circRNA, circRERE, positively regulates the expression of MAVS
through sponging miR-6837–3p, thereby activating type I IFN sig-
naling pathway to prime immune responses. Accordingly, injection of
adeno-associated virus (AAV)-expressing circRERE improves the
therapeutic effect of ICIs such as anti-PD-1 antibody in colorectal
cancer tumor suppression.

Materials and Methods
Clinical specimens and cell culture

Colorectal cancer and the matched normal tissues were collected
from patients with colorectal cancer who accepted surgery at the First
Affiliated Hospital of Xiamen University (Xiamen, P.R. China). All
clinical specimens were put into liquid nitrogen after surgery and
sorted at �80�C until use. The study with informed consent was
approved by the committee of the First Affiliated Hospital of Xiamen
University (Xiamen, P.R. China) and conducted according to the
Helsinki Declaration. And we confirm that all the patients provided
written informed consent.

All cell lines except MC38 (RRID:CVCL_B288) were kindly
provided by Professor Da-Jun Deng. MC38 was kindly provided
by Professor Qin Lin. All cells were authenticated by short tandem
repeat profiling by Beijing JianLian Genes Technology Co. before
they were used in this study. HCT116 (RRID:CVCL_0291) and
LoVo (RRID:CVCL_0399) cell lines were cultured in RPMI1640,
while RKO (RRID:CVCL_0504), DLD1 (RRID:CVCL_0248),
HEK293T (RRID:CVCL_0063), and MC38 were cultured in
DMEM. The medium was supplemented with 10% FBS (BI) at
37�C in a humidified incubator with 5% CO2. It was no more than
1 month between collection or thawing and use in the described
experiments.

Gene knockdown and overexpression
siRNAs, miRNA mimics, and miRNA inhibitors were synthesized

by RiboBio. Short hairpin RNAs (shRNA) targeting the junction of
human and murine circRERE were constructed in lentiviral pLKO.1
vector. circRERE was cloned into the lentiviral expression vector
pLO5-ciR (Gysey Biotechnology). Human andmurine circRERE were
cloned into AAV vector (pADM-CMV-circRNA-mCMV-copGFP;
WZ Biosciences). Single-guide RNA (sgRNA) targeting EP300 gene
promoter was designed and cloned into the pLV-hU6-CMV-NLS-
dCas9-VP64-T2A-Puro vector to activate endogenous EP300 tran-
scription. All the sequences are presented in Supplementary Table S1.

Colorectal cancer cells were seeded in 6-cm plates. When they
reached a confluence of 60%–80%, they were transfected with siRNA
(20 mmol/L, 5 mL) or vectors (1.5 mg/well) with Lipofectamine 2000
(Invitrogen). Cells were used after 48 hours. Lentivirus packaging was
done using packaging vectors pMDL, VSVG, and REV at a ratio of
10:5:3:2 as described previously (24).

Cell proliferation and colony formation assays
For cell proliferation, 1–2� 103 cells were plated into 96-well plates

in triplicates and subjected to treatments. Viable cells were measured
by CCK8 kit (meilunbio) by Microplate Reader (Tecan) for 4–5 days.

For cell colony formation assay, 0.5–1 � 103 cells were seeded in
6-well plates, and the culture medium was replaced twice a week for
about 10–20 days. Cells were then fixed with 100%methyl alcohol and
stained with 0.1% crystal violet.

RNA extraction and qRT-PCR
Total RNA was extracted according to the protocol of Ultrapure

RNA kit (ComWin). A total of 1 mg total RNA was needed for reverse
transcription byGoScript Reverse TranscriptionMix (Promega). Hieff
qPCR SYBR Green Master Mix (Yeasen) was used to amplify the
cDNA samples using Q6 real-time fluorescence quantitative PCR
instrument. The classical DDCt method was used to calculate the
relative expression levels of the target genes.Ct values were normalized
to the GAPDH gene as a cDNA loading control, and changes were
calculated relative to controls. All primers used are listed in Supple-
mentary Table S2.

circRNA sequencing and RNA sequencing
Total RNA extracted from three pairs of colorectal cancer and the

adjacent normal tissues after removal of genomic DNA using DNase I
was digested with RNase R (Epicentre) at 37�C for 1 hour. Next-
generation sequencing was performed by an Illumina HiSeq instru-
ment according to the manufacturer’s instructions (Illumina) by
Amogene. CIRI2.pl was used to predict circRNA, and CIRI-full was
used to predict full-length circRNAs.

For RNA sequencing (RNA-seq), HCT116 and RKO cells were
transfected with control siRNA (siNC) or siRNA specifically targeting
RERE (sicircRERE). After 48 hours, these cells were collected for RNA
extraction. A total of 3 mg RNA per sample was used as input material
for RNA-seq library preparations using NEBNext Ultra II RNA
Library Prep Kit for Illumina (NEB, E7760). Paired-end sequencing
was performed on the Illumina HiSeq 3000 platform at Amogene
Biotech Co., Ltd. The read length used was 150 bp, and Paired-end
clean reads were aligned to the reference genome using STARV20201.

The circRERE-regulated significantlydifferentially expressedmRNAs
were identified by evaluating the fold changes (FC) in gene FPKM
(fragments per kilobase permillionmapped reads) values between siNC
and sicircRERE-transfected cells (with FC> 1.2 and q< 0.05 indicating a
significant difference). Box plots were generated by R software and

Translational Relevance

Over the past few years, immunotherapy is considered an
innovation and has become a trend in the field of tumor treatment.
However, for advanced colorectal cancer, only a small portion of
patients (about 5%) could benefit from it. How to turn these “cold
tumors” into “hot tumors” is of great significance. Priming the
immune response might be a potential method for sensitizing the
effect of immunotherapy. Our study found out a tumor-
suppressive molecular axis EP300/circRERE/miR-6837-3p/MAVS
that could activate type I IFN pathway and antitumor immunity.
Delivery of circRERE by adeno-associated virus (circRERE-AAV)
elicits significant antitumor effects, and combination treatment
with circRere-AAV and anti-PD-1 antibody exhibits synergistic
effects on tumor growth in preclinical models of colorectal cancer.
These results demonstrate that circRERE-AAV might represent a
new therapeutic avenue to prime immune responses and boost the
effects of immunotherapy in clinic.
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significancewas determined using Student t test. Heatmaps and volcano
plot were visualized using Java TreeView81 or R software.

Competitive endogenous RNA network analysis
To construct competitive endogenous RNA (ceRNA) network,

miRNAs that could bind to circRERE and MAVS were predicted by
three independent algorithms, miRanda (sequence align score,
�sc150; ref. 25), RNAhybrid (minimal free energy, �e �23; ref. 26),
and TarPmiR (probability of target site, �p 0.8; ref. 27) based on
miRBase.

Chromatin isolation by RNA purification
Normal HCT116 cells (2 � 107 cells) were cross-linked with 1%

glutaraldehyde solution and then lysed (50 mmol/L Tris-Cl, pH 7.0,
10mmol/L EDTA, pH8.0, 1% SDS, 1� protease inhibitor cocktail, and
RNase). Chromatin DNA was sheared by sonication. Biotin-labeled
probes targeting circRERE (RiboBio) and negative control (NC)
probes were added to the above cell lysates after sonication and kept
at 37�C with shaking for 4 hours. Afterward, magnetic beads were
added and shaken for 30 minutes. The samples were incubated with
Proteinase K (Ambion) at 50�C with shaking for 45 minutes after 5
piles of washing with the wash solution (2�NaCl and sodium citrate,
0.5% SDS, 1�protease inhibitor cocktail), and then heated to 95�C for
10 minutes in a heater. RNA was extracted with TRIzol and analyzed
by qRT-PCR (28).

RNA immunoprecipitation
RKO and HCT116 cells (1 � 107 cells/sample) transfected with

3�Flag-tagged AGO2 (6 mg) for 48 hours were lysed in polysome lysis
buffer [100mmol/LKCl, 5mmol/LMgCl2, 10mmol/LHEPES, pH 7.0,
0.5%NP-40, 1mmol/LDTT (dithiothreitol), 100U/mLRNasin RNase
inhibitor, 2mmol/L vanadyl ribonucleoside complexes solution (Sigma),
25 mL/mL protease inhibitor cocktail]. Anti-Flag antibody (Sigma-
Aldrich #F1804, RRID:AB_262044) or control IgG were added to
the supernatants and incubated at 4�C overnight. Lysates were then
subjected to immunoprecipitation by using M2 agarose (Sigma)
followed by washing with polysome lysis buffer four times and
polysome lysis buffer plus 1 mol/L urea four times. RNA was
released by incubating with 150 mL of polysome lysis buffer with
0.1% SDS and 45 mg proteinase K at 50�C for 30 minutes. Finally,
RNA was extracted with a phenol-chloroform-isoamyl alcohol
mixture (Sigma) for qRT-PCR analysis.

Chromatin immunoprecipitation assay
Normal RKO and HCT116 cells or cells transfected with siNC or

sicircRERE (1 � 107 cells/sample) for 48 hours for chromatin
immunoprecipitation (ChIP) were fixed with 1% formaldehyde
(Sigma) for 15 minutes at room temperature, followed by washing
with PBS twice. After cell collection and lysis, the lysates were
sonicated to shear chromatin DNA into 300–500 bp. Supernatants
were immunoprecipitated with anti-EP300 antibody (Abcam
#ab14984, RRID:AB_301550) or control IgG overnight at 4�C,
followed by incubation with protein G magnetic beads (Bio-Rad,
161–4023) for an additional 4 hours. After washing four times, the
protein-DNA complex was reversed by heating at 65�C and vortex-
ing at 1,400 rpm for 1 minute every 1 hour overnight using
Eppendorf Thermomixer. Finally, immunoprecipitated DNA was
purified by QIAquick spin columns (Qiagen).

RNA-FISH
HCT116 and RKO cells plated on cover glass were transfect-

ed with siNC or sicircRERE for 48 hours, and fixed with 4%

paraformaldehyde (Solarbio) for 10 minutes at room temperature.
Then according to the protocol of RiboTM Fluorescent In Situ
Hybridization kit (C10910, RiboBio), cells were then permeabilized
with 0.5% Triton X-100/PBS for 5 minutes at 4�C and blocked with
prehybridization buffer for 30 minutes at 37�C after washing with
PBS three times (5 minutes/time). FISH probes labeled with Cy3 of
circRERE (40 nmol/L) were added and incubated overnight at 37�C
in the dark. Cells were then washed sequentially with hybridization
washing buffer I (4�SSC, 0.1%Tween-20), hybridization washing
buffer II (2�SSC), and hybridization washing buffer III (1�SSC) at
42�C in the dark. Nuclei were stained with DAPI (0.1 g/mL) and
washed three times with PBS. Images were taken by using a Carl
Zeiss laser confocal microscope.

Western blotting
Cells were scraped and lysed in lysis buffer containing 100 mmol/L

Tris� Cl (pH 6.8), 20% glycerol, 0.02% bromophenol blue, 4%
SDS, and 200 mmol/L DTT. Protein lysates were run on a 10%
SDS-PAGE gel and transferred onto a polyvinylidene difluoride
membrane (Merck Millipore). After blocking with 5% fat-free
milk for 1 hour, the membrane was incubated with primary anti-
bodies diluted by 1% fat-free milk [TBK1 (Cell Signaling Technology
#38066, RRID:AB_2827657), p-TBK-1 (Cell Signaling Technology
#5483, RRID:AB_10693472), p-IRF3 (Cell Signaling Technology
#4947, RRID:AB_823547), P65 (Cell Signaling Technology #8242,
RRID:AB_10859369), p-P65 (Cell Signaling Technology #3033,
RRID:AB_331284), MAVS (Proteintech #14341–1-AP, RRID:AB_
10548408), and GAPDH (Protein Tech #60004–1, RRID:AB_2107436)
overnight at 4�C and the appropriate secondary antibodies, goat anti-
rabbit (Solarbio Cat# SE134, RRID:AB_2797593) or goat anti-mouse
(Solarbio # SE131, RRID:AB_2797595), at room temperature for 1 hour.
After washing four to six times, the signals were visualized using the
ECL detection reagents (K-12045-D50, Advansta).

Subcellular fraction
Subcellular fraction was performed as described previously

(29). Cells washed with cold PBS were collected in ice-cold Buffer
I (10 mmol/L Hepes, pH 8.0; 1.5 mmol/L MgCl2; 10 mmol/L KCl;
1 mmol/L DTT) to allow cells to swell. After incubation for
15 minutes, NP-40 was added at a final concentration of 1%. Then
the supernatants were collected as the cytoplasmic fraction after
vortex and centrifugation. Next, the pellet was resuspended with
ice-cold Buffer II (20 mmol/L Hepes, pH 8.0; 1.5 mmol/L MgCl2;
25% glycerol; 420 mmol/L NaCl; 0.2 mmol/L EDTA; 1 mmol/L
DTT with protease and RNase inhibitors) and rotated vigorously
at 4�C for 30 minutes. After centrifuging 15 minutes at maximum
speed, the nuclear fraction was collected. Then both cytosolic and
nuclear RNAs were extracted for use.

Copy-number analysis
Copy-number analysis was performed following the protocol

reported previously (30). Briefly, cells were collected and counted.
Serially diluted qRT-PCR products of circRERE and miR-6837–3p
were used as templates to formulate standard curves. The exact copy
numbers of circRERE and miR-6837–3p per cell were then used and
calculated according to the standard curves.

Dual-luciferase reporter assay
The wild-type circRERE [circRERE(WT)] and the wild-type 30

untranslated region (UTR) of MAVS [MAVS(WT)] as well as the
mutant forms with the potential miR-6837–3p binding sites mutated

EP300/circRERE/miR-6837-3p/MAVS Activates Antitumor Immunity

AACRJournals.org Clin Cancer Res; 2023 OF3

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/doi/10.1158/1078-0432.C

C
R

-22-3836/3324550/ccr-22-3836.pdf by guest on 20 April 2023



[circRERE(MT) andMAVS(MT)] were cloned in psiCHECK2 (RRID:
Addgene_40763) vector. The promoter sequences from RERE gene
[RERE promoter(WT)] and the mutant form with the EP300 binding
sitemutated [REREpromoter(MT)]were cloned in pGL3-Basic vector.
All sequences were listed in Supplementary Table S1.

Cells were seeded into 48-well plates and transfected with luciferase
vectors for 48 hours. Luciferase activity was then measured by Spark
MultimodeMicroplate Reader (Tecan) according to the protocol of the
Dual-Luciferase Assay System (Promega).

Animal experiments
For experiments to explore the effects of circRERE on tumor

growth, RKO cells (1 � 106) stably transfected with control shRNA
(shNC) or two individual shRNAs specifically targeting circRERE
(shcircRERE-1 and shcircRERE-2) were inoculated subcutaneously
in the left inguen of male Balb/c nude mice (5 mice/group; 16–20 g;
6 weeks; Beijing Huafukang Bioscience). All the mice were sacrificed
by dislocating the cervical vertebra on the 14th day. To validate the
effect of mouse circRere on tumor growth in C57BL/6J mice
(IMSR_JAX:000664), MC38 cells stably transfected with control
vector or circRere overexpression vector were implanted (5 mice/
group) as mentioned above. Mice were sacrificed on the 21st day
after implantation.

To test the efficacy of circRERE-AAV treatment on tumor growth,
HCT116 (2� 106) cells suspended in 100 mL of PBS were injected into
the left inguen of male Balb/c nude mice (5 mice/group). When the
tumors reached approximately 100 mm3, mice were randomized
into two groups. NC-AAV (5 � 108 Pfu/mice) or circRERE-AAV
(5 � 108 Pfu/mice) were injected intratumorally once a week. The
tumor volume and mice body weight were measured twice a week.
Tumor volume was calculated using the following formula: tumor
volume (mm3)¼ [(length)� (width)2]/2. Mice were sacrificed on the
14th day after treatment started.

To evaluate the therapeutic effects of combination treatment with
circRERE-AAV and anti-PD-1 antibodies, MC38 cells (2 � 106)
were inoculated subcutaneously in C57BL/6J mice. Mice were
randomly assigned into four groups (5 mice/group) when the
tumors reached approximately 100 mm3. Mice were administrated
with NC-AAV or circRere-AAV in the presence or absence of
vehicle or anti-PD-1 antibodies (Bio X Cell #BE0146, RRID:
AB_10949053). AAV was injected intratumorally once a week, and
anti-PD-1 antibodies (200 mg/mouse) were injected intraperitone-
ally twice a week. The tumor volume and mice body weight were
also measured twice a week. Mice were sacrificed on the 14th day
after treatment.

The animal experiment was performed in accordance with
institutional standard guidelines of Xiamen University (Xiamen,
P.R. China) and adhered to the U.S. Public Health Service Policy on
the Humane Care and Use of Laboratory Animals.

Immunofluorescence
Tissue specimens were resected, fixed by 4% paraformaldehyde, and

embedded in paraffin.A total of 4-mmtissue sectionswere prepared for
staining. After dewaxing and receiving antigen repairing, sections were
incubated with primary antibodies against CD8A (Abcam #ab209775,
RRID:AB_2860566) or CD3 (Abcam #ab16669, RRID: AB_443425)
overnight at 4�C.Then theywere incubatedwithfluorescent secondary
antibodies appropriately respond to primary antibody in species for
50 minutes in dark condition and DAPI at room temperature for
10 minutes. After washing with PBS and sealing, the images were
obtained by Cellsens Standard software (Olympus).

Data availability statement
All the data supporting the findings of this study are available upon

reasonable request. Raw data for RNA-seq were deposited in the Gene
Expression Omnibus (RRID:SCR_005012) under accession number
GSE224734.

Statistical analysis
For comparison of the two groups in this study, a two-tailed Student

t test or paired t test was conducted. Comparison of multiple compar-
isons was analyzed by two-way ANOVA. SPSS 20.0 software (RRID:
SCR_002865) and GraphPad Prism (RRID:SCR_000306) were used to
perform the statistical analysis. Image J (RRID:SCR_003070) was used
for colony calculating andWB quantification. P ≤ 0.05 was considered
statistically significant.

Results
circRERE is lowly expressed in colorectal cancer tissues and
critical for tumorigenesis

To explore differentially expressed circRNAs in colorectal cancer,
three pairs of colorectal cancer and matched adjacent normal tissues
were collected for circRNA sequencing (circRNA-seq) analysis.
There were 38 and 48 circRNAs upregulated and downregulated
in colorectal cancer, respectively (P < 0.05, FC > 1.5; Fig. 1A). The
expression patterns of these dysregulated circRNAs were shown by
heatmap (Fig. 1B). In this study, we focused on studying circRNAs
downregulated in colorectal cancer. Aiming to identify clinically
relevant circRNAs, we first determined which parental genes of
these circRNAs are clinically relevant based on The Cancer Genome
Atlas (TCGA) database, such that they are downregulated in
colorectal cancer and predict poor prognosis of patients with
colorectal cancer (Fig. 1C). The results showed that two genes,
RERE and PARM1, are significantly downregulated and predict
poor prognosis of colorectal cancer (Fig. 1D and E; Supplementary
Fig. S1A and S1B). We then tested whether circRERE and circ-
PARM1 are required for colorectal cancer cell growth. siRNAs
specifically targeting circRERE and circPARM1 junction regions
were designed and used for knocking down circRERE and circ-
PARM1, respectively. circRERE, but not circPARM1, was found to
be required for the growth of HCT116 cells (Supplementary
Fig. S1C and S1D).

The underpresentation of both RERE and circRERE in colorectal
cancer tissues was validated by 75 pairs of colorectal cancer and
adjacent normal tissues in house (Fig. 1F). To explore its function
in colorectal cancer cells, we examined the expression levels of
circRERE in five different colorectal cancer cell lines (Fig. 1G).
DLD1 and LoVo were used for overexpression experiments, and
HCT116 and RKO were used for knockdown experiments. Over-
expression of circRERE inhibited cell proliferation and colony
formation in both DLD1 and LoVo cells (Fig. 1H–K). Conversely,
knockdown of circRERE promoted colorectal cancer cell prolifer-
ation and colony formation in both HCT116 and RKO cells
(Fig. 1L–O). We further examined the effects of circRERE on
tumor growth in vivo. The weight of tumors derived from MC38
cells stably infected with circRere overexpression vector was dra-
matically decreased than those stably infected with control vector
(Fig. 1P–R). In contrast, the weight of tumors derived from HCT116
cells stably infected with shREREs were significantly increased com-
pared with those with shNC (Fig. 1S andT). Taken together, circRERE
is downregulated in colorectal cancer tissues and serves as a tumor
suppressor in colorectal cancer.
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Figure 1.

circRERE is lowly expressed in colorectal cancer tissues and required for colorectal cancer tumorigenesis. A, Three pairs of colorectal cancer (T1, T2, T3) and
the matched adjacent normal tissues (N1, N2, N3) were subjected to circRNA-seq, and the expression of circRNAs detected is shown by volcano plot. B, The
expression of the upregulated and downregulated circRNAs in tumors as shown in A is shown by heatmap (P < 0.05, FC > 1.5). C, The flow chart for identifying
clinically relevant cirRNAs in colorectal cancer is shown. D, The expression of RERE in normal (n ¼ 41) and colorectal cancer (n ¼ 480) tissues was analyzed on
the basis of data from TCGA database. E, Kaplan–Meier survival analyses for overall survival of all patients with colorectal cancer using RERE as input is shown.
F, The expression of RERE (left) and circRERE (right) in 75 pairs of colorectal cancer (T) and the adjacent normal tissues (N) was examined by qRT-PCR
analysis. G, The expression of circRERE in HCT116, RKO, DLD1, SW480, and LoVo colorectal cancer cell lines was examined by qRT-PCR analysis. H–J, DLD1 and
LoVo cells infected with control vector or vector expressing circRERE were subjected to qRT-PCR analysis to examine the expression of circRERE (H), cell
proliferation assay (I), and colony formation assay (J). (Continued on the following page.)
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Characteristics of circRERE in colorectal cancer cells
circRERE (has_circ_12952) is generated from exon 3 of gene RERE,

469 nucleotides in length. The junction region of circRERE was
detectable by divergent primers and confirmed by Sanger sequencing
in HCT116 cells (Supplementary Fig. S2A). Then, total RNA extracted
from HCT116 cells was digested with RNase R exonuclease and
amplified by qRT-PCR. The results showed that circRERE, but not
linear RERE, could be amplified after RNase R digestion (Supplemen-
tary Fig. S2B). The stability of circRERE and RERE was also tested by
treating HCT116 cells with Actinomycin D, an inhibitor of transcrip-
tion. The result showed that circRERE was much more stable than
RERE (Supplementary Fig. S2C).

Next, subcellular localization of circRERE was determined by
cellular fraction assay. The results showed that circRERE is mainly
localized in the cytoplasm (Supplementary Fig. S2D). RNA-FISH
analysis results confirmed the cytosolic localization of circRERE
(Supplementary Fig. S2E). Taken together, circRERE is stably localized
in the cytoplasm of cells.

circRERE positively regulates the IFNa signaling pathway
We next sought to investigate the underlying mechanisms for

circRERE to exert its tumor-suppressive function in colorectal cancer.
HCT116 and RKO cell lines transfected with siNC or sicircRERE were
collected for RNA-seq. Differential expression analysis results showed
that 84 and 84 genes were significantly upregulated and downregulated
in both HCT116 and RKO cell lines (q < 0.05, FC > 1.2; Fig. 2A). The
expression of these circRERE-regulated genes was shown by heatmap
and box plot (Fig. 2B and C). Hallmark analysis results revealed that
IFNa response was themost enriched for genes positively regulated by
circRERE (Fig. 2D).

Regulation of IFNA1 and ISGs such as ISG15, OAS1, ISG20, IL7,
CXCR2, CCR2, and CCL5 were confirmed by knockdown and over-
expression of circRERE in HCT116 and DLD1 cells, respectively
(Fig. 2E and F). Furthermore, knockdown of circRERE in HCT116
cell-derived xenografts significantly inhibited the expression of IFNA1
and ISGs as listed above, while overexpression of circRere in MC38-
derived xenografts significantly induced the expression of these genes
(Fig. 2G and H). And MC38-derived xenografts with circRere over-
expression were associated withmanymore CD8þT cells than control
group (Fig. 2I). In summary, circRERE positively regulates the
expression of IFNA1 and ISGs, improving antitumor immunity in
colorectal cancer.

circRERE acts as a ceRNA to sponge miR-6837-3p to regulate
the expression of MAVS and the downstream type I IFN
signaling pathway

Type I IFN signaling pathway ismainlymodulated by cGAS/STING
and RIG-I/MAVS pathways. To investigate the molecular mechanism
of how circRERE affects this pathway, we examined the impact of
circRERE on the expression of critical regulators in these two pathways
includingRIG-I,MAVS, cGAS, STING, IFIH1, IRF3, TBK1, IkBa, and

DHX58 in HCT116 cells transfected with siNC or sicircREREs. The
results showed that only MAVS was significantly decreased upon
circRERE knockdown (Fig. 3A), which was confirmed in RKO cells
(Fig. 3B). As expected, circRERE overexpression promoted the expres-
sion of MAVS in DLD1 and LoVo cells (Fig. 3C). The expression of
MAVS and its downstream activation events including the phosphor-
ylation of TBK1, IRF3, andNFkB in response to circRERE knockdown
and overexpression were verified by Western blotting (Fig. 3D and E;
Supplementary Fig. S3A and S3B). To test whether circRERE regulated
the type I IFN signaling pathway through MAVS, HCT116 cells were
infected with circRERE-overexpression vector in the presence or
absence of shNC or shMAVS. Knockdown of MAVS significantly
attenuated the induction of IFNA1, CXCR2, CCL5, and OASL by
circRERE overexpression, suggestingMAVS is required for circRERE-
activated IFNa and ISGs (Fig. 3F and G).

Next, we sought to investigate how circRERE regulates MAVS.
circRERE was found to be mainly localized in the cytoplasm, which
prompted us to propose that circRERE might act as a miRNA sponge.
To this end, RNA immunoprecipitation (RIP) assay with anti-AGO2
antibody was conducted to determine whether circRERE binds to
miRNAs. circRERE was successfully pulled down by anti-AGO2
antibody, but not a control IgG, indicating that circRERE might bind
with miRNAs (Fig. 3H and I). Three different algorithms (miRanda,
RNAhybrid, andTarPmiR)were then used to predictmiRNAs that can
bind with circRERE andMAVS. miR-6837–3p was predicted to target
both circRERE and the 30 UTR ofMAVS (Fig. 3J andK).We therefore
focused on exploring the ceRNA network including circRERE, miR-
6837–3p and MAVS.

To support that circRERE could serve as a miRNA sponge for
miR-6837–3p, the copy number of circRERE and miR-6837–3p was
comparable in both HCT116 and RKO cells (Fig. 3L). To test whether
miR-6837–3p can bind to circRERE, chromatin isolation by RNA
purification (ChIRP) assay was performed using biotin-labeled control
probes or probes specifically targeting circRERE. miR-6837–3p was
found to be significantly enriched by circRERE probes, but not control
probes (Fig. 3M). The linear sequence of circRERE [circRERE(WT)]
or its mutant form with the miR-6837–3p binding site mutated
[circRERE(MT)] was cloned into a luciferase reporter vector and then
transfected with control mimics or miR-6837–3p mimics in HCT116
and RKO cells, followed by luciferase activity measurement (Fig. 3J
and N). Cotransfection of miR-6837–3p mimics significantly reduced
the luciferase activity of circRERE(WT), while there was no significant
change of circRERE(MT), supporting the binding of miR-6837–3p
with circRERE (Fig. 3N). Similar experiments were performed to
examine the binding of miR-6837–3p with the 30 UTR of MAVS.
Cotransfection of miR-6837–3p mimics significantly reduced the
luciferase activity of 30 UTRMAVS(WT), but not 30 UTRMAVS(MT),
suggesting that miR-6837–3p could also bind to MAVS (Fig. 3K
and O).

We next sought to explore whether the regulation of MAVS by
circRERE is through serving as a sponge of miR-6837–3p. To this end,

(Continued.) K, The quantification of the number of colonies in J. L–N, HCT116 (left) and RKO (right) cells transfected with control siRNA (siNC) or two
individual siRNA specifically targeting circRERE (sicircRERE-1 and sicircRERE-2) were subjected to qRT-PCR analysis to examine the expression of circRERE
(L), cell proliferation assay (M), and colony formation assay (N). O, The quantification of the number of colonies in M. P, MC38 cells stably expressing control
vector or circRere were subjected to qRT-PCR analysis to examine the expression of circRere. Q, MC38 cells stably expressing control vector or circRere were
injected into C57BL/6J mice for 3 weeks, and the tumors were collected and photographed. R, The weight of tumors as described in N is shown. S, HCT116 cells
stably expressing control shRNA (shNC) or two individual shRNAs targeting circRERE (shcircRERE-1 and shcircRERE-2) were injected into Balb/c nude mice
for 2 weeks, and the tumors were collected and photographed. T, The weight of tumors as described in P is shown. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 2.

circRERE positively regulates the type I IFN signaling pathway.A,HCT116 and RKO cells transfected with siNC or sicircREREwere subjected to RNA-seq analysis, and
the genes positively and negatively regulated by circRERE in both cell lines are shown by volcano plot. B and C, The expression pattern of genes regulated by
circRERE as described in A is shown by heatmap (B) and box plot (C; q < 0.05, FC > 1.2). D, Hallmark analysis for genes positively regulated by circRERE is shown.
E, HCT116 cells transfected with siNC or sicircRERE were subjected to qRT-PCR analysis to examine the expression of genes as indicated. F, DLD1 cells infected with
control vector or vector expressing circRERE (OE) were subjected to qRT-PCR analysis to examine the expression of genes as indicated. G and H, Tumor samples as
shown in Fig. 1N (G) and Fig. 1P (H) were subjected to qRT-PCR analysis to examine the expression of genes as indicated. I, Tumor sections from Fig. 1N were
subjected to immunofluorescence staining by anti-CD8A or anti-CD3 specific antibody. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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HCT116 and RKO cells were transfected with siNC or sicircREREs in
the presence or absence of miR-6837–3p inhibitor. As expected,
knockdown of circRERE resulted in a decrease in MAVS expression
at both protein andmRNA levels, andmiR-6837–3p inhibitor cotrans-
fection rescued the decrease inMAVS, indicating that the regulation of
MAVS by circRERE was dependent on miR-6837–3p (Fig. 4A–C).
Consistently, downstream target genes such as IFNA1, ISG15, OASL,
and CXCR2 were also significantly recovered by miR-6837–3p inhi-
bitors cotransfection (Fig. 4D and E). Finally, we tested whether miR-
6837–3p is involved in circRERE-regulated colorectal cancer cell
growth. miR-6837–3p was found to promote cell proliferation in
colorectal cancer cells (Supplementary Fig. S4A and S4B). Further-
more, miR-6837–3p was required for circRERE-regulated colorectal
cancer cell growth (Fig. 4F–H). Taken together, circRERE activates the
type I IFN signaling pathway and inhibits colorectal cancer cell growth
by stabilizing MAVS expression through sponging miR-6837–3p.

circRERE is regulated by EP300 in colorectal cancer
The tumor-suppressive role of circRERE in colorectal cancer

prompted us to further examine the molecular mechanisms under-
lying its low expression. In light of the fact that circRERE
is transcribed from RERE, we hypothesized that transcription
factors involved in RERE transcription could have a similar
impact on circRERE. First, we predicted transcription factors
binding to the RERE promoter region through PROMO database.
It was found that 40 transcription factors have the potential
(Supplementary Fig. S5A). The expression of these 40 transcription
factors in colorectal cancer tissues was then analyzed based on
data from TCGA database. Nine transcription factors including
CEBPA, DBP, EP300, ETS1, GATA1, HOXD10, STAT4, TCF4, and
VDR are lowly expressed in colorectal cancer tissues compared with
the matched adjacent normal tissues (Fig. 5A; Supplementary
Fig. S5B). In addition, the correlation between the expression of
RERE and the above nine transcription factors was analyzed,
revealing that EP300 is most correlated with RERE (Fig. 5B;
Supplementary Fig. S5C).

To determine whether EP300 regulates circRERE, we performed
qRT-PCR analysis and showed knockdown of EP300 led to decrease
of circRERE, whereas activation of EP300 by using the dCas9-VP64
system exhibited the opposite effects in both HCT116 and RKO
cells (Fig. 5C–F). We then examined EP300 binding with RERE
promoter region through ChIP analysis, revealing that EP300, but
not a control IgG, was enriched on the two regions in RERE
promoter predicted to have EP300 binding (Fig. 5G). Knockdown
of EP300 significantly attenuated EP300 binding on RERE promoter

region, strengthening the specificity of the binding detected
(Fig. 5H). To further verify EP300 binding with RERE promoter,
RERE promoter sequence [RERE promoter(WT)] or the mutant
form with the EP300 binding sites mutated [RERE promoter(MT)]
was cloned into a luciferase reporter vector. Cotransfection of
EP300 significantly increased the luciferase activity of RERE pro-
moter(WT), but not RERE promoter(MT) (Fig. 5I). Our data
therefore suggested EP300 regulated the expression of circRERE
by binding to the RERE promoter.

We next tested whether EP300 affects MAVS expression. Knock-
down of EP300 reduced MAVS expression, while overexpression
of EP300 exhibited the opposite effects in both HCT116 and RKO
cells (Fig. 5J–M; Supplementary Fig. S3C and S3D). To further
test whether EP300 regulates the expression of MAVS through
circRERE, HCT116 cells with EP300 overexpression were infected
with shNC or shcircRERE. EP300 overexpression led to a significant
increase in MAVS at both mRNA and protein levels, which was
largely abolished when circRERE was knocked down, suggesting
EP300 regulates MAVS expression through circRERE (Fig. 5N–O;
Supplementary Fig. S3E). Taken together, EP300 plays a positive
role in regulating the expression of cirRERE and hence MAVS in
colorectal cancer.

cirRERE-AAV is potent in inhibiting colorectal cancer tumor
growth and capable of improving the therapeutic effects of
anti-PD-1 antibody

The tumor-suppressive role of circRERE prompted us to explore
whether circRERE can serve as a therapeutic target in colorectal
cancer. To this end, mice were inoculated subcutaneously with
HCT116 cells, and then were randomly assigned into two groups
and treated with NC-AAV or circRERE-AAV once a week. As
compared with the NC-AAV, tumors treated with circRERE-AAV
were markedly reduced (Fig. 6A–C). The body weight of mice from
both groups had no significant difference (Fig. 6D). To link
circRERE-regulated target genes to its function in tumor growth,
tumors treated with circRERE-AAV expressed significantly higher
levels of circRERE, MAVS, IFNA1, and ISGs (Fig. 6E).

MAVS-mediated type I IFN signaling pathway has been well
suggested to enhance antitumor immunity by recruiting immune
cells such as T cells. It is therefore possible that circRERE-AAV
would increase the effectiveness of ICIs such as anti-PD-1 antibody.
Mice were subcutaneously inoculated with MC38 cells, and then
randomly assigned into four groups and treated with NC-AAV
or circRere-AAV in the presence or absence of anti-PD-1 anti-
body for 2 weeks. Combination treatment with circRere-AAV and

Figure 3.
circRERE acts as a ceRNA to spongemiR-6837-3p to regulate the expression of MAVS.A andB,HCT116 (A) or RKO (B) cells transfectedwith siNC or sicircREREwere
subjected to qRT-PCR analysis to examine the expression of genes as indicated.C,DLD1 (left) and LoVo (right) cells infectedwith control vector or vector expressing
circRERE (OE) were subjected to qRT-PCR analysis to examine the expression of genes as indicated. D, HCT116 (left) or RKO (right) cells transfected with siNC or
sicircRERE were subjected to immunoblotting analysis using antibodies as indicated. E, DLD1 (left) and LoVo (right) cells infected with control vector or vector
expressing circRERE (OE)were subjected to immunoblotting analysis using antibodies as indicated. F andG,HCT116 cells overexpressedwith circREREwere infected
with control shRNA (shNC) or shRNA specifically targeting MAVS (shMAVS), followed by qRT-PCR to examine the expression of genes as indicated. H and I, HCT116
(H) or RKO (I) cells were subjected to RIP assay using control IgG or anti-AGO2 antibody, followed by qRT-PCR to detect circRERE enrichment. J and K, The
sequence match between miR-6837-3p and the linear sequence of circRERE [circRERE (WT)] (J) and the 30 UTR of MAVS [30 UTR MAVS (WT)] (K) as well as
the mutant form with the potential miR-6837-3p binding site mutated [circRERE (MT) or 30 UTR MAVS (MT)]. L, The copy number of circRERE and miR-6837-
3p in HCT116 (left) and RKO (right) cells is shown. M, HCT116 cells were subjected to ChIRP assay using biotin-labeled control probe or probe specifically
targeting circRERE, followed by qRT-PCR analysis to detect the enrichment of miR-6837-3p and U6 snRNA. N and O, circRERE (WT), circRERE (MT), 30 UTR
MAVS (WT), and 30 UTR MAVS (MT) sequences were cloned into psiCHECK2 vectors, which were then transfected into HCT116 and RKO cells with control or
miR-6837-3p mimics, followed by luciferase activity measurement. �, P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 4.

The regulation of MAVS by circRERE is dependent onmiR-6837–3p.A andB,HCT116 and RKO cells transfectedwith siNC or sicircRERE in the presence or absence of
miR-6837-3p inhibitors were subjected to qRT-PCR (A) or immunoblotting (B) analysis to examine the expression of MAVS. C, The representative densitometry
graphic of B. D–G, HCT116 and RKO cells as described in A and B were subjected to qRT-PCR analysis to determine the expression of genes as indicated (D and E),
cell proliferation assay (F), and colony formation assay (G). H, The quantification of the number of colonies in G. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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anti-PD-1 antibody led to a markedly decreased tumor weight com-
pared with control group or groups treated with circRere-AAV or
anti-PD-1 alone (Fig. 6F-H). The body weight of all mice did not
show any significant changes (Fig. 6I). Combination treatment with
circRere-AAV and ani-PD-1 antibody resulted in the most dramatic
increase of CD8þ and CD3þ T-cell infiltration compared with other
groups (Fig. 6J). Taken together, circRERE-AAV is potent in
inhibiting tumor growth, and capable of improving the therapeutic
effects of anti-PD-1 antibodies in colorectal cancer.

Discussion
Over the past few years, immunotherapy is considered an innova-

tion and has become a trend in the field of tumor treatment (31). The
most popular immunotherapy is ICIs, which relieve the immune
system from suppression by tumor cells and restart immune responses.
However, clinical studies have shown that ICIs only work in a small
portion of patients with microsatellite instability. For patients with
low-grade microsatellite instability, immunotherapy has limited
effects. These tumors are what we call “cold tumors,” responding
extremely poorly to immunotherapy (32, 33). It is important to note
that the proportion of patients withmicrosatellite instability is only 5%
of total, and the incidence gradually decreases with increasing tumor
stage. Searching for therapeutic targets to improve immunotherapy
responses among patients with colorectal cancer is of great clinical
significance. Multiple studies have indicated that circRNAs play a key
role in immune regulation and immunotherapy (12–15). These circ-
RNAs are involved in almost all key processes of antitumor immunity
and are potential biomarkers and therapeutic targets for immuno-
therapy. However, the mechanism underlying circRNAs regulation of
immune responses is largely unknown and should be further eluci-
dated to help patients’ better benefit from immunotherapy.

In this study, we found that circRERE, a lowly expressed circRNA in
colorectal cancer, acted as a tumor suppressor. Transcriptomics
analysis highlighted type I IFN signaling pathway as the major
circRERE-regulated downstream target gene program. Activation of
type I IFN signaling has both direct and indirect antitumor effects (34).
The direct antitumor effects are achieved through apoptosis, cell-cycle
arrest, and antiangiogenic activity (35–37). The indirect antitumor
effects are mainly through immune regulation. It has been shown that
the production of IFNs and other proinflammatory cytokines can
activate CD4þ Th cells, CD8þ cytotoxic T cells, NK cells, dendritic
cells, and macrophages to participate in the immune response to
tumors (38–41). The activation of RIG-I/MAVS can promote the
phosphorylation of IRF3/7 and NFkB, thus inducing type I IFN and

other proinflammatory cytokines. MAVS is an essential adaptor
protein that induces type I IFN signaling. Its expression, both post-
transcriptionally and posttranslationally, is regulated by multiple
mechanisms (42, 43). Our study indicated that circRERE could
compete with MAVS for binding with miR-6837–3p, thus stabilizing
MAVS and promoting MAVS-mediated downstream phosphoryla-
tion of TBK1, IRF3, and P65. Further rescue assays confirmed that the
regulation of MAVS by circRERE was dependent on miR-6837–3p.

Because circRERE plays an important role in cancer, it is of great
importance to examine how circRERE is regulated in colorectal cancer.
By bioinformatics prediction and experimental validation, we found
EP300 could bind to the promoter of RERE and promote the tran-
scription of circRERE. EP300 functions as a histone acetyltransferase
that regulates transcription through chromatin remodeling and plays
an essential role in cell proliferation and differentiation. Data from
TCGA database showed EP300 was lowly expressed in colorectal
cancer tissues and highly correlated with RERE expression. EP300
inhibition of MAVS expression was dependent on circRERE. There-
fore, the modulatory axis of EP300/circRERE/miR-6837–3p/MAVS/
type I IFN pathway was established to regulate tumor immunity in
colorectal cancer (Supplementary Fig. S6).

Compared with linear RNAs, circRNAs are more resistant to
exonucleases and are considered one of themost promising candidates
for RNA therapy (44). AAV vector is one of the most widely used gene
therapy viral vectors. To explore whether circRERE can be a target for
colorectal cancer intervention, we successfully constructed an AAV
vector that could express circRERE, and demonstrated that intratu-
moral injection circRERE was potent in inhibiting tumor growth.
Activation of pattern recognition receptors such as RIG-1 results in
downstream activation of proinflammatory genes, which can elicit a
cascade to recruit and activate immune cells that are critical for the
initiation of an antitumor immune response (45). Priming the immune
response is a potential method for sensitizing the effect of ICIs.
Cotreatment of circRERE-AAV and anti-PD-1 antibody recruited
more CD8þ T cells to the tumor microenvironment. circRERE-
AAV could significantly increase the antitumor effects of anti-PD-1
antibody in colorectal cancer.

In conclusion, we found that circRERE, a EP300-regulated and
cytoplasmic-localized circRNA, was lowly expressed in colorectal
cancer and functioned as a tumor suppressor. circRERE induced
type I IFN signaling pathway to participate in the immune responses
by increasing MAVS expression through sponging miR-6837–3p.
circRERE-AAV elicited potent antitumor efficacy in colorectal cancer
preclinical models and enhanced the antitumor effects of anti-PD-1
antibody. Targeting circRERE might represent a new avenue for

Figure 5.
EP300 regulates the expression of circRERE. A, The expression of EP300 in normal (n¼ 41) and colorectal cancer (n¼ 480) tissues was analyzed on the basis of the
data fromTCGAdatabase.B, The correlation between the expression of EP300 andRERE in colorectal cancer tissues (n¼ 480)was analyzed based on the data from
TCGA database. C and D, HCT116 and RKO cells transfected with control siRNA (siNC) or siRNA specifically targeting EP300 (siEP300) were subjected to RNA
extraction and qRT-PCR analysis to examine the expression of EP300 (C) and circRERE (D). E and F,HCT116 and RKO cells infected with lentivirus expressing control
sgRNAor sgRNA targeting EP300genepromoter fused to dCas9-VP64 transcriptional activatorwere subjected to RNA extraction andqRT-PCR analysis to examine
the expressionof EP300 (E) and circRERE (F).G,HCT116 andRKOcellswere subjected toChIP analysiswith control IgGor anti-EP300antibody, followedbyqRT-PCR
analysis using two primer sets (P1 and P2) targeting the two EP300 binding sites predicted in the RERE promoter region. H, HCT116 and RKO cells were transfected
with siNC or siEP300 followed by ChIP-qPCR analysis as described in G. I, The RERE promoter sequence [RERE promoter (WT)] and the mutant form with the
predicted EP300 binding sites mutated [RERE promoter (MT)] were cloned into pGL3-basic luciferase reporter vector, which were then transfected into HEK293T
cells in the presenceor absence of control vector or vector expressingEP300, followedby luciferase activitymeasurement. JandL,HCT116 andRKOcells asdescribed
inC andDwere subjected to qRT-PCR (J) analysis and immunoblotting analysis (L) as indicated to examine the expression ofMAVS.K andM,HCT116 andRKO cells as
described in E and Fwere subjected to qRT-PCR (K) analysis and immunoblotting analysis (M) to examine the expression of MAVS.N,HCT116 cells stably expressing
shNCor shcircREREwere infectedwith lentivirus expressing control sgRNAor sgRNA targeting EP300genepromoter fused to dCas9-VP64 transcriptional activator,
followed by RNA extraction and qRT-PCR analysis to examine the expression of circRERE, EP300, and MAVS. O, HCT116 cells as described in N were subjected to
immunoblotting analysis using antibodies as indicated. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 6.

circRERE-AAV is potent in inhibiting colorectal cancer tumor growth and capable of improving the therapeutic effects of anti-PD-1 antibodies. A, Balb/c nude mice
were subcutaneously implanted with HCT116 cells, and treated with AAV-expressing negative control vector (NC-AAV) or circRERE (circRERE-AAV) for 2 weeks
(once perweek), and the tumorswere collected andphotographed.B, Theweight of tumors as described inA is shown.C, The growth curve of tumors as described in
A is shown.D, The bodyweight of mice as described inA is shown. E, The tumors as described inAwere subjected to RNA extraction and qRT-PCR analysis to detect
the expression of genes as indicated. F,C57BL/6Jmicewere subcutaneously implantedwith MC38 cells, and treated with NC-AAVor circRere-AAV (once per week)
in the presence or absence of anti-PD-L1 antibody for 2 weeks (twice per week), and the tumors were collected and photographed. G, The weight of tumors as
described in F is shown.H, Thegrowth curve of tumors as described in F is shown. I, The bodyweight ofmice as described inF is shown. J, Tumor sections from Fwere
subjected to immunofluorescence staining by anti-CD8A or anti-CD3 specific antibodies. �, P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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priming the immune system and enhancing the therapeutic effects of
immunotherapy in colorectal cancer in clinic.
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