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Abstract: Aberrant expression of Krippel-like factor 9 (KLF9) is frequently found in some types of cancer and is im-
plicated in cancer initiation and progression. However, the effects of KLF9 on cancer metastases and the underlying
mechanisms still need to be understood. Here, we found that KLF9 evidently inhibited the capabilities of migration
and invasion of breast cancer cells. The expression of KLFO was markedly decreased in breast cancer patients
compared with benign tumors, and was positively correlated with the expression of E-cadherin in the tissues of
breast cancer patients. Mechanistically, chromatin immunoprecipitation combined with site-directed mutagenesis-
luciferase assay revealed that KLF9 activated the E-cadherin promoter by binding to GT-box elements located +84
bp and -143 bp from the TSS in the E-cadherin promoter, leading to elevated expression of E-cadherin mRNA and
protein. In vivo experiments confirmed that KLF9 strongly inhibited the lung metastasis of breast cancer and in-
creased mouse E-cadherin expression in 4T1 mouse breast cancer cells. Taken together, our findings demonstrated
that KLF9 could suppress breast cancer invasion and metastasis by upregulating E-cadherin, which provided new

insight into aggressive treatment of breast cancer by targeting the KLF9/E-cadherin axis.
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Introduction

Breast cancer is the most common malignancy
and the major etiology of cancer-related mor-
tality in women throughout the world. Cancer
metastasis remains the major cause of cancer
recurrence and tumor-associated death [1].
Metastasis, a complex biological process com-
prising multiple steps, includes loss of cell-cell
adhesion, increased motility and invasiveness,
degradation and remodeling of extracellular
matrix (extracellular matrix, ECM), entry and
survival in the lymph or blood circulation,
spread to distant anatomic sites, and coloniza-
tion at some of those sites [2].

E-cadherin, which is the classical member of
the type-1 classical cadherins, is a well-known
tumor metastasis suppressor protein. It is a
single-span transmembrane glycoprotein that
forms the core structure of adherens junctions

(adherens junctions, AJs) with opposing E-cad-
herin molecules on adjacent epithelial cells [3].
The cytoplasmic domain of E-cadherin interacts
with B-catenin, which link the actin cytoskele-
ton via a-catenin. The integration of AJs and the
cytoskeleton by E-cadherin promotes the inter-
cellular adhesion of epithelial cells [4]. Owing to
the well-established function of E-cadherin in
maintaining AJs, loss of E-cadherin or its inacti-
vation promotes metastasis by enabling the
dissociation of tumor cells from neighboring
cells, which is an early step in metastatic pro-
gression [5, 6]. Additionally, E-cadherin loss or
reduction may lead to the activation of several
downstream signaling pathways, thereby pro-
moting the expression of prometastatic genes
[2]. In detail, E-cadherin loss may liberate
B-catenin and subsequently activate Wnt/[3-
catenin signaling [7], affect the expression of
cell matrix adhesion receptors, and induce the
“cadherin switch” by changing the gene expres-
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sion profile involved in epithelial-to-mesenchy-
mal transition (epithelial-to-mesenchymal tran-
sition, EMT), which is associated with the phe-
notypic shift during cancer metastasis [8, 9], all
of which may contribute to different stages of
the metastatic cascade. However, recent stud-
ies have demonstrated that many metastatic
tissues continue to express E-cadherin [10],
and E-cadherin is involved in collective cell
behaviors facilitating epithelial cell metastasis.
This controversial phenomenon might be at-
tributable to the existence of two forms of
E-cadherin: membrane-anchored E-cadherin
and soluble E-cadherin [8]. Thus, some investi-
gators suggest that changes in the functional
activity of E-cadherin expressed on the tumor
cell surface in response to environmental fac-
tors are an important determinant of the ability
of cancer cells to metastasize [11]. Additionally,
a recent meta-analysis involving 33 studies
showed that reduced E-cadherin expression
might be a predictor of a poorer prognosis
and promote breast cancer metastasis [12].
Therefore, the significance of E-cadherin ina-
ctivation for metastasis should be further rec-
ognized, and the mechanism by which E-cad-
herin expression is regulated in cancer metas-
tasis still needs to be understood.

Krappel-like factor 9 (KrlUppel-like factor 9,
KLF9), which belongs to the KLF transcriptional
factor family, can bind GC-rich elements or GT-
boxes (CACCC) through three C-H, zinc finger
domains and regulate diverse biological pro-
cesses, including neuronal development, cell
differentiation, growth, proliferation, and apop-
tosis. Recently, emerging evidence has reveal-
ed that KLF9 is downregulated in many cancer
types and associated with cancer metastasis,
including breast cancer [13], gastric cancer
[14], lung cancer [15], and renal cell carcinoma
[16]. Our previous study showed that KLF9 was
downregulated in breast cancer cells and inhib-
ited cancer metastasis by regulating MMP9
expression, which is associated with ECM deg-
radation [13]. This is the first study aimed at
determining the function of KLF9 in cancer
metastasis and the corresponding mechanis-
ms through which KLF9 regulates the metast-
atic process. One study performed in 2019
indicated that KLF9 suppressed gastric cancer
cell metastasis by inhibiting MMP28 transcrip-
tion [14]. Another study showed a contradictory
result: THBS4 promoted gastric cancer metas-
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tasis by increasing KLF9 expression, indicating
an opposite effect of KLF9 in cancer metas-
tasis [17]. Furthermore, the miRNA-140-5p/
KLF9/KCNQ1 pathway was detected to regu-
late tumor cell metastasis in renal carcinoma
[16]. A clinical study of KLF9 in breast cancer
patients indicated that reduced expression of
KLF9 was related to lymph node metastasis,
low differentiation, high clinical stage, and af-
fected the survival of breast cancer patients
[18]. Considering the critical role of KLF9 in
breast cancer metastasis, we therefore specu-
lated that in addition to the ECM/MMP9 signal-
ing pathway, KLF9 might inhibit breast cancer
metastasis through other molecular pathways,
which could explain the effect of KLF9 on
metastasis in depth.

In the current study, we indicated that KLF9
could repress breast cancer metastasis by up-
regulating E-cadherin expression. The in vitro
results demonstrated that KLF9 transcription-
ally upregulated E-cadherin expression by bind-
ing to GT-boxes on the promoter of E-cadherin.
In malignant tissues of human breast, relatively
low expressions of KLF9 were found in aggres-
sive breast cancers, and the protein level of
KLF9 were positively associated with E-cadherin
expression.

Materials and methods
Cell culture and transfection

The cell lines involved in this study were human
HEK 293T, breast cancer cells (MCF-7, TA7D),
and 4T1 murine breast cancer cells. Cells were
cultured at 37°C in a 5% CO, atmosphere with
appropriate humidity. When cells were growth
70-80% confluence, they were transfected with
plasmid using Lipofectamine 3000 (Invitrogen)
according to the standard protocol.

Plasmids construction

The human KLF9 cDNA sequence was inserted
into the pcDNA3.1-Flag vector at multiple clone
sites of EcoRIl and Xhol as previously descri-
bed [13]. Two synthesized sequences used for
knocking down endogenous KLF9 (shKLFO#1,
5-acagtctggaaagtccagat-3’; shKLFO#2, 5'-tga-
ggagtgaccacctcacaaagcacgee-3’) were insert-
ed into the pRNATUG.1/Hygro (GenScript, Pis-
cataway, NJ) vector at the BamHI-Hindlll site to
construct interference plasmids.
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Scratch wound healing and transwell assays

Scratch wound healing was conducted in a cul-
ture dish with the diameter of 35 mm [19].
Briefly, cells in dishes were scratched vertically
with a 200 pl pipette tip and photographed in
a microscopic field, which was recoded as a
O-hour scratched area with a mark around the
field. After twenty-four hours, the same field
was photographed according to the mark and
recorded as a 24-hour scratched area. The dis-
tance between the scratched cells at 24 hours
and O hours was recorded to analyze the wound
healing rate. Transwell invasion assays were
conducted in chambers covered with Matrigel
(BD, Bioscience). Cells were cultured in the top
chamber with Matrigel-coated membrane. Af-
ter 24 hours of incubation, cells translocating
to the lower surface of the membrane were
stained and counted.

RNA extraction and reverse transcription-PCR

Extraction of total RNA and reverse transcrip-
tion to cDNA were performed as described
previously [13]. Primers used for RT-PCR were
as follows: KLF9: 5'-tcccatctcaaagcccatta-3’
(sense) and b5’-aactgcttttccccagtgtg-3’ (anti-
sense); E-cadherin: 5'-cttcggaggagageggtg-3’
(sense) and b5'-ctagtcgtcctegecgee-3'  (anti-
sense); and GAPDH: 5'-ggtgtgaaccatgagaagt-3’
(sense) and b'-gactgtggtcatgagtect-3' (anti-
sense). All PCR products were electrophoresed
on a 1% agarose gel.

Real-time PCR assay

Isolation of total RNA and reverse transcription
reaction were performed as described previ-
ously [13]. We applied Bio-Rad CFX Connect
Real-Time Detection System with TB Green
Premix Ex Taq Il (Takara) to detect mRNA levels
of target genes. Data outputted from the PCR
system were normalized to the product level of
reference gene GAPDH. The primers used in
this assay were as follows: KLF9, 5’-tcccatct-
caaagcccatta-3’ (sense) and 5-aactgcttttcce-
cagtgtg-3’ (antisense); CDH1, 5’-tgcccagaaaat-
gaaaaagg-3’ (sense) and 5'-gtgtatgtggcaatgce-
gtte-3’ (antisense); CDH2, 5’-gacaatgcccctcaag-
tgtt-3’ (sense) and 5’-ccattaagccgagtgatggt-3’
(antisense); Vimentin, 5’-gagaactttgccgttgaagc-
3’ (sense) and 5’-gettectgtaggtggeaate-3’ (anti-
sense); Fibronectin, 5-ccaacctacggatgactcgt-
3’ (sense) and 5’-gctcatcatctggecatttt-3’ (anti-
sense); MMP1, 5'-ccaaatgggcttgaaget-3’ (sen-
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se) and 5'-gtagcacattctgtccctaa-3’ (antisense);
MMP2, 5-tggcaagtacggcttctgtc-3’ (sense) and
B-ttcttgtegeggtegtagte-3’ (antisense); MMP9,
B-tactgtgectttgagtccg-3’ (sense) and 5-ttgteg-
gcgataaggaag-3’ (antisense); MMP28, 5'-caat-
gaacaggtccccaaag-3' (sense) and 5-ggccgcea-
taactgttggtat-3’ (antisense); GAPDH, 5-aggtcg-
gagtcaacggattt-3’ (sense) and 5'-tagttgaggtc-
aatgaaggg-3’ (antisense).

Western blot and antibodies

Western blotting was conducted as described
previously [13]. Mouse monoclonal anti-Flag,
anti-GAPDH, and anti-B-actin antibodies were
purchased from Sigma (Sigma, Saint Louis, MO,
USA). Rabbit anti-E-cadherin and anti-KLF9 an-
tibodies were purchased from Abcam (Abcam,
Cambridge, MA, USA). The secondary antibod-
ies of anti-mouse or anti-rabbit 1gG were ob-
tained from goats (ZSGB-BIO, Beijing, China).

Luciferase reporter gene assay

Promoter activity was assessed by a luciferase
reporter system. In detail, twenty-four hours
after transfection, cells expressing luciferase
were lysed and subjected to luciferin (Promega,
Madison, WI, USA), which is the reactive sub-
strate of luciferase. Immediately, the amount
of bioluminescence representing the lucifera-
se activity was detected using a Microplate
Luminometer (Centro LB 960, Berthold Tech-
nologies GmbH & Co. KG, Germany) and nor-
malized to the activity of B-galactosidase, which
was cotransfected with the pGL3-Luc reporter
vector.

Chromatin immunoprecipitation assays

The primers for the E-cadherin promoter used
in chromatin immunoprecipitation (ChlP) PCR
analyses were as follows: region 1, 5-gcggtac-
ggggggcggt-3’ (sense) and 5-acgccgagegaggg-
caggeg-3' (antisense); region 2, 5-gtcttagtga-
gccaccggegge-3' (sense) and 5'-gttcacctgeceg-
gccacagee-3' (antisense); and region 3, 5-gc-
cccgacttgtctctctacaa-3’ (sense) and 5'-tggaga-
tggggtctcactcttte-3’ (antisense).

Construction of wild-type and mutated
E-cadherin promoter reporters

The regulation of E-cadherin transcription is

mainly determined by 400 bp upstream of the
E-cadherin TSS (transcription start site, TSS),
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which contains sufficient response elements
for transcriptional regulation [20]. Hence, a
DNA chain from 639 bp upstream of the
E-cadherin TSS to +124 bp downstream of the
E-cadherin TSS was cloned and inserted into
the pGL3-Luc reporter vector to construct the
luciferase reporter plasmid pE-cadherin-Luc
(-639, +124). The primers used for cloning the
E-cadherin promoter were 5'-ggggtaccctgaaa-
tcctagceactttgg-3’ (sense, underlined bases in-
dicate the Kpnl site) and 5'-ccgctcgagtgaact-
gacttccgcaagcete-3’ (antisense, underlined bas-
es indicate the Xhol site). Mutations of the GT
and GC boxes in the E-cadherin promoter were
carried out using pE-cadherin-Luc (-639, +124)
as a template. Primers used to construct point
mutations of GT-boxes were 5'-gcccgaccegacce-
gaaaaaggcgectgeectege-3' for disrupting GT-
box 1 (+84 bp from TSS of E-cadherin gene),
B-ggctgcagecacgaaaaacctctcagtggegte-3'  for
disrupting GT-box 2 (-13 bp from TSS of E-cad-
herin gene), and 5'-gtctatgcgaggccaaaaagge-
gggecgtecage-3’ for disrupting GT-box 3 (-143 bp
from TSS of E-cadherin gene) (underlined bases
indicate mutant nucleotide acids). Additionally,
the primers 5-aatcagcggtacgggaaaaggtgecte-
cgggge-3’ for disrupting GC-box 1 element and
5-cgggecgtcagetccaaaatggggaggggteeg-3' for
disrupting GC-box 2 element (underlined bases
indicate mutant nucleotide acids) were synthe-
sized to construct mutant E-cadherin promoter
vectors.

Immunohistochemistry

Immunohistochemistry (IHC) assays were per-
formed to detect the relative expression of
KLF9 and E-cadherin in breast tissues as
described previously [13]. Antibodies against
KLF9 or E-cadherin were used to detect protein
levels. Positive and negative staining were
shown with brown and blue color, respectively.
An IHC score from 0 to 8 (0, no expression, neg-
ative; 1-2, expression < 10%, weak; 3-5, expr-
ession 10-50%, moderate; 6-8, expression >
50%, high) was used to quantify the expression
levels of KLF9 and E-cadherin in tissues of
breast tumors. Staining samples were classi-
fied as protein positive if IHC scores were great-
er than 2; otherwise, the samples were defined
as negative [21]. All patients involved in this
study gave written informed consent. Additi-
onally, all IHC analyses were approved by the
Ethics Committee for Medical College of Dalian
University.

3663

Mouse model of metastasis

Female BALB/c mice (6-8 weeks old) raised
under specific pathogen-free (SPF) conditions
were purchased from Dalian Medical Univer-
sity. All animal experiments were performed in
accordance with approved guidelines of the
Ethics Committee for Medical College of Dalian
University. A total of 15 mice were used for in
vivo animal study. Among these, five mice were
assigned to negative control which were treat-
ed with normal saline (normal saline, NS); five
mice were assigned to positive control which
were treated with 4T1 cells transfected with
pcDNA3.1-Flag control vector; and five mice
were assigned to case group which were treat-
ed with 4T1 cells transfected with pcDNA3.1-
Flag-KLF9. Stable transfectant 4T1 cells with
pcDNA3.1-Flag or pcDNA3.1-Flag-KLF9Q were
established through selecting cells by antibiotic
G418. Then, 4T1 cells (about 5x108) were dis-
solved in 100 pl normal saline and injected into
the peripheral blood through the tail veins of
BALB/c mice. Ten days later, the mice were
killed, then the lungs were removed immedi-
ately. Mouse lungs were subjected to HE and
IHC staining for further analyses. Finally, The
carcinoma tissue separated from the rest of
the lung tissue was lysed in 200 ul of RIPA lysis
buffer for western blotting [22].

Quantitative evaluation of metastatic carci-
noma

Hematoxylin and eosin (HE) staining of mouse
lungs was conducted as described previously
[23]. Metastases were observed by microscop-
ic examination of HE staining, and the meta-
static area was calculated as a percentage
against the overall lung area by ImageJ soft-
ware [13].

Microarray datasets analysis

We obtained two mRNA expression datasets
of human breast tumors (“TCGA breast” and
“Curtis breast”) from the Oncomine website
(https://www.oncomine.org). lllumina Human-
HT-12 V3.0 R2 platform was used to measure
the mRNA expression of human breast. The
MRNA expression values of KLF9 and CDH1
(gene name of E-cadherin protein) were then
retrieved from the Oncomine database, and the
correlation of the two genes expression was
assessed by Pearson r analysis.
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Statistical analysis

Each group contained three samples or more,
and each experiment repeated at least three
times. Data were shown as the means *+ SDs.
An unpaired t-test was applied when there were
two groups comparison. The one-way analysis
of variance with Bonferroni’'s multiple-compari-
son correction was used, when there were
three or more than three groups comparison.
Correlation degree of the two factors from IHC
assay was assessed by r-square value in linear
regression analysis. Furthermore, Chi-squared
test was used to assess E-cadherin expression
difference between KLF9 positive and negative
IHC groups. A p value less than 0.05 was con-
sidered to be statistically significant.

Results

KLF9 inhibits breast cancer cell migration and
invasion in vitro

Our previous study indicated that KLF9 expres-
sion was downregulated in breast cancer cells,
and its expression in T47D cells was higher
than that in MCF-7 cells [13]. Hence, MCF-7 cell
line was use for KLF9 overexpression and T47D
cell line was used for KLF9 knockdown in the
present study. To validate the inhibitory effect
of KLF9 on the metastases of breast cancer
cells, scratch wound healing assay was applied
to assess cell migratory ability, and transwell
assay was used to determine cell invasive abil-
ity when KLF9 was overexpressed or knocked
down in breast cancer cells. As expected, when
Flag-KLF9 was transfected into MCF-7 cells,
the migratory ability of MCF-7 cells was down-
regulated compared with that of cells in the
control group (Figure 1A). Similarly, KLF9 over-
expression in MCF-7 cells markedly decreased
the migratory ability of cells in transwell mem-
brane coated with Matrigel (Figure 1B). In con-
trast, knockdown of endogenously expressed
KLF9 with two independent shRNA interference
plasmids (sh-KLF9#1 and sh-KLF9#2) in T47D
cells obviously increased the migration and
invasion of breast cancer cells, as shown in
Figure 1C and 1D. Therefore, these findings
indicated that KLFQ may repress the abilities of
mobility and invasion of breast cancer cells.

Concerning the role of KLF9 in the malignant
behaviors of breast cancer cells, our previous
study demonstrated that KLF9 could regulate
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MMP9O expression to inhibit breast cancer
metastasis [13]. In the present study, we con-
tinued to screen other invasion-related proteins
that can be regulated by KLF9. To obtain a view
of gene expression changes regulated by KLF9,
we synthesized a series of mRNA primers,
including MMPs family and epithelial and mes-
enchymal proteins, to conduct real-time PCR
assay in MCF-7 cell line. The results showed
that, besides the MMPs family proteins (MMP1,
MMP9, MMP28) were downregulated by KLF9,
epithelial and mesenchymal markers were al-
so changed following KLF9 overexpression in
breast cancer cells (Figure 1E). These findings
indicated that KLF9 can exert an anti-meta-
stasis function by regulating the gene profiling
related to matrix degradation and cell adhesion
or morphology.

KLF9 upregulates E-cadherin expression at the
transcriptional level

Based on the genes screened from real-time
RCR, we selected a putative marker E-cadherin
to further study the association of E-cadherin
with KLF9 in cancer metastasis. As E-cadherin
is sufficient to induce wide-range of trans-
criptional alteration for cancer invasion and
metastasis [2], and also the expressions of
KLF9 and E-cadherin exhibit a relatively posi-
tive trend in breast cancer cells, we next inves-
tigated whether KLF9-mediated inhibition of
invasiveness was associated with the altera-
tion of E-cadherin expression. As anticipated,
transfection of KLF9 in MCF-7 cells at increas-
ing doses induced a dose-dependent increase
in E-cadherin mRNA levels (Figure 2A), indi-
cating that KLF9 could upregulate E-cadherin
mRNA. Meanwhile, western blot results show-
ed a dose-dependent increase in E-cadherin
protein following transfection of MCF-7 cells
with gradiently increased KLF9, which was con-
sistent with the mRNA changes of KLF9 shown
as Figure 2A, 2B. These results demonstrated
that KLF9 upregulated E-cadherin expression
at the transcriptional level.

To confirm this speculation, a luciferase report-
er assay was applied to test E-cadherin pro-
moter activity. As expected, overexpression of
KLF9 in HEK 293T cells caused a significant
increase in E-cadherin promoter activity (Fi-
gure 2C). Similarly, E-cadherin promoter activi-
ty exhibited a dose-dependent increase when
KLF9 was expressed in an ascending gradient
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Figure 1. KLF9 suppresses migration and invasion of breast cancer cells. (A) Scratch wound healing assays of MCF-
7 cells transfected with control vector or Flag-KLF9 (left); western blotting of Flag-KLF9 in MCF-7 cells (right). Scale
bar: 100 um. The western blotting images were cropped, and the original images were supplied in supplementary
files named as “(A) (right)-01” and “(A) (right)-02”. (B) Transwell invasion assays of MCF-7 cells transfected with con-
trol vector of Flag-KLF9 (left). Scale bar: 50 um. Data quantification of the invasive cells (right). Each group repeated
three times. (C) Scratch wound healing assays of T47D cells transfected with control vector or shKLF9s (sh-KLFO#1
and sh-KLF9#2) (left); western blotting of Flag-KLF9 in T47D cells (right). Scale bar: 100 um. The western blotting
images were cropped, and the original images were supplied in supplementary files named as “(C) (right)”. (D) Tran-
swell invasion assays of T47D cells transfected with control vector of shKLF9s (sh-KLF9#1 and sh-KLF9#2) (left).
Scale bar: 50 ym. Data quantification of the invasive cells (right). (E) Real-time PCR of some invasion-related genes
(epithelial and mesenchymal markers or MMPs family members) in KLF9-transfected MCF-7 cells. *, P < 0.05; **,
P < 0.01; ***, P < 0.001. NS, not significant. Each group repeated three times. Data are shown as the means +
SDs (P < 0.05, significant).

in MCF-7 cells (Figure 2D). In contrast, the lucif- elements in the E-cadherin promoter that bind
erase activity driven by the E-cadherin promot- KLFO9. First, the consensus sequence was iden-
er was significantly decreased when KLF9 was tified as the most enriched KLF9 binding motif
knocked down in T47D cells (Figure 2E). Taken predicted by the JASPAR database which is an
together, these results suggested that KLF9 online website to predict transcription factor
upregulated E-cadherin expression by activat- binding sites (http://jaspar.genereg.net) (Figure
ing the promoter of the E-cadherin gene. 3A). Then, the E-cadherin promoter sequence

was scanned according to the KLF9-binding
Identification of KLF9 binding sites in the motif, and the results revealed several GC-rich
E-cadherin promoter sites and GT-boxes considered to be the pu-

tative binding sites of KLF9, including two
As a transcription factor, KLF9 could upregu- GC-boxes and three GT-boxes. These were
late E-cadherin transcriptional activity, so we found at nucleotides +84 to +90 (GT-box 1,
wondered whether there are some response core sequence: CACCC), nucleotides -13 to -7
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Figure 2. KLF9 upregulates E-cadherin expression and promoter activity. (A) RT-PCR of E-cadherin and KLF9 mRNA
in MCF-7 cells transfected with gradient doses of KLF9 (left). The DNA gels were cropped, and the original images
were supplied in supplementary files named as “(A) (01)”, “(A) (02)” and “(A) (03)”. Quantification of the relative
mMRNA levels of E-cadherin normalized against GAPDH (right). (B) Western blotting of E-cadherin and KLF9 in MCF-7
cells transfected with gradient doses of KLF9. The western blotting images were cropped, and the original images
were supplied in supplementary files named as “(B) (01)” and “(B) (02)". (C-E) Luciferase reporter gene assay of
E-cadherin promoter activities in HEK 293T cells overexpressing Flag-KLF9 (C) or in MCF-7 cells transfected with
gradiently increased doses of Flag-KLF9 (D) or in T47D cells transfected with shKLF9 (E). pE-cadherin-luciferase
plasmid was cotransfected into cells, and empty vectors were used for control. The western blotting images included
in the columns were cropped, and the original images were supplied in supplementary files named as “(C)” and “(D
& E)”. Data are shown as the means + SDs (P < 0.05, significant).

(GT-box 2, core sequence: CACCC), nucleotides assays indicated that KLF9 could interact with
-49 to -43 (GC-box 1, core sequence: GGGC- the sequences belonging to region 1 and region
GG), nucleotides -123 to -117 (GC-box 2, core 2, which contained the putative binding sites of
sequence: CCGCCC), and nucleotides -143 to KLF9, consistent with the speculation predict-
-137 (GT-box 3, core sequence: GGGTG) in the ed by the promoter analysis tool (Figure 3C,
region of the E-cadherin promoter, as listed in bottom). Collectively, these results indicated
Figure 3B. To confirm the predictive binding ele- that KLF9 could activate E-cadherin transcrip-
ments of KLF9 in the E-cadherin promoter, a tion by binding some response elements, such
ChIP assay was performed in HEK 293T cells. as GT-boxes and GC-boxes.

We cloned three fragments orderly from the

E-cadherin promoter (upstream from the TSS Since the KLF9 binding region identified by
of E-cadherin gene), including a DNA domain ChIP assay, nucleotides -266 to +112 in the
from -58 to +112 (region 1) covering GT-box 1, E-cadherin promoter, contained five putative
GT-box 2 and GC-box 1, a DNA domain from binding sites of KLF9, we then applied site-
-266 to -72 (region 2) covering GC-box 2 and directed mutagenesis in the E-cadherin pro-
GT-box 3, and a domain from -529 to -337 moter inserted into the reporter gene const-
(region 3) without the putative binding sites of ruct, combined with a promoter reporter assay
KLF9, as illustrated in Figure 3C (top). ChIP to identify the KLF9-binding sits. In the site
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A B E-cadherin promoter binding sites of KLF9 predicted by jaspar
25 online tool (http://jaspar.genereg.net/).
15 Element Strand Position Predicted site core
’ (start, end) sequence
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Figure 3. KLF9-binding elements are identified in the E-cadherin promoter. (A) KLF9 binding motif identified using
the JASPAR database. (B) E-cadherin promoter binding sites of KLF9 predicted by the JASPAR database. (C) Top,
schematic illustration of the E-cadherin promoter; bottom, ChIP PCR reactions of E-cadherin promoter regions in
HEK 293T cells transfected with Flag-KLF9. Antibody I1gG was used for negative control. The DNA gels were cropped,
and the original images were supplied in supplementary files named as “(C) (bottom)”. (D) Site-specific mutants for
GT or GC boxes in the E-cadherin promoter reporter construct combined with luciferase reporter assays determin-
ing promoter activities in MCF-7 cells treated with Flag-KLF9 or control vector. The western blotting images were
cropped, and the original images were supplied in supplementary files named as “(D)”. Data are shown as the

means * SDs (P < 0.05, significant; NS, not significant).

mutant E-cadherin promoter reporter assay,
mutation of GT-box 1 (CACCC to AAAAA) or
GT-box 3 (GGGTG to AAAAA) caused an appro-
priate 50% reduction in KLF9-induced activa-
tion respectively, whereas mutation of GT-box
2 (CACCC to AAAAA), GC-box 1 (GGGCGG to
AAAAG), or GC-box 2 (CCGCCC to CCAAAA)
alone in the core sequences had almost no
effect on the activating effect of KLF9 com-
pared to the wild-type promoter construct, indi-
cating that elements of GT-box1 at +84 bp and
GT-box 3 at -143 bp might be potential KLF9
binding sites in the E-cadherin promoter (Figure
3D). Consistent with our speculation, muta-
tions of both GT-box 1 and GT-box 3 in the
E-cadherin promoter completely abolished the
activating effect of KLF9 (Figure 3D), suggest-
ing that these two response elements in the
promoter might be essential for KLF9-mediat-
ed activation of E-cadherin transcription. The-
refore, we concluded that KLF9 activated E-
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cadherin transcription by binding to GT-box ele-
ments at +84 and -143 bp in the E-cadherin
promoter.

The expression of KLF9 and E-cadherin in hu-
man tissues of breast tumors

To validate the consistency of breast cell line
data with those in human tissues, an IHC assay
was applied to detect the expression of KLF9
and E-cadherin in breast tumor tissues obtain-
ed from clinical. Three groups with a total of 15
breast tumor samples (each group included 5
cases) were involved in the IHC staining analy-
sis, including fibroadenomas, invasive ductal
cancer (excluded triple-negative breast cancer
subtype), and triple-negative breast cancer
(TNBC) samples. As shown in Figure 4A, com-
pared with benign breast fibroadenoma, KLF9
expression was drastically downregulated in
aggressive tissues of breast cancer. Addition-
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Figure 4. E-cadherin expression is positively correlated with KLF9 in human breast cancer tissues. (A) Represen-
tative results of IHC staining showing the protein expressions of KLF9 and E-cadherin in breast tumor tissues.
Antibodies against KLF9 or E-cadherin were used to detect protein levels. Scale bar: 100 ym. (B & C) KLF9 (B) and
E-cadherin (C) protein levels in tissues of breast fibroadenoma (n = 5), invasive ductal carcinoma (n = 5), and triple-
negative breast cancer (n = 5). (D) Linear regression analyses of association between KLF9 and E-cadherin expres-
sions with r-square values evaluating correlation degree. (E) Chi-squared test detecting the correlation of KLF9 with
E-cadherin expression. Data are shown as the means + SDs (P < 0.05, significant).

ally, high expression of E-cadherin was found in
fiboroadenoma tissues, and loss of E-cadherin
was commonly detected in TNBCs, with the
same expression trend as KLF9. IHC score-
based assessment showed that KLF9 expres-
sion in invasive ductal cancers or TNBCs was
significantly downregulated compared with that
in fioroadenomas (Figure 4B). Similarly, E-cad-
herin expression in invasive ductal cancers
or TNBCs was also significantly downregulated
compared with that in fibroadenomas (Figure
4C). Linear correlation analysis showed a sig-
nificantly positive correlation between KLF9
and E-cadherin expression in breast tumors
(Figure 4D, r?> = 0.6053, P < 0.001). The asso-
ciation of KLF9 and E-cadherin levels was fur-
ther analyzed by Chi-squared test in patient
breast samples, and a significant correlation
between KLF9 and E-cadherin was observed
(Figure 4E). Taken together, the detection of
KLF9 and E-cadherin expression in clinical pa-
tients indicated a positive correlation between
KLF9 and E-cadherin in breast cancer tissues.

To further confirm the co-expression of KLF9
and E-cadherin in breast cancer patients, we
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analyzed mRNA expression data in breast tis-
sues from public database. Two independent
public datasets from Oncomine (https://www.
oncomine.org) were selected, TCGA (The Can-
cer Genome Atlas, TCGA) dataset and Curtis
dataset. As shown in Figure 5A (left), in TCGA
breast specimens, KLF9 mRNA expression
level was significantly reduced in breast carci-
nomas compared with normal breast tissues.
Additionally, in Curtis breast dataset, we found
a dramatically decrease of KLF9 expression
in breast lobular carcinomas when compared
with normal breast tissues (Figure 5A, right).
Similarly, examination of E-cadherin mRNA
(named CDH1) in TCGA or Curtis datasets dem-
onstrated that CDH1 mRNA expression was
markedly downregulated in breast cancer com-
pared with normal breast tissues (Figure 5B).
Then, we retrieved the expression data of KLF9
and CDH1 from TCGA and Curtis breast data-
bases, and applied Pearson r test to analyze
the correlation between KLF9 and CDH1 ex-
pression in breast tumor tissues. As expected,
the expression of KLF9 mRNA level was posi-
tively correlated with CDH1 mRNA expression
(Figure 5C; P < 0.01 in TCGA breast and P <
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Figure 5. KLF9 and CDH1 mRNA expression were downregulated in breast cancer tissues than in normal from two
public datasets (“TCGA breast” and “Curtis breast”). A. KLF9 mRNA levels in normal and invasive lobular breast
cancer tissues in the TCGA breast (normal = 61, tumor = 36) (left) and Curtis breast (normal = 144, tumor = 148)
(right) datasets from Oncomine database (https://www.oncomine.org). B. CDH1 mRNA levels in normal and invasive
lobular breast cancer tissues in the TCGA breast (normal = 61, tumor = 36) (top) and Curtis breast (normal = 144,
tumor = 148) (bottom) datasets from Oncomine database. C. Pearson test showing the correlation of KLF9 and
CDH1 mRNA levels in TCGA breast (left) and Curtis breast (right). The mRNA expression data were retrieved from

Oncomine website. P < 0.05, significant.

0.0001 in Curtis breast), which was in accor-
dance with the results from our IHC study as
shown in Figure 4D and 4E.

KLF9 upregulates E-cadherin expression in
4T1 cells and suppresses breast cancer cell
metastasis in vivo

4T1 cells, which are basal-like murine breast
cancer cells, were used to detect the in vivo
effect of KLF9 on breast cancer metastasis.
BALB/c mice were intravenously administered
with 4T1 cells stably transfected with control
vector or vector carrying the KLF9 gene, and
the metastases of mouse lungs were assess-
ed after 10 days of feeding. Before the in vivo
animal experiment, we first analyzed whether
these two elements in the E-cadherin promo-
ter were conserved between human and mouse
species to ensure that human KLF9 might work
on the mouse E-cadherin promoter with the
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same mechanism described above. As expect-
ed, comparison of the E-cadherin promoter
between human and mouse indicated that the
two potential binding sites of KLF9Q were also
found in the mouse E-cadherin promoter, as
shown in Figure 6A. Elements of the two GT-
boxes, which were identified to be the most
potential binding sites, appeared to be con-
served between human and murine species
(Figure 6A). Therefore, human KLF9 transfec-
tion into 4T1 cells could affect the E-cadherin
promoter activity of mouse. In the HE staining
assay, the lungs removed from mice treated
with 4T1 cells that had been transfected with
empty vector (4T1-Ctrl, positive control) show-
ed the most metastatic nodules compared to
lungs treated with normal saline (NS, negative
control), indicating that 4T1 murine breast can-
cer cells had dramatic metastatic ability. When
KLF9 was stably transfected into 4T1 cells,
the lungs subjected to cells containing KLF9
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Figure 6. KLF9 inhibits the metastasis of 4T1 cells and upregulates E-cadherin expression in BALB/c mice. (A)
Conservation analysis of KLF9 binding sites on the E-cadherin promoter in human and murine species. Nucleotides
marked in red represent cis-elements of GT-boxes predicted to be the potential binding sites of KLF9. (B) HE stain-
ing showing the lung metastases of the 3 groups (NS: negative control; 4T1-Ctrl: positive control; and 4T1-KLF9:
case group). IHC staining showing the KLF9 (anti-KLF9 antibody, species: human and mouse) and E-cadherin (anti-
E-cadherin antibody, species: mouse) expressions in mouse lungs among the three groups. Scale bar: 100 ym.
NS, normal saline. (C) The percent lung metastatic area calculated by ImageJ) was shown among the three groups.
(D) Western blotting assessing Flag-KLF9 and the corresponding mouse E-cadherin expression in lung carcinoma
tissues in control and 4T1-KLF9 groups. The western blotting images were cropped, and the original images were
supplied in supplementary files named as “(D) (01)” and “(D) (02)”. Data are shown as the means + SDs (n = 5). P

< 0.05, significant.

(4T1-KLF9, case group) showed fewer meta-
static tissues than the positive control group.
The black arrows point to the metastatic nod-
ules, as illustrated in Figure 6B. In addition,
qualification of the metastatic nodules in the
lungs among the 3 mouse groups showed the
metastatic areas were decreased when KLF9
was transfected into 4T1 cells (Figure 6C). IHC
staining was performed to detect the KLF9
and E-cadherin protein levels in the 3 groups.
Because KLF9 was stably transfected to 4T1
cells in the case group (4T1-KLF9), the KLF9
protein expression in 4T1-KLF9 group was high-
er than 4T1-Ctrl group. Compared with the po-
sitive control group (4T1-Ctrl), the lungs bear-
ing 4T1 cells transfected with KLF9 exhibited
upregulation of mouse E-cadherin, suggesting
that KLF9 may increase E-cadherin expression
in mouse 4T1 cells (Figure 6B). Finally, western
blotting was used to qualify the protein levels
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in metastatic tissues of the case and control
groups. As shown in Figure 6D, when KLF9 was
overexpressed in 4T1 cells, the E-cadherin lev-
els were upregulated compared to those in
cells transfected with the control vector, which
was consistent with the results in human bre-
ast cancer cells. Taken together, KLF9 could
upregulation E-cadherin expression and sup-
press breast cancer metastasis in vivo, and
these results supported the findings from in
vitro assays using human breast cancer cells.

Discussion

In the current study, we first demonstrated that
KLF9 may upregulate E-cadherin expression by
activating its transcription, and this finding
could provide a novel mechanism by which
KLF9 inhibits breast cancer metastasis. First,
as a cancer suppressive factor, KLF9Q could
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inhibit breast cancer cell metastasis. Second,
KLF9 upregulated E-cadherin expression by
binding to GT-boxes in the E-cadherin promo-
ter to activate its transcription. Third, in breast
cancer patients, the expression of KLF9 was
positively associated with E-cadherin expres-
sion through IHC staining analysis. Finally, ani-
mal experiments revealed that KLF9 increas-
ed E-cadherin expression and inhibited breast
cancer metastasis in vivo. This work showed
the inhibitory effect of KLF9 on cancer metas-
tasis and identified a new mechanism involving
E-cadherin, whose functional loss is consider-
ed to be a hallmark of EMT and the fundamen-
tal event to promote cancer metastasis.

KLF9, a relatively unexplored member of the
KLF transcription factor family, can recognize
GC-rich or GT-box response elements in pro-
moters or enhancers to regulate target gene
expression and participate in various biologi-
cal processes, including differentiation, prolif-
eration, and apoptosis. A recent study from us
showed that KLF9 regulated MMP9 expression
by interacting with NF-kB p50/p65 and binding
to the GT box at -449 bp from the TSS in the
MMP9 promoter to inhibit cancer metastasis
[13]. This work first demonstrated the suppres-
sive effect of KLF9 on cancer cell metastasis
and precisely described the underlying mecha-
nism involving the NF-kB/MMP9 pathway. In
the current study, one important finding was
that in addition to the KLF9/MMP9 pathway,
KLF9 might regulate E-cadherin expression to
inhibit cancer metastasis, exhibiting a novel
mechanism related to the KLF9/E-cadherin pa-
thway in the regulation of KLF9 as a crucial
metastasis suppressor. Given that the activat-
ed MMP9 alone is sufficient to induce E-cad-
herin and AJ loss [24], and that MMP9 could
degrade functional E-cadherin into soluble
E-cadherin to promote cancer metastasis in
head and neck squamous cell carcinomas [25],
ovarian cancer [24], and colorectal cancer [26],
it is reasonable to speculate that there might
be crosstalk between pathways of KLF9/MMP9
and KLF9/E-cadherin in metastatic inhibition
by KLF9. That is, except for the direct upre-
gulation of E-cadherin expression, KLF9 might
downregulate MMP9 expression and activity to
inhibit the degradation of E-cadherin, both of
which may contribute to the increase in E-cad-
herin levels in cells.
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Similar to the other KLF members, KLF9 has
a dual effect on transcriptional activity, exhibit-
ing either transactivation or repression, which
depends on cell context. For example, KLF9
can bind to the Notchl promoter and suppress
Notchl expression in tumor-initiating stem ce-
lls [27]. Additionally, frizzled-5 was sharply inhi-
bited by KLF9 through its binding in the promot-
er region of frizzled-5 in pancreatic ductal ade-
nocarcinoma [28], which exhibits suppressive
activity of KLF9 in transcriptional regulation. In
contrast, the present study showed that KLF9
may activate E-cadherin transcription by bind-
ing to GT-boxes of the E-cadherin promoter
(Figure 3). Consistently, KLF9 transcriptionally
activated p53 expression by directly binding to
GT boxes within the p53 promoter in hepatocel-
lular cancer [29]. These opposite effects exert-
ed by KLFQ may come from different cancer
types, various subtypes from the same cancer,
or complex microenvironments around tran-
scriptional reactions. Due to KLF9 binding to
different promoters in the above processes,
the transcription factors next to KLF9 are not
the same, thereby possibly facilitating the
opposite transcriptional activity of KLF9 in the
regulation of promoter activity. Therefore, KLF9
may exhibit transcriptionally activating or re-
pressing effects dependent on the cellular con-
text in tumor cells.

Recently, the notion that loss of E-cadherin
may promote cancer metastasis has become
controversial. Previously, the majority of stud-
ies in this field suggested that loss of E-cadherin
may markedly increase cell metastatic ability in
many cancer types [19, 30-33]. A gene expres-
sion analysis of breast cancer cells revealed
that loss of E-cadherin promoted metastasis
through multiple downstream pathways, and
loss of E-cadherin was sufficient to contribute
to breast cancer cell metastasis [2]. However, a
recent study showed that E-cadherin was still
expressed in metastatic tissues and facilitated
the survival of cancer cells [10]. Moreover, in
the process of collective cell migration, E-cad-
herin is expressed in metastatic clusters of epi-
thelial cells [34]. Based on these investiga-
tions, some researchers explained that the
functional state of E-cadherin is an important
determinant of metastatic progression other
than whether E-cadherin is expressed [11]. In
the study, activating mAbs for E-cadherin were
used to detect the effect of E-cadherin on the
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regulation of cancer metastasis, and trans-
membrane E-cadherin was shown to reduce
cell invasion and migration in primary tumors
[11]. Indeed, E-cadherin present in tissue ex-
hibits two forms. One is functional E-cadherin
translocated to the cell membrane, and the
other is soluble E-cadherin with no function in
migration. Lack of E-cadherin cell surface regu-
lation may contribute to cancer invasion [35]. In
our study, the detection of E-cadherin by west-
ern blot was carried out in breast cancer cells
but not in the cell matrix, so it is the functional
form expressed on the tumor cell surface. Thus,
E-cadherin upregulation induced by KLF9 could
act as a tumor suppressor to repress human
breast cancer invasion.

Conclusions

In conclusion, we found a novel target gene for
the transcription factor KLF9. As a tumor sup-
pressor, KLF9 could bind to GT-boxes in the
E-cadherin promoter to upregulate E-cadherin
expression, thereby inhibiting the metastasis
of human breast cancer. These findings were
also reproduced in clinical patients and in vivo
experiments, providing a novel molecular me-
chanism related to breast cancer metastasis.
Therefore, targeting KLF9 to induce KLF9 ex-
pression might be a potential choice for the
inhibition of breast cancer metastasis.
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