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Abstract
Intrahepatic cholangiocarcinoma (ICC) is an aggressive liver bile duct malignancy with limited
therapeutic options. Metastasis is one of the main contributors to ICC progression and poor prognosis.
However, the underlying mechanism of ICC metastasis remains largely unknown. Here, we showed that
TANK-binding kinase 1 (TBK1), a serine/threonine-protein kinase, was significantly upregulated in tumor
tissues of ICC patients with larger tumor diameter, lymph node metastasis, and advanced TNM stage.
Consistently, during the different stages of cholangiocarcinoma (CCA) carcinogenesis (hyperplasia,
dysplasia, and CCA), TBK1 showed a dynamic increase in spontaneous rat and mouse models.
Functional studies showed that enforced expression of TBK1 promoted metastasis both in vitro and in
vivo. Mechanistically, TBK1 directly interacts with β-catenin and stimulates its nuclear translocation,
further activating the β-catenin-mediated epithelial-mesenchymal transition (EMT) process. Moreover, we
demonstrate that the S172 site of TBK1 kinase domain was essential for the interaction between TBK1
and β-catenin as well as for TBK1 mediated β-catenin activation. In addition, high levels of TBK1 in
clinical ICC tissues were correlated with elevated nuclear β-catenin levels and predicted worse overall and
disease-free survival. A TBK1 inhibitor GSK-8612 and the liver-specific accumulation of DNA/RNA
heteroduplex oligonucleotide (TBK1-HDO) significantly reduced TBK1 expression of ICC and inhibited its
intrahepatic metastasis. In summary, our study demonstrated that TBK1 could activate β-catenin via
protein-protein interaction, then promote EMT and ICC metastasis, which might serve as a potential
therapeutic target for patients with cholangiocarcinoma.

Introduction
Cholangiocarcinoma (CCA), the second most common primary cancer of the liver, is a highly malignant
epithelial neoplasm with cholangiocyte differentiation [1, 2]. According to anatomical location, CCAs are
classified as intrahepatic (ICC) and extrahepatic Cholangiocarcinoma (ECC) [3]. In the past decade, a
progressive increase in ICC incidence worldwide while the incidences of ECC seem to be decreasing [4].
Although radical resection and systemic chemotherapy have shown remarkable improvements [5, 6], the
prognosis of patients with ICC remains dismal due to malignant proliferation and metastasis [7, 8]. The
development of targeted therapies that address disease pathogenesis or progression has lagged because
of the complex and unclear pathogenesis [9]. Therefore, there is an urgent need to investigate the
molecular mechanisms underlying ICC metastasis to develop potential therapeutic strategies to target
ICC metastasis. 

Epithelial-mesenchymal transition (EMT) plays a vital role in the induction of tumor cell invasion and
metastasis [10]. EMT has been reported to promote tumor progression and metastasis in pancreatic
ductal adenocarcinoma (PDAC) [6, 11]. ICC shares anatomic, embryologic, and genetic features with
PDAC [12, 13]. However, the functions of EMT in ICC have not been studied thoroughly in vivo. EMT
involves a cellular reprogramming process that drives epithelial cells into a mesenchymal-like phenotype,
characterized by the loss of epithelial surface markers like E-cadherin and the acquisition of the
mesenchymal markers vimentin and N-cadherin [14, 15]. Thus, EMT has been recognized as a
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prometastatic cellular event that promotes tumor cell invasion and malignant tumor progression [16, 17].
Recent studies have shown that a series of transcription factors are direct repressors of E-cadherin,
including β-catenin, a dual-function protein implicated in transcriptional regulation and cell-cell adhesion
[18]. In normal epithelial cells, most β-catenin forms an adhesion complex with E-cadherin and is located
in cell-cell adherent junctions at the membrane. In tumor cells, β-catenin detaches from the complex,
and activation by nuclear translocation promotes the EMT process, further repressing E-cadherin
expression [19]. Nevertheless, the molecular mechanisms by which β-catenin translocates into the
nucleus remain largely unknown.  

Tumor necrosis factor (TNF) receptor-associated factor (TRAF) family member-associated NF-κB
activator TANK-Binding Kinase 1 (TBK1), which is also known as NAK, T2K, is a serine/threonine-protein
kinase that plays essential roles in cancer development and progression [20, 21]. TBK1 has been
demonstrated to contribute to tumorigenicity in human pancreatic cancer by promoting cell growth,
migration, and invasion [11, 22]. Despite the growing interest in studying the roles and regulation of TBK1
in cancer, the precise molecular mechanisms governing TBK1 signaling and its subsequent impact on
cancer biology remain incompletely understood. 

This study found that TBK1 was upregulated in ICC and correlated with ICC metastasis. Enforced
expression of TBK1 stimulated the metastatic potential of CCA cells via induction of the EMT process. In
addition, we revealed that TBK1 direct interacted with and activated β-catenin and promoted its nuclear
translocation. Moreover, we showed a positive correlation between TBK1 and the nuclear expression of β-
catenin. Pharmacological inhibition of TBK1 by GSK-8612 and TBK1-HDO effectively suppressed ICC
intrahepatic metastasis. Taken together, our data indicate that the overexpression of TBK1 promotes ICC
metastasis through β-catenin-mediated induction of EMT and that TBK1 has the potential to be a
prognostic factor and therapeutic target of ICC.

Results
TBK1 is upregulated in CCA

To clarify the underlying role of TBK1 in ICC, Tumor Immune Estimation Resource was used to analyze
the transcriptome sequencing data from the TCGA data set. The results revealed that TBK1 expression
was up-regulated in nine types of cancer, including ICC. (Fig. 1A, and Supplementary. Fig. 1A), suggesting
that TBK1 may participate in the tumorigenesis and progression of several solid tumors. In addition,
upregulated expression of TBK1 in ICC was confirmed by tissue microarray (cohort 1, n=91, Outdo
Biotech, Shanghai, China) (P < 0.001; Fig. 1B, C). Next, we examined TBK1 expression status in hepatic
tissues obtained from patients. IHC analysis showed a high level of cytosol-localized TBK1 in
76.4%（139/182）of the ICC and 85.0% (34/40) of the ECC compared to the non-tumor tissues (P < 0.001;
Fig. 1D, E, and Supplementary. Fig. 1B, C). Similar results were also observed in the immunoblot analyses
(Fig. 1F). Besides, RT-qPCR and western blot found that the expression of TBK1 was significantly higher
in several ICC cell lines than in human normal bile duct HiBEPIC cells (Fig. 1G). Consistently, the TBK1



Page 5/29

expression was dynamically upregulated during the different stages of CCA carcinogenesis (hyperplasia,
dysplasia, and CCA) in Spontaneous ICC models induced by rats and mice (Supplementary. Fig. 2A, B).
Supplementary Fig. 1D, E revealed that TBK1 was primarily expressed in ICC tissues. Then far, we
examined the expression levels of TBK1 in the same patient's liver tissue by immunofluorescence
staining. Our results showed that TBK1 expression was higher in the bile ducts with ICC, lower in the
adjacent bile ducts with tumor invasion, and no TBK1 expression was detected from adjacent non-tumor
tissues (including the left hepatic duct, interlobular bile duct, and capillary bile duct) (Fig. 1H). 

High expression of TBK1 was associated with aggressive clinicopathological characteristics 

To further investigate the clinical significance of TBK1 expression in ICC, all 182 ICC patients were divided
into two groups based on the overall expression level of TBK1; the high TBK1 expression group (n = 139)
and the low TBK1 expression group (n = 43). As shown in Supplementary Table 1, the upregulation of
TBK1 was significantly correlated with several aggressive clinicopathological characteristics, such as
high serum CEA (P ＜ 0.001) and CA199 (P = 0.008), larger tumor diameter (P = 0.009), lymph node
metastasis (P ＜ 0.001), and advanced TNM stage (P = 0.001) (Fig. 2A). The correlation between TBK1
and tumor size, lymph node metastasis, or TNM stages suggested that TBK1 may be involved in tumor
progression in ICC (Fig. 2B-D).

Upregulation of TBK1 promotes ICC cell growth, motility, and metastasis both in vitro and in vivo.

To elucidate the functions of TBK1 in ICC progression, we knocked out TBK1 in HuCCT1 cells, which
exhibited relatively high endogenous TBK1 levels. In addition, we overexpressed TBK1 in TFK1 cells,
which exhibited relatively low endogenous TBK1 levels (Fig. 3A). The CCK8 assay, wound healing
migration, transwell migration, and matrigel invasion assays revealed that the overexpression of TBK1
enhanced the growth migration and invasion ability, vice versa. (Fig. 3B and Supplementary. Fig. 3A, B).
Similarly, knockdown of TBK1 by specific siRNAs repressed cell growth, migration, and invasion in TBK1
highly expressed HuCCT1 and RBE cells (Supplementary Fig. 4 A-D).

Subsequently, a mouse subcutaneous xenograft model was developed to evaluate the effect of TBK1 on
ICC progression in vivo. The tumor growth curve and tumor weight showed that tumors from TBK1
overexpression cells grew significantly faster (Figure 3C-E). Subsequently,  we assessed Ki-67 expression
by immunohistochemistry and found more positive cells in xenografts from TBK1 overexpression cells
(Supplementary Fig. 5 A). These results were further validated in human ICC tissues (Supplementary Fig.
5 B). Furthermore, the orthotopic ICC model was established to determine whether TBK1 had the same
effect on ICC metastasis in vivo. As shown in Fig. 3F, depletion of TBK1 significantly inhibited liver
colonization of HuCCT1 cells, whereas overexpression of TBK1 significantly promoted liver colonization
of TFK1 cells. Next, the cells mentioned above were used to establish a lung metastasis mouse model by
tail vein injection. More metastatic nodules were observed in mice injected with TBK1 overexpression
cells (Fig. 3G). These results indicate that TBK1 can promote the growth, invasion, and metastasis of ICC
cells both in vitro and in vivo.
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Upregulation of TBK1 promoted EMT in ICC cells

To further explore the potential mechanism of TBK1 in promoting tumor progression, we performed RNA-
sequencing and detected approximately 3101 differentially expressed genes (DEGs) after TBK1
knockdown (Fig. 4A). The gene rank of these differential genes indicated that epithelial-associated genes
were significantly upregulated, while mesenchymal-associated genes were downregulated. (Fig. 4B).
Moreover, Gene Ontology (GO) enrichment analysis and Gene Set Enrichment Analysis (GSEA) revealed
that the TBK1 knockdown regulated genes associated with several EMT-related signaling pathways, such
as the Wnt signaling pathway and the β-catenin nucleic translocation pathway (Figure.4C, D). These data
suggested that TBK1knockdown affected EMT remarkably in CCA cells.

Next, the mRNA expression levels of E-cadherin and a series of EMT inducers, including Vimentin, ZEB1,
Snail, and Twist1, were measured in both TBK1-overexpressing and TBK1 knockdown cells.
Overexpression of TBK1 stimulates the EMT process (Fig. 4E). Western blot analysis also confirmed the
above results (Fig. 4F). We then assessed the clinical relationship between TBK1 and EMT in ICC tissues.
Immunohistochemical staining displayed that ICC patients with low TBK1 expression showed higher E-
cadherin and lowered Vimentin expression levels than ICC patients with high TBK1 expression (Fig. 4G).
Moreover, correlation analyses showed that the expression of TBK1 correlated with the expression of E-
cadherin (r = -0.3799,P ＜ 0.001) and Vimentin (r = 0.3818, P ＜ 0.001). Taken together, these results
demonstrated that TBK1 plays a vital role in EMT in ICC (Fig. 4H).

TBK1 promotes the EMT process through β-catenin activation

β-Catenin plays a critical role in the induction of EMT during ICC metastasis [23]. To determine whether β-
catenin is involved in the TBK1-mediated EMT process, we assessed the clinical relationship between
TBK1 and β-catenin in ICC tissues. IHC showed that ICC patients with low TBK1 expression displayed
lower nuclear β-catenin expression levels than ICC patients with high TBK1 expression (Fig. 5A).
Consistent with this finding, correlation analyses showed that the protein expression of TBK1 was closely
associated with that of nuclear β-catenin (r = 0.4807, P < 0.001) (Fig. 5B). These results suggested that
TBK1 might promote the nuclear translocation of β-catenin. 

Similar to the above findings, β-catenin was localized primarily in the cytoplasm of cells, which have
relatively low levels of TBK1 expression. However, nuclear β-catenin was significantly enhanced in cells,
showing relatively high levels of TBK1 expression (Fig. 5C). In addition, the cytosolic and nuclear
fractions of cell lysates were separated to verify this finding. Neither overexpression nor knockdown of
TBK1 significantly affected the total β-catenin level. However, TBK1 overexpression decreased the
cytosolic β-catenin and increased the level of nuclear β-catenin, while the knockdown of TBK1 showed
the opposite effect (Fig. 5D).

To determine whether the activation of β-catenin is essential for the TBK1-mediated promotion of EMT,
XAV939 [24] was used to inhibit nuclear entry of β-catenin in TBK1-overexpressing cells and observed
that inhibited nuclear entry of β-catenin eliminated the TBK1-mediated upregulation of Vimentin, as well
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as the downregulation of E-cadherin (Fig. 5E). In line with this finding, the EMT-mediated upregulation of
cell invasion and migration was abolished by β-catenin inhibited (Fig. 5F, G), suggesting that β-catenin
plays a pivotal role in the TBK1-induced EMT process.

To further confirm the role of TBK1 in the EMT process, TGFβ1 was used to induce EMT in ICC cells [25].
As shown in Supplementary Fig. 6A, treatment with TGFβ1 promoted the nuclear translocation of β-
catenin, elevated the transcriptional activity of β-catenin, decreased the expression of E-cadherin, and
increased the levels of Vimentin, indicating that EMT was induced by TGFβ1 treatment. However, TGFβ1-
induced EMT was significantly attenuated by inhibition of TBK1 (Supplementary Fig. 6A, B). Similarly, we
found that inhibition of TBK1 abrogated the increase in cell motility induced by TGFβ1 (Supplementary
Fig.6C, D). These results demonstrated that TBK1 overexpression leads to β-catenin activation, promoting
the EMT process.

TBK1 activated β-catenin through direct interaction

The phosphorylate β-catenin at S552 has been demonstrated to promote β-catenin activation and nuclear
translocation [26]. As we know, various kinases are activated, leading to the phosphorylation and
activation of transcription factors. Thus, we hypothesize that TBK1, a serine/threonine-protein kinase,
would stimulate β-catenin activation. To explore the mechanism of TBK1 promoting β-catenin activation,
we first examined the specific S552 phosphorylation of β-catenin by immunoblot analyses. The levels
of S552 phosphorylation were significantly reduced in HuCCT1-shTBK1 cells, and the opposite results
were obtained in TBK1-overexpressing TFK1 cells, suggesting that TBK1 contributes to β-catenin
activation via phosphorylation of S552 (Fig. 6A). The experimental findings are confirmed by molecular
simulations (Fig. 6B). The interactions were further validated by immunoprecipitation with a TBK1
antibody (Fig 6C, D). Altogether, these findings identify that TBK1 overexpression stimulated the nuclear
translocation and activation of β-catenin through direct interaction.

As shown in Fig. 6E, F, we constructed a TBK1 mutant in S172 and found the mutation eliminated the
interaction between TBK1 and β-catenin and the nuclear translocation of β-catenin. Similarly, the TBK1-
S172A mutant did not induce the EMT process and cell motility (Fig. 6I and Supplementary Fig. 8A, B). 

We further confirm that GSK-8612 (2.0 μM), a TBK1 S172 specific inhibitor (Supplementary Fig.7A), did
not affect proliferation but effectively inhibited TBK1 phosphorylation at S172 and increased E-cadherin
and decreased Vimentin expression in both HuCCT1 and TFK1 cells (Fig. 6G, H and Supplementary Fig.
7B). Immunofluorescence analysis shows that GSK-8612 notably inhibits the nucleic expression of β-
catenin in indicated cells (Supplementary Fig. 7C). Taken together, these results demonstrated that the
active site of TBK1 is crucial for TBK1-mediated β-catenin activation.

TBK1-HDO and Pharmacological inhibition of TBK1 reduce CCA cells growth both in vitro and in vivo

Given that depletion of TBK1 by shRNA and siRNA inhibited human CCA cell growth, we further evaluated
the effect of TBK1 inhibitors in our system. Here, we designed TBK1-HDO, a short DNA/RNA heteroduplex
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oligonucleotide (Fig. 7A). Notably, the HDO carried cholesterol leading to ASO accumulation in the liver
and was more potent at reducing the expression of TBK1 mRNA in the liver [27, 28] (Fig. 7B).
Immunofluorescence staining shows the nucleic accumulation after treated TBK1-HDO at 0 min, 30 min,
60 min, and 90 min (Fig. 7C). AS shown in Fig. 7D, 7E, theTBK1-HDO significantly decreased TBK1 protein
expression in indicated cells in a dose-dependent way. A relatively selective accumulation of
fluorescence-labeled TBK1-HDO in the liver and other mice organs was detected by histological analysis
(Fig. 7F) and quantifying the signal intensities (Fig. 7G).  Furthermore, the orthotopic ICC model was
established to determine whether TBK1 inhibitor had the same effect on ICC metastasis in vivo. As shown
in Fig. 7H and 7I, GSK-8612 and TBK1-HDO remarkably inhibited liver colonization of HuCCT1 cells.
Besides, GSK-8612 significantly inhibited the subcutaneous xenograft growth, which showed the same
effection as gemcitabine, the first-line treatment for ICC.  (Supplementary Fig. 9A-D). Taken together,
these findings indicate that pharmacological inhibition of TBK1 decreases CCA cell growth both in vitro
and in vivo. 

Upregulation of TBK1 predicts poor survival in ICC patients

The prognostic implication of TBK1 in ICC was explored next. Kaplan–Meier survival analysis revealed
that patients with a high level of TBK1 expression exhibited a significantly poorer overall survival (hazard
ratio (HR), 3.78; 95% confidence interval (CI), 2.48–5.75) and disease-free survival (hazard ratio (HR),
2.97; 95% confidence interval (CI), 2.11–4.16) in our cohorts (Fig. 8A). Similar results were observed in
cohort 1 (Supplementary. Fig. 10C). Unfortunately, it has no significance in TCGA and might be related to
the small sample size. (Supplementary. Fig. 10A, B).

Consistently, nuclear β-catenin overexpression exhibited a significantly poorer overall survival and
disease-free survival (Fig. 8B). Interestingly, we found that patients with low expression of both TBK1 and
nuclear β-catenin had the best prognosis (Fig. 8C). Subsequently, TBK1 expression status and prognostic
clinicopathological parameters identified by univariate analysis (P < 0.01) were entered into a multivariate
model to identify independent predictors of overall survival. We found that TBK1 upregulation was an
independent statistically significant risk factor for overall survival (P < 0.001, Fig. 8D), suggesting that
upregulation of TBK1 may play a pivotal role in the overall survival of ICC patients. Taken together, these
results indicated that the combination of TBK1 and nuclear β-catenin could serve as a biomarker in ICC
for evaluating the metastatic potential and predicting the prognosis of ICC patients.

Discussion
Local and systemic metastasis is a major cause leading to a dismal prognosis of Intrahepatic
Cholangiocarcinoma (ICC) [29, 30]. Evidence indicates that the β-catenin-mediated epithelial-
mesenchymal transition (EMT) process plays a vital role in cancer metastasis but has been defined as an
undruggable target [31, 32]. This study found that TBK1, a novel regulator upstream of β-catenin,
activates β-catenin via protein-protein interaction, then promotes EMT and ICC metastasis (Fig. 9A). In
contrast, inhibiting the expression of TBK1 exhibits the opposite effects. Moreover, we demonstrated that
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TBK1 plays a vital role in mediating intrahepatic metastasis and lung colonization of CCA cells in mouse
models.

Recent studies have demonstrated that TBK1 plays a vital role in cancer development and progression
[33, 34]. TBK1 is a serine/threonine-protein kinase that participates in the post-transcriptional regulation
of specific genes [6]. Previous studies have confirmed the distinct role of TBK1 in certain types of
cancers, including pancreatic cancer, hepatocellular carcinoma, and breast carcinoma [35]. Under hypoxic
conditions, TBK1 was hyperactivated (increased pSer172) and increased its stability, thereby promoting
cancer cell growth [11]. Our previous study demonstrated that high TBK1 expression enhanced ICC
invasion and predicted poor prognosis in patients with ICC [21]. However, the role of TBK1 has not been
reported in ICC, which shares anatomic, embryologic, and genetic features with PDAC [12]. In the present
study, we found that higher TBK1 expression in ICC exerts a critical role in maintaining the tumor-
promoting function, indicating TBK1 is also a potential therapeutic target for ICC.

In recent years, it has become increasingly clear that EMT plays an essential role in cancer metastasis
[36]. However, the most recent advances in EMT research have questioned the requirement for EMT in
tumor metastasis. In one study, primary pancreatic ductal adenocarcinoma (PDAC) mouse models
showed that EMT suppression does not alter PDAC metastasis [37]. Our study demonstrated that TBK1
upregulated induced the β-catenin-mediated EMT process. Since we proved that TBK1 promoted the
migration and invasion of CCA cells, we hypothesized that TBK1 might stimulate ICC metastasis by
promoting EMT. To exclude the possibility that EMT is dispensable for TBK1-induced ICC metastasis, we
utilized a specific inhibitor targeting β-catenin, a key transcription factor involved in EMT, and concluded
that EMT was required for TBK1-induced ICC metastasis. β-Catenin, as a critical factor in the Wnt/β-
catenin pathway, is an essential transcriptional coactivator regulating EMT in cancers. It has been widely
reported that the Wnt/β-catenin pathway plays a crucial role in cholangiocarcinoma tumorigenesis and
metastasis [38]. In addition, our evidence has indicated that β-catenin is overexpressed in ICC tissues
(characterized by increased nuclear expression in cancer cells) and promotes EMT of CCA cells. Together,
we further verified that TBK1 promotes EMT by increasing the nuclear expression of β-catenin.  

To our knowledge, the present study describes a novel mechanism by which TBK1 promotes EMT in
cancer. We demonstrated that TBK1 activated the Wnt/β-catenin pathway. Although TBK1 did not
enhance the total expression levels of β-catenin, it promoted the nuclear translocation of β-catenin,
thereby stimulating the transcription of β-catenin downstream genes. TBK1 is located in the cytoplasm
and functions via protein-protein interactions. Interestingly, β-catenin was also present in the cytoplasm,
suggesting that TBK1 might promote the nuclear translocation of β-catenin through direct protein-protein
interaction. To verify this hypothesis, we confirmed the interaction between TBK1 and β-catenin by
immunoprecipitation and molecular docking simulation. Collectively, the results of our study linked TBK1
with β-catenin, thus clarifying the underlying mechanism of TBK1-mediated ICC metastasis. However, the
detailed mechanisms by which the interaction between TBK1 and β-catenin promotes the nuclear
translocation of β-catenin require further investigation.
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Gemcitabine combined with cisplatin has long been a first-line treatment for presenting with unresectable
or metastatic ICC patients, whereas drug resistance causes poor effectiveness [39, 40]. Although targeted
therapies have revolutionized cancer treatment, no effective target molecule has been discovered for ICC.
Therefore, new biomarkers and therapeutic targets for ICC are urgently needed. This study found that
TBK1 inhibitors GSK-8612, a specific inhibitor for blocking TBK1 S172 phosphorylation, had significant
antitumor activity. Our data show that GSK-8612 significantly reduced the growth, motility, and
metastasis of CCA cells both in vitro and in vivo. Nucleic acid-based therapeutics represent a promising
technology platform to manipulate gene targets. Previously reported a new nucleic acid drug named
cholesterol conjugated DNA/RNA heteroduplex oligonucleotide (HDO) [27]. The HDO carried cholesterol
leading to ASO accumulation in the liver and was more potent at reducing the expression of target mRNA
in the liver. The HDO technology improved the efficacy of microRNA-targeted therapeutic oligonucleotides
[41]. Here, we designed a TBK1-HDO leading to TBK1-ASO accumulation in the liver and was more
efficient in reducing the expression of TBK1 mRNA in the liver. Similarly, we found that TBK1-HDO
decreased the number of ICC tumors in the orthotopic ICC model. Our ligand-conjugated DNA/RNA
heteroduplex opens a new horizon for human gene therapy as a novel class of oligonucleotide drugs.

Our study demonstrated that TBK1 promotes the EMT process by binding to β-catenin and increasing its
nuclear expression in ICC. Knockout TBK1 expression abrogated the tumor-promoting effect and inhibited
ICC progression. Overexpression of TBK1 and β-catenin in ICC is a strong indicator of high tumor
aggressiveness and correlates with poor clinical outcomes. In conclusion, we identified that TBK1 plays a
vital role in ICC metastasis and could be a potential prognostic biomarker and therapeutic target for ICC.

Materials And Methods
Human Samples 

We analyzed the features of ICC with a tissue microarray that included 91 patients (OUTDO Biotech,
Shanghai, China) and a cohort including 182 patients who had undergone curative liver resection at The
First Affiliated Hospital Sun Yat-sen University between January 2015 and December 2020. In addition, 44
normal hepatic tissues obtained from patients who underwent resection due to benign hepatic lesions
were used as normal controls. Another 40 ECC specimens were collected from the First Affiliated Hospital
of Jinan University. All experiments involving human tissues were approved by the research and ethics
committee of Jinan University, and informed consent was obtained from each patient.

In vivo models

For the mouse subcutaneous xenograft model, 2 × 106 cells were injected subcutaneously in the flank of
nude mice (BALB/c, 6 weeks of age, n = 7 per group). After 4 weeks, mice were sacrificed, and the
subcutaneous tumors were excised, imaged, and embedded in paraffin [42]. Lung metastasis model, 2 ×
106 cells were injected into nude mice through the tail vein (BALB/c, 6 weeks of age, n = 7 per group).
After 4 weeks, mice were sacrificed, and the lungs were excised, imaged, and embedded in paraffin [43].
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The orthotopic mouse model of ICC was established as described previously. Briefly, mice were
anesthetized, and 2 × 106 cells were injected into the subcapsular region of the middle lobe. After 4
weeks, mice were sacrificed, and the livers were excised, imaged, and embedded in paraffin. Tumor
metastases were confirmed by hematoxylin and eosin staining. 

All rats and mice were purchased from Guangdong Medical Laboratory Animal Center. The Institutional
Animal Ethical Committee, Experimental Animal Center of Jinan University, reviewed and approved the
experimental animal protocol, followed by the Guide for the Care and Use of Laboratory Animals by the
US National Institutes of Health.

Statistical analysis

All statistical analyses were performed with GraphPad Prism 7.00 software (San Diego, CA, USA).
Students' t-tests analyzed quantitative data. At least three samples were tested in each assay. All data are
represented as the means ± SD, and a p-value < 0.05 was considered statistically significant.
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Figure 1

TANK-binding kinase 1 (TBK1) is upregulated in CCA. (A) The mRNA level of TBK1 expression among
adjacent nontumor and ICC tissues (data from TCGA). (B) Representative images of IHC staining for
TBK1 in cohort 1 (OUTDO Biotech, Shanghai, China, n = 91), including negative (−, 2.2%); weakly positive
(+, 25.3%); moderately positive (++, 37.4%) and strongly positive (+++，35.1%). (C) Quantification of TBK1
expression in cohort 1. The data are the means ± SD. (D) Representative images of IHC staining for TBK1
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in Our cohort, including normal hepatic (n = 44), ICC (n = 182) and ECC (n = 40). The scale bars are 100
μm (upper) and 50 μm (lower). (E) Quantification of TBK1 expression. The data are the means ± SD. (F)
Western blot analysis of TBK1 expression in ICC tumor and paired adjacent nontumor tissues. T tumor
tissue, N peritumoral normal tissues. (G) The mRNA and protein levels of TBK1 expression in CCA cells
were detected by qPCR and western blot. (H) Representative immunofluorescence images of CK19
(green) and TBK1 (red) labeling in the same patient's normal, adjacent nontumor, and ICC tissues. Scale
bar, 50 μm. ***P < 0.001.
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Figure 2

Correlation between TBK1 expression and clinicopathological factors. (A) The bar chart shows the
positive correlation between TBK1 and larger tumor diameter, Lymph node metastasis, or advanced TNM
stage. (B) The left panel shows the Quantification of TBK1 expression with different tumor sizes in our
cohort (n = 182). The data are the means ± SD. The right panel shows the representative images of IHC
staining for TBK1 in different tumor sizes. (C) The left panel shows the Quantification of TBK1
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expression with Lymph node metastasis in our cohort (n = 182). The data are the means ± SD. The right
panel shows the representative images of IHC staining for TBK1 with or without Lymph node metastasis.
(D) The left panel shows the quantification of TBK1 expression with advanced TNM stage in our cohort
(n = 182). The data are the means ± SD. The right panel shows the representative images of IHC staining
for TBK1 with or without Lymph node metastasis. **P < 0.01, ***P < 0.001.

Figure 3
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TBK1 promoted CCA cell growth, migration, and invasion both in vitro and in vivo.

(A) Knockout of TBK1 in HuCCT1 cells and overexpression of TBK1 in TFK1 cells, as confirmed by
immunoblot analysis. (B) TBK1 stable depletion and overexpression effects on proliferation using Cell
Counting Kit-8 assay. (C, D) TBK1 stable depletion and overexpression effects on the growth of in vivo
subcutaneous xenograft tumors. Tumor size was monitored every three days, tumor volume: length ×
width² × 0.5. Tumor weight was recorded following harvesting. Results were presented as means ± SD.
(E) The weight of subcutaneous tumors by injection of the indicated cells. (F) HuCCT1 and TFK1 cells
infected with lentiviruses, as previously described, were inoculated orthotopically into the liver of 6-week-
old male Balb/c nude mice (left), representative gross images (middle), and the quantification of liver
metastasis nodules (right). Results were presented as means ± SD. (n = 7 per group). (G) HuCCT1 and
TFK1 cells infected with lentiviruses, as previously described, were injected into mouse tail veins of 6-
week-old male Balb/c nude mice (left) to construct a lung metastasis model representative gross images
(middle) and the quantification of lung metastasis nodules (right). Results were presented as means ±
SD. (n = 7 per group). ***P < 0.001.
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Figure 4

Upregulation of TBK1 promoted EMT in CCA. (A) Log ratio–average (M-A) plots showing the gene-
expression changes in HuCCT1 cells afterTBK1 knockdown. (B) The significant upregulated or down-
regulated genes in HuCCT1 cells after TBK1 knockdown was detected by RNA sequencing. (C) GO
enrichment analysis of the DEGs. (D) Ridgeline plot depicting the significantly enriched signaling
pathways of the DEGs revealed by GSEA. (E) Fold change in the mRNA levels of TBK1, E-cadherin,
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Vimentin, ZEB1, Snail, and Twist in the TBK1 stable depletion and overexpression cells. The data are the
means ± SD and represent three independent experiments. (F) The protein level of E-cadherin and
Vimentin in the TBK1 stable depletion and overexpression cells was evaluated by western blotting. (G)
Representative immunohistochemical staining of TBK1, E-cadherin, and Vimentin in human CCA tissues.
scale bar = 200 μm. (H) Correlation analysis between TBK1 and E-cadherin, Vimentin expression in liver
tumor tissues from patients with ICC (n = 182). **P < 0.01, ***P < 0.001.
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Figure 5

TBK1 promotes the EMT process through β-catenin activation. (A) Representative immunohistochemical
staining of TBK1 and β-catenin in human ICC tissues. The scale bars are 200 μm (upper) and 25 μm
(lower). (B) Correlation analysis between TBK1 and nuclear β-catenin expression in ICC tumor tissues
from 182 patients. (C) β-Catenin expression in the indicated cells, as detected by an immunofluorescence
assay. The merged images show overlays of β-catenin (red) and nuclear staining by DAPI (blue); scale
bar: 50 μm. (D) β-Catenin expression in whole-cell lysates and the cytoplasmic, and nuclear fractions, as
detected by immunoblot analysis. (E) Relative expression levels of TBK1, E-cadherin, Vimentin, and β-
catenin in the indicated cells treated with or without XAV-939, a potent tankyrase inhibitor that inhibited
nuclear entry of β-catenin. (F) Wound healing migration assays were performed with the indicated CCA
cells treated with or without XAV-939. The data are the means ± SDs and represent three independent
experiments. (G) Transwell migration and Matrigel invasion assays were performed with the indicated
CCA cells treated with or without XAV-939. The data are the means ± SDs and represent three
independent experiments. ***P < 0.001.
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Figure 6

TBK1 activated β-catenin through direct interaction. (A) Western blot analysis of the expression of TBK1,
p-TBK1, p-β-catenin (S552), and p-β-catenin (S33/37) proteins in indicated CCA cells. (B) Molecular
docking model of TBK1 with β-catenin. (C, D) Immunoprecipitation of TBK1 with β-catenin in the
indicated CCA cells, as detected by immunoblot analysis. (E) 293T cells transfected with Flag-tagged
vector, wild-type TBK1 (WT), or Serine-mutated TBK1 (S172A) were immunoprecipitated with an anti-
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TBK1 antibody. The β-catenin and TBK1 levels are indicated. (F) β-Catenin expression in the indicated
cells, as detected by immunofluorescence assay. The merged images show overlays of β-catenin (red)
and nuclear staining by DAPI (blue). scale bar = 100 mm. (G) Immunoblots of indicated proteins in
HuCCT1 and TFK1 cells treated with different concentrations of GSK8612. (H) There are relative
expression levels of p-TBK1, E-cadherin, and Vimentin in indicated cells treated with or without GSK8612
(2.0 μM). (I) Relative expression levels of TBK1, E-cadherin, and Vimentin in the indicated cells. ***P <
0.001.
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Figure 7

TBK1-HDO and Pharmacological inhibition of TBK1 reduce CCA cell growth in vitro and in vivo. (A)
Schematic illustration of the construction of HDO and HDO targeting mouse TBK1 mRNA. (B) HDO is
specifically concentrated in the liver and illustrates TBK1 degradation. (C) HuCCT1 and TFK1-TBK1 cells
were treated with TBK1-HDO after 30 min, 60 min, and 90 min by immunofluorescence assay. Merged
images represent overlays of TBK1-HDO (green) and nuclear staining by DAPI (blue). Scale bar = 25 μm.
(D, E) Dose-dependent reduction of gene silencing in HuCCT1 and TFK1-TBK1 cells with HDO targeting
TBK1. Data are representative of at least three independent experiments each. (F) Fluorescence
micrographs of various mice organs 6 h after injection of 0.75 mg/kg 6-FAM-labeled TBK1-HDO. Green: 6-
FAM-labeled DNA/LNA gapmer; Red: Actin; Blue: DAPI. Scale bar = 100 μm. (G) The quantification of
TBK1-HDO expression in various mice organs. (H, I) Statistical analysis of tumor nodules and the
liver/body weight ratio, as well as representative images of tumor morphology of liver tissue in vivo at the
endpoint.
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Figure 8

Upregulation of TBK1 predicts poor survival in ICC patients. (A) Overall survival (OS) and disease-free
survival (DFS) curves of patients from the First Affiliated Hospital, Sun Yat⁃sen University dataset (our
cohort, n=182) with high or low TBK1 expression levels. (B) Overall survival (OS) and disease-free survival
(DFS) curves of patients from the First Affiliated Hospital, Sun Yat⁃sen University dataset (our cohort,
n=182) with high or low β-catenin expression levels. (C) OS and DFS curves are stratified by TBK1 and
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nuclear β-catenin expression levels. ICC patients were classified into three groups according to TBK1 and
nuclear β-catenin expression: group1 (n = 18): low TBK1 and β-catenin expression; group2 (n = 64): high
TBK1 and low β-catenin expression or low TBK1 and high β-catenin expression; group3 (n = 100): high
TBK1 and β-catenin expression. (D) Univariate and multivariate analyses of factors possibly associated
with overall and disease-free survival after resection in our cohort (n = 182). **P < 0.01, ***P < 0.001.

Figure 9
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The proposed model of TBK1 inhibits ICC progression.
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