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Abstract 

The homeodomain transcription factor SIX3 was recently reported to be a negative regulator of the Wnt 
pathway and has an emerging role in cancer. However, how SIX3 contributes to tumorigenesis and 
metastasis is poorly understood. 
Methods: We employed affinity purification and mass spectrometry (MS) to identify the proteins 
physically associated with SIX3. Genome-wide analysis of the SIX3/LSD1/NuRD(MTA3) complex using a 
chromatin immunoprecipitation-on-chip approach identified a cohort of target genes including WNT1 and 
FOXC2, which are critically involved in cell proliferation and epithelial-to-mesenchymal transition. Also, 
we used flow cytometry, growth curve analysis, EdU incorporation assay, colony formation assays, 
trans-well invasion assays, immunohistochemical staining and in vivo bioluminescence assay to investigate 
the function of SIX3 in tumorigenesis. 
Results: We demonstrate that the SIX3/LSD1/NuRD(MTA3) complex inhibits carcinogenesis in breast 
cancer cells and suppresses metastasis in breast cancer. SIX3 expression is downregulated in various 
human cancers and high SIX3 is correlated with improved prognosis. 
Conclusion: Our study revealed an important mechanistic link between the loss of function of SIX3 and 
tumor progression, identified a molecular basis for the opposing actions of MTA1 and MTA3, and may 
provide new potential prognostic indicators and targets for cancer therapy. 
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Introduction 
Sine oculis homeobox (SIX) proteins are 

transcription factors characterized by harboring two 
evolutionarily conserved domains, the homeobox 
nucleic acid recognition domain (homeodomain) and 
the SIX domain. DNA binding occurs through the 

homeodomain [1], while the SIX domain mostly 
accounts for protein-protein interactions [2]. SIX 
homeobox 1 (SIX1), SIX2, SIX4, and SIX5 share a 
remarkable similarity to a common binding sequence 
(TCAGGTTC) in mammals [2]; however, the site 
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recognized by SIX3 contains the traditional ATTA 
homeobox binding sequence [3], which indicates SIX3 
has a different spectrum of target genes than those of 
the other members of the family. The role of SIX3 has 
long been discussed in vertebrate development with a 
particular focus on neuronal development. During 
brain development, Six3 participates in telencephalon 
development by cooperating with Hedgehog 
signaling to regulate Foxg1a and repress the 
Wnt/catenin pathway [4]. Six3 also directly activates 
Sonic hedgehog expression, and its mutation results 
in holoprosencephaly, the most common forebrain 
malformation [5]. In addition, under regulation of 
Sox2, Six3 may have a role in forebrain patterning [6]. 
Outside of brain development, Six3 also functions 
with other transcription factors in eye formation [7]. It 
is of interest that transcriptional repression of SIX3 by 
MTA1 regulates rhodopsin during eye formation [8]. 
In mammary glands, SIX3 is also repressed by MTA1, 
which results in stimulation of Wnt1 [9]. Six family 
members have a distinctive role in the tumorigenesis; 
the most studied member, SIX1, functions as an 
oncogene in cancers of the breast, liver, and many 
other organs, whereas SIX3 is less experimentally 
investigated. Recent publications have indicated, 
however, that SIX3 might be a tumor suppressor or 
oncogene depending on the cell context. A 
comprehensive meta-analysis of SIX family members 
in breast cancer supported that SIX3 was a protective 
factor for overall survival (OS) and relapse-free 
survival (RFS) in basal-like breast cancer patients [10]. 
However, an oncogenic effect of SIX3 was indicated in 
lung cancer [11]. Although the role of SIX3 in 
tumorigenesis is unclear, hypermethylated SIX3 has 
been identified in several types of cancer [12-14]. How 
the loss of expression/loss-of-function of SIX3 
contributes to carcinogenesis and metastasis remains 
poorly understood.  

The nucleosome remodeling and deacetylation 
(NuRD) complex, which has chromatin-remodeling 
and histone deacetylase activity [15], is involved in 
various cellular functions, such as carcinogenesis, 
genomic stabilization, and senility [16]. Of the 
components of the NuRD complex, the 
metastasis-associated (MTA) family of proteins may 
be the most delicate functional modulator of the 
complex, as each member of the family can assemble a 
functionally independent complex [17-19]. Although 
all three members of this family, MTA1, MTA2, and 
MTA3, have been implicated in cancer progression 
and metastasis [17, 18, 20-22], MTA1 and MTA3 
exhibit nearly opposite patterns of expression in 
breast cancer. MTA3 inhibits the 
epithelial-to-mesenchymal transition (EMT) and 
breast cancer metastasis [23], and its expression is 

progressively lost during breast cancer progression, 
whereas MTA1 promotes breast tumor progression 
and its expression progressively increases during the 
process [24]. Furthermore, MTA3 expression is 
dependent on estrogen action and MTA3 is 
preferentially expressed in estrogen receptor α 
(ERα)-positive cells [25], whereas MTA1 directly 
interacts with ERα and represses its transactivation 
activity in a histone deacetylase (HDAC)-sensitive 
manner [26]. In addition, MTA3 transcriptionally 
represses a series of EMT-promoting genes such as 
Snail, ZEB2, and N-cadherin [23, 27], thereby 
regulating an invasive pathway in breast cancer. 
However, the molecular mechanism that underlies the 
opposing effects of MTA1 and MTA3 in breast cancer 
development is still not understood.  

Lysine-specific demethylase 1 (LSD1) is a 
well-characterized histone-modifying enzyme that 
demethylates di-methylated and mono-methylated 
histone H3 lysine 4 (H3K4) through a flavin adenine 
dinucleotide (FAD)-dependent oxidative reaction [28, 
29]. LSD1 affects the growth and differentiation of 
human and mouse embryonic stem (ES) cells, and its 
deletion in mice leads to embryonic lethality [30, 31]. 
LSD1 has an important role in mediating the 
expression of genes involved in cancer as well as 
non-cancer diseases such as viral infections and 
neurodegenerative disorders [32]. LSD1 has been 
identified in a number of corepressor complexes 
including CoREST [33, 34], CtBP [35], and the NuRD 
complex [36]. Transcriptional target analysis revealed 
that the LSD1/NuRD(MTA3) complex regulates 
several cellular signaling pathways including the 
TGFβ signaling pathway, which is critically involved 
in cell proliferation, survival, and EMT. However, the 
exact transcriptional factors that recruit the 
LSD1/NuRD(MTA3) complex is unknown. 

In this study, we investigated how SIX3 
contributes to the maintenance of the epithelial state 
and how it inhibits carcinogenesis and metastasis 
through epigenetic programming. We found that SIX3 
represses a cohort of genes including WNT1 and 
FOXC2 that are critically involved in cell proliferation 
and invasion through specific recruitment of the 
LSD1/NuRD(MTA3) complex via its direct 
interaction with LSD1 and MTA3. We revealed that 
SIX3 inhibits cell proliferation, EMT, and metastasis in 
vitro and in vivo. SIX3 is markedly downregulated in 
human carcinomas, and a higher expression level of 
SIX3 is associated with better prognosis. Our data 
identified that SIX3 is a transcriptional factor that 
selectively recruits the LSD1/NuRD(MTA3) complex 
for inhibition of tumorigenesis and metastasis, 
supporting the pursuit of SIX3 as a novel target for 
cancer therapy. 
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Materials and Methods 
Antibodies and Reagents 

The antibodies used were: anti-SIX3, 
anti-H3K4me1, anti-H3K4me2, anti-JAG1, anti-GLI1, 
anti-ZEB2, anti-ANGPTL4 (Abcam, Hong Kong, 
China), anti-NCOA3 (BD Biosciences, USA), 
anti-MTA3, anti-MBD2/3, anti-H3pan-ac (Millipore, 
Billerica, MD, USA), anti-LSD1, anti-HDAC1, 
anti-HDAC2, anti-RbAp46/48 (Sigma-Aldrich, St 
Louis, MO, USA), anti-MTA1, anti-MTA2, and 
anti-WNT1 (Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA). Human recombinant Wnt1 was purchased 
from Sigma-Aldrich. Protein A/G Sepharose CL-4B 
beads were from Amersham Biosciences 
(Indianapolis, IN, USA) and shRNAs were from 
GenePharma Co., Ltd (Shanghai, China). 

Cell Culture and Transfection 
HEK293T, HeLa, MCF-7, and MDA-MB-231 cell 

lines were purchased from ATCC and maintained in 
Dulbecco's modified Eagle's medium (DMEM) (Gibco, 
Invitrogen. MA, USA). T47D, ZR-75-1, and U2OS cell 
lines were from the Chinese Academy of Medical 
Sciences. All media were used with 10% fetal bovine 
serum (FBS), 100 units/mL penicillin, and 100 
mg/mL streptomycin (Gibco, BRL, Gaithersburg, 
MD, USA). Cells were cultured in a humidified 
incubator equilibrated with 5% CO2 at 37 °C. 
Transfections were performed using Lipofectamine 
2000 or Lipofectamine RNAiMAX Reagent 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. Each experiment was 
performed in triplicate and repeated at least three 
times. For RNAi experiments, at least four 
independent shRNA sequences were tested for each 
gene and the one with the best efficiency was used. 

Immunopurification and Mass Spectrometry 
Lysates from HeLa cells expressing FLAG-SIX3 

were applied to an equilibrated FLAG column. The 
column was then washed, followed by elution with 
FLAG peptides (Sigma-Aldrich). Fractions of the bed 
volume were collected, resolved on SDS-PAGE, and 
silver-stained. Gel bands then underwent LC-MS/MS 
sequencing and analysis. 

Fast Protein Liquid Chromatography 
HeLa nuclear extracts were obtained and 

dialyzed against buffer D containing 20 mM HEPES 
(pH 8.0), 10% glycerol, 0.1 mM EDTA, and 300 mM 
NaCl (Applygen Technologies, Beijing, China). ~6 mg 
of nuclear protein was concentrated to a final volume 
of 0.5 mL in a Millipore Ultrafree centrifugal filter 
apparatus (10 kDa nominal molecular mass limit), and 

then applied to an 850 × 20 mm Superose 6 size 
exclusion column (Amersham Biosciences) that was 
equilibrated with buffer D containing 1 mM 
dithiothreitol and calibrated with protein standards 
(blue dextran, 2000 kDa; thyroglobulin, 669 kDa; 
ferritin, 440 kDa; catalase, 232 kDa; bovine serum 
albumin, 67 kDa; and RNase A, 13.7 kDa) (Amersham 
Biosciences, Little Chalfont, UK). Nuclear protein was 
eluted using a flow rate of 0.5 mL/min, and fractions 
were collected. 

Glutathione S-transferase (GST) Pull-Down 
Experiments 

GST fusion constructs were expressed in BL21 
Escherichia coli cells, and crude bacterial lysates were 
prepared by sonication in cold PBS in the presence of 
a protease inhibitor mixture. The in vitro transcription 
and translation experiments were performed with 
rabbit reticulocyte lysate (Promega, Madison, WI, 
USA). In GST pull-down assays, ~10 μg of the 
appropriate GST fusion proteins was mixed with 5–8 
μL of the in vitro transcribed/translated products and 
incubated in binding buffer (0.8% BSA in PBS with the 
protease inhibitor mixture). The binding reaction was 
then added to 30 μL of glutathione-Sepharose beads 
and mixed at 4 °C for 2 h. The beads were washed five 
times with binding buffer, resuspended in 30 μL of 2 × 
SDS-PAGE loading buffer, and resolved on 12% gels. 
Protein levels were detected with specific antibodies 
by western blot. 

Immunoprecipitation 
Cellular extracts were harvested and incubated 

with the appropriate primary antibody or normal 
mouse/rabbit immunoglobin G (IgG) at 4 °C 
overnight. Samples were mixed with protein A/G 
Sepharose CL-4B beads for 2 h at 4 °C, and following a 
wash, the beads underwent SDS-PAGE, followed by 
immunoblotting with a secondary antibody. 
Immunodetection was performed using enhanced 
chemiluminescence with an ECL System (Amersham 
Biosciences) according to the manufacturer’s 
instructions. 

ChIP and Re-ChIP 
ChIP and re-ChIP were performed in MCF-7 

cells as described previously.[36, 37] Briefly, cells 
were cross-linked with 1% formaldehyde, sonicated, 
pre-cleared, and incubated with 5–10 μg of the 
appropriate antibody, followed by addition of protein 
A/G Sepharose CL-4B beads. The beads were then 
washed in buffers with high and low salt 
concentrations, and DNA was eluted for PCR or 
qChIP assay. For re-ChIP, the beads were eluted with 
20 mM dithiothreitol at 37 °C for 30 min, and the 
eluates were diluted 30-fold for further incubation 
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with the appropriate secondary antibody and beads. 
The primers used are listed in Supplementary Table 
S3. 

RT-PCR and qPCR  
Total cellular RNA was extracted with Trizol 

under the manufacturer’s instructions (Invitrogen). 
Potential DNA contamination was mitigated using 
RNase-free DNase treatment (Promega). cDNA was 
prepared with MMLV reverse transcriptase 
(Promega). Relative quantitation was performed 
utilizing the ABI PRISM 7500 sequence detection 
system (Applied Biosystems, Foster City, CA, USA) 
through the measurement of real-time SYBR green 
fluorescence, and the results were obtained by means 
of the comparative Ct method (2-∆∆Ct) using GAPDH 
as an internal control. This experiment was performed 
in triplicate. The primers used are listed in 
Supplementary Table S4. 

Lentiviral Production and Infection 
Recombinant lentiviruses expressing shSIX3, 

shLSD1, shMTA3, and shWNT1 were constructed by 
Shanghai GenePharma (Shanghai, China). 
Concentrated viruses were used to infect 5 × 105 cells 
in a 60 mm dish with 8 μg/mL polybrene. Infected 
cells underwent sorting for target expression. shRNA 
sequences are listed in Supplementary Table S5. 

Cell Starvation and Flow Cytometry 
MCF-7 or MDA-MB-231 cells stably expressing 

lentivirus-delivered shSIX3, shSCR, FLAG-SIX3, or 
FLAG-Vector were synchronized in G0 phase by 
serum deprivation for 24 h. The SIX3-overexpressing 
group and -downregulated group were harvested and 
fixed with 70% ethanol 12 h after addition of medium 
containing 10% FBS. The RNase A-treated and 
propidium iodide (Sigma-Aldrich) stained single cell 
suspension was analyzed using a flow cytometer 
equipped with CellQuest software (Becton Dickinson, 
Franklin Lakes, NJ, USA). The experiment was 
repeated three times. 

EdU Incorporation Assay  
MCF-7 or MDA-MB-231 cells stably expressing 

lentivirus-delivered shSIX3, shSCR, FLAG-SIX3, or 
FLAG-Vector were seeded into 6-well dishes at a 
density of 1 × 105 cells/ml and allowed to adhere 
overnight. Next, the cells were cultured with 
5-ethynyl-2′-deoxyuridine (EdU) for 2 h before 
detection. The proliferation rate of the cells was then 
evaluated using a Cell-Light EdU Cell Proliferation 
Detection kit (RiboBio, Guangzhou, China) following 
the manufacturer’s instructions. 

Bioluminescence Assay 
MDA-MB-231 cells that had been transfected to 

stably express firefly luciferase (Xenogen 
Corporation, CA, USA) were infected with 
lentiviruses carrying either the empty vector or the 
SIX3 expression construct. These cells were inoculated 
into the left abdominal mammary fat pad (3-4 × 106 
cells) of 6-week-old female nude mice. For 
bioluminescence imaging, mice were abdominally 
injected with 200 mg/g of D-luciferin in PBS. Fifteen 
minutes after injection, mice were anesthetized and 
bioluminescence was imaged with an IVIS 
charge-coupled device camera (Xenogen 
Corporation). Bioluminescence images were obtained 
with a 15 cm field of view, a binning (resolution) 
factor of 8, 1/f stop, open filter, and an imaging time 
of 30 s to 2 min. Bioluminescence determined from the 
relative optical intensity was defined manually. 
Photon flux was normalized to background, which 
was defined from the relative optical intensity of a 
mouse not given an injection of luciferin. The volume 
of tumors was measured using a Vernier caliper and 
calculated according to the formula: 1/6 × length × 
width2. Animal handling and procedures were 
approved by the Tianjin Medical University 
Institutional Animal Care. 

Quantitation of Cell Migration Based on 
Open-Area Analysis 

The migration assay was performed using the 
Oris cell migration kit (Platypus Technologies, 
Fitchburg, WI, USA). MCF-7 or MDA-MB-231 cells 
(100 µL; 3 × 104 cells/well) were plated on Oris Cell 
Migration Assay 96-well plates coated with Collagen 
I. Each well contained a silicone stopper that 
prevented cell attachment in the center region of the 
well. Harmony software was used to calculate the 
open areas of MCF-7 and MDA-MB-231 cells pre- and 
post-migration. The values shown for the open areas 
are inversely proportional to the amount of cell 
migration within the Oris detection zone. Cells were 
seeded on Oris assay plates and allowed to adhere for 
6 h, and then half of the stoppers were removed. 
Following a 48 h migration period, the remainder of 
the stoppers were removed to provide pre-migration 
controls. Cell migration data were acquired through a 
high content screening approach in the Operetta high 
content screening system (Perkin Elmer). The open 
area within the pre-migration control wells for both 
cell lines corresponds to a consistently sized detection 
zone with a diameter of 2 mm. Data shown are the 
mean per group (n = 6) with standard deviation (SD).  

Cell Invasion Assay 
Transwell chamber filters (Becton Dickinson) 
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were coated with Matrigel. After infection with 
lentivirus, MDA-MB-231 cells were suspended in 
serum-free L-15 media and then 2 × 104 cells were 
seeded into the upper chamber in a volume of 500 μl. 
The chamber was cultured in a well containing 500 μL 
of L-15 media with 10% FBS at 37 °C for 18 h. Cells on 
the upper side of the membrane were removed by 
cotton swabs and those on the other side were stained 
and counted. Four high-powered fields were counted 
for each membrane. 

Tissue Specimen and Immunochemistry 
Samples were frozen in liquid nitrogen 

immediately after surgical removal and maintained at 
-80 °C until analyzed. Samples were fixed in 4% 
paraformaldehyde (Sigma-Aldrich) at 4 °C overnight, 
embedded in paraffin, sectioned at 8 μm onto 
Superfrost-Plus Slides, which were then processed per 
standard protocols using 3,3'-diaminobenzidine 
(DAB) staining and monitored microscopically. All 
human tissue was collected using protocols approved 
by the Ethics Committee of Tianjin Medical 
University, and informed consent was obtained from 
all patients. 

Bisulphite Genomic Sequencing 
The methylation status of the SIX3 promoter in 

10 paired tumor tissues was assessed by bisulfite 
genomic sequencing. Genomic DNA was extracted 
using the QIAamp DNA kit (Qiagen, Hilden, 
Germany) followed by bisulfite conversion using the 
EpiTect Bisulfite kit (Qiagen) according to the 
manufacturer's protocol. The amplified product was 
subcloned into the pGEM-T Easy vector by TA 
cloning (Promega) and sequenced via automated 
sequencing. Primers for SIX3 amplification (+305 to 
+479) were forward (F) 5'-CTCTATTCCT 
CCCACTTCTTGTT-3' and reverse (R) 5'-AGCTG 
GAACATGGACAACTCTTC-3'. 

Results 
SIX3 is Physically Associated with the 
LSD1/NuRD(MTA3) Complex 

To better understand the mechanistic role of 
SIX3, we employed affinity purification and mass 
spectrometry (MS) to identify the proteins physically 
associated with SIX3. We found that FLAG-tagged 
SIX3 (FLAG-SIX3) was stably expressed in human 
breast adenocarcinoma MCF-7 cells, and MS analysis 
indicated that SIX3 co-purified with Mi-2, 
LSD1/KDM1A, TLE1, TLE2, TLE3, MTA3, HDAC1, 
HDAC2, RbAp46, RbAp48, MBD3, and MBD2. Of 
these proteins, the association of SIX3 with members 
of the Transducin-like enhancer (TLE) family was 
previously reported [38], which validates our 

purification strategy. Interestingly, SIX3 selectively 
co-purified with all the members of the 
LSD1/NuRD(MTA3) complex (Figure 1A). The 
presence of LSD1/NuRD(MTA3) complex subunits in 
the SIX3 interactome was confirmed by western blot 
analysis of the column-bound proteins with 
antibodies against the corresponding proteins (Figure 
1B). Detailed results of the MS analysis are provided 
in Supplementary Table S1.  

To verify the presence of a 
SIX3/LSD1/NuRD(MTA3) complex in vivo, MCF-7 
nuclear proteins were fractionated using fast protein 
liquid chromatography (FPLC), and we found that the 
native SIX3 from MCF-7 cell nuclear extracts was 
eluted with an apparent molecular mass much greater 
than that of the monomeric protein. SIX3 
immunoreactivity was detected with a relative 
symmetric peak centered between ~667 and ~2000 
kDa (Figure 1C). Significantly, the elution pattern of 
SIX3 overlapped with that of LSD1/NuRD(MTA3) 
complex proteins including LSD1, MTA3, HDAC1, 
and RbAp46/48 (Figure 1C). These observations 
support the existence of a SIX3/LSD1/NuRD(MTA3) 
complex in vivo. Moreover, examination of the 
expression profiles of endogenous LSD1, MTA3, and 
SIX3 in eight human cancer cell lines showed that, 
although ubiquitously expressed, LSD1/MTA3/SIX3 
protein levels were higher in the non-invasive 
ERα-positive cell lines T47D, ZR-75-1, and MCF-7, but 
lower in the invasive triple-negative (ER/PR/HER2 
negative) breast cancer cell lines MDA-MB-231 and 
MDA-MB-453 (Figure 1D). 

To further validate the hypothesis that SIX3 
interacts with LSD1/NuRD(MTA3), we performed 
coimmunoprecipitation experiments using cell lysates 
from HeLa, MCF-7, and MDA-MB-231 and found 
that, as predicted, although it binds to all three 
members of the MTA family, SIX3 prefers to interact 
with the LSD1/NuRD(MTA3) complex (Figure 1E 
and 1F). 

SIX3 Directly Interacts with LSD1 and MTA3 
To further support the physical association 

between SIX3 and the LSD1/NuRD(MTA3) complex 
and gain insights into the molecular details involved 
in the interaction of these proteins, GST pull-down 
experiments were performed. Incubation of 
GST-fused SIX3 with in vitro transcribed/translated 
individual components of the LSD1/NuRD complex 
revealed that SIX3 interacts directly with LSD1 and 
MTA3, but not with the other tested components of 
the NuRD complex (Figure 2A). Reciprocal GST 
pull-down experiments with GST-fused components 
of the LSD1/NuRD complex and in vitro 
transcribed/translated SIX3 yielded similar results 
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(Figure 2B). In addition, GST pull-down assays with 
GST-fused N-terminal fragments harboring the SIX 
domain (1-181 aa, SIX3-N), the homeodomain 
fragments (182-264 aa, SIX3-M), or the C-terminal 
fragments (265-332 aa, SIX3-C) of SIX3 and in vitro 
transcribed/translated LSD1 or MTA3 indicated that 
the N-terminal region of SIX3 interacts with MTA3 
and that the homeodomain of SIX3 interacts with 
LSD1 (Figure 2C). Similarly, GST pull-down assays 
with GST-fused LSD1 N-terminal fragments [1-419 aa, 
LSD1-N, which contains the SWIRM 
(Swi3-Rsc8-Moira) domain and the catalytic FAD-N 
region], Tower domain fragments (420-520 aa, 
LSD1-Tower), or C-terminal fragments (521-852 aa, 
LSD1-C, which contains the catalytic FAD-C region) 
and in vitro transcribed/translated SIX3 or MTA3 
demonstrated that the Tower domain of LSD1 
interacts with MTAs and SIX3 (Figure 2D). Moreover, 
GST pull-down assays with GST-fused N-terminal 
fragments (1-150 aa, MTA3-N), middle region 
(151-300 aa, MTA3-M), or C-terminal fragments 
(301-537 aa, MTA3-C) of MTA3 and in vitro 
transcribed/translated SIX3 or LSD1 indicate that the 
BAH-ELM2 (Bromo Adjacent Homology & Egl-27 and 
MTA1 homology 2) domains of MTA3 interact with 
SIX3 and that the SANT (Swi3-Ada2-N-CoR-TFIIIB) 
domain of MTA3 interacts with LSD1 (Figure 2E). 
Taken together, these results not only provided 
further support of the specific interaction among SIX3, 
LSD1, and the NuRD(MTA3) complex, but also 
delineated the molecular details involved in the 
formation of the SIX3/LSD1/NuRD(MTA3) complex, 
as schematically shown in Figure 2F. 

Genome-Wide Transcriptional Targets for 
SIX3/LSD1/NuRD(MTA3) Complex 

To further investigate the functional connection 
between SIX3 and the LSD1/NuRD(MTA3) complex 
and to explore the biological significance of this 
connection, we next analyzed genome-wide 
transcriptional targets of the 
SIX3/LSD1/NuRD(MTA3) complex using a 
chromatin immunoprecipitation-on-chip 
(ChIP-on-chip) approach, the detailed results of 
which are summarized in Supplementary Table S2. 
Using MCF-7 cells with antibodies against SIX3, 
LSD1, or MTA3, we found that 890 unique promoters 
were targeted by SIX3, which were then classified into 
various cellular signaling pathways using KEGG 
pathway analysis (http://www.kegg.jp/kegg/ 
pathway.html) (Figure 3A). These signaling pathways 
included PI3K-Akt, Wnt, MAPK, and JAK-STAT, as 
well as pathways in cancer that are critically involved 
in cell growth, survival, migration, and invasion. The 
data from SIX3 antibodies were then analyzed with 

the data from LSD1 (1430 genes) and MTA3 
antibodies (1323 genes) to identify common targets or 
co-targets (Figure 3B). We found 80 unique promoters 
that were co-targeted by SIX3/LSD1/MTA3. 
Quantitative ChIP (qChIP) analysis using specific 
antibodies against SIX3, LSD1, and MTA3 on 15 genes 
(ANGPTL4, CTCF, FOXC2, GLI1, LAMB1, MTF1, 
NCOA3, WNT1, WNT3, WNT5A, JAG1, PAX4, RBP1, 
WDR74, and ZEB2), which represent each of the 
classified pathways, was performed in MCF-7 cells. 
The results showed a strong correlation of enrichment 
among the three proteins, which validates the 
ChIP-on-chip results (Figure 3C). The qChIP results 
were validated by conventional DNA electrophoresis 
of seven representative targets, i.e., ANGPTL4, 
FOXC2, GLI1, NCOA3, WNT1, JAG1, and ZEB2 (Figure 
3D), which have been implicated in triggering or 
promoting EMT. Furthermore, we examined the 
responses of these representative genes to SIX3, LSD1, 
or MTA3 depletion. MCF-7 cells were transfected with 
lentivirally expressed shRNAs specifically targeting 
SIX3, LSD1, or MTA3. SIX3, LSD1, or MTA3 depletion 
led to increased ANGPTL4, FOXC2, GLI1, NCOA3, 
WNT1, JAG1, and ZEB2 expression at both the 
transcriptional and protein levels (Figure 3E). Taken 
together, these results not only support the idea that 
SIX3 and the LSD1/NuRD(MTA3) complex are 
functionally linked but also confirm that the 
SIX3/LSD1/NuRD(MTA3) complex is essential in 
maintaining epithelial traits. 

Regulation of WNT1 and FOXC2 by the 
SIX3/LSD1/NuRD(MTA3) Complex  

Among the common target genes identified, 
WNT1 and FOXC2 are well-established 
proto-oncogenes and key EMT regulators [39, 40]. 
Therefore, we further investigated the transcriptional 
regulation of WNT1 and FOXC2 by SIX3. As expected, 
SIX3 knockdown by both #1 and #2 specific lentivirus 
mediated shRNAs in HeLa, MCF-7, and 
MDA-MB-231 cells led to increased WNT1 and FOXC2 
at both the transcriptional and protein levels (Figure 
4A, left panel), while overexpression of SIX3 in these 
cells resulted in a reduction of WNT1 and FOXC2 
expression and protein levels (Figure 4A, right panel). 
Since the shSIX3#1 is more effective, we chose it for 
the following experiments. 

Next, we investigated the regulation of WNT1 
and FOXC2 by the SIX3/LSD1/NuRD(MTA3) 
complex. Using ChIP assays in MCF-7 cells, we found 
that SIX3, LSD1, and the NuRD(MTA3) complex 
co-occupied the promoters of WNT1 and FOXC2 
(Figure 4B, upper panels). To further test our 
proposition that SIX3 recruits the 
LSD1/NuRD(MTA3) complex to WNT1 and FOXC2 
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promoters, sequential ChIP or ChIP/re-ChIP 
experiments were performed. The results showed that 
in precipitates, the WNT1 and FOXC2 promoters that 
were immunoprecipitated with antibodies against 
SIX3 could be re-immunoprecipitated with antibodies 
against LSD1, MTA3, or HDAC2 (Figure 4B, lower 

panels). Similar results were obtained when the initial 
ChIP was performed with antibodies against LSD1, 
MTA3, or HDAC2. These results support the 
argument that SIX3 and the LSD1/NuRD(MTA3) 
complex occupy the WNT1 and FOXC2 promoters as 
one functionally collaborating protein complex.  

 

 
Figure 1. SIX3 Interacts with the LSD1/NuRD(MTA3) Complex (A) Immunoaffinity purification of SIX3-containing protein complex. Cellular extracts from MCF-7 cells stably 
expressing FLAG vector or FLAG-SIX3 were immunopurified with anti-FLAG affinity columns and eluted with FLAG peptide. These eluates were resolved by SDS-PAGE and silver-stained. 
The protein bands were retrieved and subjected to MS. (B) Western blot analysis of the identified proteins in the purified fractions, using antibodies against the identified proteins. (C) 
Co-fractionation of SIX3 and the LSD1/NuRD(MTA3) complex by FPLC. Nuclear extracts of MCF-7 cells underwent fractionation on Superose 6 size exclusion columns. The fractions were 
subjected to western blot analysis. The elution positions of calibration proteins with known molecular masses (kDa) are indicated and an equal volume from each fraction was analyzed. (D) 
qRT-PCR (left panel) and western blot (right panel) analysis of endogenous expression of LSD1, MTA3, and SIX3 in a series of cancer cell lines as indicated. The mRNA levels were normalized 
to those of GADPH (left panel) and β-actin served as a loading control for the western blot (right panel). Error bars represent mean ± SD of three independent experiments. (E) Association 
of SIX3 with the LSD1/NuRD(MTA3) complex including LSD1, MTA1, MTA2, MTA3, HDAC1, HDAC2, RbAp46/48, and MBD2/3 in HeLa, MCF-7, and MDA-MB-231 cells. Whole cell lysates 
were immunoprecipitated (IP) with antibodies against the subunits of the LSD1/NuRD(MTA3) complex indicated and immunocomplexes were immunoblotted (IB) by an antibody against SIX3 
as indicated. (F) Reciprocal co-immunoprecipitated (IP) assays were performed using a SIX3 antibody and the immunocomplexes were immunoblotted (IB) by antibodies against the subunits 
of the LSD1/NuRD(MTA3) complex indicated in HeLa, MCF-7, and MDA-MB-231 cells. 
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Figure 2. Molecular Interaction Between SIX3 and the LSD1/NuRD(MTA3) Complex (A) GST pull-down assays with GST-fused SIX3 and in vitro 
transcribed/translated components of the LSD1/NuRD complex as indicated. (B) GST pull-down assays with the indicated GST-fused proteins and in vitro 
transcribed/translated SIX3. (C) GST pull-down experiments with GST-fused SIX3 deletion constructs and in vitro transcribed/translated LSD1 and MTA3. (D) GST 
pull-down experiments with GST-fused LSD1 deletion constructs and in vitro transcribed/translated SIX3 and MTA3. (E) GST pull-down experiments with GST-fused 
MTA3 deletion constructs and in vitro transcribed/translated SIX3 and LSD1. (F) Schematic diagram depicting the molecular interaction between SIX3, LSD1, and 
MTA3. 
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Figure 3. Genome-Wide Transcription Target Analysis of the SIX3/LSD1/NuRD(MTA3) Complex (A) Clustering of the 890 overlapping target genes of SIX3 into functional 
groups. (B) Venn diagram of overlapping promoters bound by SIX3, LSD1, and MTA3 in MCF-7 cells. The numbers represent the number of promoters that were targeted by the indicated 
proteins. The detailed results of the ChIP-on-chip experiments are summarized in Supplementary Table S2. (C) Verification of the ChIP-on-chip results via qChIP analysis of the indicated genes 
in MCF-7 cells. Results are represented as fold change over control with GAPDH as a negative control. Error bars represent mean ± SD for three independent experiments. (D) Verification 
of the ChIP-on-chip results by conventional DNA electrophoresis. IgG served as a negative control. (E) MCF-7 cells were treated with specific lentivirally expressed shRNAs, and the levels 
of mRNA (upper panel) and protein (lower panel) of ANGPTL4, FOXC2, GLI1, NCOA3, WNT1, JAG1, and ZEB2 were measured. The mRNA levels were normalized to those of GADPH 
(upper panel), and β-actin served as a loading control for the western blot (lower panel). Error bars represent mean ± SD of three independent experiments. 
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Figure 4. WNT1 and FOXC2 are Co-Targeted by the SIX3/LSD1/NuRD(MTA3) Complex (A) Clones in which SIX3 was stably knocked down using two lentivirally expressed 
anti-SIX3 shRNAs (left panel) or overexpressed (right panel) using a SIX3 expression construct. The knockdown and overexpressing cells were compared with the parental cell line with 
respect to the levels of mRNA (upper panel) and protein (lower panel) of WNT1 and FOXC2 in HeLa, MCF-7, and MDA-MB-231 cells. The mRNA levels were normalized to those of GADPH 
(left panel), and β-actin served as a loading control for the western blot (right panel). Error bars represent mean ± SD of three independent experiments.  (B) SIX3 and the LSD1/NuRD(MTA3) 
complex exist in the same protein complex on WNT1 and FOXC2 promoters. ChIP and re-ChIP experiments were performed in MCF-7 cells with the indicated antibodies. (C) The 
lentivirus-mediated stable knockdown efficiencies of SIX3, LSD1, and MTA3 were confirmed by qPCR (left panel) or western blot (right panel). mRNA levels were normalized to those of 
GADPH (left panel), and β-actin served as a loading control for western blot (right panel). Error bars represent mean ± SD of three independent experiments. ∗p < 0.05; ∗∗p < 0.01 (two-tailed 
t test). (D) qChIP analysis of the recruitment of the indicated proteins on WNT1 and FOXC2 promoters in MCF-7 cells after infection with control lentivirus-mediated shRNA, or shRNAs 
targeting SIX3, LSD1, or MTA3. Purified rabbit IgG was used as a negative control. Error bars represent mean ± SD of three independent experiments. ∗ p < 0.05 and ∗∗p < 0.01 (two-tailed 
t test). 

 
To determine a functional connection between 

SIX3 and the LSD1/NuRD(MTA3) complex on WNT1 
and FOXC2 promoters, MCF-7 cells were transfected 
with lentivirus-mediated shRNAs specifically against 
SIX3, LSD1, or MTA3. Each of these shRNAs led to a 
significant reduction in the expression of its target 
gene without causing detectable changes in 
non-target genes (Figure 4C). qChIP analyses showed 
that SIX3 knockdown led to a significant reduction in 
the binding of LSD1 and MTA3 to the promoters of 
WNT1 and FOXC2, whereas depletion of LSD1 and 
MTA3 expression resulted in only a marginal 
decrease in the association of SIX3 with the promoters 
of WNT1 and FOXC2 (Figure 4D). Notably, 
knockdown of either SIX3 or MTA3 led to a severe 
increase in H3K4me1/2 at the promoters of WNT1 
and FOXC2, whereas knockdown of either SIX3 or 
LSD1 resulted in a significant elevation in H3 
pan-acetylation (H3pan-ac) at the promoters of WNT1 

and FOXC2 (Figure 4D). These findings suggest that 
the LSD1/NuRD(MTA3) complex epigenetically 
represses WNT1 and FOXC2 upon recruitment of 
SIX3.  

SIX3 Suppresses Breast Carcinogenesis and 
Invasion  

Based on the known role of the 
LSD1/NuRD(MTA3) complex in cancer development 
and progression and our observations that SIX3 and 
the LSD1/NuRD(MTA3) complex are physically and 
functionally associated, we next investigated what 
role, if any, SIX3 has in tumorigenesis. For this 
purpose, we first analyzed the effect of gain of 
function and loss of function of SIX3 on the cell cycle 
profile of MCF-7 (higher SIX3 expression) or 
MDA-MB-231 cells (lower SIX3 expression). We found 
that compared to the control, SIX3 depletion was 
associated with a decreased cell population in G1 and 
an increased cell population in the S-phase, whereas 
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MDA-MB-231 cells exposed to SIX3 overexpression 
exhibited an increase in the proportion of cells in G1 
and a decrease in the proportion of cells in the S-phase 
(Figure 5A). We found from growth curve assays that 
the S-phase accumulation by SIX3 depletion in MCF-7 
was not due to S-phase arrest. Specially, the 
proliferation-promoting effect of SIX3 depletion was 
blocked by the combination of SIX3 and WNT1 
knockdown (Figure 5B). Furthermore, using an 
enhanced BrdU (EdU) incorporation assay, we found 
that SIX3 depletion was associated with an increased 
mitotic rate compared to the control, while 
MDA-MB-231 cells exposed to SIX3 overexpression 
exhibited a decreased mitotic rate (Figure 5C). In 
addition, using colony formation assays, we found 
that in MCF-7 cells, SIX3 knockdown was associated 
with a marked increase in colony number (Figure 5D, 
left panels), whereas SIX3 overexpression in 
MDA-MB-231 cells was associated with a significant 
decrease in colony number (Figure 5D, right panels). 
Furthermore, in agreement with the functional link 
between SIX3 and WNT1 described previously, the 
increase in colony formation resulting from SIX3 
knockdown was partially reversed by co-knockdown 
of WNT1 (Figure 5D). We next investigated the role of 
SIX3 in tumor progression in vivo. For this purpose, 
we performed a bioluminescence assay to measure 
tumor growth in situ in 6-week-old female nude 
athymic BALB/c mice. We found that tumor growth 
was greatly suppressed by SIX3 overexpression, 
which indicates that SIX3 inhibits tumor growth 
(Figure 5E). These findings support the notion that 
SIX3 suppresses breast cancer cell proliferation and it 
does so, at least in part, through cooperation with 
LSD1/NuRD(MTA3) and via repression of WNT1. 

Next, we investigated whether SIX3 has a role in 
EMT and tumor metastasis. For this purpose, SIX3 
was depleted in MCF-7 cells or overexpressed in 
MDA-MB-231 cells, and the impact of the loss of 
function or gain of function of SIX3 on the migration 
potential and invasive potential of these cells was 
assessed. Using a cell migration assay, we found that 
the amount of open area remaining after 48 h of 
migration differed; SIX3 knockdown in MCF-7 cells 
was associated with an increased migration rate, 
whereas SIX3 overexpression in MDA-MB-231 cells 
was associated with a decreased migration rate 
(Figure 5F). Furthermore, in the trans-well invasion 
assay, we found that a significant increase in 
invasiveness was associated with SIX3 depletion, 
which could be restored by combining with WNT1 
depletion (Figure 5G, left panel). Moreover, 
overexpression of SIX3 resulted in a decrease of 
~3-fold in invading cells, and this decrease was 
reversed by addition of human recombinant WNT1. 

In addition, exogenous addition of WNT1 completely 
masked the metastatic inhibition effect of SIX3 
overexpression (Figure 5G, right panel). We 
confirmed the efficiency of lentivirus-mediated 
shRNAs targeting SIX3 or SIX3 overexpression using 
western blot analysis (Figure 5H). Collectively, these 
results indicate that SIX3 inhibits the proliferation and 
invasive potential of breast cancer cells possibly by 
acting in conjunction with LSD1/NuRD(MTA3) and 
by repressing WNT1 expression.  

SIX3 is Downregulated in Breast Cancer 
through Promoter Aberrant 
Hypermethylation 

To further observe the role of SIX3 in 
tumorigenesis, we collected 109 breast cancer samples 
from patients, 33 of which were paired with adjacent 
normal tissues, and performed tissue arrays by 
immunohistochemical staining. SIX3 was significantly 
downregulated in tumors, and its expression was 
negatively correlated with histological grade (Figure 
6A and 6B). In addition, SIX3 expression was 
significantly downregulated in tumors compared to 
adjacent normal breast tissue (Figure 6C). In 14 of 15 
paired samples of each cancer grade, the level of SIX3 
mRNA was lower in tumor tissue than in adjacent 
tissue (Figure 6D), as measured by qPCR. In addition, 
statistical analysis revealed a significant negative 
correlation when the relative expression levels of 
WNT1 and FOXC2 were plotted against those of SIX3 
in the 30 samples of grade II (Figure 6E), which 
indicates a significant negative correlation between 
the expression of SIX3 and WNT1/FOXC2 in these 
samples. Furthermore, the negative correlation 
between WNT1 expression and SIX3 expression was 
verified in three published datasets, GSE7882, 
GSE19615 and GSE70905, which supports our 
findings that WNT1 is transcriptionally regulated by 
SIX3 (Figure 6F). Moreover, clinical data from both 
our group (Figures 6G, left panel) and GSE1456 
(Figures 6G, right panel) revealed that SIX3 
expression also gradually decreases in breast cancer 
subtypes including luminal A, luminal B, 
HER2-enriched and basal-like. Importantly, CpGs 
residing within SIX3 were strongly hypermethylated 
in tumor tissues compared to adjacent normal tissues 
from 10 paired grade II or III samples (Figure 6H). 
Collectively, our findings are consistent with a role of 
SIX3 in promoting carcinogenesis and support the 
observation that WNT1/FOXC2 is a downstream 
target of SIX3. In addition, aberrant promoter 
hypermethylation that leads to a gradual loss of SIX3 
with breast cancer malignancy may be the main 
reason for the epithelial-to mesenchymal-transition 
and the initial cause of breast carcinogenesis.  
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Figure 5. SIX3 Inhibits Breast Carcinogenesis and Metastasis (A) SIX3 suppresses cellular proliferation. MCF-7 cells stably expressing SIX3 or stably 
transfected with SIX3 shRNA were subjected to cell cycle analysis using flow cytometry. (B) SIX3 inhibits cellular proliferation. Growth curve analysis of non-invasive 
SIX3 high-expressing MCF-7 cells infected with lentivirus mediated shSCR, shSIX3, and/or shWNT1. (C) Non-invasive SIX3 high-expressing MCF-7 cells were 
infected with lentivirus mediated shSCR, shSIX3, and/or shWNT1 (left panels), and invasive SIX3 low-expressing MDA-MB-231 cells were infected with lentivirus 
mediated SIX3 and/or human recombinant WNT1 (right panels). After 48 h of plasmid transfection, the EdU incorporation assay were performed using a fluorescence 
method. For each group, six different fields were randomly chosen and counted under fluorescence microscopy with 10-fold magnification. Representative photos are 
shown on the left and statistically analyzed on the right. ∗p < 0.05 and ∗∗p < 0.01 (two-tailed t test). (D) MCF-7 cells or MDA-MB-231 cells infected with the indicated 
lentivirus were maintained in culture media for 14 days prior to being stained with crystal violet. Representative photos are shown on the left and statistically analyzed 
on the right. (E) MDA-MB-231-Luc-D3H2LN cells infected with lentiviruses expressing vector or SIX3 were inoculated orthotopically into the abdominal mammary 
fat pad of 6-week-old female nude mice (n = 8). Eight tumors were quantified using bioluminescence imaging 4 weeks after the initial implantation. Tumors were 
measured using Vernier calipers, and the volume was calculated according to the formula: 1/6 × length × width2. Error bars indicate mean ± SD. *p < 0.05; **p < 0.01 
(two-tailed t test). Representative in vivo and in vitro bioluminescent images are shown. (F) SIX3 represses the migration rate of breast cancer cells. MCF-7 cells (100 
µL, 3 × 104 cells/well) with shSCR/shSIX3 or MDA-MB-231 cells with vector/SIX3 overexpression (3 × 104 cells/well) were seeded on Oris assay plates and allowed 
to adhere for 6 h. At this point, half of the stoppers were removed. Following a 48 h migration period, the remainder of the stoppers were removed to provide 
pre-migration controls. The open area within the pre-migration control wells for both cell lines corresponds to a consistent-sized detection zone with a diameter of 
2 mm. Data shown are the means per group (n = 6) ± SD. ∗p < 0.05 and ∗∗p < 0.01 (two-tailed t test). (G) SIX3 represses the invasiveness of breast cancer cells. 
MCF-7 cells or MDA-MB-231 cells infected with the indicated lentivirus were starved for 18 h before cell invasion assays were performed using Matrigel transwell 
filters. The invaded cells were stained and counted. The images represent one field under microscopy (10× magnification). (H) The overexpression and knockdown 
efficiencies of SIX3 and WNT1 were confirmed by qPCR. (A-B, D-E, G) Each bar represents the mean ± SD for triplicate measurements. ∗p < 0.05 and ∗∗p < 0.01 
(two-tailed t test).  
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Figure 6. Expression of SIX3 is Negatively Correlated with Breast Cancer Malignancy (A) Immunohistochemical staining of SIX3 in normal breast tissue 
and breast carcinomas (histological grades I, II, and III). For each grade, representative photos of two specimens are shown. (B, C) The positively stained nuclei (%) 
in grouped samples (B) or 30 paired samples (C) were analyzed by two-tailed t test. (D) SIX3 mRNA is downregulated in breast cancer. Total RNA in paired samples 
of breast cancer versus adjacent normal breast tissue were extracted and the expression of each gene was measured by qPCR. mRNA levels were normalized to 
those of GADPH. Each bar represents the mean ± SD for triplicate experiments (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001, two-tailed t test). (E) SIX3 mRNA level is 
negatively correlated with the level of WNT1 or FOXC2 mRNA. The relative level of SIX3 expression was plotted against the relative level of WNT1 or FOXC2 
expression (∗∗∗p < 0.001, two-tailed t test). (F) Analysis of public data sets (GSE7882, GSE19615, and GSE70905) for expression of SIX3 and WNT1 in breast cancer. 
The relative expression level of WNT1 was plotted against that of SIX3. (G) Analysis of clinical data collected for this study (left panel) or public dataset GSE1456 
(right panel) for the expression of SIX3 by molecular subtype. (H) Bisulfite sequencing shows that SIX3 promoter methylation is increased at a number of CpG sites 
in tumor tissue compared to adjacent normal tissue. Each row represents the analysis of ten individual paired samples, and each square is a single CpG site. White and 
black squares represent unmethylated and methylated CpGs, respectively. ∗p < 0.05 and ∗∗p < 0.01 (two-tailed t test).  
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SIX3 is Downregulated in Multiple Carcinomas 
and Associated with Better Overall Survival  

To investigate whether the effect of SIX3 could 
be extended to a broader range of cancers, we 
collected a series of carcinoma samples from patients 
with esophageal, stomach, colon, lung, and prostate 
cancer. At least 15 samples of each type of carcinoma 
were collected and paired with adjacent normal tissue 
samples. Tissue microarray analysis by 
immunohistochemical staining showed statistically 
significant downregulation of SIX3 in carcinomas 
from multiple tissues compared to that in the adjacent 
normal tissues (Figures 7A and 7B). Representative 
results from the Oncomine database 
(https://www.oncomine.com/) also confirmed that 
SIX3 expression was decreased in breast carcinoma, 
cervical cancer, tongue carcinoma, gastric cancer, 
pancreatic carcinoma, liver cancer, myeloma, 
lymphoma, and renal carcinoma (Figure 7C). 
Furthermore, analysis of nine published clinical 
datasets revealed that the expression of WNT1 was 
statistically significantly and negatively correlated 
with SIX3 expression in multiple carcinomas (Figure 
7D). In addition, we found using Kaplan-Meier 
survival analysis that higher expression of SIX3 was 
associated with improved overall survival in patients 
with breast cancer and gastric cancer (Figure 7E). 
Taken together, our findings support a role for SIX3 in 
repressing tumorigenesis and suggest that SIX3 could 
serve as a novel biomarker for cancer diagnosis and as 
a potential target for cancer therapy. 

Discussion 
Our findings from this study demonstrate that 

SIX3 acts as a transcriptional repressor that recruits 
the chromatin remodeling LSD1/NuRD(MTA3) 
complex to inhibit the expression of a set of genes 
including WNT1, FOXC2, ANGPTL4, GLI1, NCOA3, 
JAG1, and ZEB2, which are known to be critically 
involved in EMT, a hallmark of cancer metastasis [41]. 
Through a physical interaction, the transcriptional 
regulators SIX3, LSD1, and NuRD(MTA3) cooperate 
to operate a transcriptional repression pathway that 
maintains mammary epithelial hemostasis by 
controlling the hierarchical molecular network of 
EMT.  

Among the signaling pathways in which SIX3 is 
involved, previous studies have found that the Wnt 
pathway is particularly important [42, 43], a 
conclusion that is supported by our observation that 
SIX3 binds to the WNT1 promoter in breast cancer 
cells and represses WNT1 expression. Notably, we 
also demonstrated that the SIX3/LSD1/NuRD 
(MTA3) complex targets a group of Wnt ligands 

including WNT1, WNT3, and WNT5A, which 
suggests that SIX3 is a novel massive negative 
regulator of the Wnt pathway. In addition, the target 
genes include the Hedgehog pathway (GLI1), Notch 
pathway (JAG1), EMT transcription factors (FOXC2, 
ZEB2), and ANGPTL4, which affects breast cancer 
lung seeding by disrupting endothelial cell junctions 
[44]. Our finding that SIX3 and LSD1/NuRD(MTA3) 
function as an integral co-repressive complex marks 
the first time that SIX3 has been identified as a 
component of a protein complex exerting control over 
epigenetic transcriptional activity. Based on this 
study, many more potential regulatory functions may 
be added to the SIX3 transcription network to show its 
true complexity. Through direct interactions between 
SIX3, LSD1, and MTA3, the SIX3/LSD1/ 
NuRD(MTA3) complex is formed, which can mediate 
coordinative demethylation of H3K4me1/2 and 
histone acetylation on target promoters for epigenetic 
repression of gene activity (Figure 7F upper panel). 
We showed that the abundance of the epigenetic 
modifications H3K4me1, H3K4me2, and H3 pan-ac on 
the promoters of target genes was greatly elevated 
upon deletion of SIX3, LSD1, or MTA3, and these 
findings support the hypothesis that SIX3, LSD1, and 
MTA3/NuRD act as an integrated complex. 
Previously, our group found that LSD1 is an integral 
component of the NuRD complex, and that 
LSD1/NuRD(MTA3) can transcriptionally repress a 
series of EMT-promoting genes, such as TGFβ1, to 
inhibit breast cancer metastasis [36]. The finding that 
SIX3 selectively recruits the LSD1/NuRD(MTA3) 
complex for transactional repression and inhibition of 
breast carcinogenesis effectively supplements our 
previous findings. In addition, our results also proved 
that aberrant promoter hypermethylation that leads to 
a gradual loss of SIX3 with breast cancer malignancy 
may be the main reason for the 
epithelial-to-mesenchymal transition and the initial 
cause of breast carcinogenesis (Figure 7F, lower 
panel). Because SIX3 was found to be downregulated 
and reported to be involved in promoter 
hypermethylation in several types of solid tumors [13, 
14, 45, 46], we expect that this mechanism is suitable 
not only for understanding breast tumorigenesis, but 
also for evaluation of more types of SIX3 governing 
epithelium carcinogenesis. 

The retinal determination gene network (RDGN, 
Dach–Eya–Six network), initially discovered in the 
process of Drosophila eye specification, is attracting 
increasing attention for its role in tumorigenesis [47]. 
In RDGN, the antagonist effect of SIX on DACH1 is 
well established [47], and the DACH/EYA/SIX 
network is aberrantly expressed in adult cancers in a 
seemingly coordinated fashion, in which the Eya and 
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Six genes are up-regulated and the Dach genes are 
down-regulated [48]. DACH1 has been confirmed to 
inhibit FOXC2, ZEB1, SNAIL [49, 50], and has been 
shown to be recruited onto chromatin DNA along 
with other transcriptional factors, such as Six1, Jun, 
and Smad4 [51-53]. SIX1 functioned as an oncogene in 
cancer, but we found that the function of SIX3 was 
different from that of SIX1, as SIX3 could recruit the 
LSD1/NuRD(MTA3) complex to inhibit FOXC2, 
WNT1, and ZEB2 for inhibition of tumorigenesis and 
metastasis. It is interesting that both DACH1 and SIX3 
can inhibit FOXC2; therefore, one possibility is that 
DACH1 and SIX3 may be functionally correlated. To 
our surprise, our results showed that SIX3 can interact 
with all three members of the MTA family while only 
directly binding to MTA3, thus constituting a 
facultative component of the NuRD complex. It is 
believed that the NuRD complex contains several 
subunits whose pattern of expression is 
heterogeneous in various cell and tissue types [23], 
and it has been proposed that subunit heterogeneity 
confers these complexes with additional regulatory 
capacity and with unique functional properties. For 
example, NuRD(MTA1) promotes carcinogenesis and 
metastasis, whereas NuRD(MTA3) inhibits EMT and 
tumor metastasis [24, 54]. The specific binding of SIX3 
and MTA3 is similar to our previous finding that 
GATA3 selectively binds to NuRD/(MTA3) for 
transcriptional repression [27]. We propose that the 
“mesenchymal promoters” such as WNT1, FOXC2, 
ZEB2, SNAIL, and TWIST preferentially interact with 
NuRD(MTA1) to promote the EMT and metastasis, 
whereas the “epithelium maintainers” such as SIX3 
and GATA3 maintain epithelial traits. Interestingly, 
WNT1, FOXC2, and ZEB2 are all SIX3 transcriptional 
targets. Based on the complexity of the EMT 
regulatory network, we expect that SIX3-regulated 
targets would elicit negative feedback to repress SIX3. 
Our current study not only provides a molecular basis 
for the opposing action of MTA3 and MTA1 in breast 
cancer progression, but also adds to the 
understanding of the molecular interplay involved in 
the sophisticated regulatory network of EMT. The 
exact molecular mechanism underlying the 
recruitment specificity for the NuRD complex by the 
transcription factors that control EMT processes 
remains to be delineated. It is possible that SIX3 
interacts with MTA1 and MTA2 indirectly for a 
specific purpose such as regulatory feedback. For 
example, it has been previously reported that SIX3 
physically interacts with MTA1 to transcriptionally 
repress itself [9].  

We also showed that the SIX3/LSD1/ 
NuRD(MTA3) complex is a potent suppressor of 
breast cancer metastasis through targeting of the 

promoters of an array of genes, which comprise 
several important cellular signaling pathways that 
regulate cell migration and invasion. Several of these 
genes, including WNT1, FOXC2, ANGPTL4, GLI1, and 
ZEB2, have been implicated in the development and 
progression of a variety of human malignancies [40, 
44, 55-57]. WNT1 and FOXC2 are well-known as EMT 
promoters through their influence on cellular 
signaling pathways including Wnt and TGFβ to 
promote carcinogenesis and metastasis [58, 59]. Our 
finding that the SIX3/LSD1/NuRD(MTA3) complex 
transcriptionally represses these genes positions the 
SIX3/LSD1/NuRD(MTA3) complex upstream of 
these genes and places the complex at the node of the 
regulatory network of EMT. This realization provides 
important mechanistic insights into the functional 
similarity and interplay of the above-described genes 
in the development and progression of breast cancer. 
With the aid of LSD1/NuRD(MTA3), SIX3 inhibits the 
expression of mesenchymal-promoting genes and 
maintains luminal cell fate in the mammary 
epithelium. Aberrant promoter hypermethylation and 
gene silencing of SIX3 are observed in many cancers, 
such as glioma, lung adenocarcinoma, gastric cancer, 
and breast cancer, and are associated with poor 
clinical outcomes [13, 14, 45, 46]. Upon loss of function 
of SIX3 resulting from aberrant promoter 
hypermethylation, the expression of WNT1, FOXC2, 
and other mesenchymal promoters are depressed, 
whereas elevated mesenchymal promoters would 
promote the EMT and tumor metastasis. As the 
complexity of the function of SIX3 emerged, we linked 
the transcriptional activity of SIX3 with its 
pathological impact on not only breast cancer but also 
other tumor types, which suggests SIX3 could be a 
potentially valuable biomarker for cancer diagnosis 
and prognosis. 

In summary, our results demonstrate that the 
SIX3/LSD1/NuRD(MTA3) complex maintains 
mammary epithelial hemostasis, dictates physical 
epithelial cell fate, and governs the dynamics of 
epithelial cell plasticity in the mammary gland, the 
dysfunction of which affects the fate of mammary 
epithelial cells and contributes to the carcinogenesis 
and metastasis of breast cancer. Our data indicate a 
mechanistic link between the loss of function of SIX3 
and cancer progression, and a molecular mechanism 
underlying the opposing action of MTA1 and MTA3 
in the development and progression of breast cancer. 
Furthermore, our findings significantly add to the 
understanding of the complex hierarchical regulatory 
network of the EMT and support the pursuit of SIX3 
and MTA1/MTA3 as potential prognostic indicators 
and/or targets for cancer therapy. 
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Figure 7. SIX3 is Downregulated in Multiple Carcinomas and Positively Correlated with Better Prognosis (A, B) SIX3 is downregulated in multiple carcinomas. 
Immunohistochemical staining of SIX3 in paired samples of esophageal, stomach, colon, lung, and prostate carcinoma versus adjacent normal tissue samples. Representative images of 200-fold 
magnifications of each type of paired tumor section are presented. Each bar represents the mean ± SD for triplicate experiments (∗p < 0.05 and ∗∗ p < 0.01). (C) Analysis of public datasets 
for the expression of SIX3 by two-tailed t test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). (D) Analysis of public data sets for the expression of SIX3 and WNT1 in multiple carcinomas. The relative 
level of WNT1 is plotted against that of SIX3. (E) Kaplan-Meier survival analysis of the relationship between survival time and SIX3 signature in breast cancer and gastric cancer using KM 
plotter (http://kmplot.com/analysis/). (F) Graphic model as discussed in the text. DNA (black line); nucleosomes with single N terminus of H3 (blue ball); unmethylated CpG sites (hollow 
circle); methylated CpG sites (solid circle); mono- and di-methylated H3K4 (purple circle); pan-acetylated H3 (orange circle). 
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