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Accumulating evidence has demonstrated that circular RNAs
(circRNAs) play important roles in regulating gene expression
involved in tumor development. However, the role of circRNAs
in modulating the radiosensitivity of oral squamous cell carci-
noma (OSCC) and its potential mechanisms have not been
documented. We performed high-throughput RNA sequencing
(RNA-seq) to investigate the circRNA expression profile in
OSCC patients and discovered that the circATRNLI expression
was significantly downregulated and closely related to tumor
progression. The circATRNL1 was structurally validated via
Sanger sequencing, RNase R treatment, and specific convergent
and divergent primer amplification. Importantly, the expres-
sion levels of circATRNLI1 decreased after irradiation treat-
ment, and upregulation of circATRNL1 enhanced the radiosen-
sitivity of OSCC through suppressing proliferation and the
colony survival fraction, inducing apoptosis and cell-cycle ar-
rest. Moreover, we observed that circATRNLI could directly
bind to microRNA-23a-3p (miR-23a-3p) and relieve inhibition
for the target gene PTEN. In addition, the tumor radiosensi-
tivity-promoting effect of circATRNL1 overexpression was
blocked by miR-23a-3p in OSCC. Further experiments also
showed that PTEN can reverse the inhibitory effect of OSCC
radiosensitivity triggered by miR-23a-3p. We concluded that
circANTRLI1 may function as the sponge of miR-23a-3p to pro-
mote PTEN expression and eventually contributes to OSCC
radiosensitivity enhancement. This study indicates that cir-
cANTRLI1 may be a novel therapeutic target to improve the
efficiency of radiotherapy in OSCC.

INTRODUCTION

Oral squamous cell carcinoma (OSCC) is one of the most common
cancer in head and neck squamous cell carcinoma and is character-
ized by highly metastatic and invasive malignancy in the oral cavity,
accounting for more than 300,000 newly diagnosed cancer cases
annually worldwide."” Despite advances in research and therapy,
the 5-year survival rate has shown little improvement in recent de-
cades.” Radiotherapy is the primary nonsurgical approach for
OSCC patients; however, the outcomes remain unsatisfactory due
to tumor radioresistance.” Further, the specific molecules underlying

radioresistance in OSCC have been poorly elucidated. Therefore, it is
urgent for us to clarify the molecular mechanisms of OSCC radiore-
sistance and to provide novel therapeutic targets for OSCC patients.

Circular RNA (circRNA), another class of non-coding RNAs
(ncRNAs), is a closed-loop structure with back-splicing without 3
and 5 ends, which differs from the typical linear RNAs which
have 5 caps and 3’ tails.” Compared with their linear counterparts,
circRNAs are extensively expressed and are generally stable and
conserved in eukaryotic cells.” It has been well-established that
circRNAs may play a significant role in physiology and pathological
processes and also regulate multiple diseases.”’ Lately, increasing ev-
idence has demonstrated that circRNAs were generally dysregulated
in various cancers and involved in cancer progression, implying
that circRNAs may be a new kind of potential biomarker for can-
cers.'’"2 Moreover, recent studies have demonstrated that circRNAs
could serve as competing endogenous RNA (ceRNA) by competitive
binding to microRNA (miRNA) response elements (MREs) to regu-
late gene transcription.” Moreover, certain kinds of circRNAs have
been confirmed by function as a ceRNA mechanism in breast cancer,
bladder cancer, and ovarian cancer.'*"'® However, there are currently
no reports describing the role of circRNAs and their potential mech-
anisms in modulating the radiosensitivity of OSCC.

In this study, we analyzed the expression profiles of circRNAs in OSCC
tissues and identified a circRNA derived from ATRNLI, termed
“circATRNLI1,” which was significantly downregulated and positively
correlated with OSCC progression. More importantly, we found that
circATRNLI overexpression may act as a ceRNA for miR-23a-3p to
regulate phosphatase and the tensin homolog deleted on chromosome
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Figure 1. circRNA Expression Profile and Decreased circATRNL1 Expression in OSCCs

(A) Heatmap analyses of RNA-seq showing differentially expressed circRNAs with fold changes >2.0. Each column represents a tissue specimen, and each row represents
the expression level of a circRNA. The intensity increased from low to high (green to red). (B) Scatterplot of circRNAs in OSCC and ANCT samples. The circRNAs above the
top red line and below the green line indicated more than 2-fold changes of up- and downregulation. (C) Volcano plot visualizes the dysregulated circRNAs between OSCC
and ANCT groups. The vertical purple lines correspond to 2.0-fold up and down, respectively, and the horizontal purple line represents a p value of 0.05. The red and green
points separately represent significantly up- and downregulated circRNAs in OSCC. (D-H) Quantitative real-time PCR was used to examine the expression of five mostly
changed circRNAs in OSCC and matched ANCT from nine patients. These five circRNAs included the two mostly increased circRNAs (circITGAD, D; circBCAT1, E) and the
three mostly decreased circRNAs (circTHSDA4, F; circATRNL1, G; and circCYP4F22, H). (I) Schematic illustration indicates the formation of circATRNL1. The head-to-tail
splicing of circATRNL1 in the circATRNL1 RT-PCR products was validated by Sanger sequencing. (J) The existence of circATRNL1 in the presence or absence of RNase R
supplementation in cDNA and gDNA from OSCC cells was detected by RT-PCR, and divergent primers could produce circRNAs in cDNA but not in genomic DNA (GDNA). (K)
The circATRNL1, rather than linear ATRNL1 or B-actin, could resist digestion by RNase R followed by quantitative real-time PCR assay. (L) The differential expression of
circATRNL1 was evaluated by quantitative real-time PCR in 48 pairs of OSCC and matched ANCT. (M) ROC curve analysis revealed that circATRNL1 was capable of
distinguishing OSCC patients from healthy controls. (N) The expression of circATRNL1 in OSCC and ANCT specimens was evaluated for detection by FISH. Scale bar,
50 um. (O-Q) Vertical scatterplots show relative levels of circATRNL1 in OSCC with different pathological differentiation (O), lymph node metastasis (P), and clinical stage (Q).
Values are presented as mean + SD. *p < 0.05; *p < 0.01.

ten (PTEN) expression and consequently improved tumor radiosensi-
tivity in OSCC. Our findings established a strong connection between
circRNAs and OSCC radiosensitivity and revealed that circATRNL1
may serve as a highly attractive target to radiosensitize OSCC.

RESULTS

Dysregulated circRNAs and Decreased circATRNL1 in OSCCs
To investigate the role of circRNAs in OSCC tissues, we collected
three pairs of OSCC tissues and matched adjacent non-cancerous tis-
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sue (ANCT) and screened them for dysregulation using circRNA
high-throughput sequencing analysis. The expression profiles of these
circRNA transcripts demonstrated that a series of circRNAs was aber-
rantly expressed in OSCC and ANCT (Figure 1A). The scatterplots
present the variations of circRNA expression between OSCC and
ANCT specimens (Figure 1B). In total, 474 differentially expressed
circRNAs with fold change >2.0 and p <0.05 were identified,
among which 267 were upregulated and 207 downregulated (Fig-
ure 1C). Through expression intensity sorting, the cluster heatmap
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Table 1. Association between circATRNL1 Expression and
Clinicopathological Features in Patients with OSCC (n = 48)

circATRNL1

Expression
Clinicopathologic Features Number of Cases High" (n) Low (n) p Value*
Gender
Male 33 18 15 0.350
Female 15 6 9
Age
>55 18 8 10 0.551
<55 30 16 14
Differentiation
Well 25 16 9 0.043
Moderate+ poor 23 8 15
T Stage
Tin 32 19 13 0.066
TuLy 16 5 11
Clinical Stage
I-1I 19 13 6 0.039
III-1v 29 11 18
LN Metastasis
N 23 15 8 0.043
N* 25 9 16

*The median expression level was used as the cutoff.
*p < 0.05

demonstrated the five significantly increased and decreased circRNAs
in OSCC tissues compared with ANCTs (Figure S1). To screen the
key differentially expressed circRNA, we selected the expression of
five mostly changed circRNAs from another nine patients to validate
their expression. Among them, the expression of circATRNLI was
consistently and significantly decreased in OSCC tissues compared
with matched controls (Figures 1D-1H). circATRNLLI is spliced
from the ATRNLI gene on chr10:115120185-115171292. Subse-
quently, we determined the head-to-tail splicing of circATRNLI in
the RT-PCR product of circATRNLI by Sanger sequencing and
also confirmed its sequence and genomic size (Figure 1I). However,
to rule out the possibility that such head-to-tail splicing products
could be the result of trans-splicing and genomic rearrangements,
we specially designed divergent and convergent primers and discov-
ered that circATRNLI could be detected only in cDNA even under
RNase R treatment, since no products were detected in the genomic
DNA (gDNA) in OSCC cells (Figure 1J). Additionally, to confirm
the stability of circATRNLI, we performed a quantitative real-time
PCR assay, which indicated that circATRNLI can resist RNase R,
while linear-ATRNLI and B-actin can be degraded by RNase R (Fig-
ure 1K). Furthermore, circATRNLI1 expression was then confirmed in
another 48 patients, and the results of the quantitative real-time PCR
assay showed that its level was significantly decreased in OSCC tissues
(Figure 1L). ROC curves were highly discriminative between OSCC

patients and ANCT, with an area-under-the-ROC-curve (AUC) of
0.711 (95% confidence interval [CI], 0.608-0.813) (Figure 1M). Fluo-
rescence in situ hybridization (FISH) analysis further indicated that
circATRNL1 was localized in the cytoplasm, and its expression was
also meaningfully downregulated in OSCC tissues compared with
ANCTs (Figure 1N). Moreover, to identify the relationship between
circATRNLI expression and OSCC development, we conducted a
correlation analysis which showed that circATRNLI expression was
closely associated with clinicopathology, including pathological
differentiation, lymph node metastasis, and clinical stage (Figures
10-1Q; Table 1). Thus, we focused on the expression and the role
of circATRNLLI in OSCC.

circATRNL1 Overexpression Improves the Radiosensitivity of
OSCC Cells

The endogenous expression levels of circATRNLI in a panel of
normal oral keratinocyte (NOK) cells and seven oral cancer cell lines
were further examined. Quantitative real-time PCR analysis showed
that circATRNL1 expression was decreased in seven OSCC cell lines
compared with that of NOK cells, and HSC3 and SCC25 cells were
selected for overexpression of circATRNLI because of their lower
circATRNL1 expression (Figure 2A). To evaluate the role of
circATRNLI in radiosensitivity in OSCC cells, we treated seven
OSCC cell lines with 4Gy, and the results showed that the expression
levels of circATRNLI were significantly decreased after the 24-h incu-
bation after irradiation treatment (Figure 2B). Next, we constructed
circATRNLI overexpression with stable transfection (lentiviral
vector [LV]-circATRNLI) and found that its expression could be
significantly upregulated compared with control groups (LV-NC)
in HSC3 and SCC25 cells by quantitative real-time PCR (Figure 2C;
Figure S2). Moreover, to evaluate whether any linear ATRNLI could
be produced during circATRNLI overexpression, we performed a
quantitative real-time PCR assay, and the results showed that there
was no significant difference in linear ATRNLI1 between LV-NC
and LV-circATRNLI in OSCC cells (Figure 2D).

The colony-formation assay was used to explore the influence of
circATRNLI on radiosensitivity in OSCC cells. The results showed
that circATRNLI overexpression caused a significant dose-dependent
radiosensitization, and the dose-survival curves were acquired in
OSCC cells (Figures 2E-2H). Next, after cells were exposed to 4 Gy
irradiation treatment, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) results revealed that a combination of
circATRNLI overexpression and irradiation led to inhibited prolifera-
tion of OSCC cells compared with either circATRNL1 overexpression
or radiation therapy alone (Figures 21 and 2]J). Furthermore, the results
of the apoptosis assay indicated that 4 Gy+LV-ATRNLI groups dramat-
ically increased the apoptosis rates of OSCC cells compared with the 4
Gy+LV-NC groups and LV-ATRNLI groups (Figures 2K-2N). Cell-cy-
cle analysis also demonstrated that cells at the G2 phase were signifi-
cantly increased in 4 Gy+LV-ATRNLI, suggesting that the cycle
arrested the G2 phase after irradiation (Figures 20-2R). These results
demonstrated that circATRNL1 overexpression enhanced OSCC cell
radiosensitivity by suppressing cell survival and inducing apoptosis.
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Figure 2. Effect of circATRNL1 Overexpression on Radiosensitivity of OSCC Cells

(A) Relative expression levels of circATRNL1 in a panel of seven OSCC cell lines and NOK. (B) Expression of circATRNL1 in seven OSCC cell lines was detected by quantitative
real-time PCR before and after 4 Gy irradiation. (C) The illustration of vector for overexpression of circATRNL1 (pCD-circATRNL1) was presented. (D) The linear ATRNL1
expression was detected by quantitative real-time PCR between LV-NC and LV-ATRNL1 groups in OSCC cells. (E-H) The colony survival rate was determined by
colony-formation assay in HSC3 (E and F) and SCC25 (G and H) cells treated with different doses of irradiation. (I and J) MTT assay for cell growth vitality was evaluated in
HSC3 (l) and SCC25 (J) cells transfected with LV-NC or LV-ATRNL1 under 4 Gy irradiation or non-irradiated. (K-N) Apoptosis was determined by flow cytometry after
transfection in OSCC cells. 4Gy+LV-ATRNL1 groups significantly increased the apoptosis rates compared with the 4Gy+LV-NC groups and LV-ATRNL1 groups in HSC3
(Kand L) and SCC25 cells (M and N). (O-R) Calculated cell-cycle distribution and representative charts in circATRNL1 overexpression and the control groups under 4 Gy
irradiation or non-irradiated. It demonstrated that cells at the G2 phase were dramatically increased in 4Gy+LV-ATRNL1 after irradiation in HSC3 (O and P) and SCC25 cells
(Q and R). Data are presented as mean + SD of three experiments. *p < 0.05; **p < 0.01; ***p < 0.001.

circATRNL1 Directly Binds to miR-23a-3p and Regulates Its
Expression

circRNAs can function mainly as miRNA sponges and suppress gene
activity. The circATRNL1/miRNA interaction network was pre-
dicted by TargetScan and MiRanda, and the results showed that
six miRNAs were predicted and listed as the potential targets of cir-
cATRNLI (Table S2). To identify the functional miRNAs that may
interact with circATRNLI in OSCC cells, we used the quantitative
real-time PCR technique and found that miR-23a-3p was signifi-
cantly negatively correlated with circATRNLI expression, whereas
the other miRNAs did not change (Figure S3). Next, anti-AGO2
RNA immunoprecipitation (RIP) was conducted in HSC3 and
SCC25 cells transfected with miR-23a-3p mimics or miR-NC to
identify circATRNL1. We found significant enrichment of cir-
cATRNLI and miR-23a-3p as compared with the controls (Figures
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3A-3D). Furthermore, FISH analysis not only demonstrated that
circATRNLI and miR-23a-3p were colocalized in OSCC tissues
and cells (Figure 3E), but also confirmed the direct interaction
between circATRNLI and miR-23a-3p in OSCC cells. Luciferase
reporter results showed that the luciferase intensity of wild-type cir-
cATRNLI sequence was decreased or increased by transfection with
miR-23a-3p mimics or inhibitors but was restored by miR-NC or
miR-inhibitor NC respectively, suggesting that miR-23a-3p can
directly target the circATRNL1 (Figures 3F and 3G). Moreover,
we measured the basic expression levels between circATRNLI
and miR-23a-3p in OSCC cell lines using quantitative real-time
PCR analysis, and a negative correlation between the levels of
circATRNLI and miR-23a-3p was demonstrated in seven cell lines
(Figure 3H). More importantly, miR-23a-3p was significantly down-
regulated by circATRNL1 overexpression in OSCC cells (Figure 31).
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Figure 3. circANTRL1 Acts as a Sponge for miR-23a-3p in OSCC Cells

Relative expression of circATRNL1

(A-D) Anti-AGO2 RIP was measured in OSCC cells transfected with miR-23a-3p mimics or miR-23a-3p NC followed by RT-PCR. It found significant enrichment of
circATRNL1 and miR-23a-3p as compared with the controls, and the relative enrichment of circATRNL1 was determined by quantitative real-time PCR in HSC3 (A and B) and
SCC25 cells (C and D). (E) miR-23a-3p colocalized with circATRNL1 in OSCC tissues and cells was detected by FISH. (F and G) Schematic model of circATRNL1 wild-type
(WT) and mutant (MUT) luciferase reporter vectors (F). Luciferase intensity was confirmed in 293T cells transfected with circATRNL1 (wild-type/mutant), miR-23a-3p (mimics/
NC/inhibitor/inhibitor NC), and luciferase reporter vectors psiCHECK-2 (G). (H) Relationship between circATRNL1 expression and miR-23a-3p expression levels in different
OSCC cell lines was analyzed by Spearman correlation. (I) The expression of miR-23a-3p was evaluated by quantitative real-time PCR in OSCC cells transfected with
LV-circATRNL1 or mock vector, respectively. Values are shown as mean + SD of triplicate experiments. *p < 0.05; **p < 0.01; **p < 0.001.

Analysis of these data implied that circATRNL1 may serve as a
ceRNA for the miR-23a-3p in OSCC cells.

circATRNL1 Enhances OSCC Cell Radiosensitivity by Sponging
miR-23a-3p

Considering that circATRNLI could suppress the expression of miR-
23a-3p, we further investigated whether circATRNLI exerted its
function through modulating miR-23a-3p expression. HSC3 and
SCC25 cells, transfected with LV-NC or LV-circATRNLI or co-trans-
fected with LV-circATRNLI and miR-23a-3p mimics, were exposed
to 4 Gy irradiation. Clonogenic results revealed that circATRNLI
overexpression repressed colony-formation rates of OSCC cells, while
the inhibiting effects of circATRNL1 were apparently rescued by
miR-23a-3p mimics (Figures 4A-4D). Additionally, we examined
the effect of miR-23a-3p only on colony-forming ability under 4 Gy
treatment and found that mR-23a-3p mimics could improve col-
ony-forming ability compared with that of the miR-23a-3p NC
groups (Figure S4). Moreover, MTT results indicated that upregula-
tion of circATRNLI resulted in a significant cell proliferation
decrease, while miR-23a-3p mimics completely reversed this effect
in OSCC cells (Figures 4E and 4F). Furthermore, apoptosis assay

and cell-cycle analysis detected by flow cytometry demonstrated
that miR-23a-3p mimics restored the apoptosis and cell-cycle arrest
induced by circATRNL1 overexpression in OSCC cells (Figures
4G-4N). Taken together, these results suggest that upregulation of
circATRNLI enhanced the radiosensitivity of OSCC cells by nega-
tively regulating miR-23a-3p expression.

circATRNL1 Regulates PTEN Expression and Inactivates the
AKT Signaling Cascade through Sequestering miR-23a-3p

To further identify the potential mechanism of circATRNLI
involved in OSCC cell radiosensitivity, we found that both
circATRNL1 and eight mRNAs (FKBP5, MAP3K3, PHLPPI,
RAPIA, PTEN, SMAD3, PHLPP2, and TGFBR3) contain mutual
MREs to miR-23a-3p according to TargetScan and the MiRanda
program (Figure S5). Upregulation of circATRNLI could signifi-
cantly increase PTEN mRNA expression but not that of the other
mRNAs (Figure S6), suggesting that circATRNLI and PTEN may
be interrelated in OSCC cells. We hypothesized that circATRNLI
exerts its biological function as a miR-23a-3p sponge to regulate
PTEN expression. For confirmation of whether PTEN is a direct
target of miR-23a-3p, the wild-type 3’ UTR sequence and the
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Figure 4. circATRNL1 Enhanced Radiosensitivity through Modulating miR-23a-3p in OSCC Cells

(A-D) The clonogenic survival ability of transfected HSC3 (A and B) and SCC25 (C and D) cells was calculated by colony-formation assay after 4 Gy irradiation. (E and F) MTT
assay was performed to determine the cell viability in transfected HSC3 (E) and SCC25 (F) cells under 4 Gy irradiation. (G-J) Flow cytometry analysis was carried out to
measure the apoptosis and found that 4Gy+LV-ATRNL1 + miR-23a-3p groups significantly decreased the apoptosis rates compared with the 4G + LV-ATRNL1 groups in
HSC3 (G and H) and SCC25 cells (I and J). (K-N) The analysis of cell-cycle distribution showed that cells at the G2 phase were dramatically decreased in 4Gy+LV-ATRNL1 +
miR-23a-3p after irradiation in HSC3 (K and L) and SCC25 cells (M and N). All results are given as mean + SD obtained from three independent experiments. *p < 0.05;

**p < 0.01; **p < 0.001.

mutant 3’ UTR sequence of PTEN were transfected into 293T cells
with miR-23a-3p mimics or miR-23a-3p NC in a luciferase re-
porter assay. The results revealed that miR-23a-3p mimics reduced
the luciferase activity of PTEN-WT compared with the control
group, but no influence was observed on the luciferase activity of
PTEN-MUT in OSCC cells (Figures 5A and 5B). Furthermore, us-
ing western blot, we found that circATRNLI overexpression signif-
icantly increased the levels of PTEN in OSCC cells (Figures 5C and
5D). In contrast, miR-23a-3p mimics obviously reduced the PTEN
mRNA and protein expression in OSCC cells, whereas this effect
was abolished by circATRNLI overexpression (Figures 5E-5H).
In addition, to examine whether the Akt signal pathway was
involved in the process, we performed western blot analysis and
demonstrated that circATRNLI
decreased phosphorylation levels of AKT (Figure S7). Furthermore,
transfection of miR-23a-3p mimics significantly enhanced the
p-AKT molecules, while co-overexpression of miR-23a-3p and
circATRNL1 abrogated these effects in OSCC cells (Figure S8).
Analysis of these data, taken together, implied that circATRNL1

overexpression meaningfully
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could function as a ceRNA for miR-23a-3p to positively regulate
PTEN expression and the inactive AKT signaling pathway.

Inhibition of miR-23a-3p Promotes Radiosensitivity of OSCC
Cells by Increasing PTEN

For further confirmation of the effect of interaction between miR-
23a-3p and PTEN on OSCC radiosensitivity, rescue experiments
were performed in OSCC cells transfected with miR-23a-3p inhib-
itor NC (inh-NC), miR-23a-3p inhibitor (inh-23a-3p), or combined
with the si-PTEN+miR-23a-3p inhibitor under 4 Gy irradiation.
Colony-formation results demonstrated that the miR-23a-3p inhib-
itor led to an inhibition of cell-survival fractions compared with
those in inh-NC groups, which was reversed by PTEN knockdown
(Figures 6A-6D). Subsequently, MTT assay showed that downregu-
lation of miR-23a-3p inhibited the proliferation of OSCC cells, but
co-transfection with si-PTEN and miR-23a-3p inhibitor could
abrogate this effect (Figures 6E and 6F). Furthermore, flow cytom-
etry analysis illustrated that apoptosis and cell-cycle arrest were
induced by the inhibition of miR-23a-3p compared with the vector
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transfection group; however, PTEN knockdown exhibited a restor-
ative role in OSCC cells (Figures 6G-6N). These results suggest that
miR-23a-3p could attenuate OSCC radiosensitivity through target-
ing PTEN.

PTEN Activation Is Essential for circATRNL1-Mediated
Enhancement of OSCC Radiosensitivity

The results above indicate that the overexpression of circATRNL1
increases the radiosensitivity of OSCC by inhibiting miR-23a-3p
and downregulation of PTEN by miR-23a-3p decreases OSCC radio-
sensitivity. We then decided to identify the functional role of PTEN in
circATRNLI1-mediated OSCC radiosensitization. As shown in Fig-
ures 7A-7D, downregulation of PTEN can significantly increase
colony-forming ability compared with the si-NC groups, whereas
this effect can be markedly restored by upregulation of circATRNLI
under 4 Gy irradiation. The proliferation of HSC3 and SCC25 cells
was increased by PTEN inhibition, while the addition of circATRNLL1
overexpression partially suppressed the cell viability upon 4 Gy expo-
sure (Figures 7E and 7F). Flow cytometry of apoptosis and the cell cy-
cle also confirmed that PTEN knockdown inhibited apoptosis and
decreased cell-cycle arrest at the G2 stage, while circATRNLI overex-
pression induced apoptosis and promoted cell-cycle arrest progres-
sion followed by irradiation exposure (Figures 7G-7N). Analysis of
these data confirmed that PTEN regulation by circATRNL1 was
crucial for the radiosensitization of OSCC.

DISCUSSION
Radiotherapy is a major modality in tumor combinational treatment
and is widely used for the treatment of inoperable cancer, including

OSCC at advanced s‘[ages.”’18 Nevertheless, resistance to irradiation

remains an obstacle, resulting in relapse and treatment failure for pa-
tients with OSCC."® Recent studies have reported that some ncRNAs
may emerge as key regulators in OSCC radiosensitivity.”””' However,
no research has reported whether circRNAs play a role in OSCC
radiosensitivity. This is the report defining the regulatory function
role of circRNAs in the radiosensitivity of OSCC.

Since the first circRNA was observed by Hsu and Coca-Prados in eu-
karyotic cells, increasingly aberrant expression of circRNAs in cancer
development has attracted much attention because of their potential
biological functions.”>** Considering that circRNAs have high stabil-
ity and a specific loop structure, they may be regarded as promising
potential biomarkers for cancer prognosis and diagnosis.”**”> Zhang
et al. indicated that circLARP4 expression was downregulated and
represented an independent prognostic biomarker in patients with
gastric cancer.”® Meanwhile, Chen et al.”” showed that dysregulated
circRNAs might participate in cell responses to irradiation and that
downregulation of hsa_circ_0071410 resulted in the attenuation of
irradiation-induced hepatic stellate cell activation. Wang et al.*®
also found that inhibition of hsa_circ_0001313 could induce radio-
sensitivity of colon cancer by negatively regulating miR-338-3p. How-
ever, the effects of circRNAs in response to OSCC irradiation have not
yet been reported. In this study, we analyzed the aberrantly expressed
circRNAs between OSCC and ANCTSs through the RNA-sequencing
(RNA-seq) technique and focused on a novel circular RNA, termed
“circATRNLIL,” which formed a ring structure by connecting the
3’ and 5 splice sites, even under treatment with RNase R. We
also confirmed its splice junction, genomic size, and sequences
followed by Sanger sequencing. Moreover, the expression levels of
circATRNL1 were significantly downregulated and closely related
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~p < 0.01.

to clinicopathology in OSCC. We obtained an efficient risk score
(AUC) of circATRNLI1 (0.711) in distinguishing OSCC and ANCT.
Although the exact applicable value still needs to be validated in
large-scale studies, the ROC curve of circATRNLI expression is
part of the diagnostic prediction for OSCC patients. Interestingly,
the levels of circATRNL1 were significantly downregulated after irra-
diation. We found that, functionally, circATRNLI overexpression
could inhibit cell proliferation and colony formation and induce
apoptosis and cell-cycle arrest in OSCC cells under irradiation.
Next, we further investigated the underlying mechanisms for cir-
cATRNLI function in OSCC radiosensitivity.

In 2011, Pandolfi et al.*” presented a ceRNA hypothesis proposing
that mRNA, long non-coding RNA (IncRNA), and pseudogene tran-
scripts could be enriched with MREs and play a role in the miRNA
sponge to remove the suppressive effect of miRNA on its target genes.
In earlier studies, the ceRNA interaction among RNA transcripts was
found largely in mRNAs.” Further research, however, has confirmed
that circRNAs were not simply byproducts of splicing errors, but
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rather were considered highly effective ceRNAs, forming the mecha-
nism of the circRNA-miRNA-mRNA axis.”! For example, a circRNA
identified as ciRS-7 was first reported to act as ceRNA, containing 70
binding sites for miR-7 in neuronal tissues.”” circHIPK3 can promote
human cancer cell growth by sponging miR-124.>> Additionally, the
circNRIP1/miR-149-5p/AKT1 regulatory axis was verified as pro-
moting metastasis in gastric cancer.”* The circRAPGEF5/miR-198/
FGFRI1 pathway played a vital role in modulating the progression
of papillary thyroid cancer.” These findings suggested that numerous
circRNAs can competitively bind with miRNAs and consequently
interfere in target gene expression at the post-transcription level. It
has been proposed that circular RNAs may function as sponges
that reduce the number of freely available miRNA transcripts and
lead to a decrease in miRNAs expression. For instance, decreasing
CDRlas in cell lines resulted in downregulation of miR-7 target
mRNAs, presumably because miR-7 was no longer sequestered.*®
Furthermore, some studies found that some endogenous or viral tran-
scripts can control miRNAs through target RNA-directed miRNA
degradation (TDMD) mechanism and also result in miRNA
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(A-D) The clonogenic survival rates of transfected OSCC cells were determined by colony-formation assay after 4 Gy irradiation in HSC3 (A and B) and SCC25 (C and D) cells.
(E and F) MTT assay was conducted to measure the cell viability in transfected HSC3 (E) and SCC25 (F) cells when exposed to 4 Gy irradiation. (G-J) Flow cytometry of
apoptosis showed that PTEN knockdown inhibited apoptosis and circATRNL1 overexpression exhibited a restorative role in HSC3 (G and H) and SCC25 cells (I and J)
followed by irradiation exposure. (K-N) The analysis of cell-cycle distribution showed that cells at the G2 phase were significantly increased in 4Gy+si-PTEN+LV-ATRNL1
after irradiation in HSC3 (K and L) and SCC25 cells (M and N). All results are given as mean + SD, n = 3. *p < 0.05; **p < 0.01.

degradation.”” However, whether circRNAs mediated miRNA degra-
dation through TDMD remains largely unknown and needs to be
clarified in the future. In our study, to identify the potential miRNA
of circATRNLI, using TargetScan and MiRanda, we predicted a pu-
tative circATRNLI-miRNAs interaction network according to the
complementary matching sequence. We screened and found that
circATRNLI functioned as an endogenous sponge for miR-23a-3p
in OSCC. This prediction subsequently verified the true and definite
interaction between circATRNLI] and miR-23a-3p by means of the
luciferase reporter assay, the RIP approach, FISH analysis, and quan-
titative real-time PCR. miR-23a-3p, serving as a regulator involved in
tumor progression, has been described in prostate cancer, breast can-
cer, and mucosal melanoma.’®™** miRNAs play a critical role in the
modulation of radiosensitivity through interplay with the key irradi-
ation-related genes in tumor cells.' However, whether miR-23a-3p
could affect cancer radiosensitivity has not been reported.

In our present studies, we discovered that miR-23a-3p not only
promoted cell proliferation and inhibited apoptosis and cell-cycle
G2 arrest, but it also attenuated the colony formation of OSCC cells

in the presence of irradiation. The G2 arrest of the cell cycle is the
most sensitive phase and can be activated to stop cell-cycle progres-
sion, allowing DNA double-strand breaks time to repair, which
aids cancer cell survival.*>** Moreover, miR-23a-3p rescued the func-
tion of circATRNL1 overexpression, further demonstrating that
circATRNLI enhanced OSCC radiosensitivity by sponge activity on
miR-23a-3p. To explore in-depth the regulatory mechanisms within
circATRNL] and miR-23a-3p, we screened and analyzed eight
mRNAs according to bioinformatics analysis prediction and discov-
ered that circATRNLI overexpression could positively improve
PTEN activity. The luciferase reporter assay, quantitative real-time
PCR, and western blot analysis confirmed that miR-23a-3p had defin-
itive binding sites with PTEN and could negatively regulate its
expression.

PTEN plays an essential role in apoptosis and cell-cycle arrest and
functions as a tumor suppressor to inhibit tumor metastasis of various
cancers.**** Although some researchers have reported that PTEN
downregulated by miRNAs can decrease the radiosensitivity of hu-

man cancers,’®?” the functional role of the miR-23a-3p/PTEN axis
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in OSCC radiosensitivity requires further investigation. It has been
demonstrated that circATRNLI overexpression could positively
improve PTEN activity. Functionally, PTEN knockdown could
abolish the effects of circATRNL1 overexpression and miR-23a-3p
suppression on cell proliferation and clone inhibition, apoptosis,
and cell-cycle arrest in OSCC cells when exposed to irradiation,
implying that PTEN participates in radiosensitivity regulation.
ATM/ATR, which are the sensors of DNA damage, can mediate acti-
vation of the tumor suppressor p53 and lead to cell-cycle arrest in
response to irradiation.”® Although PTEN has no direct effect
on ATM/ATR activation, it can form a complex with p53 and that
protects p53 from MDM-2-mediated degradation.*”** However, the
relationship between PTEN and ATM/ATR or p53 remains unclear
in OSCC and needs to be further clarified in the later experiments.
It is well-known that PTEN can dephosphorylate PI3K, generating
phosphatidylinositol triphosphate (PIP3) and negatively regulating
the Akt signaling pathway, which is closely associated with cancer ra-
diation resistance.’>* Blocking the activation of the PI3K/Akt
signaling pathway can improve the sensitivity to radiation therapy
in head and neck cancer.” Therefore, we examined the expression
levels of the Akt signaling pathway after circATRNLI overexpression
and confirmed that it was involved in the process. However, whether
circATRNLI influences the radiosensitivity of OSCC through medi-
ating the Akt signal after irradiation is still unclear and requires
further investigation. In summary, our findings revealed that cir-
cATRNLI1 was significantly decreased in OSCC tissues and cell lines
and closely correlated with OSCC progression. Moreover, upregula-
tion of circATRNLI contributed to the improved radiosensitivity of
OSCC cells by reducing cell colony formation and cell growth and
inducing apoptosis and cell-cycle arrest via sponging miR-23a-3p,
which could halt the endogenous suppressive effect on target
gene PTEN. Analysis of our data suggested that targeting the
circATRNL1/miR-23a-3p/PTEN axis may be a novel therapeutic
intervention for OSCC radioresistance.

MATERIALS AND METHODS

Patients and Tissue Specimens

The tissue specimens of OSCC and matched adjacent non-cancerous
tissue were randomly obtained from the Hospital of Stomatology, Sun
Yat-Sen University, between April 2017 and April 2018. All tissues
were collected with the consent of the patients, and the clinicopathol-
ogy of the tumors was determined according to the TNM classifica-
tion system of UICC. All samples were instantly frozen in liquid
nitrogen after resection and stored at —80°C until use. This study
was approved by the ethics committee of the Hospital of Stomatology
of Sun Yat-Sen University.

Cell Culture

The human OSCC cell lines HSC3, HSC6, and CAL27 along with
293T cells were maintained in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS, Invitrogen, CA, USA).
The UMI, SCC9, SCCI15, and SCC25 cells were grown in
DMEM-F12 (GIBCO) with the addition of 10% FBS and 0.4 pg
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/mL glucocorticoid. Human NOKs were cultured in keratinocyte
serum-free medium (K-SFM) containing bovine pituitary extract
and human recombinant epidermal growth factor (GIBCO). All
cells were incubated at 37°C in a humidified atmosphere containing
5% CO,.

circRNA Expression Profile Analysis

Total RNA was extracted from three pairs of OSCC and adjacent
normal tissues by means of Trizol reagent (Invitrogen). Briefly, the
linear RNA was digested by RNase R (Epicenter Technologies, Mad-
ison, W1, USA). Following purification, the poly(A)~ or poly(A)*
RNA fractions were fragmented into small pieces under elevated tem-
peratures. Then the cleaved RNA fragments were reverse-transcribed
to create the final cDNA library following the protocol of the
NEBNext Ultra Directional RNA Liberary Prep Kit (NEB, Beverly,
MA, USA). Briefly, after the ribosome RNA depletion and RNA
fragmentation, the second-strand cDNA synthesis was performed
by adding a dUTP mix. Then the ends of the double-stranded
cDNA fragments were repaired and the base A was added to the
3’ end of the DNA fragments. Purified cDNA was subjected to 12
cycles of PCR amplification, followed by library analysis using a
Bioanalyser 2100 system (Agilent, Santa Clara, CA, USA). Then the
cDNA was sequenced in a HiSeq 4000 (Illumina, San Diego, CA,
USA) on a 150 bp paired end run. circRNAs indicating fold changes
of >2, and p values of <0.05 were considered as significantly differ-
entially expressed. Moreover, Sanger sequencing following all PCR
products was performed for validation of the head-to-tail splicing
of circATRNLI.

Irradiation

Cells were x-irradiated with Rs2000 equipment (Radsource, Brent-
wood, TN, USA) at a dose rate of 3 Gy/min and different doses of irra-
diation treatment (0, 2, 4, 6, and 8 Gy). We selected the optimized
irradiation dose (4 Gy) based on the time-course irradiation experi-
ment and then collected cells at the indicated times in each
experiment.

Transfection, miRNA Mimic, and Inhibitor

Stable lentiviral transfection was used to increase circATRNLI
expression in HSC3 and SCC25 cells. Briefly, the LVs were con-
structed by GeneCopoeia and were packaged into pseudoviral par-
ticles. Lentivirus infection of cell lines was decided in the presence
of 0.5 pg/mL puromycin (Sigma, St. Louis, MO, USA). The three
different sequences of LV-RNA-circATRNLI were tested to validate
its expression by quantitative real-time PCR for optimal overexpres-
sion. RNA transient transfection was used to knock down PTEN
expression with the siRNA transfection kit (RiboBio, Guangzhou,
China) according to the manufacturer’s instructions. miR-23a-3p
mimic, inhibitor, and negative control were purchased from
RiboBio and then transfected into OSCC cells with lipofectamine
RNAimax regents (Thermo Fisher, Waltham, MA, USA) following
the manufacturer’s recommendations. The cells were harvested at
24 h after transfection for further experiments.
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FISH

FISH was carried out for evaluation of the expression level of
circATRNL1 with a Cy5-labeled probe (5-CCACATATAATCACT
CAAGCCAGAGCTGGG-3') and of miR-23a-3p with a Cy3-labeled
probe (5-GCGGAACTTAGCCACTGTGAA-3'), respectively. Briefly,
samples were fixed on glass slides with 4% paraformaldehyde. Hybrid-
ization was performed at 37°C overnight with specific probes after
dehydration. Then the slides were washed in formamide/2x SSC
and were incubated with anti-DIG-HRP (PerkinElmer, Boston, MA,
USA) at 4°C overnight, followed by the addition of TSA fluorescent
signal reaction solution (PerkinElmer), then sealed with tablets con-
taining DAPI. The images were acquired by fluorescence microscopy
(Leica, Heidelberg, Germany).

RIP

After transfection with miR-23a-3p mimics or miR-NC, RIP assay
was performed with a Magna RIP RNA binding protein immunopre-
cipitation kit (Millipore, Billerica, MA, USA) according to the manu-
facturer’s instructions. HSC3 and SCC25 cells at 85% confluence were
harvested and subjected to lysis in complete RIP lysis buffer, after
which the cell extracts were separately incubated with RIP immuno-
precipitation buffer containing magnetic beads conjugated with
human anti-Argonaute2 (AGO2) antibody (Cell Signaling Technol-
ogy, Beverly, MA, USA) and negative control normal mouse immu-
noglobulin G (IgG) (Millipore). Samples were incubated with
Proteinase K, and then the RNA immunoprecipitation fraction was
purified. Finally, the isolated RNAs were detected by quantitative
real-time PCR to demonstrate the presence of circ ATRNLI.

Luciferase Reporter Assay

Luciferase reporter assay was performed for the detection of direct
binding between circATRNLI and miR-23a-3p and between miR-
23a-3p and PTEN. pmir-GLO dual-luciferase vectors (GenePharma,
Shanghai, China) containing Renilla luciferase gene and firefly
luciferase gene were applied in this experiment. Sequences of
circATRNLI, miR-23a-3p, and PTEN were separately cloned into
psiCHECK-2 vectors, and mutations were achieved in the binding
sites. After 48 h of co-transfection, the luciferase activity was assessed
by the dual-luciferase reporter assay (Promega, Madison, WI, USA).
Relative firefly luciferase activity was normalized to the correspond-
ing Renilla luciferase internal control.

Quantitative Real-Time PCR

Total RNA was extracted from the tissue and cells with Trizol reagent
(Invitrogen), and RNA concentration was measured by Nanodrop
(Thermo Fisher). In addition, all RNAs were incubated for 20 min
at 37°C with or without RNase R (Epicenter Technologies). Reverse
transcription to cDNA was then performed with the cDNA synthesis
kit (TaKaRa, Tokyo, Japan) and cDNA amplification with the Light-
Cycler 480 Real-Time System (Roche, Mannheim, Germany) with
SYBR Green I Master Mix Reagent kit (Roche) according to the man-
ufacturer’s protocol. To confirm the specificity of the circATRNL1
PCR products, we separated the PCR products amplified by divergent
or convergent primers on an agarose gel. Samples were normalized to

B-actin followed by its control, and finally the relative expression was
calculated by the 224" method. The sequences of primers are listed
in Table S1.

Western Blot Analysis

Total proteins were extracted by means of the lysis buffer containing
proteinase inhibitor (CWBIO, Beijing, China). After protein concen-
tration was determined, equal amounts of protein were separated by
SDS-PAGE gels and transferred into polyvinylidene fluoride (PVDEF)
membranes (Millipore). Following hybridization with specific pri-
mary antibodies at 4°C overnight, the membranes were probed
with secondary antibodies at room temperature for 1 h. Finally, the
immunoreactive bands were visualized by enhanced chemilumines-
cence (Millipore) according to the manufacturer’s instructions. The
primary antibodies used were as follows: PTEN, p-AKT, AKT, and
GAPDH (Cell Signaling, Danvers, MA, USA).

Colony-Formation Assay

The cells were seeded in six-well culture plates. After 24 h of incuba-
tion, adhesive cells were exposed to different doses of x-irradiation
(0, 2, 4, 6, and 8 Gy) at a dose rate of 3 Gy/min. After an incubation
period of 10 days, the cells were fixed with paraformaldehyde and
stained with crystal violet. Colonies of at least 50 cells were counted
as survivors by microscopy. Each experiment was performed
three times independently, and each time there was a control for
comparison.

Cell Proliferation Assay

Cell growth rate was determined by MTT assay (KeyGen Biotech,
Nanjing, China). Briefly, cells were seeded in 96-well plates and incu-
bated overnight. After transfection, cells were exposed to 4 Gy doses
of x-irradiation followed by incubation for indicated times (0, 24, 48,
72, and 96 h). Subsequently, MTT reagent was added to each well for
an additional 4 h of incubation, and then the DMSO was supple-
mented to dissolve the formazan crystals. The absorbance was
measured at 450 nm by means of a micro-plate reader (Bio-Rad,
Winooski, VT, USA). Experiments were repeated three times.

Flow Cytometry for Apoptosis and Cell-Cycle Analysis

In brief, cells were seeded in 6-well plates and treated with 4 Gy of
irradiation. After 24 h of incubation, apoptotic cells were collected
and examined by flow cytometry (BD Biosciences, Franklin Lakes,
NJ, USA) with Annexin V and the PI Apoptosis Detection Kit (Invi-
trogen). The apoptosis rates were calculated by the sum of Annexin
V*/PI" cells and Annexin V" cells. For cell-cycle assays, cells were
treated under the same conditions as described previously. The cells
were then added to RNase A and stained with PI at room temperature.
Subsequently, the cell cycle was analyzed by the same flow cytometry
as above and with ModFit LT software (BD). Each experiment was
conducted in triplicate.

Statistical Analyses

All statistical analyses were performed with SPSS 20.0 (Chicago, IL,
USA). Fisher’s exact test was used to determine the correlation
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between circATRNLI expression and the clinicopathological charac-
teristics of OSCC patients. Two-group comparisons were assessed by
Student’s t test, and multiple-group comparisons were analyzed by
one-way analysis of variance (ANOVA). Person correlation analyses
were conducted to confirm the correlation between circATRNLI and
miR-23a-3p expression. Data were presented as means + SD, and a
p value <0.05 was considered a statistically significant difference.
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