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Background: Protein kinase Cα (PRKCA) is an oncogene in multiple cancers including 
non-small-cell lung cancer (NSCLC) and can be transcribed into a number of circular 
PRKCAs (circPRKCAs). Here, we aimed to elaborate the role and mechanism of 
circPRKCA_024 (circPRKCA) in malignant progression of NSCLC.
Methods: Expression of circPRKCA, miRNA (miR)-330-5p and 3-phosphoinositide- 
dependent protein kinase-1 (PDK1) was measured by real-time quantitative PCR and 
Western blotting, and their relationship was testified by dual-luciferase reporter assay, 
RNA immunoprecipitation, and RNA pull-down assay. Cell behaviors were evaluated by 
cell counting kit (CCK)-8, flow cytometry, and transwell assays. AKT activity was confirmed 
by Western blotting. Xenograft experiment assessed tumor growth.
Results: Expression of circPRKCA and PDK1 was upregulated, and miR-330-5p was 
downregulated in NSCLC tissues and cell lines. High circPRKCA was correlated with 
TNM stage and lymph node metastasis of NSCLC patients. Silencing circPRKCA could 
suppress cell viability, migration, and invasion in A549 and H1299 cells, accompanied with 
apoptosis rate promotion. Moreover, circPRKCA knockdown retarded tumor growth of A549 
cells in vivo. Molecularly, miR-330-5p was sponged by circPRKCA, and PDK1 was a target 
of miR-330-5p. Inhibiting miR-330-5p could attenuate the suppression of circPRKCA 
knockdown on cell growth, migration, and invasion; contrarily, promoting miR-330-5p 
caused inhibition on those cell behaviors by downregulating PDK1. Analogously, AKT 
activity was suppressed by circPRKCA downregulation and miR-330-5p upregulation in 
NSCLC cells both in vitro and in vivo.
Conclusion: Depleting circPRKCA inhibited PDK1 to suppress NSCLC cell malignant 
behaviors through miR-330-5p/PDK1/AKT pathway.
Keywords: circPRKCA, miR-330-5p, PDK1, AKT, NSCLC

Introduction
Non-small-cell lung cancer (NSCLC) is the most prevailing type of lung cancer 
according to histological classification, and NSCLC is a devastating disease with 
a poor prognosis.1 Most patients with NSCLC are diagnosed in late stages (III– 
IV) due to being asymptomatic at the early stages (I–II),2 making it incurable 
despite receiving surgical resection, chemotherapy, and targeted therapy.3 The 
morbidity and mortality in NSCLC are always ascribed to resistance, metastasis, 
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and reoccurrence after therapy.4 Furthermore, phosphoi
nositide 3-kinase (PI3K)/AKT signaling, a key pro- 
survival pathway in cancer cells, has been proposed as 
an attractive target for novel anticancer therapies in 
NSCLC.5–7 Therefore, identifying novel biomarkers 
that target the PI3K/AKT pathway is of great impor
tance to better understand the malignant development of 
NSCLC.

Circular RNAs (circRNAs) are a cluster of endo
genous, single-stranded RNAs with a closed structure.8 

The circRNAs are stable and abundant in cells, as well 
as circulating fluids, such as blood. Thus, circRNAs are 
considered as novel promising biomarkers for human 
diseases including malignant pathologies.9 The 
molecular mechanism of circRNAs includes acting 
as microRNA (miRNA) sponges or competing 
endogenous RNAs (ceRNAs) to regulate hallmarks of 
cancer.10

Research on circRNA in lung cancer has been on the 
rise, and plenty of circRNAs are demonstrated to be 
deregulated in tissue biopsies and liquid biopsies of 
NSCLC patients.11,12 Protein kinase Cα (PRKCA) is 
a member of the PKC family which has been implicated 
in various cellular functions.13 PRKCA is an oncogene in 
multiple cancers including lung cancer, and is highly 
expressed in about 20% of NSCLC patients.14,15 The 
PRKCA gene can be transcribed into a number of circular 
PRKCAs (circPRKCAs) including hsa_circPRKCA_024 
(hsa_circRNA_102179; hsa_circ_0007580ʹ also named as 
circPRKCA). According to the GSE112214 database, 
circPRKCA is upregulated in NSCLC tumor tissues. 
However, the role and mechanism of circPRKCA in 
NSCLC cells remain to be expounded.

MiRNAs are another type of small, linear noncoding 
RNAs with about 22 nucleotides. The roles of miRNAs 
have been well-documented in lung cancer carcinogenesis 
and behaviors, as well as the diagnosis and prognosis.16 

MiRNA (miR)-330-5p is downregulated in multiple malig
nant tumors, such as glioblastoma, colorectal cancer, pros
tate cancer,17–19 and NSCLC as well.20 The 
3-phosphoinositide-dependent protein kinase-1 (PDK1), 
one crucial node of the PI3K pathway, can physically 
phosphorylate AKT.21 Moreover, PDK1 is a key oncogene 
to promote NSCLC cell growth and metastasis.22 

Therefore, in this study, we intended to investigate the 
expression and role of circPRKCA, miR-330-5p, and 
PDK1 in human NSCLC cells.

Materials and Methods
Tissue Specimens
Study participants included 51 patients diagnosed with 
NSCLC in Yantai Yuhuangding Hospital. These patients 
were histopathologically verified to bear primary NSCLC 
tumors from Stage I to IV, and received no local or systemic 
chemoradiotherapy before their surgery. The clinicopatholo
gical characteristics of these patients are summarized in 
Table 1, such as gender, age, smoke, histological type, 
tumor nodes metastasis (TNM) stage, and lymph node 
metastasis. The tumor tissues and adjacent normal tissues 
(≥5 cm from tumor tissues) were collected after informed 
written consent documents from every patient were obtained. 
This study was approved by the Ethics Committee of 
Institutional Research of Yantai Yuhuangding Hospital.

Cell Culture and Transfection
Two NSCLC cell lines A549 (no. 10185) and H1299 (no. 
25803) were from the Korean Cell Line Bank (Seoul 
National University College of Medicine; Yongon-dong, 
Chongno-gu, Seoul, Korean), and one normal lung 

Table 1 Association of circPRKCA Expression in Non-Small-Cell 
Lung Cancer (NSCLC) Patients with Different Clinicopathological 
Characteristics

Clinicopathological 
Characteristics

Number circPRKCA P

High 
(30)

Low 
(21)

Gender 0.063

Female 21 12 9
Male 30 18 12

Age (years) 0.077

<50 25 16 9

≥50 26 14 12

Smoking 0.059

Non-smokers 24 14 10
Smokers 27 16 11

Histological type 0.054
Well, moderate 22 13 9

Poor 29 17 12

TNM stage 0.0015

I–II 23 7 16

III 28 23 5

Lymph node metastasis 0.012

Negative 24 8 16
Positive 27 22 5

Abbreviation: TNM, tumor nodes metastasis.
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bronchial epithelium cell line BEAS-2B (no. 95102433) 
was from European Collection of Authenticated Cell 
Cultures (Public Health England; Salisbury, UK). All the 
cells were cultured in Roswell Park Memorial Institute 
(RPMI)-1640 medium (Gibco, Grand Island, NY, USA) 
with 10% inactivated fetal bovine serum (FBS; Gibco). 
The oligonucleotides including siRNAs against 
circPRKCA (si-circPRKCA#1, si-circPRKCA#2, and si- 
circPRKCA#3), miR-330-5p mimic, and miR-330-5p inhi
bitor (in-miR-330-5p) were bought from GenePharma 
(Shanghai, China), as well as their negative controls (si- 
NC, miR-NC mimic, and in-miR-NC). To overexpress 
PDK1, the pcDNA 3.1 (+) vector (pcDNA) was purchased 
from Invitrogen (Carlsbad, CA, USA), and the coding 
domain sequence of PDK1 was cloned into pcDNA. For 
cell transfection, 40 nM of oligonucleotides and 2 μg vec
tors were separately transfected into A549 and H1299 cells 
using Lipofectamine 2000 (Invitrogen) according to the 
instructions. The sequence of oligonucleotides is presented 
in Table 2.

Real-Time Quantitative PCR (RT-qPCR) 
and Western Blotting
The total RNA in tissues and cells was extracted by Trizol 
(Invitrogen), and was subsequently reverse-transcribed to 
cDNA according to the manufacturer’s protocol. The RT- 
qPCR reaction was performed using SYBR Premix Ex 
Taq™ (Takara, Tokyo, Japan) and primers on ABI 7500 

version with a fast real-time PCR system. The sequence of 
primers are listed in Table 3, and β-actin (for circPRKCA 
and PDK1 mRNA) and U6 (for miR-330-5p) were served 
as the built-in controls. The reaction system of each gene 
was performed in quadruplicate, and the relative gene 
expression level was calculated using 2−ΔΔCt method 
prior to normalization to control groups.

The total protein in tissues and cells was isolated 
using NP-40 lysis buffer (Beyotime, Shanghai, China), 
and was subsequently experienced normal Western blot
ting procedures as previous study.23 The antibodies were 
from Abcam (Cambridge, UK) and are listed in Table 4, 
and immunoreactive signals were detected by 
enhanced chemiluminescence (ECL) technique 

Table 2 The Oligonucleotides Used in This Study for Transfection

Gene Sequence (5ʹ-3ʹ)

si-circPRKCA#1 CGGACUUCAAUUUCCUCAUGG 

AUGAGGAAAUUGAAGUCCGUG

si-circPRKCA#2 GAUUCAGAAGGACAUAUCAAA 

UGAUAUGUCCUUCUGAAUCCA

si-circPRKCA#3 GGAUUGUUCUUUCUUCAUAAA 

UAUGAAGAAAGAACAAUCCGA

si-NC GCUACGAUCUGCCCAAGAUTT 

AUCUUAGGCAFGAUCGUCGCTT

miR-330-5p mimic UCUCUGGGCCUGUGUCUUAGGC

miR-NC mimic UUUGUACUACACAAAAGUACUG
in-miR-330-5p GCCUAAGACACAGGCCCAGAGA

in-miR-NC UCUACUCUUUCUAGGAGGUUGGA

Bio-NC Bio-UUUGUACUACACAAAAGUACUG
Bio-circPRKCA WT Bio-UCCAGAUUAUAUCGCCCCAGAGAAAGCCAAACTTG

Bio-circPRKCA MUT Bio-UCCAGAUUAUAUCGGGGUCUGAAAGCCAAACTTG

Table 3 The RT-qPCR Primers Used in This Study

Gene Primer Sequence (5ʹ-3ʹ)

circPRKCA ATATCGCCCCAGAGAAAGCC 
GGCAAGCATCACCTTTCCAA

miR-330-5p TCTCTGGGCCTGTGTCTTAGGC 
TTAATGGGGTGATTGGTGGT

PDK1 GGAGGAGGACGCTGAGGAG 
GCAGGAACATAACACCACGC

β-actin CACAGAGCCTCGCCTTTGCC 

ACCCATGCCCACCATCACG

U6 GTGCTCGCTTCGGCAGCACATATAC 

AAAAATATGGAACGCTTCACGAATTTG
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(Millipore, Bradford, MA, USA). β-actin was detected 
for equal loading control.

Cell Counting Kit (CCK)-8
Cell viability was detected using CCK-8 (Yeasen, 
Shanghai, China) following the directions. In brief, trans
fected A549 and H1299 cells were inoculated in 96-well 
plates (2500 cells per well), and 10 μL of CCK-8 reagent 
was added in each well at 0, 24, 48, and 72 hours. With 
another incubation for 2 hours in the dark, the optical 
density (OD) value at 450 nm was measured on 
a microwell plate spectrophotometer. The reaction system 
of each gene was performed in quintuplicate. The cell 
viability curve was drawn according to OD450 values.

Transwell Assays
The migration ability and invasion ability were determined 
by transwell chambers (8 µm; Sigma-Aldrich, St. Louis, 
MO, USA) with non-coated and Matrigel-coated membrane, 
respectively. For both assays, A549 and H1299 cells were 
collected after transfection for 36 hours, and the chambers 
were placed in a 24-well plate. The lower space of chambers 
were filled with 400 μL of RPMI-1640 containing 10% FBS, 
and the upper spaces were filled with 200 μL of cell suspen
sion (5×104 cells). This system was incubated at 37°C for 
another 48 hours; then, the cells on the lower surface of the 
chamber were fixed with 70% ethanol and stained with 0.2% 
crystal violet. Afterwards, the migrated cells and invaded 
cells were observed and counted under a microscope.

Flow Cytometry (FCM)
A549 and H1299 cells were collected after transfection for 
36 hours, and the apoptosis rate was testified using 
Annexin V-fluorescein isothiocyanate Apoptosis Kit 
(Beyotime). The operation procedures were in accordance 

with working manual, and the cells were analyzed on FCM 
by sorting apoptotic cells in the Annexin V/propidium 
iodide (PI) quadrant. Apoptotic cells were in Annexin V 
+/PI+ and Annexin V+/PI- quadrants.

Bioinformatic Prediction and 
Dual-Luciferase Reporter Assay
The circBank (http://www.circbank.cn/searchMiRNA. 
html) and circinteractome (https://circinteractome.irp.nia. 
nih.gov/) databases were used to predict the target human 
miRNAs for circPRKCA. In circBank, “hsa_
circ_0007580” was input in the box of “circBase ID” 
followed with clicking the “Search” button. In circinter
actome, the “miRNA Target Sites” button was clicked, 
and “hsa_circ_0007580” was input in the box in Step 1 
prior to clicking the “miRNA Target Sites” button in Step 
3. The starBase v2.0 (http://starbase.sysu.edu.cn/star 
base2/mirMrna.php) and DIANA TOOL (http://diana. 
imis.athena-innovation.gr/DianaTools/index.php?r= 
MicroT_CDS/index) databases were used to predict the 
target human mRNAs for miR-330-5p. In starBase v2.0, 
the “miRNA-mRNA interactions” button was clicked in 
the “miRNA-lncRNA” pull-down menu, and “has-miR 
-330-5p” was selected in the pull-down menu of 
“microRNA” prior to clicking the “Search” button. In 
DIANA TOOL, “has-miR-330-5p” was input in the 
searching box, followed with clicking the “Enter” button 
on the keyboard.

The wild type (WT) of circPRKCA was mutated from . .  
. CCCAGA . . . into . . . CGGUCU . . ., and the 3ʹ untrans
lated region (3ʹUTR) of PDK1 WT was mutated from . . . 
GGCCCAGAG . . . into CCGGGUCUC . . .. Then, 
circPRKCA WT and PDK1 3ʹUTR WT were separately 
cloned into pGL4 luciferase report vector, as well as their 
mutants (MUT). A549 and H1299 cells were co- 
transfected with miR-330-5p/NC mimic and circPRKCA 
WT/MUT or PDK1 3ʹUTR WT/MUT for 48 hours. The 
transfected cells were lysed for determination of dual- 
luciferase activities on GloMax®-Multi+Luminescence 
Module (Promega, Madison, WI, USA).

RNA Immunoprecipitation (RIP) and 
RNA Pull-Down Assay
For RIP, A549 and H1299 cells were transfected with 
miR-330-5p mimic or miR-NC mimic for 36 hours, and 
cell extract was obtained by RIP lysis buffer. Next, the RIP 
lysates were analyzed by EZ-Magna RIP Kit (Millipore) 

Table 4 The Antibodies Used in This Study for Western Blotting 
and RIP

Antibody Cat. No Dilution

PDK1 ab110025 1:2000

p-AKT ab38449 1:1000

AKT ab179463 1:10,000
β-actin ab8226 1:2500

Goat Anti-Mouse IgG H&L (HRP) ab205719 1:10,000

Goat Anti-Rabbit IgG H&L (HRP) ab205718 1:50,000
Ago2 ab32381 1:100

IgG ab172730 1:200
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according to the instructions. The antibodies including 
Ago2 and IgG were from Abcam and presented in Table 
4. The expression of circPRKCA and PDK1 in RIPs was 
further subjected to RT-qPCR. For RNA pull-down, A549 
and H1299 cells were transfected with biotinylated 
circPRKCA WT/MUT (Bio-circPRKCA WT/MUT) or 
Bio-NC, and RIP lysates were collected. The expression 
of miR-330-5p in circPRKCA/miRNAs/beads complexes 
was detected by RT-qPCR.

Xenograft Experiment
Ten BABL/c mice (male, 6-week old) were obtained from 
the Laboratory Animal Center of Nanjing University. A total 
of 4×106 A549 cells (in 0.2 mL of RPMI-1640 containing 
Matrigel) were subcutaneously injected into the right flanks 
of nude mice. After inoculation for 7 days, the 
mice were randomly divided into eight groups (n=5): si- 
NC, si-circPRKCA#3, si-circPRKCA#3+in-miR-NC, si- 
circPRKCA#3+in-miR-330-5p, miR-NC, miR-330-5p, 
miR-330-5p+pcDNA, and miR-330-5p+PDK1. The tumors 
were treated with oligonucleotides (10 nM) alone or along 
with vectors (0.5 μg) every 3.5 days, and tumor size (length 
and width) was measured every 7 days after inoculation. On 
the 28th day, the mice were killed and the tumors were 
resected; the tumor weight was measured, and tumor tissues 
were stored in liquid nitrogen for further total RNA and 
protein isolation. The animal experiment was approved by 
the animal care and Ethics Committee of the Yantai 
Yuhuangding Hospital. Animal studies were performed in 
compliance with the ARRIVE guidelines and the Basel 
Declaration. All animals received humane care according to 
the National Institutes of Health (USA) guidelines.

Statistical Analysis
Statistical analyses were performed using GraphPad software 
7.0 (GraphPad, San Diego, CA, USA), and the data was 
presented as mean±standard deviation. The detection results 
were analyzed using two tailed Student’s t-test and one-way 
analysis of variance followed by a Tukey multiple compar
isons post-test. Statistical significance was set at P<0.05 (*), 
P<0.01 (**), P<0.001 (***), and P<0.0001 (****).

Results
CircPRKCA Was Upregulated in NSCLC 
Tumors and Cell Lines
According to the GSE112214 database, a cluster of 
circRNAs were abnormally expressed in NSCLC tumor 

tissues (n=3) compared to matched adjacent normal tissues 
(n=3), and the top eight upregulated circRNAs and down
regulated circRNAs were presented (Figure 1A). Since 
circPRKCA was the most upregulated one, we further 
confirmed its expression in a cohort of NSCLC patients 
(n=51) using RT-qPCR analysis. As shown in Figure 1B, 
expression level of circPRKCA was higher (3.1-fold, 
P<0.0001) in tumor tissues than normal tissues. Besides, 
the circPRKCA level was even higher in advanced 
NSCLC tumors (III+IV; n=30) versus that in early stages 
(I+II; n=21) (Figure 1C). By the way, high expression of 
circPRKCA was correlated with TNM stage and lymph 
node metastasis in this cohort of NSCLC patients (Table 
1). In vitro, we validated circPRKCA expression in human 
NSCLC cell lines, and RT-qPCR data showed an upregu
lation of circPRKCA in A549 and H1299 cells paralleled 
with BEAS-2B cells (Figure 1D). These results demon
strated that circPRKCA was upregulated in NSCLC tumor 
tissues and cells, suggesting a potential oncogenic role of 
circPRKCA in NSCLC.

Knockdown of circPRKCA Suppressed 
Cell Growth, Migration, Invasion, and 
AKT Activity in NSCLC Cells in vitro
To further characterize the roles of circPRKCA in 
NSCLC, A549 and H1299 cells were exogenously 
silenced circPRKCA expression via siRNAs transfection. 
The transfection efficiency was determined by RT-qPCR, 
and circPRKCA level was dramatically decreased in A549 
and H1299 cells transfected with special siRNAs against 
circPRKCA (Figure 2A and B). To obtain the optimal 
knockdown efficiency, si-circPRKCA#3 was selected for 
further functional assays. CCK-8 assay displayed an inhi
bition of cell viability in si-circPRKCA#3-transfected 
A549 and H1299 cells (Figure 2C and D). Transwell 
assays indicated a lowered ability of cell migration and 
invasion in A549 and H1299 cells administrated with si- 
circPRKCA#3 (Figure 2E and F). FCM revealed that the 
apoptosis rate of A549 and H1299 cells was elevated due 
to si-circPRKCA#3 introduction (Figure 2G). A great deal 
of evidence had revealed that the AKT signal was heavily 
implicated in the tumorigenesis, progression, and therapy 
of cancers including NSCLC.5,24 Thus, expression of 
p-AKT was measured, and Western blotting manifested 
that relative p-AKT expression was suppressed by si- 
circPRKCA#3 transfection in A549 and H1299 cells 
(Figure 2H). These outcomes indicated a suppressive role 
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of circPRKCA knockdown in NSCLC cell growth, migra
tion, invasion, and AKT activity in vitro.

CircPRKCA Targeted miR-330-5p in 
NSCLC Cells
One popular mechanism of circRNAs was miRNAs adsorp
tion via target binding to participate in cellular functions. To 
find the target miRNAs for circPRKCA, we searched 
circBank (http://www.circbank.cn/searchMiRNA.html) and 
circinteractome (https://circinteractome/mirnasearch) data
bases, and a panel of six miRNAs were suggested as poten
tial targets of circPRKCA by both databases. Therefore, the 
sensitivity of these miRNAs, including miR-1299, miR- 
197, miR-188-3p, miR-1231, miR-598, and miR-330-5p, 
on circPRKCA regulation was further detected; as 
a result, miR-330-5p was the most upregulated one in 
A549 and H1299 cells with circPRKCA knockdown via si- 
circPRKCA#3 transfection (Supplementary Figure 1A and 
B). Therewith, miR-330-5p was selected for further valida
tion, and the putative binding sites of miR-330-5p on 
circPRKCA were mutated to the complementary binding 

sequences (Figure 3A). Dual-luciferase reporter system 
measured that the luciferase activity of vector carrying 
circPRKCA WT was significantly attenuated in A549 and 
H1299 cells transfected with miR-330-5p mimic (Figure 3B 
and C); whereas the luciferase activity of circPRKCA MUT 
vector was little affected by miR-330-5p mimic transfec
tion. In addition, expression of circPRKCA was markedly 
enriched in RIP-Ago2 in A549 and H1299 cells (Figure 
3D); RNA pull-down assay also showed an enrichment of 
miR-330-5p in the presence of Bio-circPRKCA WT instead 
of Bio-circPRKCA MUT (Figure 3E and F). The above 
results suggested a target relationship between circPRKCA 
and miR-330-5p in NSCLC cells. Expression of miR-330- 
5p was investigated using RT-qPCR, and its expression 
level was lower in NSCLC tumor tissues (n=51) and cell 
lines (A549 and H1299) than that in corresponding normal 
controls (Figure 3G and H). Moreover, miR-330-5p expres
sion was increased in circPRKCA-silenced A549 and 
H1299 cells (Figure 3I), prompting an association of miR- 
330-5p upregulation and the role of circPRKCA knock
down in NSCLC.

Figure 1 Circular RNA derived from human PRKCA (hsa_circPRKCA_024, circPRKCA) was upregulated in non-small-cell lung cancer (NSCLC). (A) GSE112214 database 
showed the heatmap of top eight upregulated and downregulated circRNAs in NSCLC tumor tissues (n=3; Tumor) and matched adjacent normal tissues (n=3; Normal). (B) 
RT-qPCR measured circPRKCA expression level in 51 paired human NSCLC Normal samples and Tumor samples. (C) RT-qPCR compared circPRKCA expression level in 
NSCLC tumor tissues at early stages (I+II; n=21) and advantage stages (III+IV; n=30). (D) RT-qPCR compared circPRKCA expression level in two human NSCLC cell lines 
A549 and H1299, and one normal cell line BEAS-2B. **P<0.01, ***P<0.001, and ****P<0.0001.
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Silencing of miR-330-5p Attenuated the 
Suppressive Effect of circPRKCA 
Knockdown on Cell Growth, Migration, 
Invasion, and AKT Activity in NSCLC 
Cells in vitro
To identify the contribution of miR-330-5p in the suppres
sive role of circPRKCA knockdown, A549 and H1299 
cells were co-transfected with si-circPRKCA#3 and in- 
miR-330-5p. RT-qPCR analysis showed that upregulation 
of miR-330-5p in circPRKCA-silenced cells was wea
kened by the presence of in-miR-330-5p (Figure 4A). 
Consequently, circPRKCA deletion-mediated suppression 
on cell viability (Figure 4B and C), and abilities of migra
tion and invasion (Figure 4D and E, and Supplementary 
Figure 3A and B) was attenuated by miR-330-5p down
regulation. On the contrary, the apoptosis rate was pro
moted by si-circPRKCA#3 transfection, and then was 
descended by in-miR-330-5p introduction (Figure 4F, and 
Supplementary Figure 3C). In terms of AKT activity, 
p-AKT expression was inhibited by circPRKCA silencing 

in A549 and H1299 cells, which was further abolished due 
to in-miR-330-5p transfection (Figure 4G). The above 
results identified that the suppressive role of circPRKCA 
knockdown in NSCLC cell growth, migration, invasion, 
and AKT activity was accompanied with miR-330-5p 
overexpression.

MiR-330-5p Targeted PDK1 3ʹUTR in 
NSCLC Cells
The downstream target of miR-330-5p in NSCLC was 
subsequently discovered by starBase (http://starbase.sysu. 
edu.cn/starbase2) and DIANA TOOL (http://DianaTools/ 
hsa-MiR-330-5p) databases, and six common mRNAs 
were preliminarily selected as potential targets of miR- 
330-5p. Therefore, the sensitivity of these mRNAs, includ
ing protein phosphatase methylesterase 1 (PPME1), 
N-acetyltransferase 14 (NAT14), mediator complex subu
nit 15 (MED15), BTB domain containing 1 (BTBD1), 
ATP binding cassette subfamily E member 1 (ABCE1), 
and PDK1, on miR-330-5p regulation was further 
detected; PDK1 was the most downregulated one in 

Figure 2 Functional assays of circPRKCA in NSCLC cells in vitro. (A and B) RT-qPCR detected circPRKCA expression level in A549 and H1299 cells transfected with 
siRNAs against circPRKCA (si-circPRKCA#1, si-circPRKCA#2, and si-circPRKCA#3) or the negative control (si-NC). (C–H) A549 and H1299 cells transfected with si- 
circPRKCA#3 or si-NC. (C and D) CCK-8 assay monitored cell viability at 0, 24, 48, and 72 hours. Note: OD value (λ=450 nm), the optical density at 450 nm wavelength. 
(E and F) Transwell assays evaluated cell migration ability (%) and invasion ability (%), and (G) flow cytometry (FCM) assessed apoptosis rate (%) at 36 hours. (H) Western 
blotting examined protein expression of total AKT (AKT; medium lanes) and phosphorylated AKT (p-AKT; upper lanes) at 36 hours. 
Notes: p-AKT/AKT, the ratio of gray density of p-AKT blot to AKT blot. *P<0.05, **P<0.01, and ***P<0.001.
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A549 and H1299 cells with miR-330-5p overexpression 
via mimic transfection (Supplementary Figure 2A and B). 
Thus, PDK1 was further confirmed according to potential 
binding sites of miR-330-5p (Figure 5A). Dual-luciferase 
reporter assay and RIP assay identified this potential target 
relationship according to the prediction result (Figure 5B– 
D). Expression of PDK1 was measured using Western 
blotting and RT-qPCR; the protein level of PDK1 was 
upregulated in three tumor tissues from three randomly 
selected NSCLC patients and two cell lines (Figure 5E and 
G), and the mRNA level of PDK1 was higher in this 
NSCLC tumor samples (n=51) than normal samples 
(Figure 5F). Additionally, expression of PDK1 in A549 
and H1299 cells was facilitated by in-miR-330-5p trans
fection, and was depressed with si-circPRKCA#3 

transfection (Figure 5H and I); exogenous in-miR-330-5p 
could also rescue circPRKCA knockdown-mediated inhi
bition on PDK1 expression (Figure 5I). These results 
indicated that circPRKCA could regulate PDK1 expres
sion via sponging miR-330-5p in NSCLC.

Upregulation of PDK1 Weakened the 
Inhibitory Effect of miR-330-5p 
Overexpression on Cell Growth, 
Migration, Invasion, and AKT Activity in 
NSCLC Cells in vitro
The functional experiments were performed to figure out 
the role of miR-330-5p and PDK1 in NSCLC cells 
in vitro. PDK1 expression was inhibited by miR-330-5p 

Figure 3 CircPRKCA targeted miRNA (miR)-330-5p. (A) The sequences between miR-330-5p and either wild type (WT) of circPRKCA or mutant (MUT) of circPRKCA. 
(B and C) Dual-luciferase reporter assay measured relative luciferase activity of vectors containing circPRKCA WT/MUT in A549 and H1299 cells transfected with miR-330- 
5p mimic (miR-330-5p) or the negative control (miR-NC). (D) RNA immunoprecipitation (RIP) determined the enrichment of circPRKCA in A549 and H1299 cells 
transfected miR-330-5p or miR-NC. Note: RIP-Ago2, RIP from Ago2 antibody; RIP-IgG, RIP from IgG antibody. (E and F) RNA pull-down assay detected miR-330-5p 
expression level in A549 and H1299 cells transfected with biotinylated circPRKCA WT/MUT (Bio-circPRKCA WT/MUT) or Bio-NC. (G and H) RT-qPCR measured miR- 
330-5p expression level in NSCLC tissues (n=51) and cell lines. (I) RT-qPCR confirmed miR-330-5p expression level in A549 and H1299 cells transfected with si- 
circPRKCA#3 or si-NC. **P<0.01, ***P<0.001, and ****P<0.0001.
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mimic transfection, and this inhibition was abrogated with 
exogenous administration of pcDNA-PDK1 vector 
(PDK1) (Figure 6A). Similar to circPRKCA knockdown, 
miR-330-5p overexpression restrained cell viability and 
transwell migration and invasion abilities in A549 and 
H1299 cells, which was further counteracted by PDK1 
restoration (Figure 6B–E, and Supplementary Figure 3D 
and E); contrarily, the apoptosis rate was augmented in 
miR-330-5p mimic-transfected A549 and H1299 cells, and 
then was declined by co-transfection of PDK1 (Figure 6F, 
and Supplementary Figure 3F); Western blotting displayed 
that AKT was inactivated by miR-330-5p upregulation, 
which was rescued in response to PDK1 upregulation, as 
evidenced by increased p-AKT level (Figure 6G). These 
data demonstrated an inhibitory role of miR-330-5p over
expression in cell viability, migration, invasion, and AKT 
activity in NSCLC cells in vitro depended on downregu
lating PDK1.

Knockdown of circPRKCA Suppressed 
Tumor Growth of NSCLC Cells in vivo by 
Regulating the miR-330-5p/PDK1/AKT 
Pathway
Furthermore, we launched an in-depth study to study the role 
of circPRKCA and miR-330-5p in xenograft tumors. The 
nude mice were induced tumors by subcutaneous injection of 
A549 cells, and si-circPRKCA#3 alone or together with in- 

miR-330-5p, and miR-330-5p alone or combined with PDK1 
vector were used to treat these xenograft tumors. As shown in 
Figure 7A and E, tumor growth was restrained with si- 
circPRKCA#3 injection and miR-330-5p injection; tumor 
weight on the 28th day was less in the si-circPRKCA#3 
group and miR-330-5p group (Figure 7B and F). Notably, 
the suppression of circPRKCA knockdown and miR-330-5p 
upregulation on tumor growth was counteracted by miR-330- 
5p downregulation and PDK1 restoration via transfections, 
respectively (Figure 7A–C and E–G). Consistently, expres
sion of p-AKT was exceedingly low in tumors in the 
si-circPRKCA#3 group, which was abrogated with miR- 
330-5p injection (Figure 7D); the p-AKT expression inhibi
tion in A549-induced xenograft tumors injected with 
miR-330-5p was attenuated by co-administration of the 
PDK1 vector (Figure 7H). These results indicated 
a suppressive role of circPRKCA knockdown in tumor 
growth in vivo through regulating the miR-330-5p/PDK1/ 
AKT pathway.

Discussion
circRNAs were an emerging key point for disease diag
nosing, treating, and inferring. Previous evidence 
has recently indicated that circRNAs are closely impli
cated in the malignant tumor progression of NSCLC.25–27 

In terms of the PI3K/AKT pathway, several circRNAs 
were declared to modulate this signaling pathway in 
NSCLC. For example, the PI3K inhibitor-LY264002 

Figure 4 Functional assays of circPRKCA and miR-330-5p in NSCLC cells in vitro. (A) RT-qPCR detected miR-330-5p expression level in A549 and H1299 cells transfected 
with si-NC, si-circPRKCA#3, si-circPRKCA#3 and miR-330-5p inhibitor (in-miR-330-5p), or si-circPRKCA#3 and miR-NC inhibitor (in-miR-NC). (B and C) CCK-8 assay 
monitored cell viability after above transfection for 0, 24, 48, and 72 hours. (D and E) Transwell assays evaluated cell migration ability (%) and invasion ability (%), and (F) 
FCM assessed apoptosis rate (%) in above transfected A549 and H1299 cells. (G) Western blotting examined protein expression of AKT (medium lanes) and p-AKT (upper 
lanes) in A549 cells (left lanes) and H1299 cells (right lanes) after above transfection for 36 hours. *P<0.05, **P<0.01, and ***P<0.001.
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could reverse the promoting effect of circGFRA1 over
expression on cell viability, colony formation, and expres
sion of cyclin A1 and cyclin B1 in NSCLC cells in vitro 
and in vivo.28 circFGFR3 overexpression could promote 
cell invasion and proliferation of 95C and H460 cells 
through enhancing expression of several genes, including 
p-AKT.29 Abnormal expression of circRNAs in malignant 
pleural effusion, a common complication of lung cancer, 
was also elucidated by regulating several signaling path
ways including PI3K-AKT and through the circRNAs- 
miRNAs-mRNAs network.30 However, circRNAs 
involved in the PI3K/AKT pathway in NSCLC cells 
remained largely unclear still. Thus, in this study, we 
investigated the role of circPRKCA in NSCLC cell 

proliferation, migration, invasion, and AKT signaling via 
the ceRNA pathway.

Combining GSE112214 data with RT-qPCR data, we 
observed that circPRKCA was upregulated in NSCLC 
tumors and cell lines, and was associated with TNM 
stages. Knockdown circPRKCA could inhibit cell viabi
lity, transwell migration, and invasion abilities, as well as 
p-AKT expression. In vivo, circPRKCA silencing retarded 
tumor growth of A549 cells. The abovementioned results 
suggested a tumor-suppressive role of circPRKCA knock
down in NSCLC. Furthermore, miR-330-5p was con
firmed to be a target of circPRKCA. To our best 
knowledge, this might be the first evidence to define the 
biologic role of circPRKCA in NSCLC cells. This could 

Figure 5 MiR-330-5p targeted 3ʹUTR of 3-phosphoinositide-dependent protein kinase-1 (PDK1). (A) The sequences between miR-330-5p and either wild type (WT) of 
PDK1 3ʹUTR or mutant (MUT) of PDK1 3ʹUTR. (B and C) Dual-luciferase reporter assay measured relative luciferase activity of vectors containing PDK1 3ʹUTR WT/MUT 
in A549 and H1299 cells transfected with miR-330-5p or miR-NC. (D) RIP determined the enrichment of PDK1 in A549 and H1299 cells transfected miR-330-5p or miR- 
NC. (E–G) Western blotting and RT-qPCR detected PDK1 expression in (E) three paired tissues and (G) 51 paired tissues from NSCLC patients, and (G) NSCLC cell lines. 
(H and I) Western blotting measured PDK1 expression level in A549 and H1299 cells transfected with (H) in-miR-330-5p or in-miR-NC, and (I) si-circPRKCA#3, si-NC, si- 
circPRKCA#3 and in-miR-330-5p, or si-circPRKCA#3 and in-miR-NC. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.
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inspire more researchers to further study this circRNA in 
NSCLC, and even other types of cancer.

MiR-330-5p together with miR-330-3p formed a miR- 
330 gene that functioned as a potential prognostic biomarker 
and predicted radiation sensitivity in lung cancer patients 
with brain metastasis.31 Zhan et al32 constructed a miRNA 
gene network including miR-330-5p contributing to the cur
cumin inhibition of metastasis in lung cancer A549 cells. 

Moreover, the cellular role of miR-330-5p was continuously 
clarified in NSCLC. For example, Kong et al20 discovered 
that overexpression of miR-330-5p inhibited cell growth of 
A549 and H1299 cells by targeting NIN/RPN12 binding 
protein 1, as demonstrated by loss of cell viability, BrdU 
cell proliferation and colony formation ability, and an 
increase of G0/G1 arrest. Besides, miR-330-5p was linked 
to cancer stem cells-like properties, proliferation, migration, 

Figure 6 Functional assays of miR-330-5p and PDCK1 in NSCLC cells in vitro. (A) Western blotting detected PDCK1 expression level in A549 and H1299 cells transfected 
with miR-330-5p, miR-NC, miR-330-5p and pcDNA-PDK1 (PDK1), or miR-330-5p and pcDNA empty vector (pcDNA). (B and C) CCK-8 assay monitored cell viability of 
A549 and H1299 cells after above transfection for 0, 24, 48, and 72 hours. (D and E) Transwell assays evaluated cell migration ability (%) and invasion ability (%), and (F) FCM 
assessed apoptosis rate (%) in above transfected A549 and H1299 cells. (G) Western blotting examined protein expression of AKT (medium lanes) and p-AKT (upper lanes) 
in A549 cells (left lanes) and H1299 cells after (right lanes) after above transfection for 36 hours. **P<0.01 and ***P<0.001.

Figure 7 The role of circPRKCA, miR-330-5p, and PDK1 in cell growth of NSCLC cells in vivo via regulating AKT activity. (A–H) A549 cells were subcutaneously injected 
into the right flanks of nude mice, and exogenous nucleotides were injected into transplantation site (n=5) from the 7th after transplantation, including si-NC alone, and si- 
circPRKCA#3 alone or combined with in-miR-330-5p or in-miR-NC, miR-NC alone, and miR-330-3p alone or together with PDK1 vector or pcDNA vector. (A and E) 
Tumor volume was calculated every 7 days. (B and F) Tumor weight was examined on the 28th day. (C and G) RT-qPCR measured expression level of miR-330-5p and PDK1 
in xenograft tumor tissues. (D and H) Western blotting detected AKT and p-AKT expression levels in xenograft tumor tissues. *P<0.05 and **P<0.01.
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and invasion by regulating;33–36 furthermore, diverse endo
genous noncoding RNAs and coding RNAs were considered 
as ceRNAs for this miRNA, such as lncRNAs DGCR5 and 
PCAT6, circRNAs circFARSA and circZKSCAN1, func
tional genes CD44, SOD2b, and FAM83A.33–36 Here, we 
established a novel circPRKCA/miR-330-5p/PDK1 axis in 
NSCLC cells. And, we noticed a downregulation of miR- 
330-5p in NSCLC tissues and cells, which was consistent 
with previous studies.20,36 The suppressive role of miR-330- 
5p in cell proliferation, migration, and invasion was also in 
favor with others.34,36 In vivo, miR-330-5p upregulation 
retarded tumor growth of A549 cells. Our data demonstrated 
that AKT activity was also inhibited by miR-330-5p upregu
lation, and facilitated by miR-330-5p downregulation in 
NSCLC cells; the inhibition of miR-330-5p on AKT signal
ing was previously annotated in other cancers, such as oeso
phageal adenocarcinoma and colorectal cancer.37,38 

However, in lung cancer, miR-330-5p was already declared 
to take part in the MAPK signaling pathway.36 However, 
there was little data on the association between miR-330-5p 
and the AKT signaling pathway prior to this present study.

PDK1 was a famous oncogene in cancers, and the 
PDK1/PI3K/AKT pathway had been popular in cancer 
malignant progression, especially in cell metastasis.21 

Here, PDK1 was overexpressed in NSCLC tissues and 
cells, and PDK1 downregulation was correlated with the 
anti-proliferation, anti-migration, and anti-invasion role of 
miR-330-5p in A549 and H1299 cells. In NSCLC, target
ing the PDK1/PI3K/AKT pathway seemed popular in the 
treatment of miRNAs39,40 and drugs.41,42 Here, this study 
supported the high activation of AKT signal in NSCLC 
cells, accompanied with PDK1 upregulation. However, 
Ding et al43 considered that miR-199a could block PDK1 
expression without affecting AKT activation in NSCLC 
cells under hypoxia. This prompted the multiple down
stream pathways under PDK144 and PDK1/PI3K.45

We might provide a novel circPRKCA/miR-330-5p/ 
PDK1 axis in NSCLC malignant cell progression via the 
PDK1/AKT signaling pathway. Even though cell viability, 
migration, and invasion in vitro and tumor growth in vivo 
had been demonstrated to be affected this way, the role of 
the circPRKCA/miR-330-5p/PDK1 axis in many other cru
cial cell behaviors including cell-cycle regulation and the 
epithelial-mesenchymal transition remained undisclosed,11 

as well as in detail signaling pathways.44,45 This could be 
new directions of circPRKCA research in NSCLC.

In conclusion, this study showed that circPRKCA was 
upregulated in NSCLC tumor tissues and cells, and 

downregulation of circPRKCA could suppress cell growth, 
migration, and invasion through sponging miR-330-5p and 
regulating the PDK1/PI3K/AKT signaling pathway.
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