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Abstract: Sine oculis homeobox homolog 4 (SIX4), a member of the SIX family, play important role in the develop-
ment and construction of vertebrate tissues and organs. There is very little known about the function of SIX4 in
cancer cells. Herein, we investigated whether SIX4 promote cancer metastasis in addition to its direct role in breast
cancer cells. Our study showed that the expression of SIX4 was profoundly increased in breast cancer tissues, and
the high expression of SIX4 correlated strongly with distant metastasis and poor prognosis. Functional experiments
demonstrated that SIX4 obviously promoted the cell migration and invasion of breast cancer cells, and up-regulated
the expression of EMT mesenchymal marker, down-regulated the epithelial molecules by Snail induction in vitro.
Moreover, SIX4 knockdown significant suppressed breast cancer lung metastasis in vivo. Mechanistically, SIX4 di-
rectly interacted with STAT3 and promoted the phosphorylated STAT3 nuclear translocation, thereby inducing EMT
program activation. Collectively, our findings demonstrated that SIX4 may be a promising target for intervention to

prevent cancer metastasis.
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Introduction

The sine oculis homeobox (SIX) protein family
was initially identified as the key determinants
of Drosophila retinal development, play impor-
tant role in the development and construction
of tissues and organs in vertebrates. A lot of
evidence indicate that SIX have disorder of
transcription or post-translational modificati-
ons in a variety of primary tumor and metastat-
ic lesions [1]. The SIX family is comprised of six
members (SIX1-SIX6), of which SIX1 is most
studied for its roles in cancer initiation and pro-
gression [2]. In contrast, little is known about
the other SIX family members in tumorigenesis
and progression. Few studies have implicated
SIX4 in cancer. For example, SIX4 promotes
metastasis in colorectal cancer [3] and corre-
lates with higher TNM stage in non-small cell
lung cancer [4]. SIX4 was identified herein as

both an oncogene and miR-203a target [5].
These data suggest that SIX4 can promote can-
cer progression. However, the signalling mecha-
nisms that induce and promote tumorigenesis
and metastasis by SIX4 have not yet been
elucidated.

The epithelial-mesenchymal transition (EMT)
process has been an important explanation for
the distant metastases of epithelial malignan-
cies, including breast cancer [6]. EMT is driven
by pleiotropic signalling factors such as EMT-
inducing transcription factors (ZEB1, ZEB2,
Snail, Slug, Twist etc.), epigenetic and post-
translational regulators [7]. EMT is usually char-
acterized by the down-regulation of epithelial
molecules, including E-cadherin, zona occlu-
dens-1, cytokeratin, claudins, and up-regulation
in mesenchymal markers such as N-cadherin,
vimentin, fibroblast specific protein-1, a-smooth


http://www.ajcr.us

SIX4 promotes metastasis in breast cancer

muscle actin, fibronectin and so on [8]. These
cells acquire the ability to reconstitute meta-
static colonies in the distant sites.

Recently, emerging evidence suggests that
STAT3 signalling pathway plays a significant
role in breast cancer angiogenesis, prolifera-
tion, invasion, metastasis, and also leads to
cancer stem cell self-renewal traits, induction
of EMT [9]. In a previous study, it was reported
that STAT3 induces EMT in cancer cells through
JAK/STAT3/Twist-1 signal pathway in breast
cancer [10]. Silencing of the STAT3 signalling
pathway also suppresses EMT progression via
the down-regulation of Snail expression in
breast cancer [11]. In addition, IL-6/STAT3
mediated repression of MIR34A promotes EMT,
invasiveness, and metastasis in colorectal can-
cer [12]. In this study, we confirmed that the
expression of SIX4 was significantly increased
in breast cancer tissues, and the high expres-
sion of SIX4 correlated strongly with distant
metastasis and poor prognosis. In vitro, we
found that SIX4 obviously promoted the cell
migration and invasion of breast cancer cells,
and up-regulated the expression of EMT mes-
enchymal marker, down-regulated the epitheli-
al molecules. In vivo, we also found that SIX4
knockdown obviously suppressed breast can-
cer lung metastasis. Mechanistically, SIX4 di-
rectly interacted with STAT3 and promoted the
phosphorylated STAT3 nuclear translocation,
thereby inducing EMT program activation. Co-
llectively, our findings demonstrated that SIX4
may be a promising target for intervention to
prevent cancer metastasis.

Materials and methods
Cell culture and reagents

MDA-MB-231, MDA-MB-468, ZR-75-1, BT-549,
MCF-7, MCF-10A and HEK293T cells were
obtained from Shanghai GENECHEM, Co., Ltd.
The MDA-MB-231, MDA-MB-468 cells were cul-
tured in L-15 medium (HyClone, GE Healthcare).
ZR-75-1, BT-549 were cultured in RPMI-1640
(HyClone, GE Healthcare). The MCF-7 and HEK-
293T cells were cultured in DMEM (HyClone,
GE Healthcare). MCF-10A cells were cultured in
MEBM basal medium (Lonza, MD, USA) supple-
mented with the MEGM SingleQuots Kit (#CC-
4136, Lonza). Add 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc) and 1%
penicillin/streptomycin (KeyGEN; KeyGEN Bio
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TECH Corp., Ltd) to L15, RPMI-1640 and DMEM
culture medium. According to the ATCC instruc-
tions, MDA-MB-23 and MDA-MB-468 cells were
cultured at 37°C in 100% air incubator, while
other cells were cultured at 37°C in 5% CO,
incubator. STAT3 inhibitor AG-490 and AKT
inhibitor AZD5363 were obtained from Med-
ChemExpress (MCE, NJ, USA). Mouse anti-SIX4
(sc-81984), p-JAK2 (sc-21870), HA (sc-7392),
Flag (sc-166355), GAPDH (sc-137179) were
purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies for JAK2
(#3230), Histone 3 (#4499), HA-Tag (#3724),
STAT3 (#12640), phosho-STAT3 (Tyr705) (#91-
45), E-cadherin (#14472), N-cadherin (#13116),
Vimentin (#5741), Snail (#3879), Slug (#9585),
Zebl (#3396), Twist (#46702) were obtained
from Cell Signaling Technology (Danvers, MA,
USA).

Construction of lentiviral-infected cell lines

The three SIX4-shRNAs and the control RNA
packed lentivirus were purchased from GEN-
ECHEM (Shanghai, China). The lentivirus was
used to infect MDA-MB-231 and MDA-MB-468.
Briefly, approximately 5 x 10* cells were seed-
ed on six-well plates in L15 medium and incu-
bated 24 h. Lentivirus (volume = multiplicity of
infection x cells number/lentivirus titer) mixed
with 5 pg/ml polybrene was added to cells. At
12 h following infection, the culture medium
was replaced with fresh L15 medium. The
medium was replaced with fresh medium with
2 pyg/ml puromycin (Sangon Biotech Co., Ltd.,
Shanghai, China) after 3 days of infection. Next
this  medium containing puromycin was
replaced every two days until the control cells
were completely dead. We used MD2-G, PAX,
pLKO-SIX4 three-pack system for high-expres-
sion virus packaging, the packaged lentivirus
immediately infected MCF-7 and MDA-MB-231
cells. The effect of knockdown and overexpres-
sion of SIX4 were confirmed by Western blot.

Wound healing and transwell assays

Briefly, for wound healing assay, approximately
1 x 10 MDA-MB-231, MCF-7 cells were uni-
formly seeded on six-well plates. When the cell
density reached approximately 100%, scratch-
wound assay was carried out using a 10-pl
pipette tip. The medium was replaced by L15 or
DMEM without serum, including 1 yM 5-fluo-
uracil (Sigma) to block cell proliferation after
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scratch wounding. Record the scratches after O
and 24 h with a microscope.

For transwell migration assays, approximately
10% cells were seeded on the upper chamber
membranes of 24-well plates. Then, 650 pl of
L15 or DMEM culture medium supplemented
with 10% FBS was added to the lower chamber.
24 h later, the membrane was fixed with 4%
paraformaldehyde, sequentially stained with
0.1% crystal violet. The inside of the membrane
was gently wiped with cotton swab, At last,
quantify the number of cells with a microsco-

pe.
Quantitative real-time PCR (qRT-PCR)

Total RNAs were prepared using TRIzol Reagent
(Invitrogen) according to the manufacturer’s
instructions. Reverse transcription was per-
formed using an RT-PCR kit (TaKaRa). PCR and
data collection were performed using the ABI
7300 Fast real-time PCR system (Applied
Biosystems). The gene expression fold-change
was calculated using the 22T method com-
pared with GAPDH. The qPCR primer sequenc-
es of SIX4, Snail, Slug, Twist, Zebl, E-cadherin,
N-cadherin, Vimentin and GAPDH were as fol-
lows: SIX4 (forward primer: 5-AGCAGCTCTG-
GTACAAGGC-3’, reverse primer: 5-CTTGAAA-
CAATACACCGTCTCCT-3’); Snail (forward prim-
er: 5-ACTGCAACAAGGAATACCTCAG-3’, rever-
se primer: 5-GCACTGGTACTTCTTGACATCTG-3’);
Slug (forward primer: 5-CGAACTGGACACACA-
TACAGTG-3’, reverse primer: 5’-CTGAGGATCTCT-
GGTTGTGGT-3’); Twist (forward primer: 5’-GTC-
CGCAGTCTTACGAGGAG-3’, reverse primer: 5-
GCTTGAGGGTCTGAATCTTGCT-3’); Zebl (forwa-
rd primer: 5-GATGATGAATGCGAGTCAGATGC-3/,
reverse primer: 5-ACAGCAGTGTCTTGTTGTTGT-
3’); E-cadherin (forward primer: 5-CGAGAGC-
TACACGTTCACGG-3', reverse primer: 5-GGGT-
GTCGAGGGAAAAATAGG-3’); N-cadherin (forwa-
rd primer: 5-TCAGGCGTCTGTAGAGGCTT-3’, re-
verse primer: 5-ATGCACATCCTTCGATAAGACTG-
3’); Vimentin (forward primer: 5-TGCCGTTG-
AAGCTGCTAACTA-3’, reverse primer: 5-CCAG-
AGGGAGTGAATCCAGATTA-3’); GAPDH (forward
primer: 5-GGAGCGAGATCCCTCCAAAAT-3’, re-
verse primer: 5’-GGCTGTTGTCATACTTCTCATGG-
3.

Immunofluorescence (IF)

The right number of cells was seeded on 12
mm coverslips cultured in 24-well plates. 24 h
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later, the coverslips were fixed with 4% parafor-
maldehyde and washed with PBS three times.
Next, the cells permeabilized with 0.1% Triton
X-100/PBS. Blocked with 1% bovine serum
albumin for 2 h. Subsequently, the cells were
incubated with the primary antibodies over-
night at 4°C. Next day, the cells were washed
with PBS and incubated with the fluorescently
labelled secondary antibody for 2 h at room
temperature in the dark. Nuclei was strained by
DAPI for 10 min, Samples were imaged using
confocal microscopy.

Western blot

Total protein was extracted with NP40 lysates
with the addition pf protein phosphatase inhibi-
tors. Extraction of cytoplasmic proteins and
nuclear proteins using the cytosolic nucleus
isolation kit (BioVision). Protein samples were
separated on 10% SDS-PAGE and then trans-
ferred to 0.45 um PVDF membranes (Bio-Rad).
After blocking in 5% non-fat milk for 1 h at room
temperature, the membranes were incubated
with primary antibodies overnight at 4°C. After
washing three times, the membranes were
incubated with secondary antibodies (Thermo
Fisher Scientific) for 2 h at room temperature.
Finally, the membranes were washed three
times and were detected with ECL regents
(Thermo Fisher Scientific).

Immunoprecipitation assay

For immunoprecipitation assays, the cells were
harvested and lysed in NP40 for 30 min at 4°C.
After centrifugal, the supernatants were pre-
cleared with 10 pl of protein A/G agarose beads
for 2 h. The primary antibody was separately
added to the supernatants, and EP tube was
placed on the suspension and shaken over-
night at 4°C. Next day, the supernatants mixed
with 60 pl of protein A/G agarose beads for 4 h
at 4°C. After the agarose beads were boiled
with 1 x loading buffer, the protein samples
were prepared for the western blot.

Tissue samples and ethical approval

Tissues samples used here were obtained from
First Affiliated Hospital, School of Medicine,
Shihezi University. All patients have been clini-
cally and histopathologically diagnosed at First
Affiliated Hospital. Written informed consent
was obtained from individual prior to this exper-
iment and approved by the research medical
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ethics committee of First Affiliated Hospital,
School of Medicine, Shihezi University (approv-
al number: 2017-099-01).

Immunohistochemistry (IHC)

For IHC, formalin-fixed paraffin-embedded tis-
sues were cut into 4-mm sections. The sides
were stained with antibody against SIX4, p-
STAT3. Protein SIX4 staining was mainly stained
in the cytoplasm and partially stained in the
nucleus. Protein p-STAT3 staining was stained
in the nucleus. Two experienced pathologists
examined immunostaining results. The expres-
sion level was calculated by multiplying an
intensity score and a proportion score, and was
categorized as low expression (score 0-3), high
expression (score more than 4). The proportion
score revealed the fraction of positive-stained
cells (0: <10%; 1: 10% to <30%; 2: 31% to
<70%; 4: >70%), the staining intensity score (O:
no staining, 1: weak, 2: intermediate, 3: strong).

Animal experiment

We examined the ability of SIX4 on metastasis
by using lung metastasis model. This experi-
ment was maintained according to guidelines
approved by Institutional Animal Care and Use
Committee, Huazhong University of Science
and Technology (Hubei China; IACUC ID:
2018S2183). We used 4 weeks old female
BABL/C NOD mice for follow-up experiment.
MDA-MB-231 Sh-NC, Sh-SIX4 cells were har-
vested and suspended in serum-free medium,
injected tail vein 10° of cancer cells for experi-
mental lung metastases. After eight weeks,
mice were sacrificed and wet lungs were disso-
ciated to weigh and analysis. Then fixed with
formaldehyde and sent to HE and IHC staining.

Statistical analysis

All data were analyzed using SPSS20.0 soft-
ware. The expression of SIX4 and clinicopatho-
logical features was compared using the Chi-
square test. A Kaplan-Meier analysis was used
to obtain the survival curves, and differences
were assessed with the Cox regression analy-
sis. The differences between groups in cell
experiments were tested by Student’s t-test.
The differences were considered statistically
significant at P<0.05.
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Results

SIX4 is overexpressed in breast cancer and
associated with metastasis and poor prognosis

To detect the potential role of SIX4 in breast
cancer development, we examined the expres-
sion of SIX4 in normal tissues and breast can-
cer samples with the Oncomine database. As
shown in Figure 1A, the expression of SIX4
was significant overexpressed in breast cancer
samples compared with normal tissues. To con-
firm this finding, we further analysed the expres-
sion of SIX4 in our clinical breast cancer sam-
ples by IHC staining, we found that the expres-
sion of SIX4 was higher in the lung metastases
than in the primary tumor, and the primary
tumor was significantly higher than normal tis-
sue (Figure 1B, 1C). Further chi-square test
showed that the expression of SIX4 was posi-
tive correlated with lymph node metastasis,
TNM stage, histological differentiation, HER-2-/
ER-/PR- in patients with breast cancer (Table
1). The data in Next, the multivariate analysis
by Cox regression showed that SIX4 expres-
sion, N stage, HER-2-/ER-/PR-(TNBC) were the
independent prognostic factor (Figure 1D). In
addition, Kaplan-Meier analysis presented that
in tumor tissues, the high expression of SIX4
was associated with a lower overall survival
rate and disease free survival rate (Figure 1E,
1F). In collection, all these finding suggest that
SIX4 may play an important role in the progres-
sion and metastasis of breast cancer.

SIX4 expression significantly impacts breast
cancer cells migration and invasion in vitro

Previous results demonstrate that SIX4 was
involved in the progression and metastasis of
breast cancer. We designed in vitro experiment
to validate this result.

We first detected the expression of SIX4 in nor-
mal breast cell lines and breast cancer cell
lines. SIX4 showed high expression in MDA-
MB-231, MDA-MB-468 and BT549 cells and
low expression in the normal cell line MCF-10A
and other breast cancer cell lines (Figure 2A).
We used lentivirus technology to silence SIX4
expression in MDA-MB-231, MDA-MB-468 and
improve its expression in MCF-7, MDA-MB-231
cells. As shown in Figure 2B and 2C, the expres-
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Figure 1. SIX4 is overexpressed in breast cancer and associated with metastasis and poor prognosis. A. Analysis of
SIX4 levels in breast cancer tissues compared to those in normal samples using Oncomine databases. B. Analysis of
SIX4 protein levels in the normal tissue, primary tumor, and lung metastases tissues. Scale bar, 100 um. C. Quanti-
fication of the protein levels of SIX4 in normal tissue, primary tumor, and lung metastases tissue. D. Cox regression
analysis to evaluate the significance of the association between SIX4 expression and breast cancer patients prog-
nosis in the presence of clinical variables. E, F. Kaplan-Meier analysis of OS (overall survival) rate and DFS (disease
free survival) rate related to the expression of SIX4 in 225 breast cancer patients. ***P<0.001. *P<0.05.

sion of SIX4 were analysed by western blot
analysis. To test the effect of SIX4 on wound
healing, migration, and invasion of breast can-
cer cells, we used MDA-MB-231, MAD-MB-468
cells silenced with Sh-NC or SIX4 Sh-RNA and
MCF-7, MDA-MB-231 cells overexpressed with
Vector or SIX4 in subsequent experiments.
Wound healing assays showed that the healing
capability of MDA-MB-231 and MDA-MB-468
Sh-SIX4 cells were significantly weakened com-
pared with Sh-NC cells (Figure 2D, 2E). Trans-
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well migration and Matrigel invasion assays
demonstrated that SIX4 knockdown obviously
reduced the migratory ability of MDA-MB-231
and MDA-MB-468 cells compared with nega-
tive control cells (Figure 2F, 2G). On the con-
trary, we found that overexpression of SIX4 in
MCF-7 and MDA-MB-231 cells enhanced the
migration and invasion ability (Figure 2H-K).
These results suggest that SIX4 expression sig-
nificantly impacts cell migration and invasion in
vitro.
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Table 1. The correlations between the SIX4
expression levels and the clinicopathological
features of patients with breast cancer

Clinicopathological features Cases —4 P-value
low high
Age (years)
<45 96 34 62 0.745
>45 129 43 86
Tumor size (cm)
<2 94 38 56 0.097
>2 131 39 92
Differentiation
Well 18 11 7 0.001
Moderate 160 61 99
Poor 47 5 42
Lymph node metastasis
No 120 63 57 0.001
Yes 105 14 91
TNM stage
| 64 35 29 0.001
Il 105 31 74
I 56 11 45
TNBC
No 180 71 109 0.031
Yes 45 10 35

SIX4 regulates invasion-metastasis cascade
through EMT program

It has been generally believed that EMT pro-
gram may promote breast cancer metastasis.
We speculated that the acquisition of metastat-
ic potential by SIX4 might depend on induction
of EMT process. To test this hypothesis, we first
detected whether SIX4 affect EMT-related tran-
scription (EMT-TFs) and markers in breast can-
cer. The results showed that only Snail was
significantly decreased in MDA-MB-231 ShSIX4
cells compared to Sh-NC cells, while other test-
ed TFs was not changed.

Correspondingly, E-cadherin increased, while
N-cadherin and Vimentin decreased both in
mRNA and protein level in MDA-MB-231
Sh-SIX4 cells (Figure 3A, 3B). In contrast, over-
expression of SIX4 increased the expression of
transcription factor Snail, which in turn de-
creased E-cadherin, while elevated N-cad-
herin and Vimentin in MCF-7 cells (Figure 3C,
3D). In addition, similar results were obtained
by immunofluorescence (IF) assay (Figure 3E,
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3F). Taken together, those data indicate that
overexpression of SIX4 gain the mesenchymal
characteristics and lose epithelial properties.

SIX4 promotes the activation of the STAT3 sig-
nalling pathway in breast cancer

Previous reports have shown the important role
of the STAT3 signalling pathway in cancer EMT.
For example, STAT3 is involved in mediating the
EMT program and is also inextricably linked to
EMT transcription factors. Moreover, STAT3
crosstalk with other signalling pathways lead-
ing to EMT [13]. We hypothesized that SIX4
regulates EMT by the STAT3 signalling pathway,
to confirm this opinion, we detected the total
and phosphorylation protein levels of JAK2,
STAT3 in breast cancer cell lines. The western
blot results showed that SIX4 could notably
increase the phosphorylation of STAT3, but the
expression of total JAK2, STAT3 and phospho-
rylation JAK2 were not changed in breast can-
cer cell lines (Figure 4A, 4B). It well known that
phosphorylated STAT3 acts as a transcription
factor by translocating to the nucleus to acti-
vate downstream target genes, including EMT
related genes. We examined whether SIX4
affect the STAT3 nuclear translocation. As
shown in Figure 4C and 4D, knockdown of SIX4
strongly decreased the level of STAT3 in the
nucleus, while overexpression of SIX4 enhanced
the level of STAT3 in the nucleus. To elucidate
the potential role of SIX4 in STAT3 activation,
we examined whether SIX4 induces STAT3
through SIX4-STAT3 complex formation. Flag-
SIX4 and HA-STAT3 plasmids were co-transfect-
ed into HEK293T cells and detected by exoge-
nous co-immunoprecipitation test, the western
blot assay showed that Flag-SIX4 and HA-STAT3
bind to each other (Figures 4E, S1A). In agree-
ment with this finding, immunoprecipitation
assay (Figure 4F) and immunofluorescence
assay (Figure 4G) showed that the endogenous
SIX4 could bind to endogenous STAT3 in MDA-
MB-231 cells. Furthermore, we demonstrated
that knockdown of SIX4 weaken the combina-
tion of JAK2 and STAT3 by co-immunoprecipita-
tion assay, whereas, the total level of JAK2 pro-
tein was not affected in MDA-MB-231 Sh-SIX4
cells compared with Sh-NC cells (Figure 4H). To
further validate this, we found that knockdown
of SIX4 didn’t affect the combination of STAT3
and EGFR or SRC by co-immunoprecipitation
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Figure 2. SIX4 expression significantly impacts breast cancer cells migration and invasion in vitro. A. The whole-cell
extracts from five breast cancer cell lines and a normal breast cell line, they well then collected and subjected to
IB analysis. B. MDA-MB-231 and MDA-MB-468 cells were silenced with control (Sh-NC) or SIX4 Sh-RNA (no. 1 and
2), and whole-cell extracts were collected for IB analysis. C. MCF-7 and MDA-MB-231 cells were overexpressed with
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cells and MDA-MB-468 cells silenced with control (Sh-NC) or SIX4 Sh-RNA (no. 1 and 2). F, G. Migration and invasion
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assays in MDA-MB-231 cells and MDA-MB-468 cells silenced with control (Sh-NC) or SIX4 Sh-RNA (no. 1 and 2). H, I.
Wound healing assays in MCF-7 cells and MDA-MB-231 cells overexpressed with Vector or SIX4. J, K. Migration and
invasion assays in MCF-7 cells and MDA-MB-231 cells overexpressed with Vector or SIX4. Each bar represents the
mean + SD of three independent experiments. Scale bar, 100 ym. ***P<0.001, **P<0.01.
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Figure 3. SIX4 regulates invasion-metastasis cascade through EMT program. A. The mRNA expression of EMT-TFs
and EMT markers were determined in MDA-MB-231 cells silenced with control (Sh-NC) or SIX4 Sh-RNA (no. 1 and 2).
B. MDA-MB-231 cells were silenced with control (Sh-NC) or SIX4 Sh-RNA (no. 1 and 2), and whole-cell extracts were
collected for IB analysis. C. The mRNA expression of EMT-TFs and EMT markers were determined in MCF-7 cells
overexpressed with Vector or SIX4. D. MCF-7 cells were overexpressed with Vector or SIX4, and whole-cell extracts
were collected for IB analysis. E. Immunofluorescence staining of E-cadherin and Vimentin in paired MDA-MB-231/
Sh-NC, MDA-MB-231/Sh-SIX4 cells. F. Immunofluorescence staining of E-cadherin and Vimentin in paired MCF-7/
Vector and MCF-7/SIX4 cells. Nuclei were visualized with DAPI staining (blue). Each bar represents the mean + SD
of three independent experiments. Scale bar, 50 pm. ***P<0.001, **P<0.01, *P<0.05.
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Figure 4. SIX4 promotes the activation of the STAT3 signalling pathway in breast cancer. A. MDA-MB-231 cells were
silenced with control (Sh-NC) or SIX4 Sh-RNA (no. 1 and 2), and whole-cell extracts were collected for IB analysis of
the indicated proteins. B. MCF-7 cells were overexpressed with Vector or SIX4, and whole-cell extracts were collected
for IB analysis of the indicated proteins. C, D. IB analysis showed nuclear localization of total STAT3 in those indicat-
ed cells. E. HEK293T cells were co-transfected with Flag-SIX4 and HA-STAT3 plasmids, and whole-cell extracts were
collected for IP with Flag or HA antibody, followed by IB analysis. F. MDA-MB-231 cells were lysed, then whole-cell
extracts were collected for IP with SIX4 or STAT3 antibody, followed by IB analysis. G. Imnmunofluorescence staining
showing co-localization of SIX4 (red) and STAT3 (green) in MDA-MB-231 cells. Scale bar: 10 ym. H. MDA-MB-231
cells were silenced with control (Sh-NC) or SIX4 Sh-RNA#1, whole-cell extracts were collected for IP with STAT3 or
1gG antibody, followed by IB analysis of the indicated proteins.

tein levels of EMT marker (Figure 5C, 5D). To

assay (Figure S1B). These data indicate that
further confirm these results, we used siSTAT3

SIX4 may enhance phosphorylated STAT3 via

interfering with the interaction between JAK2
and STAT3 thereby inhibit the EMT program of
breast cancer.

The effect of SIX4 on EMT depends on the
STAT3 signalling pathway in breast cancer

To further investigate the role of STAT3 in SIX4-
induced EMT process, we used STAT3 siRNA
and inhibitor to perform the reverse experi-
ment. Interestingly, we found that siSTAT3 al-
most completely reversed the increase in Snail
MRNA and protein levels mediated by SIX4
overexpression (Figure 5A, 5B). Furthermore,
we obtained the same result in mMRNA and pro-
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to perform migration and invasion reversal
experiments. We found that siSTAT3 could sup-
press the regulatory effects of SIX4 both in
migration and invasion (Figure 5E, 5F). Corre-
spondingly, when STAT3 pathway was blocked
by inhibitor AG-490, the SIX4 overexpressing
failed to facilitate MCF-7 cells migration and
invasion (Figure 5G). However, it had been
reported that PI3K/Akt was regulated by SIX4
in colorectal cancer [3]. In this study, we dem-
onstrated that when AKT pathway was blocked
by inhibitor AZD5363, the SIX4 overexpressing
could still facilitate migration and invasion in
MCF-7 cells (Figure S1C, S1D). Collectively,
these data suggest that SIX4 promotes EMT
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Figure 5. The effect of SIX4 on EMT depends on the STAT3 signalling pathway in breast cancer. A. MCF-7 cells
were overexpressed with Vector, SIX4 or SIX4 plus siSTAT3, mRNA extracts were collected for gRT-PCR analysis of
indicated markers. B. MCF-7 cells were overexpressed with Vector, SIX4 or SIX4 plus siSTAT3, whole-cell extracts
were collected for IB analysis of the indicated proteins. C. MCF-7 cells were overexpressed with Vector, SIX4 or SIX4
plus siSTAT3, mRNA extracts were collected for gRT-PCR analysis of indicated markers. D. MCF-7 cells were over-
expressed with Vector, SIX4 or SIX4 plus siSTAT3, whole-cell extracts were collected for IB analysis of the indicated
proteins. E, F. Migration and invasion assays in MCF-7 cells overexpressed with Vector, SIX4 or SIX4 plus siSTAT3. G,
H. Migration and invasion assays in MCF-7 cells overexpressed with Vector, SIX4 or SIX4 plus STAT3 inhibitor. Each
bar represents the mean + SD of three independent experiments. Scale bar, 100 um. ***P<0.001, **P<0.01.

depends on the STAT3 signalling pathway in mice (Figure 6A, 6B). We also checked the wet
breast cancer. lung weight between two groups, data indicat-
ed that the wet lung weight of Sh-SIX4 groups
was lighter than that of Sh-NC groups (Figure
6C). Moreover, mice lungs embedded in and
sectioned for H&E staining, the result showed

Knockdown of SIX4 suppresses breast cancer
metastasis in vivo

In an effort to investigate the effect of SIX4

on metastasis in vivo, MDA-MB-231 Sh-NC, that Sh-SIX4 significantly suppressed the
Sh-SIX4 cells were respectively injected into migration nodules (Figure 6D). We also tested
caudal veins of female nude mice. At eight the association between SIX4 and p-STAT3 pro-
weeks after injection, all mice were sacrificed tein expression in lung metastatic nodules by
and the lungs were harvested. We found that IHC staining, the data showed that expression
the lungs of the Sh-SIX4 mice displayed less of p-STAT3 was weakened with knockdown of
macroscopically visible metastases than Sh-NC SIX4 in vivo (Figure 6E). Taken together, our

233 Am J Cancer Res 2020;10(1):224-236



SIX4 promotes metastasis in breast cancer

A B
w
8
=
T
(=]
c
@
7]
3
3
£
=]
e
=
- |

D sh-NC Sh-SIX4#1 Sh-SiX4#2

SiX4

p-STAT3

C
— 2.0
———
5
- 15 .
° 5 ol®
3 1.0
z
& A o | : A
N P S o0s L4 E
-y Sl s
. - 0.0 . g .
c A 2 NG A 2
Sh'“s“ oo . oka¥ o “5“,5\*"*5“5\*“
E Sh-NC Sh-SIX4#1

Sh-SIX4#2

Figure 6. Knockdown of SIX4 suppresses breast cancer metastasis in vivo. (A) Nude mice were randomly separated
three groups intravenously tail-vein injected with MDA-MB-231 cells expressing Sh-NC, Sh-SIX4#1 and Sh-SIX4#2.
Representative images of lung showing metastatic foci generated from MDA-MB-231 cells and (B) quantitative
analysis of the average number of metastatic foci and (C) the wet weight of lung in three groups. ***P<0.001. (D)
Representative HE and (E) Representative IHC pictures of SIX4 and p-STAT3 expression in MDA-MB-231 cells lung
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study reveals that SIX4 plays a potential role in
breast cancer metastasis.

Discussion

There is increasing evidence supporting an
important role of SIX family in male gonadal dif-
ferentiation, myogenesis, neurogenesis, devel-
opment of organs and tumor [14-17]. As a
member of the SIX family, SIX4 is rarely seen in
research reports on tumors. Wei Q et al. [18]
demonstrated SIX1 and SIX4 are highly ex-
pressed in esophageal squamous cell carcino-
ma. LI G et al. [3] found that SIX4 was up-regu-
lated in GEO cohorts and Cancer Genome Atlas
CRC cohort. X.Y. Na et al. [5] reported that MiR-
203a plays a role in tumor suppression by tar-
geting down-regulation of SIX4 in bladder can-
cer. However, the mechanism by which SIX4
contributes to above carcinoma is unclear. In
addition, a role for SIX4 in other cancers has
not been examined. In this study, we demon-
strated that SIX4 was higher in the lung metas-
tases than the primary tumor. SIX4 expression
was positive correlated with lymph node metas-
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tasis, TNM stage, histological differentiation,
HER-2-/ER-/PR- in patients with breast cancer
patients. Breast cancer is the most common
cancer in women and ranks second among
female cancer deaths. The occurrence of dis-
tant metastasis is the leading cause of death in
breast cancer patients. Triple-negative breast
cancer (TNBC) accounts for about 10-20% of all
breast cancers. It is characterized by highly
invasive, early recurrence and distant metasta-
sis, and poor overall survival [19]. In present
study, we demonstrate that the expression of
SIX4 in TNBC was higher, and it was the inde-
pendent prognostic factor and associated with
poor survival. The above data suggested that
SIX4 may play an important role in breast can-
cer metastasis. Subsequently, we designed
some experiments in vitro and in vivo to explore.

To date, the EMT process has been an impor-
tant cause of distant metastases for epithelial
cancers, including breast cancer [20]. The EMT
is triggered by so-called EMT-TFs such as Zebl,
Twist, Snail, Slug and so on. In our study, we
found that SIX4 impacted snail mRNA and pro-
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tein expression, while that of the other tested
EMT-TFs was not changed. SIX4 further affect-
ed the EMT markers by affecting transcription
factors. Therefore, our observations suggest
that SIX4 impacted breast cancer cells migra-
tion and invasion, and plays an important role
in the promotion of EMT.

EMT is closely related to STAT3 signalling path-
ways [21]. In the current study, we demonstrat-
ed knockdown of SIX4 notably decreased the
phosphorylation of STAT3 translocated to nu-
clear, which in turn suppressed the EMT pro-
cess. In contrast, the overexpressing of SIX4
significantly promoted the EMT process. For
further study, we explored that SIX4 impacted
the combination of JAK2 and STAT3, which in
turn affected STAT3 signalling pathway. More-
over, EMT up-regulation by SIX4 overexpression
can also be reversed by siSTAT3 or STAT3 inhib-
itor. These results explained the possible
mechanism by which SIX4 affects STAT3 and
thus induced EMT, leading to distant metasta-
sis. In addition, in vivo experiment, our result
indicated a marked reduction in metastases in
MDA-MB-231 Sh-SIX4 compared with Sh-NC
mice, and that STAT3 phosphorylation was pos-
itively associated with the expression of SIX4.

In summary, we identified a new molecular and
functional network present in breast cancer
metastasis that regulates and coordinates
SIX4. The result suggested that SIX4 seems to
represent a novel potential target for breast
cancer therapeutics.
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Figure S1. A. HEK293T cells were transfected with HA-STAT3 or Flag-SIX4 separately and whole-cell extracts were
collected for IP with HA antibody or Flag, followed by IB analysis. B. MDA-MB-231 cells were silenced with Sh-NC
or Sh-SIX4#1, and whole-cell extracts were collected for IP with STAT3 antibody, followed by IB analysis. C. The
migration ability of MCF-7/Vector cells, MCF-7/SIX4 cells or MCF-7/SIX4 cells treated with AKT inhibitor, detected
by Transwell migration assay. D. The migration ability of MCF-7/Vector cells, MCF-7/SIX4 cells or MCF-7/SIX4 cells
treated with AKT inhibitor, detected by Wound healing assay.



