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Abstract

Background: Considerable evidence shows that circular RNAs (circRNAs) play an important role in tumor develop-
ment. However, their function in intrahepatic cholangiocarcinoma (ICC) metastasis and the underlying mechanisms
are incompletely understood.

Methods: circNFIB (hsa_circ_0086376, termed as cNFIB hereafter) was identified in human ICC tissues through
circRNAs sequencing. The biological role of cNFIB was determined in vitro and in vivo by gain or loss of functional
experiments. Fluorescence in situ hybridization (FISH), RNA immunoprecipitation (RIP) and RNA pull-down assays
were conducted to analyze the interaction of cNFIB with dual specificity mitogen-activated protein kinase kinase
(MEKT). Duolink in situ proximity ligation assay (PLA) and coimmunoprecipitation (co-IP) assay were used to investi-
gate the effects of cNFIB on the interaction between MEK1 and mitogen-activated protein kinase 2 (ERK2). Finally, a
series of in vitro and in vivo experiments were performed to explore the influences of cNFIB on the anti-tumor activity
of trametinib (a MEK inhibitor).

Results: cNFIB was significantly down-regulated in human ICC tissues with postoperative metastases. The loss of
cNFIB was highly associated with aggressive characteristics and predicted unfavorable prognosis in ICC patients.
Functional studies revealed that cNFIB inhibited the proliferation and metastasis of ICC cells in vitro and in vivo.
Mechanistically, cNFIB competitively interacted with MEK1, which induced the dissociation between MEK1 and ERK2,
thereby resulting in the suppression of ERK signaling and tumor metastasis. Moreover, we found that ICC cells with
high levels of cNFIB held the potential to delay the trametinib resistance. Consistently, in vivo and in vitro studies
demonstrated that cotreatment with trametinib and lentivirus vector encoding cNFIB showed greater inhibitory
effect than isolated trametinib treatment.
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Conclusions: Our findings identified that cNFIB played a key role in ICC growth and metastasis by regulating MEK1/
ERK signaling. Given the efficacy of cNFIB modulation on ICC suppression and trametinib sensitivity, cNFIB appears to

be a potential therapeutic molecule for ICC treatment.

Keywords: Intrahepatic cholangiocarcinoma (ICC), Circular RNA, Metastasis, Trametinib, Dual specificity mitogen-

activated protein kinase kinase 1 (MEK1)

Background

Intrahepatic cholangiocarcinoma (ICC), as the second
most common primary hepatic malignancy, accounts
for approximately 10-15% of all primary liver cancers
[1]. Owing to the increased prevalence of nonalcoholic
steatohepatitis and hepatitis C, the incidence of ICC is
increasing globally, with an average annual growth of
4.4% over the past 10years [2]. ICC is generally asymp-
tomatic at the early stage. Most ICC patients are diag-
nosed at advanced stages, for which limited therapeutic
options are available, resulting in poor clinical outcomes.
Currently, curative resection remains the cornerstone
for cure of ICC, however, 60% of patients who undergo
surgery develop recurrent or metastatic disease [3, 4].
Therefore, a better understanding of the molecular
mechanism underlying ICC metastasis and identifica-
tion of new therapeutic targets to suppress metastasis are
urgently required for improving the survival outcomes of
ICC patients.

Circular RNAs (circRNAs), characterized by single-
stranded and covalently closed loop structures, are
usually generated by the back-splicing of exons from pre-
mRNAs [5]. Previously, circRNAs had been considered as
by-products of splicing errors with low abundance. How-
ever, through deep RNA sequencing and bioinformatics,
circRNAs have been demonstrated as widespread and
a substantial presence within transcriptomes [6]. Their
prominent features of higher stability than parental linear
RNAs, highly conserved expression across species, and
tissue- or developmental stage-specific expression sug-
gest that circRNAs may possess multiple biological pro-
cesses [7, 8]. In addition, emerging studies have proved
a vital role of circRNAs in tumor initiation and progres-
sion, including hepatocellular carcinoma [9], colorectal
cancer [10], glioblastoma [11], and cholangiocarcinoma
[12]. Mechanistically, some circRNAs exert function by
sponging microRNAs or binding proteins to manipulate
gene expression [13, 14], some serve as platforms for pro-
tein interaction [15], while some others can encode func-
tional peptides [16]. However, little is known about the
contribution of circRNAs in ICC metastasis.

Mitogen-activated protein kinases (MAPK) consist of
three major subfamilies: the extracellular-signal regulated
kinases (ERK), the c-jun N-terminal kinase or stress-acti-
vated protein kinases (JNK or SAPK), and MAPK14 [17].

The ERK signaling pathway, which includes the kinases
RAS, RAF, MEK, and ERK, is thought to be a three-
tiered or four-tiered phosphorylation cascade that relay
upstream signals from membrane receptors to a series of
downstream effector substrates [18]. In detail, extracellu-
lar signal proteins bind to specific cell-surface receptors,
such as cytokine receptors, receptor tyrosine kinases
(RTKs) and G protein-coupled receptors, and activate
a series of signaling cascades involving RAS, RAF and
MEK [19]. As dual-specificity kinases, activated MEK can
phosphorylate the conserved threonine and tyrosine resi-
dues within the activation loop of ERK, which then regu-
lates some other protein kinases and transcription factors
involved in cell proliferation, cell survival, cell migration
and cell differentiation [20, 21]. Deregulated activation
of, or an enhanced dependence on, RAS/RAF/MEK/ERK
pathway is a common feature of many human cancers,
including ICC [22-24]. However, whether and how this
signaling is regulated by circRNAs remain elusive.

In the current study, through an in-deep analysis of
human ICC tissues, we confirmed a circRNA (cNFIB,
circBase ID: hsa_circ_0086376) as a tumor suppressor
involved in ICC metastasis. Loss of cNFIB favors inva-
sion and metastasis of ICC cells both in vitro and in vivo
by activating MEK1/ERK signaling and downstream
target genes. Furthermore, ¢cNFIB completely binds to
MEK1, thereby impeding ERK phosphorylation and tran-
scriptional activity. More importantly, exogenous over-
expression of ¢cNFIB also enhanced anti-tumor effects of
trametinib (a specific MEK inhibitor), which implies its
promising potential as a therapeutic molecule for com-
bating ICC metastasis.

Materials and methods

Human tissues

A total of 222 patients with ICC who underwent cura-
tive surgery between October 2010 and December 2017
at West China hospital, Sichuan University (Chengdu,
China) were included in this study. The patients were
divided into two cohorts. Cohort 1 included 40 patients
(20 patients who experienced extrahepatic metastases
after surgery and 20 patients who did not experienced
metastases after surgery). We chose 30 primary ICC tis-
sues from patients in cohortl (15 primary ICC tissues
from patients with extrahepatic metastases after surgery
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and 15 primary ICC tissues from patients without post-
operative metastases) to perform circRNA-seq. Then the
40 samples (cohort 1) were used for circRNAs validation.
Cohort 2 including 182 patients was used for quantifica-
tion of ¢cNFIB and analysis of the relationship between
the expression levels of ¢cNFIB and prognosis of ICC
patients. The follow-up period was defined as the inter-
val between surgery and death or recurrence. Overall
survival (OS) was defined as the interval from the time
of surgery to death. Recurrence-free survival (RFS) was
defined as the time from surgery until the detection of
any types of recurrence. Patients alive or without recur-
rence at the time of last follow-up visit were censused.
Patients were divided into high and low cNFIB expres-
sion groups according to a median cut-off value. All sam-
ples and related information from patients in this study
were collected with informed consent, and this study was
approved by the Institutional Ethics Committee of West
China hospital.

Cell lines and cell culture

All human ICC cell lines (HuCCT1, HCCC9810, and
RBE) were purchased from Cell Bank of the Shang-
hai Institute for Biological Sciences (Chinese Academy
of Sciences, Shanghai, China). The three cell lines were
maintained in RPMI-1640 medium with 10% fetal bovine
serum (HyClone, USA). They were all cultured in a
humidified incubator at 37 °C with 5% CO,.

Statistical analysis

The statistical analysis was carried out using SPSS 23.0
and Prism version 7.0 software (GraphPad Software).
Data are shown as mean =+ standard deviation (S.D). For
continuous variables, two-sided Student’s t test was used
for two comparisons. One-way ANOVA with Tukey’s
post hoc test was used for multiple comparisons. The
relationships between cNFIB expression and clinico-
pathological features of ICC patients were calculated
by x* test or Fisher’s exact test, while the correlation
between c¢NFIB and p-ERK expression was analyzed by
Pearson’s correlation test. Survival data were measured
by the Kaplan-Meier method and analyzed by the Log-
rank test. P values less than 0.05 were considered statisti-
cally significant (*, P<0.05; **, P<0.01; ***, P<0.001).

Results

Decreased cNFIB expression is correlated with ICC
metastasis and poor prognosis

In order to screen for essential circRNAs contributing
to ICC metastasis, circRNA-seq was performed to ana-
lyze the differences of gene expression profiles between
15 primary ICC tissues from patients that experienced
extrahepatic metastases after surgery and 15 primary
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ICC tissues from patients who do not experienced post-
operative metastases or recurrence. The clinicopatho-
logical features of these 30 patients were shown in
Supplementary Table S1. Among the 56,011 circRNAs
detected in total, 17,169 (30.65%) circRNAs have been
documented in circBase (Fig. 1A). The expression analy-
sis showed that 9 circRNAs were differentially expressed
(fold change >2 (or<0.5) and adjusted P value <0.05)
between the patients that experienced extrahepatic
metastases after surgery and those that did not, including
4 upregulated and 5 downregulated circRNAs (Fig. 1B).
To further ascertain the RNA-seq results, we designed
circRNA-specific divergent primers for the 9 differen-
tially expressed candidates and validated their expression
levels by quantitative reverse transcription PCR (qRT-
PCR). The Sanger sequencing results demonstrated the
PCR products amplified by these primers included the
back-splice junctions of the circRNAs (Supplementary
Fig. S1A-B). Furthermore, the expression levels of the cir-
cRNAs showed no significant changes after treating with
ribonuclease R, indicating they were truly circular, not
linear (Supplementary Fig. SIC-D). Next, we successfully
validated 3 upregulated and 5 downregulated circRNAs
in 20 ICC tissues from patients who experienced post-
surgical metastases and 20 ICC tissues from patients that
did not, which were consistent with circRNA-seq results
(Fig. 1C).

cNFIB, derived from exons 3, 4, 5 and 6 of NFIB gene
(Fig. 1D), was chosen as a candidate for further study.
There were two reasons: (i) The expression levels of
cNFIB were the highest among the 9 circRNAs according
to its TPM values of RNA-seq data, which were also con-
firmed by qRT-PCR results from ICC tissues (Fig. 1C).
(ii) Previous studies have identified NFIB as a pro-met-
astatic gene and was highly upregulated in lung can-
cer and breast cancer [25, 26]. Consistently, the mRNA
and pre-mRNA levels of NFIB were much higher in ICC
tumor tissues than the paired nontumor tissues (Supple-
mentary Fig. S1IE). While, cNFIB was significantly down-
regulated in primary human ICC tissues compared with
normal tissues, as well as in ICC tissues with extrahepatic
metastases compared with ICC tissues without metas-
tases (Fig. 1E and C), indicating that lower expression
of ¢NFIB in ICC was suggestive of functionality and was
not simply a by-product of splicing. In order to further
validate the circular characteristics of ¢cNFIB, HuCCT1
and RBE cell lines were treated with actinomycin D to
block the transcription of RNAs. We observed a longer
half-life of cNFIB than mNFIB, suggesting the higher
stability of cNFIB (Supplementary Fig. S1F). In addition,
we extracted RNAs from HuCCT1 and RBE cells, and
performed reverse transcription experiments by using
oligo (dT),s and random hexamer primers. Significant
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Fig. 1 Decreased cNFIB expression is correlated with ICC metastasis and poor prognosis. (A) 17,169 circRNAs identified in this study have been
documented in circBase. (B) Volcano plot of circRNAs that were differentially expressed in 15 ICC tissues with or without extrahepatic metastases
identified by circRNA-seq. Vertical dotted lines correspond to up-regulation (Log,FC> 1) and down-regulation (Log,FC < — 1). Horizontal dotted line
corresponds to adjusted P=0.05. (C) Results from gRT-PCR validated 3 upregulated and 5 downregulated circRNAs in 20 ICC tissues (cohort1) from
patients who experienced postsurgical metastases and 20 ICC tissues from patients that did not (mean £ SD, unpaired Student’s t test). (D) Scheme
showing the genomic locus and production of cNFIB. Specific divergent primer was designed targeting the back-splice junction and gRT-PCR
products were confirmed by Sanger sequencing. (E) Relative RNA levels of cNFIB in 55 paired ICC and noncancerous tissues (mean = SD, paired
Student’s t test, ***P <0.001). (F) Kaplan-Meier curves showing the OS (left) and RFS (right) of 114 ICC patients matched by PSM analysis. Patients
were stratified by the median expression levels of cNFIB. Log-rank test was used. (G) Multivariate analyses showing hazard factors for OS (left)

and RFS (right) of the matched cohort. Data were shown as mean 4 SD, *P < 0.05; **P < 0.01; ***P <0.001. Abbreviations: ns, no significance; Met,
metastasis; No met, metastasis; TNM, tumor-node-metastasis; Cl, confidence interval; ICC, intrahepatic cholangiocarcinoma; OS, overall survival; RFS,
recurrence-free survival

decrease of cNFIB and no changes of mNFIB expression To further explore the relationship between cNFIB
indicated that cNFIB had no poly-A tail (Supplementary  expression and clinicopathological features of ICC patients,
Fig. S1QG). we expanded our study to 182 tumor tissues. According to
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the median expression levels of ctNFIB, we divided the 182
ICC patients into a low-cNFIB-expression group (n=91)
and a high-cNFIB-expression group (n=91). Notably, a
lower cNFIB expression was found to be associated with
multiple tumor number, advanced TNM tumor stage, pres-
ence of lymph node metastasis and poorer tumor differen-
tiation, indicating that ¢NFIB involved in ICC progression
(Table 1). We next investigated the correlation between of
cNFIB levels and survival outcomes of ICC patients. To
avoid the non-random assignment of patients, patients
were propensity matched 1:1 into low-cNFIB-expression
and high-cNFIB-expression group by using Propensity
Score Matching (PSM) analysis. All variables presented in
Table 1 were used for matching with a caliper equal to 0.05.
After matching, there were no significant differences in
demographic or tumor-related variables between the two
groups (Supplementary Table S2). Consistently, patients
with lower ¢cNFIB expression had worse overall survival
(OS) and recurrence-free survival (RFS) (Fig. 1F). We next
performed univariate and multivariate analysis to identify
the risk factors for OS and RFS of the matched cohort.
Firstly, we found that tumor number, tumor size, tumor
differentiation, lymph node metastasis, TNM stage, and
cENIB expression levels were related to OS or RES in the

Table 1 Clinical characteristics of 182 ICC patients (unmatched)
based on cNFIB expression levels

Variables Low cNFIB High cNFIB P value
(n=91) (n=91)
Age, year, >60/<60 46/45 37/54 0.1804
Gender, male/female 54/37 46/45 0.2333
Ascites, present/absent 8/83 11/80 04671
Hepatolithiasis, present/absent 3/88 2/89 0.6502
HbsAg, positive/negative 28/63 23/68 0.4092
CA19-9,>22/<22 65/26 56/35 0.1576
Tumor size (cm), >5/<5 54/37 47/44 0.2965
Tumor number, multiple/solitary 38/53 20/71 0.0042
Differentiation, poor/well-mod- 73/18 58/33 0.0133
erate
MVI, present/absent 12/79 8/83 0.3431
Lymph node, positive/negative 22/69 11/80 0.0343
Cirrhosis, with/without 7/84 11/80 0.3206
TNM stage, lll/1- 11 70/21 49/42 0.0011

ICC intrahepatic cholangiocarcinoma; MVI microvascular invasion; TNM tumor-
node-metastasis
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univariate analysis (Supplementary Table S3). In the mul-
tivariate analysis, decreased cNFIB expression was consid-
ered as an independent risk factor for OS, together with
poorer tumor differentiation, multiple tumor number and
advanced TNM stage. Moreover, we also identified lower
cNFIB expression, poorer tumor differentiation, and mul-
tiple tumor number as independent risk factors for RFS
(Fig. 1G, Supplementary Table S4). Taken together, these
results demonstrated that cNFIB was frequently down-reg-
ulated in patients that experienced metastasis, pointing to a
potential role of ctNFIB in ICC progression and metastasis.

cNFIB suppresses ICC growth and metastasis in vitro

and in vivo

To evaluate the biological function of cNFIB in ICC pro-
gression, the endogenous cNFIB expression levels in 3 dif-
ferent ICC cell lines were firstly examined (Supplementary
Fig. S2A). ¢cNFIB was knocked down by small interfering
RNAs (siRNAs) that targeting the back-splice junction in
HuCCT1 and HCCC9810 cells, and was overexpressed
through a lentivirus expression vector in HCCC9810 and
RBE cells (Supplementary Fig. S2B). Silencing of cNFIB
significantly promoted cell proliferation, cell cycle pro-
gression, cell migration and invasion of the HuCCT1 and
HCCC9810 cells. Conversely, overexpression of cNFIB
resulted in a considerable suppression on cell proliferation,
cell cycle progression, cell migration and invasion of the
HCCC9810 and RBE cells (Fig. 2A-D, Supplementary Fig.
S2C-D).

To validate these findings, we next investigated the
effects of cNFIB in vivo. Stable cell lines that expressed
short hairpin RNAs (sh-RNA) in HuCCT1 cells or cNFIB
(OE-cNFIB) in RBE cells were established by a lentiviral
transfection, which were also labeled with firefly lucif-
erase allowing for tracking by the in vivo imaging system
(LVIS). For subcutaneous implantation nude mice mod-
els, tumorigenic ability was significantly enhanced by
cNFIB knockdown and dramatically inhibited after cNFIB
overexpression (Fig. 3A-D and Supplementary Fig. S3A-
B). Next, liver orthotopic-implantation models and lung
metastasis models were established to evaluate effects of
cNFIB on tumor metastasis. The IVIS imaging results sug-
gested that cNFIB overexpression group showed smaller
tumor volume and fewer metastatic foci in both liver and
lung. Consistently, lower fluorescence values of GFP and
less metastatic foci number of haematoxylin eosin (H&E)

(See figure on next page.)

Fig. 2 cNFIB suppresses proliferation and metastasis of ICC cells in vitro. (A) Cell Counting Kit-8 (CCK-8) assays showed that cNFIB inhibited the
proliferation of ICC cells. (B) EdU immunofluorescence assays to detect the effects of cNFIB on the capacity of DNA duplication of ICC cells . (C)
Wound healing showed that cNFIB suppressed the migration of ICC cells. (D) Effects of cNFIB on cell migration and invasion examined by transwell
assays. Data were shown as mean = SD, unpaired Student’s t test, *P <0.05; **P<0.01; ***P <0.001. Scale bars, 100 um. Abbreviations: NC, normal

control; OE, overexpression
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staining after overexpression of cNFIB confirmed its
inhibitory role in tumor metastasis. In contrast, silenc-
ing of cNFIB promoted intrahepatic metastasis and lung
metastasis in both models (Fig. 3E-L). Overall, above data
suggested that cNFIB played an inhibitory role in ICC cell
growth and metastasis in vitro and in vivo.

cNFIB inactivates ERK signaling pathway

To dissect the molecular mechanisms of ¢NFIB in sup-
pressing ICC cell proliferation and metastasis, we per-
formed RNA-seq to identify the potential genes regulated
by cNFIB knockdown. A total of 1215 genes were found
to be differentially expressed, including 489 up-regu-
lated and 726 down-regulated genes (Supplementary
Fig. S4A). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis showed that MAPK signal-
ing pathway was one of the most remarkable pathways
enriched, together with PI3K-Akt signaling pathway and
FoxO signaling pathway. Gene Ontology (GO) analy-
sis implied that cNFIB could regulate some important
biological process (BP) involved in tumor progression,
including wound healing, cell proliferation, angiogenesis,
and cell adhesion (Supplementary Fig. S4B). Functional
annotation revealed the genes that participated in MAPK
signaling pathway, cell proliferation and cell adhesion
(Supplementary Fig. S4C). The qRT-PCR and western
blot results confirmed that ¢cNFIB could regulate these
selected genes associated with tumor growth and metas-
tasis in ICC cells (Supplementary Fig. S4D-E).

As aberrant activation of MAPK signaling pathway
is reportedly involved in oncogenesis and metastasis of
various tumors [27], we postulated that cNFIB inhibited
ICC growth and metastasis via regulation of MAPK sign-
aling pathway. As was confirmed by our immunoblot-
ting results, cNFIB knockdown in HuCCT1 cells indeed
enhanced ERK phosphorylation, while overexpression
of ¢cNFIB in RBE cells caused ERK dephosphorylation.
However, the phosphorylation levels of p38 and JNK
were not altered after regulating cNFIB (Fig. 4A, Sup-
plementary Fig. S5A). Notably, immunohistochemi-
cal (IHC) staining of p-ERK in ICC tissues exhibited
stronger intensity in the low-cNFIB-expression group
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than in the high-cNFIB-expression group. The expression
of cNFIB was negatively correlated with the IHC score of
p-ERK in 80 ICC samples (Fig. 4B). Furthermore, we also
confirmed the regulatory effects of cNFIB on CCNDI,
MMP1, VEGFA, and FOS expression (Fig. 4C), the key
downstream targets of ERK signaling responsible for
tumor proliferation and metastasis [17, 20].

We then investigated whether cNFIB deficiency-
induced ICC progression was mediated by ERK phos-
phorylation. The phosphorylation level of ERK was
decreased by ERK knockdown and increased through
overexpression of wild-type ERK2 (wt) or ERK2L73F/S151D
(Fig. 4D), a mutant that was constitutively autophospho-
rylated within its activation lip [28]. As expected, knock-
down of ERK could abolish the increased levels of ERK
phosphorylation and its target genes caused by c¢NFIB
depletion in HUCCT1 cells. On the other hand, reintro-
duction of ERK2Y73P/S15ID restored the suppression of
ERK phosphorylation, as well as the expression of ERK
downstream targets, which were induced by cNFIB over-
expression in RBE cells (Fig. 4E-F). Functionally, CCK-8
and transwell assays demonstrated that ¢tNFIB inhibited
cell proliferation, migration and invasion, which was
dependent on and could be rescued by ERK phosphoryla-
tion (Fig. 4G-H, Supplementary Fig. S5B-C). To further
validate the above results, SCH772984 was introduced to
selectively block ERK phosphorylation [29]. A concen-
tration-dependent inhibition of ERK phosphorylation
was observed in HuCCT1 cells treated with SCH772984
(Supplementary Fig. S5D). cNFIB knockdown promoted
ERK phosphorylation, as well as cell proliferation, migra-
tion and invasion, which was partially abrogated by
SCH772984 (Supplementary Fig. S5E-G). Collectively,
these data strongly indicated that loss of cNFIB facili-
tated ICC growth and metastasis through activation of
ERK signaling pathway.

MEK1 interacts with cNFIB and is involved

in ctNFIB-mediated ERK signaling inactivation and tumor
suppression

To elucidate how cNFIB regulated the phosphoryla-
tion of ERK and tumor inhibition, we first performed

(See figure on next page.)

ttest, *P<0.05; **P<0.01;***P<0.001

Fig. 3 cNFIB suppresses ICC growth and metastasis in vivo. (A) and (B) Subcutaneous xenografts dissected from nude mice inoculated with the
indicated cNFIB-knockdown HUCCT1 cells or cNFIB-overexpression RBE cells, n=5. (C) and (D) The volume of subcutaneous xenograft tumors of
indicated cells isolated from nude mice, n=>5. (E) and (G) Left, representative bioluminescent images of liver tumors from orthotopic-implantation
models inoculated with cNFIB-knockdown HUCCT1 cells or cNFIB-overexpression RBE cells. Right, statistical analysis of total liver photon flux
emitted from the nude mice, n=>5. (F) and (H) Representative fluorescent images (left) and hematoxylin-eosin (HE) staining of metastatic nodules
(right) of liver orthotopic-implantation models inoculated with indicated RBE and HUCCT1 cells. The number of metastatic foci formed in the livers
was indicated in the bar graph, n=5. (I) and (K) Left, representative bioluminescent images of lung metastatic foci from nude mice after injection
of indicated RBE and HUCCT1 cells through tail vein. Right, statistical analysis of total lung photon flux emitted from the mice, n=5. (J) and (L)
Representative fluorescent images (left) and HE staining of metastatic nodules (right) of lung metastasis models from indicated RBE and HuUCCT1
cells. The number of metastatic foci formed in the lungs was indicated in the bar graph, n=5. Data were shown as mean =+ SEM, unpaired Student’s
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fluorescence in situ hybridization (FISH) and RNA sub-
cellular fractionation assays to examine the subcellular
distribution of cNFIB. The results showed that ¢cNFIB
was primarily localized in the cytoplasm (Fig. 5A, Sup-
plementary Fig. S6A). None of putative open reading
frame (ORF) was annotated in circRNADb [30] implying
the little protein-coding potential of cNFIB (Supplemen-
tary Fig. S6B). Additionally, RNA immunoprecipitation
(RIP) showed that there was no significant difference in
cNFIB enrichment between argonaute 2 (AGO2) and
IgG antibody, which suggested that cNFIB unlikely func-
tioned as a miRNA sponge (Supplementary Fig. S6C).
Thus, we presumed that cNFIB might serve as a protein
scaffold in the cytoplasm.

To test this hypothesis, biotinylated cNFIB probe was
used to perform RNA pull-down in HuCCT1 lysates,
followed by mass spectrometry (MS) analysis. We suc-
cessfully enriched an array of potential binding proteins
(Supplementary Table S5), and a specific protein band
at approximately 45 KD was found in the Coomassie
blue staining (Fig. 5B). Strikingly, MS results showed
that MEK1, the primary signaling molecule in the ERK
pathway, was likely to interact with c¢NFIB. We next
conducted cNFIB pull-down and RIP assays in both
HuCCT1 and RBE cells, and validated the binding
between c¢NFIB and MEKI1 (Fig. 5C-D). As MEK was
the only activator of ERK phosphorylation [31], we rea-
soned that cNFIB might modulate ERK phosphorylation
through interacting with MEK1 in ICC cells. Therefore,
we first investigated the regulatory effects of MEK1 on
ERK phosphorylation. Western blot data showed that
knockdown of MEK significantly weakened the phos-
phorylation levels of MEK, as well as ERK. While, over-
expression of wild-type MEK1 (wt) or MEK15218E/5222D 5
constitutively activated mutant [32], resulted in opposite
results (Fig. 5E). As expected, MEK depletion by siRNA
attenuated the promoting effects of cNFIB silencing on
ERK phosphorylation and its target genes expression,
whereas reintroduction of MEK1 (wt) or MEK15*18¥/
5222D restored the cNFIB-caused reduction of ERK phos-
phorylation, as well as the mRNA expression levels of its
downstream targets (Fig. 5F-G, Supplementary Fig. S6D).
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Functionally, MEK depletion weakened cell proliferation,
migration and invasion that were enhanced by cNFIB
knockdown. Conversely, the introduction of MEK15218E/
$222D significantly erased the suppressive effects of cNFIB
on cell proliferation, migration and invasion (Fig. 5H-I,
Supplementary Fig. S6E-F). Furthermore, a MEK-specific
inhibitor, U0126, was used to confirm the role of MEK1
on cNFIB-ERK axis. MEK phosphorylation was impeded
by U0126 in a dose-dependent way (Supplementary Fig.
S7A). Similarly, U0126 remarkably abolished the ERK
phosphorylation, cell proliferation, migration and inva-
sion induced by ¢cNFIB knockdown (Supplementary Fig.
S7B-D). In conclusion, our data suggested that cNFIB
might inhibit ICC growth and metastasis by regulating
the ERK phosphorylation via interacting with MEK1.

cNFIB inhibits ERK phosphorylation by preventing

the interaction between MEK1 and ERK2

Although cNFIB could bind to MEK1, there were no
obvious changes in the MEK phosphorylation levels
when modulating cNFIB (Fig. 4A). This prompted us to
investigate whether ¢cNFIB could affect the interaction
between MEK1 and ERK. On the basis of prediction from
catRAPID [33], we identified several potential domains of
MEK1 responsible for binding to ¢tNFIB (Fig. 6A, upper
panel). Therefore, a series of Flag-tagged MEK1 dele-
tion mutants were designed to analyze the interaction
between MEK1 and cNFIB (Fig. 6A, lower panel). RNA
pull-down and RIP assay clearly confirmed the N-termi-
nus domain (NTD) of MEK1 (1-67aa) was essential for
its interaction with c¢cNFIB (Fig. 6B-C). A previous study
demonstrated that the docking domain (D-domain) of
MEK]1 was responsible for its binding to ERK2. Either
deletion or mutation of D-domain could decrease ERK2
phosphorylation [34]. As expected, our coimmunopre-
cipitation (co-IP) assay also validated ERK2 primarily
bound to the NTD region of MEK1 (Fig. 6D). Interest-
ingly, the D-domain was overlapped with NTD recog-
nized by cNFIB, indicating that cNFIB and ERK2 might
competitively bind to MEK1. Thus, we conducted co-IP
to explore whether cNFIB could affect the interaction
between MEK1 and ERK2. In line with our assumption,

(See figure on next page.)

Fig. 4 cNFIB inactivates ERK/MAPK signaling pathway. (A) Western blot analysis showed the expression of critical members of the MAPK signaling
pathway in the indicated cells. (B) Left, representative images of immunohistochemical (IHC) staining of p-ERK in ICC tissues with low or high
cNFIB expression. Right, the correlation between p-ERK and cNFIB levels of tumor tissues from 80 ICC patients; Pearson’s correlation test was

used. (C) gRT-PCR analysis for the expression of downstream targets of ERK signaling in the indicated HuCCT1 (cNFIB knockdown) and RBE (cNFIB
overexpression) cells. (D) Western blot analysis showing the expression of p-ERK and t-ERK in HUCCT1 cells transfected with ERK siRNA or RBE cells
transfected with vectors expressing wild type (wt) or constitutively activated mutant ERK. (E) Western blot analysis showing the expression of p-ERK
and t-ERK in HUCCT1 cells co-transfected with indicated siRNAs (left) and RBE cells co-transfected with indicated vectors (right). (F) gRT-PCR analysis
for the expression of downstream targets of ERK signaling in the indicated cells. (G) CCK8 assays revealed cell proliferation capacity of the indicated
cells co-transfected with indicated siRNAs or vectors. (H) Transwell assays showed the migration and invasion capacity of the indicated cells. Data
were shown as mean == SD, unpaired Student’s t test, *P < 0.05; **P< 0.01; ***P<0.001. ERK2 (wt) was a plasmid expressing wild-type ERK2; ERK2L73”/
1510 was a plasmid expressing constitutively activated mutant ERK2. Abbreviations: p-ERK, phosphorylation of ERK; t-ERK, total ERK
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overexpression of cNFIB in RBE cells remarkably attenu-
ated the MEK1-ERK2 interaction. In the contrast, when
cNFIB was silenced, the interaction between MEK1 and
ERK2 was strengthened (Fig. 6E). Moreover, Duolink
in situ proximity ligation assay (PLA) also confirmed
the enhanced assembly of MEK1 with ERK2 after cNFIB
knockdown, and reduced interaction when cNFIB was
overexpressed (Fig. 6F-G). Next, we performed cNFIB
pull-down following ERK2 knockdown, and found that
more MEK1 was enriched by cNFIB, further confirm-
ing competitive binding of cNFIB and ERK2 to MEK1
(Fig. 6H). In summary, these findings supported our
hypothesis that cNFIB prevented the interaction between
MEK1 and ERK2 by competitively binding to MEKI,
thereby downregulating ERK phosphorylation and inhib-
iting ICC progression.

cNFIB serves as a promising therapeutic molecule

and enhances anti-tumor effects of trametinib both in vitro
and in vivo

Given cNFIB suppressed ERK signaling through a differ-
ent mechanism from specific MEK/ERK inhibitors, we
next tested the therapeutic potential of targeting cNFIB.
Both HuCCT1 and RBE cells were treated with specific
inhibitor against ERK (SCH772984), and the 50% inhibi-
tory concentration (IC50) was detected by CCK-8 assay.
Notably, cNFIB overexpression significantly decreased
the IC50 values of SCH772984 (Supplementary Fig.
S8A). Similarly, we also found a remarkable decrease of
the IC50 in U0126 (a MEK inhibitor) when cNFIB was
overexpressed (Supplementary Fig. S8B). These results
suggested that cells with high levels of ctNFIB expression
became more sensitive to small-molecule inhibitors of
ERK and MEK.

Trametinib is an orally available highly specific inhibi-
tor of MEK that had been approved for clinical treat-
ment for advanced melanoma, anaplastic thyroid cancer
and non-small-cell lung cancer [35-37]. Notably, a pre-
clinical research demonstrated that dual inhibition of
FGFR2 fusions and MEK (with trametinib) was con-
sidered as potential clinical utility in ICC patients [38].
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Furthermore, a recent phase 2 clinical study showed the
combination treatment of trametinib and dabrafenib
was a promising therapeutic option in patients with
BRAFY®% _mutated biliary tract cancer [39]. Thus, we
applied trametinib to inhibit MEK and investigated the
effects of cNFIB on trametinib IC50. As expected, we
observed a substantial decrease of trametinib IC50 after
cNFIB overexpression in both ICC cells (Supplementary
Fig. S8C), indicating that cNFIB could enhance the anti-
tumor activity of trametinib. Subsequently, we further
evaluated the impact of cNFIB on cell growth and metas-
tasis ability of ICC cells treated with trametinib in vitro.
HuCCT1 and RBE cells were treated with trametinib
for 24h, respectively, which displayed a concentration-
dependent inhibition of MEK and ERK phosphorylation
(Supplementary Fig. S9A and Fig. S9E). Downregulation
of cNFIB could diminish the inactivation of ERK medi-
ated by 10nM trametinib treatment, without affecting
MEK phosphorylation level (Supplementary Fig. S9B).
Accordingly, the suppression of cell proliferation, migra-
tion and invasion induced by trametinib was also attenu-
ated after silencing cNFIB (Supplementary Fig. SOC-D).
Inversely, overexpression of cNFIB could significantly
further enhance the response of tumor cells to trametinib
inhibition (Supplementary Fig. SOF-H).

To verify the above results, we conducted in vivo
experiments. RBE cells stably expressing cNFIB or vec-
tor were used to establish tumor models. Subcutaneous
xenograft models revealed that upregulation of cNFIB or
trametinib administration alone could suppress tumor
growth, respectively, and this inhibitory effect was fur-
ther strengthened by the combination of cNFIB overex-
pression with trametinib (Fig. 7A-B). Subsequent IHC
staining of xenografts also demonstrated cNFIB upregu-
lation plus trametinib yielded the most pervasive inhi-
bition of ERK phosphorylation among this four groups,
as well as the weakest Ki-67 staining (Fig. 7C and Sup-
plementary Fig. S10A). In addition, similar results were
observed in both liver orthotopic-implantation models
and lung metastasis models. Upregulation of c¢NFIB in
RBE cells remarkably promoted trametinib-mediated

(See figure on next page.)

Fig. 5 MEKT interacts with cNFIB and is involved in cNFIB-mediated ERK signaling inactivation and tumor suppression. (A) Fluorescence in situ
hybridization (FISH) showed cytoplasmic localization of cNFIB. Scale bars, 20 um. (B) Total lysates from HUCCT1 cells were subjected to perform
RNA pull-down and separated by SDS-PAGE, followed by Coomassie brilliant blue staining and mass spectrometry (MS) analysis. The specific band
isolated by cNFIB probe was shown as red arrow. The table showed MS results identifying MEK1 as a potential binding protein of cNFIB. (C) and (D)
The cNFIB-MEKT interaction was validated by RNA pull-down (left) and RNA immunoprecipitation (right) assays in HUCCT1 cells (C) and RBE cells
(D), respectively. (E) Western blot showed the expression of p-ERK, t-ERK, p-MEK and t-MEK in HUCCT1 cells transfected with MEK siRNA or RBE cells
transfected with vectors expressing wild type (wt) or constitutively activated mutant MEK. (F) Western blot indicated the expression of p-ERK; t-ERK,
p-MEK and t-MEK in HuCCT1 cells co-transfected with cNFIB siRNA and MEK siRNA. (G) Western blot showing the expression of p-ERK, t-ERK, p-MEK
and t-MEK in in RBE cells co-transfected with indicated vectors. (H) The cell proliferation capacity of the indicated cells was detected by CCK8 assays.
(1) Transwell assays showed the migration and invasion capacity in the indicated cells. Data were shown as mean & SD, unpaired Student’s t test,
*P<0.05; **P<0.01; ***P<0.001. MEKT(wt) was a plasmid expressing wild-type MEK1. was MEK1°2188/5222D w35 3 plasmid expressing constitutively
activated mutant MEKT1. Abbreviations: p-ERK, phosphorylation of ERK; t-ERK, total ERK; p-MEK, phosphorylation of MEK; t-MEK, total MEK
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tumor suppression, as shown by less intrahepatic and
lung metastasis foci compared with the other three
groups (Fig. 7D-F and Supplementary Fig. S10B).
Together, these data provided evidence that utilizing
cNFIB to enhance the anti-tumor efficacy of trametinib
might be a potential strategy in ICC therapy.

Discussion
Although numerous improved management strategies
are available in the clinic, cancer-related death of ICC
remains high, which is largely caused by metastasis. With
the development of sequencing techniques, a significant
portion of circRNAs that are closely related to tumor
metastasis have been identified. For instance, upregula-
tion of circASAP1 in HCC contributed to tumor cell pro-
liferation, migration, invasion, and ultimately resulted in
pulmonary metastasis and poor survival of patients [9].
Loss of circCDR1las induces melanoma invasion and
metastasis via interaction with IGF2BP3 [40]. However,
few studies have investigated the role of circRNAs in ICC
metastasis. In the present study, we identified cNFIB as a
tumor suppressor that inhibited ICC growth and metas-
tasis. We found that cNFIB was frequently deleted in
metastatic ICC tissues. Importantly, cNFIB levels were
inversely related to tumor numbers, TNM stage, lymph
node metastasis and tumor differentiation. Patients with
decreased cNFIB expression exhibited unfavorable prog-
nosis. Moreover, gain-of-function and loss-of-function
experiments suggested cNFIB negatively modulated pro-
liferation and metastasis of ICC cells. To our knowledge,
this is the first time to delineate the effects of circRNA
on the metastasis of ICC, supplementing the rationale of
cNIFB as a prognostic indicator for ICC patients.
Overactivation of RTK pathway is a common event
during ICC development. For instance, gene fusion of
FGFR2 RTK was reported to occur in around 20% ICC
patients [41], and BRAF RTK mutations at the V600E
locus have been identified in approximately 5% of ICC
cases [42]. Therefore, aberrant alterations of RTK sign-
aling make it amenable for therapeutic interventions at
multiple levels. As one of the main pathways triggered by
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RTK, dysregulation of RAF/MEK/ERK signaling pathway
has been identified in up to 35% of ICC [43]. Large scale
studies have demonstrated that constitutive activation of
ERK was associated with the pro-malignant functions of
a wide number of cancers including ICC [44]. Consistent
with these data, ERK signaling was hyperactive during
cNFIB knockdown-induced ICC proliferation and metas-
tasis. Blocking ERK with phosphorylation inhibitor could
abolish the tumor-promoting effects of ¢cNFIB down-
regulation. Generally, ERK kinase can only be activated
by the upstream kinase MEK, whose role was more likely
to be a “kinase gatekeeper” for ERK [31]. In our study,
we demonstrated that instead of modulating the total
or phosphorylation levels of MEK, c¢NFIB suppressed
ERK phosphorylation through blocking the interaction
between MEK and ERK. To sum up, our study revealed
that cNFIB could serve as a key regulator of RAF/MEK/
ERK signaling pathway in ICC.

Plenty of studies have been performed to understand
how circRNAs exert their physiological or pathologi-
cal functions. The ceRNA hypothesis is the most well-
studied mechanism, proposing that circRNAs share the
miRNA response elements, competitively bind to miR-
NAs and then regulate the expression of target genes.
For example, circTP63 promoted FOXM1 expression by
sponging miR-873-3p, which finally induced cell cycle
progression [45]. However, this sponging hypothesis has
become controversial due to the low abundance of most
circRNAs in mammals, making it less likely that they
could effectively exert regulatory functions via binding to
miRNAs [46]. Although ¢NFIB was highly expressed in
both ICC tissues and cell lines, it was incapable of serv-
ing as miRNA sponge because of the undetectable inter-
action between c¢cNFIB and AGO2. On the other hand,
mounting evidence suggests that some circRNAs can
function as protein recruiters, scaffolds, and decoys in
diverse biological contexts. An array of interaction pat-
terns between circRNAs and proteins has been discov-
ered based on more and more in-depth researches on
circRNAs. After binding to proteins, circRNAs could
cement or dissociate interaction between proteins, block

(See figure on next page.)

Fig. 6 cNFIB inhibits ERK phosphorylation by preventing the interaction between MEK1 and ERK2. (A) Prediction of RNA-protein interaction

between cNFIB and MEK1 using the catRAPID algorithm (top) and the diagrams of domain structure of MEK1 and Flag-tagged MEKT truncations
(bottom). (B) Left, western blot analysis showed the expression of full length (FL) or MEK1 truncations from lysates of HEK293T cells transfected with
the indicated vectors; Right, western blot analysis revealed the enriched proteins by cNFIB pull-down from the lysates of HEK293T cells transfected
with the indicated vectors. (C) RIP assays were performed in HEK293T cells transfected with the indicated vectors to validate the binding domain
of MEKT responsible for its interaction with cNFIB. (D) co-IP assay was conducted in HEK293T cells transfected with the indicated vectors to identify
the binding domain of MEK1 responsible for its interaction with ERK2. (E) co-IP assay was used to examine the interaction between MEK1 and

ERK2 in the RBE cells transfected with vectors expressing cNFIB (left) or HuCCT1 cells transfected with vectors expressing cNFIB shRNA (right). (F)
Representative images of results obtained to investigate MEK1 and ERK2 interaction by Duolink in situ proximity ligation assay (PLA) assay in the
indicated cells. The mouse and rabbit IgG antibodies were used as controls. Scale bars, 20 um. (G) Statistical analysis of average PLA dots per cell in
HUCCT1 (left) and RBE (right) cells. (H) Detecting the cNFIB-MEKT complex after incubation of the biotinylated cNFIB probe with protein extracts
from HUCCT1 cells transfected with the ERK2 siRNA. Data were shown as mean & SD, unpaired Student’s t test, *P < 0.05; **P < 0.01; ***P<0.001
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protein from DNA or RNA, recruit proteins to chroma-
tin, or alter protein distribution within cells [46]. Herein,
we provide a potent mechanism that ¢cNFIB can inhibit
the phosphorylation of ERK by preventing the inter-
action between MEK1 and ERK2. Mechanistically, we
found that cNIFB directly bound to the NTD region of
MEK]1, which contained the domain responsible for the
interaction between MEK1 and ERK2 [34]. This effect
impeded the binding of kinase (MEK1) to the substrate
(ERK2), preventing the phosphorylation of ERK2, finally
resulting in suppression of ICC proliferation and metas-
tasis (Fig. 7G). Furthermore, administration of siRNA or
inhibitor targeting MEK abrogated ERK activation and
the tumor-promoting effects on ICC cells induced by
cNFIB downregulation, indicating that MEK1 binding
was essential for cNFIB-mediated ERK signaling regu-
lation and ICC metastasis. An intriguing question that
which binding region on cNFIB mediates the interaction
between cNFIB and MEK1 requires further investigation.

ICC is an aggressive disease with limited therapeutic
options. Despite advances in systemic management of
patients, prognosis has not improved substantially during
the past 10years, with a 5-year survival of about 7-20%
[47]. Novel treatment strategies are urgently needed
to improve outcomes for patients with ICC. Recently,
genetic mutations in FGFR2, IDH1 and BRAF genes
have been identified in ICC, making it possible for tar-
geted treatment [48]. For example, pemigatinib, a FGFR-
specific tyrosine kinase inhibitor, has been approved
by the US Food and Drug Administration (FDA) for
advanced cholangiocarcinoma with FGFR2 fusions
or rearrangements [49]. In addition, for patients with
BRAFY®%_mutated biliary tract cancer, dual blockade
of both BRAF (dabrafenib) and MEK (trametinib) have
been considered as a promising treatment option from a
phase 2, open-label, single-arm, multicenter basket trial
[39]. The combination of two inhibitors provided vertical
suppression of the RAF/MEK/ERK pathway, resulting in
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synergistic effects and stronger tumor inhibition. Simi-
larly, one recent study also proved the synergistic effects
of dual blockage. Based on the murine model mimick-
ing FGFR2 fusion (FF)-driven ICC pathogenesis, this
study demonstrated that the FF oncogenic activity in ICC
required the activation of a downstream effector called
MEK. BGJ398 (FF inhibitor) plus trametinib (MEK inhib-
itor) combination treatment generated greater therapeu-
tic efficacy than isolated inhibitor in vitro and in vivo
[38]. These results provide the notion that simultaneous
inhibition of multiple molecules of an oncogenic pathway
might induce stronger pathway blockage. In this regard,
our data provide more evidences to support this notion.
On the basis of MEK inhibition (trametinib), ¢cNFIB
competitively binds to MEK1, which results in the disso-
ciation between MEK1 and ERK2, finally inducing more
effective inhibition on ERK signaling and tumor inva-
sion. On the other side, our finding that cNFIB is likely
to generate synergistic effects on trametinib indicates
that ICC cells with high levels of cNFIB might hold the
potential to delay the trametinib resistance. Based on this
part, we can foresee the therapeutic value of cNFIB for
ICC treatment. Notably, recent advances in RNA-deliv-
ering techniques that the encapsulated circRNA SCAR
was specifically delivered to the mitochondria via a nano-
particle platform for mitochondria-targeted therapy [50],
raised hopes for translational application of c¢NFIB to
treat ICC.

Conclusions

In summary, we characterized cNFIB as a tumor suppres-
sor to inhibit ICC proliferation and metastasis through
modulating ERK signaling. Downregulation of c¢NFIB
predicts unfavorable prognosis. Therefore, cNFIB may
serve as a biomarker for patients with ICC and c¢NFIB-
MEK-ERK axis is a potential therapeutic molecule for
ICC treatment.

(See figure on next page.)

Fig. 7 cNFIB enhances anti-tumor effects of trametinib in vivo. (A) Representative images of subcutaneous xenografts. RBE cells stably expressing
vector or cNFIB were subcutaneously injected into the node mice. Mice were then dosed orally with or without trametinib once daily at 1 mg/

kg for 15 consecutive days when subcutaneous tumor reached a volume of 100-130mm?>. Subcutaneous tumors were excised from node mice

at day 15 after trametinib treatment. (B) Tumor weight and volume of subcutaneous xenografts. (C) Quantitative analysis of IHC staining of Ki-67
and p-ERK in xenografts. (D) Liver orthotopic-implantation models were established by injecting with indicated cells. Mice were then dosed orally
with or without trametinib once daily at 1 mg/kg for 15 consecutive days from the 5th week after this model establishment; left, representative
bioluminescent images of liver orthotopic-implantation models; right, quantitative analysis of liver photon flux emitted from the mice. (E) Lung
metastasis models were established by injecting with indicated cells via tail vein. Mice were then dosed orally with or without trametinib once daily
at 1mg/kg for 15 consecutive days from the 7th week after this model establishment. Representative bioluminescent images of lung metastasis
models (top), HE staining (middle), and of Ki-67 and p-ERK staining (bottom) of lung metastatic foci. (F) Quantitative analysis of total lung photon
flux emitted from the mice, Ki-67 and p-ERK staining of lung metastatic lesions. (G) A proposed model illustrating inhibitory effects of cNFIB on ICC
progression. cNFIB prevented the interaction between MEK1 and ERK by competitively binding to MEKT, thereby inactivating ERK phosphorylation.
Frequent loss of cNFIB stimulated ERK phosphorylation to promote tumor cell proliferation, migration and invasion, finally inducing unfavorable
prognosis of patients with ICC. Data were shown as mean = SD, unpaired Student’s t test, *P < 0.05; **P < 0.01; ***P < 0.001
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