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Abstract: Colorectal cancer (CRC) is one of the most commonly diagnosed cancers, and it has a poor prognosis.
Emerging evidence shows that circular RNAs (circRNAs) may act as good therapeutic targets for cancers due to
their abundance and stability. However, their regulatory role in CRC needs further investigation. This study revealed
that circAPLP2 was upregulated and miR-101-3p was downregulated in CRC tissues and cells compared to normal
controls. Knockdown of circAPLP2 and overexpression of miR-101-3p inhibited the cell proliferation, migration and
invasion and induced the apoptosis of CRC cells. circAPLP2 acted as a miR-101-3p sponge to upregulate its target
gene Notch1, which activated cascades of proliferation- and metastasis-related proteins (c-Myc, cyclin D1, MMP-2
and MMP-9). Additionally, knockdown of circAPLP2 suppressed tumour growth and liver metastases of CRC in nude
mice. Taken together, these results indicate that circAPLP2 promotes proliferation and metastasis by targeting miR-
101-3p to activate the Notch signalling pathway in CRC, which provides new insights into the mechanisms underly-
ing CRC malignancy and suggests a new therapeutic target.
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Introduction

As the third most commonly diagnosed cancer,
CRC has become a principal cause of death
worldwide [1], but incidence and mortality rates
are decreasing in developed countries due to
new screening methods allowing for early diag-
nosis and treatment [2]. However, the progno-
sis of CRC patients remains poor because of
the high frequency of metastasis and recur-
rence and late stage at initial diagnosis [3].
Therefore, discovering new prognostic biomark-
ers and elucidating the potential molecular
mechanisms of CRC may provide improved
treatments for patients.

The Notch signalling pathway is imperative to
normal cell apoptosis, proliferation, develop-
ment and differentiation [4]. In humans, the
Notch pathway includes five ligands and four
receptors [5]. Notchl is one of the four recep-
tors of the notch pathway [6]. Notch signalling

is actively involved in the epithelial to mesen-
chymal transition (EMT) process, ultimately
leading to migration [7] and is also reported to
be dysregulated in CRC [4] and to be related to
the progression and metastasis of CRC; evi-
dence suggests that Notchl promotes EMT
in CRC [8]. Additionally, high expression of
Jagged-1 was reported to be associated with
poor prognosis after surgery for CRC [8]. Hes1
increased the invasion of CRC through the
STAT3-MMP14 pathway [9]. Thus, these studies
suggested a crucial role of the Notch signalling
pathway in CRC.

Recently, a novel type of non-coding RNA called
circular RNAs (circRNAs) was discovered and
has become a research hotspot in the field of
RNA [10]. CircRNAs form covalently closed loop
structures with neither 5’-3’ polarities nor poly-
adenylated tails [11]. Increasing evidence in-
dicates that circRNAs are highly conserved and
stable covalently and closely related to can-
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cers; thus, they may act as therapeutic targets
and biomarkers due to their abundance and
stability [12]. For instance, circ_0075828 pro-
motes bladder cancer cell proliferation throu
gh activation of CREB1 [13]. However, circ_00-
05379 regulates the malignant behaviour of
oral squamous cell carcinoma through the
EGFR pathway [14]. Additionally, circDDX17
acts as a tumour suppressor in colorectal can-
cer [15]. circITGA7 inhibits colorectal cancer
growth and metastasis by modulating the Ras
pathway [16]. However, there are still few stud-
ies on the regulatory role of circRNA in CRC at
present. Recently, circAPLP2 has been verified
to be upregulated in CRC tissues [15]. However,
whether circAPLP2 plays a regulatory role in
the initiation and progression of CRC is still
elusive.

MicroRNAs (miRNAs) are endogenous RNAs
approximately 20-22 nt in length involved in
regulating multiple physiological biological pro-
cesses, such as tumorigenesis and metastasis
[17]. Increasing evidence suggests that many
signalling pathways, including the Notch signal-
ling pathway, could be regulated by miRNAs
[18]. Recently, it was reported that miR-101-3p
was associated with poorer survival after a
diagnosis of colon cancer [19]. miR-101 sup-
presses CRC cell growth in 3D, hypoxic survival
and invasive potential [20]. Additionally, low
serum levels of miR-101 are associated with
poor prognosis of CRC patients after curative
resection, indicating its potential prognostic
function [21]. To date, there is no report on the
direct targeting of the Notch signalling pathway
by miR-101. In our previous bioinformatics
analysis, a binding site for miR-101-3p on circA-
PLP2 and Notchl was discovered. Therefore, it
is speculated that circAPLP2 may promote the
Notch1-mediated Notch signalling pathway by
targeting the inhibition of miR-101-3p, thereby
promoting CRC proliferation and metastasis.

Here, circAPLP2 is identified as an oncogene
that is upregulated in CRC and sponges endog-
enous mMiR-101-3p to promote Notchl expres-
sion and activate the Notch signalling pathway,
thereby regulating CRC proliferation and metas-
tasis. Our findings reveal a novel mechanism
underlying the involvement of circAPLP2 in CRC
progression and support that circAPLP2 serves
as a potential biomarker and therapeutic target
for CRC.
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Materials and method
Patient tissues

Forty-two paired CRC and adjacent normal tis-
sues were obtained from patients during sur-
gery at The First People’s Hospital of Huaihua.
All samples were directly snap-frozen in liquid
nitrogen or stored at -80°C. This study was
approved by the ethics committee of The First
People’s Hospital of Huaihua.

Cell cultures

Human colorectal cancer cell lines (LoVo, HCT-
116, SW620, SW480) and a normal colon epi-
thelial cell line (FHC) were all purchased from
American Type Culture Collection (ATCC, USA).
Cells were cultured in Dulbecco’s modified
Eagle’'s medium (DMEM) supplemented with
10% foetal bovine serum (FBS, Gibco, USA).
Cells were cultured in a humidified atmosphere
of 5% CO, at 37°C.

Cell transfection

miR-101-3p mimics and inhibitors as well as
their negative controls were purchased from
GenePharma (GenePharma, China). miR-101
mimics or inhibitor (25 nM) were transfected
into target cells with the help of Lipofectamine
2000 (Invitrogen, USA). Knockdown of circA-
PLP2 was achieved by sh-circAPLP2 (2 ug,
GenePharma, China). After seeding in 6-well
plates, the cells were transfected following the
manufacturer’s protocol 24 h later. RNA extrac-
tion and Western blot experiments were con-
ducted at 48 h after transfection.

Cell apoptosis analysis by flow cytometry assay

The Annexin V-FITC Apoptosis Detection Kit
(KeyGen Biotech, China) was used to analyse
cell apoptosis following the manufacturer’s
instructions. Briefly, cells were stained with pro-
pidium iodide (Pl) and FITC. Then, FACS Canto Il
(BD Biosciences, USA) was used to perform
flow cytometry, and BD FACSDiva Software (BD
Biosciences, USA) was used to analyse the
data.

Colony formation assay

LoVo and SW620 cells were seeded into 6-well
plates and cultured. Two weeks later, the colo-
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nies were fixed with methanol for 10 min and
stained with 0.1% crystal violet for 15 min at
room temperature. Cell colonies were counted
and photographed.

Wound healing assay

Cells were grown to 80% confluence in a 6-well
plate with DMEM supplemented with 10% FBS
and were scratched with a sterile 200 pl pipette
tip to create a wound. Then, cells were washed
with PBS to remove floating cells and added to
a medium without serum for 48 h. The total dis-
tance travelled by the cells at different time
points was quantified with NIS-Elements AR 3.1
software (Nikon).

Transwell assay

For the invasion experiment, a 24-well Matrigel-
coated Millicell system (BD Biosciences, USA)
was used to measure the invasive ability of
cells. To measure cell migration, 2 x 10* LoVo
and SW620 cells in DMEM were seeded into
24-well Transwell chambers (Corning, USA),
with 200 pl serum-free DMEM in the upper
chambers and DMEM with 10% FBS in to the
lower chambers. Forty-eight hours after incuba-
tion, we carefully removed the non-invading
cells from the surface and fixed the cells on the
bottom in 100% methanol. Then, the cells were
stained with 0.5% crystal violet solution. The
migrated and invaded cells were quantified
by photographing under a microscope (Nikon,
Japan). Cell numbers were calculated in five
random fields for each chamber, and the aver-
age value was calculated. Each experiment was
conducted in triplicate.

Luciferase reporter assay

The fragments from circAPLP2 and Not-
chl containing the predicted miR-101-3p
binding site and its mutant sequence were
amplified by PCR and then subcloned into
the pmirGLO plasmids (Promega, USA). Then,
50 pmol/well miRNA mimics and 800 ng/well
luciferase reporter plasmids were co-transfect-
ed into LoVo and SW620 cells. Lipofectamine
2000 (Invitrogen, USA) was used for transfec-
tion. Then, the relative luciferase activities
were measured via a dual-luciferase assay
system (Promega, USA) after transfection for
48 h.
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Animal experiments

The xenograft tumour model was established
as described before [22]. Briefly, we purchased
5-week-old male BALB/c nude mice from SJA
Laboratory Animal Co., Ltd. (Hunan, China).
LoVo and SW620 (5 x 10°/0.2 mL PBS) cells
with or without circAPLP2 knockdown were
subcutaneously inoculated into the right flank
of each nude mouse. Then, every 5 days, we
measured tumour volumes with digital callipers
and calculated with the following formula:
tumour volume = 1/2 (length x width2). Thirty
days later, we killed the mice, measured the
volume and weight of the tumours and harvest-
ed the tumour tissues.

To analyse metastasis [23], 2 x 10° cells were
inoculated into the tail vein of each mouse. Six
weeks later, we killed the mice and excised the
livers. We fixed the livers with 4% paraformal-
dehyde for 0.5 h. Then, we made consecutive
tissue sections (4 ym) and stained them with
haematoxylin and eosin (H&E). We evaluated
micrometastases in livers under a dissecting
microscope (Olympus Imaging America Inc.,
USA). The animal experiments were approved
by the Animal Care Committee of The First
People’s Hospital of Huaihua.

IHC (immunohistochemistry) assay

IHC assays were conducted as described previ-
ously [24]. Briefly, we collected tissues, fixed
them in neutral formalin, dehydrated them, and
embedded them in paraffin. Then, we sliced
them into serial sections (5 um thick), dehydrat-
ed them and treated them at room temperature
(RT) in 3% hydrogen peroxide for 10 min,
followed by high-temperature antigen retrieval.
Then, we blocked them with normal nonim-
mune animal serum, and we allowed the sec-
tions to stand at RT for 20 min. We added pri-
mary antibodies rabbit anti-Notchl (1:200,
Abcam, USA) and anti-Ki-67 (1:200, Abcam,
USA) and incubated them at 4°C overnight.
Then, we added biotinylated goat anti-rabbit
IgG secondary antibody and incubated them at
37°Cfor 20 min. Diamino benzidine chromogen
(DAB) solution was used to develop a colour
reaction. We retained the sections in haema-
toxylin, dehydrated them, permeabilized them,
and mounted them. Finally, we observed them
under a microscope.
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RNA extraction and real-time PCR

Total RNA from tissues and cells was extracted
with Tri-regent (Sigma, USA). Then, first-strand
cDNA was generated by the ImProm-Il Reverse
Transcription System (Promega, USA). Gene-
specific primers and the SYBR Premix Ex Taq |l
kit (Takara, China) were then used to carry out
gPCR analysis. The following primer sequences
were used: circAPLP2 forward 5-AGACTGGGA-
AATGGGAACCT-3, reverse 5-GAGGTCTCAGTCA-
TGCCACA-3’; miR-101-3p forward 5-GCGCGC-
ATACAGTACTGTGATA-3’, reverse 5-GTCGTATCC-
AGTGCAGGGTCCGAGGTATTCGCACTGGAT-
ACGACTTCAGT-3’; Notch1 forward 5-GCACGT-
GTATTGACGACGTTG-3’, reverse 5-GCAGACAC-
AGGAGAAGCTCTC-3’; U6 forward 5-CTCGCTTC-
GGCAGCACA-3’ and reverse 5-AACGCTTCACG-
AATTTGCGT-3’; and GAPDH forward 5’-CCA-
GGTGGTCTCCTCTGA-3’ and reverse 5-GCTGTA-
GCCAAATCGTTGT-3". Relative fold changes we-
re analysed by the 224¢t method, where Ct is
the cycle threshold.

Western blot analysis

Cold RIPA buffer (ThermoFisher, USA) conta-
ining protease inhibitor cocktail (Roche,
Switzerland) was used to harvest and isolate
cells. Then, 10% SDS-PAGE was used to sepa-
rate protein samples. Then, protein samples
were transferred to polyvinylidene difluoride
(PVDF) membranes, which were further probed
with specific primary antibodies. Horseradish
peroxidase (goat anti-rabbit, Abcam) was used
as the secondary antibody and incubated at
room temperature for 1 h. Antibodies against
HSE1, Jaggedl, Notch1, c-Myc, cyclin D1, MMP-
2, and MMP-9 (1:1000, Abcam, USA) were
used. GAPDH (1:5000; ProteinTech, China) was
used to perform quantitative autoradiography
by the optical density method. SuperPico
chemiluminescent substrate (Pierce, USA) was
used to visualize signals. Image) software
(National Institutes of Health, USA) was used to
quantify the band intensity.

Statistical analysis

All statistics were analysed by GraphPad Prism
5 software (GraphPad, USA). The results are
presented as the mean * standard deviation.
The statistical significance of the differences
between two groups was analysed using paired
Student’s t-test. For comparison of multiple
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groups, one-way ANOVA was performed. The P
value was two-sided, and P < 0.05 was consid-
ered statistically significant.

Results

circAPLP2 and Notch1 are significantly upregu-
lated and miR-101-3p is downregulated in CRC
tissues and cells

First, the expression of circAPLP2, miR-101-3p
and Notchl was investigated in 42 pairs of
CRC and adjacent normal tissues by qRT-PCR.
The results suggested that in CRC tissues,
the expression of circAPLP2 and Notchl was
increased, while that of miR-101-3p was de-
creased (Figure 1A-C). Furthermore, circAPLP2
and Notchl were upregulated, while miR-101
was downregulated in HCT-116, LoVo, SW620
and SW480 CRC cell lines compared with nor-
mal colon epithelial cell line FHC (Figure 1D-F),
indicating a negative correlation between the
expression of circAPLP2 and miR-101 in CRC.
Since circAPLP2 has the highest expression
level in LoVo and SW620 cells, these two cells
were selected for subsequent experiments.
Additionally, protein expression of the Notch
signalling pathway was also detected in those
cell lines; Figure 1G and 1H shows that HSE1,
Jaggedl and Notchl were all upregulated in
CRC cells compared with normal cells (Figure
1G and 1H). Taken together, circAPLP2 and
Notchl were upregulated in CRC tissues and
cells.

CircAPLP2 interacts with miR-101-3p and up-
regulates Notch1 expression in CRC cells

To explore the relationships among circAPLP2,
Notchl and miR-101, we transfected circAPLP2
shRNA into LoVo and SW620 cells, and as
shown in Figure 2A, circAPLP2 was success-
fully knocked down, miR-101-3p was upregu-
lated when circAPLP2 was knocked down, and
Notchl was downregulated when circAPLP2
was knocked down. In addition, miR-101-3p
mimics and inhibitors were also transfected
into LoVo and SW620 cells. Figure 2B shows
that Notchl was downregulated when we over-
expressed miR-101-3p and that Notchl was
downregulated when miR-101-3p was inhibited.
Furthermore, we also predicted potential bind-
ing sites between miR-101-3p and circAPLP2
and between miR-101-3p and Notchl by
Starbase database (http://starbase.sysu.edu.
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Figure 1. The expression patterns of circAPLP2, miR-101-3p and Notch1 in CRC tissues and cell lines. The expression levels of circAPLP2 (A), miR-101-3p (B) and
Notchl (C) in CRC and adjacent normal tissue samples by qRT-PCR assay. GAPDH or U6 was used for normalization. (N = 42). The expression levels of circAPLP2
(D), miR-101-3p (E) and Notch1 (F) in HCT116, LoVo, SW480, and SW620 CRC cell lines and normal colon epithelial cell line FHC by gRT-PCR assay. GAPDH or U6
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was used for normalization. (G) The expression of proteins in the Notch signalling pathway (Hes1, Jagged1 and Notch1) and GAPDH in CRC cells by Western blotting.
(H) Greyscale values of Western blot bands are shown in (H); GAPDH was used for normalization. All the results are shown as the mean £ SD (n = 3). *P < 0.05 and
**P < 0.01.
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cn/index.php). Figure 2C shows the direct bind-
ing site between miR-101-3p and circAPLP2,
while Figure 2D shows the direct binding site
between miR-101-3p and Notchl. We also con-
structed luciferase reporters of circAPLP2 RNA
(circAPLP2-WT), Notchl mRNA (Notch1-WT)
and their mutated forms, which did not contain
miR-101-3p binding sites (circAPLP2-MUT and
Notch1-MUT). Our results demonstrated that
miR-101-3p overexpression significantly inhib-
ited the luciferase activity of circAPLP2-WT and
Notch1-WT (Figure 2E and 2F) but not the
mutated forms (Figure 2E and 2F) in LoVo and
SW620 cells. These results fully demonstrated
that circAPLP2 promotes Notchl expression by
targeting miR-101-3p.

circAPLP2 knockdown inhibits proliferation
and promotes apoptosis of CRC cells through
miR-101-3p

We then transfected sh-NC+inhibitor-NC, mim-
ics NC, sh-circAPLP2+inhibitor-NC, miR-101
mimics or sh-circAPLP2+miR-101 inhibitor into
LoVo and SW620 cells to investigate the bio-
logical role of circAPLP2 in CRC. As shown in
Figure 3A and 3B, cell proliferation in the sh-
circAPLP2+inhibitor-NC group was significantly
decreased compared with that in the sh-
NC+inhibitor-NC group, indicating that circA-
PLP2 knockdown inhibits the proliferation of
both cell lines. miR-101-3p overexpression also
inhibited cell proliferation compared with that
in the mimic NC group (Figure 3A and 3B).
When we co-transfected miR-101 inhibitor with
sh-circAPLP2, cell proliferation inhibition by cir-
cAPLP2 knockdown was successfully rescued
(Figure 3A and 3B), indicating that circAPLP2
regulates cell proliferation through miR-101.
In the cell apoptosis assay, compared with
the negative control cells, both circAPLP2
knockdown and miR-101-3p overexpression
cells had significantly increased apoptotic
rates in both cell lines (Figure 3C and 3D).
Meanwhile, when we co-transfected miR-101
inhibitor with sh-circAPLP2, the elevated
apoptosis rate was successfully attenuated
(Figure 3C and 3D), indicating that circAPLP2
regulates cell apoptosis through miR-101.
Taken together, these results showed that cir-
CcAPLP2 knockdown inhibits proliferation and
promotes apoptosis of CRC cells through
miR-101-3p.
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circAPLP2 knockdown inhibits the migration
and invasion of CRC cells by targeting miR-
101-3p

Next, we investigated the regulatory role of cir-
CAPLP2 and miR-101-3p in cell metastasis.
Wound healing, Transwell migration and inva-
sion assays demonstrated that circAPLP2
knockdown and miR-101-3p overexpression in
LoVo and SW620 cells inhibited cell migration
and invasion (Figure 4A-F). When we co-trans-
fected miR-101 inhibitor with sh-circAPLP2 in
both cell lines, this inhibition induced by circA-
PLP2 knockdown was significantly reversed
(Figure 4A-F), indicating that circAPLP2 regu-
lated the migration and invasion of CRC cells by
sponging miR-101-3p.

circAPLP2 knockdown inhibits the Notch sig-
nalling pathway and decreases the expression
of metastasis-related proteins by targeting
miR-101-3p in CRC cells

The Notch signalling pathway is reported to be
related to CRC proliferation and metastasis. To
further explore the regulatory role of circAPLP2
on the Notch signalling pathway in CRC cells,
we examined the effects of circAPLP2 and miR-
101 on the Notch signalling pathway and the
levels of proliferation-related proteins. As
shown in Figure 5A and 5B, the expression of
proteins in the Notch signalling pathway, Hes1,
Jaggedl and Notchl, was downregulated by cir-
CAPLP2 knockdown and miR-101-3p overex-
pression in LoVo and SW620 cells. Furthermore,
knockdown of miR-101 attenuated the inhibi-
tion of the Notch signalling pathway induced
by circAPLP2 knockdown (Figure 5A and 5B),
demonstrating that knockdown of circAPLP2
inhibited the Notch signalling pathway through
regulating miR-101. Moreover, proteins related
to cell proliferation and metastasis were also
detected. Figure 5C and 5D showed that the
expression of proteins ¢c-Myc, cyclin D1, MMP-2
and MMP-9 was downregulated by circAPLP2
knockdown and miR-101 overexpression. The
inhibition of the expression of those proteins
induced by circAPLP2 knockdown was rescued
when we co-transfected miR-101 inhibitor with
sh-circAPLP2 in both cell lines (Figure 5C and
5D), indicating that knockdown of circAPLP2
inhibited the signal of cell proliferation and
metastasis by sponging miR-101. These results
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Figure 3. circAPLP2 knockdown inhibited the proliferation and promoted apoptosis of CRC cells through miR-101-3p. (A, B) A colony formation assay was performed
to detect the cell proliferation of LoVo and SW620 cells transfected with sh-circAPLP2, miR-101 mimics or miR-101 inhibitor. Representative images of colonies from
the indicated cells are shown in (A), and the quantification of colony numbers is shown in (B). (C, D) Flow cytometric analysis of cell apoptosis in LoVo and SW620
cells transfected with sh-circAPLP2, miR-101 mimics or miR-101 inhibitor. Representative flow images are shown in (C), and the quantification of the % of Annexin
V*/PI* apoptotic cells is shown in (D). All the results are shown as the mean + SD (n = 3). *P < 0.05 and **P < 0.01.
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Figure 4. circAPLP2 knockdown inhibited the migration and invasion of CRC cells through miR-101-3p. (A, B) The migration conditions of LoVo and SW620 cells
transfected with sh-circAPLP2, miR-101 mimics or miR-101 inhibitor were detected by wound healing assay. Representative images of wound healing from the in-
dicated cells are shown in (A), and the quantification of the migration rate (%) is shown in (B). (C, D) The migration ability of LoVo and SW620 cells transfected with
sh-circAPLP2, miR-101 mimics or miR-101 inhibitor was assessed by Transwell assays. Representative images of migrated cells are shown in (C), and the quantifica-
tion of migrated cells is shown in (D). (E, F) The invasion ability of LoVo and SW620 cells transfected with sh-circAPLP2, miR-101 mimics or miR-101 inhibitor was
assessed by Transwell assays. Representative images of invaded cells are shown in (E), and the quantification of invaded cells is shown in (F). All the results are

shown as the mean £ SD (n = 3). *P < 0.05 and **P < 0.01.
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Figure 5. circAPLP2 knockdown repressed the Notch signalling pathway and metastasis-related protein expression
through miR-101-3p in CRC cells. (A) The expression of proteins in the Notch signalling pathway (Hes1, Jagged1 and
Notch1) was detected by Western blotting in LoVo and SW620 cells transfected with sh-circAPLP2, miR-101 mimics
or miR-101 inhibitor. (B) Greyscale values of Western blot bands are shown in (A), and GAPDH was used for nor-
malization. (C) The expression levels of proliferation- and metastasis-related proteins (c-Myc, cyclin D1, MMP-2 and
MMP-9) and GAPDH in LoVo and SW620 cells transfected with sh-circAPLP2, miR-101 mimics or miR-101 inhibitor
were assessed by Western blotting. (D) Greyscale values of Western blot bands are shown in (C), and GAPDH was
used for normalization. All the results are shown as the mean + SD (n = 3). *P < 0.05 and **P < 0.01.

demonstrated that knockdown of circAPLP2
represses the Notch signalling pathway and
decreases the expression of metastasis-relat-
ed protein by targeting miR-101, thereby inhibit-
ing CRC tumorigenesis and metastasis.

circAPLP2 knockdown suppresses tumour
growth and liver metastases of CRC in nude
mice

The xenograft mouse models were then estab-
lished by subcutaneously injecting LoVo cells
and SW620 cells transfected with circAPLP2
shRNA or NC shRNA to further assess the regu-
latory role of circAPLP2 in vivo. As shown in
Figure 6A-C, circAPLP2 knockdown markedly
reduced tumour volume and weight compared
to that in the control group. The expression
levels of circAPLP2 and Notchl were marked-
ly reduced while miR-101 was significantly
increased in xenografts derived from sh-circA-
PLP2 (Figure 6D). Ki-67 staining in xenograft
tumours was also detected by IHC and was
downregulated in the circAPLP2 knockdown
group compared to the control group, indicating
the inhibition of tumour proliferation (Figure
6E). Figure 6F, 6G shows that circAPLP2
knockdown could decrease the expression
levels of Hes1, Jaggedl and Notch1, indicating
inhibition of the Notch signalling pathway
in tumour tissues. Most importantly, liver tis-
sues were harvested from nude mice, and
metastasis was examined. Metastasis to the
liver was observed in varying degrees in the
nude mice of different groups. The circAPLP2
knockdown group showed fewer liver metasta-
ses and a reduction in metastatic nodules in
liver tissues (Figure 6H and 61). Collectively, the
nude mouse experiments showed that knock-
down of circAPLP2 inhibits tumour formation
and liver metastasis by repressing the Notch
signalling pathway by targeting miR-101-3p.

Discussion

As a leading cause of cancer-related death
worldwide, CRC has a high frequency of recur-
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rence and distant metastasis [25]. Recently,
some circRNAs were suggested to play regula-
tory roles in CRC metastasis. For instance, cir-
cRNA_103809 was shown to regulate cell pro-
liferation and migration in CRC via the miR-
532-3p/FOX04 axis [26]. circHIPK3 was report-
ed to promote CRC growth and metastasis by
sponging miR-7 [22]. Additionally, circ_00000-
69 was verified to upregulate and promote cell
proliferation, migration, and invasion in CRC
[27]. Here, elevated expression of circAPLP2
was found in both CRC tissues and cells.
Mechanistically, circAPLP2 knockdown inhibit-
ed proliferation, migration, and invasion in CRC
via the miR-101/Notch axis both in vitro and in
vivo. Though circAPLP2 was verified to be up-
regulated in CRC compared with normal muco-
sa tissues, whether it could promote CRC pro-
gression was not reported [15]. Thus, our study
is the first to demonstrate a regulatory role of
circAPLP2 in CRC and to elucidate the exact
underlying molecular mechanisms, suggesting
a new therapeutic target for combating CRC
metastasis.

miR-101-3p is a tumour-suppressive mMiRNA
and is expressed at low levels in several cancer
types involved in many biological processes,
such as cell apoptosis, proliferation, migration
and invasion [28]. A recent study showed that
miR-101-3p was associated with poor survival
in CRC patients after diagnosis [19], and low
serum levels of miR-101-3p were associated
with poor prognosis in CRC patients after cura-
tive resection [10]. Emerging reports have also
suggested that miR-101 acts as an important
regulator during the process of EMT. miR-101-
3p inhibits EMT and metastasis in glioblastoma
by targeting TRIM44 [29]. miR-101-3p also
inhibits EMT and invasion-metastasis in serous
ovarian cancer by regulating ZEB1 expression
[30]. In addition, miR-101-3p inhibits the proli-
feration and metastasis of bladder cancer cells
by targeting EZH2 [31]. However, there is no
report in which miR-101-3p is reported to regu-
late invasion and metastasis by targeting
Notch1. In this study, miR-101-3p was shown to
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Figure 6. circAPLP2 knockdown suppressed tumour growth and liver metastasis in nude mice. (A) In vivo xenograft mouse model of LoVo and SW620 cells ex-
pressing control or circAPLP2 shRNAs. Representative pictures of isolated xenografts are shown. (B) In vivo growth of LoVo and SW620 cells expressing control or
circAPLP2 shRNAs. Tumour sizes were measured every five days with an electronic calliper. (C) Weights of tumours harvested from mice at the end of experiments.
(D) The expression levels of circAPLP2, miR-101 and Notch1 in xenograft tumour tissues were measured by qRT-PCR. GAPDH or U6 was used for normalization.
(E) IHC staining analysis of Ki-67 and Notch1 in tumour tissues of xenograft mouse models of LoVo and SW620 cells expressing control or circAPLP2 shRNAs. (F)
The protein levels of Hes1, Jaggedl1 and Notch1 in xenograft tumour tissues were assessed by Western blotting. (G) Greyscale values of Western blot bands in (F),
and GAPDH was used for normalization. (H) Liver metastases in nude mice after tail vein injection of CRC cells and H&E staining of liver tissues. (I) The number of
metastatic nodules in the livers of nude mice after tail vein injection of CRC cells. All the results are shown as the mean + SD (n = 3). *P < 0.05 and **P < 0.01.
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be downregulated in both CRC tissues and cell
lines and upregulated after circAPLP2 knock-
down. The direct interaction between miR-101-
3p and circAPLP2 was further validated through
bioinformatics analysis and luciferase assays.
Furthermore, miR-101 inhibition reversed the
inhibition of proliferation, migration and inva-
sion induced by circAPLP2 knockdown. Taken
together, these data indicate that circAPLP2
promotes progression and metastasis by
sponging miR-101-3p.

It has been reported that abnormal Notch sig-
nalling can impact the tumorigenicity and prolif-
eration of CRC [23]. Jaggedl (JAG1) is one of
the five canonical ligands for Notch receptors,
while Hes1 is one of the targets of Notchl [32].
Notch1 was reported to promote stemness and
EMT in CRC [9]. Jaggedl knockdown inhibits
cell growth and invasion in CRC [8]. Another
transcriptional factor in the Notch signalling
pathway, HES1, promotes metastasis and pre-
dicts poor survival in patients with CRC [26].
The transcription of Notch target genes such as
p21 (CDKN1A), hairy enhancer of split 1 (HES1),
c-myc (MYC), HES-related proteins (HEY) and
cyclin D1 (CCDN1) can be induced by the Notch
intracellular domain (NICD) [33]. In addition,
Notch1 signalling is dependent on the activity
of MMPs [34]. Here, we revealed that the Notch
signalling pathway is activated in CRC. circA-
PLP2 promoted Notchl expression by directly
binding to miR-101-3p. Additionally, knockdown
of circAPLP2 and overexpression of miR-101-3p
inhibited proliferation and metastasis-related
signals, including c-Myc, cyclin D1, MMP-2 and
MMP-9, by repressing the Notch signalling
pathway, thereby suppressing CRC growth and
liver metastasis.

In conclusion, our study provides the first clue
regarding the regulatory role of circAPLP2 in
CRC through the miR-101-3p/Notchl axis.
Knockdown of circAPLP2 inhibits the prolifera-
tion and metastasis of CRC by repressing the
Notch signalling pathway by targeting miR-101-
3p. This finding provides new insights into the
mechanisms underlying CRC malignancy and
suggests a new therapeutic target.
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