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Transcription factor KLF2 enhances the sensitivity of breast cancer cells to cisplatin by
suppressing kinase WEE1
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ABSTRACT

Cisplatin is an effective chemotherapeutic agent in facilitating the inhibition of proliferation, migration,
and invasion in cancerous cells. However, the detailed mechanism of the regulation by cisplatin of human
breast cancer cells is still unclear. This study aimed to investigate the mechanism of kruppel-like factor 2
(KLF2) transcription factor in cisplatin therapy for breast cancer. RT-qPCR was performed to quantify the
expression of KLF2 and WEET in clinical tissue samples from breast cancer patients and in MDA-MB-231
cells. ChIP assay and dual-luciferase reporter assay were used to analyze the potential-binding sites of
KLF2 and WEE1 promoter. Gain- or loss-of-function approaches were used to manipulate KLF2 and WEE1
in cisplatin-treated MDA-MB-231 cells, and the mechanism of KLF2 in breast cancer was evaluated both via
CCK-8 assay, flow cytometry, Transwell assay, and Western blot. Further validation of the KLF2 was
performed on nude mouse models. Breast cancer tissues and cells showed a relative decline of KLF2
expression and abundant WEE1 expression. Cisplatin inhibited the proliferation, migration, and invasion
of MDA-MB-231 cells. Overexpression of KLF2 enhanced the inhibitory effect of cisplatin on the malignant
characteristics of MDA-MB-231 cells in vitro. KLF2 targeted WEE1 and negatively regulated its expression,
thus enhancing the sensitivity to cisplatin of breast cancer cells as well as tumor-bearing mice. Overall,
these results suggest that KLF2 can potentially inhibit WEE1 expression and sensitize breast cancer cells to
cisplatin, thus presenting a promising adjunct treatment.
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progesterone receptor (PgR).3 However, resistance to endo-
crine therapy targeting the ER and PgR almost inevitably
occurs in advanced and metastatic breast cancer.
Combination therapy against emerging potential targets like
phosphoinositide-3-kinase, mammalian target of rapamycin,
breast cancer 1 (BRCA1), or BRCA2 in conjunction with
existing chemotherapies have so far brought modest improve-
ments in oncologic outcome.>® Efforts in molecular portrait
analysis conducted by The Cancer Genome Atlas,” as well as
ongoing initiatives and trials including PRAEGNANT and
AURORA,* have provided invaluable experience and oppor-
tunities for identification and assessment of novel prognostic
and predictive biomarkers. This innovation enables an integra-
tion of theory- and evidence-based therapies and drugs in
multistep treatment clinical trials against cases with acquired
resistance to monotherapy.

Cis-Dichlorodiammine platinum, usually referred as cispla-
tin, possesses a broad anticancer spectrum, and is widely
applied in solid tumor treatment, including but, not restricted
to ovarian, testicular, and breast cancers.'® Cisplatin is also one
of the most commonly used combination chemotherapeutic

Introduction

Breast cancer is a malignant tumor occurring in the breast
gland epithelium tissues, which has surpassed cervical cancer
and lung cancer to become the most frequently diagnosed and
lethal tumor in women in most countries in the world, includ-
ing China."” In 2018, breast cancer contributed to 11.6% of
newly diagnosed cancer cases in both genders and 24.2% in
females, while the mortality rates of breast cancer were 6.6%
and 15.0%, respectively." The rapid increasing incidence of
breast cancer continues to threaten female health, while placing
greater demands on medical care. Patients diagnosed with
breast cancer at an early stage have a high survival rate through
improvements of various interventions, especially traditional
local surgery and chemotherapy, the molecular heterogeneity
and drug resistance characteristics diminish the effectiveness of
various potential options in systemic chemotherapies in meta-
static breast cancer.™® Therefore, identification of potential
molecular characteristics through next-generation sequencing
and bioinformatics analysis for subtype markers, and the devel-
opment of new therapeutic targets is essential for innovative
progress in identifying combinational therapeutics in breast

cancer treatment.

The most important clinically relevant and validated ther-
apeutic targets of breast cancer are human epidermal growth
factor receptor 2 (c-erb-B2), estrogen receptor (ER) and

drugs due to its good synergistic effect with a variety of other
anti-tumor drugs. In multiple clinical trials of metastatic breast
cancer, cisplatin showed good effects both in monotherapy and
in combination therapy with drugs like gemcitabine.'"'?
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However, although cisplatin consistently shows a good initial
response, further treatment commonly results in the develop-
ment of cancer cell chemoresistance, which may limit the
treatment efficacy because of the systemic toxicity of high-
dose cisplatin."> Thus, it would be of great clinical value to
find effective approaches to increase the sensitivity to cisplatin
in the treatment of breast cancer.

A recent phase II clinical trial demonstrated that the WEEI
inhibitor adavosertib combined with cisplatin-improved clin-
ical outcomes for patients with metastatic triple-negative breast
cancer (mTNBC)."* WEEI, a tyrosine kinase that arrests the
cell cycle at the G2 checkpoint.'* Kruppel-like factor 2 (KLF2),
which is a typical member of the KLF transcription factor
subfamily, plays an important role in many cell differentiation
and maturation processes, including vasculogenesis and
embryonic erythropoiesis.””™'” KLF2 was found to negatively
regulate the expression of the WEEL'®' KLF2 was also
reported to be a tumor suppressor gene, as well as a potential
therapeutic target for modulating cancer cell growth, prolifera-
tion, and apoptosis.”**' KLF2 expression is significantly down-
regulated in many cancers, such as liver cancer, breast cancer,
and non-small cell lung cancer,”’ > the negating effect of
recovery of KLF2 expression on the efficacy of anticancer
drugs has not been examined. Here, we report that restoration
of KLF2 expression enhanced the antitumor effect of cisplatin
in breast cancer cells by reducing their proliferation, invasion,
and migration capacity.

Materials and methods
Ethics statement

The study was approved by the Ethics Committee and Animal
Ethics Committee of The Second Affiliated Hospital of
Soochow University and conducted in strict accordance with
the Declaration of Helsinki. Informed consent documentation
was obtained from each participant prior to sample collection.
Animal experiments were approved by the Animal Care and
Use Committee of our hospital and complied with the National
Institutes of Health guidelines. Extensive efforts were made to
ensure minimal suffering of the included animals.

Sample collection

A total of 53 female patients with breast cancer at the
Department of Thyroid and Breast Surgery of The Second
Affiliated Hospital of Soochow University from January 2010
to January 2014 were enrolled in the current study. The base-
line characteristics of these enrolled patients are shown in
Supplementary Table S1. All patients were pathologically diag-
nosed with primary breast cancer, and surgically obtained
cancer tissues and adjacent normal tissues were immediately
frozen in liquid nitrogen and stored at —80°C for later use.

Cell culture and treatment

Human normal breast cell line MCF10A (AE-H620, American
Type Culture Collection, Manassas, VA, USA) and human
triple-negative breast cancer (TNBC) cell line MDA-MB-231

(C0001 CCC000013, Cell Resource Center of the Institute of
Basic Medicine of the Chinese Academy of Medical Sciences,
Shanghai, China) were utilized in this study. The MCF10A cell
line was cultured in Dulbecco’s modified Eagle’s medium
(DMEM, 12800017, Gibco, Carlsbad, CA, USA) containing
10% fetal bovine serum (FBS). MDA-MB-231 cell line was
cultured using Roswell Park Memorial Institute (RPMI) 1640
medium (12633012, Haoran Biotech., Shanghai, China) con-
taining 10% FBS in a 5% CO, humidified incubator at 37°C.
The cells were seeded into 96-well plates at a density of 5 x 10°
cells/well.

The MDA-MB-231 cells were cultured in a medium con-
taining 1 pg/L of cisplatin. MDA-MB-231 cells without any
transfection served as control material, while cisplatin-treated
MDA-MB-231 cells were transfected with sequences of over-
expression-negative control (oe-NC), oe-KLF2, short hairpin
RNA (sh)-NC, sh-WEE1, oe-KLF2 + oe-NC and oe-KLF2 + oe-
WEEL

The WEEI1 gene was searched using the GenBank database
and shRNA sequences were then designed. Two shRNAs
(Table 1) were obtained by BLAST screening with the exclu-
sion of nonspecific binding and were then constructed into
pshRNA-neo plasmids. Enzyme digestion and sequencing con-
firmed the successful construction of the WEE1 gene silencing
plasmids, which were designated as ssWEE1-1 and shWEE1-2.
WEE1-shRNA vectors and the NC vectors were transfected
into MDA-MB-231 cells, and WEE1 expression was detected
by Western blot to screen the most effective of the two shRNAs.

Immunohistochemistry

Breast cancer tissues were fixed in 4% paraformaldehyde for
12 h, paraffin embedded, dewaxed with xylene, and rehydrated
using gradient alcohol (100, 95, and 75%). The tissues were
then immersed in 0.01 M citrate buffer solution for 15-20 min,
and after cooling to room temperature were washed with
phosphate-buffered saline (PBS). Next, the tissues were
blocked with goat serum and allowed to stand for 20 min at
room temperature, followed by the removal of excess liquid.
The tissues were then immunostained with primary antibodies
against KLF2 (30 pL, ab244507, 1:50, Abcam Inc., Cambridge,
UK) and WEE1 (rabbit, ab137337, 1:100, Abcam) at room
temperature for 1 h. Following PBS washing, 30 pL of second-
ary goat anti-rabbit IgG (ab6721, 1:2000, Abcam) was added to
the tissues and reacted for 1 h at room temperature, followed
by addition of streptavidin-peroxidase (SP) for 30 min of
treatment at 37°C. Next, the tissues were developed with 3,3'-
diaminobenzidine tetrahydrochloride (DAB) for 5-10 min,
counterstained with hematoxylin for 2 min, differentiated by
hydrochloric acid alcohol, and washed with tap water for
10 min. The tissues were dehydrated, cleared, sealed, and
observed under a microscope. The percentage of positive cells

Table 1. Sequences for shRNAs and the negative control.

Gene Sequences (5'-3')

sh-WEE1-1 5 -CATCGATATGCACCTTGAGTCTCAA-3’
sh-WEE1-2 5 -CAGCCCATGTCCTTTGACACCATAA-3'
sh-negative control 5 -TTCTCCGAACGTGTCACGTTT-3'




was rated as 0 (0%), 1 (<10%), 2 (<50%), 3 (<75%), and 4
(275%). The staining intensity of cells was graded as follows:
0 for no staining, 1 of light yellow, 2 for moderate, yellowish
brown, and 3 for dark brown staining. The staining index was
the calculated using the formula: the proportion of positive
cells x staining intensity, which yielded grades of 0-9 and 12.

Chromatin Immunoprecipitation (ChIP) assay

ChIP was performed as previously described.”* In brief, cells
were fixed in paraformaldehyde for 10 min, and sheared into
fragments using an ultrasound disruptor. The supernatant was
collected by centrifugation (4°C, 12000 x g, 10 min) and
divided into two tubes. To one tube was added normal nude
mouse antibody to IgG (ab172730, 1:1000, Abcam) as the NC
antibody. To the other, anti-KLF2 (ab17008, 1:32000; ab32381,
1:1000, Abcam) was applied. After mixing, the specimens were
incubated overnight at 4°C. The DNA-protein complex was
then precipitated by Protein A-Agarose/Salmon Sperm DNA,
and the pellet was then centrifuged at 12000 x g for 5 min. The
supernatant was discarded and the nonspecific complex was
washed, followed by incubation at 65°C overnight to undo the
crosslinking, whereupon the DNA fragments were purified and
recovered by phenol/chloroform extraction.

Reverse Transcription quantitative Polymerase Chain
Reaction (RT-qPCR)

Total mRNA samples were loaded using the SYBR Premix EX
Taq kit (RR420A, Takara, Japan) and subjected to analysis on
real-time fluorescence quantitative PCR (ABI 7500, Applied
Biosystems, Foster City, CA, USA). The reaction system con-
sisted of SYBR Mix 9 pL, positive primer 0.5 pL and negative
primer 0.5 pL, cDNA 2 puL, and RNase-free ddH,0O 8 pL. Each
sample was set with three replicates. The primers were synthe-
sized by Shanghai Sangon Biotechnology Co., Ltd. (Shanghai,
China) and the primer sequences are listed in Supplementary
Table S2. The relative expression of the mRNA was calculated
by the 274" method.

Western blot analysis

Total protein was extracted from cells in each group and the
concentration was then determined using a bicinchoninic acid
(BCA) kit (Thermo Fisher, Waltham, MA, USA). Next, 30 ug
samples of protein were separated using polyacrylamide gel
electrophoresis (PAGE) and transferred onto the polyvinyli-
dene fluoride (PVDF) membrane (Amersham, GE Healthcare,
Chicago, IL, USA). The membrane was probed overnight at
4°C with rabbit antibodies against KLF2 (1:1000, ab17008,
Abcam), WEE1 (1:1000, ab137337, Abcam), matrix metallo-
proteinase (MMP)-2 (1:1000, ab37150, Abcam), MMP-9
(1:1000, ab73734, Abcam), Bcl-2-associated X protein (Bax,
1:1000, ab32503, Abcam), B-cell lymphoma 2 (Bcl-2, 1:2000,
ab182858, Abcam), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, 1:10000, ab181602, Abcam). The next day,
horseradish peroxidase-labeled goat anti-rabbit IgG (1:10000,
ab6721, Abcam) was added to the membrane, which was then
incubated at room temperature for 1 h. After being developed
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with enhanced chemiluminescence reagents and imaged using
the optical luminescence instrument (GE Healthcare, Chicago,
IL, USA). the relative expression of protein was analyzed by
Image-Pro Plus 6.0 (Medical Cybernetics, Los Angeles, CA,
USA). All experiments were conducted independently in
triplicate.

Dual-luciferase reporter assay

The binding site of KLF2 and WEEI promoter was predicted
using the JASPAR website (http://jaspar.genereg.net/). The
recombinant luciferase reporter gene vector with truncated or
mutated binding site was co-transfected with the KLF2 expres-
sion vector into MDA-MB-231 cells. After 48 h of transfection,
the cells were collected and lysed. Then luciferase activity was
measured with the dual-luciferase assay system (Promega,
Madison, WI, USA) using the luciferase assay kit (K801-200,
Biovision, San Francisco, CA, USA). The relative luciferase
(RLU) activity was calculated as the RLU activity of firefly
luciferase/RLU activity of renilla luciferase.

Cell viability assay using cell counting kit-8 (CCK-8) assay

Cells were seeded into a 96-well plate at a density of 2 x 10°
cells/well. The blank control group was set with no cells in the
medium for zeroing of the assay. After transfection for 24 h, the
cells were sampled at 0, 24, 48, 72, and 96 h, respectively,
whereupon 10 pL of CCK-8 reagent was added to each well
and incubated for 14 h at 37°C. The absorbance at 450 nm was
measured using a microplate reader (Bio-Rad, Hercules,
CA, USA).

Cell apoptosis assay using flow cytometry

Apoptosis was analyzed by Annexin V-fluorescein isothiocya-
nate/propidium iodide (FITC/PI) (556547, Shujia Biotech.,
Shanghai, China). The cell samples were digested with for
24 h 0.25% trypsin after transfection, and were then fixed by
addition of 70% pre-cooled ethanol at 4°C. Next, the cells were
incubated with FITC and PIin a 4°C freezer for 15-30 min, and
read by flow cytometry with excitation at 480 nm, and absor-
bance at 530 nm for FITC and 575 nm for PI (Beckman
Coulter, Brea, CA, USA). Each experiment was repeated three
times independently.

Migration and invasion assay

The transfected cells were diluted with 100 pL serum-free
medium and inoculated into the upper chamber of
a Transwell chamber at a concentration of 1 x 10° cells/mL.
DMEM medium containing 20% FBS (500 pL) was added to
the lower chamber to the Transwell. Each sample was analyzed
in triplicate. After culturing for 24 h at 37°C, the cells were
fixed with 5% glutaraldehyde and stained with 0.1% crystal
violet for 5 min. Finally, five random fields were chosen for
imaging (400 x) by an inverted fluorescence microscope
(TE2000, Nikon, Tokyo, Japan) and the average number of
cells passing through the chamber was counted. The experi-
ment was repeated three times independently.
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After 48 h of transfection, the Matrigel (Ybio, Shanghai,
China) gel kept at —80°C was conditioned and melted 4°C
overnight. To 200 pL serum-free medium, 200 pL liquid
Matrigel was added and mixed well and to give a diluted
matrix. For the cell invasion experiment, 50 pL diluted matrix
gel mixture was added in the upper chamber of the Transwell
plate, incubated for 2-3 h for solidification while the cells were
digested, and then counted and resuspended in serum-free
medium. The suspension (200 pL) was added to the upper
chamber, while 600 pL medium containing 20% FBS was
placed in the lower chamber. After the cells were cultured at
37°C for 20-24 h, they were fixed with formaldehyde for
10 min and stained with 0.1% crystal violet. Cells on the surface
were wiped off with a cotton ball. After drying, cells in five
random visual fields were counted using an inverted micro-
scope (Leica, Wetzlar, Germany), and the average value was
recorded. The experiment was repeated three times
independently.

Tumor formation experiment in nude mice

Female 5-7-week-old BALB/c nude mice purchased from the
Experimental Animal Center of the Chinese Academy of
Sciences (Shanghai, China) were fed with pelleted diet, and
given ad libitum access to water in a room with a 12-h light/
dark cycle. Mice were randomly selected and then inoculated
with MDA-MB-231 cells transfected with oe-KLF2 and oe-
WEELI at a density of 1 x 10° cells/mouse. The mice were
grouped as cisplatin + oe-NC group, cisplatin + oe-KLF2 + oe-
NC group, and cisplatin + oe-KLF2 + oe-WEE1 group (with six
mice per group). From day 5 after modeling, cisplatin was
intraperitoneally injected to the mice for 21 days at a dose of
3 mg/kg per day delivered in 0.15 mL. Twenty-six days after
modeling, the mice were euthanized and the tumor was
removed. Tumor volume was then measured using a Vernier
caliper and calculated using the formula:
volume = W? x L x 0.52, where W represents the length and
L represents the width. At the same time, the lung tissues of
mice were collected to observe the lung metastasis and the

Table 2. The body weight and overall health status of nude mice during treatment.

number of tumor cells was counted under a wide-field micro-
scope. The body weight and overall health status of the nude
mice were recorded every three days, and findings are listed in
Table 2.

Hematoxylin and Eosin (H&E) staining

The tumor tissues of nude mice were fixed, paraffin-embedded,
and sliced into 4-pm-thick sections. The sections were then
dewaxed in xylene and rehydrated with gradient alcohol (100,
95, 80, and 75%), and washed with distilled water. Next, the
sections were stained with hematoxylin for 5 min, and differ-
entiated in hydrochloric acid ethanol for 30 s. After soaking in
tap water for 15 min, sections were stained in eosin solution for
2 min, and then dehydrated, cleared, and sealed with neutral
resin. Finally, the sections were observed under an inverted
microscope (XSP-8CA, Shanghai Optical Instrument Factory,
Shanghai, China).

Statistical analysis

Statistical analysis was performed using the SPSS versio 21.0
statistical software (IBM Corp. Armonk, NY, USA).
Measurement data were expressed as mean + standard devia-
tion. Independent sample #-test was used for data comparison
between two groups and one-way analysis of variance
(ANOVA) was used for multi-group data comparison. p < .05
was considered to be statistically significantly different.

Results

Cisplatin inhibits breast cancer cell proliferation, invasion,
and migration

It has been reported that cisplatin is a chemotherapeutic
agent that effectively inhibits the proliferation and migra-
tion of various kinds of cancer cells;** although the effect of
cisplatin on breast cancer cells is not fully elucidated. To
determine the effect of cisplatin on the TNBC cell line

Group Hair Activity Intake Faeces Urine Death Body weight (g, Mean + SD)
Cisplatin + oe-NC Day 0 ~ 6 Bright and clean Normal Normal Normal Normal NO 20.53 + 1.87
Day 9 Bright and clean Normal Normal Normal Normal NO 20.96 £ 2.13
Day 12 Bright and clean Normal Normal Normal Normal NO 20.21 £ 1.71
Day 15 Dull and messy Reduce Reduce Reduce Reduce NO 19.23 + 2.25
Day 18 Dull and messy Reduce Reduce Reduce Reduce NO 1753 +234
Day 21 Dull and messy Reduce Reduce Reduce Reduce NO 16.05 + 1.96
Day 24 messy and Dry Reduce Reduce Reduce Reduce NO 14.28 £2.73
Cisplatin + oe-KLF2 + oe-NC Day 0 ~ 6 Bright and clean Normal Normal Normal Normal NO 21.19 £ 2.36
Day 9 Bright and clean Normal Normal Normal Normal NO 20.87 £1.92
Day 12 Bright and clean Normal Reduce Reduce Reduce NO 20.16 £+ 2.54
Day 15 Dull and messy Reduce Reduce Reduce Reduce NO 19.38 + 1.78
Day 18 Dull and messy Reduce Reduce Reduce Reduce NO 18.04 + 2.21
Day 21 Dull and messy Reduce Reduce Reduce Reduce NO 16.72 + 2.45
Day 24 Messy and Dry Reduce Reduce Reduce Reduce NO 15.14 + 2.16
Cisplatin + oe-KLF2 + oe-WEE1 Day 0 ~ 6 Bright and clean Normal Normal Normal Normal NO 20.82 £ 1.65
Day 9 Bright and clean Normal Normal Normal Normal NO 20.95 + 2.08
Day 12 Bright and clean Normal Normal Normal Normal NO 20.63 £ 2.29
Day 15 Bright and clean Normal Normal Normal Normal NO 19.92 + 2.41
Day 18 Dull and messy Reduce Reduce Reduce Reduce NO 19.18 + 2.32
Day 21 Dull and messy Reduce Reduce Reduce Reduce NO 18.59 + 1.94
Day 24 Dull and messy Reduce Reduce Reduce Reduce NO 17.84 +2.28




MDA-MB-231, we initially performed a CCK-8 assay,
which showed a gradual downward progression in the via-
bility of MDA-MB-231 cells with duration of cisplatin
treatment (Figure la). Additionally, flow cytometric data
revealed an enhancement of cell apoptosis following cispla-
tin treatment (Figure 1b). The results from the Transwell
assay showed that cisplatin treatment decreased the migra-
tion and invasion ability of MDA-MB-231 cells (Figure 1c).
Meanwhile, Western blot displayed that the protein expres-
sion of MMP-2, MMP-9 and Bcl-2 was lower in the cispla-
tin-treated MDA-MB-231 cells than in the control cells,
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(Figure 1d). These results demonstrated that cisplatin
could inhibit breast cancer cell proliferation, invasion, and
migration.

Overexpression of KLF2 enhances the sensitivity of breast
cancer cells to cisplatin

Existing literature reports that there is poor expression of KLF2
in breast cancer.”” The Immunohistochemistry employed in
the current study also revealed a decline of KLF2 expression in
clinical tissue samples collected from 53 breast cancer patients,

while the protein expression of Bax was increased relative to their adjacent healthy tissue (Figure 2a). RT-qPCR
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collected from 53 breast cancer patients. B, The expression of KLF2 in MDA-MB-231 and MCF10A cells determined by RT-gPCR. C, The protein expression of KLF2 in MDA-
MB-231 and MCF10A cells determined by Western blot. D, RT-qPCR detection of KLF2 mRNA expression in MDA-MB-231 cells treated with cisplatin or in combination
with oe-KLF2. E, The protein expression of KLF2 detected by Western blot in MDA-MB-231 cells treated with cisplatin or in combination with oe-KLF2. F, Viability of MDA-
MB-231 cells treated with cisplatin or in combination with oe-KLF2. G, Apoptosis rate of MDA-MB-231 cells treated with cisplatin or in combination with oe-KLF2
detected by flow cytometry. H, Migration and invasion of MDA-MB-231 cells treated with cisplatin or in combination with oe-KLF2 detected by Transwell assay. |, The
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indicates the comparison between two groups. All experiments were conducted independently in triplicate.

and Western blot further analyzed that KLF2 expression was
significantly suppressed in the MDA-MB-231 cells compared
with normal breast epithelial cell line MCF10A (Figure 2b, c).
In addition, both KLF2 mRNA and protein expressions were
upregulated in the cisplatin-treated MDA-MB-231 cells and
even more remarkably so in the MDA-MB-231 cells overex-
pressing KLF2 (Figure 2d, e). Moreover, treatment with cispla-
tin was shown to reduce cell viability (figure 2f), migration, and
invasion (Figure 2h) while the apoptosis rate (Figure 2g) was
significantly increased. These trends were more pronounced
upon dual treatment with cisplatin and oe-KLF2. As shown in
Figure 2i, protein expression of MMP-2, MMP-9, and Bcl-2
were repressed, while that of Bax was increased in MDA-MB
-231 cells treated with cisplatin, and that additional oe-KLF2
transfection caused a more significant effect. Thus, we find that
KLF?2 overexpression sensitized breast cancer cells to cisplatin.

WEET1 is a target gene of KLF2

We had previously confirmed that KLF2 could sensitize breast
cancer cells to cisplatin, and KLF2 has meanwhile been
reported to negatively regulate WEE1 expression at the tran-
scriptional level.'"® However, the regulatory relationship of
KLF2 and WEEI1 in breast cancer cells has been unclear.
Experimental results from immunohistochemistry documen-
ted that WEE1 expression was robustly induced in cancer
tissues compared to adjacent normal tissues (Figure 3a).
Western blot disclosed that WEE1 was highly expressed in
MDA-MB-231 cells, while it was decreased in cisplatin-
treated MDA-MB-231 cells (Figure 3b). As Figure 3c shows,

overexpression of KLF2 suppressed WEE1 expression in
MDA-MB-231 cells. In addition, ChIP assay confirmed that
the WEE1 enrichment in the anti-KLF2 group was boosted
compared to the that in the IgG group (Figure 3d). JASPAR
(http://jaspar.genereg.net/) predicted the presence of KLF2
binding sites in the WEEl promoter region (Figure 3e).
Three binding sites were selected to verify the binding of the
WEE]1 positive strand. Dual-luciferase reporter assay (figure 3f,
g) further showed that luciferase activity was related to binding
site 2 and independent of the other two WEE1 promoter-
binding sites. Therefore, binding site 2 was determined to be
the WEE1 promoter and KLF2 transcription factor. These
results confirmed that KLF2 could target WEE1 and negatively
regulate its expression in MDA-MB-231 cells treated with
cisplatin.

WEET inhibition enhances the sensitivity of breast cancer
cells to cisplatin

We then moved on to investigate the role of WEEL in the
biological functions of breast cancer cells. The silencing effect
of two WEE1 shRNAs (sh-WEEI-1 and sh-WEEI1-2) in the
MDA-MB-231 cells was detected by Western blot, with the
results showing that sh-WEE1-2 was of superior effect in
repressing the target than sh-WEE1-1 (Figure 4a), and was
therefore selected for subsequent experiments. The expression
WEEI detected by RT-qPCR and Western blot displayed that
WEEI was down-regulated in cells treated with cisplatin, and
was further down-regulated in the presence of WEELI silencing
(Figure 4b, c¢). Moreover, the results of CCK-8 assay
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Figure 4. Inhibition of WEE1 advances the inhibitory effect of cisplatin on proliferation, invasion, and migration of breast cancer cell lines. A, Silencing efficiency of sh-
WEE1-1 and sh-WEE1-2 in MDA-MB-231 cells detected by Western blot. B, mRNA expression of WEE1 detected by RT-qPCR in MDA-MB-231 cells treated with cisplatin or
in combination with sh-WEE1. C, Protein expression of WEE1 detected by Western blot in MDA-MB-231 cells treated with cisplatin or in combination with sh-WEE1. D,
Viability of MDA-MB-231 cells treated with cisplatin or in combination with sh-WEE1 detected by CCK-8. E, Apoptosis rate of MDA-MB-231 cells treated with cisplatin or
in combination with sh-WEE1 detected by flow cytometry. F, Migration and invasion of MDA-MB-231 cells treated with cisplatin or in combination with sh-WEE1
measured by Transwell assay. G, The protein expression of MMP-2, MMP-9, Bax, and Bcl-2 in MDA-MB-231 cells treated with cisplatin or in combination with sh-WEE1
detected by Western blot. * p < .05, indicates the comparison between two groups. The cell experiment was repeated three times.

(Figure 4d) and flow cytometry (Figure 4e) showed that, after
cisplatin treatment, the viability of MDA-MB-231 cells was
decreased, while the apoptosis rate was increased. A more
prominent effect was noted in response to sh-WEEL.
Transwell assay (figure 4f) showed that the migration and

invasion ability of MDA-MB-231 cells was reduced upon cis-
platin treatment, with a more pronounced decline following
WEETI silencing. Meanwhile, MDA-MB-231 cells treated with
cisplatin exhibited repressed MMP-2, MMP-9, Bcl-2 expres-
sion and elevated Bax expression, and furthermore, WEE1
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silencing led to a more pronounced effect (Figure 4g). These
results indicated that inhibition of WEE1 had the potential to
enhance the inhibitory effect of cisplatin on the proliferation,
invasion, and migration of breast cancer cells.

KLF2 enhances the sensitivity of breast cancer cells to
cisplatin by inhibiting WEE1

Based on the preceding results, we then attempted to
explore whether KLF2 sensitized breast cancer cells to cis-
platin by inhibiting WEE1. Concomitant treatment with oe-
KLF2 and cisplatin markedly declined the expression of
WEEL in MDA-MB-231 cells as compared to cisplatin
treatment alone, as revealed by RT-qPCR and Western
blot. In addition, when WEE1 and KLF2 were overex-
pressed simultaneously in cisplatin-treated MDA-MB-231
cells, KLF2 expression was not affected, while WEE1
expression showed an increase (Figure 5a, b). The cell
viability, migration, and invasion were found to be
decreased upon overexpression of KLF2 in MDA-MB-231
cells treated with cisplatin, while concomitant overexpres-
sion of KLF2 and WEEI brought about the opposite effects
(Figure 5c¢, e). The flow cytometric analysis unveiled that
KLF2 overexpression increased MDA-MB-231 cell apopto-
sis, which was repressed following KLF2 and WEElL co-
overexpression (Figure 5d). Furthermore, Western blot
detected down-regulated expression of MMP-2, MMP-9,
and Bcl-2, and up-regulated Bax expression in the KLF2-
overexpressed MDA-MB-231 cells; however, opposite effects
were seen following KLF2 and WEE1 co-overexpression
(figure 5f). The above data indicated that KLF2 sensitized
breast cancer cells to cisplatin by inhibiting WEEI.
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KLF2 facilitates the sensitivity of tumor-bearing mice to
cisplatin by suppression WEE1 in vivo

Finally, we aimed to characterize the effect of KLF2 on the
sensitivity of tumor-bearing mice by downregulating WEE1 in
a mouse xenograft model. The expression of WEE1 examined by
RT-qPCR and Western blot exhibited a reduction, while that of
KLF2 presented with an increase in tumor tissues of cisplatin-
treated mice overexpressing KLF2 alone. However, simultaneous
overexpression of WEEI and KLF2 did not affect KLF2 expres-
sion, but decreased WEE1 expression (Figure 6a, b). Besides,
tumor weight was decreased when KLF2 was overexpressed in
the xenografted nude mice. When KLF2 and WEEI were co-
overexpressed, the body weight was increased (Figure 6¢), indi-
cating better health. Analysis of lung tissues using H&E staining
suggested that staining in the stroma was increased, and
decreased in the parenchyma and lymph nodes in cisplatin-
treated mice with KLF2 overexpression. This result was opposite
to that following co-overexpression of KLF2 and WEE2
(Figure 6d). Furthermore, Western blot data (Figure 6e) indi-
cated that expression of MMP-2, MMP-9, Bcl-2 was inhibited
and Bax was up-regulated in tumor tissues of cisplatin-treated
mice with KLF2 overexpression, while further overexpression of
WEEI reversed that result. These results confirmed that KLF2
sensitized tumor-bearing mice to cisplatin by downregulating
WEEL expression in vivo.

Cisplatin induces the increase of KLF2 expression in breast
cancer cells

Flow cytometry was performed to detect cell apoptosis. The
results showed that cisplatin induction significantly increased
the apoptosis rate of the TNBC cell line BT549 and non-TNBC
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cell line MCF7 (Supplementary Figure la). Relative to the
MCF10A cells, the mRNA expression of KLF2 was decreased
in the MCF7 and BT549 cells (Supplementary Figure 1b). In
addition, cisplatin treatment was observed to increase the
protein level of KLF2 and decreased the protein level of
WEE] in the MCF7 and BT549 cells but not in the MCF10A
cells (Supplementary Figure 1c).

KLF2 inhibits the occurrence and development of breast
cancer by downregulating WEE1

RT qPCR was used to detect the knockdown efficiency of KLF2
in the MDA-MB-231 cells. Both siRNAs of KLF2 (sh-KLF2-1
and sh-KLF2-2) successfully knocked down the level of KLF2
expression (Supplementary Figure. S2A). In the MDA-MB-231
and MCF?7 cell lines, KLF2 knockdown inhibited the cisplatin-
induced cell apoptosis, but had no eftect on the apoptosis of the
MCF10A cell line (Supplementary Figure. S2B). Moreover, in
the MDA-MB-231 cells overexpressing KLF2, KLF2 silencing
significantly decreased the protein level of KLF2 and increased
the protein level of WEE1 (Supplementary Figure. S2C). Next,

we further verified whether WEE1 knockdown affects the
expression of KLF2. We found that that, in the MDA-MB
-231 cells, WEEI knockdown markedly decreased the protein
level of WEE1, but did not affect the KLF2 protein level
(Supplementary Figure. S2D). In the MDA-MB-231 cells,
there was no significant change in the protein levels of HIF-
la and Hedgehog (Hh) after KLF2 overexpression
(Supplementary Figure. S2E). This suggested that KLF2 inhi-
bits the occurrence and development of breast cancer via the
downregulation of WEEL.

KLF2 overexpression or WEE1 silencing inhibits tumor
growth in nude mice

MDA-MB-231 cells were used to construct a nude mouse
model with xenografted breast cancer. Western blot experi-
ments revealed that oe-KLF2 or sh-WEEI treatments both
increased the expression of KLF2 and decreased the expression
of WEEI in the cisplatin-treated mice (Supplementary Figure.
S3A). Meanwhile, the tumor volume of nude mice was
recorded, revealing that the KLF2 overexpression treatment
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and WEE] silencing treatment further inhibited the tumor
volume of cisplatin-treated nude mice (Supplementary
Figure. S3B).

Discussion

Cisplatin achieves its antitumor effects by incorporating into
the rapid-replicating genomic DNA of cancer cells and indu-
cing double-strand breaks, thus preventing further replication
and transcription of the genome.*® Also, increased DNA repair
capacity has been demonstrated to contribute to the develop-
ment of cisplatin resistance.”” Therefore, enhanced DNA
damage response and inhibition of cell apoptosis may be the
main reason for the development of cisplatin resistance in
tumors, leading to the idenitification of many therapeutic
targets to potentially overcome the resistance effect.”®* In
this study, we identified the transcription factor KLF2 as
a potential target to enhance the sensitivity of breast cancer
to cisplatin by directly binding to the promoter of WEEI and
downregulating its expression in vitro and in vivo.

While regulating multiple processes in development and
immunity, KLF2 was also reported to inhibit DNA synthesis
and sensitize DNA damage-induced apoptosis in tumors.'*>°
KLF2 was poorly expressed in breast cancer tissues, and abnor-
mal epigenetic silencing of KLF2 promoted the proliferation
capacity in multiple breast cancer cell lines.””> However, the
therapeutic effect of KLF2 restoration alone or in combination
with other drugs has rarely been discussed in the literature.
Our results further demonstrated more than 50% downregula-
tion of KLF2 both on the mRNA and protein levels in MDA-
MB-231 cells compared with MCF10A cells. Interestingly, cis-
platin treatment alone showed partial recovery of KLF2 expres-
sion in MDA-MB-231 cells, which may contribute to the total
therapeutic effect of cisplatin. Overexpression of KLF2 in
MDA-MB-231 cells with cisplatin treatment recovered the
expression level of KLF2 similar to that in normal MCF10A
cells and enhanced the antitumor effect of cisplatin, indicating
that restoration of KLF2 expression may be a feasible way to
overcome cisplatin resistance and thus serve as a potential
adjunct molecular therapy for breast cancer.

KLF2 was reported to negatively regulate WEEI expression
in ovarian cancer cells.'® The major function of the WEEI
kinase is to regulate cell mitosis through the G2/M
checkpoint,®® cell size checkpoint,”> and DNA damage
checkpoint.”> WEE1 has been detected to be upregulated in
breast cancer, while knockdown of WEE] significantly inhib-
ited the proliferation of breast cancer cells,”* while also aggra-
vating DNA damage and inducing apoptosis.”” Since WEEI is
closely related to cell cycle and DNA damage responses, WEEI
has been long considered as a potential anti-tumor target in
many cancers.’® For example, MK-1775, the small molecule
inhibitor of WEEL, could be applied clinically to treat multiple
tumors alone or in combination with platinum-based drugs
like cisplatin.””** In addition, WEEI inhibitor AZD1775 com-
bined with cisplatin has been also reported to increase DNA
damage and cell apoptosis, thus potentiating the anticancer
activity against gastric cancer.*’ It was also demonstrated that
WEE] inhibitor analog of AZD1775 could maintain synergy
with cisplatin, which resulted in reduced single-agent

cytotoxicity in medulloblastoma cells.*’ We thus analyzed

WEEI expression in KLF2 overexpressed MDA-MB-231 cells
cultured under cisplatin treatment and found that the protein
level of WEEI was also decreased. We further confirmed the
direct binding of KLF2 to the promoter region of WEEI in
breast cancer cells, as indicated in HEK293 cells.'®
Transcriptional repression of WEEI by KLF2 is involved in
DNA damage-induced cell apoptosis in ovarian cancer.'®
Knockdown of WEEI in MDA-MB-231 cells enhanced the
inhibitory effect of cisplatin on cell proliferation, invasion,
and migration, which was consistent both with a previous
basic study and a clinical trial.>*3” Besides, WEEI inhibition
targeted cell cycle checkpoints for TNBCs to overcome cispla-
tin resistance.*” These results together demonstrate that KLF2
may enhance the sensitivity of breast cancer cells to cisplatin
through inhibition of WEEI expression.

Because KLF2 transcriptionally regulates a large number of
genes and pathways,'®*"**** we attempted to study whether
the therapeutic effect of KLF2 results from inhibition specifi-
cally of WEE1. We thus overexpressed both KLF2 and WEEI in
MDA-MB-231 cells with cisplatin treatment. Our results
showed that overexpression of WEEI nearly counteracted the
positive effect of KLF2 treatment. Considering that the expres-
sion level of WEEI in double overexpression MDA-MB-231
cells treated with cisplatin was similar to that in cells treated
only with cisplatin, we thus demonstrated that the effect of
KLF2 in breast cancer was sufficiently explicable through
downregulation of WEEI, without involving regulation of
HIF-1a/Notch-1 or Hh pathway, as reported in colorectal
cancer or liver cancer.”™* Restoration of KLF2 expression
also exhibited a significant biological effect in the in vivo
mouse breast cancer model. The tumor volume of KLF2 over-
expressed MDA-MB-231 cells was significantly smaller and
had less metastasis than the tumor generated by normal MDA -
MB-231 cells under cisplatin treatment, and WEEI overexpres-
sion consistently counteracted that positive effect. Successful
validation of the efficacy of KLF2 overexpression with cisplatin
treatment in an animal model indicated that restoration of
KLF2 expression has potential as a molecular therapy against
breast cancer in combination with cisplatin treatment.

Prior to embarking on clinical trials of this principle, some
questions still remain to be answered. First, abnormal down-
regulation of KLF2 expression in tumors mainly results from
epigenetically silence mediated by histone methylation.**®
Since no small molecule to activate the expression or activity
of KLF2 is currently available, precise and targeted recovery of
KLF2 expression with limited side effect in patients might only
be achieved by delivery of exogenous KLF2,”*** or targeted
epigenetic modification on KLF2 promoter by CRISPR/Cas
based epigenome editing approaches.**** Both potential meth-
ods are difficult to achieve in the clinic since they require
exogenous delivery of mRNAs or proteins. Therefore, further
studies are required to find a clinically applicable way to acti-
vate KLF2 as a molecular therapy combined with cisplatin.
Second, as cisplatin treatment is mainly applied against triple
negative breast cancers,'*'**" validation of the efficacy of KLF2
overexpression combined with cisplatin in cell lines like triple
negative MDA-MB-231 would be a more appropriate and
valuable approach to provide functional evidence in support



of broad clinical application. We note that small molecule
inhibition of WEEI activity alone has been demonstrated as
a safe and efficient adjunct to platinum-based treatment against
ovarian and breast cancer in clinical trials.>”>*> Thus, the neces-
sity and benefits of targeting upstream KLF2 should be further
evaluated. Targeting KLF2 could be applied in combination of
WEEI inhibition, or in patients resistant or insensitive supple-
mentary to MK-1775 treatment.

In summary, we showed in a series of experiments that
restored expression of abnormally downregulated KLF2 could
effectively enhance the sensitivity of breast cancer cells to
cisplatin. The effect of restored KLF2 expression was mainly
reflected in an inhibition of the abnormal WEEI expression
obtained by direct binding of KLF2 to the promoter region of
WEE]L. The resultant upregulation promoted cell proliferation
and resisted DNA damage-induced apoptosis in breast cancer
cells. Our results in cultured MDA-MB-231 cells, together with
evidence in the xenograft mouse model, demonstrated the
potential of KLF2 to be a sensitizer and enhancer of cisplatin
treatment of breast cancer. We shall further validate the effi-
cacy of KLF2 in this context, and also develop appropriate
methods for activation of KLF2 expression in animal breast
cancer models in vivo.
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