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A B S T R A C T   

Cholangiocarcinoma is one of the most lethal human cancers, and chemotherapy failure is a major cause of 
recurrence and poor prognosis. We previously demonstrated that miR-200 family members are downregulated in 
clinical samples of cholangiocarcinoma and inhibit cholangiocarcinoma tumorigenesis and metastasis. However, 
the role of differentially expressed miR-200b-3p in 5-fluorouracil chemosensitivity remains unclear. Here, we 
examined how miR-200b-3p modulates 5-fluorouracil chemosensitivity in cholangiocarcinoma. We observed 
that miR-200b-3p was associated with 5-fluorouracil sensitivity in cholangiocarcinoma and increased 5-fluoro-
uracil-induced mitochondrial apoptosis in cholangiocarcinoma cells. Mechanistically, miR-200b-3p suppressed 
autophagy in cholangiocarcinoma cells to mediate 5-fluorouracil sensitivity. Further, we identified KLF4 as an 
essential target of miR-200b-3p in cholangiocarcinoma. Notably, the miR-200b-3p/KLF4/autophagy pathway 
augmented the chemosensitivity of cholangiocarcinoma cells to 5-fluorouracil. Our findings underscore the key 
role of miR-200b-3p in chemosensitivity to 5-fluorouracil and highlight the miR-200b-3p/KLF4/autophagy axis 
as a potential therapeutic target for cholangiocarcinoma.   

1. Introduction 

Cholangiocarcinoma (CCA) is a lethal human cancer that is consid-
ered difficult to treat, and prognosis remains poor [1]. Despite advances 
in early diagnosis and treatment, the 2-year overall survival rate is only 
65%, which can be attributed to the biological characteristics of CCA 
[2]. For CCA recurrence and distant metastasis, surgical outcomes tend 
to be limited [3]. Thus, chemotherapy remains a significant component 
of treatment for CCA [4]. 5-fluorouracil (5-FU) is the most commonly 
used chemotherapeutic drug for CCA. Nevertheless, the dose-dependent 
response to 5-FU in CCA is limited, as a high dose of 5-FU produces 
severe side effects, whereas a low dose of 5-FU results in chemo-
resistance and low efficacy [5]. Therefore, elucidating the mechanisms 
underpinning chemoresistance in CCA remains a critical unmet need. 

Autophagy is an evolutionarily conserved catabolic process that is 

crucial for the degradation of cellular proteins or components and 
maintenance of homeostasis [6]. During autophagy, impaired organelles 
are sequestered in double-membrane vesicles for lysosomal degradation 
[7]. Mitophagy is a distinct form of autophagy in which damaged 
mitochondria are selectively degraded to maintain cellular function and 
integrity [8]. Dysregulation of autophagy/mitophagy has been linked to 
many human diseases, including cancers [8–10]. Cancer cells have not 
only inherited autophagic mechanisms to survive in extreme tumor 
microenvironments, but have also evolved to increase invasiveness and 
resistance to anticancer drugs such as chemotherapy [11]. Therefore, 
CCA treatment may benefit from approaches that inhibit autophagy. 

MicroRNAs (miRNAs) are regulatory non-coding RNAs approxi-
mately 22 nucleotides in length [12]. miRNAs are assembled into an 
RNA-induced silencing complex (RISC), which localizes directly to the 
target 3′-untranslated region (3′-UTR) of mRNAs, triggering 
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posttranscriptional regulation [13]. It is well established that miRNAs 
play a vital role in cancer progression [14]. In CCA, abnormal expression 
of miRNAs has been reported, and alterations in miRNAs can contribute 
to tumor growth by modulating critical genes involved in tumor cell 
survival [15]. Among the miRNAs, miR-200b-3p is thought to play a 
critical role in the regulation of growth and chemotherapy sensitivity of 
CCA cells [15,16]. A previous study demonstrated that the expression 
profile of miR-200b-3p was associated with 5-FU chemoresistance and 
self-renewal capacity in CCA cells [16]. However, the mechanism by 
which miR-200b-3p regulates these processes is unclear. Moreover, 
there has been a paucity of research on the role of miR-200b-3p in CCA 
to date. Here, we demonstrated that forced expression of miR-200b-3p, 
which inhibited autophagy by directly targeting Krüppel-like factor 4 
(KLF4), enhanced the chemosensitivity of CCA cells to 5-FU. Our results 
provide a novel strategy for treating CCA. 

2. Materials and methods 

2.1. Cell lines, clinical samples and chemicals 

Human CCA TFK-1 cells were purchased from DSMZ (Braunschweig, 
Germany). HuCCT-1 cells were kindly provided by Jianmin Wang, 
Affiliated Tongji Hospital. Cells were cultured in RPMI-1640 medium 
supplemented with 10% fetal bovine serum (FBS) at 37 ◦C in a 5% CO2 
incubator. Human cholangiocarcinoma tissues were obtained from pa-
tients with postoperative pathological diagnosed perihilar or distal 
biliary cholangiocarcinoma at the Department of Biliary-Pancreatic 
Surgery, Affiliated Tongji Hospital (Hubei, China). Human sample 
collection procedures were approved by the China Ethical Review 
Committee. 5-FU (F6627) and CQ (C6628) were obtained from Sigma- 
Aldrich (St. Louis, MO, USA). EBSS (24010043) was obtained from 
Thermo Fisher. Anti-LC3B (3868), anti-SQSTM1/p62 (8025), anti-PARP 
(9532), anti-cleaved PARP (5625), anti-BID (2002), anti-MFN2 (9482), 
anti-OPA1 (80471), anti-KLF4 (12173), anti-caspase-3 (9665), anti- 
cleaved caspase-3 (9664), anti-caspase-8 (4790), and anti-caspase-12 
(35965) antibodies were obtained from Cell Signaling Technology 
(Beverly, MA, USA). Anti-Bax (50599-2-Ig), anti-KLF4 (11880-1-AP), 
and anti-GAPDH (60004-1-Ig) antibodies were obtained from Pro-
teintech Group (Chicago, IL, USA). Anti-Ki67 (sc-15402) and anti- 
LAMP1 (sc-18821) antibodies were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). 

2.2. Cell viability and colony formation assays 

Cell viability was assessed using the CCK-8 assay (Dojindo Molecular 
Technologies, Kumamoto, Japan) according to the manufacturer’s in-
structions. Briefly, cells were plated in a 96-well plate at a concentration 
of 2000 cells per well. At the indicated time points, CCK-8 (Beyotime 
Institute of Biotechnology) was added to each well, and the cells were 
incubated at 37 ◦C for 2 h. The plate was measured using a microplate 
reader (Bio-Tek Elx 800, USA) at 450 nm. The IC50 (the concentration at 
which the optical density was reduced by 50%) was calculated using 
linear regression performed on the linear zone of the dose-response 
curve. For the colony-forming assay, cells were seeded in 6-well plates 
at a concentration of 1000 cells per well. The medium was replaced with 
fresh medium, and the cells were allowed to grow for 14 days. The cells 
were fixed in 4% paraformaldehyde, stained with 0.5% cresyl violet, and 
imaged to quantify the colonies. All experiments were repeated at least 
three times. 

2.3. Annexin V-FITC/PI apoptosis assay 

Cell apoptosis was detected using the annexin V-FITC/PI Apoptosis 
Detection Kit (MultiSciences, Hangzhou, China) according to the man-
ufacturer’s instructions. In brief, cells were resuspended in 1 × binding 
buffer with annexin V-FITC (2.5 μL per well) and PI (5 μL per well) and 

incubated in the dark for 15 min at 37 ◦C. Cells were analyzed using flow 
cytometry on a FACSCalibur flow cytometer (BD Immunocytometry 
Systems, USA). 

2.4. Measurement of mitochondrial membrane potential 

Mitochondrial membrane potential (MMP, Δψm) was analyzed using 
the fluorescent dye JC-1, according to the manufacturer’s instructions. 
Briefly, cells were centrifuged at 1000 rpm for 5 min at room temper-
ature. Following incubation with JC-1 (5 μg/mL) for 20 min at 37 ◦C, 
cells were washed and analyzed by flow cytometry on a FACSCalibur 
flow cytometer (BD Immunocytometry Systems, USA). 

2.5. Real-time PCR 

Total RNA was reverse-transcribed to cDNA using a TaqMan 
MicroRNA Reverse Transcription Kit (Applied Biosystems, USA) or Pri-
meScript Reverse Transcription Kit (Takara, Japan) after extraction with 
TRIzol reagent (Invitrogen, USA). Quantitative real-time PCR was per-
formed using TaqMan MicroRNA assay (Applied Biosystems) for miRNA 
analysis or the SYBR Green Real-Time PCR Premix (Takara, Japan) for 
mRNA analysis according to the manufacturer’s instructions. Gene 
expression was measured using a CFX96 Real-Time PCR System (Bio- 
Rad, USA). The housekeeping genes GAPDH or U6 were used as refer-
ence genes in all RT-qPCR analyses. The following primers were used: 
SCD 5′-TCTAGCTCCTATACCACCACCA-3′ (forward), 5′- 
TCGTCTCCAACTTATCTCCTCC-3′ (reverse); PSAT1 5′-TGCCGCACT-
CAGTGTTGTTAG-3′ (forward), 5′-GCAATTCCCGCACAAGATTCT-3’ 
(reverse); KRT80 5′- CCTCCCTAATTGGCAAGGTG-3’ (forward), 5′- 
AGATGCCCGAGGTCGAAGAT-3′ (reverse); KLF4 5′-CCATCTTTCTC-
CACGTTCG-3′ (forward), 5′-AGTCGCTTCATGTGGGAGAG-3′ (reverse); 
and FSTL4 5′-TCCTGGGAAAGAGGATCACCG-3′ (forward), 5′- 
TCTGCATCTAAGTCCCTGAACA-3′ (reverse). 

2.6. Western blot analysis 

Total cellular proteins were extracted using a RIPA buffer kit with a 
protease inhibitor (Boster Biological Technology, Wuhan, China). Pro-
tein concentration was measured using a bicinchoninic acid protein 
assay kit (Beyotime, Haimen, China). Equivalent amounts of protein 
from the samples were resolved on an SDS-PAGE gel, transferred onto a 
polyvinylidene fluoride membrane (Millipore, Burlington, MA, USA), 
and incubated with the indicated primary antibodies and relevant sec-
ondary antibodies. The blots were detected using a ChemiDoc XRS 
System (Bio-Rad Laboratories, USA). 

2.7. Transmission electron microscopy 

Cell samples were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer at 4 ◦C overnight and then postfixed with 1% osmium tetroxide in 
0.1 M cacodylate buffer for 1 h at 4 ◦C. After dehydration in a graded 
series of ethanol, the samples were embedded in spur resin and sliced 
into serial sections with an ultramicrotome. Sections were stained with 
4% uranyl acetate and lead citrate. Images were captured using a 
Hitachi H-7000FA transmission electron microscope. 

2.8. Immunofluorescence and confocal microscopy 

For immunofluorescence analysis, the indicated treated cells were 
seeded on glass coverslips. After fixed with 4% formaldehyde and per-
meabilized with 0.1% Triton X-100, the cells were incubated with pri-
mary antibodies overnight and Cy3 conjugated secondary antibody for 
2 h at room temperature. The cells subsequently visualized under a 
confocal microscope (Carl Zeiss, Germany, LSM710). 

For immunofluorescence analysis of LC3, cells were treated with the 
designated treatments after transfection with GFP-mRFP-LC3B or GFP- 
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LC3B. Cells were grown on glass coverslips. After adhesion, the cells 
were fixed with 4% formaldehyde and imaged using a confocal micro-
scope (Carl Zeiss, Germany, LSM710). 

2.9. Transfection and generation of stable cell lines 

The miR-200b-3p inhibitor, its control (anti-miR Ctrl), miR-200b-3p 
mimic and corresponding negative control (NC) were purchased from 
Ribobio (Guangzhou, China). To generate the KLF4 plasmid, fragments 
of KLF4 were cloned into a pHAGE plasmid. To generate the shKLF4 
plasmid, fragments of shRNA targets were cloned into the AgeI-EcoRI 
site of pLKO.1. Cells were transfected using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. Lentiviruses containing miR-200b-3p, relevant controls, and 
tandem-labeled GFP-mRFP-LC3 reporter were constructed by Gene-
Pharma (Shanghai, China). Viral supernatant stably downregulated 
KLF4 was produced by co-transfection of HEK293T cells with shKLF4 
plasmid, the pMD2.G envelope plasmid and the psPAX packaging 
plasmid. Lentivirus transfection was performed according to the man-
ufacturer’s instructions. 

2.10. Luciferase reporter assay 

To generate KLF4 3′-UTR wild-type plasmids, the appropriate 3′-UTR 
fragments were cloned into the psi-CHECK2 luciferase reporter vector 
(Promega, WI, USA). To generate KLF4 3′-UTR mutated luciferase re-
porter plasmids, mutant KLF4 3′-UTR fragments were constructed by 
deleting the miR-200b-3p targeting sequence in the 3′UTR region. 
Luciferase activity was determined using a dual-luciferase reporter assay 
system (Promega, Madison, WI, USA) according to the manufacturer’s 
instructions. Relative luciferase activity was determined using a GloMax 
20/20 luminometer (Promega). Luciferase activity was normalized to 
that of firefly luciferase. 

2.11. RNA-seq 

Total RNA from cell samples was sent to BGI (Beijing Genomics 
Institute) using the BGISEQ-500 platform for sequencing. Briefly, RNA 
was sheared and reverse transcribed using random primers to obtain 
cDNA. After adaptor ligation, the products were purified and amplified 
for library construction. The prepared library was sequenced, and 
differentially expressed genes were analyzed according to the manu-
facturer’s protocol. 

2.12. Xenograft experiments 

All experimental procedures were approved by the Institutional 
Animal Care and Use Committee of the Huazhong University of Science 
and Technology. Six-week-old female BALB/c nude mice obtained from 
HFK BioTechnology were randomly divided into groups as indicated and 
subcutaneously injected with the indicated cells (2 × 106 cells per 
mouse), which were mixed with Matrigel (Becton Dickinson, USA) at a 
1:1 ratio. Tumor-bearing mice were intraperitoneally treated with either 
vehicle or 5-FU (15 mg/kg). The tumor size and body weight of the mice 
were measured once a week from the time of implantation. Tumor 
volume was calculated using the following formula: volume (mm3) =
length × width2/2. 

2.13. Statistical analysis 

All data are presented as the mean ± standard deviation (SD). Sig-
nificance was evaluated using a Student’s t-test. Statistical analyses were 
performed using GraphPad Prism 5 software and SPSS software (version 
22.0; SPSS, Chicago, USA). Statistical significance was set at p < 0.05. 

3. Results 

3.1. MiR-200b-3p enhances the chemosensitivity of CCA cells to 5-FU 

To evaluate the effects of miR-200b-3p on chemotherapy for CCA, 
cell counting kit-8 (CCK8) assays were performed to assess cell viability. 
We previously demonstrated that miR-200b-3p was underexpressed in 
CCA [16]; hence, we performed gain-of-function studies. Ectopic 
expression of miR-200b-3p reduced the growth of TFK-1 and HuCCT-1 
cells (Fig. 1A). To investigate the association between miR-200b-3p and 
chemoresistance in CCA, the IC50 values of 5-FU were tested in 
miR-200b-3p-overexpressing and control CCA cells. We calculated the 
IC50 values of CCA cells using the CCK-8 assay upon exposure to step-up 
concentrations of 5-FU for 24 h. The IC50 value of TFK-1 NC cells was 
80.79 ± 13.45 (n = 3), and the IC50 value of TFK-1 miR-200b-3p cells 
was 32.25 ± 3.30 (n = 3). The IC50 value of HuCCT-1 NC cells was 
100.80 ± 8.37 (n = 3), and the IC50 value of HuCCT-1 miR-200b-3p 
cells was 52.88 ± 3.12 (n = 3). These results suggest that 
miR-200b-3p-overexpressing cells were sensitive to 5-FU (Fig. 1B). 
Further analyses of long-term cell viability confirmed that miR-200b-3p 
significantly decreased colony formation of TFK-1 and HuCCT-1 cells. 
This difference in potency was more evident in the presence of 5-FU 
(Fig. 1C). To confirm this finding in vivo, we established xenografts of 
subcutaneously implanted TFK-1 cells using control and miR-200b-3p 
overexpression lentivirus-based vectors. Tumor-bearing mice were 
intraperitoneally administered either vehicle or 5-FU twice per week. In 
the sixth week, elevated miR-200b-3p expression decreased tumor size 
in subcutaneous models in nude mice and augmented the suppression of 
tumor size in 5-FU-treated animals (Fig. 1D and E). Further, over-
expression of miR-200b-3p prevented weight loss caused by 
tumor-bearing (Fig. 1E). miR-200b-3p overexpression combined with 
5-FU treatment resulted in slight body weight loss, but no significant 
difference was observed relative to controls in the presence of 5-FU 
(Fig. 1E). Immunohistochemistry staining of paraffin-embedded sam-
ples from xenograft tumors revealed that Ki67 was lower in 
miR-200b-3p overexpression group versus the control group. And 
overexpression of miR-200b-3p led to a dramatically decrease of Ki67 
staining in the presence of 5-FU treatment (Fig. 1F and G). Cleaved 
caspase-3 staining showed a significant increase in miR-200b-3p over-
expression group compared with the control. And 5-FU treatment 
aggravated the difference between the two groups (Fig. 1F and H). These 
data suggest that miR-200b-3p plays a key role in the regulation of CCA 
cell growth and enhances the chemosensitivity of CCA cells to 5-FU. 

3.2. MiR-200b-3p increases 5-FU-induced mitochondrial apoptosis of 
CCA cells 

Increasing evidence suggests that inhibitory cell growth is closely 
associated with cell apoptosis [17]. Therefore, we hypothesized that 
apoptosis plays a key role in miR-200b-3p-induced chemosensitivity to 
5-FU in CCA cells. we first performed annexin V/PI staining assays to 
determine the apoptotic ratio of CCA cells using flow cytometry. We 
observed that ectopic miR-200b-3p expression increased the apoptotic 
ratio of CCA cells compared to that in the control group (Fig. 2A). The 
miR-200b-3p-elicited apoptotic effect was exacerbated in the presence 
of 5-FU (Fig. 2A). We next performed western blotting to examine the 
levels of apoptosis signal-related proteins PARP, cleaved PARP, 
caspase-3, caspase-8 and caspase-12, which are considered markers of 
apoptosis [18]. In the presence of 5-FU, miR-200b-3p overexpression 
decreased PARP and caspase-3 expression and induced cleavage of 
PARP, but not caspase-8 and caspase-12 in TFK-1 and HuCCT-1 cells 
(Fig. 2B). 

Mitochondrial dysfunction plays a critical role in cancer chemo-
resistance in cells [19]. To evaluate the role of mitochondrial dysfunc-
tion in miR-200b-3p-elicited 5-FU chemosensitivity in CCA cells, the 
mitochondrial membrane potential (Δψm) and expression of 
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mitochondrial apoptosis-related proteins were assessed. We observed 
that Δψm was significantly decreased in miR-200b-3p-overexpressing 
cells compared with control group. Elevated miR-200b-3p resulted in 
a more severe loss of Δψm in the presence of 5-FU (Fig. 2C). Combi-
nation treatment of 5-FU and miR-200b-3p increased Bax protein levels 
and decreased BID protein levels, as detected using western blot 

(Fig. 2D). Collectively, these data indicate that mitochondrial dysfunc-
tion plays a vital role in the regulation of miR-200b-3p-induced mito-
chondrial apoptosis in CCA cells caused by 5-FU. 

Fig. 1. MiR-200b-3p promotes 5-FU sensitivity in CCA cells. (A) Viability of TFK-1 and HuCCT-1 cells expressing NC or miR-200b-3p detected using a CCK8 assay. 
(B) Sensitivity of cells to 5-FU was evaluated using the CCK8 assay upon exposure to step-up concentrations of 5-FU for 24 h. Dose-effect curves and statistical 
analysis of IC50 values are presented in the left and right panels, respectively. *p < 0.05; **p < 0.01. (C) Representative images from the colony-forming assay and 
colony number analysis of TFK-1 and HuCCT-1 cells stably expressing NC or miR-200b-3p in the absence or presence of 40 μg/mL of 5-FU treatment. All experiments 
were performed in triplicate. Data are presented as the mean ± SD. (D) Tumors from mice in each group in week 6 after tumor implantation are presented. (E) The 
tumor volume (upper panel) and body weight (lower panel) of the mice in each group were measured once a week from the time of tumor implantation. (F) 
Representative images of immunohistochemistry staining showing H&E, Ki67 and cleaved caspase-3 in xenograft tumor tissues from the different experimental 
mouse groups. Scale bar, 100 μm. (G) Statistical analysis of percentage of Ki67 positive cells from xenograft tumor tissues. (H) Statistical analysis of staining intensity 
of cleaved caspase-3 from xenograft tumor tissues. 
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3.3. MiR-200b-3p mediates 5-FU sensitivity by suppressing autophagy in 
CCA cells 

The occurrence of mitochondrial apoptosis implies deficits in mito-
chondrial quality control mechanisms, whereby a specialized autophagy 
pathway (mitophagy) maintains the removal of damaged mitochondria 
[20]. To investigate the involvement of mitophagy in 
miR-200b-3p-mediated regulation of CCA cell apoptosis, we analyzed 
autophagic marker microtubule-associated protein 1 light chain 3β 
(LC3B). Immunofluorescence analysis of LC3B showed a decreased 
number of GFP-LC3B puncta in miR-200b-3p-overexpressing TFK-1 cells 

no matter with or without 5-FU treatment (Fig. 3A). Transmission 
electron microscopy revealed that number of autophagosomes/autoly-
sosomes were significantly decreased in miR-200b-3p overexpressing 
TFK-1 cells regardless with or without 5-FU treatment (Fig. 3B). To 
confirm the effect of miR-200b-3p on autophagy, we evaluated LC3B II 
and p62 levels in the absence and presence of chloroquine (CQ), which 
inhibits autophagosome and lysosome fusion and LC3B II turnover. We 
observed that miR-200b-3p decreased LC3B II net turnover flux in TFK-1 
and HuCCT-1 cells (Fig. 3C). Further, we measured autophagic flux 
using a tandem-labeled GFP-mRFP-LC3 reporter. This reporter localizes 
as yellow puncta in autophagosomes and red-only puncta in 

Fig. 2. MiR-200b-3p increases 5-FU-induced mitochondrial apoptosis in CCA cells. (A) Flow cytometry detecting apoptotic cells in indicated cells stably expressing 
NC or miR-200b-3p in the absence or presence of 40 μg/mL of 5-FU treatment. *p < 0.05; **p < 0.01. (B) Western blot analysis of PARP, cleaved PARP, caspase-3, 
caspase-8 and caspase-12 in TFK-1 and HuCCT-1 cells stably expressing NC or miR-200b-3p in the absence or presence of 40 μg/mL of 5-FU treatment. (C) MMP 
(Δψm) was detected in cells stably expressing NC or miR-200b-3p in the absence or presence of 40 μg/mL of 5-FU treatment. *p < 0.05; **p < 0.01. (D) Western blot 
analysis of the mitochondrial apoptosis-related proteins BID and BAX in TFK-1 and HuCCT-1 cells stably expressing NC or miR-200b-3p in the absence or presence of 
40 μg/mL of 5-FU treatment. 
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Fig. 3. MiR-200b-3p mediates 5-FU sensitivity by suppressing autophagy in CCA cells. (A) Immunofluorescence analysis showing LC3 puncta in TFK-1 cells stably 
expressing NC or miR-200b-3p in the absence or presence of 40 μg/mL of 5-FU treatment. Representative confocal images are shown in the left panel; the number of 
LC3 dots is quantified in the right panel. *p < 0.05; **p < 0.01; Scale bar: 10 μm. (B) Transmission electron microscopy showing autophagosomes/autolysosomes in 
TFK-1 cells stably expressing NC or miR-200b-3p in the absence or presence of 40 μg/mL of 5-FU treatment. Representative images and their magnified views are 
presented in the left panel. The right panel presents the quantification of the number of autophagic vacuoles. Triangle: autophagic vacuoles; *p < 0.05; **p < 0.01; 
Scale bar: 10 μm. (C) Western blot analysis of LC3B and p62 expression in TFK-1 and HuCCT-1 cells stably expressing NC or miR-200b-3p in the absence or presence 
of CQ treatment (10 μM, 24 h). (D) TFK-1 cells pre-transfected with GFP-mRFP-LC3B were transfected with NC or miR-200b-3p in the absence or presence of CQ 
treatment (10 μM, 24 h). Representative confocal images of autophagosome (yellow puncta) and autolysosome (red puncta) formation are presented in the left panel. 
Scale bar: 10 μm. The numbers of RFP+GFP+ LC3 puncta and RFP+GFP− LC3 puncta are shown in the right panel. ****p < 0.0001 compared with the control. (E) 
Western blot analysis of MFN2 and OPA1 expression in TFK-1 and HuCCT-1 cells stably expressing NC or miR-200b-3p in the absence or presence of 40 μg/mL of 5- 
FU treatment. (F) TFK-1 cells stably expressing NC or miR-200b-3p in the absence or presence of EBSS treatment (24 h) were evaluated for cell sensitivity to 5-FU 
using the CCK8 assay upon exposure to step-up concentrations of 5-FU for 24 h. Dose-effect curves and statistical analysis of IC50 values are presented in the upper 
and lower panels, respectively. **p < 0.01; ***p < 0.001. (G) Flow cytometry detecting apoptotic cells in TFK-1 cells stably expressing NC or miR-200b-3p in the 
absence or presence of EBSS treatment (24 h) in the absence or presence of 40 μg/mL of 5-FU. **p < 0.01; ***p < 0.001. 

Fig. 4. KLF4 is a key target gene of miR-200b-3p in CCA. (A) Differentially expressed genes with over 2-fold change in expression in TFK-1 cells transfected with miR- 
200b-3p compared with NC. (B) Schematic illustration of target genes of miR-200b-3p analysis based on TargetScan and RNA-seq data. (C) Real-time PCR analysis of 
five candidate genes in TFK-1 cells expressing NC or miR-200b-3p. (D) Real-time PCR analysis of KLF4 in TFK-1 cells transfected with miR-200b-3p inhibitor and its 
control. (E) Western blot analysis of KLF4 in TFK-1 or HuCCT-1 cells expressing NC or miR-200b-3p. (F) Western blot analysis of KLF4 in TFK-1 or HuCCT-1 cells 
transfected with miR-200b-3p inhibitor and its control. (G) Sequence alignment of miR-200b-3p with human wild-type (WT) and mutant 3′-UTR of KLF4 mRNA. 
Binding site and seed region of miR-200b-3p are indicated in red. (H) Effects of miR-200b-3p mimic and miR-200b-3p inhibitor on the activity of WT or mutant KLF4 
3′UTR luciferase reporter plasmid measured using a luciferase assay in TFK-1 cells. 

F. Peng et al.                                                                                                                                                                                                                                     



Non-coding RNA Research 9 (2024) 1098–1110

1105

autolysosomes, as the GFP fluorescence decays in the acidic lysosomal 
environment, whereas mRFP is more resistant to low pH [21]. Elevated 
miR-200b-3p decreased the number of total LC3 puncta compared to 
that in the control group, especially the number of red-only LC3 puncta 
in TFK-1 cells, indicating an inhibition of autophagic flux (Fig. 3D). In 
order to ascertain the impact of miR-200b-3p at the autophagosome 
level, we examined LAMP1 expression in CCA cells that overexpress 
miR-200b-3p. Immunofluorescence and western blot analysis revealed 
that overexpressed miR-200b-3p had no effect on the expression of the 
LAMP1 (Figs. S1A and B). Moreover, miR-200b-3p decreased the 
expression of mitochondrial fusion proteins (MFN2 and OPA1), and 
miR-200b-3p overexpression augmented the decrease in levels of these 
proteins in the presence of 5-FU (Fig. 3E). These results demonstrate that 
miR-200b-3p suppresses mitophagy in CCA cells. 

Given that treatment with Earle’s balanced salt solution (EBSS) in-
duces autophagic flux in cells [22], we used EBSS as a positive control 
for autophagy inducers. And it has also been confirmed that EBSS has an 
impact on autophagic flux by western blot analysis (Fig. S1C). To verify 
the role of autophagy inhibition in miR-200b-3p-induced enhancement 
of 5-FU sensitivity, we treated miR-200b-3p-overexpressing and control 
CCA cells with EBSS using CCK8 assays to obtain IC50 values of 5-FU. 
We observed that EBSS treatment increased the IC50 values of 5-FU in 
miR-200b-3p-overexpressing CCA cells, that is, miR-200b-3p-induced 
5-FU sensitivity was abolished by EBSS (Fig. 3F). Flow cytometric 
analysis of apoptosis revealed that EBSS treatment significantly weak-
ened the miR-200b-3p-elicited apoptotic effect in the presence of 5-FU 
(Fig. 3G). These results suggest that inhibition of autophagy mediates 
miR-200b-3p-induced 5-FU sensitivity. Collectively, these data indicate 
that miR-200b-3p suppresses autophagy in CCA cells to mediate 5-FU 
sensitivity. 

3.4. KLF4 is a key target gene of miR-200b-3p in CCA 

To elucidate the direct downstream genes involved in miR-200b-3p- 
mediated effects on 5-FU sensitivity, RNA sequencing was performed to 
analyze the global gene expression profiles of miR-200b-3p- 
overexpressing and relevant control TFK-1 cells. Comparative gene 
expression of miR-200b-3p-overexpressing and control cells revealed 
changes in the expression of 112 genes (defined as >2- or <0.5- fold 
change with qValue ≤0.001), of which 86 were downregulated 
(Fig. 4A). GO analysis indicated that the downstream genes were mainly 
involved in cellular metabolic related functions. And the KEGG pathway 
analysis indicated that the downstream genes were associated with 
metabolic related pathways (Figs. S1A and B). In total, 1196 potential 
target genes of miR-200b-3p were predicted using the online bioinfor-
matics program TargetScan 7.2 in Homo sapiens [23]. We compared the 
data derived from TargetScan7.2 (predicted targets of miR-200b-3p) 
and RNA-seq. Five genes were preliminarily identified as potential tar-
gets of miR-200b-3p in CCA, including SCD, PSAT1, KRT80, KLF4, and 
FSTL4 (Fig. 4B). To further assess potential miR-200b-3p target genes, 
we validated the expression of these genes in 
miR-200b-3p-overexpressing cells using real-time PCR and western 
blotting. Among these genes, KLF4 mRNA and protein levels were 
decreased with miR-200b-3p overexpression (Fig. 4C and E). Mean-
while, KLF4 mRNA and protein levels were increased upon miR-200b-3p 
inhibition (Fig. 4D and F). Evaluation of the 3′-UTR sequences of KLF4 in 
Homo sapiens revealed that KLF4 contains a classical and conserved 
miR-200b-3p complementary site (Fig. 4G). Furthermore, luciferase 
reporter assays indicated that the luciferase activity of the reporter 
containing wild-type KLF4 3′-UTR was significantly reduced and 
increased by miR-200b-3p overexpression and knockdown, respectively. 
In contrast, overexpression or knockdown of miR-200b-3p did not alter 
the luciferase activity of the reporter containing the mutated KLF4 
3′-UTR sequence (Fig. 4H). Collectively, these data suggest that KLF4 is a 
direct target of miR-200b-3p in CCA cells. 

3.5. MiR-200b-3p targets KLF4 mediated autophagy inhibition to 
enhance 5-FU sensitivity in CCA cells 

KLF4 has been implicated in the regulation of mitochondrial ho-
meostasis in cancer cells [24]. Mitochondria are highly dynamic and can 
undergo fusion, fission, and autophagy with changes in the tumor 
microenvironment [24,25]. To examine the involvement of KLF4 in 
miR-200b-3p-induced autophagy in CCA cells, western blotting was 
performed to analyze LC3B II and p62 levels in CCA cells. KLF4 over-
expression enhanced LC3B II expression and attenuated 
miR-200b-3p-elicited reduction in LC3B II levels (Fig. 5A). It also 
decreased p62 and altered miR-200b-3p-elicited accumulation in p62 
levels (Fig. 5A). Autophagic flux of miR-200b-3p and KLF4 were 
analyzed using tandem-labeled GFP-mRFP-LC3 reporter assays. KLF4 
upregulation increased the number of GFP-mRFP-LC3-labeled yellow 
puncta and red-only LC3 puncta significantly and reversed 
miR-200b-3p-elicited changes in the number of LC3 puncta in TFK-1 
cells (Fig. 5B). These data suggest that miR-200b-3p suppresses auto-
phagy in CCA cells by downregulating KLF4 expression. To understand 
the role of KLF4 in autophagy mediated 5-FU sensitivity, we knocked 
down KLF4 in TFK-1 cells with or without EBSS treatment. Down-
regulated KLF4 reduced the IC50 values of 5-FU and EBSS treatment 
abrogated the decrease of it under knockdown of KLF4 (Fig. 5C). Flow 
cytometric analysis of apoptosis revealed KLF4 knockdown enhanced 
the apoptotic ratio of TFK-1 cells. And EBSS significantly counteracted 
the KLF4 depletion-dependent apoptotic effect of CCA cells (Fig. 5D). 
These results suggest that miR-200b-3p targets KLF4 mediated auto-
phagy inhibition to enhance 5-FU sensitivity in CCA cells. 

3.6. MiR-200b-3p/KLF4 pathway augments the chemosensitivity of CCA 
cells to 5-FU 

To determine whether miR-200b-3p mediates 5-FU sensitivity by 
modulating KLF4, we overexpressed KLF4 in CCA cells by upregulating 
miR-200b-3p to assess the IC50 values of 5-FU. KLF4 overexpression 
increased the IC50 values of 5-FU in both miR-200b-3p-overexpressing 
and control CCA cells and reversed the decrease in IC50 values eli-
cited by miR-200b-3p. These results indicated that miR-200b-3p- 
induced 5-FU sensitivity was abolished by KLF4 (Fig. 6A). Colony for-
mation assays revealed that KLF4 also significantly rescued the reduc-
tion in clone number caused by miR-200b-3p in TFK-1 cells treated with 
5-FU particularly (Fig. 6B). Consistent with these findings, KLF4 coun-
teracted the decrease in PARP expression and partially offset the in-
duction of PARP cleavage in both the absence and presence of 5-FU 
(Fig. 6C). Similar effects were confirmed using an annexin V-FITC/PI 
apoptosis assay (Fig. 6D). 

To translate the results reported above in vivo, we established CCA 
xenograft models with subcutaneously implanted TFK-1 cells expressing 
control or miR-200b-3p with or without KLF4 overexpression. Tumor- 
bearing mice were intraperitoneally administered either vehicle or 5- 
FU twice per week. In the seventh week, KLF4 overexpression abro-
gated the miR-200b-3p induced suppression of tumor size in the absence 
or presence of 5-FU (Fig. 6E and F). Immunohistochemistry staining 
revealed that KLF4 resulted in a significant increase of Ki67 positive cells 
in miR-200b-3p overexpression treatment in the absence or presence of 
5-FU (Fig. 6G and H). These findings highlight KLF4 as a major effector 
that participates in miR-200b-3p-regulated 5-FU sensitivity of CCA cells. 
These data provide evidence that the miR-200b-3p/KLF4 pathway plays 
a key role in promoting the chemosensitivity of CCA cells to 5-FU. 

3.7. Aberrant expression of KLF4 in CCA 

To assess the clinical relevance of KLF4 in CCA, we examined KLF4 
expression in paired CCA and adjacent normal tissue samples. Western 
blot analysis of 12 cases revealed that KLF4 levels were higher in most of 
CCA samples than in normal tissue samples (Fig. 7A). Real-time PCR of 
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30 cases indicated that KLF4 levels were higher in approximately 67% of 
CCA cancer tissues than in pair-matched adjacent normal tissues 
(Fig. 7B). Immunohistochemistry assays revealed that KLF4 expression 
levels were significantly higher in CCA tissues than in adjacent normal 
tissue samples (Fig. 7C and D). Collectively, these data indicate that the 

KLF4 expression is elevated in CCA. 

4. Discussion 

CCA is the second most common primary hepatic malignancy, with 

Fig. 5. miR-200b-3p targets KLF4 mediated autophagy inhibition to enhance 5-FU sensitivity in CCA cells. (A) Western blot analysis of LC3B and p62 expression in 
TFK-1 cells expressing NC or miR-200b-3p with or without KLF4 overexpression. (B) TFK-1 cells pre-transfected with GFP-mRFP-LC3B were transfected with NC or 
miR-200b-3p with or without KLF4 overexpression. Representative confocal images of autophagosome (yellow puncta) and autolysosome (red puncta) formation are 
presented in the left panel. Scale bar: 10 μm. The numbers of RFP+GFP+ LC3 puncta and RFP+GFP− LC3 puncta are presented in the right panel. **p < 0.01; ***p <
0.001. (C) TFK-1 cells stably expressing NC or shKLF4 in the absence or presence of EBSS treatment (24 h) were evaluated for cell sensitivity to 5-FU using the CCK8 
assay upon exposure to step-up concentrations of 5-FU for 24 h. Dose-effect curves and statistical analysis of IC50 values are presented in the left and right panels, 
respectively. ***p < 0.001. (D) Flow cytometry detecting apoptotic cells in TFK-1 cells stably expressing NC or shKLF4 in the absence or presence of EBSS treatment 
(24 h) in the absence or presence of 40 μg/mL of 5-FU. 
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an increasing incidence and mortality worldwide [26]. Due to the 
absence of specific symptoms, early diagnosis of CCA is challenging. As a 
result, patients may present at an advanced stage only to undergo 
chemotherapy rather than surgery [27,28]. Chemoresistance is a com-
plex phenomenon that underscores failure to respond to chemotherapy 
agents and contributes to more than 90% of deaths in patients with 
cancer [29]. 5-FU is a widely used chemotherapy for multiple types of 
gastrointestinal cancers, including CCA. Therefore, understanding the 
mechanisms of chemoresistance in CCA is critical to improve patient 
survival. miRNAs are regulatory non-coding RNAs that play key roles in 
disease recurrence and progression [30]. Accordingly, identifying 
candidate miRNAs that regulate CCA chemotherapy resistance may 
facilitate the development of effective treatments. We previously 
established a profile of dysregulated miRNAs in CCA tissues and iden-
tified miR-200 family members as one of the top six downregulated 
miRNAs that inhibit CCA tumorigenesis and metastasis [16]. Further, 

the exosomal miR-200 family has been identified as a serum biomarker 
for the early detection and prognostic prediction of CCA [31]. In this 
study, we demonstrated that miR-200b-3p enhances the chemo-
sensitivity of CCA cells to 5-FU, and miR-200b-3p-induced mitochon-
drial apoptosis plays a key role in the regulation of chemosensitivity to 
5-FU. These findings highlight miR-200b-3p as a potential marker of 
sensitivity to chemotherapeutic drugs for CCA. 

Autophagy is a conserved homeostatic process in CCA cells that 
promotes cell survival following targeted therapy [6]. The effects of 
autophagy on cancer are complex [32], but this process supports cancer 
growth in extreme environments, including exposure to chemothera-
peutics [33]. Substantial evidence indicates that crosstalk between 
autophagic and apoptotic pathways is induced during chemotherapeutic 
cellular damage [34]. Autophagy induces resistance in a wide range of 
cancer cells. Indeed, inhibition of autophagy has been reported to 
overcome chemoresistance in many tumor cells [35]. In our model, we 

Fig. 6. miR-200b-3p/KLF4 pathway augments the chemosensitivity of CCA cells to 5-FU. (A) TFK-1 cells stably expressing NC or miR-200b-3p with or without KLF4 
overexpression were evaluated for cell sensitivity to 5-FU using the CCK8 assay upon exposure to step-up concentrations of 5-FU for 24 h. Dose-effect curves and 
statistical analysis of IC50 values are presented in the upper and lower panels, respectively. **p < 0.01; ***p < 0.001. (B) Representative images of the colony- 
forming assay and colony number analysis of TFK-1 cells stably expressing NC or miR-200b-3p with or without KLF4 overexpression in the absence or presence 
of 40 μg/mL of 5-FU treatment, as indicated. All experiments were performed in triplicate. Data are presented as the mean ± SD. (C) Western blot analysis of PARP 
and cleaved PARP in TFK-1 cells stably expressing NC or miR-200b-3p with or without KLF4 overexpression in the absence or presence of 5-FU treatment, as 
indicated. (D) Flow cytometry detecting apoptotic cells in TFK-1 cells stably expressing NC or miR-200b-3p with or without KLF4 overexpression in the absence or 
presence of 5-FU treatment, as indicated. *p < 0.05; **p < 0.01. (E) Xenograft tumors from mice in each group in week 7 after implantation were excised and 
photographed are presented. (F) Weight analysis of subcutaneous tumors from the indicated groups. (G) Representative images of immunohistochemistry staining 
showing H&E and Ki67 in xenograft tumor tissues from the indicated groups. Scale bar, 100 μm. (H) Statistical analysis of percentage of Ki67 positive cells from 
xenograft tumor tissues as indicated. 

Fig. 7. Aberrant expression of KLF4 in CCA. (A) Western blot analysis of KLF4 protein expression in 12 samples of paired CCA tissues. (B) Real-time PCR showing 
relative mRNA levels of KLF4 in 30 samples of paired CCA tissues. (C-D) Immunohistochemical analysis of KLF4 in serial sections of 9 paired CCA tissues. Repre-
sentative images are shown in the (C). Statistical analysis of KLF4 expression is in the (D). Scale bar in image at 10 × magnification: 100 μm; scale bar in image at 40 
× magnification: 20 μm. 
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observed that miR-200b-3p suppressed autophagy in CCA cells. Further, 
miR-200b-3p-elicited 5-FU sensitivity was abolished by EBSS-induced 
autophagic flux in CCA cells, indicating that miR-200b-3p suppresses 
autophagy to mediate 5-FU sensitivity. These findings are in accordance 
with our previous data demonstrating that miR-200b/c inhibits the in-
vasion and metastatic properties of CCA cells [16]. 

It is well established that miRNAs regulate downstream target genes 
via assembly of RISC at the transcriptional and post-transcriptional 
levels [13], indicating that miRNAs may target multiple mRNAs. To 
elucidate the underlying mechanisms by which miR-200b-3p enhances 
the chemosensitivity of CCA cells to 5-FU, we screened for potential 
targets for chemotherapeutic sensitization. RNA-seq and the computa-
tional prediction program TargetScan7.2 were used for the primary 
screening, and RT-PCR and western blotting were used for verification. 
In our study, KLF4, one of the five candidate targets screened with 
TargetScan7.2 (predicted targets of miR-200b-3p), overlapped with the 
86 downregulated genes that were differentially expressed and was 
identified to be regulated by miR-200b-3p in CCA. Indeed, we verified 
that miR-200b-3p significantly inhibited KLF4 expression at both the 
transcriptional and post-transcriptional levels in CCA cells. Luciferase 
assays confirmed that KLF4 was a direct target of miR-200b-3p in CCA 
cells. Altogether, these results suggest that KLF4 is an essential target for 
miR-200b-3p to perform its potential biological functions. 

KLF4 is a crucial self-renewal transcriptional factor of the KLF family 
that exerts diverse modulatory effects in proliferation, differentiation, 
and somatic cell reprogramming [36]. KLF4 is involved in the induction 
of pluripotent stem cells and mediates autophagy flux to regulate 
metabolic homeostasis, including mitochondrial homeostasis, in 
response to stress [24,37]. KLF4-associated autophagy (mitophagy) 
plays a key role in apoptosis associated with mitochondrial dysfunc-
tional and reactive oxygen species (ROS)-mediated cellular damage [25, 
38]. We thus hypothesized that KLF4 was involved in 
autophagy-mediated miR-200b-3p-induced mitochondrial apoptosis in 
CCA cells and increased chemosensitivity to 5-FU. In the present study, 
we demonstrated that KLF4 downregulation was involved in 
miR-200b-3p-mediated suppression of autophagy in CCA cells, impli-
cating KLF4 as a major effector in miR-200b-3p-regulated 5-FU sensi-
tivity in CCA cells. Further, we observed that the expression of KLF4 was 
elevated in CCA. These data provide evidence that miR-200b-3p targets 
KLF4 and suppresses autophagy, thereby elevating 5-FU sensitivity in 
CCA cells. 

In summary, this study demonstrates that miR-200b-3p enhances the 
chemosensitivity of CCA cells to 5-FU. Our results indicate that auto-
phagy modulates 5-FU chemoresistance in CCA cells via the miR-200b- 
3p/KLF4 axis. The current findings suggest that the miR-200b-3p/KLF4/ 
autophagy pathway plays a pivotal role in promoting the chemo-
sensitivity of CCA cells to 5-FU. These findings highlight the potential 
utility of targeting the miR-200b-3p/KLF4/autophagy axis for increase 
the efficacy of chemotherapeutics for CCA. 
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