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KLF4 suppresses the proliferation of perihilar
cholangiocarcinoma by negatively regulating
GDF15 and phosphorylating AKT
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Abstract. Kriippel-like factor 4 (KLF4) is a transcription
factor which functions as a tumor suppressor or an oncogene in
numerous types of solid tumors. However, its expression levels
and function in perihilar cholangiocarcinoma (pCCA) have yet
to be elucidated. In the present study, in order to investigate
its roles in pCCA, reverse transcription-quantitative PCR
(RT-gqPCR), western blot analysis and immunohistochemistry
were used to detect KLF4 expression in pCCA. The Chi-squared
test was used to analyze the associations between KLF4 and the
clinicopathological features of patients with pCCA. Univariate
and multivariate analyses were subsequently used to analyze
the prognostic significance of KLF4. The tumor suppression
of KLF4 was investigated for the purposes of illustrating its
biological function both in vitro and in vivo. Furthermore, the
association between KLF4 and growth/differentiation factor
15 (GDF15) was determined using pCCA tissue microarray
(TMA) analysis and RT-qPCR. The underlying molecular
mechanisms between KLF4 and GDF15 were subsequently
investigated in vitro. In pCCA tissues, KLF4 was found to be
downregulated, and this was negatively associated with the
histological grade and tumor size. The knockdown of KLF4
was also found to be a prognostic indicator of the poorer
survival of patients with pCCA. Based on in vitro and in vivo
analyses, KLF4 was found to suppress tumor progression and
induce cell apoptosis. Furthermore, it was found that KLF4
executed its tumor suppressive effects via the regulation of the
GDF15/AKT signaling pathway. Taken together, the findings
of the present study demonstrate that KLF4 may be consid-
ered as an independent biomarker of a favorable prognosis of
patients with pCCA, and the KLF4/GDF15/AKT signaling
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pathway may potentially be a novel molecular therapeutic
target for patients with pCCA.

Introduction

Cholangiocarcinoma (CCA) is an epithelial cell malignancy
that originates from cholangiocytes, and which can occur
at any level of the biliary tree (1). The overall incidence of
CCA has been increasing worldwide over the course of the
last few decades (1-3). CCAs are usually symptomless in the
early stages of the disease; therefore, they are often not diag-
nosed until the disease has progressed to an advanced stage,
which severely compromises the therapeutic options available,
resulting in an unfavorable prognosis (2). Anatomically, CCAs
can be classified into three groups as follows: Intrahepatic,
perihilar and distal (4). Perihilar CCA (pCCA) is the most
common subtype of CCA, representing ~50-60% of all cases
of CCA; ~30-40% of cases are distal carcinomas, whereas
intrahepatic carcinomas represent <10% of CCA cases (5,6).
Surgical resection has been the mainstay of curative treatment
for the three subtypes of CCA. However, patients with pCCA
are not able to receive the full benefits of surgical resection
due to the difficulty of early detection, vascular invasion and
lymphatic metastasis in the advanced stages of the disease (7).
Although significant progress has been made with chemother-
apeutics, targeted therapy and immunotherapy as alternative
treatments, to date, these therapies have not demonstrated any
notable benefits in terms of the overall survival (OS) rates of
patients with pCCA (1). Therefore, there is an urgent need for
the identification of novel biomarkers and drug targets for
improving the diagnosis and treatment of patients with pCCA.

Kriippel-like factor 4 (KLF4) is a zinc finger-containing
transcription factor that is able to regulate diverse cellular
processes, including cell growth, proliferation and differ-
entiation (8). It is predominantly expressed in terminally
differentiated epithelial tissues, such as the skin, lungs and
the gastrointestinal tract (9). However, a variety of studies
have demonstrated that KLF4 functions via diverse and even
opposite mechanisms in various types of tumors. For example,
KLF4 is downregulated in a number of types of epithelial
cancer, including esophageal, gastric, colorectal and bladder
cancer (10-13), leading to cell proliferation. On the other hand,
conflicting results have demonstrated that KLF4 is overex-
pressed in primary breast and prostate cancer (14,15), where it
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plays an oncogenic role in tumor development and progression.
However, the underlying mechanisms through which KLF4
exerts its functions in pCCA, and its prognosis value, have yet
to be fully elucidated.

Growth and differentiation factor 15 (GDF15) is a diver-
gent member of the TGF-f3 superfamily. Over the course of the
past few years, it has been shown to participate in carcinogen-
esis and tumor progression. Previous studies have indicated
that GDF15 expression is elevated in certain types of tumor,
including non-small cell lung cancer (16), cervical cancer (17),
liver cancer (18), head and neck cancer (19), esophageal
cancer (20), and so on (21-24). However, certain studies have
suggested that GDF15 may have a tumor-suppressive activity
in various types of cancer cells, or at different stages of tumor
growth (25). GDF15 has been shown to function as a tumor
activator or suppressor through the Smad, AKT and ERK
signaling pathways (26). However, to date, the biological func-
tions of GDF15 in pCCA remain unclear.

KLF4 and KLFS5, the closest members of the KLF family,
fulfill key roles in tumor proliferation, differentiation and
carcinogenesis in esophageal cancer and gastrointestinal
carcinoma (27,28). Zhao et al (16) reported that GDF15, as
the downstream target of KLFS5, was able to increase the
rate of tumor cell proliferation. However, the association
between KLF4 and GDF15 in pCCA has yet to be eluci-
dated.

In the present study, it was demonstrated that KLF4
was a favorable prognostic factor in pCCA. It has been
shown to inhibit the proliferation and promote the apop-
tosis of cholangiocarcinoma cells. The findings presented
herein also demonstrate that KLF4 suppression enhances
the transcription of GDF15 in pCCA, suggesting that the
KLF4/GDF15 signaling axis may be a potential therapeutic
target in pCCA.

Materials and methods

Patients and follow-up. The present primary study cohort
comprised 242 patients who were diagnosed with pCCA
at Linyi People's Hospital (Linyi, China), and who under-
went surgical resection from 2010 to 2020. A validation
cohort contained 114 patients who were selected from the
primary cohort according to the following inclusion criteria:
i) Patients who underwent radical resection with a clear
surgical margin; ii) patients with available formalin-fixed
tumor tissues, follow-up information and complete medical
records; iii) patients with a post-surgical survival time
of >1 month; and iv) patients with no history of other
malignancies. The primary end point of follow-up was the
OS rate (note that determination of the OS rate excluded
deaths that may have resulted from any other cause besides
cancer-specific death).

Clinical tissue samples. A total of 20 paired tumor specimens
and adjacent normal tissues were obtained from patients with
pathologically verified pCCA who received RO surgery at
Linyi People Hospital. The present study was approved by the
Medical Ethics Committee of Linyi People's Hospital (approval
no. YX200626). Written informed consent was obtained from
each patient prior to inclusion in the study.

Tissue microarray (TMA) and immunohistochemistry
(IHC). A pCCA TMA containing the aforementioned 114
specimens was immunohistochemically stained for KLF4
(cat. no. ab215036; Abcam) and GDF15 (cat. no. ab206414;
Abcam). The TMA slides were submerged in EDTA (pH 9.0)
buffer for optimal antigen retrieval. Primary KLF4 antibody
(1:500) or GDF15 antibody (1:100) was applied and incubated
with the specimens at 4°C overnight. A biotin-labeled goat
anti-rabbit antibody (OriGene Technologies, Inc.; formerly
ZSGB/ZSGB-BIO) was applied to the specimens for 30 min
at room temperature. Subsequently, the slides were incubated
with conjugated horseradish peroxidase-streptavidin. The
peroxidase reaction was developed using 3,3-diaminobenzi-
dine (DAB) solution (OriGene Technologies, Inc.). The stained
TMA was subsequently scanned using a HistoRX PM-2000
(TM) imaging system and analyzed using AQU Analysis
software (version 2.3.3.2, HistoRx, Inc.), which was used to
generate the IHC scores. The IHC scores were calculated
according to the following formula: THC score=(percentage
of cells with weak staining intensity x1) + (percentage of cells
with moderate staining intensity x2) + percentage of cells
with strong staining intensity x3). The cohort of specimens
was divided into two subgroups, according to the cut-off
value of KLF4 scores, which were identified as the point with
the highest sum of specificity and sensitivity in the receiver
operating characteristic (ROC) curve. The cut-off value for
KLF4 in pCCA was identified to be 71.2. The scores of KLF4
and GDF15 of the TMA were analyzed to find the associated
correlation values using Spearman's correlation analysis.

Cell lines and cell culture. The human pCCA cell lines,
QBC939 (cat.no. CC-Y1636) and FRH0201 (cat.no. YS1612C),
the intrahepatic cholangiocarcinoma (IHCC) cell line
RBE (cat. no. HTX1698), and the biliary epithelial cell line
[human intrahepatic biliary epithelial cells (HIBEpiC; cat.
no. YS2223C)] were obtained from the Cell Bank of Shanghai
Yaji Biotechnology Co., Ltd. The QBC939 and HIBEpic
cell lines were maintained in Gibco® DMEM (Thermo
Fisher Scientific, Inc.), containing 10% Gibco® fetal bovine
serum (FBS; Thermo Fisher Scientific, Inc.) and 100 U/ml
Gibco® penicillin/streptomycin (Thermo Fisher Scientific,
Inc.). The RBE and FRH-0201 were cells maintained in
Gibco® RPMI-1640 medium (Thermo Fisher Scientific, Inc.)
supplemented with 10% Gibco® FBS and 100 U/ml Gibco®
penicillin/streptomycin (Thermo Fisher Scientific, Inc.). All
the cell lines were cultured at 37°C in a humidified incubator
containing 5% CO,.

Transient transfection and lentiviral transduction. A
KLF4 overexpression plasmid and negative control vector,
KLF4-specific shRNA and non-coding shRNA were synthe-
sized by GenePharma. GDF15 siRNAs were purchased from
GeneChem, Inc. The sequence of the siRNA targeting GDF15
was as follows: 5'-GCTACAATCCCATGGTGCTCA-3'.
The sequence of the control siRNA was as follows:
5-UUCUCCGAACGUGUCACGUTT-3". For transient trans-
fection, the cells were seeded in six-well plates at a density
of 4x10° cells/well. Upon reaching 70% confluency, the
cells were transfected with the siRNAs or plasmids. siRNA
(100 pmol) or plasmids (4 ug) were transfected into the cells
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using Lipofectamine 2000 reagent (GenePharma Co., Ltd.)
at 37°C for 8 h, according to the manufacturer's protocol. At
8 h post-transfection, the cell culture medium was discarded,
and fresh DMEM containing 10% v/v FBS was added
to each well. After 48 h, the transfection efficiency was
further assessed using western blot analysis and subsequent
experimentations were executed. For lentiviral transduc-
tion, the 2nd generation system was used in the lentivirus
transduction experiment. MOI values and optimal infection
conditions were determined by pre-testing. The cells were
seeded in six-well plates at a density of 3x10° cells/well. Upon
reaching 30% confluency, the cells were transfected with the
shRNAs. The shRNAs (MOI, 60) were transduced into cells
(GenePharma Co., Ltd.) at 37°C for 16 h, according to the
manufacturer's protocol. The cell culture medium was then
discarded, and fresh DMEM containing 10% v/v FBS was
added into each well. After 72 h, the transduction efficiency
was observed using a fluorescence microscope (Olympus
Corporation). Stable cell lines with KLF4 knockdown were
selected using 4 pg/ml puromycin for 7 days. Western blot
analysis was conducted to detect the knockdown efficiency
of KLF4.

RNA extraction and reverse transcription-quantitative
PCR (RT-gPCR). Total RNA was extracted from the pCCA
cultured cells, tumor tissues and adjacent normal tissues using
Invitrogen™ TRIzol™ reagent (Thermo Fisher Scientific, Inc.).
Subsequently, the total RNA was reverse transcribed to obtain
first-strand cDNA using an RNA-PCR kit (cat. no. FSQ-101;
Toyobo Life Science), following the manufacturer's proto-
cols. The resulting cDNA was used for RT-qPCR using an
Applied Biosystems® SYBR-Green PCR Master Mix kit (cat.
no. A25742; Thermo Fisher Scientific, Inc.). The thermocy-
cling conditions were as follows: Pre-denaturation at 93°C for
2 min; 40 cycles of denaturation at 93°C for 1 min; annealing
at 55°C for 1 min; extension at 72°C for 1 min; and final exten-
sion at 72°C for 7 min. Quantification of the relative mRNA
levels was normalized against that of GAPDH and calculated
using the 224% method (29). The primers used were as follows:
KLF4 forward, 5'-CTGCGAACCCACACAGGTAG-3'
and reverse, 5-TGGAAGCTAACCTGGGAAGTC-3"; and
GDF15 forward, 5-ACTCACGCCAGAAGTGCG-3' and
reverse, 5'-CACGTCCCACGACCTTGAC-3"; and GAPDH
forward, 5'-GAAAGCCTGCCGGTGACTAA-3' and reverse,
5'-GCCCAATACGACCAAATCAGAG-3'.

Western blot analysis.Cell lysates and tissues were lysed using
RIPA lysis buffer (Beyotime, Institute of Biotechnology), and
the total protein concentration was determined using a BCA
protein detection kit (Pierce; Thermo Fisher Scientific, Inc.).
Target proteins (30 pg/lane) were separated by SDS-PAGE
(8-15% gels) and then blotted onto polyvinylidene fluoride
(PVDF) membranes. After blocking the membranes with
5% bovine serum albumin at room temperature for 1 h, the
PVDF membranes were incubated with primary antibodies
at 4°C overnight. The following antibodies were used:
Anti-KLF4 (1:1,000; cat. no. ab215036; Abcam); anti-GDF15
(1:1,000; cat. no. ab206414; Abcam); anti-Lamin B (1:1,000;
cat. no. AF1408; Beyotime Institute of Biotechnology);
anti-GAPDH (1:1,000; cat. no. AF1186; Beyotime Institute

of Biotechnology); anti-Bcl-2 (1:1,000; cat. no. ab32124;
Abcam); anti-Bax (1:1,000; cat. no. ab32503; Abcam);
anti-AKT (1:500; cat. no. 4691; Cell Signaling Technology,
Inc.); and anti-phosphorylated (p-)AKT (1:500; cat.
no. 4060; Cell Signaling Technology, Inc.). Subsequently,
the membranes were incubated with secondary antibodies
(HRP-linked goat anti-rabbit IgG antibodies; 1:500; cat.
no. A0208; Beyotime Institute of Biotechnology) for 1 h at
room temperature. Proteins were visualized using enhanced
chemiluminescence detection (Beijing Solarbio Science &
Technology Co., Ltd.). Protein bands were quantified using
Imagel software (v 1.46r, National Institutes of Health) if
necessary.

Cell proliferation assay. Cell proliferation was detected using
Cell Counting Kit-8 (CCK-8) and 5-ethynyl-2'-deoxyuridine
(EdU) assays. The transfected cells were seeded in 96-well
plates at a density of 3x10° cells per well, and incubated at 37°C
for time periods of 24, 48, 72 and 96 h. Every 24 h, the cells
were mixed with 10 1 CCK-8 reagent (Dojindo Laboratories,
Inc.) per well, and subsequently incubated further with the
CCK-8 reagent at 37°C for 1 h. The absorbance value at
450 nm was then measured using a microplate reader (Thermo
Fisher Scientific, Inc.). The relative OD,5, values were calcu-
lated using the formula: OD s, of the tested well-OD s, of the
empty medium.

The fraction of DNA-replicating cells, which represents
the cell proliferation status, was assessed using an EdU detec-
tion kit (Guangzhou RiboBio Co., Ltd.), in accordance with the
manufacturer's protocol. Briefly, the FRH0201 and QBC939
cells were cultured in 96-well plates at 6x10° cells per well,
and incubated at 37°C for 24 h. Subsequently, 50 uM EdU
labeling medium was added to the 96-well plates and the cells
were incubated at 37°C for 2 h. The cells were then treated
with 4% paraformaldehyde and 0.5% Triton X-100. The cells
were stained with Apollo reaction mixture at 37°C for 30 min.
Hoechst 33342 was used to label cell nuclei at 37°C for 30 min.
The EdU incorporation rate was calculated as the ratio of the
number of EdU-incorporated cells to the number of Hoechst
33342-stained cells. At least 500 cells were counted for every

group.

Apoptosis detection. Cell apoptosis was detected using a
PE-Annexin V Apoptosis Detection Kit (BD Biosciences).
Cells contained in the supernatant were harvested by centrifu-
gation at 500 x g for 5 min at 4°C. The cells were then washed
with PBS and resuspended in a binding buffer containing
PE-Annexin and 7-aminoactinomycin D (7-AAD), following
the manufacturer's instructions. After the cells were incubated
for 15 min at 25°C in the dark, the percentages of apoptotic
cells were analyzed using a flow cytometer (FACSCanto II,
BD Biosciences).

A terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick-end labeling (TUNEL) assay was also used to
assess cell apoptosis. The transfected cells were seeded in
30-mm Petri dishes and cultivated to a confluency of not >80%
per Petri dish. Cell fixation, permeabilization and TdT incuba-
tion were performed following the manufacturer's instructions
provided with the TUNEL Apoptosis Detection kit (Alexa
Fluor 647; Shanghai Yeasen Biotechnology Co., Ltd.).
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In vivo tumorigenicity assays. All animal experiments were
approved by the Medical Ethics Committee of Linyi People's
Hospital. They were executed in accordance with the guide-
lines for the use and care of laboratory animals provided by
Linyi People's Hospital. Female BALB/c nude mice (6-8 weeks
of age; weighing 20-24 g; n=12, 6 mice/cage) were purchased
from GenePharm Biotech Corp and housed in a specific
pathogen-free environment (at 25°C, 60% relative humidity
and 12-h light/dark cycle). The mice were provided with food
and water ad libitum in the animal research center. The mice
were randomly divided into two groups, each containing 6
mice. The FRH0201 cells (4x10%) transfected with shKLF4
or a negative control (NC) were subcutaneously injected into
the right flanks of the mice. Tumor diameters were measured
every 3 days, and the tumor volumes were calculated using
the following formula: V=length x width?2 (mm?¥). The mice
were sacrificed by cervical dislocation following an intra-
peritoneal injection of pentobarbital on the 21st day, and the
xenograft tumors were removed, weighed and photographed
(the maximum tumor volume permitted in our study was
<2,000 mm?).

Bioinformatics analyses. The microarray expression data
of GSE26566 and GSE89749 were obtained from the Gene
Expression Omnibus database (GEO). The dataset GSE26566
based on the platform of GPL6104 platform (Illumina
humanRef-8 v2.0 expression beadchip) including 104 cholan-
giocarcinoma tumor samples and 6 normal bile duct samples.
The dataset GSE89749 based on the platform of GPL10558
platform (Illumina HumanHT-12 V4.0 expression beadchip)
containing 118 cholangiocarcinoma tumor samples and 2
normal bile duct samples. To screen the differentially expressed
genes (DEGs) between the cholangiocarcinoma tumor
samples and normal bile duct samples, we used the GEO2R
online web tool, which allows users to compare different gene
expression data of two or more groups of samples. An adjusted
P-value <0.05 and llog (FC)I=1.5 were set as the thresholds for
identifying DEGs. DEGs with logFC >0 were considered as
upregulated genes, and those with logFC <0 were classified
as downregulated genes. To identify the intersectional genes
between GSE26566 and GSE89249, the Venny 2.1 online web
tool was used to create a Venn diagram.

Statistical analysis. Statistical analyses were performed using
SPSS17.0 (SPSS, Inc.) and GraphPad Prism 6.0 (Dotmatics)
software packages. Data are expressed as the mean + standard
deviation (SD). All experiments were repeated three times
unless otherwise specified. The associations between KLF4 and
the clinicopathological characteristics of patients with pCCA
were analyzed using the Chi-squared (%) test. Univariate and
multivariate Cox regression analyses were used for the survival
data. The correlation between KLF4 and GDF15 was deter-
mined using Spearman's correlation analysis for IHC Scores.
Pearson's correlation analysis was used for the data obtained
from RT-qPCR. A paired or unpaired t-test was used to compare
differences between two groups, whereas one-way ANOVA was
used to analyze the differences among three groups. If there
were significant differences, multiple comparisons were made
between the groups (using Tukey's test). P<0.05 was considered
to indicate a statistically significant difference.

Results

KLF4 expression levels in pCCA and adjacent tissues. To
determine the expression of KLF4 in pCCA, the expression
level of KLF4 was first detected in 20 pairs of pCCA tissues
and adjacent normal bile duct tissues using RT-qPCR analysis
(Fig. 1A). Compared with the expression level in normal
tissues, KLF4 mRNA expression was found to decreased in the
majority of pCCA tissues. KLF4 protein levels in four pairs of
these pCCA tissues were subsequently detected using western
blot analysis, and these experiments revealed that the expres-
sion level of KLF4 protein and the corresponding mRNA was
decreased in pCCA (Fig. 1B). Furthermore, KLF4 expression
was analyzed in human pCCA TMAs; two representative
images of KLF4 expression (high and low or positive/negative)
obtained from TMAs are presented in Fig. 1C. As a transcrip-
tion factor, KLF4 was shown to be located in the nucleoplasm
and cytosol.

Association between KLF4 and the pathological features
of patients with pCCA. To further determine the level of
KLF4 expression, and to examine the association between
KLF4 and the clinical features of patients with pCCA, pCCA
TMAs containing 114 cases of pCCA were used for THC. The
clinicopathological features of the patients with pCCA in the
TMAs were recorded and analyzed. Cox survival analysis
revealed that a high level of KLF4 expression was a marker
of a favorable prognosis for patients with pCCA (P<0.001,
Fig. 1D). Subsequently, the associations between KLF4 and
the clinicopathological factors of patients with pCCA was
analyzed. Notably, as shown in Table I, KLF4 expression
was found to be negatively associated with histological grade
(P=0.004) and tumor size (P=0.022). However, KLF4 expres-
sion was not found to be associated with age, sex, tumor
depth, lymphatic metastasis and tumor lymph node-metas-
tasis (TNM) stage (all P>0.05; Table I). Subsequently, a Cox
proportional hazards model was performed in order to better
determine whether KLF4 expression should be regarded as a
valuable biomarker (Table II). Univariate analysis revealed
that histological grade (P=0.001), tumor size (P=0.024),
TNM stage (P=0.003) and KLF4 expression (P=0.002) were
significantly associated with the risk of mortality. Further
multivariate analyses were performed to identify the afore-
mentioned factors, and the outcomes confirmed that KLF4
expression (P=0.022) was an independent prognostic indi-
cator for OS in pCCA, as were histological grade (P=0.017)
and TNM stage (P=0.003).

KLF4 suppresses pCCA cell proliferation in vitro. To examine
the effects of an altered KLF4 expression on the proliferation
of pCCA cells, the expression of KLF4 was detected in a series
of cell lines, including the pCCA cell lines, QBC939 and
FRHO0201, the IHCC cell line, RBE, and the normal biliary
epithelium cell line, HIBEpic, using RT-qPCR and western
blot analyses. KLF4 was expressed at prominent levels in
the FRH0201 and RBE cells, although its expression was
only at a relatively low level in the QBC939 cells (Fig. 2A).
Consequently, the QBC939 cells and FRH0201 cells were
used for further functional analyses. The expression of KLF4
was knocked down in the FRHO020I1cells, whereas KLF4
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Figure 1. Expression levels of KLF4 in pCCA tissues and the association between the overall survival rates and clinicopathologic factors of patients with
pCCA. (A) Relative mRNA levels of KLF4 in pCCA (n=20) tissues and adjacent normal tissues were detected using RT-qPCR. The results were analyzed
using the 244 method, with GAPDH as a reference gene. Statistically significant differences between groups were assessed using a paired sample t-test.
(B) The protein and mRNA expression levels of KLF4 were detected in four pairs of pCCA tissues and adjacent normal tissues using western blot analysis and
RT-qPCR. Lamin B served as a loading control. ‘N’ represents ‘Normal’, whereas ‘T’ represents ‘tumor’ tissues. (C) Representative immunohistochemical
images of KLF4 in human pCCA tissues are shown. (D) Patients with a high KLF4 expression had improved overall survival rates compared with those with
a low KLF4 expression (P=0.002). KLF4, Kriippel-like factor 4; pCCA, perihilar cholangiocarcinoma; RT-qPCR, reverse transcription-quantitative PCR.

overexpression was induced in the QBC939 cells. As shown in
Fig. 2B and C, the knockdown or overexpression efficiency was
detected using RT-qPCR and western blot analyses. CCK-8
and EdU assays subsequently revealed that the knockdown of
KLF4 expression promoted cell proliferation (Fig. 2D and F)
in the shKLF4 group, whereas KLF4 overexpression led to a
marked suppression of cell proliferation (Fig. 2E and G) in the
KLF4 group compared with the control and NC groups. Taken

together, these results suggest that KLF4 plays an essential
role in the proliferation of pCCA cells.

Knockdown of KLF4 expression suppresses apoptosis. The
inhibition of apoptosis is also crucially involved in tumor
development, in addition to the deregulated proliferation of
cancer cells (30). Therefore, in the present study, flow cyto-
metric analysis was performed to assess the percentage of
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Table I. Associations between KLF4 expression and the clinicopathological characteristics of patients with pCCA.

KLF4 expression
Characteristic No. of cases High (n) Low (n) ¥? value P-value
Age (years)
>63 60 25 35 1.652 0.199
<63 54 29 25
Sex
Male 81 43 38 3.670 0.055
Female 33 11 22
Histological grade
Well and moderately differentiated 96 51 45 8.082 0.004
Poorly differentiated 18 3 15
Tumor size (cm)
>2.5 53 19 34 5272 0.022
<25 61 35 26
Tumor depth
T1 40 21 19 0.651 0.420
T2-T4 74 33 41
Lymphatic metastasis
Absent 75 32 43 41.944 0.163
Present 39 22 17
TNM stage
Iand II 73 33 40 0.381 0.537
II and IV 41 21 20

Values in bold font indicate statistically significant differences (P<0.05). KLF4, Kriippel like factor 4; pCCA, perihilar cholangiocarcinoma.

Table II. Univariate and multivariate analyses of prognostic factors for the overall survival of patients with pCCA.

Univariate analysis

Multivariate analysis®

Variable HR 95% CI P-value HR 95% CI P-value
Age, years (>63 vs. <63) 0.647 0.376-1.114 0.116

Sex (male vs. female) 1.077 0.612-1.897 0.797

Histological grade (well and moderately vs. 2912 1.533-5.534 0.001 2.265 1.155-4.443 0.017
poorly differentiated)

Tumor size (>2.5 vs. <2.5) 0.538 0.314-0.920 0.024

Tumor depth (T1 vs, T2-4) 1.363 0.737-2.520 0.323

Lymphatic metastasis (absent vs. present) 1.472 0.857-2.528 0.161

TNM stage (I/1I vs. III/IV) 2227 1.310-3.784 0.003 2.305 1.341-3.962 0.003
KLF4 expression (high vs. low) 0.403 0.225-0.722 0.002 0477 0.254-0.897 0.022

*Goodness of fit test: Likelihood radio (LR): Chi-squared test value, 27.90; P=0.000; Wald: Chi-squared test value, 28.11; P=0.000; score:
Chi-squared test value, 31.00; P=0.000. HR, hazard ratio; 95% CI, 95% confidence interval. Values in bold font indicate statistically significant
differences (P<0.05). KLF4, Kriippel like factor 4; pCCA, perihilar cholangiocarcinoma.

apoptotic FRH020I1cells in the shKLF4 group using Annexin
V-PE staining. The silencing of KLF4 was shown to suppress
FRHO0201 cell apoptosis (control group, 12.45%; NC group,
12.52%; shKLF4 group, 7.05%; P<0.001; Fig. 3A), findings

that were in accordance with the results of the TUNEL assays
(P<0.001; Fig. 3B). These findings were additionally supported
by the changes in the levels of biomarker proteins associated
with apoptosis. Western blot analysis demonstrated that the
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Figure 3. Knockdown of KLF4 expression suppresses the apoptosis of FRH0201 cells. (A) Flow cytometric analysis of apoptosis was performed to evaluate
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Ctrl, control; NC group, transfected with a non-coding shRNA; shKLF4 group, transfected with the KLF4-specific shRNA; KLF4, Kriippel-like factor 4.

level of Bcl-2 was higher and the level of Bax was lower, in
the shKLF4 group compared with the control and NC groups
(Fig. 30).

Inverse association between the expression levels of KLF4
and GDF15 in pCCA. By using the GEO2R online tool from
the Gene Expression Omnibus (GEO), a total of 503 differ-
entially expressed genes (DEGs) were identified (of which
195 were upregulated and 308 were downregulated DEGs)
in the GSE26566 dataset, and 455 DEGs (27 upregulated and

428 downregulated) were found in the GSE89749 dataset,
which were differentially expressed between tumor samples
and adjacent normal tissues, as shown by the volcano plots
in Fig. S1A and B (a threshold defined by a llog2FCI=1.5 and
P<0.05). Further analysis of these DEGs using a Venn diagram
(Fig. S1C) revealed that there were 61 overlapping DEGs
(7 upregulated and 54 downregulated DEGs) comparing
between the two datasets, as shown in Table SI.

The hTFtarget and TRRUST databases were further
explored to obtain two KLF4 target datasets. A Venn diagram
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was constructed to identify one gene at the intersection of two
KLF4 target datasets and 61 overlapping DEGs, which was
found to be GDF15 (Fig. S1D).

On the basis of the aforementioned bioinformatics
analyses, it was hypothesized that GDF15 was a downstream
target of KLF4. Therefore, the expression levels of KLF4 and
GDF15 were further evaluated in the pCCA TMAss in order to
confirm this association. As shown in Fig. 4A, the high expres-
sion of GDF15 mainly occurred in the tumor tissue samples
with a low KLF4 expression, whereas the tumor tissue samples
with a high expression of KLF4 had lower levels of GDF15.
Spearman's correlation analysis of the IHC scores demon-
strated the inverse association between KLF4 and GDF15
(Rho=-0.1917, P=0.0411; Fig. 4B). This result was further
confirmed by the Pearson's correlation analysis of the expres-
sion of KLF4 and GDF15 (data from RT-qPCR analysis of 20
pairs of fresh tumor tissues) (r=-0.4836, P=0.0308; Fig. 4C).

Knockdown of KLF4 promotes the expression of GDF15
and phosphorylation of AKT. To further explore the direct
correlation between KLF4 and GDF15, the effects of KLF4
on GDF15 expression in human pCCA FRH-0201cells were
examined. Furthermore, changes in the levels of AKT and
p-AKT were also detected, since they are the downstream
targets of GDF15 (26). These experiments revealed that the
silencing of KLF4 led to a significant increase in the levels
of GDF15 and p-AKT (Fig. 4D). In the cells in which the
expression of GDF15 was interfered with, the promoting
effects of the silencing of KLF4 on p-AKT were found to be
attenuated (Fig. 4E). Taken together, these results suggested
that KLF4 adjusted and regulated the AKT signaling pathway
by negatively regulating GDF15, whereas the overexpression
of GDF15 mediated by a deficiency of KLF4 may contribute
to pCCA tumor carcinogenesis and development.

Knockdown of KLF4 expression promotes tumor growth
in vivo. As shown in Fig. 5A and C, the knockdown of KLF4
expression ledto amarked promotion of tumor growth compared
with NC transfection in the animal models. In addition, the
average tumor weight was lower in the NC group compared
with the shKLF4 group (242.2+35.94 vs. 548.60+48.61 mg;
Fig. 5B and Table SII). As shown by the results of western
blot analysis and IHC, the knockdown of KLF4 led to an
increase in the expression of GDF15 in the in vivo experiment
(Fig. 5D and E). Furthermore, the level of p-AKT pertaining to
the in vivo experiments was also measured using western blot
analysis; the results revealed that the level of p-AKT was found
to have increased, along with the augmentation of the GDF15
signal in the shKLF4group (Fig. 5D). These results were in
accordance with those obtained in the in vitro experiments,
further confirming that the knockdown of KLF4 expression
promoted the progression of pCCA.

Discussion

Despite the recent developments in early diagnosis and indi-
vidual therapy, CCA still remains a highly lethal tumor (31).
Moreover, pCCA is the most common subtype of CCA, which
is associated with the worst prognosis (32). This is partly due to
the lack of novel biomarkers or molecular profiles and targeted

drugs for pCCA. Therefore, there is an urgent need to unravel
the underlying molecular mechanisms of the oncogenesis and
progression of pCCA.

In the present study, the expression levels and potential roles
of KLF4 and GDF15 in human pCCA were determined. It was
confirmed that the expression level of KLF4 was decreased
in pCCA tumor tissues and cell lines. Further analysis of the
association between the clinicopathological characteristics
of patients with pCCA and the expression levels of KLF4
using TMAs revealed that the absence of KLF4 was closely
associated with a poor histological grade and a large tumor
size, also predicting a poor OS. Multivariate analysis indicated
that KLF4 was an independent favorable prognosis factor in
patients with pCCA. In addition, the cell proliferative ability
was reinforced, and cell apoptosis was suppressed, when KLF4
was knocked down using shRNA. Finally, cell proliferation
was shown to be suppressed when KLLF4 was overexpressed.

KLF4 is a critical member of the KLF family. It fulfills
crucial roles in tumor emergence, progression, invasion
and metastasis (9,33). KLF4 was originally shown to be a
tumor suppressor (12,27); however, numerous studies have
demonstrated that it encodes a transcription factor that
is associated with both tumor suppression and oncogen-
esis (11,14,34){Rowland, 2005 #296}. Several previously
published studies have demonstrated that KLF4 expres-
sion is decreased in tumor types, such as gastrointestinal
cancers (11), colorectal cancer (12), lung cancer (35) and
so on (13,27), and KLF4 overexpression is a predictor of
an improved prognosis (35,36). In accordance with these
findings, the results of the present study demonstrated that
KLF4 expression was decreased in pCCA compared with
adjacent tissues. However, tentative evidence has indicated
that KLF4 may function as an oncogene in primary breast
cancer, prostate cancer and skin cancer (14,15,37). The role
of KLF4 in terms of regulating tumors is dependent on the
different cellular contexts, the expression patterns of other
genes, and so on (34,38,39). KLF4 can execute its tumor
suppressive functions directly or indirectly by regulating the
cell cycle, as an anti-apoptosis molecule, and via the Wnt,
Notch and TGF-f signaling pathways, and so on (8,9,40,41).
GDF15 is usually expressed abundantly under conditions
of stress, inflammation, diabetes, cardiovascular disorder,
cancer and so on (42). However, the mechanisms underlying
its activation and regulation remains poorly understood. It
has been shown that AKT signaling is associated with cell
proliferation and survival (anti-apoptosis) (43). A disruption
in the balance between cell proliferation and survival leads to
the development and progression of cancer (26,30). Moreover,
it has been confirmed that GDF15 is able to activate AKT
when the balance between cell proliferation and survival is
disrupted (26). In the present study, the expression of GDF15
in TMAs was further investigated. The results obtained
demonstrated that the pCCA specimens in the TMA analysis,
which lost their KLF4 expression, had a high expression of
GDF15. Spearman's correlation analysis confirmed the nega-
tive association between them. This association was also
confirmed using RT-qPCR analysis. Moreover, bioinformatics
analyses revealed that GDF15 was identified as the only DEG
that targeted KLF4 in pCCA. Therefore, it can be hypoth-
esized that GDF15 is a key downstream target of KLF4 that
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Figure 4. GDF15 expression is negatively associated with KLF4 expression in human pCCA tissue. KLF4 suppresses the protein expression of GDF15, thereby
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panels, 200 pm; right panels, 50 ym. (B) Correlation of IHC scores for KLF4 and GDF15 in human pCCA tissues (r=-0.2124, P=0.0233). (C) Correlation of
mRNA expression for KLF4 and GDF15 in human pCCA tissues (r=-0.4836, P=0.0308). (D) Variations in the levels of GDF15 and p-AKT were examined
using western blot analysis following the knockdown of KLF4. (E) Western blot analysis revealed that the increase in p-AKT expression due to knockdown of
KLF4 could be circumvented by si-GDF15. “P<0.01, vs. control group, without transfection. Ctrl group, control group, without transfection; NC group, trans-
fected with a non-coding shRNA; shKLF4 group, transfected with the KLF4-specific sShRNA; si-GDF15 group, siRNA targeting GDF15; KLF4, Kriippel-like
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Figure 5. KLF4 inhibits the growth of HCCA xenograft tumors. (A) Stable shKLF4 cells and control cells (transfected with empty vector) were injected subcu-
taneously into the right flanks of BALB/c nude mice. At 3 weeks after implantation, xenograft tumors were observed. (B) Tumor volumes were measured every
3 days until the mice were euthanized on day 21. (C) Tumor weights were measured on day 21. (D) The expression levels of KLF4, GDF15, AKT and p-AKT
in tumors were measured using western blot analysis. (E) Immunohistochemical staining revealed the association between KLF4 and GDF15 in xenograft
tumors. Scale bar, 50 ym. “P<0.01, vs. control. Ctrl, control group without transfection; NC group, transfected with a non-coding shRNA; shKLF4 group,
transfected with the KLF4 specific siRNA; KLF4, Kriippel like factor 4; pCCA, perihilar cholangiocarcinoma; GDF15, growth/differentiation factor 15;

p, phosphorylated.

functions as a transcription factor in pCCA, as demonstrated
herein. In the present study, further experiments indicated
that the silencing KLF4 increased both the expression of
GDF15 and the phosphorylation of AKT in vitro. Moreover,
the knockdown of GDF15 attenuated the suppressive effects
of KLF4 on the AKT pathway. These findings indicated that
KLF4, as a transcription factor, executes its tumor-suppressive
role by regulating the GDF15/AKT signaling pathway.

In conclusion, the present study demonstrated that the
loss of KLF4 in human pCCA results in the overexpression
of GDF15, thereby leading to the active phosphorylation of

AKT and subsequent tumor progression. The findings of the
present study not only provide a novel molecular mechanism
of pCCA tumor progression, but the KLF4/GDF15/AKT
signaling pathway has also been identified as a potential novel
molecular target for controlling pCCA tumor development.
KLF4 itself may prove to be a useful biomarker for predicting
the prognosis of patients with pCCA.
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