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Abstract

Circular RNAs (circRNAs) have been reported to play crucial roles in the progression of various cancers, including
colorectal cancer (CRQ). SP1 (Sp1 transcription factor) is a well-recognized oncogene in CRC and is deemed to trigger
the Wnt/B-catenin pathway. The present study was designed to investigate the role of circRNAs which shared the
same pre-mRNA with SP1 in CRC cells. We identified that hsa_circ_0026628 (circ_0026628), a circular RNA that
originated from SP1 pre-mRNA, was upregulated in CRC cells. Sanger sequencing and agarose gel electrophoresis
verified the circular characteristic of circ_0026628. Functional assays including CCK-8, colony formation, transwell,
immunofluorescence staining, and sphere formation assay revealed the function of circ_0026628. RNA pull-down and
mass spectrometry disclosed the proteins interacting with circ_0026628. Mechanistic assays including RIP, RNA pull-
down, ColP, ChIP, and luciferase reporter assays demonstrated the interplays between molecules. The results depicted
that circ_0026628 functioned as a contributor to CRC cell proliferation, migration, EMT, and stemness. Mechanistically,
circ_0026628 served as the endogenous sponge of miR-346 and FUS to elevate SP1 expression at the post-
transcriptional level, thus strengthening the interaction between SP1 and (-catenin to activate the Wnt/B-catenin

pathway to facilitate CRC progression.

pathway. In turn, the downstream gene of Wnt/B-catenin signaling, SOX2 (SRY-box transcription factor 2),
transcriptionally activated SP1 and therefore boosted circ_0026628 level. On the whole, SOX2-induced
circ_0026628 sponged miR-346 and recruited FUS protein to augment SP1, triggering the downstream Wnt/[3-catenin

Introduction

Colorectal cancer (CRC) is the 2nd leading cause of
cancer-related deaths (9.2% of the total cancer deaths),
and the 3rd most commonly diagnosed cancer (10.2% of
the total cases) in 2018'. Although great advancement has
been achieved in CRC diagnosis and treatment, the

Correspondence: Xuexiu Zhang (amy-zhangxuexiu@163.com) or

Lianfeng Zhang (zIf_zzu@163.com)

'Department of Gastroenterology, The First Affiliated Hospital of Zhengzhou
University, No.1 Jianshe East Road of Ergi District, 450052 Zhengzhou,
Henan, China

’Department of General Surgery, The First People Hospital of Zhengzhov,
450004 Zhengzhou, Henan, China

These authors contributed equally: Xuexiu Zhang, Jianning Yao, Haoling Shi
Edited by G. Blandino

© The Author(s) 2021

mortality of CRC is still frustratingly high. Thus, it is in
urgent need to explore the in-depth mechanisms under-
lying CRC occurrence.

Recently, circular RNAs (circRNAs) have been gradually
uncovered to play crucial roles in cancer progression. It
has been widely accepted that circRNAs are positive
contributors in cell proliferation, migration, epithelial-
mesenchymal transition (EMT), and stemness character-
istic>. As a newly-identified noncoding RNAs (ncRNAs),
circRNAs are widely expressed in diverse cell types, and
more than 20,000 circRNAs have been found in eukar-
yotes®. CircRNAs are characterized by their covalently
closed-loop structures without 5 caps and 3’ poly (A)
tails’. The closed-loop structure is generated from the
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joining of the upstream 3’ splice acceptor to the down-
stream 5’ splice donor®. CircRNAs are resistant to exo-
nuclease owing to their special closed-loop structure,
which makes circRNAs more stable than linear RNAs’. In
general, circRNAs can be derived from exonic, intronic,
and intergenic regions®. Currently, the most studied cir-
cRNAs are the most abundant exonic ones which mainly
reside in the cytoplasm®.

Further, circRNAs have been widely reported to play
their roles via the competitive endogenous RNA (ceRNA)
pattern. As a typical post-transcriptional mechanism,
ceRNA pattern refers to that circRNAs compete with
messenger RNAs (mRNAs) for the binding of microRNAs
(miRNAs), thus nullifying the suppression of miRNAs on
mRNAs. For instance, circ_0005963 suppresses glycolysis
and reverses oxaliplatin resistance via sponging miR-122 to
elevate PKM?2 in CRC cells'®. Circ_0005100, derived from
FMNZ2, promotes CRC tumor growth by its mediation on
miR-1182/hTERT axis'!. Circ_0009361 functions as the
miR-582 sponge to alleviate CRC progression via upregu-
lating APC2 and inhibiting Wnt/B-catenin signaling'”. In
addition, circRNAs have been identified to bind with RNA-
binding proteins (RBPs) to affect gene expression at dif-
ferent levels including post-transcriptional level. Du et al.'?
disclosed that circ-Foxo3 inhibits cell cycle progression
through binding to CDK2 and p21. Circ-ZKSCAN1 binds
with FMRP against CCAR1 complex to negatively regulate
stemness in hepatocellular carcinoma'®,

As a sequence-specific DNA-binding protein, Spl tran-
scription factor (SP1) actively participates in intracellular gene
transcription. Thus, SP1 is a crucial transcription factor for
multiple genes. Aberrant expression of SP1 is deemed to
promote the initiation and progression of human cancers
including CRC". Besides, SP1 is closely associated with the
activation of Wnt/B-catenin signaling'®. The Wnt/B-catenin
pathway is a complex and fundamental pathway that covers
several different transduction cascades. The canonical Wnt/
[3-catenin pathway transcriptionally activates target genes that
are involved in cell proliferation and stem cell renewal'”.
Besides, the oncogenic role of the Wnt/p-catenin pathway in
CRC has been commonly revealed. Jiang et al."® pointed out
that USP22 contributes to CRC cell stemness and decreases
the sensitivity of CRC cells to chemoresistance via the Wnt/
B-Catenin pathway. Gu et al.'” revealed that miR-532-3p
restrains cell growth, migration, and EMT in CRC via dis-
rupting ETS1/TGM2 axis-mediated Wnt/B-catenin signaling.

The present study sought to examine circRNAs,
which shared the same pre-mRNA with SP1 (genomic
position: chr12:53,773,979-53,810,226). We identified that
circ_0026628 (genomic position: chr12:53776037-53803345)
was most significantly upregulated in CRC cells. Also, we
identified that circ_0026628 positively regulated SP1 to
accelerate CRC progression. Furthermore, the present study
illustrated how circ_0026628 regulated SP1 as well as the
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interplays between circ_0026628/SP1 and Wnt/B-catenin
signaling in CRC, which might enrich the academic
knowledge of CRC.

Materials and methods
Cell lines and reagents

Human normal colorectal mucosal cell line (FHC) and 4
human CRC cell lines (SW620, LOVO, SW480, SW116)
were used for the study, and all of them were available from
ATCC Company (Manassas, VA). DMEM (Invitrogen,
Carlsbad, CA) supplemented with 10% FBS and 1% anti-
biotics were applied for cell culture under 5% CO, at 37 °C.
For treating SW480 and LOVO cells, 2 ug/ml of ActD
and DMSO (Mock) were procured from Sigma-Aldrich
(St. Louis, MO), while 3 U/pg of RNase R was bought from
Epicentre Technologies (Madison, WI). LiCl (5mg), an
activator of the Wnt signaling pathway, was purchased
from Med Chem Express (Monmouth Junction, NJ).

Total RNA extraction and qRT-PCR

Total RNA extraction was completed using Trizol
reagent (Invitrogen), and then PrimeScript™ RT reagent
kit was utilized for cDNA synthesis as per the direction.
Gene expression was detected by qRT-PCR with SYBR
Premix Ex Taq II (Takara), and processed based on the
2 2ACt method after being standardized to GAPDH or
U6. The primer sequences were shown in Supplementary
Table 1.

Plasmid transfection

The specifically designed shRNAs and NC-shRNAs were
constructed by GenePharma (Shanghai, China) to silence
circ_0026628, FUS, and SOX2. For overexpression,
circ_0026628 sequence was inserted into pLCDH-ciR-
vector (Invitrogen), and the full-length cDNA sequence of
SP1 or SOX2 was cloned into pcDNA3.1 vectors (Invitro-
gen), with the corresponding empty vector as the negative
control. In addition, miR-346-mimics/inhibitor and NC
mimics/inhibitor were also acquired from GenePharma.
All plasmids were subjected to transfection into LOVO
and SW480 cells for 48 h by use of Lipofectamine 2000
(Invitrogen). The target sequence of sh-circ_0026628#1
was: 5-CATTGGCACCCTGTGTGTGTA-3/, and that of
sh-circ_0026628#2 was: 5-CAGCCATTGGCACCCTGT
GTG-3'.

FISH

LOVO and SW480 cells were treated with 4% for-
maldehyde for fixing, rinsed in PBS, and dehydrated, fol-
lowed by incubation with the circ_0026628-FISH probe
(Ribobio, Guangzhou, China). After 3 h of hybridization,
cells were counterstained with Hoechst dye and observed
using a fluorescence microscope (Olympus Corp., Tokyo,
Japan).
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Subcellular fraction

PARIS™ Kit (Invitrogen) was acquired for subcellular
fraction assay in LOVO and SW480 cells. After centrifuga-
tion, cells were processed with cell fractionation buffer or
cell disruption buffer to obtain indicated cytoplasmic or
nuclear fraction, respectively. Circ_0026628 content in cell
nuclei and cell cytoplasm was detected by qRT-PCR.

Cell proliferation assay

Cell counting kit-8 (CCK-8, Dojindo, Rockville, USA)
was employed for this assay as per the user guide. Briefly,
cells (2 x 10°) were planted in each well of the 96-well
plates. After overnight incubation, cells in the plates were
further grown for 0, 24, 48, 72, and 96 h, followed by 1 h
processing with CCK-8 solution. Then, the absorbance at
450 nm was tested and recorded for each well by a
microplate reader Victor (Enspire 2300 Multilabel Reader,
PerkinElmer, Singapore).

Colony formation assay

Clonogenic cells were subjected to 14-day cell culture in
96-well plates, with 500 cells in each well. Colonies were
then fixated in 4% formaldehyde and stained by 0.1%
crystal violet for counting.

Transwell migration assay

The processed CRC cells were re-suspended in a serum-
free medium for seeding into the upper chamber of the
transwell insert (Corning, Corning, NY). Then the lower
chamber was supplemented with the complete culture
medium. One day later, cells migrating to the bottom
were fixed and then stained in 0.1% crystal violet. Finally,
5 fields were chosen randomly for the counting of
migrated cells via a light microscope (Olympus Corp.).

Wound-healing assay

The transfected CRC cells were seeded in 6-well plates
adding with serum-free medium. Then, the wells were
scratched using sterile pipette tips. Cell samples were
washed in PBS for clearing the detached cells. The dis-
tance of wound healing was recorded at 0 and 24 h.

Western blot

Cells were lysed in RIPA lysis buffer, and then total
protein concentration was examined with a BCA kit.
Samples were separated on 12% SDS-PAGE and shifted to
PVDF membranes. Following, the membranes were pro-
bed with primary antibodies after culturing with 5%
nonfat milk. The primary antibodies specific to GAPDH
(loading control), E-cadherin, N-cadherin, Slug, Twist,
OCT4, Nanog, SOX4, SP1, FUS, B-catenin, c-Myc, and
SOX2, and the corresponding HRP-tagged secondary
antibodies, were all obtained from Abcam (Cambridge,
MA). Enhanced chemiluminescence (ECL) system was
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applied for the detection of band signals as instructed
(Amersham Pharmacia, Piscataway, NJ).

Immunofluorescence (IF) staining

CRC cells in culture slides were rinsed by PBS, fixed for
10 min, and sealed by 5% BSA. The primary antibodies
specific to E-cadherin, N-cadherin, FUS, SP1 and B-catenin,
as well as the matched secondary antibodies, were separately
added for the IF assay. After staining by DAPI dye, cells were
analyzed by the fluorescence microscope.

Sphere formation assay

The processed CRC cells were planted into 96-well ultra-
low attachment plates (Corning) with the sphere medium at
a density of 10 cells/well. After 3, 7, 10 days of growth, the
cell clusters with a diameter of more than 50 mm were seen
as spheres and were counted under the light microscope.

RIP assay

Cell lysates were collected using RIP lysis buffer, and then
mixed with anti-Ago2 antibody or anti-FUS antibody that
was conjugated to magnetic beads. Groups with anti-IgG
antibodies were seen as negative controls. After immuno-
precipitation, RNA enrichment was quantified by qRT-PCR.

RNA pull-down assay

Pierce Magnetic RNA-Protein Pull-Down Kit was
acquired from ThermoFisher Scientific (Waltham, MA)
for RNA pull-down assay. Cell extracts were mixed with
the biotin-labeled RNA probes for circ_0026628 and
magnetic beads. Samples were finally analyzed by western
blot or qRT-PCR.

Luciferase reporter assay

Circ_0026628 or SP1 fragments covering miR-346
binding sequences (wild-type or mutant) were pre-
pared to acquire circ_0026628-WT/Mut and SP1-WT/
Mut, which were then loaded into pmirGLO luciferase
vectors to obtain indicated recombinant reporters.
After that, SW480 and LOVO cells were co-transfected
with the above recombinant reporters and miR-346
mimics (or NC mimics). In addition, cells were co-
transfected with pcDNA3.1-SOX2 (or pcDNA3.1) and
pGL3 luciferase vector containing SP1 promoter.
After 48 h of transfection, the luciferase intensity was
assessed by Luciferase Reporter Assay System (Pro-
mega, Madison, WI).

Bioinformatics analysis

To predict the potential miRNAs interacting with
circ_0026628 or SP1, starBase v2.0 (http://starbase.sysu.
edu.cn/index.php) was applied as described*’. Under the
conditions of CLIP-Data>1 and Degradome-Data >0,
107 miRNA candidates were screened out to bind to
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circ_0026628. Meanwhile, according to the screening
conditions of CLIP-Data>1, Degradome-Data >0, pan-
Cancer > 4, and program Num > 1, a total of 229 miRNAs
were suggested to target SP1. Then, after putting the
above two subsets in Venn, 45 miRNAs shared between
circ_0026628 and SP1 were identified.

ChIP assay

The binding of SOX2 to the SP1 promoter was exam-
ined by ChIP assay in line with the protocol of EZ-ChIP™
Kit (Millipore, Billerica, MA). After fixing for 10 min, the
cross-linking of DNA and protein was acquired, and then
DNA was fragmented randomly by ultrasonic. Samples
were precipitated with SOX2 or IgG antibody (negative
control) overnight, and then the precipitated DNA frag-
ments were collected for qRT-PCR analysis.

Co-immunoprecipitation (ColP)

Cell lysates collected by IP lysis buffer were subjected to
all-night incubation with SP1 or p-catenin antibody
overnight at 4°C, and the mixture was vibrated at a
constant speed. IgG antibody was used in control groups.
The beads were added, and the precipitated proteins were
collected for subsequent western blot analysis.

Statistical analyses

The experiments in our study were bio-repeated three
times. Results were all analyzed by PRISM 6 (GraphPad,
San Diego, CA) and given as the means * standard
deviation (SD). Statistical analyses were processed by
Student’s t-test or one-way/two-way analysis of variance
(ANOVA), with P<0.05 as the significant level.

Results
Circ_0026628 was upregulated in CRC cells

Based on circBase?}, 11 circRNAs which shared the same
pre-mRNA with SP1 were identified. We then conducted a
qRT-PCR analysis to detect the expression of these 11 cir-
cRNAs in 4 CRC cell lines and the normal control cell line
(FHC). The results revealed that only circ_0026628 was
significantly upregulated in 4 kinds of CRC cells than
in the control cells (Fig. 1A). Since SW480 and LOVO
cells exhibited the most significant upregulation of
circ_0026628, they were used for the following assays.
Next, we sought to verify the circular characteristic of
circ_0026628. As demonstrated in Fig. 1B, circ_0026628 was
spliced from exons 1 to 3 of SP1 and the Sanger sequencing
results validated its splicing junction. Then, we designed
convergent primers to amplify linear transcripts and
divergent primers to amplify circular transcripts, with cDNA
and gDNA as the templates. The results revealed that
circ_0026628 was only amplified by divergent primers in
cDNA while SP1 was amplified by convergent primers
in both ¢cDNA and gDNA (Fig. 1C), indicating that
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circ_0026628 possessed a circular structure. Following that,
RNase R was applied to treat SW480 and LOVO cells, with
the untreated cells (Mock) as controls. It was revealed that
compared with linear SP1, circ_0026628 possessed with
stronger resistance to RNase R treatment (Fig. 1D), which
meant circ_0026628 was harder to be degraded than the
linear SP1. Also, under the treatment of ActD, the level of
linear SP1 was decreased faster than that of circ_0026628 as
time went on (Fig. 1E), suggesting that circ_0026628 was
more stable than the linear SP1. All the above results sup-
ported the circular characteristic of circ_0026628. Next, FISH
and subcellular fraction assays were conducted to determine
the subcellular location of circ_0026628. The results
demonstrated that circ 0026628 mainly resided in the
cytoplasm of CRC cells (Fig. 1F), implying the post-
transcriptional role of circ_0026628 in CRC.

Circ_0026628 promoted CRC cell proliferation, migration,
EMT, and stemness

Subsequently, the function of circ_0026628 was examined
in CRC cells. Before the loss-of-function assays, the depletion
efficiency of circ_0026628 by sh-circ_0026628#1/2 was vali-
dated via qRT-PCR (Supplementary Fig. S1A). Importantly, it
was proved that sh-circ_0026628#1/2 had no obvious impact
on the expression of SP1 pre-mRNA (Supplementary Fig.
S1B), indicating sh-circ_0026628#1/2 did not target SP1 but
was special for circ_0026628. Then, we identified that
silenced circ_0026628 reduced the proliferative ability of
SW480 and LOVO cells (Fig. 2A and Supplementary Fig.
S1C). Next, cell migration was assessed through transwell
and wound-healing assays. The results revealed that loss
of circ_0026628 impaired the migration ability of two CRC
cells (Fig. 2B, C). Further, we analyzed the impact of
circ_0026628 on EMT. It manifested that the absence
of circ_0026628 significantly reduced the levels of N-cad-
herin, Slug, Twist and enhanced the expression of E-cadherin
(Fig. 2D). Consistently, IF assay data also supported that
circ_0026628 deficiency fortified the staining of E-cadherin
and lessened the positivity of N-cadherin (Fig. 2E). Moreover,
we also evaluated whether circ_0026628 affected the stem-
ness of CRC cells. Notably, the levels of stemness biomarkers
(OCT4, Nanog, and SOX4) were reduced in response to the
knockdown of circ_0026628 (Fig. 2F). In addition, sphere
formation assay results disclosed that the number and
size of spheres were both decreased and the relative sphere
formation efficiency was also remarkably reduced in CRC
cells with circ_0026628 depletion (Fig. 2G and Supplemen-
tary Fig. S1D). In brief, circ 0026628 promoted cell pro-
liferation, migration, EMT, and stemness in CRC.

SP1 was required in circ_0026628-mediated biological
functions of CRC cells

After we have verified the function of circ_0026628, we
next sought to examine the underlying mechanism of
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Fig. 1 Circ_0026628 was upregulated in CRC cells. A gRT-PCR measured the expression profile of 11 SP1-derived circRNAs in CRC cells relative to
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|

circ_0026628 in CRC. We firstly detected the influence of
circ_0026628 on SP1 expression. As was revealed in Fig.
3A, the mRNA and protein levels of SP1 were both
decreased by silenced circ_0026628. Also, upregulated
circ_0026628 caused an increase in SP1 expression (Sup-
plementary Fig. S1E). Thus, rescue assays were conducted
in SW480 cells to examine whether circ_0026628 affected
CRC cell functions via targeting SP1. In advance of the
rescue assays, the overexpression efficiency of SP1 was
validated by qRT-PCR (Supplementary Fig. S1F). Then, the
results of colony formation and CCK-8 assay proved that
upregulating SP1 enhanced the hampered CRC cell pro-
liferation due to circ_0026628 depletion (Fig. 3B and
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Supplementary Fig. S1G). Similarly, the outcomes of
transwell and wound-healing assays revealed that SP1
upregulation completely rescued the suppressive effects of
silenced circ_0026628 on cell proliferation and migration
(Fig. 3C, D). Further, the inhibitory effects of down-
regulated circ_0026628 on EMT process were completely
restored by upregulated SP1 (Fig. 3E, F). Besides, western
blotting analysis of stemness markers and sphere formation
assay data demonstrated that SP1 overexpression com-
pletely counteracted the effects of circ_0026628 deficiency
on cell stemness (Fig. 3G, H). To sum up, circ_0026628
positively regulated SP1 expression to facilitate CRC cell
proliferation, migration, EMT, and stemness.
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Fig. 3 SP1 was required in circ_0026628-mediated biological functions of CRC cells. A gRT-PCR and western blot measured the influence of
silenced circ_0026628 on SP1 expression in CRC cells. One-way ANOVA. B-D. Colony formation, transwell (scale bar: 180 um) and wound-healing
assays (scale bar: 120 um) examined the rescue effects of SP1 overexpression on circ_0026628 deficiency hampered cell proliferation and migration.
One-way ANOVA. E, F Western blotting and IF staining assay (scale bar: 150 um) detected changes in EMT process in indicated CRC cells. G, H Western
blot and sphere formation assay (scale bar: 150 pm) explored the stemness of CRC cells under different transfections. One-way ANOVA. **P < 0.01.
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Circ_0026628 competed with SP1 for the binding
of miR-346

Further, how circ_0026628 regulated SP1 in CRC was
explored in the following assays. Since the previous
assays revealed that circ_0026628 might exert post-
transcriptional regulation in CRC cells, we wondered if
circ_0026628 regulated SP1 via a ceRNA pattern. Seen
from the data of the Ago2-RIP assay, we discovered that
both circ_0026628 and SP1 were abundantly enriched in
anti-Ago2 groups (Fig. 4A). Such phenomena indicated
the existence of circ_0026628 and SP1 in RNA-induced
silence complex (RISC), verifying the presence of a ceRNA
network consist of them in CRC cells. On this basis, the
common miRNAs binding with both circ_0026628 and
SP1 were searched. According to the prediction results of
starBase®’, 229 miRNAs binding to SP1 (screening con-
ditions: CLIP-Data=1, Degradome-Data>0, and pan-
Cancer>4) and 107 miRNAs interacting with
circ_0026628 (screening conditions: CLIP-Data>1 and
Degradome-Data > 0) were discovered. Besides, the Venn
diagram showed 45 miRNAs were shared by circ_0026628
and SP1 (Fig. 4B). Then, RNA pull-down assay results
indicated that among the 45 miRNAs 8 were highly enri-
ched by Bio-SP1 (Supplementary Fig. S2A), while only 2 of
these 8 miRNAs (miR-346 and miR-326) were pulled
down by Bio-circ_0026628 in CRC cells (Fig. 4C). Subse-
quently, the expression profile of miR-346 and miR-326 in
CRC cells were examined. Results displayed that miR-346
was significantly downregulated in CRC cells compared
with the control cells while miR-326 showed no distinct
difference in expression between CRC cells and control
cells (Fig. 4D). Then, we enhanced the expression of miR-
346 and identified that upregulated miR-346 remarkably
reduced the expression of SP1 at both mRNA and protein
levels (Fig. 4E). Further, the RIP assay depicted that
circ_0026628, miR-346, and SP1 were enriched in Ago2-
mediated RISC (Fig. 4F). The binding sequences between
circ_0026628/SP1 and miR-346 were predicted from
starBase (Fig. 4G). We mutated the binding sequences for
the following luciferase reporter assay. The results revealed
that the luciferase activity of wild-type circ_0026628 or
SP1 was remarkably reduced by miR-346 mimics while
that of mutant circ_0026628 or SP1 was not impacted at
the same time (Fig. 4H). Taken together, circ_0026628
competed with SP1 to bind with miR-346.

Circ_0026628 partially depended on miR-346 to boost SP1

Then, we continued to investigate whether
circ_0026628 functioned in CRC through a miR-346-
mediated manner. Prior to that, we analyzed the role of
miR-346 in CRC first. It was revealed that miR-346
upregulation hampered cell proliferation, migration, and
EMT, and also weakened cell stemness in CRC (Supple-
mentary Fig. S2B—G). These data certified miR-346 as a
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tumor-inhibitor in CRC. Further, the results of rescue
assays revealed that inhibiting miR-346 partially rescued
the effects of circ_0026628 depletion on cell proliferation,
migration, EMT, and stemness (Supplementary Fig.
S3A-G). More importantly, the reduction in SP1
expression owing to circ_0026628 deficiency was only
partly recovered under miR-346 inhibition (Supplemen-
tary Fig. S3H). Combined with the previous data that
upregulating SP1 perfectly rescued the effects of
circ_0026628 silence on CRC cells, we speculated that
circ_0026628 regulated SP1 through not only the miR-
346-dependent pathway.

Circ_0026628 recruited FUS to stabilize SP1

Subsequently, we aimed at disclosing another way
whereby circ_0026628 regulated SP1 in CRC. Since cir-
cRNAs can also recruit specific RBPs to play post-
transcriptional regulatory roles, we then conducted an
RNA pull-down assay to uncover the potential RBP for
circ_0026628. Based on mass spectrometry analysis of
proteins, which were pulled down by Bio-circ_0026628
rather than the control group, FUS was identified (Fig. 5A).
Additionally, the interaction between FUS and
circ_0026628 was further validated in SW480 and LOVO
cells by RNA pull-down and RIP assays (Fig. 5B). Con-
sistently, the data from IF and FISH assays also proved
the co-localization of circ_0026628 and FUS mainly in the
cytoplasm of these two CRC cells (Supplementary Fig.
S4A). Hence, we confirmed FUS as the RBP interacting
with circ_0026628 in CRC. Then, we identified that FUS
was significantly upregulated in CRC cells relative to the
control cells (Fig. 5C). Moreover, silencing circ_0026628
had no influence on FUS mRNA and protein levels
(Fig. 5D). In the meantime, we knocked down FUS
expression by sh-FUS#1/2 (Supplementary Fig. S4B), and
figured out that downregulated FUS had no impacts on
circ_0026628 expression while obviously reduced the
expression of SP1 (Fig. 5E, F). Importantly, FUS is the
potential to bind SP1 based on the starBase database.
Furthermore, the RIP assay disclosed that SP1 was sig-
nificantly pulled down by anti-FUS, while circ_0026628
knockdown markedly reduced the enrichment of SP1 in an
anti-FUS group (Fig. 5G). In other words, SP1 mRNA
could interact with FUS, and the interaction between them
was hampered under the absence of circ_0026628. Of
note, we discovered that overexpressing FUS did not affect
the relative enrichment of SP1 mRNA in Bio-miR-346
groups (Supplementary Fig. S4C, D), proofing that the
interaction of FUS with SP1 mRNA had no influence on
the binding of miR-346 to SP1 3'UTR. Thereafter, we
tested the impact of FUS and circ_0026628 on SP1
through treating CRC cells with ActD. The results
demonstrated that when FUS or circ_0026628 was
knocked down, SP1 mRNA level was reduced faster under
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(see figure on previous page)

t-test. *P < 0.05, **P < 0.01. “n.s.” indicates no significance.

Fig. 4 Circ_0026628 competed with SP1 for the binding of miR-346. A RIP assay revealed the enrichment of circ_0026628 and SP1 pulled down
by anti-IgG and anti-Ago2. Student's t-test. B Venn diagram revealed the miRNAs binding to both circ_0026628 and SP1 based on the starBase
database. C RNA pull-down assay tested the enrichment of 8 candidate miRNAs pulled down by Bio-NC and Bio-circ_0026628-WT. Student’s t-test.
D gRT-PCR analyzed the expression profile of miR-346 and miR-326 in CRC cells and the control cells. One-way ANOVA. E gRT-PCR verified the
overexpression efficiency of miR-346; qRT-PCR and western blot disclosed the influence of miR-346 mimics on SP1 expression. Student’s t-test.

F RIP assay estimated the enrichment of circ_0026628, miR-346, and SP1 in anti-Ago2 groups relative to anti-lgG groups. Student’s t-test. G Binding
sites between circ_0026628/SP1 and miR-346 predicted by starBase, and the mutant circ_0026628/SP1 constructed based on indicated sites.

H Luciferase reporter assay determined the luciferase activity of wild-type and mutant circ_0026628/SP1 in CRC cells with miR-346 mimics. Student’s

ActD treatment (Fig. 5H), suggesting that FUS/
circ_0026628 depletion lowered the stability of SP1
mRNA. To sum up, circ_0026628 interacted with FUS
protein to stabilize SP1 in CRC cells.

Circ_0026628-mediated effects on CRC cells via Wnt/
B-catenin signaling pathway

Since SP1 could activate Wnt/B-catenin signaling, here
we examined whether circ_0026628 could trigger Wnt/
[B-catenin signaling via targeting SP1. In this case, the
expression of the core factor (B-catenin) and two well-
recognized downstream targets (c-Myc and SOX2) of this
pathway, as well as that of SP1, was detected in
circ_0026628-silenced CRC cells via western blot. It was
revealed that all the levels of SP1,B-catenin, c-Myc, and
SOX2 were noticeably reduced by silenced circ_0026628
(Fig. 6A). A previous study has revealed that SP1 interacted
with B-catenin to accumulate B-catenin and promoted its
nuclear translocation, thus activating Wnt/p-catenin sig-
naling??. In the present study, we wondered whether
circ_0026628 influenced the interaction between B-catenin
and SP1 to affect this pathway. As expected, the level of
nuclear p-catenin was apparently lessened and the trans-
location of B-catenin into the nucleus was also hindered in
face of circ_0026628 deficiency (Supplementary Fig. S4E).
Significantly, all these phenomena were attributed to the
declined levels of both SP1 and p-catenin and the blocked
interaction between them in circ_0026628-silenced CRC
cells (Fig. 6B and Supplementary Fig. S4F). Further, LiCl,
the agonist of Wnt/p-catenin pathway??, was employed for
following rescue assays. Results depicted that LiCl treat-
ment completely rescued the suppressive effects of silenced
circ_0026628 on CRC cell proliferation, migration, EMT,
and stemness (Fig. 6C-I). All in all, we concluded that
circ_0026628 mediated biological functions in CRC cells via
upregulating SP1 to stimulate the Wnt/p-catenin pathway.

SOX2 transcriptionally activated SP1 to elevate
circ_0026628 expression

Moreover, we used LiCl to treat CRC cells and figured out
that circ_0026628 expression was enhanced by LiCl treat-
ment (Fig. 7A). Since SOX2 was the downstream target
genes of the Wnt/B-catenin pathway and SOX2 commonly
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served as the transcription factor, we wondered if SOX2
could transcriptionally activate SP1 to positively regulate
circ_0026628. The expression of SOX2 was enhanced by
pcDNA3.1-SOX2 in CRC cells, leading to elevated expres-
sion of SP1 and circ_0026628 (Fig. 7B). In contrast, the
downregulation of SOX2 resulted in a significant decrease in
the levels of SP1 and circ_0026628 (Fig. 7C). These results
suggested that SOX2 positively modulate SP1 and
circ_0026628 expression in CRC. Based on JASPAR (http://
jaspar.genereg.net/), the DNA motif of SOX2 and two
potential binding sequences of SOX2 in SP1 promoter
(2100 bp sequence upstream of SP1 gene sequence, genomic
position: chr12:53771879-53773978) were illustrated in
Fig. 7D. We conducted a ChIP assay and identified that the
SP1 promoter was remarkably pulled down by anti-SOX2
(Fig. 7E). Moreover, a luciferase reporter assay was imple-
mented. Results manifested that the luciferase activity of
wild-type SP1 promoter was significantly enhanced by SOX2
overexpression, while such enhancement effect was a bit
mitigated when site 1 or 2 was mutated but completely
abrogated when both sites 1 and 2 were mutated (Fig. 7F).
Thus, we concluded that SOX2 bound to both sites in SP1
promoter, finally upregulating circ_0026628 in a transcrip-
tional way.

On the whole, circ_0026628 sponged miR-346 and
recruited FUS protein to elevate SP1, therefore triggering
the downstream Wnt/B-catenin pathway to accelerate
malignancy in CRC. In return, SOX2, the downstream
gene of the Wnt/B-catenin pathway, further tran-
scriptionally activated SP1 to enhance circ_0026628.

Discussion

With the advancement of bioinformatics approaches
and deep sequencing, comprehensive studies of cir-
cRNAs are allowed in human diseases, including can-
cers”*~?°. CircRNAs like circ_0005963'°, circ_0005100"",
and circ_0009361'% are known as putative biomarkers
for CRC. However, the functions of a large number of
circRNAs in CRC have not been researched yet. The
present study detected the differentially expressed cir-
cRNAs which shared the same pre-mRNA with SP1, an
oncogene with elevated expression in CRC. Conse-
quently, circ_0026628 was identified as the only circRNA
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that was upregulated in all four kinds of CRC cells.
Moreover, loss-of-function assay results showed that
silencing circ_0026628 weakened cell proliferation,
migration, EMT, and stemness in CRC. These findings
also suggested circ_0026628 as a promising biomarker
for CRC. Since the forming process of exonic circRNAs
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could affect alternative splicing of their relevant pre-
mRNAs, which potentially leads to altered host gene
expression27, we detected the influence of circ_0026628
on SP1 expression. The results revealed that
circ_0026628 positively regulated SP1 expression.
Importantly, we testified that circ_0026628 facilitated
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CRC cell proliferation, migration, EMT, and stemness
via upregulating SP1.

In the present work, we uncovered the cytoplasmic loca-
lization of most circ_0026628 in CRC cells, which estab-
lished the potential that circ_0026628 played a post-
transcriptional regulatory role in CRC. For most circRNAs,
two mechanisms have been reported as the most prevalent
manner to exert post-transcriptional regulations on protein-
coding genes™®. One is the so-called ceRNA mechanism, in
which circRNAs serve as miRNA sponges to protect
mRNAs from miRNAs-induced silencing®. Since we iden-
tified that circ_0026628 and SP1 were abundantly enriched
in RISC, we speculated that circ_0026628 could regulate SP1
via the ceRNA pattern. By bioinformatics analysis and a
series of mechanistic assays, miR-346 was found to bind with
both circ_0026628 and SP1. Besides, we attested that miR-
346 was lowly-expressed in CRC cells, consistent with for-
mer findings that miR-346 was downregulated in CRC™.
Further, we certified that circ_0026628 served as a ceRNA
against miR-346 to elevate SP1 expression. Nowadays, the
mediating role of miR-346 in the ceRNA pattern has been
widely validated. MIR17HG serves as ceRNA against miR-
346/miR-425-5p to up-regulate TAL1 in glioma cells*.
CircFBLIM1 functions as a miR-346 sponge to regulate
FBLIM1 expression, thus promoting hepatocellular cancer
progression®”. LncRNA DGCR5 represses hepatocellular
carcinoma cell growth, migration, and invasion through
sponging miR-346 to elevate KLF14 expression®. Apart
from the present study, modulation of circRNAs on their
linear mRNAs via the ceRNA pattern has also been reported
in many studies. He et al>* revealed that circGFRA1 and
GFRAL1 function as ceRNAs by binding with miR-34a to
promote triple-negative breast cancer development.
CircRNA-ENOL1 elevates the expression of its host gene
ENOL1 to promote glycolysis and tumor progression in lung
adenocarcinoma through sequestering miR-22-3p*.

After we have verified the ceRNA mechanism, we found
that inhibiting miR-346 partially rescued the effects of
silenced circ_0026628, indicating that circ_0026628 might
regulate linear SP1 via another pattern. Hence, we then
focused on another common function for circRNAs to
interact with RBPs to modulate gene expression at post-
transcriptional level®®. For example, circPABPNI1 regulates
the linear PABPN1 through binding to HuR in human cer-
vical carcinoma cells*’. Thus, we wondered if circ_0026628
recruited specific RBP to post-transcriptional regulate SP1.
After the mechanistic assays, we verified that circ_0026628
bound to FUS protein mainly in the cytoplasm of CRC cells
to facilitate the stabilization of SP1. Previously, studies have
suggested that FUS resides in the nucleus of different cell
types to affect gene transcription. As an example, Dhar
et al®® have pointed out that FUS binds to MnSOD pro-
moter to MnSOD transcription. Nevertheless, there are also
numerous evidences supporting the cytoplasmic role of FUS.
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For instance, Udagawa et al.”” discovered that FUS also exists
in the cytoplasm and the cytoplasmic FUS interacts with
GluA1l Mrna to enhance its stability. Notably, the recruiting
role of circRNAs in strengthening FUS-induced stabilization
on mRNAs in the cytoplasm has also been reported pre-
viously. Di et al.*® uncovered that SNHG14 elevates EZH2
expression via interacting with FUS to stabilizing EZH2
mRNA in CRC cells.

An increasing number of studies have uncovered that
SP1 is involved in the activation of the Wnt/B-catenin
pathway16’41’42. Moreover, Mir et al.>? have disclosed that
SP1 directly interacts with p-catenin and promoted the
nuclear translocation of [-catenin. Consistently, we
demonstrated that circ_0026628 promoted CRC cell pro-
liferation, migration, EMT, and stemness via activating the
Wnt/B-catenin pathway through fortifying the interaction
between SP1 and [-catenin. Moreover, we found out that
circ_0026628 expression was upregulated after activating
the Wnt/p-catenin pathway. Thus, we speculated that the
downstream gene of the Wnt/B-catenin pathway could
regulate circ_0026628 in turn. Herein, it was revealed that
SOX2 was exactly the transcriptional activator for SP1,
which finally elevated the level of SP1 mRNA-derived
circ_0026628. SOX2 is a common stemness biomarker,
which also functions as a transcription factor. For example,
Lu et al.** concluded that miR-200c targets Sox2 to inhibit
CRC cell stemness, growth, and migration. Liu et al.*
revealed that SOX2 binds to IncRNA HBL1 promoter to
activate HBL1 transcription.

Conclusively, the present study firstly demonstrated that
circ_0026628 positively modulated its cognate gene of SP1
to activate the Wnt/B-catenin pathway via sponging miR-
346 and recruiting FUS. Besides, the downstream target of
the Wnt/p-catenin pathway, SOX2, further transcriptionally
activated SP1 to induce circ_0026628 upregulation. Further,
we testified that such feedback mechanism facilitated CRC
cell proliferation, migration, EMT, and stemness. Sig-
nificantly, our work supported circ_0026628 is a promising
therapeutic target for CRC. Nonetheless, the lack of clinical
data are the main limitation of the current study, which will
be solved in the future.
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