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Abstract
Background and Aims: IL- 6– induced tumor progression has been well 
established through the induction of antiapoptotic and proliferative genes. 
However, whether other mechanisms such as IL- 6 regulation of circular RNAs 
(circRNAs) may also contribute to tumor development remains unknown.
Approach and Results: High- throughput RNA sequencing was used to iden-
tify the differentially expressed circRNAs on IL- 6 stimulation in intrahepatic 
cholangiocarcinoma (ICC) cells. CircRNA GGNBP2 (derived from ggnbp2 
gene, termed as cGGNBP2) was up- regulated by IL- 6 treatment in a time and 
concentration- dependent manner. The biogenesis of cGGNBP2 was regulated 
by RNA- binding protein DEx- H Box Helicase 9, which was also mediated by 
IL- 6 exposure. Mass spectrometry and western blotting identified a protein 
cGGNBP2- 184aa encoded by cGGNBP2. cGGNBP2- 184aa promoted ICC cell 
proliferation and metastasis in vitro and in vivo. Mechanistically, cGGNBP2- 
184aa directly interacted with signal transducers and activators of transduction-
 3 (STAT3), phosphorylated STAT3Tyr705, and played a positive regulatory role in 
modulating IL- 6/STAT3 signaling. IL- 6/cGGNBP2- 184aa/STAT3 formed a posi-
tive feedback loop to sustain constitutive activation of IL- 6/STAT3 signaling. 
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INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) accounts for 
approximately 10%- 15% of primary liver cancer, and 
the morbidity assumes a notable uptrend in high- 
income countries in recent years.[1,2] The prognosis of 
ICC remains poor due to the frequent metastasis and 
rapid postsurgical recurrence.[3] It is known that me-
tastasis is the outcome of a complex signaling network 
and depends on cell- intrinsic properties and specific 
microenvironment of cancer cells.[4] However, the pre-
cise molecular mechanisms underlying ICC metastatic 
cascade remain poorly understood. Therefore, ad-
vancing our understanding of pivotal cancer- promoting 
events may contribute to the development of effective 
metastasis- targeted treatments and improve the prog-
nosis of patients with ICC.

The relation between inflammation and cancer has 
been increasingly appreciated.[5] IL- 6, a pleiotropic cy-
tokine produced in response to stress and infection 
in the presence of inflammatory stimuli, plays an im-
portant role in tumorigenesis and cancer progression. 
Aberrant IL- 6 expression, a consequence of chronic in-
flammation in tumor microenvironment, could promote 
tumor cell growth and metastasis through activation of 
the downstream signaling in which signal transducers 
and activators of transduction- 3 (STAT3) were phos-
phorylated and translocated to nucleus to initiate the 
transcription of the target genes. Aside from the clas-
sic IL- 6/STAT3 signaling axis, previous studies have 
reported that IL- 6 could induce the expression of long 
noncoding RNAs to promote tumor aggressiveness.[6] 
Hence, molecular therapies targeting IL- 6/STAT3 path-
way components necessitate a better understanding of 
specific downstream effectors.

Circular RNAs (circRNAs), an abundant class of 
covalently closed and single- stranded transcripts, are 
involved in multiple physiological and pathological pro-
cesses.[7] Currently, only a limited number of circRNAs 
have been confirmed as functional molecules in bio-
logical processes, such as cell proliferation, migration, 
and invasion.[8] Conventionally, circRNAs were consid-
ered as noncoding RNAs because of a lack of 5′cap 
as well as 3′end structure and exerted their functions 
mainly as microRNA sponge and protein scaffold.[9,10] 
However, recent studies have revealed that circRNAs 

could recruit ribosomes and were associated with pu-
tative open reading frame (ORF), suggesting an unex-
pected protein- coding potential.[11] Internal ribosome 
entry site (IRES)- induced protein translation was found 
to be a mechanism of circRNA- mediated translation, 
which is independent of 5′cap structure.[12] These 
circRNA- encoded proteins were shown to regulate 
important hallmarks, including tumorigenesis and me-
tastasis in cancers.[13] Nevertheless, whether circRNAs 
play specific roles in cancer- related inflammation 
remains unclear. In this study, we identified an IL- 6– 
induced circRNA (a circRNA derived from exon 3- 6 of 
the gametogenetin- binding protein 2, which we have 
termed cGGNBP2). Furthermore, we characterized the 
protein (cGGNBP2- 184aa) it encoded and investigated 
the role of cGGNBP2- 184aa in IL- 6/STAT3 signaling 
and ICC metastasis.

PATIENTS AND METHODS

Patient cohorts and tissues

Tumor tissues were obtained from surgical specimen ar-
chives of 136 patients with ICC at West China Hospital 
from 2009 to 2018. Frozen tissues were used for quan-
titative reverse transcription PCR (qRT- PCR) and 
western blotting analyses, whereas formalin- fixed and 
paraffin- embedded tissues were used for immunohis-
tochemistry analyses. Of these, 40 patients were tested 
for preoperative serum IL- 6 levels. Human tissues and 
relative clinical data collection conformed to the ethical 
guidelines of the 1975 Declaration of Helsinki and ap-
proved by the Ethics Committee of West China Hospital.

RNA sequencing

Total RNAs were extracted using Trizol Reagent. The 
high- throughput sequencing and analyses for circRNAs 
were carried out by Novogene Technology Co., Ltd. The 
clustering of the index- coded samples was performed 
on a cBot Cluster Generation System using TruSeq PE 
Cluster Kit v3- cBot- HS (Illumina) according to the manu-
facturer’s instructions. After cluster generation, the librar-
ies were sequenced on an Illumina Hiseq 4000 platform. 

Elevated cGGNBP2 expression was correlated with poor prognosis of patients 
with ICC and was identified as an independent risk factor for patient prognosis.
Conclusions: Our study demonstrates that cGGNBP2- 184aa, a protein en-
coded by IL- 6– induced cGGNBP2, formed a positive feedback loop to facili-
tate ICC progression and may serve as an auxiliary target for clinical IL- 6/
STAT3- targeting treatments in ICC.
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The circRNAs were detected and identified using find_
circ.[7] Total RNAs of indicated cells were used for mRNA 
sequencing on an Illumina Novaseq 6000 platform at 
the LC- BIO Bio- tech Ltd. Gene set enrichment analysis 
(GSEA) was applied for pathway analysis.

In vivo xenograft assays

For subcutaneous xenograft models, 2 × 106 cells were 
injected subcutaneously into the right axilla of mice. For 
liver orthotopic- implanted models, 1 × 106 cells were 
transplanted into the left lobes of the liver. For lung me-
tastasis models, 2 × 106 cells were injected through tail 
veins. All animals received humane care according to 
the criteria outlined in the NIH Guide for the Care and 
Use of Laboratory Animals. The in vivo animal experi-
ments were approved by the Animal Ethics Committees 
of West China Hospital.

Statistical analysis

All experiments were performed at least three times 
unless otherwise noted. Comparisons were performed 
using Student t test, one- way ANOVA, or Mann- Whitney 
U test, as appropriate. A two- tailed p value < 0.05 was 
considered statistically significant. All statistical analy-
ses were carried out by applying SPSS (version 23.0, 
SPSS Inc.), GraphPad Prism (version 8.0), or MedCalc 
software (version 15.2.2).

For detailed materials and methods, please refer to 
Supporting Information.

RESULTS

cGGNBP2 is up- regulated by IL- 6 and is 
clinically relevant to prognosis of patients 
with ICC

Serum IL- 6 has been shown to correlate with the prog-
nosis of different cancers, including liver cancer.[14,15] 
We firstly investigated prognostic value of serum IL- 6 

in ICC, showing that elevated serum IL- 6 level was 
significantly correlated with larger tumor size, multiple 
tumor number, lymph node invasion, and poor progno-
sis (Table S1, Figure S1). To determine the underlying 
molecular mechanisms in this process, we treated ICC 
cells (RBE cell line) with IL- 6 at different concentrations 
and time points. The cells showed increased invasive 
capability, as indicated by the increased spindle- shaped 
appearance along with the rise of IL- 6 concentration 
(Figure S2A,B). IL- 6 treatment also strengthened the 
invasive capability of HuccT1 cells but not normal chol-
angiocytes (human intrahepatic biliary epithelial cell) 
(Figure S2C,D). We then used RNA sequencing (RNA- 
seq) analysis to establish circRNA expression profiles 
in IL- 6– treated RBE cells (Figure 1A). A total of 3,951 
distinct circRNAs were identified, among which 3,055 
have been identified in the circBase (Figure 1B) and 
3,737 (94.6%) consisted of exons (Figure S2E,F). Of 
the identified circRNAs, nine were significantly up- 
regulated and seven were down- regulated by IL- 6 treat-
ment (Table S2).

To validate the RNA- seq results, we performed qRT- 
PCR for the nine up- regulated circRNAs. Sanger se-
quencing of PCR products confirmed the back- splice 
junctions of candidate circRNAs (Figure S2G,H). 
Furthermore, no significant changes were found in 
these circRNAs after treatment with RNase R (Figure 
S2I, Figure S3A). We then measured the relative expres-
sion of these circRNAs in RBE cells treated with IL- 6. 
Among them, circRNA GGNBP2 (hsa_circ_0003930, 
cGGNBP2), a circRNA derived from exon 3- 6 of the 
gametogenetin- binding protein 2 (ggnbp2) gene at 
chromosome 17q12, was found to be the most highly 
up- regulated in IL- 6– treated cells (Figure 1C,D). The 
divergent and convergent primers, oligo (dT)18 primers, 
and actinomycin D were used to confirm the circular-
ity of cGGNBP2 (Figure S3B- D). The expression of 
cGGNBP2 in RBE cells peaked at a concentration of 
50 ng/ml and 24 hours after IL- 6 treatment (Figure 1E). 
Additionally, the fluorescent in situ hybridization and 
subcellular RNA fractionation showed that cGGNBP2 
was located primarily in cytoplasm, suggesting that 
cGGNBP2 may exert its biological function there 
(Figure 1F, Figure S3E).

F I G U R E  1  cGGNBP2 is up- regulated by IL- 6 and serves as a prognostic indicator of ICC. (A) Clustered heat map representation of 
differentially expressed circRNAs in RBE cells treated with IL- 6 (50 ng/ml) for 24 hours and the control cells treated with PBS. (B) The 3,055 
circRNAs in our data were identified with circBase records. (C) qRT- PCR validated the top nine up- regulated circRNAs in RBE cells treated 
with IL- 6 compared with those with PBS. (D) Scheme illustrating the genomic locus and production of cGGNBP2. The special primers used 
for detection of cGGNBP2 by qRT- PCR are indicated by red arrows and validated by Sanger sequencing. (E) Left: the relative RNA levels 
of cGGNBP2 were evaluated after treatment with IL- 6 at the indicated concentration. Right: the relative cGGNBP2 levels were assessed 
by qRT- PCR after treatment with IL- 6 (50 ng/ml) at the indicated time point. (F) RNA fluorescence in situ hybridization showing cytoplasmic 
localization of cGGNBP2 and relative expression of cGGNBP2 after treatment with IL- 6 in RBE and HuccT1 cells. Antisense cGGNBP2 was 
used as negative control. The 18S and U6 were applied as positive controls in the cytoplasm and nucleus. Scale bar, 10 μm. (G) Left: the 
correlation between the relative cGGNBP2 expression of tumor tissues and serum IL- 6 level in 40 patients with ICC; right: the correlation 
between the relative cGGNBP2 expression and relative IL- 6R expression of tumor tissues in 136 patients with ICC. (H) Kaplan- Meier 
survival analysis showing the correlation between relative cGGNBP2 expression of ICC tissues and OS or RFS. The cutoff value of serum 
IL- 6 was determined by X- tile. p values were determined by log- rank tests. (I) Multivariate analyses showing prognostic indicators for OS 
and RFS. AS, probe for antisense cGGNBP2; mGGNBP2, the mRNA of GGNBP2. *p < 0.05; **p < 0.01; ***p < 0.001
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To further determine the clinical relevance of cGG-
NBP2, the expression levels of cGGNBP2 were eval-
uated in 136 matched ICC and adjacent nontumor 
samples. The results demonstrated a much higher ex-
pression level of cGGNBP2 in tumor than in nontumor 

(Figure S3F). Moreover, there is a strong positive 
correlation between cGGNBP2 expression level of 
tumor and serum IL- 6 level (Figure 1G). However, 
the cGGNBP2 expression showed no significant dif-
ference between patients with ICC and those with 
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hepatic hemangioma with comparable serum IL- 6 
levels (Figure S3G). Because ICC is enriched of 
stroma and cancer- associated fibroblasts (CAFs), 
we then evaluated the cGGNBP2 expression of ICC 
cells, noncancerous cholangiocytes and CAFs in 20 
freshly isolated tissues. The results showed that the 
cGGNBP2 expression was extremely low in CAFs. In 
addition, a much higher cGGNBP2 expression was 
observed in ICC cells compared with noncancer-
ous cholangiocytes (Figure S3H). Additionally, the 
expression of cGGNBP2 was positively correlative 
with the expression of IL- 6 receptor (IL- 6R) as well 
as IL- 6 in tumor tissues (Figure 1G, Figure S3I,J). 
After knocking down IL- 6R, the cGGNBP2 expres-
sion was down- regulated in ICC cells (Figure S3K). 
Furthermore, cGGNBP2 could not be up- regulated 
by IL- 6 treatment in cells with IL- 6R depletion (Figure 
S3L). We then examined the potential association be-
tween cGGNBP2 expression and clinicopathological 
characteristics as well as patient prognosis. An ele-
vated cGGNBP2 expression was significantly associ-
ated with increased serum carbohydrate antigen 19- 9 
level, larger tumor size, more tumor numbers, pres-
ence of lymph node metastasis, and more advanced 

tumor stage, indicating that cGGNBP2 was correlated 
to ICC progression (Table 1). Further Kaplan- Meier 
survival analyses demonstrated that patients with ICC 
with higher cGGNBP2 expression were associated 
with shorter overall survival (OS) and recurrence- free 
survival (RFS) after curative resection (Figure 1H). 
In the Cox proportional hazards regression models, 
elevated cGGNBP2 expression was identified as an 
independent risk factor for OS and RFS (Figure 1I, 
Table S4). Collectively, our data demonstrated that 
cGGNBP2 is up- regulated by IL- 6 and may serve as a 
prognostic factor for patients with ICC.

DExH- box helicase 9 regulates the 
expression of cGGNBP2

It has been reported that some RNA- binding proteins 
(RBPs) were involved in circRNA biogenesis by bind-
ing to specific sequences to regulate the back splicing 
of circRNAs.[16- 18] To investigate whether RBPs were 
involved in the formation of cGGNBP2, we performed 
RNA- seq to analyze the expression profile of 11 RBPs, 
which have previously been reported to affect circRNA 

TA B L E  1  Baseline characteristics of 136 patients with ICC according to cGGNBP2 expression levels

Variables Low cGGNBP2 (n = 64) High cGGNBP2 (n = 72) p value

Age, year, >60/≤60 25/39 34/38 0.388

Sex, female/male 27/37 36/36 0.393

HbsAg, positive/negative 18/46 17/55 0.583

Hepatolithiasis, present/absent 4/60 8/64 0.376

CA19- 9, >22/≤22 30/34 54/18 0.001

Tumor size, cm, >5/≤5 26/38 52/20 <0.001

Tumor number, multiple/solitary 14/50 30/42 0.017

Differentiation, poor/well- moderate 13/51 22/50 0.238

Microvascular invasion, present/absent 6/58 9/63 0.596

Lymph node, positive/negative 7/57 18/54 0.046

Cirrhosis, with/without 45/19 52/20 0.851

TNM stage, III/I- II 31/33 53/19 0.003

Abbreviation: TNM, tumor- node- metastasis.

F I G U R E  2  DHX9 regulates the expression of cGGNBP2 through binding to their flanking inverted complementary sequences. (A) 
RNA- seq analysis of expression profiles of 11 RBPs after treatment with IL- 6 in RBE cells. (B) qRT- PCR of the relative mRNA expression 
of DHX9 in RBE and HuccT1 cells treated with IL- 6 or PBS. (C) Western blotting (WB) analysis of the relative protein expression of DHX9 
in RBE and HuccT1 cells treated with IL- 6 or PBS. (D) Left: Representative immunohistochemistry staining images of DHX9 with relatively 
low or high expression in ICC tissues. Right: The correlation between the immunohistochemistry staining scores of DHX9 in tumor tissues 
and serum IL- 6 levels in 40 patients with ICC (top); the correlation between DHX9 and relative cGGNBP2 expression in tumor tissues of 136 
patients with ICC (bottom). (E) Top: qRT- PCR for cGGNBP2 expression in DHX9- depleted RBE and HuccT1 cells. Bottom: WB analysis for 
relative DHX9 protein expression in DHX9- depleted RBE and HuccT1 cells. (F) Schematic of five types of vectors (#1 to #5). The genomic 
region for cGGNBP2 (exon 3- 6) with its wild- type (wt) flanking inverted complementary sequences (red boxes) was inserted into vector 
(#2). #3 to #5 represent a series of deletions of flanking inverted complementary sequences. The northern blotting (NB) probe targeting 
cGGNBP2 is indicated by the dotted line. (G, H) qRT- PCR and NB analysis of relative cGGNBP2 expression in HEK- 293T cells transfected 
with five types of vectors. (I) RNA immunoprecipitation assays showed DHX9 bind to flanking inverted complementary sequences. IgG 
was used as a control. (J) qRT- PCR analysis showed relative cGGNBP2 expression in indicated cells after transfection with vectors and 
treatment with IL- 6. FRCM in intron 2; RRCM in intron 6. **p < 0.01; ***p < 0.001; ns, not significant
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genesis, in IL- 6– treated cells. Our data demonstrated 
that the expression of DExH- Box Helicase 9 (DHX9) 
was significantly altered after IL- 6 treatment (Figure 2A, 
Table S5). To confirm the RNA- seq results, we treated 
RBE and HuccT1 cells with IL- 6 and measured the 

mRNA and protein expression level of DHX9. The re-
sults confirmed that DHX9 could be down- regulated by 
IL- 6 (Figure 2B,C). Furthermore, the expression of DHX9 
in tumor tissue was negatively related to serum IL- 6 
level in 40 patients with ICC. Additionally, the cGGNBP2 
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expression was also negatively correlated to the histo-
chemistry score of DHX9 in 136 ICC tissues (Figure 2D). 
After silencing of DHX9, cGGNBP2 expression level 
could be significantly up- regulated (Figure 2E).

Accumulating evidence have shown that comple-
mentary sequences in flanking introns, like Alu re-
peat elements or other nonrepetitive complementary 
sequences, facilitated circRNA formation.[19] The ef-
ficiency of circRNA circularization, especially exon- 
derived ones, can be regulated by RBPs- mediated 
RNA pairing across flanking introns.[18,20] To explore 
the mechanisms of cGGNBP2 circularization, we ex-
amined the sequences of flanking introns of cGGNBP2 
and found highly reverse complementary sequences 
between intron 2 and intron 6 (79% identity among 301 
nucleotides; Figure S4A). To further test whether cGG-
NBP2 was regulated by the reverse complementary 
match (RCM), a wild- type plasmid (a 1,915- nt region 
spanning from forward RCM [FRCM] of intron 2 to re-
verse RCM of intron 6, #2) and three deletion mutants 
(#3- 5) were constructed (Figure 2F). After transfection 
with these vectors, qRT- PCR results showed that cGG-
NBP2 expression was only up- regulated in cells trans-
fected with RCM- wt vector, indicating that both FRCM 
and reverse RCM (RRCM) were necessary for cGG-
NBP2 biogenesis (Figure 2G). This result was further 
confirmed by northern blotting (Figure 2H).

We hypothesized that DHX9 bound to the RCM of 
cGGNBP2 within the pre- mRNA transcript of ggnbp2 
gene in the nucleus and thereby inhibited its circular-
ization. To test our hypothesis, RNA immunoprecipita-
tion was performed using an antibody against DHX9. 
As expected, the FRCM and RRCM could be signifi-
cantly enriched, whereas exon 1 of ggnbp2 gene could 
not (Figure 2I). In addition, we overexpressed DHX9 
in cells transfected with five RCM- related vectors and 
found a general down- regulation after DHX9 overex-
pression (Figure S4B,C). Subsequently, we treated 
DHX9- depletion or DHX9- overexpressing ICC cells 
with IL- 6 and found that the cGGNBP2 expression 
could not be further up- regulated in the absence of 
DHX9 (Figure S4D), whereas up- regulation cGGNBP2 
by IL- 6 could be abolished by DHX9 overexpression 

(Figure S4E, Figure 2J). Taken together, we found that 
IL- 6 treatment down- regulates DHX9 expression. More 
importantly, reduced DHX9 could enhance cGGNBP2 
expression in posttranscriptional process through pro-
moting RNA pairing by binding to the flanking intronic 
complementary sequences of cGGNBP2.

cGGNBP2 promotes ICC cell growth  
and metastasis in vitro and in vivo

To elucidate the biological function of cGGNBP2 in 
ICC cell growth and metastasis, we knocked down 
cGGNBP2 by small interfering RNA (siRNA) targeting 
back- splice sequences in Hccc9810 and HuccT1 cells 
and overexpressed cGGNBP2 using RCM- wt vector in 
RBE and HuccT1 cells without disturbing the mRNA of 
GGNBP2 and pre- mRNA of GGNBP2 (Figure S5A- D). 
cGGNBP2 knockdown markedly suppressed cell prolif-
eration, cell cycle, and cell invasive capacity, whereas 
overexpression of cGGNBP2 had the opposite effects 
(Figures S6 and S7). Moreover, cGGNBP2 knockdown 
could abolish most of the effect of IL- 6 on facilitating 
ICC cell proliferation and invasion (Figure S8A- C).

Next, we explored cGGNBP2 function in vivo. cGG-
NBP2 was stably knocked down by short hairpin RNA 
(GGNBP2 shRNA) in HuccT1 cells and overexpressed 
in RBE and HuccT1 cells, followed by subcutaneous im-
plantation into nude mice. Tumor growth was significantly 
inhibited by cGGNBP2 silencing and accelerated by 
overexpression of cGGNBP2 (Figures S9A,B and S10A). 
We further established liver orthotopic- implantation and 
lung metastasis models to evaluate the role of cGGNBP2 
on tumor metastasis. As a result, fewer intrahepatic met-
astatic foci were observed in livers following cGGNBP2 
knockdown (Figure S9C). Conversely, enhanced cGG-
NBP2 facilitated intrahepatic metastasis (Figures S9D 
and S10B). Similarly, loss of cGGNBP2 repressed the 
formation of lung metastases, whereas ectopic cGG-
NBP2 expression promoted lung metastases (Figures 
S9E,F and S10C). Taken together, these results sug-
gested a functional role of cGGNBP2 in facilitating ICC 
cell growth and metastasis in vitro and in vivo.

F I G U R E  3  cGGNBP2 encodes a protein termed as cGGNBP2- 184aa. (A) Top: The putative ORF and its location in the genomic region 
of cGGNBP2. Bottom: The sequences of the putative ORF. Red sequence represents unique amino acid encoded by cGGNBP2- 184aa. (B) 
Left: The schematic of five types of vectors used for luciferase reporter assays. Wild- type (WT) or a series of deletions of IRES sequences 
were inserted into vectors (#1 to #4). #5 represents a vector inserted with mutated IRES sequences (IRES- MUT). Right: The relative 
luciferase activity of FLuc/Rluc in the indicated five vectors. FLuc, firefly luciferase; RLuc, renilla luciferase. (C) Top: Total proteins from 
RBE cells transfected with control or cGGNBP2- overexpression plasmid were separated through SDS- PAGE (left). The cGGNBP2- 184aa 
overexpression was confirmed by western blotting (WB) assay using a specific antibody against the amino acid sequences of cGGNBP2- 
184aa (right). Bottom: The differential gel bands near 26 kD were cut and subjected to liquid chromatography– tandem mass spectrometry. 
The cGGNBP2- 184aa was identified. (D) WB assays showing the relative cGGNBP2- 184aa expression in RBE and HuccT1 cells after 
treatment with IL- 6 (50 ng/ml for 24 hours). (E) WB assays showing the relative cGGNBP2- 184aa expression in indicated cells treated with 
IL- 6 or not. (F) Immunofluorescence (IF) assays showing the cytoplasmic cellular localization of cGGNBP2- 184aa in RBE and HuccT1 
cells transfected with Vector or HA- tagged cGGNBP2- 184aa plasmids, detected using anti- HA antibody. Scale bar, 10 μm. (G) Subcellular 
fractionation assays identified the cytoplasmic cellular localization of cGGNBP2- 184aa in the indicated cells transfected with HA- tagged 
cGGNBP2- 184aa plasmids. GAPDH and H3 were used as positive controls in the cytoplasm and nucleus, respectively
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cGGNBP2 encodes a 184 amino acid  
protein

Recent studies have demonstrated that some circR-
NAs encoded functional peptides.[21,22] To examine 

the protein- coding potential of cGGNBP2, we first ana-
lyzed the putative ORF and IRES of cGGNBP2 as an-
notated in circRNADb.[23] A highly conserved ORF with 
the potential of encoding a 184aa- protein was detected 
(Figure S11A, Figure 3A). As IRES was essential for 
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5′cap- lacking circRNA to recruit ribosomes to initiate 
translation, we next tested the function of predicted IRES 
in cGGNBP2 using dual- luciferase assays (Figure 3B). 
Wild- type or truncated IRES sequences were cloned 
between tandem Renilla and Firefly luciferase report-
ers with independent initiation and termination co-
dons (Figure S11B). Wild- type IRES and IRES- delete 
1 showed the highest and the lowest luciferase activ-
ity, indicating the function of IRES was predominately 
determined by the downstream sequences. When the 
IRES was mutated and cloned into a dual- luciferase 
vector, luciferase activity was markedly reduced, fur-
ther supporting a functional role of the IRES in initiating 
5′cap- independent translation (Figure S11C). Driven by 
this IRES, a predicted protein consisted of 184 amino 
acids (termed cGGNBP2- 184aa) could be translated 
by cGGNBP2 (Figure 3A). As predicted, an enhanced 
band could be observed after cGGNBP2 overexpres-
sion compared with the control vector on a SDS- PAGE 
gel. Subsequent mass spectrometry confirmed that the 
amino acid sequences were highly aligned to the puta-
tive sequences of cGGNBP2- 184aa (Figure 3C, left).

To further characterize cGGNBP2- 184aa, we gener-
ated a highly specific antibody against the amino acid 
sequences (KKNKRCQLHSLDTHKPK) of cGGNBP2- 
184aa, which was supposed to recognize both GGNBP2 
and cGGNBP2- 184aa. Importantly, the expression of 
cGGNBP2- 184aa was drastically up- regulated after 
cGGNBP2 overexpression, whereas GGNBP2 expres-
sion level showed no significant change (Figure 3C, 
right). Consistent with the expression of cGGNBP2, 
cGGNBP2- 184aa could be up- regulated by IL- 6 stim-
uli in a concentration and time- dependent manner 
(Figure 3D, Figure S12A). Knockdown of DHX9 en-
hanced cGGNBP2- 184aa expression (Figure S12B). 
Furthermore, silencing cGGNBP2 abolished the IL- 
6– mediated enhanced cGGNBP2- 184aa expression 
(Figure 3E). These results demonstrated that cGG-
NBP2 encodes a protein, cGGNBP2- 184aa.

cGGNBP2- 184aa promotes ICC cell 
growth and metastasis in vitro

To investigate the function of cGGNBP2- 184aa, we first 
examined cGGNBP2- 184aa expression in ICC cell lines. 
Consistent with cGGNBP2, cGGNBP2- 184aa expres-
sion was highest in Hccc9810 cells and lowest in RBE 
cells (Figure S12C). The ORF of cGGNBP2- 184aa was 
then cloned into an expression vector. A mutated IRES 
(IRES- MUT) vector was also constructed by mutating 
IRES within the OE- cGGNBP2 plasmid (Figure S12D). 
Following transfecting hemagglutinin (HA)- labeled 
cGGNBP2- 184aa plasmid into ICC cells, it was clear 
that cGGNBP2- 184aa was mainly located in the cyto-
plasm by immunofluorescence using an anti- HA anti-
body and subcellular protein fractionation (Figure 3F,G).

Next, we established stable cell lines by lentiviral 
infection. cGGNBP2 expression was dramatically en-
hanced by IRES- MUT, whereas cGGNBP2- 184aa ex-
pression did not show significant change. Conversely, 
overexpression of cGGNBP2- 184aa ORF enhanced 
cGGNBP2- 184aa expression but not cGGNBP2 
(Figure S12E, Figure 4A). Additionally, overexpression 
of cGGNBP2- 184aa ORF restored cGGNBP2- 184aa 
protein expression that was knocked down by a cGG-
NBP2 shRNA, whereas cGGNBP2 RNA expression 
remained unchanged (Figure S12F, Figure 4I). As ex-
pected, up- regulation of cGGNBP2- 184aa expression 
but not IRES- MUT cGGNBP2 expression promoted 
ICC cell proliferation, cell cycle, and invasion capac-
ity, whereas inhibited apoptotic program (Figure 4B- H, 
Figure S13A,C). Overexpression of cGGNBP2- 184aa 
ORF abolished the inhibitory effect of cGGNBP2 
shRNA on proliferation, cell cycle, and invasion capac-
ity (Figures 4J- P and 13B). Taken together, cGGNBP2 
encoded cGGNBP2- 184aa to facilitate ICC cell prolifer-
ation and metastasis in vitro.

cGGNBP2- 184aa facilitates STAT3 
phosphorylation in ICC cells

To further elucidate the mechanism underlying 
cGGNBP2- 184aa– induced ICC cell growth and metas-
tasis, RNAs were extracted from cells with overexpres-
sion of IRES- MUT and OE- cGGNBP2 and subjected 
to RNA- seq. A total of 292 up- regulated and 240 down- 
regulated genes were differentially expressed (Figure 
S14A). Janus kinase (JAK)- STAT signaling pathway 
was significantly altered by cGGNBP2- 184aa overex-
pression based on Kyoto Encyclopedia of Genes and 
Genomes enrichment analysis (Figure 5A), whereas 
GSEA also demonstrated that cGGNBP2- 184aa over-
expression positively affected JAK- STAT pathway and 
cell cycle process (Figure S14B).

STAT3, the primary molecule of JAK- STAT pathway, 
is a key transcription factor that shows a critical effect 
on the progression of diverse human cancers.[24,25] 
Because phosphorylation is required for STAT3 nu-
clear translocation and transcriptional activity,[26] we 
then investigated whether cGGNBP2- 184aa regulated 
STAT3 phosphorylation. Ectopic cGGNBP2- 184aa ex-
pression significantly enhanced the phosphorylation of 
STAT3 at Tyr705 and total STAT3 protein level in RBE 
cells (Figure 5B). In addition, inhibition of STAT3Tyr705 
phosphorylation by cGGNBP2- 184aa deficiency could 
be rescued by overexpression of cGGNBP2- 184aa 
ORF in HuccT1 cells (Figure 5C). However, STAT3Ser727 
phosphorylation was not influenced by the change of 
cGGNBP2- 184aa expression. Next, to examine the 
translocation of STAT3, we performed subcellular 
protein fraction assay. cGGNBP2- 184aa overexpres-
sion significantly accelerated nuclear translocation of 
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F I G U R E  4  cGGNBP2- 184aa promotes ICC cell growth and metastasis in vitro. (A) Western blotting assays showed the relative 
cGGNBP2- 184aa and GGNBP2 protein expression in indicated cells transfected with four types of vectors. (B- D) cell counting kit- 8 (CCK8), 
colony formation, and 5- ethynyl- 2'- deoxyuridine (EDU) assays revealed cell proliferation capacity of indicated ICC cells. Scale bar, 200 
μm. (E, F) The migration and invasion capacity were examined in the indicated cells. Scale bar, 200 μm. (G, H) Wound healing assays 
were performed in the indicated cells. Scale bar, 200 μm. (I) The relative cGGNBP2- 184aa and GGNBP2 protein expression in HuccT1 
and Hccc9810 cells transfected with negative control shRNA (shNC), cGGNBP2 shRNA, and cGGNBP2- 184aa ORF. (J- L) CCK8, colony 
formation, and EDU assays showed cell proliferation capacity of indicated ICC cells. Scale bar, 200 μm. (M, N) The migration and invasion 
capacity were examined in the indicated cells. Scale bar, 200 μm. (O, P) Wound healing assays were performed in the indicated cells. Scale 
bar, 200 μm. **p < 0.01; ***p < 0.001



1412 |   IL- 6– INDUCED CGGNBP2 ENCODES A PROTEIN TO PROMOTE CELL GROWTH AND METASTASIS 

F I G U R E  5  cGGNBP2- 184aa regulates STAT3 phosphorylation to activate JAK- STAT signaling. (A) Kyoto Encyclopedia of Genes and 
Genomes pathway analysis showed the significantly affected signaling pathway on cGGNBP2- 184aa overexpression in RBE cells. (B, C)  
Western blotting analysis showed the phosphorylation status of STAT3Tyr705 and STAT3Ser727 in the indicated cells. (D, E) Subcellular 
fractionation assays revealed the distribution of phosphorylated STAT3Tyr705 and phosphorylated STAT3Ser727 in the indicated cells. GAPDH 
and H3 were used as positive controls in the cytoplasm and nucleus, respectively. (F) Luciferase assays determined the activity of STAT3 
response elements in the indicated cells. (G) qRT- PCR analysis for the relative mRNA expression of STAT3 target genes in the indicated 
cells. (H) Left: cell counting kit- 8 (CCK8) assays showed cell proliferation capacity of the indicated cells cotransfected with STAT3 siRNA 
or treated with C188- 9 (20 μM) or BP- 1- 102 (20 μM). Right: Cell proliferation capacity of the indicated cells cotransfected with wild- type or 
Tyr705- mutated STAT3 vectors. (I) The migration and invasion capacity were examined in the indicated cells. (J) Wound healing assays 
were performed in the indicated cells. C188- 9 and BP- 1- 102 were small molecular inhibitor of STAT3. *p < 0.05; **p < 0.01; ***p < 0.001;  
###p < 0.001 versus OE- cGGNBP2+siRNA- NC or cGGNBP2 shRNA; ns, not significant versus cGGNBP2 shRNA
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phosphorylated STAT3Tyr705, whereas nuclear expres-
sion of phosphorylated STAT3Ser727 and total STAT3 did 
not (Figure 5D). Consistent with this, overexpression 
of cGGNBP2- 184aa ORF in cGGNBP2 knockdown 
cells restored nuclear distribution of phosphorylated 
STAT3Tyr705 without changing STAT3Ser727. Interestingly, 
nuclear expression of total STAT3 was significantly in-
creased after enhancing cGGNBP2- 184aa expression 
in cGGNBP2 silenced HuccT1 cells (Figure 5E). Taken 
together, our data suggest that cGGNBP2- 184aa pro-
motes STAT3Tyr705 phosphorylation, nuclear transloca-
tion, and activation of the JAK- STAT pathway.

To further confirm the activation of JAK- STAT path-
way by cGGNBP2- 184aa overexpression, we per-
formed dual- luciferase reporter assays to measure 
luciferase activity of STAT3 response elements. As 
expected, increased cGGNBP2- 184aa expression sig-
nificantly enhanced the activity of STAT3 response el-
ements. Restoration of cGGNBP2- 184aa level greatly 
abolished the inhibitory effect of cGGNBP2 silencing 
on luciferase activity of STAT3 elements in HuccT1 
cells (Figure 5F). Furthermore, the mRNA expression 
levels of STAT3 target genes were also inhibited by 
cGGNBP2 silencing and restored by overexpression 
of cGGNBP2- 184aa ORF (Figure 5G). Given previ-
ous studies have reported that IL- 6 treatments could 
enhance phosphorylation of STAT3 at Tyr705, we ex-
amined the STAT3Tyr705 phosphorylation in ICC cells 
treated with IL- 6 for various concentrations and time. 
STAT3Tyr705 phosphorylation gradually elevated along 
with increased IL- 6 concentration (Figure S14C). 
However, cGGNBP2- 184aa knockdown abolished the 
stimulative effect of IL- 6 on STAT3Tyr705 phosphoryla-
tion (Figure S14D). Furthermore, cGGNBP2- 184aa 
knockdown also eliminated the IL- 6– induced JAK- 
STAT signaling activation (Figure S14E,F).

To determine the function of cGGNBP2- 184aa– 
enhanced STAT3Tyr705 phosphorylation, we knocked 
down STAT3 expression with siRNAs and inhib-
ited STAT3Tyr705 phosphorylation by chemical 
inhibitors (C188- 8 or BP- 1- 102) in cGGNBP2- 184aa– 
overexpressed RBE cells (Figure S15A- C). cGGNBP2- 
184aa– enhanced cell proliferation, migration, and 
invasion could be abrogated by STAT3 knock-
down or inhibition of STAT3Tyr705 phosphorylation 
(Figure 5H- J, left, Figure S16A,B). Moreover, a wild- 
type or Tyr705- mutated STAT3 plasmid was transfected 
into cGGNBP2- silenced HuccT1 cells (Figure S15D). 
The phosphorylation of STAT3Tyr705 could be restored 
by transfecting of wild- type STAT3 and thereafter abol-
ished the inhibitory effect of cGGNBP2 deficiency on 
cell phenotype. However, cellular growth and metasta-
sis did not show significant alteration after transfection 
of STAT3 mutant in HuccT1 cells (Figure 5H- J, right, 
Figure S16C,D). Collectively, our data indicated that 
IL- 6/cGGNBP2- 184aa/STAT3 formed a positive feed-
back loop.

cGGNBP2- 184aa interacts with STAT3 to 
promote its transcriptional activity

To better elucidate the mechanisms that cGGNBP2- 
184aa up- regulated STAT3Tyr705 phosphorylation, we 
performed immunoprecipitation using an antibody 
against HA after transfecting HA- labeled cGGNBP2- 
184aa in RBE cells. After staining with Coomassie 
blue, the specific proteins pulled down by HA were 
subjected to mass spectrometry. Apart from bait pro-
tein HA- cGGNBP2- 184aa, STAT3 was also identified, 
indicating a potential interaction between cGGNBP2- 
184aa and STAT3 (Figure 6A). Subsequent co- 
immunoprecipitations confirmed their mutual interaction 
(Figure 6B). In addition, immunofluorescence staining 
validated the colocalization of cGGNBP2- 184aa and 
STAT3 in the cytoplasm of ICC cells (Figure 6C).

To delineate the domains of STAT3 responsible 
for its interaction with cGGNBP2- 184aa, a series of 
Flag- tagged STAT3 deletion mutants were generated 
(Figure 6D, left). Following co- immunoprecipitation 
experiments combined with immunoblotting demon-
strated that the DNA binding domain (DBD) of STAT3 
was required for the interaction between STAT3 and 
cGGNBP2- 184aa (Figure 6D, right). In the recip-
rocal analysis, we also determined the regions of 
cGGNBP2- 184aa involved in the STAT3- cGGNBP2- 
184aa interaction by co- immunoprecipitation with 
HA- tagged truncation mutants of cGGNBP2- 184aa. 
Only cGGNBP2- 184aa[62- 122] could be pulled down by 
STAT3, indicating that cGGNBP2- 184aa interacted with 
STAT3 through region 62- 122 (Figure 6E).

We next tested whether the binding region of 
cGGNBP2- 184aa was responsible for the activation 
of JAK- STAT signaling. The STAT3Tyr705 phosphory-
lation was remarkably increased by cGGNBP2- 184aa 
expression[62- 122], and total STAT3 expression was 
slightly enhanced in ICC cells (Figure 6F). The lucif-
erase activity of STAT3 response elements and the 
mRNA expression of STAT3 downstream genes were 
enhanced by cGGNBP2- 184aa[62- 122] rather than other 
truncation mutants (Figure 6G,H). Notably, cGGNBP2- 
184aa– induced cell proliferation and invasion were 
also attributed to the interaction region of cGGNBP2- 
184aa (Figure S17A- C). Taken together, cGGNBP2- 
184aa interacted with the DBD of STAT3 to activate 
JAK- STAT signaling and promote cellular proliferation 
and metastasis.

In vivo effects of cGGNBP2- 184aa and 
clinical relevance

Because of cGGNBP2- 184aa’s crucial role in the activa-
tion of JAK- STAT pathway and in vitro promoting cellular 
phenotypes, we next evaluated whether cGGNBP2- 
184aa facilitated tumor growth and metastasis in vivo. 
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Subcutaneous xenograft models demonstrated that 
cGGNBP2- 184aa overexpression, but not cGGNBP2, 
accelerated tumor growth (Figure 7A). Overexpression 
of IRES- MUT cGGNBP2 did not phosphorylate STAT3 
in xenografts. In comparison, ectopic cGGNBP2- 184aa 

dramatically promoted the expression of Ki- 67 and 
the phosphorylation level of STAT3 (Figure 7B,D). 
Furthermore, liver orthotopic- implantation and lung me-
tastasis models were established to test the effect of 
cGGNBP2- 184aa on metastatic capacity. Intrahepatic 
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metastases were remarkably increased by cGGNBP2- 
184aa overexpression (Figure 7C). In addition, the lu-
ciferase activities were much stronger in groups that 
overexpressed cGGNBP2- 184aa than those of negative 
control or IRES- MUT overexpressed ones (Figure 7E). 
Lungs were harvested and subjected to H&E staining. 
Consistently, the numbers of lung metastases were much 
higher in cGGNBP2- 184aa elevated groups (Figure 7F), 
suggesting that enhanced cGGNBP2- 184aa expression 
promoted lung metastasis of ICC cells. Administration 
of STAT3 inhibitor could abolish the vast majority of the 
effect of cGGNBP2- 184aa on promoting ICC cell growth 
and metastasis in vivo (Figure S18).

To further evaluate the clinical utility of cGGNBP2- 
184aa in ICC progression, we examined the STAT3Tyr705 
phosphorylation level in 136 patients with ICC and as-
sessed its association with the cGGNBP2 level. A sig-
nificantly positive correlation was observed between 
cGGNBP2 and STAT3Tyr705 phosphorylation in ICC tis-
sues (Figure 7G,H). Next, we assessed the percentage 
of tumor- infiltrating lymphocytes (TILs) and found that 
the proportion of infiltrating inflammatory immune cells 
was variable in ICC tissues (Figure S19). The correla-
tion was analyzed between TILs and serum IL- 6, IL- 8, 
and IL- 10 as well as TNF- α levels. The results demon-
strated that only serum IL- 6 was significantly correlative 
to TILs in ICC tissues, implying the IL- 6 increase was 
not a mere secondary epiphenomenon of the immune- 
response associated to ICC. Interestingly, a significant 
correlation was observed between cGGNBP2 expres-
sion levels and intratumoral TILs (Figure 7I).

Finally, we examined the IL- 6/cGGNBP2 axis in in 
vivo assays by administrating recombinant IL- 6 and 
neutralizing IL- 6 antibody after being subcutaneously 
injected with RBE or HuccT1 cells. Tumor growth was 
accelerated after administration of IL- 6, which could be 
abolished by IL- 6 neutralizing antibody (Figure S20A). 
The xenografts were harvested and measured for 
the expression of cGGNBP2- 184aa, phosphorylated 
STAT3Tyr705, and key genes related to tumor cell growth 
(Figure S20B). Consistent with in vitro results, IL- 6 
stimuli increased cGGNBP2- 184aa expression and 

STAT3Tyr705 phosphorylation whereas inhibited apop-
totic program in vivo. Administration of IL- 6 neutralizing 
antibody could reverse the effect of recombinant IL- 6.

DISCUSSION

Accumulating evidence has emphasized the con-
nection between inflammation and cancer progres-
sion.[27] IL- 6, a multifunctional cytokine, was found 
overexpressed in various tumors and regulated can-
cer hallmarks, including proliferation, invasion, and 
metastasis.[28] Consistent with previous findings, we 
demonstrated elevated serum IL- 6 levels were signifi-
cantly correlated to more aggressive tumor character-
istics and poor prognosis in ICC. We hypothesized 
that IL- 6 could induce the expression of circRNAs to 
promote ICC progression. To test this hypothesis, high- 
throughput sequencing was performed. Then, we iden-
tified IL- 6−induced cGGNBP2, which could encode the 
protein cGGNBP2- 184aa. Ectopic cGGNBP2- 184aa 
expression facilitated ICC cell growth and metastasis in 
vitro and in vivo. Importantly, cGGNBP2- 184aa directly 
interacted with STAT3 and enhanced its phosphoryla-
tion at Tyr705 site, which thereafter translocated into 
nuclear to activate transcription of target genes.

CircRNAs are a class of covalently closed and en-
dogenous biomolecules whose biogenesis is regu-
lated by trans- acting factors and specific cis- acting 
elements.[29] Although not fully elucidated, previous 
studies revealed some RBPs were involved in the bio-
genesis of circRNAs.[16] In this study, we found that 
DHX9, a nuclear RNA helicase, showed an inhibitory 
effect on cGGNBP2 biogenesis by binding to the flank-
ing inverted complementary sequences, which was 
consistent with previous findings of DHX9’s functions.[9] 
More importantly, we demonstrated that the expression 
of DHX9 was down- regulated by IL- 6 stimuli. However, 
a previous study has reported that DHX9 expression 
was enhanced in tumor tissues of hepatocellular car-
cinoma, suggesting an oncogenic role of DHX9 in he-
patocellular carcinoma progression.[11] Therefore, the 

F I G U R E  6  cGGNBP2- 184aa interacts with STAT3 to promote its transcriptional activity. (A) Left: Total proteins were extracted 
from RBE cells transfected with HA- tagged cGGNBP2- 184aa coimmunoprecipitated with antibody against HA and separated through 
SDS- PAGE, followed by Coomassie brilliant blue staining. The specific bands of interest (shown as arrows) were subjected to mass 
spectrometric analysis. Right: The table shows mass spectrometric results identifying interaction proteins of cGGNBP2- 184aa. (B) Co- 
immunoprecipitation (co- IP) assays indicate the interaction between cGGNBP2- 184aa and STAT3 in RBE and HuccT1 cells transfected with 
HA- tagged cGGNBP2- 184aa. (C) IF assays showed colocation of cGGNBP2- 184aa and STAT3 in ICC cells transfected with HA- tagged 
cGGNBP2- 184aa. Scale bar, 10 μm. (D) Left: Schematic of domain structure of STAT3 and Flag- tagged STAT3 mutants. Right: HEK293T 
cells were transfected with HA- tagged cGGNBP2- 184aa and Flag- tagged full- length or STAT3 fragments, followed by immunoprecipitation 
(IP) using anti- HA antibody. (E) Top: Schematic diagrams showed the wild- type cGGNBP2- 184aa and its truncation mutants. Bottom: 
HEK293T cells were transfected with Flag- tagged STAT3 and HA- tagged cGGNBP2- 184aa mutants, followed by IP with anti- Flag antibody. 
(F) Western blotting assays showed expression levels of phosphorylated STAT3Tyr705 and total STAT3 in cells after transfection of wild- 
type cGGNBP2- 184aa ORF or truncation mutants. (G) Luciferase assays showed the activity of STAT3 response elements. (H) qRT- 
PCR analysis for the relative mRNA expression of STAT3 target genes. CCD, coiled- coil domain; FL, full- length; LD, linker domain; MW, 
molecular weight; NTD, N- terminal domain; SH2, Src homology 2 protein domain; TAD, transcriptional activation domain. ***p < 0.001 
versus vector
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further mechanisms underlying IL- 6 down- regulated 
DHX9 expression, and the role of DHX9 in other can-
cers requires further investigation.

The biological functions of circRNAs have been in-
tensively described in various cancers. Most circRNAs 

have been proposed to function as a microRNA 
sponge or protein scaffold.[30] Recently, increasing ev-
idence has identified a limited number of translatable 
circRNAs, which could encode regulatory proteins or 
peptides to modulate cancer progression.[31] Sharing 
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a majority of amino acid sequences with those of host 
genes, circRNA- encoded proteins could function as 
auxiliaries for their linear counterparts. For instance, 
circSHPRH- 146aa shared 131 amino acids with full- 
length SHPRH and functioned as a protector that pre-
vented degradation of SHPRH protein.[22] In addition, 
several circRNA- encoded proteins played independent 
or even opposite roles compared with their linear coun-
terparts.[32] Herein, we demonstrated that cGGNBP2 

could encode a functional protein cGGNBP2- 184aa. 
More importantly, cGGNBP2- 184aa, rather than cGG-
NBP2, facilitated cancer hallmarks of ICC. Additionally, 
we found that the expression of cGGNBP2 was con-
trary to that of full- length GGNBP2 (data not shown), 
which implied that cGGNBP2- 184aa probably exerted 
a contrary biological function to GGNBP2. Hence, the 
mechanisms underlying modulation of back splicing 
with linear alternative splicing of GGNBP2 and the bi-
ological functions of their relative products need fur-
ther exploration.

Aberrant activations of JAK- STAT signaling has 
been demonstrated in ICC.[33] IL- 6 could be secreted 
in response to inflammatory stimuli in a paracrine or 
autocrine manner. In turn, the signal transduction of 
IL- 6 activated JAK- STAT pathway and initiated the 
transcription of various genes including myeloid cell 
leukemia 1, cyclin D1, and IL- 6. The modulation of 
IL- 6/JAK- STAT3 could be mediated by cytokine sig-
naling suppressor of cytokine signaling.[34] Recent 
studies have showed that long noncoding RNAs and 
microRNAs could be induced on IL- 6 exposure and 
promoted tumor aggressiveness through epithelial- 
mesenchymal transition induction.[6,35] However, the 
potential association between IL- 6 and circRNAs re-
mains unclear. Our findings revealed that IL- 6– induced 
cGGNBP2 encoded the protein cGGNBP2- 184aa and 
activated JAK- STAT signaling pathway in ICC cells. 
Interestingly, silencing STAT3 did not abolish the en-
hanced effect of IL- 6 on cGGNBP2- 184aa expression, 
and cGGNBP2- 184aa knockdown could abrogate the 
effect of IL- 6 on JAK- STAT signaling activation, sug-
gesting cGGNBP2- 184aa may be upstream of STAT3. 
Several previous studies have reported long noncod-
ing RNAs could bind to the DBD or C- terminal do-
main of STAT3 to regulate its phosphorylation status 
and alter nuclear import- export dynamics.[24,36] Here, 
we demonstrated that cGGNBP2- 184aa directly in-
teracted with the DBD of STAT3 and phosphorylated 
STAT3 at Tyr705 site. Thereafter, phosphorylated 
STAT3Tyr705 formed homodimerization and translo-
cated into nucleus to initiate transcription of target 
genes, thereby forming an IL- 6– triggered positive 
feedback loop of IL- 6/cGGNBP2- 184aa/STAT3 to 

F I G U R E  8  Summary figure of the mechanism of cGGNBP2 
facilitates tumor progression of ICC. IL- 6 stimulation induces the 
up- regulation of cGGNBP2 (generated from exon 3- 6 of ggnbp2). 
The biogenesis of cGGNBP2 is regulated by DHX9 through binding 
to the flanking inverted complementary sequences. cGGNBP2 
encodes a protein cGGNBP2- 184aa. cGGNBP2- 184aa interacts 
with the DBD domain of STAT3, phosphorylates its Thy705 site, 
and initiates the transcription of downstream target genes of 
STAT3. The IL- 6/cGGNBP2- 184aa/STAT3 formed a positive 
feedback loop to sustain ICC growth and metastasis

F I G U R E  7  cGGNBP2- 184aa promotes tumor growth and metastasis in vivo. (A) Tumor volume and weight of subcutaneous xenografts 
in nude mice injected with indicated RBE cells. (B) Representative images of immunohistochemistry staining of Ki- 67 in xenografts 
and livers. (C) Left, top: Representative images of tumor metastatic foci (white arrows) formed in the livers of nude mice implanted with 
indicated RBE cells in different groups. Left, bottom: Representative hematoxylin and eosin (HE) staining of metastatic lesions in the 
livers. Right: Relative statistical analysis of the number of metastatic foci in livers between different groups. (D) Representative images 
of immunohistochemistry staining of p- STAT3 (Tyr705) in xenografts (left) and relative statistical analysis (right). (E) Left: Representative 
bioluminescent images of lungs for each experimental group after injection of indicated RBE cells through tail vein. Right: Statistical 
analysis of bioluminescent tracking plots. (F) Top: Representative lungs and relative fluorescence images. Middle: Representative HE 
staining of metastatic lesions (black arrows) in the lungs. Bottom: Representative images of immunohistochemistry staining of Ki- 67 in 
lungs. (G) Representative images of immunohistochemistry staining of p- STAT3 (Tyr705) in patients with low or high cGGNBP2 expression. 
(H) Correlation between the relative cGGNBP2 expression and relative p- STAT3 (Tyr705) expression of tumor tissues from 136 patients 
with ICC. (I) Correlation between the relative cGGNBP2 expression and TILs in 136 ICC tissues. ***p < 0.001 versus IRES- MUT; ###p < 
0.001 versus Vector; ns, no significance
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promote ICC progression. Currently, therapeutic 
strategies targeting IL- 6/STAT3 pathway in cancers 
mainly involve directly targeting IL- 6 using neutral-
izing antibodies, such as siltuximab,[37] and directly 
targeting IL- 6R with tocilizumab[38] and inhibitors for 
STAT3.[39] Although the preclinical use of IL- 6/STAT3- 
targeting agents showed antitumor effects in vitro and 
in vivo, other predictive biomarkers or specifically 
functional proteins were still needed in order to ra-
tionally incorporate IL- 6/STAT3- targeting agents into 
multimodality therapeutic strategies.[40] Accordingly, 
given the unusual expression patterns of cGGNBP2, 
interventions for circRNA cGGNBP2 or cGGNBP2- 
184aa may provide auxiliary benefits for IL- 6/STAT3- 
targeting agents in ICC.

In summary, our research characterized a IL- 6– 
induced circRNA cGGNBP2. The biogenesis of cGG-
NBP2 was mediated by RBP DHX9, which was also 
regulated on IL- 6 stimulation. Furthermore, cGG-
NBP2 encoded the protein cGGNBP2- 184aa, which 
physically interacted with STAT3 and was crucial for 
STAT3Tyr705 phosphorylation. cGGNBP2- 184aa facili-
tated ICC cell growth and metastasis in vitro and in 
vivo. The IL- 6/cGGNBP2- 184aa/STAT3 formed a posi-
tive feedback loop to sustain the constitutive activation 
of IL- 6/STAT3 signaling in ICC (Figure 7H). Our find-
ings uncovered a mechanism underlying IL- 6– induced 
tumor progression and might suggest an auxiliary tar-
get for clinical IL- 6/STAT3- targeting treatments in ICC.
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