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Knockdown of cullin 3 inhibits progressive phenotypes and
increases chemosensitivity in cholangiocarcinoma cells
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Abstract. Cholangiocarcinoma (CCA) is an extremely aggres-
sive malignancy arising from the epithelial cells lining the bile
ducts. It presents a substantial global health issue, with the
highest incidence rates, ranging from 40-100 cases/100,000
individuals, found in Southeast Asia, where liver fluke infection
is endemic. In Europe and America, incidence rates range from
0.4-2 cases/100,000 individuals. Globally, mortality rates range
from 0.2-2 deaths/100,000 person-years and are increasing in
most countries. Chemotherapy is the primary treatment for
advanced CCA due to limited options from late-stage diag-
nosis, but its efficacy is hindered by drug-resistant phenotypes.
In a previous study, proteomics analysis of drug-resistant
CCA cell lines (KKU-213A-FR and KKU-213A-GR) and the
parental KKU-213A line identified cullin 3 (Cul3) as markedly
overexpressed in drug-resistant cells. Cul3, a scaffold protein
within CUL3-RING ubiquitin ligase complexes, is crucial
for ubiquitination and proteasome degradation, yet its role
in drug-resistant CCA remains to be elucidated. The present
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study aimed to elucidate the role of Cul3 in drug-resistant
CCA cell lines. Reverse transcription-quantitative PCR and
western blot analyses confirmed significantly elevated Cul3
mRNA and protein levels in drug-resistant cell lines compared
with the parental control. Short interfering RNA-mediated
Cul3 knockdown sensitized cells to 5-fluorouracil and
gemcitabine and inhibited cell proliferation, colony formation,
migration and invasion. In addition, Cul3 knockdown induced
G,/G, cell cycle arrest and suppressed key cell cycle regula-
tory proteins, cyclin D, cyclin-dependent kinase (CDK)4 and
CDKG6. Bioinformatics analysis of CCA patient samples using
The Cancer Genome Atlas data revealed Cul3 upregulation in
CCA tissues compared with normal bile duct tissues. STRING
analysis of upregulated proteins in drug-resistant CCA cell
lines identified a highly interactive Cul3 network, including
COMM Domain Containing 3, Ariadne RBR E3 ubiquitin
protein ligase 1, Egl nine homolog 1, Proteasome 26S Subunit
Non-ATPase 13, DExH-box helicase 9 and small nuclear
ribonucleoprotein polypeptide G, which showed a positive
correlation with Cul3 in CCA tissues. Knocking down Cul3
significantly suppressed the mRNA expression of these genes,
suggesting that Cul3 may act as an upstream regulator of
them. Gene Ontology analysis revealed that the majority of
these genes were categorized under binding function, meta-
bolic process, cellular anatomical entity, protein-containing
complex and protein-modifying enzyme. Taken together, these
findings highlighted the biological and clinical significance of
Cul3 in drug resistance and progression of CCA.

Introduction

Cholangiocarcinoma (CCA) is an aggressive cancer origi-
nating from the epithelial cells lining the biliary duct. Risk
factors for CCA vary geographically, with primary sclerosing
cholangitis identified as a prominent risk factor in western
countries, while liver fluke infection predominates in Asian
countries (1). The highest incidence rates, ranging from
40-100 cases/100,000 individuals, are found in areas endemic
to liver fluke infection (2). In Europe and America, incidence
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rates range from 0.4-2 cases/100,000 individuals (3). Globally,
mortality rates are 0.2-2 deaths/100,000 person-years and are
increasing in most countries (4). In the early stages, CCA often
presents asymptomatically, leading to late-stage diagnosis,
which results in a poor prognosis and limited treatment options.
Consequently, most patients are not suitable candidates for
curative surgery and advanced cases necessitate palliative
treatments combined with radiotherapy or chemotherapy (5,6).
However, these treatments marginally extend survival, with
rates typically below one year (7-9). Drug resistance in cancer
cells significantly contributes to treatment ineffectiveness
and recurrence (10), underscoring the urgent need for novel
prognostic biomarkers or therapeutic targets to overcome drug
resistance in CCA.

Cullin proteins serve as molecular scaffolds within
Cullin-RING ubiquitin ligase (CRL) complexes (11),
which are crucial for the post-translational modification of
cellular proteins through ubiquitination. They can undergo
a post-translational modification called neddylation, which
involves the covalent attachment of a protein called neural
precursor cell expressed developmentally downregulated
protein 8 (NEDDS) to a lysine residue of a protein substrate.
Cullins are the best-characterized physiological substrates
of neddylation. This modification is catalyzed by an enzyme
cascade consisting of the NEDDS activating enzyme, NEDDS§
conjugating enzyme (E2) and NEDDS ligase [ubiquitin protein
ligase 1 (E3)] (12). Neddylation of cullins leads to the activa-
tion of CRLs, thereby controlling the ubiquitination of cellular
proteins (13). Cullin 3 (Cul3),encoded by the CUL3 gene, acts as
a scaffold protein within CUL3-RING ubiquitin ligase (CRL3)
complexes, pivotal for various cellular processes, including
protein degradation, cell cycle regulation, DNA damage repair
and epigenetic modulation (14). Emerging evidence implicates
Cul3 in tumorigenesis and tumor progression through the
degradation of oncoproteins or tumor suppressor proteins (15).
For instance, Cul3 may play a direct role in the proteasomal
degradation of adhesion-associated cytoskeletal proteins and
metastasis suppressor proteins, potentially regulating metas-
tasis in both breast (16) and bladder cancer (17). In addition,
Cul3 expression in bladder cancer positively correlates with
tumor stages and disease-free survival. In prostate cancer,
hypoxia plays a critical role in advancing the disease and
fostering resistance to treatments. Cul3, along with its substrate
adaptor protein Kelch-Like Family Member 20, facilitates the
breakdown of Promyelocytic Leukemia Protein. This affects
the hypoxia-inducible factor 1 signaling pathway, which in turn
drives tumor progression and resistance to chemotherapy (18).
Conversely, Cul3 is a good prognostic marker in lung adeno-
carcinoma, where it seems to act as a tumor suppressor. Forced
overexpression of Cul3 attenuates tumor progression through
its interaction with Kelch-like ECH-associated protein 1 and
the subsequent regulation of the Nrf2/RhoA axis (19). While
the involvement of Cul3 in tumorigenesis, either as an onco-
gene or tumor suppressor gene, has been proposed in various
cancers, its role in tumor progression and drug resistance in
CCA is largely unexplored.

Previously, our research group established 5-fluoro-
uracil- and gemcitabine-resistant CCA cell lines, designated
KKU-213A-FR and KKU-213A-GR, respectively (20).
Subsequent proteomic analysis revealed the upregulation of

numerous proteins, including Cul3, in drug-resistant cells.
The present study confirmed elevated Cul3 expression at
both mRNA and protein levels in these drug-resistant CCA
cell lines. Furthermore, it investigated the effect of short
interfering (si RNA-mediated Cul3 knockdown on cell prolif-
eration, colony formation, cell motility and drug sensitivity.
The clinical relevance of Cul3 was explored through online
databases and bioinformatics analyses.

Materials and methods

Cell culture. The human CCA cell line, KKU-213A,
was obtained from the Japanese Collection of Research
Bioresources Cell Bank in Osaka, Japan. The drug-resistant
cell lines were previously established by our research group.
High-glucose Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Gibco;
Thermo Fisher Scientific, Inc.) and 1% antibiotic-antimycotic
mixture (Gibco; Thermo Fisher Scientific, Inc.) was used as
the culture medium for maintaining all cell lines throughout
the present study. All cell lines were cultured at 37°C with 5%
CO, and saturated humidity.

Drug-resistant CCA cell lines. The drug-resistant CCA cell
lines designated KKU-213A-FR and KKU-213A-GR, were
established by exposing the parental cell line KKU-213A to
gradually increasing concentrations of the commonly used
chemotherapeutic drugs 5-fluorouracil (5-FU) and gemcitabine,
as previously described (21,22). In brief, KKU-213A was
cultured in DMEM containing the IC,5 concentrations of each
chemotherapeutic drug. The drug concentration was then
gradually increased until the cell lines could grow exponen-
tially in the presence of the desired chemotherapeutic drug,
7 uM 5-FU or 3 uM gemcitabine.

Proteomics analysis using liquid chromatography with tandem
mass spectrometry (LC-MS/MS). Previously, proteomic analysis
was performed using LC-MS/MS to compare KKU-213A,
KKU-213A-FR and KKU-213A-GR cell lines. In brief, cell pellets
were lysed with 0.5% sodium dodecyl sulfate (SDS) and then
centrifuged at 10,000 x g for 15 min at 4°C to collect the protein
supernatant. The protein was precipitated with two volumes of
cold acetone and incubated at -20°C overnight. The mixture was
then thawed, centrifuged and the supernatant was discarded.
The pellet was dried and preserved at -80°C. For LC-MS/MS,
all protein samples were digested with trypsin at a 1:20 ratio
for 16 h at 37°C before being introduced into an Ultimate3000
Nano/Capillary LC System (Thermo Fisher Scientific, Inc.),
connected to an HCTUltra LC-MS system (Bruker Daltonics;
Bruker Corporation), equipped with a nano-captive spray ion
source. The data obtained from LC-MS were analyzed using
DecyderMS 2.0 Differential Analysis software (23,24) with
the human protein database from UniProt (version 2021_03;
http:/www.uniprot.org/). The search parameters allowed for a
maximum of three missed cleavages. The MS proteomics data
were deposited in the ProteomeXchange Consortium via the
jPOST partner repository with the dataset identifier JPST002506
and PXD049309 (https:/proteomecentral.proteomexchange.
org/cgi/GetDataset?ID=PXD049309). Proteins that demon-
strated >3-fold variation in KKU-213A-FR and KKU-213A-GR
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expression compared with the parental cell line, with a False
Discovery Rate (FDR) of <0.05, were identified as differentially
expressed proteins (DEPs).

siRNAs and transfection. To knock down Cul3 expression in
drug-resistant CCA cells, KKU-213A-FR and KKU-213A-GR
were plated at 2x10° cells/well in a 6-well plate and incu-
bated for 24 h. siRNAs targeting Cul3 mRNA (siCul3#1 and
siCul3#2) and a negative control siRNA (siNC) were obtained
from Gene Universal (Gene Universal Inc.). The sequences
were: siCul3#1, 5'-ACCUGAUGAUUCUUGGAUATT-3";
siCul3#2, 5'-GUGUAAUUCUCUGCCUUCATT-3"; siNC,
5'-UUCUCCGAACGUGUCACGUTT-3'". The siRNAs, at
a final concentration of 100 yM, were transfected into the
cells using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) as the transfection reagent, following the
manufacturer's instructions. The cells were incubated with
the transfection complex for 6 h at 37°C in a CO, incubator,
then switched to complete medium and further incubated for
24-48 h, depending on the subsequent experiments. Cells for
RNA and protein extractions were harvested after a 48-h incu-
bation, while for other phenotypic studies, the transfected cells
were harvested after 24 h of incubation.

Reverse transcription-quantitative (RT-q) PCR. Total RNA
was extracted from the cells using TRIzol™ Reagent (Thermo
Fisher Scientific, Inc.) and subsequently converted into
cDNA using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Inc.). Quantitative real-time PCR
analysis was performed with the PanGreen Universal SYBR
Green Master Mix (2X) (Bio-Helix Co., Ltd.). RNA extrac-
tion, cDNA synthesis and qPCR were carried out according to
the manufacturer's protocols. [3-actin was used as the internal
control and the primer sequences are provided in Table I. The
thermal cycling conditions were as follows: Initial denaturation
at 95°C for 15 min, denaturation at 95°C for 20 sec, annealing
at 60°C for 1 min, and extension at 72°C for 2 min, followed by
35 cycles of denaturation and annealing. The relative expres-
sion levels were calculated using the 2429 method (25).

Cell proliferation assay. Cell proliferation was examined using the
3-[4,5-dimethyl thiazole-2-yl]-2,5-diphenyl-tetrazolium bromide
(MTT) assay. MTT was purchased from MilliporeSigma. The
KKU-213A-FR and KKU-213A-GR cell lines, transfected with
siNC, siCul3#1, or siCul3#2, were seeded at 1.5x10° cells/well
in a 96-well plate and incubated for 12, 24, 48 and 72 h. Then,
0.5 mg/ml MTT was added to each well and incubated for 2 h
at 37°C. After discarding the excess MTT solution, 100 x1 DMSO
was added to dissolve the formazan crystals. The intensity of
solubilized formazan was recorded as absorbance at 540 nm
using a microplate reader (Spark multimode microplate reader;
Tecan Group, Ltd.). The cell growth rate was calculated as a fold
change of absorbance compared with the 12-h time point. The
difference in growth rate was then compared between the siNC
and siCul3#1 groups and between the siNC and siCul3#2 groups
at each time point.

Chemotherapeutic drug sensitivity assay. To confirm the
drug-resistant phenotype of the established cell line and to
assess whether knockdown of Cul3 in the KKU-213A-FR and
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Table I. List of primers.

Gene Sequence (5'—3")
CUL3 Forward: GTTCGATCGCTTCCTCCTGG
Reverse: AGGAGACCTGGAGTTGAGGTT
ARIH] Forward: TGCGCCTGATCACAGATTCA
Reverse: CACATTTGCAGCGAACAGGT
COMMD3 Forward: TAGAGGCAGGAAAGCACCGA
Reverse: AAGCGCCAAGAAACATCCGT
DHX9 Forward: GTACGGCCTGGATTCTGCTT
Reverse: ATCACAGCATCCAAAGGGGG
EGLNI Forward: GAGAAGGCGAACCTGTACCC
Reverse: CACAGATGCCGTGCTTGTTC
PSMDI13 Forward: ACCTTCCTGGTGTGACATCG
Reverse: CCCAAAAACCGCAGAGCATC
SNRPG Forward: GGTGGCAGACATGTCCAAGG
Reverse: CCATTCCAATATTGTTCTGTTG
[-actin Forward: GGATTCCTATGTGGGCGACG
Reverse: TTGTAGAAGGTGTGGTGCCAG

KKU-213A-GR cells can reverse this phenotype, a chemother-
apeutic drug sensitivity assay was performed. The parental and
drug-resistant cells, as well as the siNC transfected and siCul3
transfected cells, were seeded at 1.5x10° cells per well into
each well of a 96-well plate and incubated overnight. The next
day, the culture medium was replaced with various concentra-
tions of 5-FU (0, 3.125, 6.25, 12.5 and 25 uM; MilliporeSigma)
or gemcitabine (0, 1.25, 2.5, 5 and 10 xM; MilliporeSigma)
and incubated for another 72 h. The remaining cells were esti-
mated using an MTT assay as aforementioned. The percentage
of remaining cells for each treatment was calculated by
comparing to the untreated control, considered as 100% cell
viability. The percentage of remaining cells at each drug
concentration was then compared between KKU-213A and
KKU-213A-FR, KKU-213A and KKU-213A-GR, the siNC
and siCul3#1 groups and the siNC and siCul3#2 groups.

Colony formation assay. To evaluate the effect of Cul3
knockdown on the ability of cells to grow from a single cell,
a colony formation assay was performed. Briefly, transfected
cells were harvested via trypsinization, counted and dispersed
into single cells. A low concentration of cells (500 cells/ml)
was then seeded into a 6-well plate and incubated for 14 days,
with the medium changed every 3-4 days. Upon completion,
the colonies were fixed with 4% paraformaldehyde at room
temperature for 15 min and stained with 0.4% sulforhodamine
B (SRB) solution at room temperature for 10 min. After the
excess dye was removed, the plate was washed, dried and the
number of colonies was counted. Colonies were defined as cell
clusters with a diameter of at least 0.5 mm. Colony numbers
were compared between the siCul3 and siNC groups.

Cell migration and invasion assays. The cell migration and
invasion capabilities were investigated using a modified Boyden
chamber technique. After transfection with siRNAs, cells were
trypsinized and resuspended in serum-free medium. Then,
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200 pul of the cell suspension containing 4x10* cells was seeded
onto the Transwell insert with an 8-ym porous polycarbonate
membrane (Corning Life Sciences) and the lower chamber
was filled with complete medium. For cell invasion assays, the
membrane was pre-coated with 0.5 mg/ml Matrigel (Corning
Life Sciences) for 2 h at 37°C prior to cell seeding. Cells were
allowed to migrate or invade through the porous membrane for
11 h. After that, the non-migrated and non-invaded cells on the
upper part of the Transwell insert were removed with a cotton
swab. The membrane was then fixed with 4% paraformalde-
hyde at room temperature for 15 min and stained with 0.4%
SRB solution at room temperature for 10 min. Images were
captured at 100x magnification using an inverted light micro-
scope (Olympus CKX53; Olympus Corporation), and cells
from five randomly selected low-power fields were counted
using ImageJ software (version 1.53t; National Institutes of
Health).

Cell cycle analysis. The effect of Cul3 suppression on cell
cycle distribution was analyzed through flow cytometric
analysis. Briefly, the transfected cells were harvested and fixed
with 70% ethanol and incubated on ice for 30 min. The cells
were washed twice with phosphate-buffered saline (PBS)
and then stained with a DNA staining solution containing
propidium iodide (PI; 50 ug/ml), RNase A (100 pg/ml), Triton
X-100 (0.1%) and EDTA (0.1 mM) for 15 min. The cell cycle
analysis was carried out using the Attune NxT Flow Cytometer
(Thermo Fisher Scientific, Inc.) and the results obtained from
three independent experiments were analyzed with FCS
Express 7 (De Novo Software).

Western blotting. Proteins were extracted from parental,
drug-resistant CCA cell lines and siRNA-transfected cells
using RIPA lysis buffer (Visual Protein) with a protease
inhibitor cocktail (Merck KGaA). Protein concentration
was determined using a bicinchoninic acid (BCA) protein
assay kit (Bio Basic Inc.) according to the manufacturer's
instructions. Equal amounts of protein (30 pg) from different
samples were separated on 12% SDS-PAGE via electropho-
resis and transferred to Hybond-PVDF membranes (Cytiva).
After blocking the membranes with 5% skimmed milk at
room temperature for 1 h, the membranes were incubated at
4°C overnight with primary antibodies against Cul3, cyclin
D, cyclin-dependent kinase (CDK)4, CDK®6, or B-actin. The
membranes were washed three times and subsequently incu-
bated with a horseradish peroxidase (HRP)-linked secondary
antibody at room temperature for 1 h. Detailed information
and dilutions of the antibodies are presented in Table II.
Finally, the signal of protein bands was developed using
SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific, Inc.) and captured by an Alliance
Q9-ATOM Chemiluminescent Imaging System (Uvitec Ltd.).
Relative band intensity was analyzed using ImageJ software
(version 1.53t; National Institutes of Health).

Bioinformatics analysis. To assess the aberrant mRNA
expression of Cul3 in the tissues of patients with CCA based
on sample types and tumor metastasis status, the University
of Alabama at Birmingham Cancer (UALCAN) web portal
(https://ualcan.path.uab.edu/) (26) was used. This platform

obtained data from The Cancer Genome Atlas (TCGA) project,
allowing users to evaluate protein-coding gene expression and
its clinical significance across 33 types of cancer.

To evaluate the prognostic potential of Cul3 in CCA,
overall survival (OS) and disease-free survival (DFS) analyses
was performed using the Gene Expression Profiling Interactive
Analysis 2 (GEPIA2) tool (http://gepia2.cancer-pku.cn/) (27).
Kaplan-Meier survival plots were generated to illustrate the
association between Cul3 expression and OS or DFS, with
P-values from the log-rank test considered statistically signifi-
cant if less than 0.05. In addition, GEPIA2 was employed to
assess the correlation between Cul3 and its associated genes
(ARIHI, COMMD3, EGLNI, PSMDI13, DHX9 and SNRPG).
The correlations were computed using Pearson correlation
coefficients and presented in scatter plots. P<0.05 was consid-
ered to indicate a statistically significant difference.

Protein expression levels of Cul3 in CCA and normal bile
duct tissues were obtained from The Human Protein Atlas
(HPA; https://proteinatlas.org/). The HPA is a comprehensive
database containing immunohistochemistry (IHC)-based
protein expression profiles in cancer tissues, normal tissues and
cell lines (28). IHC images from six tumor tissues and three
normal tissues were downloaded from the HPA. The staining
intensity of these IHC images was analyzed using ImageJ soft-
ware (version 1.53t; National Institutes of Health). The Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING)
database (https://string-db.org/) (29) was used to perform a
comprehensive analysis of the protein-protein interactions
(PPI) involving Cul3-associated proteins.

Cul3 and its correlated genes were classified using the Protein
Analysis Through Evolutionary Relationships (PANTHER) clas-
sification system (version 19.0; https://www.pantherdb.org/) based
on Gene Ontology (GO) annotations (30), with Homo sapiens as
the reference organism. The organizational chart for proteins,
classified based on their gene IDs and functional classification
hits, is depicted graphically. Subsequently, these proteins were
categorized according to molecular function, biological process,
cellular component and protein class, with unclassified proteins
filtered out. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) serves as a predictive tool for molecular networks
between Cul3 and its correlated genes in various pathways. The
present study used ShinyGO 0.80 (http://bioinformatics.sdstate.
edu/go/), which is based on the KEGG pathways (31), to analyze
the relationships between these genes. Parameters such as an
FDR cutoff of 0.05 and a minimum pathway size of two genes
were selected. The maximum pathway size was set at seven genes
and redundant and abbreviated pathways were removed to show a
total of 100 pathways.

Statistical analysis. Results are presented as mean + standard
deviation (SD). For comparisons between two groups, paired
two-tailed Student's t-tests were conducted. For comparisons
among three groups, one-way ANOVA was used; if signifi-
cant differences were found, a Scheffe post hoc test was then
applied. Correlations between Cul3 and other genes were
analyzed using the Pearson correlation coefficient (R). Patient
survival analysis was performed using Kaplan-Meier plots and
the significance of survival differences was assessed with the
log-rank test. Welch's t-test was used to evaluate the signifi-
cance of differences in expression levels between normal and
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Table II. List of antibodies.
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Antibody Host Catalogue number Dilution Manufacturer
Anti-Cul3 Rabbit 2759 1:5,000 Cell Signaling Technology, Inc.
Anti-f-actin Mouse A5411 1:10,000 MilliporeSigma

Anti-cyclin D Mouse 2936 1:2,500 Cell Signaling Technology, Inc.
Anti-CDK4 Rabbit 12790 1:2,500 Cell Signaling Technology, Inc.
Anti-CDK6 Mouse 3136 1:2,500 Cell Signaling Technology, Inc.
HPR-linked anti-Rabbit IgG Goat ab6721 1:10,000 Abcam

HPR-linked anti-Mouse IgG Goat ab6789 1:10,000 Abcam

tumor tissues. For comparisons among three groups [normal,
tumor subgroup without nodule metastasis (NO) and tumor
subgroup with metastases in 1-3 axillary lymph nodes (N1)],
Welch's ANOVA was applied followed by Dunnett's T3 test.
Each experiment was conducted with at least three replicates.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Cul3 is highly expressed in drug-resistant CCA cell lines.
The drug-resistant phenotypes of the previously established
drug-resistant CCA cell lines were confirmed using the MTT
assay. The results showed that at various concentrations of the
chemotherapeutic drugs used, the cell viability of the drug-resis-
tant cells was significantly higher than that of their parental
counterparts in both KKU-213A-FR (Fig. 1A and Table SI)
and KKU-213A-GR (Fig. 1B and Table SI). Previously, our
research group conducted proteomics analysis on drug-resis-
tant CCA cell lines (KKU-213A-FR and KKU-213A-GR)
compared with their parental cell line (KKU-213A). Cul3 is
one of the differentially expressed proteins highly expressed in
both drug-resistant cell lines compared with parental control
cells (Fig. 1C). The present study first confirmed the expres-
sion of Cul3 mRNA and protein using RT-qPCR and western
blotting, respectively, in KKU-213A-FR and KKU-213A-GR,
along with the parental cell line KKU-213A. The results
showed that mRNA expression in both drug-resistant cell
lines was more than 2-fold higher than in the parental cells
(Fig. 1D and Table SI). Similarly, western blotting results
demonstrated a ~2-fold higher expression of Cul3 protein
in both drug-resistant cells compared with the parental
control (Fig. 1E and Table SI). There are two bands of Cul3
at ~82 and 84 kDa, representing the non-neddylated and
neddylated forms of Cul3, respectively.

siRNA-mediated knockdown of Cul3. To explore the
significant role of Cul3 in CCA progression, specific siRNAs
targeting Cul3 mRNA were transfected into KKU-213A-FR
and KKU-213A-GR cells. Cells transfected with siNC were
used as controls in all experiments. At 24 h post-transfection,
the knockdown efficiency was assessed by RT-qPCR and
western blotting. The results indicated that both siRNA
strands effectively suppressed Cul3 expression. Cul3 mRNA
was suppressed by siCul3#1 to 38 and 59% and by siCul3#2

to 35 and 50% in KKU-213A-FR and KKU-213A-GR,
respectively (Fig. 1F and Table SI). Western blotting results
showed that siCul3#1 suppressed Cul3 protein levels to
50 and 59% and siCul3#2 to 35 and 33% in KKU-213A-FR
and KKU-213A-GR, respectively (Fig. 1G and Table SI).

Cul3 silencing enhances chemosensitivity. As Cul3 was
observed to be elevated in drug-resistant CCA cells, it was
hypothesized that suppressing Cul3 expression might render
KKU-213A-FR and KKU-213A-GR cells more sensitive to
chemotherapeutic drugs. MTT assay demonstrated that the cell
viability of siCul3#1- and siCul3#2-transfected KKU-213A-FR
and KKU-213A-GR cells significantly decreased upon treat-
ment with 5-FU and gemcitabine, respectively, compared
with cells transfected with siNC (Fig. 2A and Table SII),
suggesting that Cul3 knockdown increased the chemosensi-
tivity of drug-resistant cells. In addition, it was observed that
siCul3#1 was more efficient than siCul3#2 in suppressing the
drug-resistant phenotype of CCA cells.

Cul3 knockdown inhibits aggressive phenotypes of
drug-resistant CCA cells. The aggressive phenotypes of the
cells, including cell growth rate, ability to grow from a single
cell to form a colony and cell motility, were assessed after
Cul3 knockdown using MTT, colony formation and modified
Boyden chamber assays, respectively. The MTT results showed
that the growth rate of KKU-213A-FR and KKU-213A-GR
cells following Cul3 silencing with both strands of siRNA
significantly decreased at 48 and 72 h compared with controls
(Fig. 2B and Table SII). The colony formation assay results
demonstrated that the downregulation of Cul3 significantly
reduced the number of colonies in KKU-213A-FR and
KKU-213A-GR cells (Fig. 2C and Table SII). Furthermore,
cell migration and invasion assays using the modified
Boyden chamber revealed that suppression of Cul3 expres-
sion attenuated cell motility in both drug-resistant CCA cell
lines (Fig. 2D and Table SII). Taken together, these results
indicated that knockdown of Cul3 suppressed the aggressive
phenotypes of drug-resistant CCA cell lines. It was observed
that siCul3#1 was more efficient than siCul3#2 in suppressing
cell growth and colony formation of CCA cells. However,
the same phenomenon was not observed in cell migration
and cell invasion. This may be caused by several factors,
such as the duration of the experiments. For the cell migra-
tion and invasion assays, the cells were allowed to migrate
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Figure 1. Cul3 mRNA and protein expression and siRNA-mediated knockdown of Cul3 in drug-resistant CCA cells. Drug sensitivity assay using the MTT test
to confirm the drug-resistant phenotype of (A) KKU-213A-FR and (B) KKU-213A-GR. (C) Heat map representing Cul3 protein expression in drug-resistant
CCA cell lines compared with the parental cell line. (D) mRNA expression of Cul3 in parental and drug-resistant CCA cell lines verified by RT-qPCR. (E) Cul3
protein expression in cell lines determined by western blotting. Cul3 was knocked down using siRNAs in KKU-213A-FR and KKU-213A-GR and knockdown
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and invade for only 11 h, whereas other experiments, such  growth assays and 2 weeks for the colony formation assay). In
as drug sensitivity and cell growth assays, were conducted  addition, when statistical analyses were performed comparing
over a longer period (e.g., 72 h for drug sensitivity and cell  siCul3#1 and siCul3#2 on the suppression of cell migration
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and invasion, it found the following: for KKU-213A-FR, cell  (ns, P=0.711). These differences are not substantial and may
migration (ns, P=0.299) and cell invasion (""P=0.008); and for ~ be due to the short duration of the assays and small variations
KKU-213A-GR, cell migration ("P=0.017) and cell invasion  during the experiments.
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Figure 3. Knockdown of Cul3 induces G,/G; cell cycle arrest in drug-resistant CCA cells. Cell cycle distribution was analyzed using propidium iodide staining
and flow cytometric analysis in (A) KKU-213A-FR and (B) KKU-213A-GR cells. Cell cycle regulatory proteins, cyclin D, CDK4 and CDK6, were determined
using western blotting in (C) KKU-213A-FR and (D) KKU-213A-GR cells. Representative blots and bar graphs show relative band intensity analyzed by ImageJ
software. Data are presented as mean + standard deviation from three replicates. Significant differences between parental vs. drug-resistant cells or between

siNC-vs. siCul3-transfected groups are indicated by "P<0.05, “P<0.01 and
kinase; si, short interfering; NC, negative control; ns, not significant.

Silencing of Cul3 induces G,/G, cell cycle arrest. As Cul3
knockdown negatively affected cell growth (Fig. 2B), the
effect of suppressing Cul3 expression on cell cycle distribu-
tion was further investigated. siRNA- and siNC-transfected
cells were subjected to DNA staining with propidium iodide
followed by flow cytometric analysis. The cell cycle distribu-
tion results showed that the percentage of cells in the G,/G;,
phase significantly increased, while the number of cells in
the G,/M phases significantly decreased in Cul3 knock-
down cells in both KKU-213A-FR (Fig. 3A and Table SIII)
and KKU-213A-GR (Fig. 3B and Table SIII) cell lines. In
addition, the proportion of cells in the S phase significantly
decreased in KKU-213A-FR cells, whereas only a slight
change was observed in KKU-213A-GR cells, following
Cul3 knockdown. Next, the expression of key cell cycle
regulatory proteins of the G, phase was determined using
western blotting. The results demonstrated that cyclin D,
CDK4 and CDK6 were significantly decreased in Cul3
knockdown KKU-213A-FR (Fig. 3C and Table SIII) and
KKU-213A-GR (Fig. 3D and Table SIII) cells. The expres-
sion level of CDK4 protein was significantly suppressed by

P<0.001. Cul3, cullin 3; CCA, cholangiocarcinoma; CDK, cyclin-dependent

siCul3#2 in both cell lines but was only slightly suppressed
by siCul3#1, with the reduction in KKU-213A-FR not being
significant. These results suggested that Cul3 silencing
suppresses cell growth partly by reducing cyclin D, CDK4
and CDK6 expression, resulting in cell cycle arrest at the
G,/G, phases.

Cul3 is upregulated in CCA tissues of patients. To investi-
gate the clinical relevance of Cul3, the correlation between
Cul3 mRNA expression and data of patients with CCA from
the TCGA database was analyzed using the UALCAN web
portal. The results revealed that Cul3 mRNA was highly
expressed in tumor tissues, while its expression level was
low in normal bile duct tissues (Fig. 4A). Since lymph node
metastasis is one of the most important prognostic factors in
numerous cancers, TCGA data based on lymph node metas-
tasis status (N) was analyzed. The N category, part of the
Tumor, Node, Metastasis (TNM) system, refers to the lymph
node status: NO, no regional lymph node metastasis; N1,
metastases in 1 to 3 axillary lymph nodes; N2, metastases
in 4 to 9 axillary lymph nodes; and N3, metastases in 10 or
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Figure 4. Cul3 expression in CCA patients' tissues. (A) mRNA expression of Cul3 in CCA patients' tissues analyzed through the UALCAN platform based on
TCGA data. Red box: Cul3 mRNA expression level in tumor tissues (n=36); blue box: Cul3 mRNA expression level in normal bile duct tissues (n=9). (B) Cul3
mRNA expression analyzed based on lymph node metastasis status. Red box: Cul3 mRNA expression in patients with no regional lymph node metastasis
(n=26); orange box: Cul3 mRNA expression in patients with tumor metastasized to 1 to 3 axillary lymph nodes (n=5); blue box: Cul3 mRNA expression
level in normal bile duct tissues (n=9). (C) Representative images of Cul3 protein expression determined by immunohistochemistry staining in tumor and
normal bile duct tissues, obtained from the Human Protein Atlas database (magnification, 40x). Bar graphs represent relative immunohistochemistry staining
intensity in each group. (D) Overall survival and disease-free survival analysis of Cul3 expression levels in CCA patients. Significant differences between
normal and tumor groups, normal and NO groups or normal and N1 groups are indicated by “P<0.01 and “"P<0.001. Cul3, cullin 3; CCA, cholangiocarcinoma;
THC, immunohistochemistry; TCGA, The Cancer Genome Atlas; UALCAN, the University of Alabama at Birmingham Cancer; ns, not significant.

more axillary lymph nodes. When analyzed based on lymph
node metastasis status, Cul3 expression was slightly higher
in the metastasis group (N1) compared with the non-lymph
node metastasis group (NO); however, this difference was not
significant (Fig. 4B). In this dataset, N2, N3 and N4 groups
were not available for analysis. The protein expression

of Cul3, determined by immunohistochemistry staining,
was obtained from The Human Protein Atlas website. The
images were analyzed using ImageJ software. The results
showed that Cul3 was elevated in tumor tissues compared
with normal bile duct tissues (Fig. 4C). Moreover, survival
analysis was performed to evaluate the correlation between
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Figure 5. Cul3 correlated genes. (A) STRING analysis of proteins upregulated in drug-resistant CCA cells revealed the Cul3 protein-protein interaction
network. (B) Correlation analyses between Cul3 and potential Cul3 correlated genes in tissues of patients with CCA based on TCGA data. (C) mRNA expres-
sion of six potential Cul3 partners, namely ARIHI, COMMD3, DHX9, EGLNI, PSM13 and SNRPG analyzed in Cul3 knockdown cells. "P<0.05, “P<0.01

and ""P<0.001 siNC- vs. siCul3-transfected groups. Cul3, cullin 3; CCA, cholangiocarcinoma; STRING, The Search Tool for the Retrieval of Interacting
Genes/Proteins; TCGA, The Cancer Genome Atlas; si, short interfering; NC, negative control; ns, not significant.

Cul3 expression and overall as well as disease-free survival  Cul3 and its correlated genes in CCA. To identify genes
time of the patients. However, no significant correlation was  correlated with Cul3, a list of upregulated proteins in
found (Fig. 4D). KKU-213A-FR and KKU-213A-GR cell lines was obtained
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Figure 6. GO analysis of Cul3 and its correlated genes. The genes were categorized through the PANTHER classification system using GO annotations. The
categories are: (A) Molecular function, (B) Biological processes, (C) Cellular components and (D) Protein classes. GO, Gene Ontology.

from the ProteomeXchange Consortium via the jPOST
partner repository with the data set identifier JPST002506
and PXD049309 (https:/proteomecentral.proteomexchange.
org/cgi/GetDataset?ID=PXD049309) and uploaded into the
STRING analysis platform version 12.0. The results showed
that six proteins, including COMMD3, ARIH1, EGLNI,
PSMD13, DHX9 and SNRPG, form a highly interactive
network with Cul3 (Fig. 5A). In addition, the correlation
between these genes and Cul3 in the tissues of patients with
CCA was further explored using TCGA data through the
GEPIA2 web portal. The correlation analysis revealed that the
mRNA expression of these genes positively correlated with
Cul3 expression (Fig. 5B). Furthermore, the mRNA expres-
sion of six genes was measured in Cul3 knockdown cells. The
RT-qPCR results showed that Cul3 knockdown significantly
suppressed the expression of ARIHI, COMMD3, DHX9 and
SNRPG (Fig. 5C and Table SIV). In KKU-213A-GR cells, both
EGLNI and PSMDI3 were significantly suppressed by either
siCul3#1 or siCul3#2. In KKU-213A-FR cells, EGLNI was
significantly suppressed only by siCul3#2, while PSMDI3 was
significantly suppressed only by siCul3#1.

GO analysis. Cul3 and its correlated genes were further
categorized based on their molecular functions, biological
processes, cellular components and protein classes using the
GO database through the PANTHER classification system.
When categorized by molecular function, the largest frac-
tion (56%) belonged to the binding category, including Cul3,
ARIHI1, DHX9, EGLN1 and SNRPG, followed by catalytic
activity (33%) and ATP-dependent activity (11%; Fig. 6A).
Biological process ontology indicated that the majority of
the proteins were involved in metabolic processes (50%),
including Cul3, ARIH1, EGLN1, PSMDI13 and SNRPG,
followed by cellular processes (20%), biological regulation

(20%) and response to stimuli (10%; Fig. 6B). Proteins were
classified based on cellular components into two groups:
Cellular anatomical entities (50%), including ARIH1, DHX9,
EGLNI1, PSMDI13 and SNRPG and protein-containing
complexes (50%), including Cul3, ARIH1, DHX9, PSMDI13
and SNRPG (Fig. 6C). Lastly, protein classes showed two
groups: Protein-modifying enzymes (60%; including Cul3,
ARIHI1, PSMDI13) and RNA metabolism proteins (40%;
including DHX9 and SNRPG) (Fig. 6D). The findings of the
KEGG pathway analysis indicated that no significant enrich-
ment was identified in the KEGG pathway (Table SV). The
observed outcome was influenced by the limited number of
input genes.

Discussion

Due to late diagnosis and limited treatment options, the median
survival rate for patients with advanced CCA is <1 year, even
when treated with a combination of chemotherapeutic drugs
(7-9). Tumor recurrence due to drug resistance remains a major
challenge in CCA treatment. Our research group previously
identified DEPs in drug-resistant cell lines (KKU-213A-FR
and KKU-213A-GR) compared with the parental cell line
(KKU-213A), among which Cul3 was one of the most upregu-
lated proteins identified.

Cul3 is a component of the CRL3 complex, essential for
the protein ubiquitination process. CRLs consist of four main
components: A Cullin protein (Cul), a RING-finger protein,
an adaptor protein and a substrate receptor protein (15). The
C-terminal end of the Cul protein connects to the RING-finger
protein, which recruits the E2 enzyme with ubiquitin. The
N-terminal end of the Cul protein binds with the adaptor
protein, which in turn binds to the specific target protein.
Once the target protein binds with the adaptor, the E2 enzyme
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transfers ubiquitin to the target protein, leading to its degrada-
tion by the proteasome (32).

Specific substrate adapters influence various biochemical
and cellular functions, including protein degradation, cell
cycle regulation, cell division, DNA damage repair and
epigenetic regulation (33-35). Cul3 plays a dual role in cancer
development, both supporting and suppressing cancer progres-
sion. For instance, high Cul3 expression is associated with
late-stage breast cancer (36), where it ubiquitinates the breast
cancer metastasis suppressor 1 protein, which is implicated in
suppressing metastasis (16). Similarly, Cul3 upregulation has
been observed in aggressive metastatic bladder cancer (17).

Conversely, Cul3 expression suppresses tumor progression
in ovarian cancer (37) and lung adenocarcinoma (19,38). Some
studies have shown that increased Cul3 expression enhances
chemosensitivity both in vitro and in vivo (37), leading to a
favorable prognosis for patients (19). Dorr er al (38) demon-
strated that Cul3 upregulation inhibits cell proliferation, colony
formation and migration of lung adenocarcinoma cell lines.

The role of Cul3 in CCA is limited and multifaceted. A
study by Feng et al (39) found that Cul3 mutations primarily
promote cancer progression by modifying the immune micro-
environment. CCA with low Cul3 expression shows increased
sensitivity to chemotherapy and targeted therapies, suggesting
new treatment approaches for CCA. This finding aligns with our
study, which discovered that Cul3 is elevated in drug-resistant
CCA cells and upregulated in CCA tumor tissues. In vitro
suppression of Cul3 expression attenuated the aggressive pheno-
types of CCA cells. Conversely, another study revealed that
Cul3 acts as a tumor suppressor gene. Cul3 deficiency increases
Nrf2 and Cyclin D1 protein levels, leading to cholangiocyte
expansion and CCA initiation. It also boosts Cxcl9 secretion
in stromal cells, attracting T cells and raises Amphiregulin
(Areg) production via Nrf2, causing liver inflammation. This
inflammation promotes the accumulation of exhausted PD1"e"
CDS T cells, reducing their cytotoxic activity and enabling CCA
progression (40). These discrepancies suggest a complex role for
Cul3 in CCA and indicate the need for further validation.

The present proteomics study revealed that Cul3 was upregu-
lated in both 5-FU and gemcitabine-resistant cell lines. The
present study, confirmed Cul3 upregulation at both mRNA and
protein levels in KKU-213A-FR and KKU-213A-GR compared
with their parental cell line. In addition, results from the
UALCAN web portal and The Human Protein Atlas indicated
high Cul3 expression in CCA patient tissues. The limitation of
the present study is the lack of comparison between Cul3 expres-
sion in chemosensitive and chemoresistant CCA patient samples.
Future research analyzing Cul3 expression in these samples will
help to emphasize the clinical relevance of Cul3 in CCA.

The present study performed in vitro loss-of-function
studies using siRNAs to investigate the role of Cul3 in
drug-resistant cell lines. The results confirmed the involve-
ment of Cul3 in drug resistance development, showing that
suppressing Cul3 expression enhanced chemosensitivity
in drug-resistant cell lines. Furthermore, Cul3 knockdown
reduced the growth rate and induced cell cycle arrest at the
G,/G, phases by reducing cyclin D, CDK4 and CDK6, which
are G, phase regulatory proteins. The results underscored
the oncogenic role of Cul3 in CCA, aligning with previous
research in bladder cancer, breast cancer and nasopharyngeal

carcinoma, where silencing Cul3 decreased cell proliferation
and induced cell cycle arrest (17,41,42). The present study also
showed that Cul3 silencing reduced the number of migrated
and invaded cells in drug-resistant CCA cells, indicating that
Cul3 plays a significant role in supporting cancer cell motility.
The findings of the present study are consistent with those in
bladder cancer (17) and nasopharyngeal carcinoma (42), where
suppressing Cul3 reduced metastasis abilities.

STRING analysis using a list of DEPs in KKU-213A-FR
and KKU-213A-GR from proteomics results revealed a
protein network including Cul3 and six other proteins: ARIHI,
COMMD3, DHX9, EGLN1, PSMD13 and SNRPG. These
proteins have been shown in previous studies to act as onco-
genic factors in human cancers. ARIH1 promotes metastasis
through epithelial-mesenchymal transition (EMT) in breast
cancer by binding to cullin-RBX1 complexes, leading to
the degradation of Poly(rC)-binding protein 1 (PCBPI1) (43).
COMMD3 regulates CRL by preventing the binding of
Cullin-associated Nedd§8-dissociated protein 1, promoting
ubiquitination of various targets and has been linked to poor
prognosis in metastatic prostate cancer (44,45). PSMDI13, a
regulator subunit of the 26S proteasome, has been linked to the
maintenance of stemness and EMT processes in hepatocellular
carcinoma (46). EGLNI, a cellular oxygen sensor, promotes
tumor development and radiotherapy resistance in nasopha-
ryngeal carcinoma by facilitating p53 ubiquitination (47).
DHX9 regulates RNA and DNA processes and its dysregula-
tion can contribute to tumorigenesis by mediating the binding
of the EGFR to target gene promoters, stimulating cyclin D1
transcription and promoting proliferation (48). SNRPG is a
component of the spliceosome and its dysregulation can lead
to aberrant splice variants contributing to oncogenesis and
tumor progression (49).

The protein-protein interaction network from STRING
analysis revealed potential key novel proteins involved
in the development and drug resistance of CCA. Gene
expression analysis using GEPIA2 also showed a positive
correlation between Cul3 and all six genes in the network.
In addition, RT-qPCR revealed that Cul3 knockdown signifi-
cantly suppressed the mRNA expression of these six genes,
suggesting that Cul3 may regulate the expression or function
of these downstream target genes.

GO analysis of Cul3 and its correlated genes revealed
a multifaceted role of these proteins in CCA cells. The
categorization by molecular function indicated that a
significant portion of these proteins were involved in binding
activities, followed by those involved in catalytic activity
and ATP-dependent activity. This finding underscored the
diverse interactions and functional roles these proteins play in
cellular processes, particularly in cancer cell metabolism and
signaling pathways (50). Furthermore, the biological process
ontology highlighted that the majority of these proteins
participated in metabolic processes, a critical aspect of cancer
cell proliferation and survival, with the remaining involved
in cellular processes, biological regulation and response to
stimuli. This was consistent with existing literature suggesting
that metabolic reprogramming is a hallmark of cancer (51).
The classification by cellular components divided these
proteins into two equal groups: Cellular anatomical entities
and protein-containing complexes, indicating their structural
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and functional diversity within the cellular environment (52).
Lastly, the protein class categorization revealed a split between
protein-modifying enzymes and RNA metabolism proteins.
This is particularly relevant in the context of cancer, where
protein modification and RNA metabolism are crucial for
the regulation of gene expression and cellular adaptation to
stress (53-55). Overall, these GO analyses provide a broader
understanding of the functional landscape of Cul3 and its
correlated genes in CCA, highlighting potential targets for
therapeutic intervention. The involvement of these proteins in
key cellular processes and their diverse molecular functions
underline the complexity of cancer biology and the necessity
for targeted therapeutic strategies.

In conclusion, the present study demonstrated the aber-
rant expression of Cul3 in both drug-resistant CCA cells and
CCA patient tissues. Suppression of Cul3 expression sensitizes
CCA cells to chemotherapeutic drugs, slows cancer cell
growth, reduces colony formation, induces cell cycle arrest
and decreases cell motility. However, the present study lacked
functional rescue experiments. Future research should include
the overexpression of Cul3 in Cul3-low expressing cell lines
using overexpression plasmids to further elucidate its role. In
addition, the present study did not investigate the role of Cul3
in animal models. Future research should use Cul3-stable
knockdown or Cul3-stable overexpressing cell lines to study
tumor growth through a xenograft model and to investigate
the role of Cul3 in metastasis through experimental metastasis
models using NOD/SCID mice. Further investigations into the
function and association between Cul3 and its correlated genes
may help identify novel therapeutic targets for drug-resistant
CCA in the future.
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