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Abstract

Emerging evidences have suggested the vital roles of circular RNA (circRNA) in the human cancers. However, the
underlying biological functions and biogenesis of circRNA in the oral squamous cell carcinoma (OSCC) is still ambiguous.
Here, we investigate the oncogenic roles and biogenesis of the novel identified circRNA, circUHRF1 (hsa_circ_0002185), in
the OSCC tumorigenesis. Results showed that circUHRF1 was markedly upregulated in the OSCC cells and tissue, besides,
the overexpression was closely correlated with the poor prognosis of OSCC patients. Functionally, circUHRF1 promoted the
proliferation, migration, invasion, and epithelial mesenchymal transformation (EMT) in vitro and the tumor growth in vivo.
Mechanically, circUHRF1 acted as the sponge of miR-526b-5p, thereby positively regulating c-Myc. Transcription factor
c-Myc could accelerate the transcription of TGF-f1 and ESRPI1. Moreover, splicing factor ESRP1 promoted the
circularization and biogenesis of circUHRF]1 by targeting the flanking introns, forming the circUHRF1/miR-526b-5p/c-Myc/
TGF-B1/ESRP1 feedback loop. In conclusion, our research identified the oncogenic roles of circUHRFI1 in the OSCC
tumorigenesis and EMT via circUHRF1/miR-526b-5p/c-Myc/TGF-B1/ESRP1 feedback loop, shedding light on the
pathogenic mechanism of circUHRF1 for OSCC and providing the potential therapeutic target.

Introduction

Oral squamous cell carcinoma (OSCC) acts as one of the
most aggressive head and neck cancers, being characterized
by the high rates of recurrence and metastasis [1]. The long-
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term prognosis and overall 5-year survival rate of OSCC
patients is poor due to the distant metastasis and lymphatic
metastasis [2]. Although the therapeutic methods have been
improved in decades, especially surgical method and che-
moradiotherapy, the therapeutic effect is still dissatisfied.
Therefore, it is urgently essential to develop new treatments
specifically targeting the true pathogenesis.

Circular RNAs (circRNAs) are emerging subgroup of
endogenous noncoding RNAs, being characterized by the
tissue specificity and structure stability [3, 4]. Compared with
the traditional linear RNA, circRNA is generated by the back-
splicing to be a covalently closed loop without a 5’-cap or a
3’-poly(A) tail [4-7]. In spite of being neglected for decades,
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circRNAs dramatically catch researcher’s attention due to
their potential important roles in the regulation of pathophy-
siological process at the transcription or posttranscription.
Several circRNAs have been reported to regulate the OSCC
tumorigenesis. For example, circRNA_100290 is upregulated
in OSCC tissue, sponging miR-29b family to upexpress
CDKG6 to promote the OSCC progression [8].

The major mechanism for the downstream of circRNA is
the competing endogenous RNA [9]. CircRNAs could absorb
their targeting miRNAs and indirectly regulate the down-
stream functional proteins [10]. However, the upstream bio-
genesis for the circRNA is acquaint scarcely [11]. RNA
binding proteins (RBPs) have been validated to interact with
RNAs to regulate the gene expression, as well as the circRNA
[12]. Alternative splicing factors are group of RBPs in the
cells [13]. It has been identified that splicing factor could bind
with the flanking intron of exon to accelerate the back-splicing
of circRNAs. For example, alternative splicing factor Quaking
(QKI) promotes the circRNA biogenesis during epithelial to
mesenchymal transition. The QKI motif addition could induce
the circRNA formation rather than linearly spliced transcript
[14]. Alternative splicing factor could participate in the bio-
genesis of circRNA via activating the back-splicing, providing
as novel insight for the upstream of circRNA.

Epithelial splicing regulatory protein 1 (ESRPI), also
named as RNA-binding motif protein 35A (RBM35A), is a
critical elements in the human cancer epithelial mesenchymal
transformation (EMT) [15-18]. It has been identified that
ESRP1 regulate the alternative splicing events associated with
epithelial phenotypes in OSCC [19]. ESRP1 and TGF-f1 are
both vital regulators in the human cancer EMT [20-22].
Furthermore, ESRP1 is validated to be one of EMT-associated
splicing factor in tumor metastasis, as well as QKI [14].

Here, we discovered a novel identified circRNA, cir-
cUHRF]1 (hsa_circ_0002185), in the OSCC cells. circUHRF1
is generated from the 12, 13 exon of UHRFI1 gene with
genomic location chr19:4950622-4951008. In our cellular
functional investigation, we found that circUHRF1 could
promote the tumorous malignant behavior of OSCC cells and
facilitates the EMT. In this work, we further investigate the
oncogenic of circUHRF1 and its deepgoing mechanism in
OSCC tumorigenesis. Moreover, we explore the potential
RBPs targeting circUHRF1 to illustrate its biogenesis.

Results

circUHRF1 is highly expressed in the OSCC tissue
and cells

In the preliminary experimental screening, we detected

hundreds of potential circRNAs from circBase database
(http://www .circbase.org) using RT-PCR (Additional file 4,
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Fig. S1). Finally, we found that circUHRF1 (hsa_-
circ_0002185) was significantly up-regulated in the OSCC
cells (Fig. la). However, its potential functions were
unknown. circUHRF1 was derived from the UHRF1 gene
(chr19:4950622-4951008) and generated by its 12, 13 exon
via back-splicing (Fig. 1b). The sequence of 12, 13 exon of
UHRF1 gene was presented (Additional file 5, Fig. S2).
Online CircInteractome tools (https://circinteractome.nia.
nih.gov/) showed the conjunction sites of circUHRF1, and
the binding sites of 12, 13 exon (Additional file 6, Fig. S3).
Sanger sequencing indicated that the 12, 13 exon of UHRF1
gene was back-spliced to form the closed loop construction
(Fig. 1c). Divergent primers and convergent primers for
circUHRF1 and linear transcript were designed. The cDNA
and genomic DNA (derived from SCC25 cells) was
amplified and analyzed using agarose gel electrophoresis
(Fig. 1d, Additional file 7, Fig. S4). To identify the sub-
cellular distribution of circUHRF1 in OSCC cells, RNA-
Fluorescence in situ hybridization (RNA-FISH) was per-
formed using SCC25 and CAL27 cells, indicating that
circUHRF1 was mainly located in the cytoplasm (Fig. le).
After the SCC25 cells were treated with the transcription
inhibitor Actinomycin D, the RNA was extracted and ana-
lyzed by RT-PCR. Data showed that the transcript half-life
of circUHRF]1 is significantly longer than the linear tran-
script, indicating the stability of circUHRF1 (Fig. 1f).
RNase R was administrated to the extracted RNA, illus-
trating that the circular form (circUHRF1) was able to be
resistant to the RNase R, however the linear form (UHRF1
mRNA) was significantly decayed (Fig. 1g). The enrich-
ment of circUHRF1 in the enrolled individuals showed that
circUHRF1 was upregulated compared with the normal
controls (Fig. 1h). The clinicopathologic data for the OSCC
patients was presented (Table 1). The survival rate of OSCC
patients was analyzed and indicated that the patients with
high level of circUHRF1 had lower survival rate as com-
paring to these lower ones (Fig. 1i). Overall, in this section,
we make the identification for circUHRFI1 and illustrated
that circUHRFI is highly expressed in the OSCC tissue and
cells.

circUHRF1 modulates the proliferation, migration,
invasion, and EMT of OSCC cells in vitro

In order to identify the potential oncogenic or antioncogenic
roles of circUHRF]I, functional experiments were performed
in vitro using the OSCC cells. OSCC cells (SCC25, CAL27)
cells were transfected with the stable silencing sShRNA before
the assays. Besides, the linear UHRF1 mRNA levels were not
regulated by the circUHRF1 shRNA transfection (Fig. 2a).
For the proliferation ability, colony formation assay and EAU
assay were performed, indicating that knockdown of cir-
cUHRF1 inhibited the colony formation ability and DNA
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Fig. 1 circUHRFI is highly expressed in the OSCC tissue and cells.
a RT-PCR showed the significant overregulation of circUHRF1 in the
OSCC cells. b Schematic diagram presented the formation of cir-
cUHRF1 from the 12, 13 exon of UHRF1 gene. ¢ Sanger sequencing
identified the existence of circUHRF1. The red arrow indicates the
conjunction sites of 12, 13 exon of UHRFI gene. d The agarose gel
electrophoresis was performed using the divergent primers and con-
vergent primers to verify the existence of circUHRF1 using SCC25 cells.
e The subcellular distribution of circUHRF1 was identified using RNA-

synthesis (Fig. 2b, Fig. 2c). Wound healing assay illustrated
that the knockdown of circUHRF1 repressed the cells
migrative ability (Fig. 2d). Transwell assay, including
migration and invasion, indicated that the invasive ability and
migrative ability was reduced when the circUHRF1 was
silenced (Fig. 2e, f). The protein markers of EMT were
detected. Western blot analysis showed that the knockdown
of circUHRF1 repressed the expression of mesenchymal
markers (N-cadherin, Vimentin), while enhanced the epithe-
lial marker (E-cadherin) (Fig. 2g). Moreover, we constructed
the overexpression of circUHRF1 (gain-of-functional experi-
ments) in the SCC25 and CAL27 cells, showing that
circUHRF1 overexpression promoted the proliferation,
migration, invasion, and EMT of OSCC cells (Additional file
8: Fig. S5). In conclusion, the data evidences that knockdown
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FISH using SCC25 and CAL27 cells. The red (Cy3-labeled probe)
indicated the circUHRF1. DAPI indicated the nucleus. f RT-PCR
showed the transcript half-life of circUHRF1 in SCC25 cells treated with
transcription inhibitor Actinomycin D. g RNase R was administrated to
the extracted RNA to measure the relative expression of circular form
(circUHRF1) and the linear form (UHRF1 mRNA). h RT-PCR showed
the enrichment of circUHRF1 in the enrolled OSSCC individuals and
normal controls. i The survival rate of OSCC patients who with high
level of circUHRF1 and lower level. **p-value <0.01

of circUHRF]1 represses the proliferation, migration, invasion,
and EMT of OSCC cells in vitro.

circUHRF1 acts as the sponge of miR-526b-5p in
0SCC cells

Existing theories suggest that these circRNA derived from
exons might tend to distribute in the cytoplasm, acting as
the miRNA sponge to absorb its target miRNAs [3, 23].
Online bioinformatics tools CircInteractome (https:/
circinteractome.nia.nih.gov/) indicated that there are sev-
eral potential miRNAs with targeting sites for circUHRF1
(Additional file 9: Table S4), meanwhile, miR-526b-5p
might act as the target of circUHRF1 (Fig. 3a). For the
luciferase reporter assay, the wild-type and mutant
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Table 1 Correlation within circUHRF1 expression and the
clinicopathological characteristic of OSCC patients

Characteristics circUHRF1 expression p-value
Low =10 High =10

Gender
Male 12 0.587
Female 8 4

Age
<60 years 11 0.845
260 years 9

TNM stage
I-1I 7 0.008*
I-1v 13 6

Tumor size
<3cm 8 0.162
>3 cm 12

Histological differentiation
Well/moderate 12 7 0.286

Poor 8

P <0.05 represents statistical differences

sequences were constructed corresponding with the miR-
526b-5p (Fig. 3b). The cotransfection of miR-526b-5p and
circUHRF1 wild type could decrease the luciferase activity,
indicating the binding within miR-526b-5p and circUHRF1
(Fig. 3c). RNA pull-down assay showed that miR-526b-5p
was pulled down by the biotinylated-circUHRF1 probe in
SCC25 cells (Fig. 3d). The transfection of cir-
cUHRF1 shRNA could increase the miR-526b-5p expres-
sion level (Fig. 3e). In the OSCC (SCC25, CAL27) cells,
RT-PCR illustrated that miR-526b-5p was reduced com-
pared with the control cells (Fig. 3f). To identify the sub-
cellular distribution of circUHRF1 and miR-526b-5p in
OSCC cells, RNA-FISH was performed and indicated that
circUHRF1 and miR-526b-5p were both located in the
cytoplasm (Fig. 3g). In the OSCC individuals, circUHRFI
was negatively correlated with the miR-526b-5p (Fig. 3h).
Overall, this finding suggests that circUHRFI acts as the
sponge of miR-526b-5p in OSCC cells.

c-Myc functions as the target of circUHRF1/miR-
526b-5p

In the further exploration of the downstream target of cir-
cUHRF1 and miR-526b-5p, we found that c-Myc might
functions as the target. The c-Myc wild type and mutant
sequence at 3’-UTR and miR-526b-5p were constructed
(Fig. 4a). Luciferase reporter assay indicated the molecular
binding for miR-526b-5p with c-Myc (Fig. 4b). To identify
the interaction within miR-526b-5p and c-Myc, we trans-
fected the miR-526b-5p mimics and inhibitor into the SCC25
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cells. Results by RT-PCR indicated that miR-526b-5p mimics
transfection decreased the c-Myc mRNA, while the miR-
526b-5p inhibitor transfection markedly upregulated the c-
Myc mRNA (Fig. 4c). Western blot analysis illustrated that
miR-526b-5p mimics transfection decreased the c-Myc pro-
tein, and the miR-526b-5p inhibitor transfection upregulated
the c-Myc protein (Fig. 4d, e). Thus, the data from the RT-
PCR and western blot draw the same conclusion that miR-
526b-5p was negatively regulated the c-Myc protein and
mRNA in OSCC cells (SCC25, CAL27). In SCC25 cells, the
circUHRF1 shRNA transfection repressed the c-Myc protein,
while the cotransfection of miR-526b-5p inhibitor recovered it
(Fig. 4f, g). Therefore, these finding indicated that c-Myc
functions as the target of circUHRF1/miR-526b-5p.

c-Myc promotes the transcription of TGF-f1 and
ESRP1

c-Myc is a vital oncogene in the human cancers, besides, it is
also a transcription factor participating series of tumorigen-
esis. Researches and literature have indicated the critical
tumorigenesis promoting of c-Myc in the OSCC [24, 25]. In
our research, we found that c-Myc not only acted as the
target of circUHRF1/miR-526b-5p, but also shared with the
binding sites with the promoter region of TGF-p1 (Fig. 5a).
Two potential binding sites were predicted using the JAS-
PAR (http://jaspar.genereg.net/) and RegRNA (http://regrna
2.mbc.nctu.edu.tw/detection.html). Targeting the two sites,
the ChIP-PCR was performed and indicated that the first site
(—129 to —123) might effectively combine with the c-Myc
antibody (Fig. 5b). RT-PCR showed that the c-Myc over-
expressed plasmid might enhance the TGF-f1 mRNA level,
while the c-Myc silencing siRNA could reduce it (Fig. 5¢).
The wild type and mutant sequences of TGF-f1 promoter
region (—129 to —123) were constructed, and luciferase
reporter assay indicated that the wild type of this region
could combine with the c-Myc, suggesting the c-Myc-
mediated activation for TGF-p1 transcription (Fig. 5d).
Moreover, the bioinformatics tools validated that c-Myc also
shared with the binding sites with the promoter region of
ESRP1 (Fig. 5e). Then, ChIP-PCR indicated that the c-Myc
antibody could effectively enrich the first site (—193
to —187) of ESRP1 promoter region (Fig. 5f). Similarly, the
c-Myc overexpressed plasmid might enhance the ESRP1
mRNA level, while the c-Myc silencing siRNA could reduce
it (Fig. 5g). Luciferase reporter assay indicated that c-Myc
could bind with the ESRP1 promoter region, suggesting the
c-Myc-mediated activation for ESRP1 transcription
(Fig. 5h). Western blotting analysis illustrated that c-Myc
promoted the expression of TGF-f1 and ESRPI1 (Fig. 5i).
Moreover, western blotting and ELISA showed that cir-
cUHRF1 overexpression could upregulate the ESRP1 and
TGF-p1 levels, while the circUHRF]1 silencing reduced their
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Fig. 2 Knockdown of circUHRF]1 represses the proliferation, migra-
tion, invasion, and EMT of OSCC cells in vitro. a shRNA targeting
circUHRF]1 junction sites (Exon 13-Exon 12) were constructed (left).
Stable silencing shRNA were transfected into OSCC cells (SCC25,
CAL27) to silence circUHRF1 expression (middle). The linear
UHRF1 mRNA levels were detected using RT-qPCR (right). b Colony
formation assay was performed in the SCC25 and CAL27 cells after
stable transfection. ¢ EdU assay was performed for the DNA synthesis

in the SCC25 and CAL27 cells after stable transfection. d Wound
healing assay illustrated migrative ability after the knockdown of
circUHRF]1 or negative control. e, f Transwell assay for migration and
invasion was carried out to detect the invasive ability and migrative
ability of OSCC cells (SCC25, CAL27). g The protein markers of
EMT were detected using western blot analysis, including mesench-
ymal markers (N-cadherin, Vimentin) and the epithelial marker
(E-cadherin). **p-value < 0.01
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a Online bioinformatics tools CircInteractome (https://circinteractome.
nia.nih.gov/) indicated the miR-526b-5p target for ciccUHRF1. b The
wild-type and mutant sequences were constructed corresponding with
the miR-526b-5p for the luciferase reporter assay. ¢ The luciferase
activity in the cotransfection of miR-526b-5p and circUHRF1 wild
type or mutant. d Biotinylated-circUHRF1 probe was performed for
RNA pull-down assay. RT-PCR revealed the miR-526b-5p expression

levels (Additional file 10: Fig. S6). According the public
GEPIA dataset based on the TCGA (http://gepia.cancer-pku.
cn/index.html), the expression of c-Myc was positively
correlated with that of TGF-fl1 and ESRPI (Fig. 5j).
Besides, the c-Myc was correlated with the poor prognosis
of head and neck cancer patients, and TGF-f1 and ESRP1
were high expressed in patients’ cohort (Additional file 11:
Fig. S7). In the enrolled OSCC patients, we found that the
expression of circUHRF1 was positively correlated with that
of TGF-f1 and c-Myc (Additional file 12: Fig. S8). As is
well-known, TGF-p1 acts as the vital element of the TGF-
p1/Smad signaling pathway, which facilitates the EMT of
tumorigenesis. Therefore, these finding suggests that c-Myc
promotes the transcription of TGF-1 and ESRP1 in OSCC
cells (Fig. 5k). In conclusion, c-Myc is verified to promote
the transcription of TGF-f1 and ESRPI.
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Splicing factor ESRP1 accelerates the biogenesis of
circUHRF1

To integrally identify the regulating mechanism of cir-
cUHRF1, we next investigated the biogenesis of circUHRF1
in OSCC cells. Splicing factor ESRP1 is a subgroup of RBPs,
which had been confirmed to mediate the circularization of
circRNAs, such as circ ANKS1B and circBIRC6 [26, 27]. We
found that there were multiple ESRP1 motifs (GGT-rich) in
the flanking of circUHRF]1 (Fig. 6a). The minigenes of these
motifs were constructed, including wild type and mutant.
RNA-binding protein immunoprecipitation (RIP) presented
that ESRP1 could bind with the wild type of these sites
minigenes, instead of the mutant ones (Fig. 6b). Subse-
quently, the silenced ESRP1 or controls were transfected with
the six mutant motif sites, indicating that ESRP1 knockdown
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Fig. 4 c-Myc functions as the target of circUHRF1/miR-526b-5p.
a The c-Myc wild type and mutant sequence at 3’-UTR and miR-526b-
5p were constructed. b Luciferase reporter assay indicated the luci-
ferase activity after the cotransfection with c-Myc wild type or mutant
and miR-526b-5p mimics or controls. ¢ RT-PCR indicated the c-Myc
mRNA after miR-526b-5p mimics transfection or miR-526b-5p

could reduce the circUHRF1 expression in these mutant
sequences (Fig. 6¢c, Additional file 13: Fig. S9). Furthermore,
when the two motifs (A/B, B/C, C/A in 11 intron, or D/E, E/
F, F/D in 13 intron) were mutated at the same time, the results
indicated that ESRP1 knockdown could also reduce the cir-
cUHRF1 expression (Fig. 6d). However, when three motifs
(A/B/C in 11 intron, or D/E/F in 13 intron) were mutated,
ESRP1 knockdown could not reduce the circUHRF1
expression. These data indicated that ESRP1 could evenly
target these motifs to accelerate the circUHRF1 biogenesis.
Moreover, the RT-PCR showed that, after the ESRPI1
knockdown, the linear transcript expression levels (exon
12-13, exon 11-12, and exon 13-14) were increased com-
paring with the ESRP1 control transfection (Fig. 6e). In
conclusion, these data support that splicing factor ESRP1
accelerates the biogenesis of circUHRFI1 via targeting the
flanking intron (Fig. 6f).

c-Myc protein
[=]
(=]

Relative expression of

inhibitor transfection. d, e Western blot analysis illustrated the c-Myc
protein in OSCC cells (SCC25, CAL27) with miR-526b-5p mimics or
inhibitor transfection. f, g Western blot analysis indicated the c-Myc
protein in the transfection of circUHRF1 shRNA with miR-526b-5p
inhibitor. **p-value <0.01

circUHRF1/miR-526b-5p/c-Myc/ESRP1 regulates the
0SCC tumor behavior

To identify the role of circUHRF1/miR-526b-5p/c-Myc/
ESRP1 axis for the OSCC malignant phenotype, rescue
experiments were performed, including transwell assay
(Fig. 7a, b), EdU assay (Fig. 7c), and western blot
(Fig. 7d). The transfection of miR-526b-5p inhibitor could
enhance the invasion, migration, DNA synthesis, and
EMT characteristic compared with blank vector. Then, the
cotransfection of sh-circUHRF1 or si-c-Myc could
recover the phenotype. Moreover, the ESRP1 over-
expression could accelerate the invasion, migration, DNA
synthesis and EMT characteristic, while the cotransfection
of sh-circUHRF1 rescued these characteristic. Thus, these
findings identify the role of circUHRF1/miR-526b-5p/c-
Myc/ESRP1 axis for the OSCC tumor behavior.
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Fig. 5 c-Myc promotes the transcription of TGF-p1 and ESRPI.
a JASPAR (http://jaspar.genereg.net/) and RegRNA (http://regrna2.
mbc.nctu.edu.tw/detection.html) indicated that c-Myc shared with the
binding sites with the promoter region of TGF-p1. b ChIP-PCR was
performed in SCC2S5 cells to detect the enrichment of potential binding
sequences using the c-Myc antibody. IgG acts as the negative control.
¢ RT-PCR showed the TGF-f1 mRNA level in SCC25 cells transfected
with c-Myc overexpressed plasmid orc-Myc silencing siRNA. d The
luciferase activities were tested in the luciferase reporter assay in SCC25
cells after the vector (wild type and mutant) and c-Myc. e Bioinfor-
matics tools indicated that c-Myc shared with the binding sites with the

Knockdown of circUHRF1 inhibits the OSCC tumor
growth in vivo

The circUHRF1 stably silencing transfection was conducted

for the xenograft in vivo assay. Results indicated that
circUHRF1 knockdown significantly inhibited the tumor

SPRINGER NATURE

promoter region of ESRP1. f ChIP-PCR showed the binding of c-Myc
with the promoter region of ESRP1. g RT-PCR showed the ESRP1
mRNA level with c-Myc overexpressed plasmid orc-Myc silencing
siRNA transfection. h The luciferase reporter assay indicated the
binding of the wild type or mutant with c-Myc. i Western blotting
analysis for the TGF-p1 and ESRP1 protein level after the transfection
of c-Myc overexpression plasmid and siRNA. j The positive correlation
within ¢c-Myc and TGF-f1 and ESRP1 based on the GEPIA dataset
based on the TCGA (http:/gepia.cancer-pku.cn/index.html).
k Schematic diagram suggested the activation of c-Myc for the tran-
scription of TGF-p1 and ESRP1 in OSCC cells. **p-value < 0.05

volume and weight of OSCC cells (Fig. 8a, b). Moreover,
the SCC25 cells were transfected with the vectors labeled
with firefly luciferase and monitored using a biolumines-
cence in vivo imaging system. The bioluminescence image
showed that circUHRF1 knockdown reduced the tumor
metastasis compared with those in the control group
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Fig. 6 Splicing factor ESRPI accelerates the biogenesis of cir-
cUHRFI1. a Multiple ESRP1 motifs (GGT-rich) were found in the
flanking of circUHRF1. The minigenes of these motifs were con-
structed, including wild type and mutant. b RNA-binding protein
immunoprecipitation (RIP) presented the binding of ESRP1 with the
motifs minigenes, including wild type and mutant. ¢ RT-PCR showed
the circUHRF1 expression in SCC25 cells transfected with

(Fig. 8c). immumohistochemical (IHC) staining and HE
staining of the tumor showed that circUHRF1 knockdown
reduced the tumor phenotypes (Fig. 8d). As regarding the
lung metastasis, no significant lung metastasis was observed
within the circUHRF1 knockdown group and control group
(Additional file 14: Fig. S10). Taken together, the in vivo
assay indicates that knockdown of circUHRFI inhibits the
OSCC tumor growth.

Discussion

With the rapid development of next-generation sequen-
cing and bioinformatics technology, the critical roles
of circRNAs in the human tumorigenesis have
been explicated [28-30]. Besides, the biogenesis of
circRNAs and its possible mechanisms similarly catch
researcher’s attention [31]. However, the detailed research
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ESRP1 silencing shRNA or controls with these mutant sequences (one
motif mutant). d RT-PCR showed the circUHRF1 expression when the
two or three motifs were mutated. e RT-PCR showed the linear tran-
script expression levels (exon 12-13, exon 11-12, and exon 13-14)
after the ESRP1 knockdown. f Schematic diagram illustrates that
Splicing factor ESRP1 accelerates the biogenesis of circUHRF1 via
targeting the flanking intron. **p-value < 0.05

about circRNAs in the OSCC tumorigenesis is still
unclear [32].

The landscape of circRNAs in the human is characterized
by tissue specificity and structure stability [33]. The gen-
eration of circRNAs is different from that of linear transcript.
The transcriptome is spliced into covalent closed loops by
the back-splicing. In our initial investigation, we screened
the potential circRNAs in the OSCC cells using the large-
scale RT-PCR screening. Finally, we identified several
dysregulated circRNA in the OSCC cells, especially hsa_-
circ_0002185 (5.85-fold). The novel upregulated circRNA
was derived from the exon 12, 13 of UHRFI gene, thereby
being named circUHRF1. The genomic location for cir-
cUHREF1 is chr19:4950622—-4951008, and the spliced length
is 301 bp. The validation assay indicated that circUHRF1
had the classical covalent closed loops, which is totally
different from the linear RNA. Functional experiments pre-
sented that the knockdown of circUHRF1 significantly
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Fig. 7 circUHRF1/miR-526b-5p/c-Myc/TGF-B1/ESRP1 feedback loop
regulates the OSCC metastasis. a, b The invasive and migrative ability
of SCC25 cells was tested using the transwell assay with the transfection
of miR-526b-5p inhibitor, circUHRF1 shRNA (sh-ciccUHRF1), c-Myc
siRNA (si-c-Myc), and ESRP1 pcDNA plasmid (pcDNA-ESRP1).

inhibited the proliferation, migration, invasion, and EMT
in vitro, besides repressed the tumor growth in vivo. The
data support the oncogenic role of circUHRF]1 in the OSCC
tumorigenesis.
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In the mechanical investigation, we found that miR-
526b-5p acted as the target of circUHRF1, suggesting the
miR-526b-5p sponge for circUHRFI1. Furthermore, the
transcription factor c-Myc was identified to the target of
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Fig. 8 Knockdown of circUHRF1 inhibits the OSCC tumor growth
in vivo. a The tumor volume of mice injected with circUHRF1
knockdown and control group. b The tumor weight in circUHRF1
knockdown and control group. ¢ The luciferase was monitored using a

miR-526b-5p. Thus, these data supported the circUHRF1/
miR-526b-5p/c-Myc axis. It has been confirmed that c-Myc
is a critical oncogene and transcription factor in the OSCC
[24, 34]. Furthermore, transcription factor c-Myc could
promote the transcription level of TGF-f1 and ESRPI.
Interestingly, the ESRP1, a splicing factor for the EMT
progression, was identified to target the flanking introns of
circUHRF1 and accelerate its circularization, constructing
the circUHRF1/miR-526b-5p/c-Myc/TGF-f1/ESRP1 feed-
back loop (Fig. 9) in the EMT progression.

As well known, the dominating circRNAs are generated
from the exons of genes which are also transcribed to linear
mRNA. The most common circRNAs are formed by 2-3
exons, meanwhile the internal introns are removed. This
raises a question that what type of exons could be efficiently
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bioluminescence in vivo imaging system. Bioluminescence image
showed the tumor metastasis. d IHC staining and HE staining of
the tumor showed that circUHRFI knockdown reduced the tumor
phenotypes. **p-value <0.01

spliced to be circRNA. In the screening, we noticed an
interesting tendency that these exons, who are accompanied
by extraordinarily long flanking introns, could be cyclized
more easily. The reason for this phenomenon is that there
are multiple complementary repeating sequences within the
flanking intron region, which could promote the circular-
ization of exons by RBPs. The characteristic rules for the
circRNA biogenesis inspire us that researchers could
explore and forecast the underlying novel circRNA through
searching the complementary sequence in the flanking
intron region.

The discovery process and biogenesis of circUHRF1 is
in conformity to the principles. Primarily, there are extra-
ordinarily long flanking introns (11, 13 introns) for 12, 13
exons (more than 3000 bp). Besides, there are multiple

SPRINGER NATURE
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Fig. 9 circUHRF1/miR-526b-5p/c-Myc/TGF-B1/ESRP1 feedback loop
regulates the OSCC cell’s EMT

signaling

repeating sequences (GGT-rich region, the target of splicing
factor ESRP1) in the flanking introns (11, 13 introns).
Moreover, the intron (12 intron) within the 12, 13 exons is
particularly short (85bp), thereby easily being removed.
Therefore, these structural features determine the circular-
ization of circUHRF1. Another interesting phenomenon we
noticed was that several reported circRNAs were derived
from the E3 Ubiquitination ligase, such as circ-ITCH [35],
circRNA CUL2 (circ-10720) [36]. Similarly, circUHRF]1 is
derived from an E3 Ubiquitination ligase UHRF1 [37].
However, there is still not any powerful evidence to support
this point, which needs further validation.

As regarding the biogenesis of circRNAs, existing stu-
dies have demonstrated that multiple factors could regulate
the biogenesis of circRNA from the precursor-mRNA, such
as alternative splicing factors QKI [14], muscleblind [38],
eukaryotic translation initiation factor 4A3 [39], transcrip-
tion factor Twistl [36], and YY1 super-enhancer [40].
ESRPI acts as a vital splicing factor participating the bio-
genesis of circRNAs. For example, splicing factor ESRP1
promotes the circBIRC6 biogenesis in the human embryo-
nic stem cell [27]. In breast cancer, splicing factor ESRP1
promotes the circ ANKS1B biogenesis [26]. In our research,
we discovered that splicing factor ESRP1 could also pro-
mote the biogenesis of circUHRF1. We found that
ESRP1 shared the GGT-rich region with the flanking intron
of 12, 13 exon of UHRFI, thus it could be cyclized at
multiple sites. We notice that there are similar binding sites
on the ESRP1 promoter and TGF-f1 promoter region. The
transcription factor c-Myc could both bind with the pro-
moter region of ESRP1 and TGF-f1. Interestingly, we
found that this functional region on ESRP1 and TGF-$1
was also targeted by transcription factor USF1, which had
been reported by Zeng K et al. (2018) [26] in breast cancer.
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Our findings evidence the regulating function of ESRP1 and
TGF-B1 in the OSCC EMT tumorigenesis.

Taken together, our research identified the novel cir-
cRNA circUHRF1 in the OSCC tumorigenesis and EMT.
Besides, the ectopic overexpression of circUHRF1 was
closely correlated with the poor prognosis of OSCC
patients. Moreover, we validated that the circUHRF1/miR-
526b-5p/c-Myc/TGF-B1/ESRP1 feedback loop contributed
the OSCC EMT progression, shedding light on the patho-
genic mechanism of circRNA for OSCC, and providing the
potential therapeutic target.

Materials and methods
Clinical tissue samples collection and ethic

This research had been approved by The Hospital of Sto-
matology, Tianjin Medical University. Each volunteer had
minutely acquainted the announcements and signed the
informed consent. Twelve tissue specimens and their mat-
ched adjacent normal tissue were collected during the sur-
gical excision. Tissue were rapidly frozen at —80°C and
also histopathologically confirmed by pathologists. None of
these received pharmic or radiative anticancer treatment.

Cell lines

The OSCC cell lines (SCC25, CAL27, SCCIS5, and
TSCCA) were provided by ATCC and cultured in DMEM
medium (Gibco, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/
mL streptomycin. The normal oral keratinocytes was pro-
vided by Institute of Biochemistry and Cell Biology of the
Chinese Academy of Sciences (Shanghai, China). The
culture were set with humidified air at 37 °C with 5% CO,.

Transfection

The shRNAs targeting circUHRF1 and ESRP1 were sub-
cloned into pPLKD-CMV-EGFP vectors, as well the over-
expression plasmids for circUHRFI1, were synthesized by
GeneWiz Biotech (Guangzhou, China). The miR-256b-5p
mimic and inhibitor were synthesized by RiboBio Biotech
(Guangzhou, China). The transfection was conducted by
using Lipofectamine 3000 reagent (Invitrogen, Carlsbad,
USA) according to the manufacturer’s instruction.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from OSCC tissues and cells

using TRIzol reagent (Invitrogen, CA, USA) based on the
manufacturer’s protocols. The administration (Actinomycin
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D, RNase R) followed by qRT-PCR for RNA isolation
(circular form, linear form) was performed as previously
described [41]. The cDNA of circUHRF1 and mRNA were
synthesized by using reverse transcription PrimeScript RT
Master Mix (Takara, Dalian, China). The cDNA of miR-
526b-5p was synthesized by using RiboBio reverse tran-
scription kit (Guangzhou, China) following the manu-
facturer’s protocol. Quantification of circUHRF1, miR-
526b-5p, and mRNA were performed by using a SYBR
Green PCR Kit (Takara or RiboBio). The level of cir-
cUHRF1 and mRNA were normalized to the control
GAPDH. The level of miR-526b-5p was normalized to
the control U6. Relative expression was calculated using the
2-AAC method. The primer sequences were listed in
Additional file 1: Table S1.

RNA-Fluorescence in situ hybridization

FISH was performed according to the manufacturer’s pro-
tocol (GenePharma, Shanghai, China). Hybridization of
circUHRF1 was administrated by Cy3-labeled probe, and
the miR-526b-5p was administrated by FAM-labeled probe.
The FISH staining was performed according to the manu-
facturer’s instruction. 4,6-diamidino-2-phenylindole (DAPI)
was administrated to stain the cell nucleus. The subcellular
distribution of circUHRF1 and miR-526b-5p in OSCC cells
was observed with a confocal laser scanning microscope
(Olympus FV1000).

Sanger sequencing

RNA was extracted from OSCC cells and the cDNA was
reversely transcribed using the RNA. Sanger sequencing
was performed by the Synbio biotech company (Soochow,
China).

Edu and colony formation assay

The proliferation potential of OSCC cells was assessed
using EDU and colony formation assay. For the EDU, the
assay was conducted using EdU Apollo DNA in vitro kit
(RIBOBIO, Guangzhou, China) following the manu-
facturers’ instructions. The results were detected under an
immunofluorescence microscope. For the colony formation
assay, OSCC cells (SCC25, CAL27) were seeded into the
six-well plates at the destiny of one thousand cells per well.
After 14 days of culture, cells were fixed with paraf-
ormaldehyde and stained by 0.1% crystal violet.

Western blotting analysis

Proteins were extracted by RIPA lysis buffer (Thermo
Scientific, Rockford, IL, USA) and the concentration was

determined using BCA Protein assay kit (Beyotime). Pro-
teins were separated by electrophoresis and then transferred
to PVDF membrane for the incubation with primary anti-
bodies, including anti-E-cadherin (ab40772, Abcam), anti-
N-cadherin (ab18203, Abcam), anti-Vimentin (ab137321,
Abcam), anti-c-Myc (ab56, Abcam), anti-TGF-f1
(ab92486, Abcam), anti-Smad2/3 (ab202445, Abcam),
anti-phosphorylated Smad2/3 (ab63399, Abcam), and anti-
ESRP1 (21045-1-AP, Proteintech). GAPDH (ab8245,
Abcam) acted as the control. After incubation overnight,
membranes were blocked and administrated with HRP-
conjugated secondary antibodies at room temperature.
Finally, the blots were detected using an enhanced chemi-
luminescent kit (Thermo Fisher Scientific).

Wound healing and transwell assay

Monolayer OSCC cells were seeded in six-well plate and then
scratched with a sterile 200 pl pipette tip, and then cultured in
serum-free medium.. After O and 24 h, the width of wounds
was measured, respectively. Transwell assay was performed
for the migration and invasion of OSCC cells (SCC25,
CAL27). Briefly, cells (2 x 10*) were seeded into the chamber
coated with (for invasion) or without Matrigel (BD Bios-
ciences, San Jose, CA) (for migration). The upper level was
added with serum-free medium, while the lower level was
filled with complete DMEM medium. After 24 h culturing,
the cells migrated or invaded through the member were fixed
with 4% paraformaldehyde and stained with 0.1% crystal
violet. The number was counted under light microscope.

Luciferase reporter assay

For the luciferase vector of circUHRF1 and miR-526b-5p,
the wild type or mutant containing the predicted miR-526b-
5p sequences and miR-526b-5p were cloned into the luci-
ferase reporter vector psi-CHECK-2 (Promega, Madison,
WI, USA). SCC25 cells were then cotransfected with
reporter vector and miR-526b-5p or control miRNA. After
48 h, the firefly luciferase activities were determined com-
paring to Renilla using Dual-Luciferase Reporter Assay
System (Promega). For the luciferase promoter assay, the
promoter wild type or mutant containing the predicted c-
Myc targeting sequences cotransfected with c-Myc plasmid
or control pRL-TK Renilla plasmid into SCC25 cells using
the Lipofectamine 2000 transfection reagent (Thermo
Fisher Scientific). After 48h, the firefly activities were
determined.

RNA pull-down

Biotin-labeled circUHRF1 probe and control probe (Addi-
tional file 2: Table S2) were synthesized by GenePharm
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Biotech. The extraction lysed from SCC25 cells was incu-
bated with these probes, and then biotin-labeled RNA
complex was pulled down by streptavidin magnetic beads.
The beads were eluted using the elution buffer. The cir-
cUHRF1 and miR-526b-5p expression levels were exam-
ined by qRT-PCR.

Chromatin immunoprecipitation (ChiIP)

ChIP was performed according to the EZ ChIP Chromatin
Immunoprecipitation Kit (Millipore, Bedford, MA, USA)
according to the manufacturer’s protocol. Briefly, SCC25
cells were sonicated to disassemble the cross-linked chro-
matin DNA to be 200—1000 bp. Then, these fragments were
immunoprecipitated with antibody against c-Myc (ab56,
Abcam). The DNA-protein complex was precipitated and
quantified using qRT-PCR using specific primers (Addi-
tional file 3: Table S3). Immunoglobulin G acted as a
negative control.

RNA-binding protein immunoprecipitation assay

The minigenes used for the RIP assay were constructed
according to previously described [27]. Briefly, the
sequences, including the specific sites (GGT-rich, ESRP1
motifs) and mutant sites, of flanking intron (11, 13 intron,
1.9 kb) of circUHRF1 were synthesized and subcloned into
the pLKD-CMV-EGFP vectors by GeneWiz Biotech
(Guangzhou, China). The RIP assay was performed using
the Magna RIP RNA-Binding Protein Immunoprecipitation
Kit (Millipore, Bedford, MA) according to the manu-
facturer’s instructions [27].

In vivo xenograft experiment

Ten male BALB/c nude mice (4 weeks old) were provided
by SiPeiFu (Beijing) Biotechnology Co., Ltd. The SCC25
cells were transfected with the stable silencing plasmid (sh-
circUHRF1) and then subcutaneously injected with 100 pl
of 1 x 10° cell suspension at the flank. Tumor growth curve
was graphed based on the tumor volumes, which was
measured by vernier caliper and calculated using the for-
mula: length x width? x 0.5. Tumor weight was determined
after mice sacrifice. The tissue were stained with [HC
staining and hematoxylin-eosin (HE) staining. The animal
experiment was approved by the Ethics Committee of The
Hospital of Stomatology, Tianjin Medical University.

Statistical analysis
Each experiment was repeated three times. Data were
shown as means + standard deviation (SD). The difference

within two groups was compared by f-test. And, the
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difference within multiple groups was compared one-way
analysis of variance. Statistical analysis was performed
using SPSS 19 (IBM, Armonk, NY, USA). P-value <0.05
was considered as statistical significance.
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