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circPTEN suppresses colorectal cancer
progression through regulating PTEN/AKT pathway
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Recently, circular RNAs (circRNAs) have attracted growing
attention due to their pivotal roles in the complicated cellular
processes of diverse human malignancies, including colorectal
cancer (CRC). Phosphatase and tensin homolog (PTEN) is
known as a typical tumor-suppressing gene. Nevertheless,
limited investigation on the function of circRNAs generated
from PTEN has been undertaken. In this research, hsa_
circ_0094343 (circPTEN) was found to display low expression
in CRC tissues and cells. CircPTEN is characterized with high
stability due to its circular structure. Upregulation of circPTEN
suppressed CRC cell proliferation, migration, and invasion but
facilitated apoptosis. Data from mechanism assays revealed that
circPTEN could elevate PTEN expression through sequestering
microRNA-4470 (miR-4470) in CRC cells. Further, circPTEN
was validated to inhibit K63-linked ubiquitination of protein
kinase B (AKT) and AKT phosphorylation at Thr-308 and
Ser-473 by competitively binding with tumor necrosis factor
(TNF)-receptor-associated factor 6 (TRAF6). Moreover, the re-
sults of rescue assays indicated that the suppressive effect of
circPTEN on CRC progression could be totally reversed by over-
expression of insulin like growth factor 1 (IGF-1) or partially
reversed by knockdown of PTEN. To conclude, circPTEN sup-
presses CRC progression via regulation of PTEN/AKT pathway.

INTRODUCTION

Colorectal cancer (CRC) originates from transformation of colon or
rectum epithelial cells, which is widely diagnosed as a kind of lethal
human malignancy, contributing to an increasing number of can-
cer-associated death cases.'” A wide range of germline and somatic
mutations occur during CRC progression, which is associated with
the dysregulation of oncogenes or anti-tumor genes.”” Due to the
technological progress in early detection and intervention, the overall
survival rate of patients with CRC has been improved to a certain de-
gree.” However, the prognosis of CRC patients at advanced stages re-
mains unsatisfactory, mainly because of the recurrence and metastasis
after surgery.”® Over the past years, distant metastasis has been recog-
nized as one of the main factors leading to the disappointing survival
rate of CRC patients.”"’
from the primary tumor to surrounding tissues and to distant organs.

Metastasis involves the spread of cancer cells
Activation or inactivation of diverse genes has been found to be asso-

ciated with the tumor cell invasion and migration.'" Additionally,
aberrantly expressed genes have been revealed to be closely correlated
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with CRC cellular processes.'>”'* In this regard, exploration of the un-

derlying molecular mechanisms in CRC progression is of significant
value for improvement of CRC treatment.

Genomic and transcriptomic sequencing has unveiled that only a
small part of human genome can be transcribed into messenger
RNAs (mRNAs) with protein-coding ability, whereas the majority
can be transcribed into noncoding RNAs (ncRNAs)."” Unlike pro-
tein-coding mRNAs, ncRNAs have no protein-coding ability and
function in cellular processes by regulating their downstream tar-
gets.'® Circular RNAs (circRNAs) are a group of ncRNAs without
5 and 3’ ends and featured with high stability due to their covalently
closed loop structure.'”'® circRNAs are identified as more promising
biomarkers for cancer treatment due to their higher stability.'” In
recent years, a growing number of investigations have confirmed
the critical role of circRNAs in regulating the progression of diverse
human malignancies. For example, circRNA hsa_circ_0014717 is ex-
pressed at low levels in CRC and suppresses CRC tumor growth
through elevating p16 expression.”” Circ-DONSON facilitates the
progression of gastric cancer by recruiting NURF complex to pro-
mote SOX4 expression.”’ circRNA circ-ABCB10 promotes breast
cancer progression through sponging microRNA-1271 (miR-1271).*

Phosphatase and tensin homolog (PTEN) has been identified as a
typical tumor suppressor in diverse cancers, including CRC.****
Nevertheless, circRNAs generated from PTEN hardly have been stud-
ied in human cancers. Here, we checked for the potential role of a
circRNA derived from linear mRNA PTEN (circPTEN) in CRC pro-
gression. More importantly, we investigated the underlying molecular
mechanism of circPTEN in CRC.

RESULTS

circPTEN expression is significantly downregulated in CRC
tissues and cells

We first obtained 8 circRNAs (hsa_circ_0002232, hsa_circ_
0019058, hsa_circ_0003058, hsa_circ_0094342, hsa_circ_0002934,
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hsa_circ_0019059, hsa_circ_0019060, and hsa_circ_0094343) whose
host gene was PTEN from circBase database: http://www.circbase.
org/. After detection, we observed that only hsa_circ_0094343 was
notably expressed at low levels in CRC tissues in contrast to adjacent
non-tumor tissues (Figure S1A). Through Pearson correlation anal-
ysis, we noticed a significantly positive relation between hsa_
circ_0094343 (named as circPTEN) and PTEN (Figure S1B), and
thereby, we chose it for subsequent experiments. Additionally,
circPTEN expression was lower in CRC patients at advanced stages
(IIT to IV) than those at early stages (I to II; Figure 1A). Compared
with that in non-metastatic CRC tissues, circPTEN expression was
markedly downregulated in metastatic CRC tissues (Figure 1B).
Importantly, low expression of circPTEN was closely correlated
to poor prognosis (Figure 1C). Furthermore, in comparison with
that in normal human colonic epithelial cell line (HCoEpiC),
circPTEN expression was low expressed in CRC cells, particularly
in RKO and SW620 cells (Figure 1D). Next, the genomic location
and splicing pattern of hsa_circ_0094343 (circPTEN) were illustrated
(Figure 1E). As shown in Figure 1F, divergent primers could produce
the circular isoform of PTEN with cDNA, but not with gDNA,
whereas convergent primers could amplify the linear isoform of
PTEN from both cDNA and gDNA in RKO and SW620 cells. After
treatment with ActD, circPTEN presented higher stability than
PTEN in RKO and SW620 cells (Figure 1G). Furthermore, linear
mRNA PTEN was digested by RNase R, whereas circPTEN resisted
to RNase R digestion in RKO and SW620 cells (Figure 1H). Finally,
circPTEN was detected to be mainly localized in the cytoplasm of
RKO and SW620 cells through fluorescence in situ hybridization
(FISH) assay (Figure 1I). In brief, circPTEN, featured with circular
structure, is low expressed in CRC tissues and predicts poor
prognosis.

Upregulation of circPTEN restrains malignant behaviors of CRC
cells

To identify the role of circPTEN in cell phenotype, gain-of-function
assays were conducted. Prior to that, circPTEN overexpression effi-
ciency in RKO and SW620 cells was determined (Figure 2A). Accord-
ing to results of colony formation and 5-ethynyl-2-deoxyuridine
(EdU) assays, cell proliferation was repressed by circPTEN upregula-
tion (Figures 2B and 2C). Conversely, elevated expression of
circPTEN resulted in the enhancement of cell apoptosis (Figure 2D).
The capabilities of RKO and SW620 cells to migrate and invade were
attenuated by the upregulation of circPTEN (Figures 2E and 2F).
Western blot analysis unveiled that increased level of circPTEN in
RKO and SW620 cells led to upregulation of E-cadherin but downre-
gulation of N-cadherin, vimentin, and Twist, suggesting the inhibi-
tory effect of overexpressed circPTEN on epithelial-mesenchymal
transition (EMT) process (Figure 2G). Besides, immunofluorescence
(IF) demonstrated the enhanced expression of E-cadherin and
reduced expression of N-cadherin after circPTEN was overexpressed
in RKO and SW620 cells, further validating the suppressive effect of
circPTEN upregulation on EMT process (Figure 2H). Taken together,
overexpression of circPTEN restrains malignant behaviors of CRC
cells.

Silencing of circPTEN promotes CRC cell growth and invasion
To further determine the functions of circPTEN in CRC cellular pro-
cesses, we silenced it in SW480 and HT29 cells that possessed relative
higher level of circPTEN expression (Figure S2A). Functionally,
silencing of circPTEN promoted CRC cell proliferation and invasion
(Figures S2B-S2D). In addition, EMT process was reduced by
circPTEN silencing (Figure S2E). Therefore, we confirmed that
silenced circPTEN facilitates CRC cell proliferation, invasion, and
EMT process.

circPTEN upregulates PTEN expression by sequestering miR-
4470 in CRC cells

To investigate how circPTEN regulated PTEN expression in CRC, we
first carried out quantitative reverse transcriptase polymerase chain
reaction (qQRT-PCR) to detect the expression of PTEN under
circPTEN overexpression. As demonstrated in Figure 3A, circPTEN
overexpression led to the elevation of PTEN expression. Then,
Ago2-RNA immunoprecipitation (RIP) assay confirmed that
circPTEN could bind with Ago2, indicating the existence of circPTEN
in RNA-induced silencing complex (RISC) (Figure 3B). Considering
that circPTEN was majorly distributed in the cytoplasm, we conjec-
tured that circPTEN might regulate PTEN expression by sponging
a certain microRNA (miRNA). After searching on miRDB database:
http://mirdb.org/, 6 miRNAs were predicted to have the binding po-
tential with circPTEN and PTEN (Figure 3C). Through qRT-PCR
analysis, we noted that only miR-4470 was strikingly upregulated in
CRC tissues (Figure S3A). In addition, we upregulated these miRNAs
in RKO and SW620 cells and discovered only miR-4470 upregulation
significantly restrained PTEN expression (Figures S3B and S3C). Be-
sides, there was a negative correlation between miR-4470 expression
and PTEN expression in CRC tissues (Figure S3D). Thus, miR-4470
was chosen for further analysis. As demonstrated in Ago2-RIP assay,
circPTEN, miR-4470, and PTEN were observably enriched in anti-
Ago2 group, hinting the coexistence of these three RNAs in RNA-
induced silencing complex (RISC) (Figure 3D). Subsequently, RNA
pull-down assay validated that miR-4470 could bind with circPTEN
and PTEN in RKO and SW620 cells (Figure 3E). From miRDB, the
binding sites between miR-4470 and circPTEN (or PTEN) were
obtained and presented in Figure 3F. Further, data from luciferase re-
porter assays depicted that the miR-4470 upregulation weakened
the luciferase activity of pmirGLO-circPTEN-wild type (WT)
(Figure 3G). More importantly, the weakened luciferase activity of
pmirGLO-PTEN-WT induced by miR-4470 upregulation could be
rescued by overexpressing circPTEN in RKO and SW620 cells (Fig-
ure 3H). To sum up, circPTEN regulates PTEN expression by
competitively binding with miR-4470 in CRC cells.

circPTEN mediates malignant behaviors of CRC cells via PTEN/
AKT signaling pathway

Emerging studies have revealed the significant role of PTEN/AKT
pathway in CRC progression.”>”” To test whether and how circPTEN
was associated with PTEN/AKT pathway, western blot analysis was
performed to measure the protein levels of PTEN/AKT factors. After
upregulating circPTEN, PTEN expression in RKO and SW620 cells
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Figure 1. circPTEN expression is significantly downregulated in CRC tissues and cells
(A) gRT-PCR analysis of circPTEN expression in CRC patients at different stages. (B) circPTEN expression in non-metastatic CRC tissues and metastatic CRC tissues was
detected via qRT-PCR. (C) Analysis of the overall survival of CRC patients with low or high expression of circPTEN is shown. (D) gRT-PCR analysis of circPTEN expression in
CRC cell lines and HCoEpiC cells is shown. (E) The genomic location and splicing pattern of hsa_circ_0094343 (circPTEN) is shown. (F) Nucleic acid electrophoresis showed
that divergent primers could produce the circular isoform of PTEN with cDNA, but not with gDNA. GAPDH was an endogenous control. (G) The resistance of circPTEN and
PTEN to ActD was analyzed in RKO and SW620 cells. (H) The expression of circPTEN and PTEN mRNA was examined via gqRT-PCR in RKO and SW620 cells after RNase R
treatment. (I) Detection of the subcellular localization of circPTEN through FISH (bar value = 20 um) assay is shown. **p < 0.01. n.s., no significance.

1420 Molecular Therapy: Nucleic Acids Vol. 26 December 2021



www.moleculartherapy.org

A B
z  E=vector RKO =1 vector
w E=IcircPTEN . i
E - . i o_-<:|rcPTEN
£ i 3
2 'S 300
O 10 o
s T 8
‘5 -6200—
n — ** =
L 54 2
Q 100+
5 E
1) IS z
> o- ~ .
E RKO SW620  vector circPTEN RKO SW620
@
D
=1 vector
RKO SW620 E=IcircPTEN
m g
z 1) >
E 15 b
x 2
= 10
5 2
[oR
3 Z°
> =
2 2
vector circPTEN F RKO Swe20
F =31 vector
Wiy ] E=ICircPTEN
2 ® 150
R o
et =
S it § 1
2] s >
© c
> 7 Fm —
£ X )5 O 50 =
$ oa LY o) £
q Y SBedie T eny 2 U .
PN 2 RKO SW620
vector circPTEN
H
E-cadherin N-cadherin DAPI Merge
8 5
5 0
g g
i &
N b
DQ o
5 5
RKO

2

2 5

Q

E 4—- *%

[}

2 =1 vector
34 .

§ RKO EmycircPTEN

=

=

=

o

= *x

& o

Q

@

0
E-cadherin N-cadherin

Merged DAPI

31 vector
E=circPTEN

N » o
° o o

EdU positive cells (%)

o

vector circPTEN vector circPTEN

RKO swe620

= vector
E=IcircPTEN

0.5

e

24h wound healing rate
o

""RKO SW620

- vector éichTiIEN

G RKO SW620
97 kDa & % &“E—cadherin
0.

100 kDa| M e R 888 '\ cadherin
54 kDa| Wl e——  RRIREE vimentin
21kDa ke S8 AR Tt

o & o
e c;\<°? i ‘(0?(
E-cadherin N-cadherin DAPI Merge

Molecular Therapy: Nucleic Acids Vol. 26 December 2021

SW620

47 -

]

2 Swe20 =Z$gg)'lr'EN

*k

Relative fluorescence intensity

0_
E-cadherin N-cadherin

(legend on next page)

1421


http://www.moleculartherapy.org

was conspicuously augmented and p-AKT level was noticeably
decreased (Figure 4A). Additionally, decline in PTEN expression
but increment in p-AKT level were observed in cells with circPTEN
silencing (Figure S4A). Then, PTEN was silenced in indicated CRC
cells with transfection of short hairpin RNAs (shRNAs) targeting
PTEN (sh-PTEN#1/2) (Figure 4B). Later on, western blot analysis
indicated that PTEN silencing could completely reverse the effect of
circPTEN upregulation on PTEN expression, whereas insulin growth
factor 1 (IGF-1) (an activator of AKT signaling) treatment had no sig-
nificant effect. However, the effect of circPTEN upregulation on
p-AKT expression could only be partially recovered by PTEN
silencing whereas completely restored by IGF-1 treatment (Fig-
ure 4C). Subsequently, colony formation, EdU, and terminal deoxy-
nucleotidyl transferase (TdT)-mediated dUTP nick-end labeling
(TUNEL) assays were performed and the results showed that the ef-
fect of upregulated circPTEN on cell proliferation and apoptosis
could be partially rescued by PTEN depletion although entirely
restored by addition of IGF-1 (Figures 4D-4F). Similarly, treatment
with IGF-1 or sh-PTEN to RKO and SW620 cells could fully or
partially rescue the suppressive effect of circPTEN overexpression
on cell migration and invasion (Figures 4G and 4H). Likewise, we
verified that the inhibitory effect on EMT process due to circPTEN
upregulation could only be partly reversed by PTEN knockdown
whereas completely countervailed by addition of IGF-1 (Figures 41,
4], and S4B). In sum, circPTEN represses malignant behaviors of
CRC cells by inhibiting PTEN/AKT signaling pathway.

circPTEN regulates K63-linked ubiquitination of AKT through
TRAF6 in CRC cells

A previous research has manifested that K63-linked ubiquitination of
AKT is essential for AKT activation.”*>° Herein, we intended to
explore whether circPTEN was related to K63-linked ubiquitination
of AKT in CRC cells. After we overexpressed circPTEN in RKO
and SW620 cells, AKT ubiquitination was inhibited and p-AKT
expression was reduced, and meanwhile, MG132 caused no observ-
able effect on AKT ubiquitination and p-AKT expression (Fig-
ure S5A). Additionally, we recognized that circPTEN could restrain
the K63-linked ubiquitination of AKT, but not K48 linked (Fig-
ure S5B). Moreover, ectopic expression of circPTEN resulted in the
downregulation of p-AKT at Thr-308 and Ser-473, whereas p-AKT
at Tyr-474 was hardly influenced (Figure S5C). Furthermore, through
RNA pull-down and mass spectrometry, tumor necrosis factor
(TNF)-receptor-associated factor 6 (TRAF6) was revealed to bind
with circPTEN (Figure 5A). And then, RNA pull-down and RIP as-
says further certified the binding relation between circPTEN and
TRAF6 in RKO and SW620 cells (Figure 5B). Then, we analyzed
the structure of TRAF6 (Figure 5C) and divided it into 12 segments
(Figure 5D). Through RIP assay, circPTEN could be enriched by
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FL/F2-F5/F7/F8, hinting that circPTEN bound to the Ring finger
domain of TRAF6 (Figure 5E). Besides, RNA pull-down assay further
confirmed the binding capacity of circPTEN with the Ring finger
domain of TRAF6 (Figure 5F). Further, after we mutated the Ring
finger domain of TRAF6, TRAF6 could not bind with circPTEN (Fig-
ure 5G). All in all, circPTEN modulates K63-linked ubiquitination of
AKT through binding to the Ring finger domain of TRAF6 in CRC.

circPTEN inhibits phosphorylation of AKT in CRC cells

To proceed with this study, we first applied coimmunoprecipitation
(colIP) assay and confirmed that upregulation of circPTEN repressed
the binding between TRAF6 and AKT (Figure 6A). Next, QRT-PCR
and western blot analyses revealed that circPTEN upregulation had
no evident effect on TRAF6 expression (Figure 6B). Subsequently,
colP assay testified that overexpression of circPTEN disrupted the
interaction between TRAF6 and AKT (Figure 6C). Finally, after
circPTEN expression was upregulated, the expression of p-AKT
(Thr-308) and p-AKT (Ser-473) in membrane was reduced,
suggesting that circPTEN could suppress phosphorylation of AKT
at Thr-308 and Ser-473 (Figure 6D). Briefly, circPTEN restrains phos-
phorylation of AKT in CRC cells.

Upregulation of circPTEN inhibits CRC progression via PTEN/
AKT pathway

In order to further verify the regulatory effect of circPTEN on CRC,
we performed in vivo assays. As shown in Figures 7A-7C, the sup-
pressive effect of circPTEN upregulation on tumor growth could be
partially rescued by PTEN knockdown whereas completely restored
by adding IGF-1. qRT-PCR analysis disclosed that circPTEN expres-
sion was upregulated by transfection with circPTEN, and co-transfec-
tion with sh-PTEN#1 or treatment with IGF-1 induced no obvious
changes of circPTEN expression (Figure 7D, left). However, co-trans-
fection with sh-PTEN#1 could reverse the facilitation of PTEN
expression in response to circPTEN upregulation, whereas addition
of IGF-1 had no obvious impact on circPTEN-mediated PTEN
expression (Figure 7D, right). Besides, we determined that the re-
straining effect of upregulated circPTEN on p-AKT expression could
be completely restored by adding IGF-1 although partially rescued by
PTEN silencing (Figure 7E). Likewise, the effect of circPTEN overex-
pression on the expression of Ki67, PTEN, p-AKT, E-cadherin, and
N-cadherin could be entirely rescued by addition of IGF-1 whereas
partly recovered by silenced PTEN (Figure 7F). Further, hematoxylin
and eosin (H&E) staining for lung metastasis node further validated
the complete rescue effect of IGF-1 on circPTEN upregulation-medi-
ated lung metastasis, together with the incomplete rescue effect of
downregulated PTEN (Figure 7G). As shown in Figure 8A, circPTEN
expression was strikingly elevated in circPTEN overexpression group
in contrast to control group, which could not be affected by

Figure 2. Upregulation of circPTEN restrains malignant behaviors of CRC cells

(A) gRT-PCR analysis of circPTEN overexpression efficiency in RKO and SW620 cells. (B and C) Evaluation of proliferation of transfected cells via colony formation and EAU (bar
value = 150 um) assays is shown. (D) Measurement of the apoptosis of transfected cells through TUNEL (bar value = 150 um) assay is shown. (E and F) Analysis of the migratory
and invasive capabilities of transfected RKO and SW620 cells via wound healing (bar value = 100 um) and transwell (bar value = 70 um) assays is shown. (G) Western blot
analysis of EMT-related proteins in different groups is shown. (H) IF (bar value = 20 um) analysis of E-cadherin and N-cadherin in transfected cells is shown. **p < 0.01.
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co-transfection of sh-PTEN#1 or treatment with IGF-1. Nevertheless,
PTEN depletion could restore the restraining effect of circPTEN up-
regulation on PTEN expression, although IGF-1 supplement resulted
in no obvious changes. Additionally, the suppressive effect of overex-
pressed circPTEN on p-AKT level could be partially countervailed by
PTEN deficiency whereas entirely reversed by adding IGF-1. All
these aforementioned findings uncover that upregulated circPTEN
suppresses CRC progression by regulating PTEN/AKT pathway
(Figure 8B).

DISCUSSION

CRC is widely reported as a prevalent type of lethal human malig-
nancies and causes approximately 694,000 deaths annually, account-
ing for a large proportion in cases of cancer-related death.’’ Over
the past years, researchers have been dedicated to studying the pa-
thology and molecular mechanisms underlying CRC. As a result, a
number of abnormally expressed RNAs are unveiled to be impli-
cated in the CRC progression.””>* PTEN has been manifested to
be low expressed in multiple human cancers and exert restraining
function on the development of these cancers, including CRC. For
example, downregulated PTEN by miR-21 promotes cervical cancer
cell proliferation.”> The miR-130 family downregulates PTEN
expression to drive bladder cancer cell migration and invasion.’
miR-21 motivates CRC cell growth and invasion through inhibiting
PTEN expression.”* Accumulating evidence has revealed that circR-
NAs play significant roles in tumor progression via regulating
mRNA expression.””*® In this study, we observed significantly low
expression of hsa_circ_0094343 (a circRNA derived from linear
PTEN, which was later named as circPTEN) in CRC tissues and
cells. Besides, circPTEN was characterized with high stability in
contrast to PTEN mRNA due to its particular loop structure. More-
over, upregulation of circPTEN repressed CRC cell proliferation,
migration, invasion, and EMT process whereas inducing cell
apoptosis. To our knowledge, this is the first time to explore the
function of circPTEN in CRC progression.

Based on previous findings, circRNAs could mediate multiple cellular
processes of cancer progression by serving as a competing endoge-
nous RNA (ceRNA). For instance, circ_0056618 acts as a ceRNA to
promote gastric cancer progression by sponging miR-206 to upregu-
late CXCR4 expression.3 ° Hsa_circ_0071589 facilitates the carcino-
genesis of CRC by targeting miR-600/EZH2 axis.”’ In current
research, we also explored whether circPTEN regulated PTEN
through a ceRNA pathway. After application of bioinformatics pre-
diction and mechanism assays, miR-4470 was uncovered to be highly
expressed and negatively regulated PTEN expression in CRC cells.
Additionally, miR-4470 was testified to bind with circPTEN and

Molecular Therapy: Nucleic Acids

PTEN. Collectively, we proved that circPTEN regulated PTEN
through sequestering miR-4470 in CRC.

Abundant evidence has elucidated that AKT phosphorylation was
closely related to the tumorigenesis and development of multiple
human cancers, such as gastric cancer,”' cervical cancer,” and
CRC.*® Interestingly, PTEN/AKT pathway has been revealed to
play significant roles in human malignancies, including CRC.”>*’
In this study, through a series of rescue assays, we determined
that PTEN silence could completely restore the circPTEN upregula-
tion-mediated PTEN expression. PTEN knockdown could only
partially rescue the restraining effect of upregulated circPTEN on
AKT phosphorylation and CRC progression, whereas addition of
IGF-1 could elicit complete rescue effects. Herein, we further de-
tected another pathway through which circPTEN influenced AKT
phosphorylation.

Protein ubiquitination is considered as a crucial posttranslational
modification, which can regulate a variety of biological functions in
diverse human cancers.”>”. In spite of the fact that ubiquitination
generally leads to the degradation of protein, ubiquitination is also
significant for signaling activation as well as protein trafficking.”>*’
Data from previous studies clarified that ubiquitination through
lysine 48 (K48) of the ubiquitin chain usually targeted proteins for
degradation although ubiquitination through K63 contributed to
signaling activation and protein trafficking.”**’ Besides, TRAF6 has
been reported to bind with AKT to promote AKT ubiquitination
through K63 and thus induce the phosphorylation of AKT.* In our
study, circPTEN was validated to inhibit K63-linked AKT ubiquitina-
tion and phosphorylation at Thr-308 and Ser-473 by binding to the
Ring finger domain of TRAF6 in CRC. Final rescue assays further
proved the involvement of PTEN/AKT pathway in circPTEN-medi-
ated CRC progression. In conclusion, circPTEN suppresses CRC
progression by regulating PTEN/AKT pathway, which provides novel
insights for CRC therapies.

MATERIALS AND METHODS

Tissue samples

Eighty matched CRC and adjacent non-tumor colorectal tissue sam-
ples were collected from CRC patients between 2013 and 2018, with
the ethical approval of the Ethics Committee of the First Affiliated
Hospital of Xi’an Jiaotong University. Before surgery resection, all
CRC patients received histological diagnosis. Patients undergoing
radiotherapy or chemotherapy before operation were excluded, as
well as those with more than one type of malignant tumors. Addition-
ally, patients with colitis were also excluded from this study. Informed

Figure 3. circPTEN regulates PTEN expression by sequestering miR-4470 in CRC cells

(A) gRT-PCR analysis of PTEN expression in RKO and SW620 cells with circPTEN overexpression. (B) The enrichment of circPTEN in the immunoprecipitates conjugated to
anti-Ago2 was detected via gRT-PCR in RIP assay. (C) Six miRNAs were predicted to bind with circPTEN and PTEN via miRDB. (D) The coexistence of circPTEN, miR-4470,
and PTEN in RISC was testified via Ago2-RIP assay. (E) The binding capacity between miR-4470 and circPTEN (or PTEN) was validated via RNA pull-down assay. (F) The
binding sites between miR-4470 and circPTEN (or PTEN) were predicted through miRDB. (G) The interaction between circPTEN and miR-4470 was demonstrated by
luciferase reporter assay. (H) The competitive binding relationship among circPTEN, miR-4470, and PTEN was verified through luciferase reporter assay. **p < 0.01.
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consents were signed by all participants. Immediately after surgery,
both tissue samples were frozen at —80°C in liquid nitrogen for use.

Cell culture and treatment

HCoEpiC and human CRC cell lines (SW480, HT29, SW620, and
RKO) were procured from ATCC Company (Manassas, VA).
DMEM, containing 1% penicillin/streptomycin and 10% fetal bovine
serum (FBS), was purchased from Invitrogen (Carlsbad, CA) and used
for cell culture under the condition of 5% CO, and 37°C. The actino-
mycin D (ActD) (2 pg/mL) and IGF-1 (100 ng/mL) were purchased
from Sigma-Aldrich (St. Louis, MO). RNase R (3 U mgfl) was ac-
quired from Epicenter Technologies (Madison, WI). All were used
for treating RKO and SW620 cells. Besides, 10 pM of MG132, the com-
mon proteasome inhibitor, was acquired from Selleck Chemicals
(Houston, TX).

Total RNA isolation and qRT-PCR

Total RNAs were isolated from tissue samples or cells with Trizol re-
agent (Invitrogen) for cDNA synthesis using reverse transcription kit
(Takara Bio, Shiga, Japan). qRT-PCR was performed for detection of
gene expression on StepOne Real-Time PCR System (Applied Bio-
systems, Carlsbad, CA). Results were calculated with the 2724
method and standardized to small nuclear RNA (snRNA) U6
or glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primer
sequences and circRNA sequences were listed in Tables S1 and S2.

Nucleic acid electrophoresis

The cDNA and gDNA PCR products of circPTEN were measured uti-
lizing agarose gels with TE buffer (Thermo Scientific, Waltham, MA,
USA), with DL600 as DNA marker. Subsequent to electrophoresis,
DNA was separated and subjected to UV irradiation.

RNA FISH

RKO and SW620 cells were fixed by 4% formaldehyde, rinsed in PBS,
and then dehydrated in ethanol. After hybridization with circPTEN-
FISH probe (Ribobio, Guangzhou, China), cell nuclei were stained
with DAPI solution and confocal microscope (Olympus, Tokyo,
Japan) was employed for observation.

Plasmid transfection

The pcDNA3.1 vector for circPTEN overexpression and empty vector
as the negative control (NC) were available from Genepharma
(Shanghai, China). In addition, the specific ShRNAs targeting PTEN
or circPTEN and NC-shRNAs, as well as the miRNAs mimics and
NC mimics, were all designed by Genepharma. RKO and SW620 cells
were transfected for 48 h as per the instruction of Lipofectamine 2000
(Invitrogen).

Molecular Therapy: Nucleic Acids

Colony formation assay

CRC cells were prepared after transfection in 6-well culture plate
with 500-cell density in each well. 14 days later, cells were fixed
before staining with 0.1% crystal violet solution and then counted
manually.

EdU staining

Transfected CRC cells in 96-well plate were first cultured with 0.5%
Troxin X-100 after fixation and then with 1x Apollo 488 solution.
Subsequent to nuclear counter-staining in DAPI solution, cells were
examined under Olympus microscope.

TUNEL staining

After fixing, transfected RKO and SW620 cells were rinsed in cold
PBS and permeabilized with 0.5% Triton X-100. Cell apoptosis was
examined using In Situ Cell Apoptosis Detection Kit (Roche, Basel,
Switzerland) as required. After DAPI staining, TUNEL-positive cells
were assayed under Olympus microscope.

Wound healing assay

After transfection, RKO and SW620 cells were seeded in serum-free
medium for 24 h and then cells were scratched by pipette tips for
wound-healing assay. The wound closures were imaged at 0 and
24 h after scratching.

Transwell assay

Matrigel-coated transwell chamber (Corning, Corning, NY) was
commercially acquired for cell invasion assay. After transfection,
CRC cells were seeded in upper chamber at a cell density of 1 X
10°, with lower chamber supplied with complete culture medium.
24 h later, invaded cells to bottom were fixed for staining in crystal
violet solution, followed by observation under microscope.

Western blot

Total cellular protein extracts from CRC cells and tissues were sub-
jected to 12% SDS-PAGE and then shifted to polyvinylidene fluoride
(PVDF) membranes and cultured in 5% skim milk. The primary
antibodies against GAPDH, [-actin, Twist, vimentin, N-cadherin,
E-cadherin, PTEN, AKT, p-AKT, human leukocyte antigen A
(HLA-A), o-tubulin, and TRAF6 were produced by Abcam
(Cambridge, MA) and then diluted at 1:2,000 for use. After rinsing
in PBS, the horseradish peroxidase (HRP)-tagged secondary anti-
bodies were added for 2-h cultivation. Signals of all proteins were de-
tected by enhanced chemiluminescence (ECL) system (Bio-Rad lab,
Hercules, CA, USA).

Figure 4. circPTEN mediates malignant behaviors of CRC cells via AKT signaling pathway

(A) Western blot analysis of protein expression in cells with circPTEN upregulation. (B) The knockdown efficiency of sh-PTEN was evaluated via gRT-PCR and western blot.
(C) Western blot analysis of protein expression after transfection with different plasmids is shown. (D and E) Evaluation of cell proliferation in different groups via colony
formation and EdU (bar value = 150 um) assays is shown. (F) TUNEL (bar value = 150 um) assay was performed to measure cell apoptosis in different groups. (G and H)
Analysis of the migration and invasion abilities via wound healing (bar value = 100 um) and transwell (bar value = 70 um) analyses is shown. (I and J) EMT markers in different

groups were detected via western blot and IF (bar value = 20 um). “*p < 0.01.
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Figure 6. circPTEN inhibits the phosphorylation of AKT in CRC cells

(A) colP assay confirmed that circPTEN could repress the binding between TRAF6 and AKT. WCEs were collected forimmunoprecipitation. WB referred to western blot and
NB represented Northern blot. (B) TRAF6 expression in transfected cells was detected via gRT-PCR and western blot analysis. (C) The effect of circPTEN on the interaction
between TRAF6 and AKT was proven via colP. (D) Western blot analysis of protein expression is shown.

IF night. After incubation with fluorescein-conjugated secondary anti-
RKO and SW620 cells on coverslips were fixed for 30 min and then  bodies for 1 h, DAPI solution was added, and fluorescent staining
probed with the specific antibodies to N-cadherin or E-cadherin over-  was analyzed under Olympus microscope.

Figure 5. circPTEN regulates K63-linked ubiquitination of AKT through TRAF6 in CRC cells

(A) TRAF6 was revealed to bind with circPTEN through RNA pull-down and mass spectrometry. (B) The binding capacity between circPTEN and TRAF6 was proven by RNA
pull-down and RIP assays. (C) The structure of TRAF6 is shown. (D) TRAF6 was divided into 12 segments. (E and F) The binding of circPTEN to the Ring finger domain of
TRAF6 was testified via RIP and RNA pull-down assays. (G) Verification of the binding between circPTEN and the Ring finger domain of TRAF6 via RIP is shown. **p < 0.01.
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Figure 8. The regulatory role of circPTEN in CRC cells

(A) Analyses of the expression of circPTEN, PTEN, AKT, or p-AKT in tissues removed from mice in four different groups via qRT-PCR and western blot. (B) A graphical concept
of the molecular mechanism of circPTEN in CRC cells is shown. *p < 0.01.

RIP noprecipitation Kit (Millipore, Bedford, MA). Cell lysates were
RIP assay was conducted in RKO and SW620 cells in line  prepared for precipitation with the specific antibodies to Ago2
with the manual of EZ-Magna RIP RNA Binding Protein Immu-  and TRAF6. Normal immunoglobulin G (IgG) antibody was

Figure 7. Upregulation of circPTEN inhibits CRC progression via PTEN/AKT pathway

(A-C) Transfected RKO cells were subcutaneously injected into nude mice, and later, tumor growth, volume, and weight were analyzed. (D) gqRT-PCR analysis of circPTEN or PTEN
expression in different groups is shown. (E) Western blot analysis of AKT or p-AKT expression in different groups is shown. (F) IF (bar value = 80 um) analysis of proteins (Ki67, PTEN,
AKT, p-AKT, E-cadherin, and N-cadherin) in different groups is shown. (G) H&E (bar value = 100 um) staining was utilized for evaluation of metastasis in different groups. **p < 0.01.
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used for control group. After adding magnetic beads, RNAs were
enriched and analyzed after 1 h by qRT-PCR.

RNA pull-down

RNA pull-down assay in RKO and SW620 cells was accomplished us-
ing the Pierce Magnetic RNA-Protein Pull-Down Kit following the
direction (Thermo Fisher Scientific, Waltham, MA). Protein extracts
were incubated with magnetic beads and biotinylated RNA probes of
miR-4470 and circPTEN. The final pull-downs were analyzed by
western blot or qRT-PCR.

Luciferase reporter assay

The luciferase reporter vector pmirGLO covering the miR-4470 target
sequences (WT or mutated) within circPTEN or PTEN 3’ UTR frag-
ment were termed circPTEN-WT/Mut or PTEN-WT/Mut and co-
transfected with NC mimics, miR-4470 mimics, or miR-4470
mimics+circPTEN in RKO and SW620 cells. 48 h later, Luciferase Re-
porter Assay System (Promega, Madison, WI) was used for detection
of luciferase activity.

colP

After lysing in IP lysis buffer, cell lysates were collected and cultured
with indicated antibodies and normal control anti-IgG overnight at
4°C on a rotator. After mixing with magnetic beads, the mixture
was rinsed thrice in IP lysis buffer and then eluted for western blot
analysis.

Animal experiments

The 6-week-old male BALB/C nude mice were available from Beijing
Vital River Laboratory Animal Technology (Beijing, China). All ani-
mal-related experiments were approved by the Animal Research
Ethics Committee of the First Affiliated Hospital of Xi’an Jiaotong
University. For in vivo xenograft tumor analysis, 1 x 10° transfected
RKO cells were injected subcutaneously to nude mice for 28 days,
with tumor growth monitored every 4 days. Tumor volume was re-
corded as 1/2 length x width.” The mice were sacrificed by cervical
decapitation and then tumors were dissected for weight assessment.
For in vivo lung metastasis analysis, 1 x 10° transfected RKO cells
were used for the tail vein injection in nude mice. 8 weeks later,
mice were sacrificed and lungs were collected and fixed for further
investigation. Lung metastasis node on lung surface was counted un-
der microscope via H&E staining.

Immunohistochemistry (IHC)

Tumor samples dissected in in vivo xenograft tumor analysis were
fixed in 4% paraformaldehyde and then embedded in paraffin. There-
after, the 4-pm-thick sections were prepared for IHC assay using the
specific antibodies against N-cadherin, E-cadherin, p-AKT, AKT,
PTEN, and Kié67.

Statistical analyses

Experimental results of more than three independent bio-replications
were analyzed by SPSS 18.0 software (SPSS, Chicago, IL) and demon-
strated as the mean + standard deviation (SD). The correlations be-

tween genes were analyzed via Pearson correlation analysis. Student’s
t test was applied to analyze difference between two groups, although
one-way or two-way ANOVA was applied to analyze differences
among three or more groups. p < 0.05 was taken to indicate statistical
significance.
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