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Abstract: Esophageal squamous cell carcinoma (ESCC) is an invasive malignant tumor with a high incidence rate 
and mortality. It is imperative to study its tumorigenesis and development for better treatment. CircRNA has been 
proven to play an important role in various cancers. Our previous studies found that the circ8199 gene is associ-
ated with tumor prognosis. To further clarify the role of circ8199 in ESCC, we performed functional experiments 
and found that overexpression of circ8199 significantly inhibited the proliferation of ESCC cells and the activity of 
O-linked N-acetylglucosamine transferase (OGT) simultaneously. Further experiments demonstrated that circ8199 
could interact with OGT, leading to a decrease in OGT’s activity. The reduction of circ8199 expression stimulated the 
binding activity between OGT and its downstream gene JAK2, promoting the O-GlcNAc glycosylation modification of 
JAK2 and activating the JAK2-STAT3 pathway. Our study indicated that circ8199 regulates the JAK2-STAT3 pathway 
through OGT, providing a candidate mechanism for drug discovery and development.
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Introduction

Esophageal squamous cell carcinoma (ESCC), 
the fourth leading cause of cancer death in 
China, is a highly aggressive malignant tumor 
[1]. It has high morbidity and mortality with less 
than 50% of 5-year survival rate and increasing 
incidence in recent years. Elucidating the 
pathogenesis of ESCC and identifying potential 
molecular markers and drug targets have 
important scientific and clinical significance.

Non-coding RNA is considered an important 
regulator in the biological process [2]. Circular 
RNA (circRNA) is a class of evolutionarily highly 
conserved non-coding RNA produced by linear 
RNA splicing [3]. Unlike the canonical linear 
RNA (containing 5’ and 3’ ends), circRNA forms 
a 3’-5’ covalently closed RNA loop, which is not 
affected by RNA exonuclease and is more sta-
ble [4]. Studies have shown that circRNAs are 
involved in various physiological and pathologi-

cal processes and play important roles in 
tumorigenesis and development [5].

Previous studies have found that circRNA regu-
lates the expression of target genes as a miRNA 
sponge by inhibiting miRNA activity [4, 6]. 
Multiple circRNAs encode proteins with impor-
tant biological functions in tumors. For exam-
ple, circ-E-Cad translates small protein C-E-Cad 
in glioblastoma, which activates EGFR/EGFR viii 
and promote the self-renewal of glioma stem 
cells [7]; circ-SHPRH participates in the pro-
gression of glioma by encoding the polypeptide 
SHPRH-146aa [8]; circ-AKT3 is involved in glio-
blastoma cell proliferation by encoding AKT3-
174aa [9]; circFBXW7 inhibits the progression 
of malignant glioma and breast cancer by 
encoding FBXW7-185aa [10, 11]; β-catenin-
370aa encoded by circRNA inhibits GSK-3β-
induced β-catenin degradation, activates the 
Wnt/β-catenin pathway, and promotes the 
growth of hepatocellular carcinoma [12]. Stu- 
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dies in various types of cancer show that pro-
teins encoded by circRNAs play important roles 
in tumorigenesis and development. However, 
there are only a few reports on whether there 
are similar circRNAs encoding proteins in ESCC.

ATXN10 is a protein that directly interacts wi- 
th O-Linked β-N-acetylglucosamine (O-GlcNAc) 
transferase (O-GlcNAc transferase, OGT) and 
regulates its activity [13, 14]. ATXN10 transfers 
the O-GlcNAc glycosyl group from UDP-GlcNAc 
to the hydroxyl group of naked serine/threonine 
residues in intracellular proteins, which partici-
pate in biological processes such as cell signal-
ing, recognition adhesion, and receptor activa-
tion by affecting the spatial structure and sta-
bility of the peptide chain. Abnormal O-GlcNAc 
glycosylation modification is associated with 
tumor proliferation and metastasis during mul-
tidrug resistance and epithelial-mesenchymal 
transition [15]. Therefore, as a protein involved 
in post-translational modification, O-GlcNAc 
glycosylation is expected to be a candidate 
therapeutic target for tumor. Studies have 
shown that O-GlcNAc glycosylation also plays 
an important role in tumorigenesis and devel-
opment of ESCC [16], but its specific molecular 
mechanism remains to be elucidated.

In our previous study, we sequenced and ana-
lyzed 73 ESCC tumors and paired surrounding 
normal mucosal tissues and found that hsa_
circ-00008199 (called circ8199) is significant-
ly associated with prognosis. This study further 
explored the functional roles and specific regu-
latory molecular mechanisms of circ8199 in 
ESCC. 

Materials and methods

Cell culture and stable cell lines 

The KYSE30, KYSE70, KYSE140, KYSE150, 
KYSE180, KYSE270, KYSE410, KYSE450, 
KYSE510, KYSE520 and HET-1A cells were  
purchased from the American Type Culture 
Collection (ATCC). KYSEs and HET-1A were cul-
tured in RPMI 1640 (Hyclone) supplemented 
with 10% fetal bovine serum (FBS) (Gibco) at 
37°C with 5% CO2. According to the manufac-
turer’s protocol, the plasmids were transfected 
into ESCC cells with Lipofectamine 3000 
(Invitrogen, CA). Cells were harvested and ana-
lyzed 24-36 h after transient transfection. For 
the generation of stable cell lines, cells trans-
fected post 24 h were digested with 0.25% 

trypsin and were transferred to the plates for 
further culture with DMEM medium containing 
500 μg/l G418 and 10% FBS for 10 days till 
resistant cell clones was observed. 

CCK8 assay

Cells were seeded into 96-wells plate at 1×103/
well, and a Cell Counting Kit-8 kit was per-
formed every 24 h to monitor cell proliferation 
according to the manufacturer’s protocol. The 
light absorption value of each well at a wave-
length of 450 nm was measured using a 
Microplate Reader (Thermo Fisher). 

Migration assay

4×104 cells in 200 μL of serum-free RPMI-1640 
medium were placed in the upper chamber of 
Transwell insert (BD Biosciences, Franklin, 
Laskes, NJ, USA) with 8 μm pore size filter. The 
well contained 600 μL RPMI-1640 with 20% 
FBS. After incubation for 48 h, the cells that 
migrated through the filter were stained with 
crystal violet and photographed under the 
microscope for statistics.

Colony formation assay 

2×103 stably transfected cells were blended 
with pre-warmed 0.6% soft-agar containing 
RPMI-1640 medium and 10% FBS, and subse-
quently were poured on top of 1.2% agar in a 
6-well plate. After 14 days, 50 cells were count-
ed as a clone, and the number of colonies were 
photographed and counted for statistical 
analysis.

qRT-PCR

Total RNA was isolated by TRIzolTM Reagent 
(Thermo Fisher) and uses PrimeScriptTM RT 
reagent Kit (Takara), which contains compo-
nents needed for reverse transcription to facili-
tate cDNA synthesis. Then the relative expres-
sion of mRNA was further quantified by TB 
Green® Premix Ex Taq™ II kit (Takara) following 
the instructions. GAPDH is used as an internal 
reference, and 2-ΔΔCt is the relative expression 
level of the gene. The primer sequences were 
designed as follows: circ8199 divergent for-
ward primer: 5’-ATGTGGCCAATGGGTTTAAG-3’, 
and reverse forward primer: 5’-GCAAGCTCAA- 
CAGCATGAGA-3’; circ8199 convergent forward 
primer: 5’-GAAACAGCACCCAGGACTA-3’, and re- 
verse forward primer: 5’-CTGATTGAATTCTGG- 
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TTCACAG-3’; GAPDH forward primer: 5’-GAG- 
TCCACTGGCGTCTTCA-3’ and reverse primer: 
5’-TGATGATCTTGAGGCTGTTGTC-3’; ATXN10 for-
ward primer: 5’-AGTCTCATCTCATTCGTCTG-3’ 
and reverse primer: 5’-GGCTGTTGTCTTCGGT- 
AA-3’; c-Myc forward primer: 5’-TGAGGAGAC- 
ACCGCCCAC-3’ and reverse primer: 5’-CAA- 
CATCGATTTCTTCCTCATCTTC-3’; Bcl-2 forward 
primer: 5’-GATGTGATGCCTCTGCGAAG-3’ and 
reverse primer: 5’-CATGCTGATGTCTCTGGAAT- 
CT-3’; Survivin forward primer: 5’-AGAACTGG- 
CCCTTCTTGGAGG-3’ and reverse primer: 5’-CT- 
TTTTATGTTCCTCTATGGGGTC-3’.

RNA fluorescence in situ hybridization

3×105 cells were cultured for 24 h on the 
24-well plate round cell slide, washed twice in 
RNase-free PBS, 4% paraformaldehyde (Electron 
Microscopy Science, Hatfield, PA) was used to 
fix the cells at room temperature for 30 min, 
then permeabilized for 15 min at room temper-
ature with 1% TritonX-100, and 5% RNase free 
BSA was used to seal the cells at room tem-
perature for 30 min. Then used 50 μl of 
Hybridization Buffer (10% dextran sulfate, 10% 
formamide, 2×SSC, 0.2 mg/ml RNase free 
BSA) containing 5’ labelled CY3 DNA probes (5 
ng/sample) incubated at 37°C overnight. The 
FISH probe was designed to span the splice 
junction of circ8199: 5’-CTGGGTGCTGTTTCT- 
CTTGTCTTGGT-3’. 4,6-diamidino-2-phenylindo- 
le (DAPI) staining was performed for 5 minutes 
and observed with fluorescence microscope.

Cell fractionations

All manipulations were at 4°C. Cells were frac-
tionated using the Nuclear/Cytosol Fraction- 
ation kit (BioVision, Milpitas, CA) following the 
manufacturer’s instructions. In Brief, cells were 
collected by trypsinization and washed with 
PBS, then pelleted and resuspended in 200 μl 
of CEB-A for incubation on ice for 10 min. 
Afterward, CEB-B was added to the lysates and 
incubated for 1 min on ice. The lysates were 
spun for 5 min in a microcentrifuge to yield a 
cytosolic supernatant and nuclear pellet. Both 
cytoplasmic and nuclear fractions were stored 
at -80°C until use.

Constructs

Circ8199 expression plasmid was generated 
by chemical gene synthesis the sequence of 

exon 2-9 of ATXN10. An additional cyclization 
promoter sequence from 400-547 nt ∆440-
500 nt of ZKSCAN1 and sequence from 1437-
1782 nt ∆1449-1735 nt of ZKSCAN1 were 
added upstream and downstream, respective-
ly. The synthesized gene was cloned into 
pcDNA3.1 using the NheI- and HindIII-re- 
cognition sequences. 3xflag was placed before 
the stop codon, which was designated as circ-
8199-3xflag. Furthermore, the start codon 
“ATG” in the circ-8199-3xflag was mutated to 
“ATC” in the circ-8199-3xflag-ATC. circ-8199-
3xflag-NC was used as the corresponding nega-
tive control derived from circ-8199-3xflag, in 
which the cyclization sequence downstream 
was removed. The linear sequence of circ8199 
with Kozak sequence before ATG was directly 
cloned into pcDNA3.1, which was designated 
as circ-8199-3xflag-235aa, a positive control 
for 235aa. The potential IRES sequences of 
circ8199 were synthesized and inserted in the 
middle of Rluc and Luc using KpnI and EcoRI 
introduced by primers. The lentivirus vector 
containing shRNA targeting circ-8199 was gen-
erated by GenePhaema (Shanghai, China).

Luciferase reporter assay

Cells were seeded in 12-well plates and trans-
fected with Luc2-IRES-Reporter vectors or the 
control. After 48 h post-transfection, the lumi-
nescent values for firefly luciferase reporter 
activities were detected and normalized by the 
Renilla internal control using the Dual lucifer-
ase reporter assay system (Promega). Results 
were determined as relative luciferase acti- 
vities.

Immunoprecipitation

The cells were seeded in a 100 mm dish and 
transfected with indicated vectors. After 48 h, 
cells were washed three times with PBS 
(PH=7.4), and then were lysed in ice-cold IP 
lysis buffer (including RIPA, protease inhibitors, 
and phosphatase inhibitors). After lysis for 30 
min, cells were collected and centrifuged at 
12000 rpm for 10 min at 4°C. The soluble frac-
tions in the supernatant was subjected to IP 
using the indicated primary antibodies at 4°C 
overnight by rotation. Beads were added and 
incubated at 4°C for 2 h, followed by washing 
with PBS (PH=7.4) three times. The eluent  
with 1×SDS loading buffer was subjected to 
immunoblotting analyses.
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Western blot assay (WB)

Proteins were extracted by a lysis buffer and 
quantified using a bicinchoninic acid (BCA) 
Protein quantitative kit (KeyGen Biotech). 
Protein lysates were separated using 10% SDS-
PAGE and transferred to a PVDF membrane 
(Millipore). The membrane was then incubated 
with the specific primary antibodies and sec-
ond antibodies. The bands were developed by 
Pierce ECL Western Blotting Substrate (Thermo 
Scientific). Mouse monoclonal antibody recog-
nizing JAK2 (AT53B7) were obtained from 
GeneTex. Rabbit polyclonal antibodies that rec-
ognize Phospho-Jak2 (Tyr1007/1008) (#3776) 
were purchased from Cell Signaling Technology. 
Rabbit polyclonal antibodies recognizing OGT 
(11576-2-AP), GAPDH (10494-1-AP), and mou- 
se monoclonal antibodies recognizing Flag 
(66008-4-Ig) were from Proteintech. Mouse 
monoclonal antibody recognizing O-GlcNAc 
(PTM-952) were purchased from PTM Biolabs 
Inc. Rabbit polyclonal antibodies recognizing 
STAT3 (AF1492), Phospho-STAT3 (Tyr705) (AF- 
1276) were purchased from Beyotime Bio- 
technology. HRP Goat Anti-Rabbit IgG (AS014) 
was purchased from ABclonal Technology. HRP 
Goat Anti-Mouse IgG (CW0102) was purchased 
from CoWin Biotech (CWBIO).

Glycosyltransferase assay

Glycosyltransferase activity of co-IP from 
KYSE70 transfected with circ-8199-3xflag-NC 
or circ-8199-3xflag-235aa was determined 
with the Glycosyltransferase Activity Kit 
(EA001, R&D system/USA). A glycosyltransfer-
ase reaction was carried out in 50 μl of reaction 
buffer containing 50 mM Tris HCl (PH=7.5), 100 
µM UDP-glucose, the varying concentration of 
substrate (dissolved in DMSO), and 5 µg of pre-
cipitates at room temperature for 20 min, 
according to the manufacturer’s instructions. 
The absorbance value was measured at 620 
nm with a microplate reader.

Statistical analysis

Statistical analyses were performed using 
SPSS20.0 software (IBM). The differences 
between groups were examined by the two-
tailed Student’s t-test. Data were presented as 
the mean ± SD of at least 3 independent exper-
iments. Differences were considered significant 
if p < 0.05; *, p < 0.05; **, p < 0.01; ***, p < 
0.001.

Results

Identification of circ8199 in ESCC

To explore the expression patterns of circRNAs 
in ESCC, we have performed circular RNA 
sequencing on 73 fresh ESCC and paired para-
cancerous tissue specimens and found that 
the overall survival in the circ8199 high expres-
sion group was significantly better than that in 
the low expression group. Circ8199 was highly 
expressed in cancer tissues, as shown by 
RT-qPCR in another 80 fresh ESCC tissue speci-
mens [17]. This indicates that circ8199 acts as 
a candidate prognostic biomarker in ESCC and 
plays an important role in the development of 
ESCC.

Circ8199 is derived from exons 2-9 of ATXN10 
gene [18]. To further investigate the presence 
of circ8199 in ESCC, the back-splice junction 
was confirmed by Sanger sequencing (Figure 
1A, 1B). In addition, we designed two sets of 
primers: divergent primers to amplify circular 
transcripts and convergent primers to detect 
linear transcripts. We then created two other 
sets of primers to amplify the circular and linear 
transcripts of circ8199 in cDNA or gDNA of 
ESCC tissue or KYSE520 cells. Our results 
showed that the circular form could be ampli-
fied only in cDNA, whereas the linear transcripts 
were amplified in both cDNA and gDNA (Figure 
1C). Furthermore, the linear transcripts of 
circ8199 were degraded after RNase R treat-
ment (Figure 1D). 

The circ8199 conjunction sequence was syn-
thesized and labeled as a probe, and RNA fluo-
rescence in situ hybridization (FISH) was car-
ried out in KYSE520 and KYSE270 ESCC cells 
(Figure 1E), combined with the results of 
nucleocytoplasmic separation (Figure 1F), sug-
gesting that circ8199 is mainly localized in the 
nuclear.

Circ8199 inhibits cell proliferation and migra-
tion of ESCC in vitro

The fluorescence quantitative RT-PCR method 
was used to measure the expression levels of 
circ8199 in 10 ESCC cell lines and one normal 
esophageal cell line (Figure 2A). In order to 
evaluate the biological functions of circ8199 in 
ESCC, we constructed a circ8199 expression 
vector on the base of the previous report [19]. 
The ZKSCAN1 gene exon2 front 400-547 nt 
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∆440-500 nt was used as the upstream flank-
ing sequence, which includes 40 nt of the 
AluSq2 element. The downstream flanking 
sequence spans from 1437-1782 nt ∆1449-
1735 nt following the exon3 of the ZKSCAN1 
gene, containing the AluSz and AluJr elements, 
which support circularization. The combined 
sequence was subcloned into the pcDNA3.1 (+) 
expression vector, in which CMV promoter was 
used (Figure 2B). As circ8199-NC only had a 
flanking ring-forming frame (IR) at one end, it 
could not form a circle correctly. Moreover, 
circ8199-OE is a plasmid vector for circular 
overexpression of circ8199. These constructed 
vectors were transfected into KYSE30 and 
KYSE70 ESCC cells which low expression of 
circ8199, respectively. Stable cell lines were 
screened for cell proliferation and clone forma-
tion experiments. Our results showed that the 

overexpression of circ8199 significantly inhib-
ited the growth (Figure 2C), migration (Figure 
2D and 2E) and clonogenicity (Figure 2F) of 
ESCC cells.

Circ8199 encodes a polypeptide that inhibits 
the proliferation of ESCC cells

The bioinformatics prediction website (http://
reprod.njmu.edu.cn/circrnadb) shows that circ- 
8199 has a complete open reading frame of 
708nt which encodes a protein/polypeptide of 
235 amino acids similar to the AA sequence of 
ATXN10 from M179 to K391 (Figure 3A). After 
circularization, an extra polypeptide formed 
with sequence RNSTQDYLPKSSGYPKEIFSCC 
that is non-homologous to ATXN10. As cap 
structures are absent in circRNA, internal ribo-
some entry sites (IRESs) of RNA are required to 

Figure 1. Identification and characteristics of circ8199 in ESCC. (A) The schematic diagram of circ8199 arose from 
exon 2-9 of ATXN10 gene. (B) Sanger sequencing was carried out to confirm head-to-tail splicing. (C) Circ8199 was 
detected only in cDNA but not in gDNA. (D) RNase R degraded linear RNA but not circ8199. (E and F) Fish assays 
and nucleocytoplasmic separation assays indicated that circ8199 is mainly located in the nuclear. The magnifica-
tion is 40× in (E).
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activate the translation process. We found a 
high-scoring IRES sequence in circ8199 (Figure 
3B). To verify whether the predicted IRES region 
has the ability to initiate translation, the HSV 
promoter between the two luciferase sequenc-
es in the Psicheck2 vector was replaced by  
the predicted IRES sequence with its down-
stream sequence (1-418, pre-initiation codon 
sequence) (named circ8199-IRES) (Figure 3C). 
The results of the dual-luciferase reporter 
experiment showed that the circ8199-IRES 
could initiate the translation of the downstream 
open reading frame (Figure 3D).

For further verification, we constructed serial 
vectors for cell experiments: circ8199-3xflag is 
a circ8199-235aa overexpression vector con-
taining 3xFlag tag; circ8199-3xflag-ATC con-
tains 3xflag tag with ATG mutated to ATC of 
circ8199-235aa which could be circularized 
but not translated; circ8199-3xflag-NC is a vec-

tor containing the 3xflag tag and with the down-
stream IR deleted (negative control that cannot 
be circularized); circ8199-3xflag-235aa is a lin-
ear expression vector only for the predicted 
ORF, as a positive control for 235aa (Figure 
3E). The above vectors were transfected into 
KYSE30 respectively. Western blot results 
showed that the protein expression of circ8199-
3xflag was detected. When the start codon of 
circ8199 was mutated from ATG to ATC, the 
expression of circ8199-3xflag could not be 
detected (Figure 3F), indicating that circ8199 
encodes polypeptides.

Circ8199-3xflag-NC, circ8199-3xflag, circ81- 
99-3xflag-ATC and circ8199-3xflag-235aa were 
transferred into KYSE30 and KYSE70 ESCC 
cells, respectively. The results showed that the 
overexpression of circ8199-3xflag-235aa or 
circ8199-3xflag significantly inhibited the pro-
liferation of ESCC cells, and circ8199-3xflag-

Figure 2. Circ8199 promotes ESCC cell proliferation, immigration and colony formation in vitro. (A) Circ8199 expres-
sion in a panel of ESCC cells was measured by qRT-PCR. (B) The schematic diagram of circ8199 expression vector 
using the flanking sequences from ZKSCAN1 gene. IR, inverted repeats; SA, splice acceptor; SD, splice donor; CMV, 
cytomegalovirus promoter. The expression of circ8199 inhibits proliferation (C), migration (D and E) and colony 
formation (F) of KYSE30 and KYSE70, respectively. All the results were shown as mean ± SD (n=3), *P < 0.05; **P 
< 0.01 (Student’s test).
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ATC mutant almost abolished circ8199-3xflag-
induced inhibited the proliferation of ESCC cells 
(Figure 3G and 3H).

Circ8199-235aa directly binds OGT and inhib-
its its enzyme activity

We measured the total protein O-GlcNAc gly- 
cosylation levels in ESCC fresh tissue speci-
mens by WB. The protein O-GlcNAc glycosyl-
ation levels in the circ8199 overexpression 
group were significantly lower than those in the 
low circ8199 expression group, indicating that 
the level of O-GlcNAc glycosylation in ESCC was 
negatively correlated with the expression of 
circ8199 (Figure 4A and 4B). Co-immuno- 
precipitation experiment (CO-IP) showed that 
OGT interacted with circ8199-3xflag-235aa 
(Figure 4C). CO-IP experiment with flag anti-
body further confirmed this finding that OGT 
and circ8199-3xflag-235aa could interact with 
each other (Figure 4D).

The KYSE70 cell line was transfected wi- 
th circ8199-3xflag-NC and circ8199-3xflag-
235aa plasmids, respectively. The CO-IP exper-
iment was performed with OGT protein, and 
then the activity of OGT was detected ac- 
cording to a commercial kit (R&D, #EA001).  
The results showed that overexpression of 
circ8199-3xflag-235aa in KYSE70 cells could 
significantly inhibit the enzymatic activity of 
OGT (Figure 4E).

Down-regulation of circ8199 activates OGT, 
thereby promoting the level of JAK2 O-GlcNAc 
glycosylation and activating the JAK2-STAT3 
pathway

In order to explore the signal pathways of the 
circ8199 protein involved, we performed KEGG 
pathway enrichment analysis on two groups of 
tumor samples, the high-expression group and 
low-expression group, based on the expression 
level of circ8199 from the high-throughput 

Figure 3. Circ8199 encodes a predicted 235aa protein which inhibits cell proliferation. A. The amino acid sequences 
compared between ATXN10 and circ8199-235aa, and the extra sequence was indicated in red. B. The sequence of 
circ8199 with putative IRES was cloned into pcDNA3.1, in which ATG of circ8199-235aa was mutated to TGA. C. The 
schematic diagram of luciferase expression vector. The HSV promoter between two luciferase genes in pSicheck2 
vector was replaced with circ8199 IRES and its downstream. D. Luciferase activity was measured using a luminom-
eter. Rluc normalized Fluc activity is represented in circ8199-IRES and control infected cells. Error bars indicate the 
standard deviations (SD) of at least three repeats. Student’s t-test was used to determine P-values; ***P < 0.001. 
E. The expression vectors of 3xflagged putative ORF sequence of circRNA8199: circ8199-3xflag; circ8199-3xflag-
ATC; circ8199-3xflag-NC circ8199-3xflag-235aa. F. circ8199-235aa was detected by immunoblotting using anti-flag 
antibody in KYSE30. G and H. Upregulation of circ8199-235aa inhibits the cell proliferation in KYSE30 and KYSE70, 
respectively (n=5). **P < 0.01.
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sequencing analysis of mRNA and circRNA of 
ESCC in a previous large cohort [17]. KEGG 
pathway enrichment analysis showed that 
lower expression of circ8199 in ESCC was 
associated with JAK-STAT signaling pathway 
(Figure 5A).

To validate this finding, shRNA-circ8199 was 
transfected into KYSE520 cells, and cells were 
lysed 48 hours later for WB and RT-qPCR tests. 
The phosphorylation levels of JAK2 and STAT3 
were significantly increased by shRNA-circ8199 
compared with the control counterparts, which 
was reversed by the OGT inhibitor OSMI-1 
(Figure 5B-D). Accordingly, the binding of OGT 
and JAK2 was enhanced when circ8199 was 
knocked down (Figure 5E). And OGT had a  
lower binding activity to STAT3 than that of 
JAK2 (Figure 5E). Furthermore, the knockdown 
of circ8199 could significantly enhance the 
level of O-GlcNAc glycosylation of JAK2 (Figure 
5F and 5G). To investigate the O-GlcNAc gly- 
cosylation modification site of JAK2, the  
amino acid sequence of JAK2 was analyzed 
using the online O-GlcNAc glycosylation predic-
tion software http://www.cbs.dtu.dk/services/
YinOYang/. The result showed that JAK2 may 
undergo O-GlcNAc glycosylation at Ser518, 
Thr522, Ser523 and Ser1025 (Figure 5H).

Discussion

Our previous study identified the circRNA 
circ8199 by sequencing, analysis and screen-
ing of circRNA in paired ESCC tissues. The 
expression of circ8199 was relatively down-
regulated in ESCC. Survival analysis showed 
that the high expression of circ8199 was asso-
ciated with prolonged survival of ESCC patients. 
In this study, we found that overexpression of 
circ8199 could inhibit the proliferation and 
migration of tumor cells and encode a 235aa 
polypeptide mainly located in the cytoplasm, 
which could bind OGT and inhibit its activity 
through the JAK2-STAT3 pathway.

Circ8199 locates on chromosome 22 and 
comes from ATXN10, involving neuron survival, 
neuron differentiation, and neuritogenesis [20] 
via activation of the mitogen-activated protein 
kinase cascade [21]. Diseases associated with 
ATXN10 include Spinocerebellar Ataxia 10 and 
Spinocerebellar Ataxia 4 [20, 22], related to Akt 
signaling pathways. Circ8199 is formed by 
reverse cleavage of exons 2 to 9 of ATXN10, 
which is 1057 bp in length. There was no sig-
nificant change in the parental gene expres-
sion. In contrast, circ8199 expression was 
interfered with by shRNA with the junction 

Figure 4. Circ8199-235aa binds OGT and inhibits its activity. A and B. The results showed that the expression of 
circ8199 were negative correlated with O-GlcNAc glycosylation of protein in ESCC tissues. C and D. Immunoprecipi-
tation and western blot showed circ8199-235aa interacts with OGT in KYSE70. E. circ8199-235aa inhibits OGT 
activity in KYSE70. The results were shown as mean ± SD (n=3), *P < 0.05 (Student’s test).
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point, suggesting that the expression of 
circ8199 in ESCC is independent of the paren-
tal gene. Therefore, circ8199 can be used as  
a potential biomarker for ESCC molecular 
diagnosis.

Our study showed an ORF with a length of 708 
nt in the circ8199 transcript, which can encode 
a 235aa polypeptide (called circ8199-235aa in 
this study). A high-scoring IRES sequence ana-
lyzed by software was found upstream of the 
ORF. This IRES sequence could initiate the 
translation of circRNA-encoded proteins, as 
demonstrated by the dual-luciferase reporter 
gene experiment. The results of Western blot-
ting confirmed that circ8199 could encode a 
protein via circ8199-related expression vec-

tors transfected into ESCC cells. Further experi-
ments showed that circ8199 lost its ability to 
encode a protein when its start codon ATG was 
mutated to ATC. In addition, overexpression of 
the predicted protein encoded by circ8199 can 
inhibit the proliferation of ESCC cells in vitro.

Investigations have shown that many circRNAs 
encode proteins with essential biological func-
tions related to cell proliferation, differentia-
tion, metastasis and other processes in tumors 
and raise challenge to their traditional role  
only as gene transcription regulator through 
“sponge” adsorption of miRNAs. Meanwhile, 
there is not only high homology between the 
sequences of circRNA and linear RNA produced 
by the same transcripts of a gene but also high 

Figure 5. Inhibition of circ8199-235aa activated JAK2-STAT3 pathway by JAK2 O-GlcNAc glycosylation. A. KEGG 
pathways enriched among differentially expressed coding genes. B. Western blot were performed in circ8199 shR-
NAs or scramble shRNA stably transfected KYSE520 cells with or without OSMI-1. C and D. The mRNA expressions 
of indicated genes were measured by qRT-PCR in circ8199 shRNAs or scramble shRNA stably transfected KYSE520 
cells with or without OSMI-1. E. Interaction between JAK2/OGT was determined mutually by immunoprecipitation 
in KYSE520. F and G. The O-GlcNAc glycosylation of JAK2 was detected following sh-circ8199 stably transfection in 
KYSE520 cells. H. The putative sites of O-GlcNAc glycosylation on JAK2. Error bars indicate the standard deviations 
(SD) of at least three repeats. Student’s t-test was used to determine P-values; *P < 0.05, **P < 0.01.
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homology between their encoded proteins. 
Some studies have reported that circRNA-
encoded proteins can enhance the function of 
parental proteins. On the contrary, there are 
also circRNA-derived proteins that antagonize 
parental genes. To explore the regulating mech-
anism of circ8199-235aa, co-immunoprecipi-
tation was performed using circ8199-235aa as 
the bait, and OGT was found to be the most 
abundant in the precipitates. Circ8199 can rec-
ognize the same sequence on OGT as ATXN10, 
which may be necessary for binding. A previous 
study showed that ATXN10 directly regulates 
the activity of OGT. In this study, overexpression 
of circ8199-235aa could significantly inhibit 
the enzymatic activity of OGT, suggesting that 
circ8199-235aa may competitively impede the 
binding between ATXN10 and OGT through spe-
cific protein domain and inhibit OGT activity. 
Meanwhile, the down-regulation of circ8199 in 
ESCC weakened this inhibitory effect and sub-
sequently increased OGT activity, which pro-
motes the progression of ESCC.

Recent studies have found that O-GlcNAc gly-
cosylation on STAT3 inhibits its phosphoryla-
tion and the transcription of its target genes, 
which is inconsistent with the experimental 
results we observed. The potential reason for 
this inconsistency is that the down-regulation 
of circ8199 could enhance the binding of OGT 
and JAK2 in ESCC cells, while OGT to STAT3 was 
weak. As expected, the level of O-GlcNAc gly- 
cosylation modification on JAK2 increased 
when circ8199 was down-regulated. The above 
results suggest that the O-GlcNAc glycosylation 
on STAT3 may not play a dominant role in ESCC 
under the low expression of circ8199. On the 
contrary, the O-GlcNAc glycosylation of JAK2 
may be the main factor for activating the JAK2-
STAT3 pathway. Studies have shown that OGT 
inhibits the ubiquitination of its substrate pro-
teins through O-GlcNAc glycosylation, thereby 
increasing the stability of its substrate pro- 
teins. In addition, O-GlcNAc glycosylation main-
ly occurs on the serine and threonine of the pro-
tein by competitively inhibiting the phosphory-
lation of these sites, and JAK2 has multiple 
phosphorylation sites that negatively regulate 
its kinase activity. Therefore, we concluded that 
OGT promotes O-GlcNAc glycosylation of JAK2 
with low expression of circ8199 in ESCC. 
Inhibiting its protein degradation or regulating 
its inhibitory phosphorylation site will finally 

activate the JAK2-STAT3 pathway. Circ8199 
regulates the JAK2-STAT3 pathway through 
OGT, providing a candidate mechanism for drug 
discovery and development. In addition, we 
found that JAK2 can undergo O-GlcNAc glyco-
sylation at serine 518 (Ser518), threonine 522 
(Thr522), serine 523 (Ser523) and serine 1025 
(Ser1025) by using bioinformatics prediction, 
which needs to be validated in further studies.
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