Received: 4 April 2022 Revised: 21 June 2022 Accepted: 20 October 2022

DOI: 10.1002/cac2.12380

ANCER
COMMUNICATIONS

ORIGINAL ARTICLE

circCAPRIN]1 interacts with STAT2 to promote tumor
progression and lipid synthesis via upregulating ACC1
expression in colorectal cancer

Yufei Yang? | Dakui Luo? | YangShao>® | ZezhiShan'? | QiLiu'? |
Junyong Weng'? | Weijing He"> | Ruoxin Zhang? | Qingguo Li** |
Ziliang Wang* | Xinxiang Li"?

!Department of Colorectal Surgery, Fudan
University Shanghai Cancer Center,
Shanghai 200032, P. R. China

?Department of Oncology, Shanghai

Medical College, Fudan University,
Shanghai 200032, P. R. China

Abstract

Background: Circular RNAs (circRNAs) generated by back-splicing of pre-
cursor mRNAs (pre-mRNAs) are often aberrantly expressed in cancer cells.
Accumulating evidence has revealed that circRNAs play a critical role in the
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current understandings of the emerging functions of circRNAs in CRC lipid
metabolism and the underlying molecular mechanisms are still limited. Here,
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we aimed to explore the role of circCAPRINI in regulating CRC lipid metabolism
and tumorigenesis.
Methods: circRNA microarray was performed with three pairs of tumor
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determined by quantitative PCR (qQPCR) and in situ hybridization (ISH). The
endogenous levels of circRNAs in CRC cells were manipulated by transfection
with lentiviruses overexpressing or silencing circRNAs. The regulatory roles of
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circRNAs in the occurrence of CRC were investigated both in vitro and in vivo
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using gene expression array, RNA pull-down/mass spectrometry, RNA immuno-
precipitation assay, luciferase reporter assay, chromatin immunoprecipitation
analysis, and fluorescence in situ hybridization (FISH).

Results: Among circRNAs, circCAPRIN1 was most significantly upregulated in
CRC tissue specimens. circCAPRIN1 expression was positively correlated with
the clinical stage and unfavorable prognosis of CRC patients. Downregulation of
circCAPRINI suppressed proliferation, migration, and epithelial-mesenchymal
transition of CRC cells, while circCAPRINI overexpression had opposite effects.
RNA sequencing and gene ontology analysis indicated that circCAPRIN1 upreg-
ulated the expressions of genes involved in CRC lipid metabolism. Moreover,
circCAPRINI promoted lipid synthesis by enhancing Acetyl-CoA carboxylase 1
(ACC1) expression. Further mechanistic assays demonstrated that circCAPRIN1
directly bound signal transducer and activator of transcription 2 (STAT2) to acti-
vate ACC1 transcription, thus regulating lipid metabolism and facilitating CRC
tumorigenesis.

Conclusions: These findings revealed the oncogenic role and mechanism of
circCAPRIN1 in CRC. circCAPRINI1 interacted with STAT2 to promote CRC
tumor progression and lipid synthesis by enhancing the expression of ACCI. cir-

cCAPRINI may be considered as a novel potential diagnostic and therapeutic

KEYWORDS

1 | BACKGROUND

Colorectal cancer (CRC) is the third most common
malignancy and the second leading cause of cancer-
related mortality among 36 cancer types worldwide [1,
2]. Although oxaliplatin-based chemotherapy is recom-
mended as a standard treatment for CRC, the development
of chemoresistance can cause recurrence and metasta-
sis, leading to poor prognosis of CRC patients, which
needs to be addressed urgently. The pathogenesis of CRC
includes genetic alterations, epigenetic changes, metabolic
disorders, and aberrant signaling pathways [3-6]. Thus,
elucidating the underlying molecular mechanisms and
identifying the precise predictive biomarkers for CRC is
essential for early diagnosis and optimized treatment of
CRC, as well as for monitoring cancer recurrence and
metastasis.

Circular RNAs (circRNAs) are non-coding RNAs that
are produced by back-splicing of pre-mRNA transcripts
to form a covalently closed continuous loop without a
5’cap or a 3’poly-A tail [7]. Compared to traditional lin-
ear RNAs, circRNAs are more stable in expression and
resistant to RNase R treatment. The biological functions
of circRNAs have been widely reported [8-12]. Accumu-

target for CRC patients.

circRNA, colorectal cancer, circCAPRINI, lipid metabolism, STAT2, ACC1

lating evidence has indicated that circRNAs participate
in tumor proliferation, invasion, migration, apoptosis, and
differentiation [13, 14]. Several circRNAs exert their regu-
latory effects in CRC progression by sponging with specific
microRNAs (miRNAs) or binding to specific proteins. For
instance, circ3823 promotes CRC growth, metastasis, and
angiogenesis through the circ3823/miR-30c-5p/ transcrip-
tion factor 7 axis and may serve as a new diagnostic marker
or treatment target for CRC patients [15]. circMEMO1
affects the expression of transcription factor 21 gene by
modulating promoter methylation gene and regulates hep-
atocellular carcinoma progression by acting as a sponge
for miR-106b-5p [16]. circMAPKI1 encodes a tumor suppres-
sor protein MAPK1-109aa, which can inhibit the malignant
biological behavior of gastric cancer [17]. circSPARC reg-
ulates the Janus kinase 2/signal transducer and activator
of transcription 3 pathway involved in CRC development
and may serve as a potential diagnostic and prognostic
biomarker and a therapeutic target of CRC [18]. A previous
study delineated a global reduction of circRNA abun-
dance in CRC cell lines and a negative correlation between
global circRNA abundance and CRC cell proliferation [19].
Emerging evidence has indicated that dysregulation of cir-
cRNAs can lead to metabolic disturbance by disrupting
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glucose and lipid homeostasis [20]. Recently, the role of
circRNAs in glycolysis has been widely discussed [21-25].
However, the effect of circRNAs on lipid metabolism in
CRC remains unclear.

Cancer cells have been well recognized to exhibit dis-
tinct metabolic patterns [26] and can utilize distinct
metabolic pathways to support aberrant cellular repli-
cation, distant tumor metastasis, and immune evasion
[27, 28]. Notably, in addition to aerobic glycolysis, tumor
cells gain energy through lipid metabolism including
fatty acid uptake [29], de novo lipid synthesis [26], and
fatty acid f-oxidation [30] to thrive in and challenge the
tumor microenvironment. Additionally, hyperproliferative
cancer cells can utilize fatty acids for post-translational
modification of oncogenic proteins and synthesizing cel-
lular membrane during replication [31, 32]. Fatty acid
biosynthesis from glucose in cancer cells, which is associ-
ated with cell growth, epithelial-mesenchymal transition
(EMT), and chemoresistance, is mainly controlled by the
rate-limiting enzymes acetyl-CoA carboxylase (ACC) and
fatty acid synthase (FASN) [33-36]. 5-(Tetradecyloxy)-2-
furoic acid (TOFA), an allosteric inhibitor of ACC, can
promote the carboxylation of acetyl-CoA to malonyl-CoA,
thereby inhibiting fatty acid synthesis, lactate and pyruvate
accumulation and CO, release in isolated rat adipocytes
[37]. Cerulenin, a non-competitive inhibitor of FAS, pre-
vents the condensation of malonyl-CoA with acetyl-CoA
to elongate fatty acids, inhibits fatty acid synthesis, and
induces apoptosis in cancer cells [38, 39]. Targeting the
lipid metabolism pathways via inhibition of acetyl-CoA
carboxylase 1 (ACC1) significantly reduces cell prolifer-
ation and induces apoptosis in prostate tissue explants
[35]. In addition, knockdown of long non-coding RNA
(IncRNA) TSPEAR-AS2 reduced the triglyceride (TG) con-
tent and the expression of FASN and ACC1 and modulated
the fatty acid metabolism in CRC cells [40]. Hitherto, the
regulatory role of circRNAs in fatty acid biosynthesis and
the correlation between circRNAs and ACC in CRC have
not yet been elucidated.

The signal transducer and activator of transcription
(STAT) family consists of transcription factors (STATI,
STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6)
which regulate the proliferation, apoptosis, angiogene-
sis and differentiation of cancer cells [41]. STATs are
activated by receptors with intrinsic tyrosine kinase activ-
ity or by receptor-associated tyrosine kinases like Janus
kinases (JAKs) [42]. The JAK/STAT pathway always con-
stitutes a rapid membrane-to-nucleus signaling module
and regulates the expression of various critical media-
tors of cancer and inflammation. Dysregulation of the
JAK/STAT pathway is associated with various cancers
and autoimmune diseases [43]. STATSs could be also acti-
vated by constitutively active non-receptor protein tyrosine

kinases (PTKs), including Brk, Bcr-Abl, and c-Src [44,
45]. Functionally, STAT3 and STATS5 play a role in cancer
occurrence, progression and prognosis [46]. STATI is an
essential component of interferon (IFN) signaling, medi-
ating cellular functions in response to stimulations with
cytokines such as IFNs and interleukin (IL)-6, growth
factors, and hormones [47]. STAT4 specifically mediates
IL-12 signaling, affecting a variety of immune cells [48].
STAT signaling plays an important role in modulating
multiple upstream oncogenic pathways, and suppressing
this signaling affects cancer cell growth [49-51]. STAT2
is necessary for the anti-viral, immunomodulatory, anti-
apoptotic, and anti-proliferative activities of IFN-I, and
exhibits tumor-suppressive effects in mouse tumor models
and cancer cell lines [52, 53].

In this study, we aimed to explore the clinical relevance
of circCAPRINI (hsa_circ_0021639) and demonstrated its
regulatory role in CRC tumorigenesis and the underly-
ing mechanism, particularly its involvement in fatty acid
biosynthesis.

2 | MATERIALS AND METHODS

2.1 | Patients and tissue samples

A total of 91 pairs of human CRC and adjacent non-tumor
tissues were collected from Fudan University Shang-
hai Cancer Center (FUSCC, Shanghai, China) between
September 2020 and April 2021 for quantitative PCR
(qPCR) analysis. Tissue microarrays (TMA) were collected
for in situ hybridization (ISH) analysis from patients
with CRC admitted to FUSCC between January 2007 and
November 2009. This TMA was constructed as previously
described [54]. All samples were obtained from surgical
resections for CRC patients and reviewed by two indepen-
dent pathologists from FUSCC. The clinicopathological
data of TMA are summarized in Table 1. Overall survival
(0OS) was defined as the duration from surgery date to
death due to any cause or the recent follow-up. Disease-
free survival (DFS) was calculated from the date of surgery
to disease relapse or the recent follow-up.

2.2 | Celllines and cell culture

Human CRC cell lines LoVo, HCTI116, SW480, SW620,
DLD1, RKO, and HCT8 were purchased from purchased
from Cell Bank of Type Culture Collection of the Chi-
nese Academy of Sciences in Shanghai, China and cultured
in DMEM medium (Cytiva, Marlborough, USA) supple-
mented with 10% fetal bovine serum (Gibco, Invitrogen,
USA) and 1% penicillin/streptomycin (Gibco, Invitrogen,
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TABLE 1 Comparison of clinicopathological features according to circCAPRIN1 expression in 259 colorectal cancer patients

circCAPRIN1 expression, n (%)

Low expression High expression
Clinicopathological feature (n=106) (n =153) Pvalue
Age (years) 0.900
<60 65 (61.3) 95 (62.1)
>60 41(38.7) 58 (37.9)
Sex 0.746
Male 63 (59.4) 94 (61.4)
Female 43 (40.6) 59 (38.6)
Location 0.276
Colon 53 (50.0) 66 (43.1)
Rectum 53 (50.0) 87 (56.9)
Histologic type 0.179
Adenocarcinoma 103 (97.2) 143 (93.5)
Mucinous 3(2.8) 10 (6.5)
Differentiation 0.042
Poor 14 (13.2) 38 (24.8)
Moderate/ Well 88 (83.0) 106 (69.3)
Unknown 4(3.8) 9(5.9)
CEA status 0.532
Normal 69 (65.1) 89 (58.2)
Elevated 33(3L1) 57(37.3)
Unknown 4(3.8) 7(4.6)
T stage 0.074
T1* 0 (0) 0(0)
T2 21 (19.8) 20 (13.1)
T3 24 (22.6) 24(15.7)
T4 61 (57.5) 109 (71.2)
N stage 0.002
NO 58 (54.7) 55(35.9)
N1 31(29.2) 46 (30.1)
N2 17 (16.0) 52 (34.0)
M stage 0.026
MO 96 (90.6) 123 (80.4)
M1 10 (9.4) 30 (19.6)
Stage 0.006
I 13 (12.3) 8(5.2)
II 38 (35.8) 36 (23.5)
I 45 (42.5) 79 (51.6)
v 10 (9.4) 30 (19.6)
Perineural invasion 0.197
Absent 94 (88.7) 126 (82.4)
Present 12 (11.3) 26 (17.0)
Unknown 0(0) 1(0.6)
Vascular invasion 0.059
Absent 80 (75.5) 94 (61.4)
Present 25 (23.6) 56 (36.6)
Unknown 1(0.9) 3(2.0)

*T1 patients were excluded from analysis due to limited tumor size.
Abbreviations: CEA, carcinoembryonic antigen.
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USA), while the intestinal epithelial cell line NCM460
was purchased from purchased from Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences
in Shanghai, China and cultured in RPMI 1640 medium
(Cytiva, Marlborough, USA) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. All cells
were incubated at 37°C with 5% CO,.

siRNAs were transfected into CRC cells using Lipofec-
tamine 3000 reagent (Invitrogen, California, USA) accord-
ing to the manufacturer’s protocol. The siRNA sequences
targeting STAT2 were listed in the Supplementary Table S1.

HEK?293T cells were co-transfected with pLKO.1 (Incbio,
Shanghai, China) or pLenti ciR6024 (Incbio, Shanghai,
China) and the packaging plasmids psPAX2 (Incbio,
Shanghai, China) and pMD2G (Incbio, Shanghai, China).
The lentiviral particles were collected and filtered via a
0.45-um membrane (Merck Millipore, Darmstadt, Ger-
many) after 72 h post-transfection. The lentiviral parti-
cles and polybrene (10 ug/mL; Beyotime Biotechnology,
Shanghai, China) were added to CRC cells, and infected
cells were selected under puromycin (Beyotime Biotech-
nology, Shanghai, China) before harvest or subsequent
experiments.

2.3 | CCK-8 and colony formation assays
For CCK-8 assays, 1000 cells/well from different groups
were seeded in 96-well plates. CCK-8 (Meilunbio, Dalian,
China) reagent was added to each well at a fixed time each
day for five days, and the cells were incubated at 37°C for
2 h. Then, the absorbance was measured in the single-
wavelength mode (450nm) by microplate reader (Biotek,
Synergy H1, Vermont, USA).

For colony formation assays, 500 cells/well were seeded
in 6-well plates for each group. When visible colonies were
formed, the cells were washed with phosphate-buffered
saline (PBS) and stained with 0.1% crystal violet for 5 min.
Subsequently, the visible colonies were counted.

2.4 | Cell migration assays

The wound healing and transwell assays were used to
detect the migration ability of CRC cells. In the wound
healing assay, RKO and LoVo cells (5 x 10°) cells were cul-
tured in six-well plates and scratched with a sterile pipette
tip when each well was filled with cells. After that, the
cells were cultured in serum-free DMEM medium and the
wound size was measured at 0 and 24 h. In transwell assay,
RKO and LoVo cells (5 x 10*) suspending in 200 uL serum-
free DMEM medium were cultured in upper chambers,
and 500 uL 10% FBS-medium was filled in the lower cham-

ber. After 24 h incubation, 0.1% crystal violet were used
to stain the cells covered in the bottom chamber. After
removing the cells in the upper chamber, the residual cells
adhered to the bottom chambers were photographed.

2.5 | RNA extraction and real-time qPCR
Total RNAs were extracted from tissues and cells using
TRIzol (Invitrogen, California, USA) and Isopropanol
(Aladdin, Shanghai, China), and reverse transcription was
performed using PrimeScript RT Master Mix (Takara,
Osaka, Japan). Real-time qPCR was performed using SYBR
Premix (EZBioscience, Roseville, USA). The primers are
listed in Supplementary Table S1.

2.6 | Plasmid construction

HcircCAPRIN1 was PCR-amplified and inserted into
pLenti ciR6024 vector (Incbio, Shanghai, China). sShRNA
targeting circCAPRIN1 were generated and inserted into
pLKO.1 vector (Incbio, Shanghai, China). The primers and
shRNA sequences used in this study are summarized in
Supplementary Table S1.

2.7 | Actinomycin D and RNase R
treatment

CRC cell lines were seeded in a 24-well plate and cul-
tured overnight. Total RNAs were extracted from cells
using TRIzol (Invitrogen, California, USA) and Iso-
propanol (Aladdin, Shanghai, China) after actinomycin D
(2 mg/mL; MedChemExpress, Shanghai, China) or DMSO
(Solarbio, Beijing, China) treatment for different periods
(0,12, and 24 h). An equivalent of 5 ug RNA was incubated
with or without RNase R (20 U; Thermo Fisher Scientific,
Waltham, USA) at 37°C for different periods (0, 10, 20, 30,
and 40 min). After treatment with actinomycin D or RNase
R, the relative expression of circCAPRIN1 or CAPRIN1
mRNA was detected by PCR or qPCR. The sequences
of indicated primer used in qPCR are summarized in
Supplementary Table SI.

2.8 | 0Oil Red O and Nile Red staining

CRC cells grown on coverslips were fixed with 4%
(wt/vol) paraformaldehyde (PFA; Sangon Biotech, Shang-
hai, China) for 15 min and stained with 3 mg/mL Oil
Red O solution (Yuanye, Shanghai, China) for 30 min.
After nuclear counterstaining with hematoxylin (Yuanye,
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Shanghai, China), lipid droplet was visualized under a
microscopy (Olympus, DP73, Tokyo, Japan) and evalu-
ated using Image J software (National Institutes of Health,
Bethesda, USA).

Similarly, CRC cells grown on coverslips were fixed with
4% (wt/vol) PFA for 15 min and stained with 2 umol/L Nile
Red solution (Solarbio, Beijing, China) for 30 min. Sub-
sequently, the nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI; Thermo Fisher Scientific, Waltham,
USA), and immunofluorescence signals were visualized
under confocal microscopy (ZEISS, LSM880, Oberkochen,
Germany).

2.9 | Western blotting

Total proteins were extracted using Radio Immunopre-
cipitation Assay lysis buffer (Beyotime Biotechnology,
Shanghai, China) supplemented with protease inhibitors
(Selleck, Shanghai, China) and phosphatase inhibitors
(Selleck, Shanghai, China). An aliquot of protein (40 ug)
was separated by Sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE; 10%) and transferred to
a PVDF membrane (Bio-Rad Laboratories, Shanghai,
China). The membranes were blocked with 5% milk and
probed with the primary antibodies at 4°C overnight,
followed by incubation with the secondary antibodies
(1/5000; #7074 or #7076; Cell Signaling Technology) at
room temperature for 1 h. The primary antibodies used
in this study were as follows: CPT1A (1/1000; ab220789;
Abcam), STAT2 (1/500; sc-1668; Santa Cruz Biotechnol-
ogy), Snail (1/1000; #3879; Cell Signaling Technology),
N-Cadherin (1/1000; #14215; Cell Signaling Technology),
E-Cadherin (1/1000; #14472; Cell Signaling Technology),
ACC1 (1/1000; 21923-1-AP; Proteintech), ACC2 (1/1000;
#8578; Cell Signaling Technology), GAPDH (1/1000; #2118;
Cell Signaling Technology), p-ACC (1/1000; #11818; Cell
Signaling Technology), Vimentin (1/1000; #5741; Cell Sig-
naling Technology), and FAS (1/1000; #4233; Cell Signaling
Technology)., p-STAT2 (1/1000; #ab191601; Abcam); TOFA
(3.3 ug/mL; #S6690; Selleck); Cerulenin (10 pug/mL; #HY-
A0210; MedChemExpress). Then, the membranes were
exposed with ECL reagent (Beyotime, Shanghai, China) for
chemiluminescent detection.

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

FISH was conducted to detect circCAPRINI in CRC cells
using the FISH Probe Mix (green; GenePharma, Shang-
hai, China). First, RKO and LoVo cells were immobilized

by 4% formaldehyde for 15 min, followed by incubation
with FAM-labeled probe against circCAPRINI at 37°C
overnight. The sequence of the probe is listed in Sup-
plementary Table S1. Second, the cells were incubated
with antibodies specific for ACC1 (1/200; 21923-1-AP; Pro-
teintech) and STAT2 (1/50; Santa Cruz Biotechnology,
sc-1668) at 4°C overnight, and then with Alexa Fluor 594
AffiniPure goat anti-rabbit IgG (1:200; 111-585-003; Jack-
son ImmunoResearch, West Grove, PA, USA) and Alexa
Fluor 647 AffiniPure goat anti-mouse IgG (1:200; 115-645-
003; Jackson ImmunoResearch, West Grove, PA, USA) at
37°C for 2 h. Subsequently, the slides were washed with
PBS. Finally, the nuclei were stained with DAPI (Thermo
Fisher Scientific, Waltham, USA), and the IF signal was
visualized under a confocal microscopy (ZEISS, LSM830,
Oberkochen, Germany).

2.11 | Insitu hybridization (ISH)

TMA was dewaxed in xylene and rehydrated sequen-
tially with 100%, 95%, 85%, and 75% alcohol. Then, the
tissues were hybridized with a specific digoxin-labeled
circCAPRINI probe (Servicebio, Wuhan, China). The
sequence of the probe is listed in Supplementary Table S1.
The expression of circCAPRIN1 was quantified and ana-
lyzed. The positive staining intensity (0, negative; 1, weak;
2, moderate; 3, strong) was multiplied by the percentage of
positive staining cells (0, < 10%; 1, 10%-25%; 2, 26%-50%; 3,
51%-75%; 4, > 75%) to calculate the score for ISH staining.
The ISH score < 8 defined low expression of circCAPRINI,
while > 8 indicated high expression of circCAPRINI.

212 |
(TEM)

Transmission electron microscopy

For TEM, CRC cells were washed with PBS and fixed with
2.5% pentadiol (Servicebio, Wuhan, China) before analysis
at 120 kV using TEM (Hitachi HT7700). Briefly, CRC cell
lines were fixed with 2.5% pentadiol (Servicebio, Wuhan,
China) at room temperature for about 5 min. Then the
cells were detached gently with cell scrapers and were cen-
trifuged (no more than 3000 rpm/min) for about 2 min.
Finally, CRC cells were resuspended with 2.5% pentadiol
and were observed under TEM.

2.13 | RNA pull-down, silver staining,
and mass spectrometry analysis

Biotin-labeled probes were synthesized by Shanghai
GenePharma Co., Ltd (Shanghai, China). The sequence
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of the probe is listed in Supplementary Table S1. RNA
pull-down assay was performed using the Pierce Mag-
netic RNA-Protein Pull-Down Kit (Thermo Fisher Sci-
entific, USA) according to the manufacturer’s protocols.
circCAPRINI1-binding proteins were resolved on SDS-
PAGE (10%) and stained using Fast Silver Stain Kit
(P0017S; Beyotime), following the manufacturer’s instruc-
tions. Subsequently, the proteins were identified by mass
spectrometry (Shanghai Applied Protein Technology Co.,
Ltd) and verified by Western blotting analysis. Liqg-
uid chromatography-mass spectrometry analysis was per-
formed on a Q Exactive mass spectrometer (Thermo
Scientific, Waltham, USA) coupled to Easy nLC (Proxeon
Biosystems, now Thermo Fisher Scientific) for 120 min.
The mass spectrometer was operated in positive ion and
peptide recognition modes. Mass spectrometry data was
acquired using a data-dependent top 10 method dynam-
ically choosing the most abundant precursor ions from
the survey scan (300-1800 m/z) for high-energy collisional
dissociation HCD fragmentation. Automatic gain control
(AGC) target was set to 3e6, and maximum inject time
to 10 ms. Dynamic exclusion duration was 40.0 s. Survey
scans were acquired at a resolution of 70,000 at 200 m/z
and resolution for HCD spectra was set to 17,500 at 200
m/z, and isolation width was 2 m/z. Normalized collision
energy was 30 eV and the underfill ratio, which specifies
the minimum percentage of the target value that to could
be reached at the maximum fill time, was defined as 0.1%.
The instrument was run with peptide recognition mode
enabled.

2.14 |
assay

RNA immunoprecipitation (RIP)

STAT2 primary antibody (2 ug; sc-1668; Santa Cruz
Biotechnology) was selected for RIP assay using EZ-Magna
RIP Kit (Merck Millipore, Darmstadt, Germany). In brief,
cell extracts were mixed with protein A/G beads con-
jugated to an antibody against STAT2 or IgG (negative
control). Then, the precipitated RNAs were analyzed by
gPCR analysis. The sequences of the primers used are
summarized in Supplementary Table SI.

2.15 | Dual-luciferase reporter assay

The 2000 bp upstream of the ACC1 gene promoter was
amplified using PCR and cloned into the pGL3-basic
vector (Promega, Madison, USA). The sequences of the
primers used are summarized in Supplementary Table
S1. An equivalent of 200 ng luciferase vector pGL3-ACC1
or pGL3-mut-ACC1, 200 ng STAT2 overexpressing vec-

tor or negative control (NC) vector, and 15 ng plasmid
expressing a renilla luciferase gene (pRL, Promega, Madi-
son, USA) were transiently co-transfected into HEK293T
cells and the cells were cultured in a 24-well plate. Then,
the cells were lysed to detect the luciferase activity after
48 h post-transfection using Dual-Luciferase Reporter
Assay System (Promega, Madison, USA) as instructions.
The value of luciferase activity was detected by Synergy
H1 microplate reader (Biotek, Vermont, USA). The rel-
ative firefly luciferase activity was normalized to renilla
luciferase activity, and the fold changes in the reporters
were calculated.

2.16 | Chromatin immunoprecipitation
(ChIP) assay

ChIP assay was performed using Pierce Agarose ChIP
Kit (ThermoFisher Scientific, USA) to enrich 2000 bp
upstream of ACC1 gene promoter region along with spe-
cific binding proteins. Primers were designed to amplify
every 200 bp sequence (Supplementary Table S1) and
detect the exact protein binding sites on or close STAT2
and ACCI1 gene promoters. Briefly, RKO cells were fixed
with 37% formaldehyde. The chromatin was fragmented by
sonication on ice and immunoprecipitation was performed
using antibodies against normal immunoglobulin G and
STAT?2 (sc-1668; Santa Cruz Biotechnology). PCR products
were separated and then visualized on a 1.5% agarose gel
and then visualized under an UV light.

2.17 | Immunohistochemistry (IHC) and
hematoxylin-eosin (HE) staining

For THC assay, tissues were fixed with 4% PFA, embedded
in paraffin, and cut into 4-uM-thick slices. The slices were
baked for 24h at 58°C, deparaffinized in xylene, rehydrated
in graded ethanol, quenched for endogenous peroxidase
activity in 0.3% hydrogen peroxide for 15 minutes at
37°C, and subjected to antigen retrieval. Then, slices sec-
tions were blocked with 1% BSA/PBS (Sangon, Shanghai,
China). Primary antibodies against ACC1 (1/400; 21923-
1-AP; Proteintech), CPT1A (1/2000; ab220789; Abcam),
and Ki-67 (1/600, GB121141; Servicebio) were incubated
overnight at 4°C, followed by secondary antibody incuba-
tion, and incubation with horseradish peroxidase-labeled
streptavidin for 15 min -. The immunocomplex was
visualized with DAB, and the nucleus was counter-
stained with hematoxylin. For HE staining, a hematoxylin-
eosin staining kit (Beyotime, Shanghai, China) was
employed to directly stain the nucleus and cytoplasm of
cells.
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2.18 | Mice and animal experiments

The protocols of animal experiments involved in this study
were reviewed and approved by the Animal Ethics Com-
mittee of FUSCC (permit number: 2019FUSCCIJS-092).
Nude mice (4-6 weeks old) weighing 14-16 g were pur-
chased from Shanghai Jie Si Jie Laboratory Animal Co.,
Ltd., (Shanghai, China) and bred under specific pathogen-
free conditions. LoVo and RKO cells transfected with
the above-mentioned lentiviruses were subcutaneously
injected into 4-week-old nude mice to establish a mice
xenograft tumor model. Each nude mouse was subcuta-
neously inoculated with 1 x 10° cells and measured the
tumor volume was measured every one week. The mice
were euthanized with carbon dioxide (CO,) 4 weeks later,
then the subcutaneous tumors were harvested, weighed,
and stained.

For in vivo metastasis assay, 1 X 10° HCT116 cells were
injected into 5-week-old nude mice via tail vein. The biolu-
minescent signals of liver metastasis were observed using
a specific imaging system (Caliper Life Sciences, USA)
after 4-5 weeks of injection. The metastatic lesions were
assessed by HE staining.

2.19 | circRNA microarray and
RNA-sequencing (RNA-seq)

circRNA expression profiles of 3 paired CRC and adjacent
cancer tissues were compared by using circRNA microar-
ray. Total RNA from each sample was extracted using
TRIzol (Invitrogen, CA, USA) following the manufac-
turer’s instructions. The concentration and quality of total
RNA were evaluated using NanoDrop ND-1000 (Thermo
Fisher Scientific, Waltham,USA). Total RNA was digested
with RNase R (Thermo Fisher Scientific, Waltham, USA)
to remove linear RNAs and enrich circRNAs, followed by
circRNAs amplification. Arraystar Human circRNA Array
(8 X 15K; Arraystar, Rockville, USA) was used to hybridized
the circRNAs. The arrays were then scanned by the Agilent
Scanner G2505C (Agilent Technologies, California, USA).
Agilent Feature Extraction software (version 11.0.1.1; Agi-
lent Technologies, California, USA) was used to analyze
the acquired array images. Quantile normalization and
subsequent data processing were performed using the R
software limma package.

For RNA-seq, strand-specific RNA-seq libraries were
prepared using the NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (NEB, Beverly, MA) accord-
ing to the manufacturer’s instructions. The raw sequencing
reads were filtered by FastQC, and compared using the
spliced read aligner TopHat2. RNA-sequencing data were

analyzed by spliced read aligner HISAT2 (Dusseldorf, Ger-
many), and gene ontology (GO) analysis was carried out for
gene functional annotation. Genes with a fold change of >
2 and a P value of < 0.05 was considered to be significantly
differentially expressed between human colorectal cancer
tissues and adjacent tumor tissues, and between RKO con-
trol and RKO shcircCAPRIN1-2/RKO shcircCAPRINI-3
colorectal cancer cell lines.

2.20 | Statistical analysis

Statistical data were analyzed using SPSS 24.0 software
(IBM, Armonk, NY, USA). Categorical variables were
analyzed using chi-squared test. Experimental data were
analyzed using GraphPad Prism 8 software (GraphPad
Software Inc., San Diego, CA, USA) and presented as mean
+standard deviation (SD). Student’s ¢ test was used to
compare the statistical difference between two groups.
Kaplan-Meier curves were plotted using R (version 3.6.3),
and the log-rank test was employed to compare the survival
differences. P < 0.05 indicated statistical significance.

3 | RESULTS
3.1 | circCAPRIN1 was associated with
CRC

To identify the circRNAs involved in the tumorigenesis
of CRC, circRNA microarray was performed using three
pairs of tumor and non-tumor tissues from CRC patients.
Differentially expressed circRNAs were identified, with a
fold-change < 0.5and > 2, and a P value < 0.05 (Figure 1A).
Among these, circCAPRIN1 (hsa_circ_0021639) was most
significantly upregulated in CRC tissues. CircCAPRIN1
derived from exons 8-12 of the CAPRINI gene on human
chromosome (chr) 11 was a sense-overlapping circular
transcript with 467 bp (Figure 1B). The head-to-tail splic-
ing of the amplified circCAPRINI was verified by Sanger
sequencing (Figure 1C). To substantiate that the loop struc-
ture of circCAPRIN1 was generated from back-splicing
of pre-mRNA, we designed divergent and convergent
primers for circCAPRIN1 amplification using complemen-
tary DNA (cDNA), and genomic DNA (gDNA) extracted
from RKO cells as templates. As expected, circCAPRIN1
could be amplified only by using divergent primers
and cDNA rather than gDNA as template (Figure 1D).
FISH assay revealed that circCAPRIN1 was predominantly
located in the nucleus but not cytoplasm in RKO and LoVo
cells and upregulated in CRC tissues compared to nor-
mal tissues (Figure 1E). Next, the stability of circCAPRIN1
was evaluated. After treating with a transcription inhibitor
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FIGURE 1

CircCAPRIN1 was identified and verified in CRC cells.

(A) Heatmap showed differentially dysregulated circRNAs in CRC tissues compared to adjacent normal tissues. Red and green represent
upregulated and downregulated circRNAs, respectively. (B) Schematic of circCAPRIN1 arose from exon 8-12 of the CAPRINI gene.

(C) Sanger sequencing was conducted to confirm head-to-tail splicing.

(D) The existence of circCAPRIN1 was detected with divergent and convergent primers from cDNA and gDNA, GAPDH was used as a

negative control.

(E) The localization of circCAPRIN1 was explored in CRC cells and tissues with FISH.
(F-G) Expression of circCAPRIN1 and CAPRIN1 was measured by RT-PCR (F) and qPCR (G) at different time points in CRC cells treated with

Actinomycin D.

(H-1) Expression of circCAPRIN1 and CAPRIN1 was measured by RT-PCR (H) and qPCR (1) at different time points in CRC cells treated with

RNase R.

Abbreviations: CRC, colorectal cancer; FISH, fluorescence in situ hybridization.

actinomycin D, the half-life of circCAPRIN1 was signif-
icantly prolonged compared with linear CAPRINI1, as
shown by PCR and qPCR results (Figure 1F-G). Simi-
larly, circCAPRIN1 was more stable than linear CAPRIN1
following RNase R treatment (Figure 1H-I).

3.2 | Upregulated circCAPRIN1 in CRC
predicted poor prognosis

To further investigate the correlation between circ-
CAPRIN1 expression and CRC, we first tested circ-
CAPRIN1 expression in CRC tissues and cell lines using
gPCR. The results showed that circCAPRIN1 expression
was upregulated in CRC tissues compared to the paired
adjacent normal tissues, which also verified our previous
microarray findings (Figure 2A). Similarly, circCAPRIN1
expression in cultured CRC cell lines (LoVo, HCTI16,
SW480, SW620, DLD1, and RKO) was significantly higher
than that in intestinal epithelial cell line (NCM460)
(Figure 2B). Subsequently, the expression of circCAPRIN1
in CRC tissues was determined by ISH using human
TMA (Figure 2C). The circCAPRINI ISH score in CRC tis-
sues was significantly higher than that in normal tissues
(Figure 2D), and was positively correlated with tumor-
node-metastasis (TNM) stage and tumor grade (Figure 2E
and Table 1). Patients were divided into the high- and low-
expression groups according to the circCAPRIN1 ISH score
(low expression: ISH score < 8; high expression: ISH score
> 8) (Figure 2F). Patients with high circCAPRINI expres-
sion had unfavorable OS (P = 0.006) and DFS (P = 0.012)
(Figure 2G). These results indicated an oncogenic role of
circCAPRINI in promoting CRC progression.

3.3 | circCAPRINI1 promoted the
proliferation, migration, and EMT of CRC
cells in vitro

In order to investigate the biological function of circ-
CAPRIN1 in CRC development, we used shRNAs to knock

down circCAPRIN1 expression in RKO and LoVo cells. The
results of qPCR analysis showed that sh-circCAPRIN1-2
(sh-circ-2) and sh-circCAPRINI-3 (sh-circ-3) significantly
downregulated the expression of circCAPRINI instead of
CAPRIN1 (Figure 3A). FISH assay confirmed the reduc-
tion in circCAPRIN1 amount in CRC cells (Supplementary
Figure S1). Subsequent Cell Counting Kit-8 (CCK-8) and
colony formation assays demonstrated that decreased circ-
CAPRINI expression could lead to significant inhibition of
RKO and LoVo cell proliferation (Figure 3B-C). Further-
more, wound healing and transwell assays showed that
the deletion of circCAPRIN1 impaired CRC cell migration
(Figure 3D-E). Additionally, Western blotting analysis con-
firmed that downregulation of circCAPRIN1 was accompa-
nied with increased expression of E-cadherin protein but
decreased expression of N-cadherin, Vimentin, and Snail
proteins (Figure 3F), indicating that circCAPRIN1 could
promote EMT of CRC cells. As expected, the overexpres-
sion of circCAPRINI did not affect CAPRINI expression
(Supplementary Figure S2A-B) but facilitated the prolifer-
ation ability and EMT of CRC cells (Supplementary Figure
S2C-D).

3.4 | circCAPRIN1 knockdown inhibited
the expression of genes involved in
adipogenesis

To gain an in-depth insight into the molecular function of
circCAPRINI in CRC progression, RNA sequencing was
performed to depict the gene expression profile of RKO
cells following circCAPRIN1 knockdown. We then con-
ducted GO analysis for mRNA-encoding genes to identify
the potential functions of circRNAs in the occurrence
and development of CRC. The enriched GO terms includ-
ing biological process, cellular component, and molecular
function are shown in Figure 4A. Intriguingly, adipoge-
nesis was regulated by circCAPRINI. According to the
results of TEM and Oil Red O and Nile Red staining,
downregulation of circCAPRIN1 was accompanied with
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FIGURE 2 CircCAPRINI is upregulated in CRC, and the expression is correlated with tumor progression and patient prognosis.
(A) Relative expression of circCAPRIN1 was detected in 91 paired CRC and adjacent tissues by qPCR.

(B) Relative expression of circCAPRIN1 was determined in the intestinal epithelial cell line (NCM460) and CRC cell lines.

(C) Representative images revealed circCAPRINI expression in CRC and adjacent tissues detected by ISH.

(D) The ISH staining scores were compared between CRC and adjacent tissues.

(E) The ISH staining scores were compared among patients at different stages.

(F) The ISH staining score was presented individually. ISH staining score < 8 was regarded as low expression, while a score > 9 was regarded

as high expression.

(G) Kaplan-Meier survival curve was plotted to compare over the OS (left panel, P = 0.006) and DFS (right panel, P = 0.012) between patients

with low and high expression.

Abbreviations: CRC, colorectal cancer; ISH, In situ hybridization; OS, overall survival; DFS, disease-free survival.

decreased lipid droplets (Figure 4B-D). Overexpression
of circCAPRINI resulted in enhanced lipid droplets, as
shown by Nile Red staining (Supplementary Figure S2E).
To demonstrate the relationship between circCAPRIN1-
dependent lipogenesis and EMT in CRC, we treated

circCAPRINI-overexpressed RKO and LoVo cells with
TOFA (3.3 ug/mL) or Cerulenin (10 ug/mL), respectively.
Colony formation assay and transwell assays indicated that
overexpression of circCAPRINI could promote prolifera-
tion and migration ability of CRC cells, and inhibition of
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FIGURE 3 CircCAPRINI knockdown in CRC cells impairs the ability of cell proliferation and migration.

(A) Relative expressions of circCAPRIN1 and CAPRIN1 were determined by qPCR in CRC cells transfected with shcircCAPRIN1 or control.
(B-C) CCK-8 assay (B) and colony formation assay (C) (left panel) were performed to evaluate the proliferation ability of CRC cells after
circCAPRIN1 knockdown, and the number of colonies was counted (right panel).

(D-E) Wound healing assay (D) and transwell assay (E) were performed to evaluate the migration ability of CRC cells after circCAPRIN1

knockdown.

(F) Expression of EMT-related proteins was detected by Western blotting in CRC cells transfected with shcircCAPRIN1 or control.
Abbreviations: qPCR, quantitative PCR; CRC, colorectal cancer; CCK-8, Cell Counting Kit-8; EMT, epithelial-mesenchymal transition.

ACC or FASN reversed this promoting effect (Supplemen-
tary Figure S3A-B). Similarly, Western blotting conformed
that inhibition of ACC or FASN increased the expres-
sion of E-cadherin protein but decreased the expression of
N-cadherin, Vimentin, and Snail proteins in circCAPRIN1-
overexpressed cells (Supplementary Figure S3C).

Next, we searched for the lipid metabolism enzymes that
mediated the role of circCAPRINI in adipogenesis. The

data of RNA sequencing revealed that ACC1 expression
was positively correlated with circCAPRIN1 level (Supple-
mentary Figure S4). Western blotting showed that ACC1
was significantly downregulated following circCAPRIN1
depletion, while the expressions of ACC2, p-ACC, and FAS
were not affected (Figure 4E), indicating that ACC1 might
be a key target gene of circCAPRIN1. Moreover, the expres-
sion of CPT1A, a downstream protein of ACCI signaling,
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was decreased as a result of circCAPRINI knockdown
(Supplementary Figure S5A). To further confirm whether
circCAPRINI promotes fatty acid synthesis via upregulat-
ing ACCI expression, RKO and LoVo cells overexpressing
ACC1 and circCAPRIN1 knockdown were established
(Supplementary Figure S5B). Functional assays showed
that ACC1 overexpression reversed the suppressive effects
of circCAPRIN1 knockdown on CRC cell proliferation and
fatty acid synthesis in these tumor cells (Supplementary
Figure S6).

3.5 | circCAPRINI interacted with STAT2
to transcriptionally activate ACC1

Since circCAPRINI is mainly localized in the nucleus,
it might regulate transcription via interaction with spe-
cific transcription factors, thereby affecting ACC1 expres-
sion and tumor progression. Next, we conducted RNA
pull-down assay, silver staining, and mass spectrome-
try analysis to identify circCAPRINI1-binding proteins
(Figure 5A). Consistent with our hypothesis, STAT2, an
interferon-regulated transcription factor, was significantly
enriched in the circCAPRIN1 group instead of the 1gG
group (Figure 5B). FISH assay showed that circCAPRIN1
and STAT2 were colocalized in the nucleus (Figure 5C).
Furthermore, RIP assay substantiated that STAT2 specif-
ically bound to circCAPRINI in CRC cells, as indicated
by both PCR and qPCR analyses (Figure 5D). Notably, cir-
cCAPRIN1 knockdown did not affect STAT2 expression
(Figure 5E). Additionally, siRNA-mediated STAT2 knock-
down resulted in decreased ACC1 level in CRC cells,
suggesting that ACC1 expression was regulated by STAT2
(Figure 5F-G). Moreover, according to the GTEx database,
a positive correlation between ACC1 and STAT2 levels
was established in colon tissues (Supplementary Figure
S7A). As expected, ACC1 expression was upregulated in
colon cancer tissues compared with normal tissues accord-
ing to the results from the TCGA and GTEx databases
(Supplementary Figure S7B).

Next, the binding site of ACC1 was predicted, and a
luciferase reporter assay was performed to confirm the cor-
relation between STAT2 and ACCI1 (Figure 5H). Compared
with the control group, STAT2 overexpression significantly
increased the luciferase activity of wild-type ACC1 and
had a minimal effect on mutant ACC1, wherein STAT2
binding site was mutated. To identify the precise bind-
ing site of STAT2 on ACCI gene promoter, we performed
a ChIP assay in RKO cells. One STAT2 binding site was
located at approximately 600-800 bp upstream of the open
reading frame of ACC1 (Figure 5I). Moreover, the overex-
pression of STAT2 partially reversed the downregulation
of ACCI gene expression upon circCAPRIN1 knockdown

and counteracted the inhibitory effect of circCAPRIN1
knockdown on the proliferation, migration, and EMT of
CRC cells (Supplementary Figure S7C-E). Collectively,
these data suggested that circCAPRIN1 recruits STAT2 to
transcriptionally activate ACCI gene expression in CRC
cells.

3.6 | circCAPRIN1 promoted CRC cell
growth and metastasis in vivo

To determine the role of circCAPRINI in CRC in vivo, RKO
and LoVo cells with stable knockdown of circCAPRIN1
were inoculated subcutaneously into nude mice. Tumor
volume was measured every week. circCAPRINI silenc-
ing dramatically inhibited tumor growth (Figure 6A-C).
IHC staining for xenograft tumors displayed weaker Ki67
staining of the tumor tissues derived from stable knock-
down of circCAPRIN1 compared to the controls. Moreover,
we determined the effects of circCAPRIN1 knockdown on
ACCI signaling and its downstream molecular CPT1A by
IHC staining. As expected, ACC1 and CPTI1A labeling was
weaker after knocking circCAPRIN1 (Figure 6D).

Next, we explored the metastasis-promoting poten-
tial of circCAPRIN1 in vivo. HCT116 cell lines stably
transfected with a luciferase-encoding plasmid were and
injected into nude mice via tail vein. Metastatic tumors
of mice were assessed using the IVIS Spectrum Imag-
ing System. The results demonstrated that circCAPRIN1
knockdown impaired the metastatic ability of CRC cells
(Figure 6E-F). Taken together, it could be deduced that
circCAPRINI inhibited CRC cell growth and metastasis
in vivo. Schematic of biogenesis, function, and regula-
tory mechanism of circCAPRIN1 in CRC cells is shown in
Figure 7.

4 | DISCUSSION

Recent advances in high-throughput sequencing and inte-
grated bioinformatics analysis have enabled the dissection
of a large amount of circRNAs in mammalian cells.
Emerging evidence has suggested that abnormal expres-
sion of circRNAs plays a key role in tumorigenesis.
Herein, we identified hsa_circ_0021639, also termed cir-
cCAPRIN1, as a CRC-related circRNA through circular
RNA microarray analysis. The expression of circCAPRIN1
was abnormally upregulated in CRC and positively corre-
lated with the pathological stage of CRC. High expression
of circCAPRIN1 was associated with poor prognosis, and
upregulated circCAPRIN1 promoted the proliferation and
migration of CRC cells both in vitro and in vivo. Mechanis-
tically, circCAPRINI might interact with STAT2 to promote
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FIGURE 5

CircCAPRINI recruits STAT2 to activate ACC1 transcriptionally.

(A) RNA pull-down assay was conducted using the specific biotin-labeled circCAPRIN1 probe in RKO and LoVo cells, followed by silver

staining and mass spectrometry.
(B) Western blotting proved that circCAPRINI interacts with STAT2.

(C) FISH assay of CRC cells demonstrated that circCAPRIN1 and STAT?2 are colocalized in the nucleus.
(D) RIP assay was performed in RKO and LoVo cells using anti-STAT?2 or anti-IgG, and the enrichment of RNA was detected by PCR (left

panel) and qPCR (right panel).

(E) Relative expression of STAT2 and ACC1 was detected by qPCR in CRC cells transfected with shcircCAPRINI1 or control.

(F) Relative expressions of STAT2 and ACC1 were detected by qPCR in CRC cells transfected with siSTAT2 or control.

(G) Expression of ACC1 and STAT2 was detected by Western blotting in CRC cells transfected with siSTAT2 or control.

(H) The binding site of the ACC1 promoter was predicted (upper panel), and a luciferase reporter assay was performed to confirm the

correlation between STAT2 and ACC1 (lower panel).

(I) PCR results of ChIP analysis showed that STAT2 binds to the specific region of the ACC1 promoter region.
Abbreviations: qPCR, quantitative PCR; CRC, colorectal cancer; FISH, fluorescence in situ hybridization; RIP, RNA immunoprecipitation;

ChIP, chromatin immunoprecipitation.

the expression of ACC1, thus enhancing lipid synthesis in
CRC cells and promoting tumorigenesis.

Based on RNA-Seq and GO analysis, we found that
circCAPRINI1 could target ACCI gene to regulate adi-
pogenesis. We also observed that ACC1 overexpression
could partially reverse the suppressive effect of silenc-
ing circCAPRIN1 on fatty acid synthesis in CRC cells.
Metabolic alterations in cancer cells are well-documented
and regarded as the hallmark of carcinogenesis. EMT is
considered as an important process during organ develop-
ment and embryogenesis and is causally linked to cancer
invasion and metastasis [55-57]. Cancer cells always rewire
their metabolic pathways to satisfy their requirement for
(adenosine triphosphate) ATP production. Many studies
have indicated that metabolism and EMT are intertwined
[58, 59]. While metabolic alterations possibly induce EMT,
EMT may also lead to metabolic changes [60]. Except for
glycolysis, TCA cycle, one of the main metabolic pathways
within mitochondria, plays a key role in tumorigene-
sis, providing important intermediates for biosynthesis of
lipids, nucleic acid and amino acids [61]. Several enzymes
involved in the TCA cycle including fumarate hydratase
(FH), succinate dehydrogenase (SDH), and isocitrate dehy-
drogenase (IDH), have been shown to be mutated or
functionally impaired in cancer patients [62-65]. Breast
cancer cell lines with low SDH expression and hepato-
cellular carcinoma cell lines with reduced SDH level are
characterized by increased expression of EMT markers,
indicating a linkage between EMT and SDH [66, 67]. In
colorectal cancer cell lines, 2-hydroxyglutarate induced
(Zinc finger E-box binding homeobox 1) ZEB1 expression
by modifying trimethylation of lysine 4 on histone H3
(H3K4me3) in the promoter region of ZEBI gene [68].

Little is known about the regulatory role of lipogen-
esis genes in EMT. Transforming growth factor beta 1
(TGEfSL) has been reported to induce the up-regulation of
acyl-CoA synthetase long-chain 3 (ACSL3) expression pro-

moting metabolic reprogramming in colorectal carcinoma
(CRC) cells, ACSL3 also mediates EMT and metastasis of
CRC cells by activating the fatty acid -oxidation (FAO)
pathway, which stimulates ATP production and inhibits
the level of nicotinamide adenine dinucleotide phosphate
(NADPH) [69]. Previous study has shown that TGFS and
leptin can inhibit the activity of ACC1 through AMPK-
catalyzed phosphorylation of ACC1 at Ser79, thereby pro-
moting EMT, ACC1 inhibition combined with concomi-
tantly increased acetylation of SMAD2, which is triggered
by accumulated acetyl-CoA, mediates TGFS-induced EMT
[70]. Furthermore, enhanced FASN expression in cisplatin
resistant non-small cell lung cancer cells promoted EMT
through TGF}f signaling [71].

Enhanced fatty acid synthesis and lipid metabolism
support the growth and division of cancer cells, inter-
fering with diverse cellular processes. In our study, we
examined the effects of TOFA and Cerulenin treatment
on CRC cells. Inhibited lipogenesis has been reported
to cause the suppressing of proliferation and migration
in CRC cells. For instance, high-fat diet (HFD) drove
colorectal tumorigenesis through inducing gut micro-
bial dysbiosis, metabolomic dysregulation with elevated
lysophosphatidic acid, and gut barrier dysfunction in mice
[72]. FASN is a key enzyme responsible for de novo
fatty acid synthesis and is often highly expressed in can-
cer cells. FASN regulates colorectal cancer invasion and
metastasis by influencing lipid droplet accumulation via
Wnt signaling pathway [73]. Consistently, inhibition of
FASN suppresses the malignant phenotype of colorectal
cancer cells by down-regulating lipid droplet accumula-
tion and inhibiting mTOR signaling pathway [74]. ACC1
is a key lipogenic enzyme linked to EMT and invasion-
promoting pathways in cancer cells [70]. Moreover, ACC1
together with FASN control cell growth and apopto-
sis in HCT-116 cells, suggesting that the pharmacologic
inhibitors of either enzyme maybe useful in eradicating
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FIGURE 6 Oncogenic role of circCAPRIN1 in vivo.

(A) The indicated tumor cells were injected subcutaneously into nude mice, and xenograft tumors were collected after 4 weeks.

(B) Tumor weight was measured in different groups.
(C) Tumor volume was measured every week in different groups.

(D) The tumor tissues were stained with anti-Ki67, ACC1, and CPT1A antibodies.
(E) Bioluminescence imaging of metastases after injecting tumor cells into the tail vein of nude mice.
(F) Representative macroscopic (upper panel) and H&E staining (lower panel) images of the liver derived from different groups.

Abbreviations: H&E, hematoxylin-eosin.
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FIGURE 7 Schematic of biogenesis, function, and regulatory
mechanism of circCAPRINI in CRC cells.
Abbreviations: CRC, colorectal cancer.

cancer cells [75]. Recently, the crosstalk between circRNAs
and lipid metabolism has attracted increasing attention.
For instance, circRNA_0046367 sponges miR-34a to pro-
tect PPAR«, degrading lipids via upregulating expressions
of CPT2 and ACBD3 [76]. circNF1-419,which regulates
glycerophospholipid metabolic pathway and retrogrades
endocannabinoid signaling and promotes cell apoptosis,
is a potential therapeutic target for treating astroglioma
[77]. The current findings indicated that the circCAPRIN1
regulated to CRC cell proliferation and migration via
ACCl-dependent metabolic reprogramming.

Strikingly, a large number of circRNAs are located in the
cell cytoplasm, deeming as miRNA sponges [78]. CiRS-7 is
awell-characterized circRNA with more than 70 conserved
binding sites with miR-7, rendering it the potential capabil-
ity to regulate the target genes of miR-7 [79]. Additionally,
a small subset of endogenous circRNAs, primarily located
in the cytoplasm, are translated into proteins. For instance,

circ-ZNF609 is translated in a splicing-dependent and cap-
independent manner, based on its association with heavy
polysomes [80]. A proportion of circRNAs are expressed
in the nucleus and act as protein sponges to interact
with RNA-binding proteins, serving as decoys or scaffolds
to mediate protein complex formation and regulate pro-
tein function. Accumulating evidence has demonstrated
that circRNAs regulate gene expression. circMbl, a cir-
cRNA derived from muscleblind (MBL) gene that and
harbors a binding site for MBL, regulates gene expres-
sion by competing with linear splicing [81]. Similarly,
Wang et al. [82] reported that circACTN4 activated MYC
transcription by recruiting FUBP1 to disrupt the binding
between FUBP1 and FIR. Besides, circRNAs also serve
as protein scaffolds to facilitate or block protein complex
functions. circ-Amotll physically recruits both PDK1 and
AKT]1, facilitating PDKIl-dependent phosphorylation of
AKT1 [83]. circDIDOL specifically binds to PRDX2 and pro-
motes RBX1-mediated ubiquitination and degradation of
PRDX2, thereby inactivating PRDX2-dependent signaling
pathways [84]. circ-Foxo3 is a protein scaffold that binds
to CDK2 and p21 to form a circ-Foxo3-p21-CDK2 ternary
complex, which arrests the function of CDK2 and blocks
the cell cycle progression [85]. Furthermore, circRNAs may
exert biological functions by recruiting specific proteins
to certain cellular locations. For instance, circRNAFECR1
promotes demethylation of CpG sites of FLII gene and to
activate its transcription by recruiting TET1 to its promoter
region [86]. The present study revealed that circCAPRIN1
was primarily located in the nucleus, although less expres-
sion was observed in cell the cytoplasm. The mechanisms
of the action of circRNA in CRC were investigated by
determining their subcellular locations. Herein, we spec-
ulated that circCAPRIN1 upregulated ACC1 expression at
the transcriptional level. Using RNA pull-down assay and
mass spectrometry analysis, we demonstrated that STAT2
as a circCAPRINI1-binding protein was recruited to the
promoter region of ACC1 to regulate its expression.

STAT?2 is a member of the STAT family that plays a crit-
ical role in immune responses to extracellular and intra-
cellular stimuli, including cancer initiation, inflammatory
reactions, and tumor cell invasion [87]. IFN-I-activated
transcriptional factors, including STAT1 and STAT?2, drive
increased PRL-3-induced glycolysis in multiple myeloma
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[88]. LncRNA DLX6-ASI1 regulates cell proliferation, cell
cycle, and glycolysis in vitro and tumor growth in vivo.
It promotes neuroblastoma development by upregulating
STAT?2 expression via targeting miR-506-3p [89]. STAT2 is
also identified as a novel contributor to colorectal and skin
carcinogenesis, and upregulates the expression and secre-
tion of proinflammatory mediators that activate the onco-
genic STAT3 signaling pathway [90]. In the present study,
we found that circCAPRINI did not affect STAT2 expres-
sion, while STAT?2 directly regulated ACC1 level. Moreover,
overexpression of STAT2 partially reversed the inhibitory
effect of knocking down circCAPRIN1 on the prolifera-
tion and migration of CRC cells in an ACCl-dependent
manner. Taken together, our results demonstrated that cir-
cCAPRINI interacted with STAT2 to activate ACCI gene
transcription, thereby enhancing lipid metabolism and
promoting CRC progression.

circRNAs play a vital role in CRC tumorigenesis and
progression, and are involved in CRC cell proliferation,
metastasis, immune escape and drug resistance [91-95].
Recent studies have indicated that circRNAs can not
only be detected in tumor tissues but also in exosomes,
blood, saliva and urine [96-98]. Differential expressions of
circRNAs in various pathological states indicated that cir-
cRNAs could be considered as promising diagnostic and
therapeutic biomarker for diverse cancer types [99-101].
Like other circRNAs, circCAPRIN1 holds great potential
as a novel attractive diagnostic biomarker for CRC due
to its resistance to RNase R digestion and their stabil-
ity during circulation. Recently, circRNA-based therapy
has attracted increasing attention. Compared with con-
ventional drugs, such as monoclonal antibodies or small
molecule inhibitors, circRNA-based therapy has several
advantages, including a long half-life of circRNAs, less
drug resistance, and more precise delivery to specific
lesions [102]. In the present study, the regulatory function
of circCAPRIN1 in CRC was dissected. Inhibiting lipid syn-
thesis via targeting circCAPRIN1-regulated pathways will
be expected to improve the poor prognosis of CRC patients
with high circCAPRIN1 expression.

Studies have suggested that the generation of circRNAs
from precursor-mRNAs requires spliceosomal machinery
and is dependent on cis-regulatory elements and trans-
acting factors [7]. However, little is known about the
regulation of back-splicing circularization to form cir-
cCAPRINI. Thus, further studies are needed to clarify
the exact molecular mechanism underlying circCAPRIN1
biogenesis.

5 | CONCLUSIONS

‘We identified a novel circRNA, termed circCAPRINI, that
was upregulated in human CRC tissues and CRC cell lines,

and a high level of circCAPRIN1 was associated with poor
prognosis of CRC patients. Herein, we illustrated that the
circCAPRIN1/STAT2 complex promoted CRC progression
by facilitating lipid synthesis in an ACC1-dependent man-
ner. These findings implicated circCAPRINI to be a novel
prognostic biomarker and a promising therapeutic target
for CRC.
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