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Circular RNA circFADS2 inhibits the
progression of cutaneous squamous cell
carcinoma by regulating miR-766-3p/HOXA9 axis
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Summary. Background. Mounting evidence indicates
that circular RNAs (circRNAs) play vital roles in human
diseases, especially in cancers. However, the biological
functions and underlying mechanism of circRNA fatty
acid desaturase 2 (circFADS2) in cutaneous squamous
cell carcinoma (CSCC) have not been reported.

Methods. The expression levels of circFADS2,
microRNA-766-3p (miR-766-3p) and homeobox A9
(HOXA9) were determined by quantitative real-time
PCR (qRT-PCR). Flow cytometry analysis was used to
determine cell cycle distribution. Cell proliferation was
evaluated by Cell Counting Kit-8 (CCK-8) and colony
formation assays. Wound healing and transwell assays
were used to assess cell migration and invasion abilities.
Glycolysis was examined via the measurement of
extracellular acidification rate (ECAR). All protein
levels were detected by western blot assay. The
interaction between miR-766-3p and circFADS2 or
HOXA9 was predicted by bioinformatics software and
confirmed by dual-luciferase reporter, RNA pull-down,
and RNA Immunoprecipitation (RIP) assays. The mouse
xenograft model was established to investigate the role
of circFADS?2 in vivo.

Results. CircFADS2 was downregulated in CSCC
tissues and cells. CircFADS2 overexpression inhibited
CSCC cell proliferation, metastasis and glycolysis.
Moreover, miR-766-3p was able to directly bind to
circFADS2, and circFADS2 played an anti-cancer role in
CSCC by downregulating miR-766-3p. In addition,
HOXA9 was a direct target of miR-766-3p, and miR-
766-3p inhibition suppressed CSCC cell proliferation,
metastasis and glycolysis by upregulating HOXAO9.
Furthermore, circFADS?2 acted as a sponge of miR-766-
3p to regulate HOXA9 expression. Besides, circFADS2
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suppressed tumor growth in vivo.

Conclusion. CircFADS2 suppressed CSCC
progression by regulating miR-766-3p/HOXA9 axis,
which might provide a promising therapeutic target for
CSCcC.

Key words: Cutaneous squamous cell carcinoma,
circFADS2, miR-766-3p, HOXA9

Introduction

Cutaneous squamous cell carcinoma (CSCC) is the
second most common skin cancer (Ratushny et al.,
2012). Although outstanding advances have been made
in therapeutic methods, the 5-year overall survival of
CSCC patients is still unsatisfactory (25-50%) due to
tumor aggressiveness and distant metastasis (Alam and
Ratner, 2001; Keyal et al., 2019). Hence, it is imperative
to screen effective therapeutic targets and determine the
potential molecular mechanism of CSCC development.

Circular RNAs (circRNAs) are a type of non-coding
RNAs (ncRNAs) with a circular covalent-closed
structure which are generated from precursor mRNAs
(pre-mRNAs) through back-splicing (Memczak et al.,
2013). Many novel circRNAs have been identified in a
variety of cancers (Wu et al., 2019). CircRNAs play
crucial roles in regulating the progression of multiple
diseases, including cancers (Haque and Harries, 2017,
Meng et al., 2017). For example, circRNA 102171 was
able to promote the progression of papillary thyroid
cancer by regulating CTNNBIP1/B-catenin pathway (Bi
et al., 2018). CircRNA cTFRC facilitated bladder cancer
cell proliferation and metastasis (Su et al., 2019).
CircRNA circSEPT9 mediated by E2F1 and EIF4A3
accelerated the carcinogenesis and development of
breast cancer (Zheng et al., 2020). Moreover, several
circRNAs have been demonstrated to play important
roles in CSCC (Sand et al., 2016; Zhang et al., 2020).
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However, more investigation about circRNA and CSCC
is still further needed. As for circRNA fatty acid
desaturase 2 (circFADS2; also known as
hsa_circ_0022392), it is a novel circRNA, derived from
the FADS2 gene, which is located at chr11:61630443-
61631258. The data of GSE74758 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE74758) downloaded
from the open Gene Expression Omnibus (GEO)
database revealed that circFADS2 was significantly
downregulated in CSCC tissues compared to normal
skin tissues. So far, the biological roles and regulatory
mechanism of circFADS2 in CSCC remain unclear.

The competing endogenous RNA (ceRNA) networks
hypothesis shows that circRNAs can act as molecular
sponges to interact with microRNAs (miRNAs) and then
release genes that are targeted by specific miRNAs
(Zhong et al., 2018; Bach et al., 2019). However,
circRNA-miRNA-mRNA interactions in CSCC are still
largely unknown and need further study. MiR-766-3p is
a suspected inducer or inhibitor of tumor progression in
different cancers (Li et al., 2015; Chen et al., 2017; You
et al., 2018). Moreover, miR-766 has been reported to be
upregulated CSCC tissues compared with normal
cutaneous tissues and miR-766 functioned as a tumor
promoter in CSCC (Liu et al., 2020a). Homeobox A9
(HOXA9), a member of the mammalian HOX family,
has been reported be frequently dysregulated in many
cancers and HOXA9 expression was downregulated in
CSCC tissues relative to normal skin tissues (Zhou et al.,
2018). However, to our knowledge, the relationship
between circFADS2 and miR-766-3p and HOXA9 has
not been explored. Intriguingly, bioinformatics tools
showed that circFADS2 and HOXA9 shared the
complementary binding sites for miR-766-3p. Therefore,
we supposed that circFADS2/miR-766-3p/HOXA9 axis
might be related to the progression of CSCC.

In our work, circFADS2 expression was investigated
in CSCC tissues and cells. Additionally, we explored the
ceRNA regulatory network of circFADS2/miR-766-
3p/HOXAY9 in CSCC, and also evaluated their effects on
cell proliferation, metastasis and glycolysis. The purpose
of this study was to establish a regulatory network to
further understand CSCC pathogenesis. However, we
did not pay attention to their roles in normal skin.

Materials and methods
Specimen collection

CSCC tissues (n=43) and adjacent normal tissues
(ANT; n=43) were obtained from CSCC patients who
underwent surgery at Pathology Laboratory, School of
Basic Medicine, Shangqiu Medical College. Tissue
specimens were harvested at surgery, promptly snap-
frozen in liquid nitrogen and then preserved at -80°C.
Informed consent was obtained from all patients. This
study was approved by the Ethics Committee of
Pathology Laboratory, School of Basic Medicine,
Shangqiu Medical College.

Cell culture and transfection

CSCC cell lines (SCL-1 and A-431) and human
keratinocyte cell line (HaCaT) were purchased from
BeNa Culture Collection (Beijing, China). The cell
culture medium was Dulbecco’s Modified Eagle’s
medium (Invitrogen, Carlsbad, CA, USA) including
10% fetal bovine serum (Invitrogen). All cells were
maintained in a constant temperature incubator with 5%
CO, at 37°C.

CircFADS2 overexpression plasmid (circFADS2)
and matched control (vector), miR-766-3p mimics or
inhibitor (miR-766-3p or anti-miR-766-3p) and matched
control (miR-NC or anti-NC), small interfering RNAs
(siRNAs) against HOXA9 (si-HOXA9#1, si-HOXA9#2,
and si-HOXA9#3) and matched control (si-NC) were all
obtained from RiboBio (Guangzhou, China).
Lipofectamine 3000 (Invitrogen) was used for cell
transfection.

Subcellular fractionation location

Nuclear/Cytosol Fractionation Kit (Biovision, San
Francisco Bay, CA, USA) was used to isolate the
fractions of nuclear and cytosolic. In brief, A-431 cells
were washed using the PBS and placed on ice. After
that, these cells were suspended in fractionation buffer,
followed by centrifugation (500xg; 5 min; 4°C). Next,
the cytoplasmic fraction was acquired from the
supernatant content, whereas the remaining nuclear
pellet was again lysed using the cell disruption buffer as
nuclear fraction. Finally, quantitative real-time
polymerase PCR (qRT-PCR) was used to analyze the
extracted RNAs from cytoplasmic and nuclear.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
functioned as a control for the cytoplasmic transcript,
and U6 functioned as a control for the nuclear transcript.

RNase R and Actinomycin D treatment

RNase R treatment was used to degrade linear RNA.
Briefly, RNA (2 pg) was incubated with or without
RNase R (3 U/ug; Epicentre Technologies, Madison,
WI, USA) for 0.5 h at 37°C. Next, the treated RNAs
were used for qRT-PCR to evaluate the abundance of
circFADS2 and FADS2. For circFADS2 stability assay,
Actinomycin D (2 mg/mL; Sigma-Aldrich, St. Louis,
MO, USA) or dimethylsulphoxide (Sigma-Aldrich) was
added into the cell culture medium. After treatment with
Actinomycin D, the treated cells were collected and the
corresponding levels were examined by qRT-PCR.

RNA isolation and qRT-PCR

TRIzol reagent (Invitrogen) was used to isolate of
total RNA. The cDNA was synthesized by PrimeScript
RT Master Mix (for circRNA or mRNA; TaKaRa, Otsu,
Japan) and miRNA reverse transcription PCR kit (for
miRNA; RiboBio). Next, the cDNA was diluted and
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subjected to qRT-PCR using SYBR Premix Ex Taq II
(Takara) on CFX Real-time PCR system (Bio-Rad,
Hercules, CA, USA). The RNA levels were evaluated
with 2-AACt method, followed by normalization to
GAPDH (for circFADS2, FADS2 and HOXA9) and U6
(for miR-766-3p). Primer information was listed:
circFADS2, (forward 5’-3°: GGAGCAGTCCTTCT
TCAACG; reverse 5°-3’: GCCGTAGAAAGGGATG
TAGG), FADS2 (forward 5°-3’: TGCAACGTGGAGCA
GTCCTTCT,; reverse 5°-3’: GGCACATAGAGACTTC
ACCAGC), miR-766-3p (forward 5°-3’: GCCGAGAC
TCCAGCCCCACAG; reverse 5°-3’: CAGTGCGTGTC
GTGGAGT), HOXA9 (forward 5’-3’: AGAATGAGAG
CGGCGGAGACAA; reverse 5°-3”: CTCTTTCTCC
AGTTCCAGGGTC), GAPDH (forward 5°’-3’:
TGGGGAAGGTGAAGGTCGG; reverse 5’-3°:
CTGGAAGATGGTGATGGGA), U6 (forward 5°-3’:
CTCGCTTCGGCAGCACATATACT; reverse 5°-3":
CGCTTCACGAATTTGCGTGTCAT).

Flow cytometric analysis

Cells were harvested after transfection for 48 h and
then fixed in 70% ethanol (Beyotime, Jiangsu, China).
After overnight fixation, the cells were treated with 25
pg/mL propidium iodide (PI; Sangon Biotech, Shanghai,
China) and 100 pg/mL RNase A (Sangon Biotech). After
incubation for 0.5 h at 37°C, flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA) was applied to
detect cell cycle distribution.

Cell counting kit-8 (CCK-8) assay

CCK-8 assay was employed for measuring cell
viability. Briefly, cells (1x103 cells/well) were
inoculated in a 96-well plate. After transfection, 10 puL
CCK-8 (Beyotime) was placed into each well. Following
incubation for 2-3 h at 37°C, 96-well plates were placed
in a microplate reader (Bio-Rad) to determine the
absorbance at 450 nm.

Colony formation assay

Briefly, transfected cells were inoculated in a six-
well plate and cultured for about 14 days to form
colonies with the medium changed every 2-3 days. After
incubation forl4 days, 4% paraformaldehyde (1
mL/well; Beyotime) was added to per well to fix these
colonies. After staining with 0.1% crystal violet (1
mL/well; Sigma-Aldrich) for 1-2 h, these colonies were
counted by microscope (Olympus, Tokyo, Japan).

Wound healing assay

Wound healing assay was utilized to detect
migration ability of SCL-1 and A-431 cells. In short,
SCL-1 and A-431 cells were inoculated in a 12-well
plate. After transfection, confluent cells were scraped
with a sterile pipette tip (200 pL) in the middle of each

well. After washing with phosphate-buffered saline
(PBS; Beyotime), the cells were cultured for 24 h.
Images of these scratches were captured at 0 h and 24 h
under a microscope (Olympus) with a magnification of
x40.

Transwell assay

Transwell assay was performed by transwell inserts
(Corning Costar, Corning, NY, USA) precoated with (for
invasion assay) or without (for migration assay) Matrigel
(BD Biosciences) in the upper chamber. SCL-1 and A-
431 cells with serum-free media (0.2 mL) were
inoculated in the upper chamber. Meanwhile, the
complete medium (0.6 mL) was placed into the lower
chamber. 24 h later, cells on the lower surface of the
membrane were fixed with 4% paraformaldehyde
(Beyotime) for 0.5 h, followed by staining with 0.1%
crystal violet (Sigma-Aldrich) for 1 h. The stained cells
were photographed under a microscope (Olympus) with
a magnification of x100.

Extracellular Acidification Rate (ECAR) measurement
assay

ECAR was tested using the Seahorse XF 96
Extracellular Flux Analyzer (Seahorse Bioscience, North
Billerica, MA, USA). Briefly, cells (approximately
2x10%) were placed in XF microplate, followed by
baseline measurement. According to the specified time
point, Glucose, oligomycin (OM) and 2glycolytic
inhibitor (2-DG) were sequentially injected into each
well. The data were determined using Seahorse XF 96
Wave software (Seahorse Bioscience).

Western blot assay

Total protein was isolated using RIPA lysis buffer
(Solarbio, Beijing, China). The protein was denatured
by heating at 100°C for 3-5 min. After detection of
protein concentration with bicinchoninic acid (BCA)
protein assay kit (Abcam, Cambridge, UK), protein
samples (about 30 pg/lane) were resolved and separated
by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE; Solarbio), followed by
transferring into nitrocellulose membranes (Invitrogen).
After blocking with 5% non-fat milk, these membranes
were incubated with primary antibodies for 12-14 h at
4°C. The primary antibodies, including cyclinD1
(ab226977, 1:2000), c-myc (ab39688; 1:500), matrix
metalloproteinase 9 (MMP9) (ab38898; 1:1000),
hexokinase 2 (HK2) (ab227198; 1:500), HOXA9
(ab191178; 1:1000), and B-actin (ab227387; 1:5000)
were purchased from Abcam. Subsequently, these
membranes were continuously probed with secondary
antibody (ab205718/ab205719; 1:4000; Abcam).
Finally, the enhanced chemiluminescence detection
reagent (Solarbio) was utilized to visualize the protein
bands.
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Dual-luciferase reporter assay

The candidate target miRNAs of circFADS2 were
predicted using CircInteractome (https://circinteractome.
nia.nih.gov/). The candidate target genes of miR-766-3p
were predicted by TargetScan (http://www.targetscan.
org/). The wild-type (WT) luciferase reporter vector of
circFADS2 or HOXA9 (WT-circFADS2 or WT-3’UTR
HOXAO9) was synthesized by inserting the sequence of
circFADS2 or HOXA9 containing the binding sites for
miR-766-3p into pmirGLO luciferase reporter vector
(Promega, Madison, WI, USA). At the same time,
mutant (MUT) luciferase reporter vector of circFADS2
or HOXA9 (MUT-circFADS2 or MUT-3’UTR HOXAD9)
was generated by mutating the binding sites of miR-766-
3p. After that, the constructed reporter plasmid and miR-
766-3p or miR-NC were co-transfected into SCL-1 and
A-431 cells. After being treated for 48 h, dual-Luciferase
Reporter Assay System (Promega) was employed to
measure the firefly and Renilla luciferase activities.

RNA pull-down assay

Biotin labeled miR-NC (Bio-miR-NC) and miR-
766-3p (Bio-miR-766-3p) were obtained from RiboBio,
and were individually transfected into SCL-1 and A-431
cells. 48 h later, cell were collected and lysed using lysis
buffer, followed by incubation with streptavidin beads
(Invitrogen) at 4°C for 2 h. The RNA complexes
combining on the beads were washed and used to detect
the enrichment of circFADS2 by qRT-PCR.

RNA immunoprecipitation (RIP) assay

RIP experiment was conducted using Magna RIP Kit
(Millipore, Bedford, MA, USA). Briefly, cells at
approximately 90% confluence were lysed by complete
RIP lysis buffer. Afterward, RIP buffer including
magnetic beads conjugated with anti-immunoglobulin G
(anti-IgG) antibody (as negative control) or human anti-
Argonaute2 (anti-Ago2) was added into cell lysates.
Subsequently, the lysates were rotated overnight. Next,
proteinase K was utilized to separate the RNA-protein
complexes from beads. Finally, qRT-PCR was conducted
to test the expression of circFADS2 and miR-766-3p.

In vivo assay

For the in vivo tumor study, BALB/c nude mice
(female; n=10; 6 weeks old; weighing 15-20 g) were
provided by Vital River (Beijing, China). These mice
were divided into 2 groups (n=5/group). A-431 cells
(1x107) stably transfected with circFADS2 and vector
were subcutaneously injected into the right flank of each
nude mouse. Tumor volume was calculated using the
formula: Volume =1/2 (lengthxwidth?) and measured
every three days. 27 days later, mice were sacrificed, and
tumor tissues were excised and then the tissues were
harvested for further study. Animal studies were

approved by the Animal Care and Use Committee of
Pathology Laboratory, School of Basic Medicine,
Shangqiu Medical College.

Statistical analysis

The data from at least three independent experiments
were presented as the mean + standard deviation (SD).
Statistical analysis was performed by GraphPad Prism
(GraphPad Software, San Diego California, USA). The
Student’s t-test was employed for analyzing differences
between 2 groups, and one-way analysis of variance
(ANOVA) was used when more than 2 groups were
compared. Survival curve was generated by Kaplan-
Meier method. Pearson’s correlation coefficient was
applied for detecting the correlation between miR-766-
3p and circFADS2 or HOXA9. P value <0.05 was
considered statistically significant. *P<0.05, **P<0.01,
**%p<0.001.

Results
The characteristics of circFADS2 in CSCC

To identify the circRNAs involved in CSCC
tumorigenesis, we first searched the GEO database. The
data from the GEO database (accession number
GSE74758) showed that circFADS2 was the most
downregulated in CSCC tissues (Fig. 1A). CircFADS?2 is
generated from exons 8-10 of ASAP2 gene and is
located on chromosome 11, whose spliced mature
sequence length is 275 bp (Fig. 1B). Subsequently, the
localization of circFADS2 was determined in A-431
cells. According to the qRT-PCR analysis, circFADS2
was mainly located in the cytoplasm (Fig. 1C). Next, we
analyzed the characteristics of circFADS2 in CSCC
cells. Results from qRT-PCR confirmed that circFADS2
was resistant to RNase R digestion (Fig. 1D), indicating
the cyclic structure of circFADS2. Actinomycin D assay
exhibited that the half-life of circFADS2 transcript
exceeded 24 h, while the half-life of FADS2 mRNA was
about 18 h (Fig. 1E). These results indicated that
circFADS? had a loop structure.

CircFADS2 was downregulated in CSCC

To further confirm the expression of circFADS2 in
CSCC tissues, qRT-PCR was performed. As displayed in
Fig. 2A, circFADS2 expression was downregulated in
CSCC tissues (n=43) relative to ANT (n=43).
Additionally, the downregulated expression of
circFADS2 was positively associated with lymphoid
node metastasis (Fig. 2B). Moreover, 43 CSCC patients
were divided into low circFADS2 (n=22) and high
circFADS2 (n=21) expression groups according to
median value of circFADS2 expression. Patients in low
circFADS2 expression group showed poor survival
compared with high expression group (p=0.0077) (Fig.
2C). Furthermore, circFADS2 expression was also
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decreased in CSCC cells (SCL-1 and A-431) compared
with that in HaCaT cells (Fig. 2D). These results
indicated that circFADS2 might act as a tumor
suppressor in CSCC.

CircFADS2 overexpression inhibited proliferation,
metastasis and glycolysis in CSCC cells

To investigate the potential biological functions of
circFADS2 in CSCC, we overexpressed circFADS2
expression in SCL-1 and A-431 cells by transfection of
circFADS2. As presented in Fig. 3A, transfection of
circFADS2 obviously increased the expression of
circFADS2, suggesting a high transfection efficiency.
Cell cycle progression was analyzed using flow
cytometry. Overexpression of circFADS2 increased the
proportions of SCL-1 and A-431cells in GO/G1 phase,
while it decreased the proportions of these cells in S
phase, indicating that the cell cycle was arrested at the
GO0/G1 phase (Fig. 3B). CCK-8 and colony formation
assays indicated that circFADS2 upregulation
suppressed SCL-1 and A-431 cell viability and colony
formation ability, indicating that circFADS2 was able to
inhibit CSCC cell proliferation (Fig. 3C,D). Wound
healing and transwell assays demonstrated that enforced
expression of circFADS2 repressed SCL-1 and A-431
cell migration and invasion abilities (Fig. 3E,F).
Glycolysis has been reported to promote the progression
of CSCC (Zhou et al., 2018). Therefore, we investigated

A GSE74758 B

whether circFADS2 played an essential role in
glycolysis in CSCC cells. The ECAR approximated the
glycolysis flux rate, and we found that overexpression of
circFADS?2 decreased ECAR in SCL-1 and A-431 cells
(Fig. 3G,H). CyclinD1, a member of a family of three
closely associated D-type cyclins, is required for cell
cycle progression in G1 and is a growth-promoting
protein (Baldin et al., 1993). As one of the most essential
transcriptional factors, c-myc expression is necessary for
cancer cell proliferation (Gordan et al., 2007). MMP9
has been reported to play an important role in CSCC
metastasis (Xia et al., 2013). Moreover, HK2 is a key
rate-limiting enzyme in glucose metabolism and
catalyzes the reaction of the first step of glycolysis, so
HK2 plays a critical role in cancer glucose metabolism
(Mathupala et al., 1997). Therefore, we explored the
effect of circFADS2 on protein expression of cyclinD1,
c-myc, MMP9, and HK2 in CSCC cells. We found that
circFADS?2 elevation led to the decrease in cyclinD1, c-
myc, MMP9, and HK2 expression (Fig. 3I). All these
findings suggested that circFADS2 limited cell cycle
progression, proliferation, migration, invasion and
glycolysis in CSCC cells.

CircFADS2 served as a sponge of miR-766-3p
A previous study has reported that circRNAs can act

as a molecular sponge to interact with miRNAs
(Kulcheski et al., 2016). Next, we used an online
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bioinformatics database CircInteractome to predict the
potential targets of circFADS2. As presented in Fig. 4A,
8 miRNAs had binding sites with circFADS2, and
overexpression of circFADS2 reduced the expression of
miR-1288 and miR-766-3p, and the expression of miR-
766-3p decreased more. Therefore, we choose miR-766-
3p for further study. The complementary binding sites of
miR-766-3p and circFADS2 are shown in Fig. 4B. We
found that the expression of miR-766-3p was increased
by transfection of miR-766-3p and decreased by
transfection of anti-miR-766-3p (Fig. 4C). To confirm
the direct binding between miR-766-3p and circFADS2,
dual-luciferase reporter, RNA pull-down and RIP assays
were performed. As illustrated in Fig. 4D, introduction
of miR-766-3p significantly inhibited the luciferase
activity of WT-circFADS2, but had no obvious impact
on the luciferase activity of MUT-circFADS2. RNA pull-
down assay showed that the enrichment of circFADS2
was significantly increased in SCL-1 and A-431 cells
transfection with Bio-miR-766-3p compared with the
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further confirmed that circFADS2 upregulation
decreased the expression of miR-766-3p in SCL-1 and
A-431 cells (Fig. 4J). Collectively, these data indicated
that miR-766-3p was a direct target of circFADS2 in
CSCC cells.
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circFADS2, rescue assays were carried out to uncover
the regulatory mechanism of circFADS2 in CSCC.
Overexpression of miR-766-3p was able to reverse
circFADS?2 silence-mediated promotion of G0/G1 phase
cells and reduction of S phase cells (Fig. 5A). Moreover,
the inhibitory effects of circFADS2 overexpression on
cell viability, colony formation ability, migration,
invasion, and ECAR in CSCC cells were abolished by
upregulating miR-766-3p (Fig. 5B-H). In addition,
enforced expression of miR-766-3p was able to abate the
reduction of cyclinD1, c-myc, MMP9, and HK?2
expression induced by circFADS2 (Fig. 5I). Collectively,
these results demonstrated that circFADS2 exerted its
effects by targeting miR-766-3p in CSCC cells.

HOXA9 was a direct target of miR-766-3p

To further explore the underlying mechanism by
which miR-766-3p exerted its roles in CSCC cells,
TargetScan was used and identified HOXA9 as a
potential downstream target of miR-766-3p (Fig. 6A).
The dual-luciferase reporter assay showed that miR-766-
3p upregulation significantly reduced the luciferase
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MiR-766-3p inhibition suppressed CSCC cell
proliferation, metastasis and glycolysis by targeting
HOXA9

Next, rescue experiments were performed to
determine whether miR-766-3p exerted its roles in
CSCC cells by targeting HOXA9. Western blot assay
indicated that transfection of si-HOXA9#1, si-
HOXA9#2, or si-HOXAO9#3 reduced the protein
expression of HOXA9, and transfection of si-HOXA9#3
reduced the most (Fig. 7A). Thus, si-HOXA9#3 was
selected for further research. Transfection of anti-miR-
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766-3p promoted the protein expression of HOXAO9,
which was restored by co-transfection of si-HOXA9#3
(Fig. 7B). Inhibition of miR-766-3p arrested SCL-1 and
A-431 cells in the GO/G1 phase, which was reversed by
downregulating HOXA9 (Fig. 7C). Moreover,
downregulation of miR-766-3p decreased cell viability
and the number of cloned cells in SCL-1 and A-431
cells, and knockdown of HOXA9 mitigated the effect of
anti-miR-766-3p (Fig. 7D,E). Similarly, miR-766-3p
downregulation in SCL-1 and A-431 cells resulted in
inhibition of migration and invasion, which could be
abrogated by HOXAO9 silence (Fig. 7F-H). Furthermore,
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miR-766-3p downregulation reduced ECAR in SCL-1
and A-431 cells, while HOXA9 knockdown was able to
counteract this inhibitory effect (Fig. 71,J). Meanwhile,
the protein levels of cyclinD1, c-myc, MMP9, and HK2
were reduced by inhibiting miR-766-3p, which was
abolished by silencing HOXA9 (Fig. 7K). These results
indicated that miR-766-3p exerted its roles by targeting
HOXAO9 in CSCC cells.

CircFADS2 overexpression reduced tumor growth in vivo

To confirm the anti-tumor role of circFADS2 in
vivo, we established a mouse xenograft model of CSCC
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by subcutaneous inoculation of A-431 cells stably
transfected with circFADS2 or vector. We found that
tumor volume and weight were inhibited in circFADS2
group (Fig. 8A,B). Subsequently, qRT-PCR showed that
circFADS2 overexpression increased the expression of
circFADS?2 and decreased the expression of miR-766-3p
in tumor tissues (Fig. 8C). Besides, western blot assay
demonstrated that HOXA9 was upregulated and
cyclinD1, c-myc, MMP9, and HK2 were downregulated
in circFADS2-derived tumor tissues (Fig. 8D). The
above results indicated that circFADS2 overexpression
suppressed CSCC tumorigenesis through miR-766-
3p/HOXA9 axis.
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Fig. 5. CircFADS2 affected CSCC cell proliferation, metastasis and glycolysis by regulating miR-766-3p. SCL-1 and A-431 cells were transfected with
vector, circFADS2, circFADS2 + miR-NC, or circFADS2 + miR-766-3p. A. Cell cycle distribution was determined by flow cytometry analysis. B, C. Cell
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out to examine the protein expression of cyclinD1, c-myc, MMP9, and HK2. **P<0.01, ***P<0.001.
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Discussion

Due to the high degree of invasiveness, the
recurrence and mortality of CSCC patients are still high
(Samarasinghe et al., 2011). In our research, we aimed to
find a novel regulatory mechanism in the occurrence and
development of CSCC. Recently, aberrant expression of
circRNA has been suggested to be closely associated
with the progression of multiple cancers, including
CSCC (Wang et al., 2017b). Here, we demonstrated that
circFADS?2 inhibited CSCC progression by serving as a
miR-766-3p sponge to mediate HOXA9 expression.

CircFADS2 has been demonstrated to play essential
roles in some cancers. For instance, circFADS2 was

A
Position 167-173 of HOXA9 3'UTR
WT-HOXA9 (5'...3") . caccagacccuggaa('i‘LiCI-iGIl?Gla...
hsa-miR-766-3p (3'...5") cgacuccgacaccccGACCUCa
MUT-HOXA9 (5'...3') ...caccagacccuggaaGACCLUCa...
Cc D
E Kk E
282 . > 8
§ ] <a
R E o8
I o . o :'c‘:.
2% e 23
s s
[} 0 "-.. o [
& ANT(n=43) CSCC(n=43) &=
Relative miR-766-3p
expression
F
=4
$
o
HOXAD | WD S St =E
— 7]
) Sa
-actin o
B -— - - ) é
HaCaT SCL-1 A-431 g
s
(]
o HaCaT SCL-1 A-431
H
HOXAQ ™= W S == -

H --¢ [$] v circFADS2
B-actin - (2] £ = éier?s/(nsgm_ynfmc
HOXA9' -..- = © 3+l circFADS2+miR-766-3p

$ E kkkx  kkk e kx
B-acting e e - - < : 5 -
=2
1 95 a0 <2
S 3¢
% o g s
S\ P =
P d\‘cﬁ %
14

SCL-1

A-431

increased in lung cancer tissues, and circFADS?2
inhibition inhibited lung cancer cell proliferation and
invasion ability by sponging miR-498 (Zhao et al.,
2018). Moreover, the expression of circFADS2 was
increased in colorectal cancer tissues and higher
expression of circFADS2 had shorter overall survival
time (Xiao et al., 2020). Differently, we revealed that
circFADS2 expression was downregulated in CSCC
tissues and cells, and lower expression of circFADS2
had shorter overall survival time, indicating that
circFADS2 might serve as a promising prognostic
biomarker for CSCC. Several studies revealed that
circRNAs were involved in regulating CSCC cellular
processes, such as proliferation, invasion and apoptosis
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was analyzed. E. HOXA9 protein expression was determined by
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(An et al., 2019; Gao et al., 2020). Nevertheless, the
association between circRNAs and CSCC progression
remains poorly understood, and the biological function
of circFADS2 in CSCC is still unclear. Herein, we
observed that circFADS2 upregulation inhibited CSCC
cell proliferation, metastasis and glycolysis, and also
suppressed tumor growth of CSCC in vivo, suggesting
that circFADS?2 acted as a tumor-suppressing circRNA in
CSCcC.

The most well-established theory is that circRNAs
located in the cytoplasm can serve as miRNA sponges to
upregulate the expression of target mRNAs (Hansen et
al., 2013). In this research, we demonstrated that
circFADS2 was primarily located in the cytoplasm.
Therefore, we hypothesized that circFADS2 might
regulate CSCC progression by directly binding to
miRNAs. Then, the target miRNAs for circFADS2 were
predicted by bioinformatics analysis (Circlnteractome),
and we observed that circFADS2 might bind to miR-
766-3p, which was verified by a series of experiments.
MiR-766-3p has been shown to act as an important
regulator in some cancers. For instance, You et al.
declared that miR-766-3p inhibited hepatocellular
carcinoma progression by targeting Wnt3a (You et al.,
2018). By contrast, Zhang et al. disclosed that miR-766-
3p accelerated esophageal squamous cell carcinoma cell
migration and invasion (Liu et al., 2020b). A microarray
analysis by Sand et al. has demonstrated that miR-766

A B

- vector -=- circFADS2

was overexpressed in CSCC tissue samples (Sand et al.,
2012). More importantly, Liu et al. demonstrated that
miR-766 was upregulated in CSCC tissue samples and
cell lines, and miR-766 contributed to CSCC cell
proliferation, migration and invasion by targeting
PDCDS5 (Liu et al., 2020a). Consistently, we uncovered
that miR-766-3p was also upregulated in CSCC tissue
specimens and cell lines. Rescue experiments proved
that miR-766-3p abated the suppressive influence of
circFADS2 on cell proliferation, metastasis and
glycolysis in CSCC cells. These findings strongly
suggest that circFADS2 can exert its biological functions
in CSCC cells by sponging miR-766-3p.

MiRNAs are known to exert their roles by directly
binding to target mRNAs (Felekkis et al., 2010).
Therefore, the potential targets of miR-766-3p were
predicted by bioinformatics tool (TargetScan). We
confirmed that miR-766-3p directly interacted with
HOXA9. Up to now, the functions of HOXA9 in cancers
have been controversial. HOXA9 acts as a tumor
suppressor in some malignancies, including cervical
cancer (Alvarado-Ruiz et al., 2016), breast cancer
(Gilbert et al., 2010), and lung cancer (Hwang et al.,
2015), or as a tumor facilitator in others, such as ovarian
cancer (Ko et al., 2012), colorectal cancer (Wang et al.,
2017b), and gastric cancer (Ma et al., 2017). HOXA9
was reported to be lowly expressed in CSCC and it plays
an anti-tumor role in CSCC via inhibiting glycolysis,
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proliferation and migration and promoting apoptosis
(Zhou et al., 2018; Han et al., 2019). Consistent with
previous research, we revealed that HOXA9 expression
was reduced in CSCC tissues and cells. Additionally,
silence of HOXAY abated the suppressive impact of anti-
miR-766-3p on CSCC cell proliferation, metastasis and
glycolysis. Moreover, circFADS2 positively regulated
HOXA9 expression through sponging miR-766-3p in
CSCC cells. Collectively, these data revealed that
circFADS?2 affected cell growth, metastasis, glycolysis,
and tumor growth by regulating miR-766-3p and
HOXA9 in CSCC.

In conclusion, circFADS2 expression was
downregulated in CSCC tissues and cells.
Overexpression of circFADS2 repressed CSCC
progression by inhibiting miR-766-3p and promoting
HOXA9 expression. Our study is the first to elucidate
the circFADS2/miR-766-3p/HOXA9 regulatory network
in CSCC cells. The study might offer a promising
therapeutic target for treatment of CSCC or other
diseases.
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