CANCER BIOLOGY & THERAPY
2023, VOL. 24, NO. 1, 2226353
https://doi.org/10.1080/15384047.2023.2226353

Taylor & Francis
Taylor & Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS | ® @neck o upssts|

KLF4 targets RAB26 and decreases 5-FU resistance through inhibiting autophagy in

colon cancer

Yu Zheng¥, Jiansheng Wu*, Hong Chen, Dajia Lin, Hongyuan Chen, Junyin Zheng, Haoyun Xia, Liangxiang Huang,

and Changqing Zeng

Department of Gastrointestinal Surgery, Fujian Provincial Hospital, Provincial Clinical Medical College of Fujian Medical University, Fuzhou, China

ABSTRACT

Background: Accumulating studies demonstrated that resistance of colon cancer (CC) to 5-fluorouracil
(5-FU) contributes to adverse prognosis. We investigated how Kruppel-like factor 4 (KLF4) affected 5-FU
resistance and autophagy in CC cells.

Methods: KLF4 expression and its downstream target gene RAB26 in CC tissues was analyzed by
bioinformatics analysis, and the effect of abnormal KLF4 expression on prognoses of CC patients was
predicted. Luciferase reporter assay detected the targeted relationship between KLF4 and RAB26. The
viability and apoptosis of CC cells were analyzed by CCK-8 and flow cytometry. The formation of
intracellular autophagosomes was detected by confocal laser scanning microscopy and immunofluores-
cence staining. The mRNA and protein levels were assayed by gRT-PCR and western blot. A xenograft
animal model was constructed to verify the function of KLF4. Rescue assay was employed to verify
whether KLF4/RAB26 could affect 5-FU resistance in CC cells through autophagy.

Results: KLF4 and RAB26 were lowly expressed in CC. KLF4 correlated with patients’ survival. KLF4 was
down-regulated in 5-FU resistant CC cells. KLF4 overexpression suppressed the proliferation and 5-FU
resistance of CC cells, and inhibited LC3 II/I expression and autophagosome formation. Autophagy
activator Rapamycin or sh-RAB26 treatment reversed the impact of KLF4 overexpression on 5-FU
resistance. In vivo assay verified that KLF4 inhibited 5-FU resistance in CC cells. Rescue experiments
revealed that KLF4 targeted RAB26 to inhibit CC cell autophagy, resulting in decreasing the resistance to
5-FU.

Conclusion: KLF4 strengthened the sensitivity of CC cells to 5-FU by targeting RAB26 to restrain
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autophagy pathway.

1. Introduction

Colon cancer (CC) is a major cause of cancer deaths
worldwide', and 5-fluorouracil (5-FU) is a common pyrimi-
dine analogue of CC that blocks thymidylate synthase and
further inhibits DNA and RNA synthesis’. 5-FU remains one
of the widely used first-line treatments for CC’. 5-FU treat-
ment is able to shrink the tumor mass of CC. But 5-FU was
also toxic to normal cells, causing serious adverse reactions,
which severely limited its clinical application®. Studies have
shown that about 50% of CC patients treated with 5-FU
develop resistance, which is the leading cause of poor prog-
nosis in colon cancer patients’. Apoptosis of cancer cells in
5-FU resistant CC patients was hindered and cancer cells were
viable even with high concentration of 5-FU®. If resistance to
5-FU in cancer patients can be overcome, this finding will
provide new insights into the therapeutic strategies of CC’.
The molecular mechanism of resistance of CC cells to 5-FU
chemotherapy has not been completely elucidated, which
needs to be deeply explored.

Kruppel-like factor 4 (KLF4) belongs to the KLF family and is
involved in regulating many biological processes®.

Accumulating evidence suggests that KLF4 plays a cancer-
suppressive role. For example, KLF4 inhibits malignant progres-
sion of meningioma by mediating apoptosis, invasion, prolifera-
tion, and cell cycle’. While KLF4 overexpression can reduce
colorectal cancer cell migration, invasion, and tumorigenicity,
thereby inhibiting tumor metastasis'®'". In addition, KLF4 also
plays an imperative role in chemoresistance. For example, by
altering HMGB1 and hTERT expression, KLF4 strengthens the
sensitivity of CC cells HCT-15 to cisplatin'®. Deng et al.
discovered that KLF4 was down-regulated in oxaliplatin-
resistant colorectal cancer cells, and KLF4 negatively regulated
PiHL expression, while PiHL induced HMGA2 up-regulation to
promote PI3K/Akt phosphorylation, thereby enhancing oxali-
platin resistance in colorectal cancer. Moreover, Irene put for-
ward that KLF4 was up-regulated in carfilzomib resistant
myeloma cells, and KLF4 bound to the promoter region of
SQSTML1, which increased autophagy level and thereby enhan-
cing the resistance of myeloma cells to carfilzomib'®. Taken
together, KLF4 played an imperative role in tumorigenesis and
chemoresistance, but the molecular mechanism underlying the
effect of KLF4 on 5-FU resistance in CC cells was ill-defined.
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Autophagy takes an important part in cellular homeostasis
maintenance by degrading unwanted cellular components.
When cells are exposed to unfavorable environments, like
starvation, hypoxia, and metabolic disorders, autophagy will
be activated to maintain cell survival'®. Inhibition of autop-
hagy has been found to reduce previously activated cellular
defense mechanisms, and then increases sensitivity to therapy,
whereas autophagy activation leads to cell death via lysosomal
overactivation'®. Studies have shown that autophagy is vital in
tumor chemoresistance. Garcia-Mayea et al. '” found that
acquisition of drug resistance of laryngeal carcinoma was
associated with overexpression of autophagy-related proteins
(LC3, ATGS5), and increased autophagy contributes to drug
resistance development. Gao et al. '® proved that PRKCI-Akt-
mTOR pathway was activated by circPARD3 via suppressing
miR-145-5p, which in turn inhibited autophagy in laryngeal
scaly cell carcinoma, and promoted chemoresistance and
malignant progression of this disease. The above studies have
suggested that autophagy exerts a key function in tumorigen-
esis and chemoresistance. This study was aimed at investigat-
ing whether autophagy could affect 5-FU resistance in CC
cells.

In this work, we revealed that KLF4 was lowly expressed in
CC by bioinformatics analysis and correlated with CC patients’
survival. KLF4 was also significantly down-regulated in 5-FU
resistant CC cells, and KLF4 suppressed 5-FU resistance by
targeting RAB26 to suppress the autophagy pathway. These
findings further deepened our understanding of KLF4 and
autophagy in the 5-FU resistance and progression of CC, and
revealed an important role of KLF4 in regulating autophagy
and 5-FU resistance in CC cells.

2. Materials and methods
2.1. Bioinformatics approaches

Expression of KLF4 and predicted target genes in CC patients
was analyzed using TCGA-COAD database (T (tumor) = 275;
N (normal) = 349) by ‘R’ (version 4.1.1)" language from
TCGA website (https://portal.gdc.cancer.gov/)*’. Survival ana-
lysis were carried out using the ‘survival’ package'. The target
gene predictions on KLF4 were conducted by utilizing
DEmRNA-down, ChIPBase (http://deepbase.sysu.edu.cn/
chipbase/)*?, and hTFtarget (http://bioinfo.life.hust.edu.cn/
hTFtarget#!/target)*> databases. Correlation analysis was
employed for predicting the targeted genes of KLF4. The pre-
dicted target gene was overlapped with KLF4 to obtain a target
gene which shared a binding site with KLF4.

2.2. Cell culture and transfection

Human normal colon fibroblast CCD-18Co (BNCC337724)
and human CC cell lines SW480 (BNCC100604), SW620

Table 1. Primers for Qrt-PCR.

(BNCC337664), and HCT116 (BNCC351970) were offered
by BeNa Culture Collection (BNCC, China) and named as
5-FU sensitive CC cell lines. The above cell lines were cultured
with RPMI-1640 (with 1% penicillin-streptomycin and 10%
fatal bovine serum (FBS)) medium at 37°C with 5% CO..

Next, 5-FU resistant CC cell lines SW620/FU (MXC858)
bought from Shanghai Meixuan Biotechnology Co., Ltd.,
(China) and HCT116/FU (BNCC342640) purchased from
BNCC (China) were incubated in RPMI-1640 (with 10% FBS
and 1% penicillin-streptomycin) medium with 5-FU (25
pg/mL).

We also purchased oe-KLF4 overexpression vector and
corresponding negative control (oe-NC), sh-RAB26 silencing
vector and corresponding negative control (sh-NC) from
Ribobio (China). The oe-KLF4 cell lines were constructed by
transfecting oe-KLF4 into 5-FU resistant cell lines (SW620/FU
and HCT116/FU), respectively, using Lipofectamine 3000 kit
(Thermo Fisher Scientific, USA).

SW620/FU and HCT116/FU cell lines were treated with the
autophagy activator Rapamycin (100 nM)'® and relevant para-
meters were measured after 24 h.

2.3. qRT-PCR

Total RNA was extracted by Trizol method, which was rever-
sely transcribed into cDNA with PrimeScript RT reagent Kit
(Takara, Japan) and Oligo (dt) 18 primers. The mRNA relative
expression of KLF4 and RAB26 were examined by utilizing
qRT-PCR kit (Takara, Japan), with B-actin as the internal
control and calculated using the 27**“' method. The reaction
conditions of QRT-PCR were as follows: 94°C, 5min 1 cycle;
94°C, 10 s, 55°C, 30 s, 94°C, 15 s, 40 cycles. All the primer
sequences used in our study are listed in Table 1.

2.4. Western blot

Total proteins were first extracted using RIPA lysate, then total
protein concentration was detected with a BCA kit (Thermo
Fisher Scientific, USA). Next, proteins were separated by SDS-
PAGE and transferred onto PVDF membranes. Membranes
were blocked by TBS plus 0.05% Tween 20 (TBST) and 5% dry
nonfat dry milk powder in Tris-buffered saline (pH = 7.6) for
1h and then cultured with primary antibodies anti-rabbit
KLF4 (1:1000, ab215036), anti-rabbit RAB26 (1:1000,
ab198202), anti-rabbit p-actin (1:1000, ab8227), anti-rabbit
p62 (1: 10000, ab109012), and anti-rabbit LC3B (1: 2000,
ab192890) at 4°C overnight. After washing three times, Goat
anti-rabbit horseradish peroxidase secondary antibody (HRP,
1: 2000, ab6721) was supplemented for 2 h cell culture at room
temperature (All antibodies used here were from Abcam
(UK)). In the end, we detected the brightness of protein
bands**.

Primer Forward Reverse
KLF4 5'-GATTATAAATTAAGGGGAGAGTGGG-3' 5-TCCCTAAAAAATAACCATATACCAAAA-3'
RAB26 5'-GTCTGCTGGTGCGATTCAAG-3’ 5'-GCATGGGTAACACTGCGGA-3'

B-actin 5'-AGATGTGGATCAGCAAGCAG-3’

5'-GCGCAAGTTAGG GTCA-3'



https://portal.gdc.cancer.gov/
http://deepbase.sysu.edu.cn/chipbase/
http://deepbase.sysu.edu.cn/chipbase/
http://bioinfo.life.hust.edu.cn/hTFtarget#!/target
http://bioinfo.life.hust.edu.cn/hTFtarget#!/target

2.5. CCK-8 assay

SW620, SW620/FU, HCT116, HCT116/FU cells (1 x 10° cells/
well) were seeded in 96-well plates with 100 pL of cell solution
per well. For resistant cell lines, 5-FU was added at final
concentrations of 0, 50, 100, 200, 400, 600, and 800 pg/mL
after overnight culture. For sensitive cell lines, 5-FU was
added at final concentrations of 0, 10, 20, 40, 60, 80, and 100
pg/mL. After all cells were cultured for 72 h, 10 pL of CCK-8
solution was supplemented for 2 h of culture. The absorbance
value at 450 nm was detected by a microplate reader. We
plotted the concentration effect curve with drug concentration
and relative cell viability as the horizontal and vertical axes.
Then we calculated the half maximal inhibitory concentration
(ICsp) values.

2.6. Flow cytometry

The transfected SW620/FU and HCT116/FU cells were grown
to the logarithmic phase, which were cultured with RPMI-1640
medium (serum-free) with 5-FU (25 ug/mL) for 24 h. Next, we
collected these cells, which were washed and diluted to 1 x 10°
cells/ml. We then utilized the apoptosis kit (Thermo Fisher
Scientific, USA) to detect them. Cells were resuspended with
100 pL labeling buffer, and then 5 uL Annexin V-FITC and 10
uL propidium iodide (PI) were added. Cells were maintained
in the dark at room temperature for 15 min, and eventually we
accessed the apoptosis rate utilizing flow cytometry.

2.7. Immunofluorescence and immunohistochemical
detection

In this study, immunohistochemical® and immunofluorescence™
assays were performed following the processes described in the
former articles. The antibodies of KLF4 (ab215036), LC3B
(ab63817), Ki67 (ab15580) were bought from Abcam (UK).

2.8. Construction of the tumor xenograft model

The animal experiment was conducted strictly complying with
the Guide for the Care and Use of Laboratory Animals, which
had been approved by the Fujian Medical University
Laboratory Animal Ethics Committee. A total of 12 athymic
BALB/C mice (4-week-old, male) were randomized (n=3/
group). The subcutaneous injection was conducted on the
mice with SW620/oe-KLF4 or SW620/0e-NC cells (5 x 10°
CC cells were injected into each mouse). When the tumor
volume grew to about 0.1 cm® (recorded as Day 0), the tumor-
igenicity test of 5-FU treatment was performed. The mice in
the above groups were classified into four groups (3 mice/
group) for treatment: PBS+oe-NC, PBS+oe-KLF4, 5-FU+oe-
NC, 5-FU+oe-KLF4. The mice in 5-FU+oe-NC and 5-FU+oe-
KLF4 groups were injected with 5-FU (20 mg/kg/week) intra-
peritoneally, while the mice in the other two groups were
injected with the same volume of PBS intraperitoneally.
Tumor weight, tumor length (L) and width (W) were mea-
sured every 4 days. The formula for tumor volume was: V =
0.5 x LW?. After 16 days, mice were euthanized. We dissected
all the mice for the subcutaneous tumors which were then
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weighed and we collected the tumor tissues for autophagy
and apoptosis analysis>.

2.9. Dual-luciferase reporter gene analysis

The pGL3 Basic-RAB26-WT and pGL3 Basic-RAB26-MUT
luciferase reporter vectors (Promega, USA) were constructed
first, and then the RAB26-WT/RAB26-MUT, oe-NC/oe-KLF4
and Renilla luciferase vector pRL-TK (Promega, USA) were
co-transfected into SW620 cells, mixed with 4 uL lipofecta-
mine 2000 and placed in a 37°C, 5% CO, environment for an
additional culture for 24-48 h. Fluorescence intensity was
detected using the Dual-Luciferase Reporter Assay System
(Promega, USA).

2.10. Statistical analysis

Data analysis was carried out using GraphPad Prism8.0 soft-
ware, and data were presented in the form of mean + standard
deviation. Pearson correlation analysis was performed on
RAB26 and KLF4. We utilized the Kaplan-Meier method for
plotting the survival curve, and compared by the log-rank test
using the R (version 4.1.1) package survival. The experimental
data were pre-tested using analysis of variance, and then com-
pared between the two groups using Student’s-t test. Each
experiment was performed in triplicate. Statistically significant
differences were indicated when p <.05.

3. Results
3.1. KLF4 is less expressed in 5-FU resistant CC cells

First, KLF4 expression was analyzed using TCGA-COAD
database, and the result exhibited the significant down-
regulation of KLF4 in CC tissues (Figure la). Next, Kaplan-
Meier survival analysis observed that CC patients with low
KLF4 expression had relatively shorter overall survival and
disease-free survival compared to those with high KLF4
expression, but this difference was not statistically significant
(Figure 1b, c). Subsequently, qRT-PCR and western blot were
used to analyze mRNA and protein expression of KLF4 in
normal colon fibroblast and CC cell lines. It was illustrated
that KLF4 was remarkably down-regulated in CC cells with
a contrast to the normal colon fibroblast (Figure 1d). In the
meantime, we examined the KLF4 expression in 5-FU sensitive
and resistant CC cells. It was indicated that KLF4 was notably
down-regulated in SW620/FU and HCT116/FU resistant cells
with a contrast to SW620 and HCTI116 sensitive cells
(Figure le). In summary, KLF4 was lowly expressed in CC
and may be involved in modulating 5-FU resistance in CC
cells.

3.2. Overexpressed KLF4 promotes apoptosis and
suppresses 5-FU resistance in CC cells

To investigate whether there was resistance of SW620/FU
and HCT116/FU cells to 5-FU, we calculated ICs, values of
5-FU for resistant cells (SW620/FU and HCT116/FU) and
sensitive cells (SW620 and HCT116). It was shown that
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Figure 1. (a) the two violin plots show that KLF4 is significantly downregulated in the colon cancer tissue samples; (b-c) the two Kaplan-Meier survival analysis show
that patients with low expression of KLF4 in colon cancer have relatively shorter overall survival and disease-free survival; (d) the expression of KLF4 in three colon
cancer cell lines (SW480, HCT116, SW620) were lower than normal colon fibroblast CCD-18Co, detected by gRT-PCR and western blot; (e) the expression of KLF4 in
SW620/FU and HCT116/FU were lower than SW620 and HCT116, detected by gRT-PCR and western blot.

with a contrast to the sensitive cells, SW620/FU and
HCT116/FU cells presented higher ICs, values
(Figure 2a), indicating that SW620/FU and HCT116/FU
cells had higher resistance to 5-FU relative to their parental
cells.

To investigate the effect of KLF4 on 5-FU-resistant CC cells,
we transfected oe-NC/oe-KLF4 into SW620/FU and HCT116/
FU cells, respectively. We then utilized gqRT-PCR and western
blot to detect the transfection efficiency, the result of which
demonstrated that the after treated with oe-KLF4, the mRNA
and protein levels of KLF4 were dramatically up-regulated
(Figure 2b, ¢). Then, CCK-8 results showed that the ICs, values
of CC cells to 5-FU were significantly reduced in oe-KLF4
group, indicating that KLF4 overexpression inhibited SW620/
FU and HCT116/FU resistance to 5-FU (Figure 2d, e). Flow
cytometry analysis revealed that KLF4 overexpression promoted
apoptosis of SW620/FU and HCT116/FU resistant cells in 5-FU
treatment groups (Figure 2f, g). In summary, KLF4 promoted
apoptosis and improved 5-FU sensitivity in CC cells.

3.3. KLF4 overexpression inhibits autophagy of CC cells

Previous researches demonstrated that autophagy affected
tumor chemoresistance, and inhibition of autophagy could
inhibit tumor chemoresistance'”'®. Therefore, we speculated
that KLF4 inhibited 5-FU resistance in CC cells by repressing
autophagy. First, the autophagy protein expression levels of
p62 and LC3 in 5-FU sensitive and 5-FU resistant CC cells
were analyzed using western blot. The protein expression of
LC3II/LC3I was evidently elevated in SW620/FU and
HCT116/FU resistant cells with a contrast to the sensitive
cells (SW620 and HCT116). However, SW620/FU and
HCT116/FU resistant cells had a decreased protein level of
p62 (Figure 3a). Besides, KLF4 overexpression significantly
suppressed expression of autophagy marker LC3II/LC3I,
while significantly promoted expression of autophagy marker
p62 in SW620/FU and HCT116/FU cells (Figure 3b). Besides,
immunofluorescence results indicated that LC3 accumulation
was significantly reduced in SW620/FU and HCT116/FU cells
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Figure 2. (a) SW620/FU and HCT116/FU cells presented higher ICso values than SW620 and HCT116; (b-c) After overexpression of KLF4 in SW620/FU and HCT116/FU, its
expression levels were significantly increased by qRT-PCR and western blot; (d-e) After overexpression of KLF4 in SW620/FU and HCT116/FU, the ICso value was
significantly reduced by CCK-8; (f-g) After overexpression of KLF4 in SW620/FU and HCT116/FU, the apoptosis was significantly increased by flow cytometry.

upon overexpression KLF4 (Figure 3¢, d). These results con-
firmed that KLF4 repressed autophagy in CC cells.

3.4. KLF4 strengthens the cell sensitivity of CC to 5-FU by
suppressing autophagy

To further explore the effect of autophagy inhibition by KLF4
on 5-FU resistance in CC cells, we treated SW620/FU resistant
cells with the autophagy activator Rapamycin (referred to as

Rap) and set the cell groups as follows: oe-NC+PBS, oe-KLF4
+PBS, oe-NC+Rap, and oe-KLF4+Rap. First, the p62 and LC3
protein expression levels in SW620/FU cells were examined by
western blot (Figure 4a). and we observed that in oe-KLF4
group, the protein level of LC3II/LC3I was notably down-
regulated and that of p62 was remarkably up-regulated.
Conversely, the LC3II/LC3I protein level was remarkably
increased and p62 protein level was notably decreased in Rap
treatment group. The protein levels of p62 and LC3 were
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Figure 3. (a) Protein expression of LC3II/LC3I was significantly increased, and the p62 protein level was decreased in SW620/FU and HCT116/FU; (b) Overexpression of
KLF4 significantly inhibited the expression of LC3II/LC3I in SW620/FU and HCT116/FU, and promoted the expression of p62; (c-d) Immunofluorescence analysis shows
a significant decrease in LC3 after overexpression of KLF4 in SW620/FU and HCT116/FU.

restored to the level of oe-NC+PBS group after treatment with
oe-KLF4+Rap. In addition, immunofluorescence result
showed that LC3 aggregation was notably reduced in oe-
KLF4 group, but significantly increased in Rap treatment
group, and oe-KLF4+Rap treatment could reverse the impact
of overexpressed KLF4 on LC3 aggregation (Figure 4b). It
could be seen that KLF4 overexpression inhibited autophagy,

while which could be reversed by Rap. In addition, the results
of CCK-8 and flow cytometry (Figure 4c, d) showed that KLF4
overexpression decreased the IC5, value of CC cells to 5-FU
and promoted apoptosis, while oe-KLF4+Rap treatment
reversed the influence of overexpressed KLF4 on apoptosis
and drug resistance of CC cells. Altogether, KLF4 inhibited
resistance of CC cells to 5-FU by suppressing autophagy.
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Figure 4. (a) Four groups, treatment with rap restores the effect of KLF4 overexpression on the protein levels of LC3II/LC3I and p62 by western blot; (b) Four groups,
immunofluorescence analysis shows treatment with rap restores the effect of KLF4 overexpression on the LC3 fluorescence expression; (c) Four groups, CCK-8 shows
treatment with rap restores the effect of KLF4 overexpression on the viability of colon cancer cells; (d) Four groups, treatment with rap restores the effect of KLF4
overexpression on the apoptosis of colon cancer cells detected by flow cytometry.

3.5. KLF4 overexpression inhibits 5-FU resistance in CC

i . KLF4 in vivo. To answer this question, we separated mice to
cells through in vivo experiment

four groups with different treatments: (1) PBS+oe-NC, (2) PBS
The above-mentioned experiments demonstrated that KLF4 +oe-KLF4, (3) 5-FU+o0e-NC, (4) 5-FU+oe-KLF4. In animals
regulated 5-FU resistance of CC cells in vitro, but it still ~without 5-FU treatment, tumor weight and volume were pro-
remained an unanswered question regarding the unction of ~minently reduced in PBS+oe-KLF4 treatment group compared
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with PBS+oe-NC treatment group. After 5-FU treatment,
tumor weight and volume were dramatically reduced in 5-FU
+o0e-KLF4 treatment group compared with 5-FU+oe-NC treat-
ment group. More interestingly, tumor weight and volume
were significantly reduced with 5-FU+oe-KLF4 treatment
compared with the other three groups (Figure 5a—c). What’s
more, through qRT-PCR and western blot assays, we observed

that KLF4 mRNA and protein expression levels were promi-
nently up-regulated in the oe-KLF4 xenograft model
(Figure 5d, e). Immunohistochemistry displayed that the cell
proliferation of Ki67 positive tumor cells was dramatically
attenuated by 5-FU+oe-KLF4 treatment compared with the
control group (Figure 5f). Additionally, we discovered that
LC3 II formation was significantly reduced in 5-FU+oe-KLF4

a b c
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Figure 5. (a-c) Four groups, the tumor weight and volume were dramatically reduced in 5-FU+oe-KLF4 group; (d-e) the expression levels of KLF4 in the 5-FU+oe-KLF4
group were significantly increased tested by Qrt-PCR and western blot; (f) Ki67 positive tumor cells was dramatically attenuated in 5-FU+oe-KLF4 group by
Immunohistochemistry; (G) LC3 Il formation was significantly reduced in 5-FU+oe-KLF4 group by western blot.



group compared to 5-FU+oe-NC group (Figure 5f, g).
Altogether, KLF4 overexpression inhibited 5-FU resistance in
CC cells in vivo.

3.6. KLF4 targets RAB26 in CC cells

We predicted target genes downstream of KLF4 in CC by
bioinformatics analysis and obtained 134 potential target
genes (Figure 6a). It has been mentioned that RAB26 has
a close connection with autophagy®, so we chose RAB26 as
a downstream gene of KLF4 for subsequent studies. Next, we
utilized TCGA-COAD database to perform Pearson correla-
tion analysis between KLF4 and RAB26, the results of which
displayed that KLF4 had a markedly positive correlation with
RAB16 (correlation coefficient = 0.51) (Figure 6b). The RAB26
expression in CC tissues and adjacent non-cancerous tissues
was also analyzed using TCGA database, and it was shown that
in CC tumor tissues, RAB26 expression was remarkably down-
regulated (Figure 6¢). Subsequently, we analyzed the promoter
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sequence of the RAB26 gene and obtained a binding site and
motif between KLF4 and RAB26 using the JASPAR database
(Figure 6d). To further validate the targeted relationship
between KLF4 and RAB26, the dual-luciferase assay was con-
ducted. It was demonstrated that overexpressed KLF4 substan-
tially enhanced the luciferase activity of WT-RAB26, but
having no noticeable effect on the luciferase activity of MUT-
RAB26, indicating that KLF4 targeted and bound RAB26
(Figure 6e). We then performed qRT-PCR to detect mRNA
expression of RAB26 in normal colon fibroblast and CC cells,
which illustrated that RAB26 expression was considerably
lower in CC cells with a contrast to that in normal colon
fibroblast (Figure 6f). To dive deeper into the effect of KLF4
on RAB26 expression, qQRT-PCR and western blot were
employed to detect the mRNA and protein expression levels
of RAB26 in SW620 and HCT116 cells with oe-KLF4 trans-
fected. It was discovered that RAB26 mRNA and protein levels
of RAB26 were remarkably higher in SW620 and HCT116 cells
overexpressing KLF4 than in controls, indicating that KLF4

a b c
Cor=0.51 (pvalue=5.768e-33)
:- : -
3.
1 I N
_ o . I ‘ l 8 ; 1‘0 1‘1 |‘2 1‘3 1‘4
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Figure 6. (a) KLF4 in colon cancer has 134 potential target genes by bioinformatics analysis; (b) KLF4 had a markedly positive correlation with RAB26 by Pearson
correlation analysis; (c) the two violin plots show that RAB26 is significantly downregulated in the colon cancer tissue samples; (d) Obtained a binding site and motif
between KLF4 and RAB26 using the JASPAR database; (e) KLF4 targeted and bound RAB26 by dual-luciferase assay; (f) the expression of RAB26 in three colon cancer
cell lines (SW480, HCT116, SW620) were lower than normal colon fibroblast CCD-18Co, detected by qRT-PCR; (G-H) RAB26 levels were remarkably higher in SW620 and

HCT116 cells overexpressing KLF4 tested by qRT-PCR and western blot.
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exerted promotive role in RAB26 expression (Figure 6g, h).
These results indicated that KLF4 targeted and regulated
RAB26 positively.

3.7. KLF4 targets RAB26 and mediates autophagy in CC
cells, thereby inhibiting 5-FU resistance

To further clarify the ability of KLF4 to attenuate 5-FU resis-
tance in CC cells by inhibiting autophagy through regulation
of RAB26, we set the following groups: oe-NC+sh-NC, oe-
KLF4+sh-NC, oe-NC+sh-RAB26, and oe-KLF4+sh-RAB26.
First, the protein expression levels of autophagy-related genes
in the cells of each transfection group were measured by
western blot. The results illustrated that in the oe-KLF4-
group, LC3II/LC3I was markedly down-regulated and p62
protein level up-regulated. On the contrary, in the sh-RAB26-
treat group, LC3II/LC3I was remarkably up-regulated and p62
protein level down-regulated. When oe-KLF4+sh-RAB26 was
co-transfected, the expression levels of LC3II/LC3I protein and
p62 protein returned to be comparable to those in the oe-NC
+sh-NC group (Figure 7a). Immunofluorescence was then
used to detect the accumulation of LC3 fluorescence in each
transfection group. It was demonstrated that LC3 accumula-
tion was considerably reduced in the oe-KLF4 group and
substantially increased in the sh-RAB26 group, and LC3 accu-
mulation returned to the level of the oe-NC+sh-NC group
after co-transfection with o0e-KLF4 and sh-RAB26
(Figure 7b). Afterwards, CCK-8 assay was utilized to detect
the cell viability in different treatment groups, the result of
which demonstrated that 5-FU resistance of tumor cells was
markedly reduced after oe-KLF4 treatment alone, and greatly
enhanced after sh-RAB26 treatment alone. While co-
transfection of oe-KLF4 and sh-RAB26 could reverse the
weakening effect of oe-KLF4 on 5-FU resistance of tumor
cells (Figure 7c). Finally, we examined the apoptosis level of
SW620/5-FU cells in each group after transfection, and found
that the apoptosis level of SW620/5-FU cells was increased
dramatically after oe-KLF4 treatment alone, and decreased
remarkably after sh-RAB26 treatment alone. While it was
increased substantially after oe-KLF4+sh-RAB26 treatment
and recovered to be comparable with the oe-NC+sh-NC
group (Figure 7d). Combined with previous results of the
autophagy activator Rap, we could draw the corollary that
KLF4 inhibited cellular autophagy by targeting RAB26 and
then inhibited 5-FU resistance in CC cells.

4. Discussion

Studies have demonstrated that overexpressed KLF4 could ham-
per invasion and migration of gastric cancer’” and prostate
cancer”® cells, while KLF4 overexpression restrain esophageal
cancer cell proliferation, promotes apoptosis>’, and reduce poor
prognosis. Ma et al. *° discovered a low level of KLF4 in color-
ectal cancer, which could inhibit cancer cell proliferation via
NDRG2. The results of bioinformatics analysis and cellular
experimental examination suggested that KLF4 level was sig-
nificantly reduced in CC tissues and cells, and it had a close
connection with patient’s survival. The results of CCK-8 as well
as flow cytometry demonstrated that KLF4 overexpression

restrained CC cell proliferation and promoted apoptosis, and
the same results were obtained in vivo. By comparison, our
experimental results were found to be consistent with published
relevant studies. 5-FU is the first-line chemotherapeutic agent
for CC. Congenital or acquired 5-FU resistance seriously affects
the therapeutic efficacy of 5-FU. Therefore, in-depth explora-
tion of the molecular mechanisms of CC cell resistance to 5-FU
is required. This study revealed that KLF4 level was significantly
reduced in 5-FU resistant cells, while the ICs, values of 5-FU
were significantly increased, indicating that 5-FU resistant cells
had reduced sensitivity to 5-FU. Moreover, patients with low
KLF4 level had shorter survival time and poorer prognosis,
indicating that KLF4 may be a 5-FU resistant target. Our
study showed that KLF4 overexpression inhibited CC cell pro-
liferation, facilitated apoptosis, and enhanced CC cell sensitivity
to 5-FU. Jing-Wen Yang et al. *' found that inducing cell
autophagy could enhance the anti-cancer effect of 5-FU in CC
cells. In the meantime, Jia et al. discovered that KLF4 overcame
tamoxifen resistance of breast cancer by inhibition of MAPK
signaling pathway>. These findings suggested that KLF4 was
a key suppressor in tumor and overexpressed KLF4 could sup-
press tumor drug resistance, which agree with the results of our
study.

Autophagy exerts a key regulatory role in invasion, metas-
tasis and chemosensitivity of various tumors> . For exam-
ple, Garcia-Mayea et al. '/ revealed that enhance autophagy
could improve tumor drug resistance. Gao et al. '® revealed
that circPARD3 activated the PRKCI-Akt-mTOR signaling
pathway could be activated by circPARD3 via suppressing
miR-145-5p, and inhibited autophagy in LSCC to enhance
cell resistance to cisplatin. It can be seen that the role of
autophagy on drug resistance is tumor heterogeneous. While
the results of in vitro and in vivo assays demonstrated that
KLF4 hindered CC cell resistance to 5-FU by inhibiting
autophagy.

RAB26 is a small GTPase in the RAB family that impacts
cell survival and stress responses’®. It has been shown that
RAB26 is differentially expressed in breast cancer cell lines
with different degrees of invasion (RAB26 is relatively highly
expressed in poorly invasive tumor cells), and inhibit autop-
hagy in breast cancer cells by can phosphorylated Src®”. Our
results suggested that RAB26 was lowly-expressed in CC cells
and that silencing RAB26 attenuated the suppressive effect of
overexpression of KLF4 on autophagy. The discovery of this
phenomenon may shed light on the mechanism involved in
KLF4/RAB26 resistance to 5-FU in CC cells.

Clinicians and scientists have tried to explore new thera-
peutic strategies for combatting cancer via regulating autop-
hagy. For example, Li et al. *® treated CC cells using autophagy
inhibitor 3-MA and found that 3-MA combined with 5-FU
prominently increased apoptosis, and proposed that inhibition
of autophagy may be a strategy for adjuvant chemotherapy of
CC. Tan et al. *° found that the combination of oxaliplatin and
3-MA inhibits autophagy and increase apoptosis of CC cells.
Our research dived into the effect of KLF4 overexpression
combined with the autophagy activator Rapamycin on apop-
tosis and 5-FU resistance of SW620/FU cells. KLF4 overex-
pression significantly inhibited autophagy level, and KLF4
overexpression suppressed tumor growth and promoted
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Figure 7. (a) Four groups, treatment with sh-RAB26 restores the effect of KLF4 overexpression on the protein levels of LC3II/LC3I and p62 by western blot; (b) Four
groups, immunofluorescence analysis shows treatment with sh-RAB26 restores the effect of KLF4 overexpression on the LC3 fluorescence expression; (c) Four groups,
CCK-8 shows treatment with sh-RAB26 restores the effect of KLF4 overexpression on the viability of colon cancer cells; (d) Four groups, treatment with sh-RAB26
restores the effect of KLF4 overexpression on the apoptosis of colon cancer cells detected by flow cytometry.

apoptosis in vivo and in vitro. While KLF4 overexpression
combined with Rapamycin could reverse the effect of KLF4
overexpression. KLF4 overexpression combined with
Rapamycin could significantly activate autophagy and inhibit
apoptosis. In addition, combined treatment of KLF4 overex-
pression and 5-FU chemotherapy remarkably restrained

tumor growth and prolonged mouse survival compared with
5-FU chemotherapy treatment alone. In the meantime, KLF4
overexpression and 5-FU combination treatment decreased
LC3 II formation in xenograft tumor tissues. Therefore,
KLF4 improved the sensitivity of tumor cells to 5-FU by
impeding autophagy.
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In summary, this work proposed and elucidated the
mechanism of KLF4 in CC that KLF4 targeted RAB26 to
inhibited autophagy and promoted apoptosis, thus sup-
pressing CC cell resistance to 5-FU (Figure 7). The results
may assist the development of biomarkers to refine treat-
ment strategies for CC patients. Admittedly, this study did
not further verify the regulation of KLF4/RAB26 axis on
5-FU resistance in CC by in vivo experiments. In the
follow-up study, we will carry out more relevant
exploration.
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