
Abstract. Background/Aim: Signaling regulation of myeloid
zinc finger 1 (MZF1) has been implicated in the progression of
many human malignancies; however, the mechanistic action of
MZF1 in triple-negative breast cancer (TNBC) progression
remains elusive. In this study, the aim was to investigate the
molecular mechanisms of MZF1 and its functional role in
TNBC cellular migration and invasion. Materials and Methods:
Hs578T and MDA-MB-231 cells were transfected to stably
express the acidic domain of MZF1 (MZF160-72), or were
transfected with MZF1-specific or ELK1-specific short hairpin
RNA (shRNA). Changes in cell morphology and distributions of
cellular proteins were observed and subsequently migration and
invasion were measured by wound healing and transwell
assays. Expression levels of epithelial-mesenchymal transition
(EMT)-related genes were carried out using immunoblotting
and quantitative reverse transcription–polymerase chain
reaction (RT-PCR) assays. Data of transcriptional regulation

were obtained from promoter-luciferase reporter and chromatin
immunoprecipitation (ChIP) assays. Results: Herein, we found
that MZF1 in high-level MZF1-expressing TNBC cells is
associated with cell migration, invasion, and mesenchymal
phenotype. MZF1 interacted with the promoter region of insulin-
like growth factor 1 receptor (IGF1R) to drive invasion and
metastasis of high-level MZF1-expressing TNBC cells.
Exogenous expression of the acidic domain of MZF1 repressed
the binding of endogenous MZF1 to IGF1R promoter via
blocking the interaction with ETS-like gene 1 (ELK1). This
blockage not only caused MZF1 protein degradation, but also
restrained ELK1 nuclear localization in high-level MZF1-
expressing TNBC cells. MZF1, but not ELK1, was necessary for
the retention of mesenchymal phenotype by repressing IGF1R
promoter activity in TNBC cells expressing high levels of MZF1.
Activation of the IGF1R-driven p38MAPK-ERα-slug-E-cadherin
signaling axis mediated the conversion of mesenchymal cell to
epithelial phenotype, caused by MZF1 destabilization. These
results suggest that MZF1 is an oncogenic inducer. Conclusion:
Blocking of the MZF1/ELK1 interaction to reduce MZF1 protein
stability by saturating the endogenous MZF1/ELK1 binding
domains might be a promising therapeutic strategy for the
treatment of high-level MZF1-expressing TNBC.

Breast cancer is the most common malignancy worldwide in
women contributing to more than 25% of the total number
of newly-diagnosed cases, and ranks second in terms of
global cancer-related mortality (1). Approximately 12-17%
of breast cancer cases belong to the triple-negative subtype,
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which lacks the regular expression of estrogen receptor (ER),
progesterone receptor (PR) and overexpression of human
epidermal growth factor receptor type 2 (HER2, also known
as ErbB2 or Neu) (2). Triple-negative breast cancer (TNBC)
is classified as a poorly differentiated and aggressive type of
breast cancer. Therapy for TNBC is limited to conventional
chemotherapy due to the absence of a suitable target, e.g.
ER, PR, and HER2. However, relapse leading to poor
clinical outcome occurs constantly because of high rates of
metastasis and general inaccuracy of chemotherapy (3, 4).
This may be due to its high level of molecular heterogeneity
that is another reason why TNBC cannot be effectively
treated. Thus, elucidating the mechanisms of cancer
progression is important for improving the therapeutic
efficiency of TNBC.

The insulin-like growth factor-1 (IGF1)/IGF1 receptor
(IGF1R) signaling is the major signal transduction pathway in
IGF family (5). IGF1R is a transmembrane tyrosine kinase
receptor that is activated through autophosphorylation after
binding of IGF1, IGF2, or insulin. Signaling through the IGFR
activates cascades such as RAS/MAPK and PI3K/Akt (6, 7).
The IGF1R pathway is involved in the regulation of
mitogenesis, apoptosis, development, epithelial-to-
mesenchymal transition (EMT)-associated tumor metastasis,
hematological malignancies, and drug resistance (8, 9). In
some subtypes, IGF1R levels correlate with a favorable
prognosis, while in others it is associated with recurrence and
poor prognosis, suggesting different actions based upon
cellular and molecular contexts (6). However, understanding
of the important components of the IGF1R signaling pathway
and the instances where crosstalk and compensation can occur
in breast cancer, remain to be explored. Human IGF1R gene
is located on chromosome 15 (15q26.3), and multiple tumor
suppressor genes such as p53 and BRCA1 repress the IGFIR
expression at the transcription level in TNBC (8). In fact, the
transcriptional regulators and underlying mechanisms of the
implication of IGF1R in TNBC are limitedly identified.

In this study, using the TRANSFAC database of eukaryotic
transcription factors and chromatin immunoprecipitation
(ChIP), we identified the putative MZF1 binding sequences
within the IGF1R promoter. MZF1 has been found as a core
transcription factor that was involved in the regulation of gene
expression, as well as in the metastasis of breast cancer (10).
We also demonstrated that TNBC cell lines expressing high
levels of MZF1 mRNA exhibit a high expression of MZF1 at
the protein level. In an earlier study, we have shown that
overexpression of the peptide fragment including the acidic
domain of MZF1 (MZF160-72) and the heparin-binding domain
of ELK1 (ELK1145-157) decreases DNA-binding ability of
endogenous MZF1 to the PKCα promoter and rearranges its
transcription (11). In support of these findings, phosphorylation
of MZF1 has been shown to mediate EMT by elevating the
expression of N-cadherin in human esophageal cancer cells

(12). Collectively, earlier observations have suggested that
MZF1 might be crucial for the regulation of metastasis in
malignant tumor cells. Here, we found that blocking the
binding of MZF1 with ELK1 caused MZF1 protein
degradation and restrained ELK1 nuclear localization in high-
level MZF1-expressing TNBC cells. Recently, EMT and
mesenchymal-epithelial transition (MET) have been suggested
as possible mechanisms involved in breast cancer metastasis
(13). Thus, in this study, we further investigated whether MZF1
is necessary for maintaining the partial mesenchymal
phenotype by repressing IGF1R promoter activity in high-level
MZF1-expressing TNBC cells. Degraded MZF1 lost its ability
to bind directly to IGF1R promoter regulatory sequences, and
consequently, IGF1R transcription was up-regulated. The
activation of IGF1R-driven p38 mitogen-activated protein
kinase (p38 MAPK)-ERα-slug-E-cadherin signaling axis
mediated the conversion of mesenchymal cell to epithelial
phenotype caused by destabilization of MZF1. Taken together,
our findings indicated that in MZF1 is implicated in the
modulation of TNBC cell motility and invasion potential, and
functions through the suppression of IGF1R expression by
direct binding to its promoter region.

Materials and Methods

Microarray analysis. The data mentioned in this study have been
deposited in the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus and can be accessed through
Gene Expression Omnibus Series accession number GSE56306
(http://www.ncbi.nlm.nih.gov/geo).

Immunohistochemical (IHC) staining. Tissue array slides including
208 cases of breast cancer (#BR20834), 205 invasive ductal
carcinomas, 2 invasive lobular carcinomas, and 1 invasive papillary
carcinoma; 15 invasive ductal carcinomas were lost during the
evaluation) and 30 cases of TNBC (#BR1503b), 7 intraductal and
60 invasive ductal carcinomas, which contained 30 TNBC,
duplicate cores per case) were purchased from US Biomax Inc.
(Rockville, MD, USA). Detailed information for this array is
available at http://www.biomax.us/tissue-arrays/. The sections were
immunostained against MZF1 (1:400, ab64866, Abcam) as
previously described (14). The representative staining results for
samples were scored by visual assessment as “weak,” “moderate,”
or “strong” according to staining intensity, as previously described
(11). Moderate or strong expression of MZF1 protein was given a
positive rating, otherwise rating was negative.

Cell lines. Human breast cancer cell lines were obtained from the
Bioresources Collection and Research Center, Food Industry
Research and Development Institute, Hsinchu, Taiwan. Specifically,
three TNBC (ER–/PR–/HER2–) cell lines, namely Hs578T, MDA-
MB-231 and MDA-MB-468, as well as the luminal-type
(ER+/PR+/HER2–) MCF-7 cell line and the HER2-enriched
(ER–/PR–/HER2+) SK-BR-3 cell line, were used in this study. The
MDA-MB-231, MDA-MB-468, MCF-7, SK-BR-3 cells were
cultured in DMEM/F-12 medium (HyClone, Logan, UT, USA), and
the Hs 578T cells were cultured in DMEM medium (HyClone).
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Cells were maintained in medium specific for each cell line with
containing 10% fetal bovine serum, 100 units/ml penicillin, and 100
μg/ml streptomycin (Invitrogen) in a humidified atmosphere
containing 5% CO2 at 37˚C.

Immunoblotting and co-immunoprecipitation (co-IP) analysis. For
western blotting, cells were lysed in RIPA buffer (50 mM Tris-HCl
pH8.0, 150 mM NaCl, 0.1% SDS, 0.5% sodiumdeoxycholate, 1%
TritonX-100, 10 mM MgCl2, and 5 mM EDTA) containing protease
and phosphatase inhibitors (15). Anti-MZF1 (sc-293218), anti-ELK1
(sc-365876), anti-Ki-67 (sc-23900), and anti-β-actin (sc-69879)
antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-phospho-ELK1 (#9181), anti-Lamin B1
(#12586), anti-IGF1R (#3027), anti-ERα(#8644), anti-E-cadherin
(#3195), anti-Vimentin (#5741), anti-Slug (#9585), anti-p38 MAPK
(#8690), and anti-phospho-p38 MAPK (#9215) antibodies were
from Cell Signaling (Beverly, MA, USA). Anti-mouse and anti-
rabbit HRP-conjugated secondary antibodies were purchased from
Promega. The inhibitors SD203580 and AG-1024 were obtained
from Cell Signaling and Cayman (Ann Arbor, MI, USA). The
protein levels were quantified by using Image J software (NIH,
Bethesda, MD, USA) and protein level was indicated as target
protein level/β-actin level. For co-IP, cells were lysed with cold
lysis buffer (142.5 mM KCl, 5 mM MgCl2, 10 mM HEPES pH 7.2,
0.2% Nonidet P-40, and 1 mM EGTA) containing 2 mM
phenylmethylsulfonyl fluoride (PMSF), 2 μg/ml aprotinin, 2 μg/ml
leupeptin, 1 mM NaF, and 1 mM Na3VO4. Lysates were then
centrifuged at 16,000 g for 10 min at 4˚C. Equal amounts of protein
extracts were further analyzed by co-IP and immunoblotting
following methods described previously (16). Approximately 500
μg of each lysate were subjected to co-IP with the appropriate
specific antibodies. Anti-MZF1 (ab64866) antibody was from
Abcam (Cambridge, UK). After incubating overnight at 4˚C, the
specific proteins were precipitated with proteinA/G sepharose beads
(Thermo Fisher Scientific, Rockford, IL, USA) and purified using
according to the manufacturer’s protocol. Beads were eluted in 2×
SDS-PAGE sample buffer and immunoblot analysis was performed.
NE-PER nuclear and cytoplasmic extraction reagents (Thermo
Fisher Scientific) were used for separation and preparation of
cytoplasmic and nuclear extracts from breast cancer cells.

Plasmid construction. The pcDNA 3.1/myc-His expression vector, as
vector control, was obtained from Invitrogen (Carlsbad, CA, USA).
Open reading frame of the human MZF1 gene (GenBank Accession
No.AF161886, 10781-12235 bp) was amplified from the Hs578T cells
by reverse transcirption-polymerase chain reaction (RT-PCR); then, it
was cloned into the pcDNA 3.1/myc-His vector (Invitrogen), as
previously described (17), while empty vectors were used as vehicle
control. The resulting recombinant plasmids carrying the MZF1 gene
or the MZF160-72 gene fragment were designated pcDNA-MZF1 and
pcDNA-MZF160-72, respectively. Small hairpin RNA specific for ELK1
(shELK1; cloneID: TRCN0000007450-TRCN0000007454) and
shRNA specific for MZF1 (shMZF1; cloneID: TRCN0000017133-
TRCN0000017137) were cloned into pLKO.1 vector plasmids
(National RNAi Core Facility at Academic Sinica, Taipei, Taiwan).
Empty pLKO.1 vectors were used as control for shRNA.

Transfection and stable clone establishment. The various doses of
plasmids, as indicated, were transfected into Hs578T or MDA-
MB-231 cells using Lipofectamine 2000 transfection reagent

(Invitrogen). After incubating for 48 h, the cells were harvested
and assayed for subsequent experiments. Stable clones were
established by seeding low-passage cells and transfected with the
plasmid encoding shELK1, shMZF1 or MZF160-72 using
Lipofectamine 2000. Forty-eight hours post-transfection, the cells
were maintained in medium supplemented with geneticin (G418
sulfate; AMRESCO, Solon, OH, USA) or puromycin (AMRESCO)
at 37˚C for 4 weeks. Individual clones were then transferred to 24-
well plates and grown until confluence. Two different cell clones
stably expressing MZF160-72 were selected for further analysis.
After being transferred to 10-cm dishes, the cells were cultured
until confluence, harvested, and frozen in liquid nitrogen for
further experiments.

Cell proliferation, migration, and invasion assays. Viability of cells
expressing MZF160-72, shMZF1, shELK1, or control vector was
detected by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliu-
mbromide (MTT) assay as described previously (16). Briefly, cells
were seeded in 24-well plates at 1×104 cells/well and cultured in
DMEM containing 10% FBS at 37˚C. Cell proliferation was
determined at 16 and 24 h after seeding by adding MTT and
incubating the cells further for 3 h. Migration assay was performed
using a 48-well Boyden chamber (NeuroProbe, Gaithersburg, MD,
USA) plated with 8 μm pore size polycarbonate membrane filters
(NeuroProbe). The lower compartment was filled with DMEM
containing 20% FBS. Cells were placed in the upper part of the
Boyden chamber and incubated for 16 h. After incubation, the cells
were fixed with methanol and stained with 0.05% Giemsa for 1 h.
The cells on the upper surface of the filter were removed with a
cotton swab. The filters were then rinsed in distilled water until no
additional stain leaching was observed. The cells were then air-
dried for 15 min. The migratory phenotypes were determined by
counting the cells that migrated to the lower side of the filter
through microscopy at 200× magnification. For each membrane, a
total of 4 random fields were selected and counted, and each
sample was assayed in triplicate. The invasion assay was performed
using a 48-well Boyden chamber with polycarbonate filters. The
upper side was pre-coated with 10 μg/ml Matrigel
(CollaborativeBiomedical, Bedford, MA, USA). Cells were placed
in the upper part of the Boyden chamber and incubated at 37˚C for
24 h. The experimental procedures were identical to the migration
assay procedures.

Immunofluorescence microscopy. Hs578T cells were plated on glass
coverslips and incubated in complete medium over night at 37˚C. The
cells were washed twice with ice-cold PBS, fixed in 3.7%
paraformaldehyde for 20 min, and then permeabilized with 0.1%
saponin, 2% goat serum (VectorLaboratories, Peterborough, UK) and
0.02% NaN3 at RT for 20 min. ELK1 was visualized using an anti-
ELK1 antibody (1:400) (SantaCruz) followed by a FITC-conjugated
goat anti-rabbit IgG antibody (RocklandImmunochemicals,
Gilbertsville, PA, USA). MZF1 was visualized using an anti-MZF1
antibody (clone1F7, 1:400) (SantaCruz) followed by a rhodamine-
conjugated goat anti-mouse IgG antibody (Rockland Immuno -
chemicals). Cells on coverslips were mounted by using the ProLong
Antifade kit (MolecularProbes, Eugene, Oregon). Immunofluorescence
density and images were obtained using a Leica TCS SP2 confocal
microscope detection system (Wetzlar, Germany) at excitation wave
lengths of 488 and 543 nm. Emissions were detected using bandpass
filters of 505 nm to 525 nm and 578 nm to 623 nm.
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Protein stability assay. The stability of MZF1 and ELK1 in Hs578T
and MDA-MB-231 cells stably expressing MZF160-72 was
determined using a translational inhibitor. Analysis of MZF1 and
ELK1 proteins were performed in the presence of cycloheximide as
previously described (18). Briefly, cells stably expressing MZF160-
72 or control vector were treated with 50 μg/ml cycloheximide
(Sigma-Aldrich, StLouis, MO, USA) for 2, 4 and up to 8 h. Cells
were lysed in RIPA buffer containing protease and phosphatase
inhibitors. The expression of MZF1, ELK1 and β-actin (loading
control) analyzed by Western blotting as described above.

RNA isolation and reverse transcriptase-PCR. Using TRIOL reagent
(Invitrogen), total cellular RNA was isolated from Hs578T or MDA-
MB-231 cells stably expressing shMZF1 or control vector, and
transiently transfected with MZF1 plasmid or vector only. RT-PCR
was performed as described previously (15). The following primers
were used: MZF1 forward, 5’-AGGTCCAGGTAGTGTAAGCCCT-
3’; MZF1reverse, 5’-ACTCTCCGATGCTCTTCCAG-3’ (yielding a
495-bp PCR product) (19); IGF1R forward, 5’-CCATTCTCATGCC
TTGGTCT-3’; IGF1Rreverse, 5’-TGCAAGTTCTGGTTGTCGAG-
3’ (yielding a 113-bp PCR product) (20); β-actin forward, 5’-
TTCCAGCCTTCCTTCCT-3’; β-actin reverse, 5’-GAAGGCTTATT
CCAGTTT-3’ (yielding a 457-bp PCR product) (20). The PCR
products were analyzed by 1.5% agarose gels and visualized by
ethidium bromide staining.

Luciferase reporter assay. To construct the reporter plasmid, IGF1R-
Luc containing the human IGF1R gene promoter was amplified by
PCR with the template from genomic DNA of Hs578T cells. The
primers used for PCR reaction were as follows: IGF1Rf (forward, 5’-
cggggtaccCTCTCCTCGAGCCACTCTGGGC-3’) and IGF1Rr
(reverse,5’-ggaagatctGCCCCGAAGTCCGGGTCACA-3’). The PCR
product containing IGF1R gene promoter (–765/+583) was digested
using KpnI and BglII restriction enzymes (New England Biolabs,
Ipswich, MA, USA), the DNA fragment was ligated into the pGL3-
basic vector (Promega, Madison, WI, USA) and then the positive
clone, IGF1R-Luc, was obtained via selection. The reporter gene assay
of IGF1R promoter was performed using Hs578T and MDA-MB-231
cells. The appropriate number of cells was transfected with sufficient
reporter plasmid, IGF1R-Luc or pGL3 control vector plasmid. To
normalize the transfection efficiency, the pCH110 plasmid
(Amersham, Piscataway, NJ, USA) carrying the β-galactosidase gene
was also co-transfected. Hs578T and MDA-MB-231 cells stably
expressing MZF160-72, shELK1, shMZF1 or control vector were
transiently co-transfected with pGL3-IGF1R-Luc or pGL3 control
vector and pCH110 plasmids. Transfected cells were harvested 48 h
after transfection, and the luciferase and β-galactosidase activity assays
were performed. The luciferase activity in the cell lysates was
determined using a Dual Luciferase Assay System (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. The measured
values of luciferase activity were normalized to that of β-galactosidase
activity to generate relative luciferase activity.
Chromatin immunoprecipitation (ChIP) assay. ChIP was performed
using the Agarose ChIP Kit (Thermo Fisher Scientific), according to the
manufacturer’s instructions. Briefly, Hs578T cells were lysed, and DNA
was extracted, precipitated with with an antibody specific for MZF1 and
dissolved in 50 μl of Tris buffer (TB, 10 mM Tris-HCl pH8.0).
Immunoprecipitated DNA was analyzed by PCR. The region of the
IGF1R promoter was amplified from the immuno-precipitated chromatin
using the primers: forward (a), 5’-GCGGGGGCATTGTTTTTGGA-3’,

and reverse (a), 5’-CCCGGT TCCCCAAGACGTG-3’ (product size:
203-bp); forward (b), 5’-GCGCGTGTCTCTGTGTGC-3’, and reverse
(b), 5’-CGGAGTT AATGCTGGTAAACAA-3’ (product size: 303-bp);
forward (c), 5’-GTGTGTGTCCTGGATTTGGGA-3’, and reverse (c),
5’-GCCC CGAAGTCCGGGTCACA-3’ (product size: 168-bp). The
PCR products were analyzed by 1.5% agarose gels and visualized by
ethidium bromide staining. For re-ChIP, a previously described
methodology was followed (21). The precipitated complexes eluted from
the primary ChIP (from four reactions) were pooled and incubated with
50 μl ChIP elution buffer (50 mM NaHCO3, 1% SDS). The samples
were mixed for 30 min at room temperature and centrifuged, and the
supernatants were collected. The complexes were eluted twice, and both
eluates were combined. The pooled eluates were diluted 1:10 in a buffer
(1% TritonX-100, 5 mM EDTA, 150 mM NaCl, and 25 mM Tris-HCl,
pH8.0) containing a protease inhibitor mixture (Roche Diagnostics,
Mannheim, Germany). Further supernatant re-ChIP assays and result
analysis were performed with with an antibody specific for ELK1 as
previously described for primary ChIP immunoprecipitation.

Statistical analysis. The data are expressed as mean±standard deviation
(SD) of three independent experiments and were analyzed by ANOVA
using the GraphPad prism software program (Graph Pad Software, La
Jolla, CA, USA). The Kaplan-Meier curves were used to assess the
effect of single gene on breast cancer prognosis. Pearson’s chi-square
test and Student’s t-test were used in two-group comparisons. All p-
values <0.05 was considered as statistically significant.

Results

Elevated MZF1 expression was correlated with the mortality of
TNBC. In order to evaluate whether MZF1 status is associated
with breast cancer prognosis, the mRNA expression data of
breast cancer patients were downloaded from the Kaplan–Meier
plotter microarray database (http://kmplot.com/ analysis/index.
php?p=service&cancer=breast) and were analyzed (univariate
Kaplan-Meier method) (22). In total, 274 breast cancer patients,
including 198 patients with TNBC and 76 patients with triple-
positive breast cancer (TPBC; ER/PR/HER2 positive) were
analyzed. Overall survival (OS) curves are depicted in Figure
1A. In the TPBC group, patients with high MZF1 levels tended
to exhibit better clinical outcomes than those with low MZF1
levels (Figure 1A, Log rank test p=0.023). However, in the
TNBC group, patients with high MZF1 levels demonstrated
poorer OS than those with low MZF1 expression (Figure 1A,
Log rank test p=0.038). Unlike TPBC, we found that high tumor
expression of MZF1 was associated with reduced OS in TNBC
(p<0.05). On this basis, it is reasonable to assume that MZF1
plays a different role in different subtypes of breast cancer.

Moreover, to compare the clinical relevance between MZF1
expression and TNBC or BC patients, the expression levels of
MZF1 protein were examined in tissue arrays by IHC. The
moderate-to-strong staining of MZF1 was observed in 22/30
(73.3%) and 151/190 (79.5%) of TNBC and BC patients,
respectively. Thus, no difference was observed in the
percentages of “moderate-to-strong” MZF1 expression between
TNBC and other subtypes of breast cancer.
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Elevated MZF1 expression may be related to the EMT potential
of high-level MZF1-expressing TNBC cells. The protein
expression levels of EMT markers, MZF1, and ELK1 were
examined in cultured TNBC, luminal-type, and HER2-enriched
cell lines. Two MZF1 isoforms of molecular masses of 54 and
82 kDa have been described to date (23). However, only the 54
kDa isoform of MZF1 was detected by immunoblot in the
Hs578T cellular extract (data not shown). As shown in Figure
1B, MZF1 protein levels were significantly higher in the
Hs578T (primary carcinosarcoma of the breast) and MDA-MB-
231 (invasive ductal carcinoma with metastasis) TNBC cell
lines, compared to the HER2-enriched SKBR3 cells (3.96-fold;
p<0.01 and 4.31-fold; p<0.01, respectively) and the ER/PR-

postive MCF7 cells (2.18-fold; p<0.01 and 2.32-fold; p<0.01,
respectively). Similarly, ELK1, as well as the mesenchymal
markers, Vimentin and Slug, had increased expression in TNBC
cell lines, compared to the non-TNBC (SKBR3 and
MCF7cells). On the contrary, the epithelial marker E-cadherin
was not detected in the two TNBC cell lines, Hs578T and
MDA-MB-231, while it was expressed by the non-TNBC cells.

To evaluate whether MZF1 could interact with ELK1, as
well as their physical interaction, co-IP assay was conducted
using Hs578T and MDA-MB-231 cell lysates. The interaction
between the two proteins was verified by co-IP of MZF1 by
anti-ELK1 antibody and vice versa. The results indicated that
MZF1 was bound to ELK1; thereby forming a protein complex
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Figure 1. MZF1 overexpression is associated with poor prognosis in patients with triple-negative breast cancer (TNBC). Survival curve for different
MZF1 expression levels in patients with triple-positive breast cancer (TPBC) were analyzed using Kaplan–Meier plotter microarray database (upper
panel). Kaplan-Meier curve analysis showing overall survival of patients with TNBC stratified by MZF1 expression level (lower panel) (A).
Immunoblotting analyses of MZF1 and EMT markers expression in 5 human breast cancer cell lines (B). Co-IP assay of the interaction between
endogenous MZF1 and ELK1 in Hs578T cells. Protein extracts were immunoprecipitated (IP) with anti-MZF1, anti-ELK1antibody, or control IgG
as indicated. The resulting immunoprecipitates were resolved via SDS-PAGE and immunoblotted (IB) with both antibodies sequentially (C).



in Hs578T (Figure 1C) and MDA-MB-231 cells (data not
shown). Taken together, these data supported that MZF1/ELK1
may be implicated in the regulation of the EMT potential of
the studied TNBC cells expressing high levels of MZF1.

Interruption of binding of MZF1 to ELK1 suppressed the
migration and invasion in TNBC cells. Hs578T cells were
stably transfected to express the acidic domain MZF160-72, in
order to block the binding of endogenous MZF1 to ELK1. It
was shown that the morohology of the tranfected cells (hereafter
referred to as Hs578T-MZF160-72) was altered (Figure 2A).
Conversely, vector control and parental cells resembled
fibroblast-like morphology. In addition, expression level of
MZF1 protein decreased simultaneously in the Hs578T-
MZF160-72 cells (Figure 2A). The distinct morphology of
Hs578T-MZF160-72 cells was reminiscent of cells that have
been displayed epithelial characteristics. To investigate possible
mechanisms crucial for reversing changes of mesenchymal
phenotype, we examined the effects of MZF160-72 on the
motility and invasion potential of TNBC cells. A significant
decrease of migration through the polycarbonate membrane was
observed in Hs578T-MZF160-72 cells, compared to the control
cells (87.3% reduction, p<0.01; Figure 2B). A similar decrease
was also observed for Hs578T-MZF160-72 invasion through the
Matrigel-coated membrane (89.1% reduction, p<0.01; Figure
2B). MTT viability assay showed that MZF160-72 did not affect
cell viability within 16 and 24 h after plating. 

Moreover, the expression of the proliferation marker Ki-
67 was evaluated in Hs578T-MZF160-72 cells. High Ki-67
expression has been associated with poor prognosis in breast
cancer (24). Moreover, the expression levels of Ki-67 have
been shown to be relatively higher in TNBC than in non-
TNBC sections (25); therefore, we used Ki-67 to evaluate
the biological response of TNBC cell lines expressing
different levels of MZF1 protein However, no changes were
observed in cell proliferation (Figure 2B)

Interruption of MZF1 binding to ELK1 changed their cellular
localization. Confocal laser scanning microscopy (CLSM)
analysis was used to invetsigate the intracellular distribution as
well as the differential expression of MZF1 in Hs578T,
Hs578T-MZF160-72, and vector control (Hs578T-v) cells. In the
Hs578T-MZF160-72 cells, both accumulation of cytoplasmic
ELK1 and reduced ELK1 nuclear localization were observed,
compared to vector control or parental cells. In addition,
CLSM analysis showed very low, or almost undetectable levels
of MZF1 expression in Hs578T-MZF160-72 cells (Figure 2C).
The subcellular localization of ELK1 was also verified via
immunoblot analysis of its expression in nuclear protein
fractions (Figure 2D). It has been reported that phosphorylation
of ELK1 promotes its nuclear translocation, indicating that the
inhibition of ELK1 phosphorylation may prohibit this
translocation (26). In line with this evidence, our results of

immunoblotting (Figure 2D) revealed very low or almost
undetectable levels of phospho-ELK1 in the nuclear fraction of
Hs578T-MZF160-72 cells compared to vector control or
parental cells.

Interruption of MZF1 binding to ELK1 modulated the
expression of EMT markers. Since MZF160-72 overexpression
inhibited migration and invasion of Hs578T cells, we aimed to
examine whether it also affected EMT in Hs578T-MZF160-72
cells. Therefore, the expression of mesenchymal and epithelial
markers was investigated. The experiment was repeated at least
3 times and the results showed that Hs578T-MZF160-72 cells
had reduced protein levels of mesenchymal markers (Slug and
Vimentin, by 86.4%, p<0.05 and 80.2%, p<0.05, respectively),
and increased expression of the epithelial marker E-cadherin (by
9.39-fold, p<0.01) (27) compared to the vector control cells
(Figure 2D). In general, alterations in the expression of EMT
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Figure 2. Disrupting the interaction between MZF1 and ELK1 by MZF160-
72 interrupts EMT in Hs578T cells. Phase contrast microscopy images
revealed changes in morphology from spindle-shaped to cobblestone-like
in Hs578T cells stably expressing MZF160-72 (Hs578T-MZF160-72, labeled
as Hs578T-M and Hs578T-M’, two different stable cell clones expressing
MZF160-72) (A). The cells were plated on Boyden chambers without
Matrigel for migration assay or with Matrigel for invasion assay and then
collected after 16 h for migration assay (left panel) or 24 h for invasion
assay (right panel). Migrating cells were imaged under a phase contrast
microscope (upper panel). Hs578T cells were used as the control. Each
bar represents the mean±SD calculated from three independent
experiments. **p<0.01 compared to the control. The effect of MZF160-72
on cell proliferation after 16 and 24 h was determined via an MTT assay
(bottom panel). Absorbance values obtained from Hs578T cells were taken
as 100%. The effect of MZF160-72 on cell proliferation after 16 and 24 h
was determined via immunoblotting with Ki-67 antibody (bottom panel)
(B). Immunofluorescence staining showed the distribution of the ELK1 and
MZF1 proteins. The cells were fixed and stained with antibodies against
ELK1 and MZF1 followed by the appropriate FITC-or rhodamine-
conjugated secondary antibodies. Confocal slices of 0.5 and 0.6 μm were
obtained, and images were taken through the center of the nucleus. “N”
indicates the nucleus, and “C” indicates the cytosol (C). Western blot
results showed decreased MZF1 and ELK1 expression in Hs578T-M and
Hs578T-M’ cells compared to Hs578T-v cells, which contained pcDNA3.1
vector control. The effect of MZF160-72 expression on the nuclear
translocation of MZF1 and ELK1 was also examined. “(N)” indicates the
nuclear fraction extracts, while the others are from whole-cell lysates.
EMT-associated markers were also detected via western blot, and the
results showed decreased Slug and Vimentin, but increased E-cadherin in
Hs578T-M cells, compared to the control Hs578T-v cells. β-actin levels
were used as loading controls (D). Cycloheximide pulse-chase analysis of
MZF1 and ELK1 stability was performed in Hs578T-v and Hs578T-M cells
(upper panel). The cells were incubated with the translational inhibitor
cycloheximide for the indicated time periods, and the levels of MZF1 and
ELK1 were analyzed via western blot. MZF1/ELK1 cycloheximide pulse-
chase analysis in Hs578T-v and Hs578T-M cells in the presence or
absence of the proteasome inhibitor MG132 with analysis of western blot
(bottom panel). Experiments were performed in triplicate with similar
results (E).
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markers were partly coincident with the observed EMT-related
phenotypic changes in Hs578T-MZF160-72 cells, providing
additional evidence to support MZF160-72-mediated EMT
reversal in Hs578T-MZF160-72 cells.

Blocking MZF1 and ELK1 protein complex formation
modulated MZF1 proteins stability in Hs578T cells. As already
shown above, expression levels of proteins MZF1 and ELK1
were decreased in Hs578T-MZF160-72 cells (Figure 2D). These
observations also suggested differences in the protein stability
of endogenous MZF1 in Hs578T-MZF160-72 cells. To test this
hypothesis, the stability of the MZF1 and ELK1 proteins were
analyzed via cycloheximide pulse-chase assays. As shown in
Figure 2E, the MZF1 protein levels in Hs578T-MZF160-72 cells
declined quickly after treatment with cycloheximide (79.17%
reduction compared to vector control cells, p<0.01, after 8 h of
cycloheximide treatment), and displayed much shorter half-life
than ELK1 (47.5% reduction compared to vector control cells,
p<0.05, after 8 h treatment with cycloheximide), which might
be involved in the control of downstream gene regulation. To
determine whether MZF1 degradation is mediated by the
proteasome pathway, Hs578T-MZF160-72 cells were treated with
the proteasome inhibitor MG132 for 4h, and then the levels of
MZF1 were analyzed. A significant increase (2.11-fold; p<0.05)
in MZF1 levels was observed (Figure 2E). Our data confirmed
that MZF1 degradation was mediated through the proteasome-
dependent pathway and loss of this interaction leads to rapid
degradation of MZF1 protein in MZF160-72-overexpressing
Hs578T cells. These results imply that MZF160-72 has a
functional role, which is associated with regulation of protein
stability and degradation. Therefore, the interaction between the
endogenous MZF1 and ELK1 protein promoted the stability of
MZF1 and their entrance into the cellular nucleus.

MZF1 but not ELK1 specifically regulated EMT in Hs578T and
MDA-MB-231 cells. To confirm whether MZF1, ELK1, or their
interaction contributes to the regulation of EMT, expression
levels of EMT markers were examined in the Hs578T and
MDA-MB-231 TNBC cell lines after knockdown of
endogenous MZF1 or ELK1 by using shRNA. ELK1
knockdown had no alteration in the levels of the mesenchymal
cell markers (Slug and Vimentin), or the epithelial cell marker,
E-cadherin (Figure 3A). This result suggested that ELK1 was
not a major contributor, that knockdown was not sufficient,
and/or that redundant or overlapping signaling mechanisms
contribute to EMT in Hs578T and MDA-MB-231 cells. On the
other hand, although only a partial knockdown of MZF1 at the
protein level was achieved, it was sufficient to impair EMT.
Specifically, the mesenchymal markers Vimentin or Slug were
down-regulated (59.3%, p<0.01 and 78.4%, p<0.01,
respectively) upon MZF1 knockdown (Figure 3F). Moreover,
we then checked whether MZF1 knockdown is necessary for
cell migration and invasion. Our data showed that MZF1

knockdown suppressed the migration capacity of Hs578T and
MDA-MB-231cells, by 72.3% (p<0.01) and 70.7% (p<0.01),
respectively. In addition, MZF1 knockdown reduced the
invasion capacity of Hs578T and MDA-MB-231cells, by
79.4% (p<0.01) and 78.5% (p<0.01), respectively, but did not
afect cell proliferation within 16 and 24 h (Figure 3G, H, I, J).
Conversely, similar knockdown efficiency of ELK1 did not
change their migration and invasion compared to the parental
or vector control cells (Figure 3B,C,D,E). Besides, relatively
fewer protein level of ELK1 had no influence on the MZF1
protein levels (Figure 3A). Thus, we speculated that the
remaining amount of ELK1 protein is enough to sustain the
forming of protein complex containing MZF1 and ELK1, and
therefore the minimal stability threshold of MZF1 protein
could be maintained.

To examine whether expression of exogenous MZF1 could
rescue the epithelial phenotype in the MZF1-knockdown
Hs578T and MDA-MB-231 cells, we applied exogenous MZF1
in these stable MZF1-knockdown cells (Figure 3F). Exogenous
MZF1 counteracted the effects of MZF1-knockdown, since it
increased the level of Slug (Hs578T-shMZF1: 2.89-fold,
p<0.05; MDA-MB-231-shMZF1: 2.07-fold, p>0.05), compared
to vehicle control (Figure 3F). Exogenous MZF1 also
diminished the level of E-cadherin, by 85.5% (p<0.05) and
67.1% (p<0.05), respectively, in these MZF1-knockdown cells
(Figure 3F). These findings are consistent with the results in
Hs578T and MDA-MB-231 cells overexpressing MZF160-72.
Taken together, these observations indicated that MZF1
modulated EMT in Hs578T and MDA-MB-231 cells.
MZF1 suppressed IGF1R expression by repressing its
transcriptional level. Based on the above results, MZF1 has
been shown to have a function in EMT, which is important in
the progression of carcinoma. Depletion of the signaling
molecule resulted in reversing EMT. Screening results from
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Figure 3. MZF1 but not ELK1 is necessary for EMT in Hs578T and
MDA-MB-231cells. Hs578T and MDA-MB-231 cells stably transfected
with ELK1 shRNA (shELK1) were lysed, and western blot analysis of
EMT markers was performed. “(N)” indicates the nuclear fraction
extracts, while the others are from whole cell lysates (A). The effect of
ELK1-knockdown on cell proliferation after 16 and 24 h was determined
via the MTT assay (Hs578T-V and MDA-MB-231-V cell absorbance
values were considered as 100%) (B) and immunoblotting with Ki-67
antibody (C). Migration (D) and invasion (E) assays were performed on
Hs578T and MDA-MB-231 cells stably expressing shELK1. In the same
context, Hs578T and MDA-MB-231 cells stably expressing MZF1 shRNA
(shMZF1) were lysed, and immunoblot analysis of EMT markers was
performed (F). MTT assay (G) and immunoblotting for Ki-67 (H) were
used to determine the effect of MZF1-knockdown on cell proliferation.
Migration (I) and invasion (J) assays were performed on Hs578T and
MDA-MB-231 cells stably expressing shMZF1. The data represent the
means±SD from 3 separate experiments conducted in triplicate.
**p<0.01, compared to the control group.
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microarray assays have shown substantially higher level of the
type 1 insulin-like growth factor receptor (IGF1R) tyrosine
kinase in MZF160-72-overexpressingHs578T and MDA-MB-
231cells (11). To check the hypothesis that IGF1R expression
could be down-regulated by MZF1, the IGF1R expression was
evaluated by immunoblot analysis in Hs578T and MDA-MB-
231cells stably overexpressing MZF160-72 and shMZF1. IGF1R
expression was increased by 2.03-fold (p<0.01) and 3.08-fold
(p<0.01) in Hs578T-MZF160-72 and MDA-MB-231-MZF160-
72 cells, respectively; while, by 4.13-fold (p<0.01) and 1.96-
fold (p<0.01) in Hs578T-shMZF1 and MDA-MB-231-shMZF1
cells, respectively (Figure 4A). Moreover, overexpression of
MZF1 decreased the IGF1R protein levels by 59.7% (p<0.01)
and 48.4% (p<0.05), and RNA levels by 69.3% (p<0.01) and
55.6% (p<0.01), in MZF1-knockdown Hs578T and MDA-MB-
231cells, respectively (Figure 4A and B). These findings
suggested that MZF1 reduced the expression of IGF1R in
Hs578T and MDA-MB-231 cells.

The regulation of IGF1R transcription activity by MZF1 in
cells stably expressing MZF160-72, shELK1 or shMZF1 was
investigated. The promoter sequence of IGF1R gene was
analyzed using the TRANSFAC database to identify the
putative MZF1 binding sequence. Four potential binding sites
for MZF1 located at nucleotides –299/–291, –138/–130,
+501/+514, and +542/+556 were identified with the IGF1R
promoter (Figure 4C). The IGF1R promoter fragment
(–765/+583) was constructed with a luciferase reporter and was
introduced into the Hs578T and MDA-MB-231 cells stably
transfected to express MZF160-72, shELK1, shMZF1, or control
vector. According to the results from the luciferase report assay,
cells overexpressing MZF160-72 and MZF1-knockdown showed
a minor increase in IGF1R promoter activity compared to the
vector control and ELK1-knockdown cells (Figure 4C). These
results indicated that MZF1 suppresses IGF1R promoter
activity, but the same cannot be said for ELK1.

To confirm whether MZF1 binds directly to the promoter
region of IGF1R, ChIP experiments were performed using
MZF1 and ELK1 antibodies followed by screening whether
the region of human IGF1R promoter is bound together.
Immunoprecipitated chromatin DNA fragments from cells
with vector or overexpressing MZF160-72 were analyzed with
PCR to identify the MZF1 binding regions in the IGF1R
promoter. In Hs578T-MZF160-72 cells, the amount of PCR
amplification specific for the MZF1 binding regions –299
to –291, –138 to –130, and +501 to +556, within the IGF1R
promoter were decreased by 67.1%, 73.4%, and 78.7%,
respectively, of PCR product compared to vector control
cells (Figure 4D). The results from the re-ChIP assay
indicated that ELK1 did not exist within this protein complex
when MZF1 was bound to the IGF1R promoter. These
findings indicated that MZF1 directly bound to the promoter
region of IGF1R and repressed IGF1R transcription activity.
However, the same cannot be said for ELK1.

IGF1R signaling through ERα regulated slug, E-cadherin and
EMT. Recent evidence showed that two of the most important
pathways in human breast cancer involve ERα signaling and
Slug/E-cadherin, and the latter results in EMT (28). To
investigate the effect of IGF1R on the expression of ERα,
MZF1 was knocked down in Hs578T and MDA-MB-231 cells
and it was monitored whether endogenous ERα is regulated by
MZF1/IGF1R. A dramatic increase in ERα protein level was
observed when IGF1R was up-regulated in Hs578T-shMZF1
and MDA-MB-231-shMZF1cells (Figure 4A). The results of
MZF160-72-overexpressing Hs578T and MDA-MB-231 cells
were similar (Figure 4E). In the stable knockdown cells,
Hs578T-shMZF1 and MDA-MB-231-shMZF1, the slug protein
was decreased. By contrast, the expression of E-cadherin was
significantly increased (Figure 4A). In addition, to further
examine the impact of IGF1R expression alterations on the
protein level of ERα, we performed transient transfection with
the plasmid encoding full-length MZF1 in stable knockdown
cells, Hs578T-shMZF1 and MDA-MB-231-shMZF1. Our
rescue study showed that overexpression of the exogenous
MZF1 in MZF1-knockdown cells resulted in the down-
regulation of IGF1R and ERα in Hs578T-shMZF1 (IGF1R:
61.8%, p<0.05; ERα: 49.6%, p<0.05) and MDA-MB-231-
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Figure 4. MZF1 suppresses IGF1R expression and then induces EMT by
directly binding to the promoter region of IGF1R. (A and B)
Transcriptional down-regulation of IGF1R gene expression by MZF1.
Hs578T and MDA-MB-231 cells with stably expressing MZF1 shRNA
constructs (Hs578T-shMZF1 and MDA-MB-231-shMZF1 cells) were
transiently transfected with the plasmid expressing full-length MZF1
(shown as “MZF1 +”). The changes in the protein (A) and RNA levels
(B) of MZF1-knockdown and rescue with exogenous MZF1 were
measured via western blot and RT-PCR, respectively, compared to those
of the parental cells. Four MZF1 binding elements were predicted on the
IGF1R promoter region. The promoter plasmid construct, IGF1R-Luc,
was transiently transfected into the Hs578T or MDA-MB-231 cells stably
expressing MZF160-72, shELK1, shMZF1 or control vector to measure the
reporter activity via luciferase assay (C). The binding ability of MZF1 to
the IGF1R promoter was evaluated via ChIP and re-ChIP analysis in
MZF160-72-expressing Hs578T cells (Hs578T-M) cells. ChIP using anti-
MZF1 antibody was performed on chromatin extracted from cells
expressing MZF160-72 (Hs578T-M) or control vector (Hs578T-v), and
three specific IGF1R promoter regions (ChIP primers a, b, and c) were
amplified by PCR, respectively. Input samples were used as positive
control (D). The effects of the IGF1R inhibitor, AG-1024, on the
expression of IGF1R and its downstream signaling pathway were
examined in MDA-MB-231 and Hs578T cells stably expressing MZF160-
72 or control vector, as well as in MCF-7 cells. The cells were treated
with 1μM AG-1024 for 3 d, and the levels of IGF1R, ERα, slug, and E-
cadherin were assessed via western blot. “(N)” indicates the nuclear
fraction extracts, otherwise whole cell lysates are analyzed (E). The
effects of the p38 MAPK inhibitor, SB203580, on the expression of IGF1R
and its downstream signaling pathway were examined in MDA-MB-231
and Hs578T cells stably expressing MZF160-72 or control vector, as well
as in MCF-7 cells. The cells were cultured in the presence of SB203580
for 8 h and were then subsequently analyzed via immunoblot analysis (F).
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shMZF1 cells (IGF1R: 50.6%, p<0.05 ERα: 75.6%, p<0.01)
(Figure 4A). These findings also indicated that a significant
correlation existed between IGF1R and ERα in Hs578T-
MZF160-72 (r=0.583, p<0.001) and MDA-MB-231-MZF160-72
(r=0.489, p<0.001) cells by analyzing with the Pearson’s
correlation coefficient. The relationship between IGF1R and
ERα appeared to serve an important function in the regulation
of EMT; thus, we examined the effect of the IGF1R inhibitor,
AG-1024, on the link of these proteins. AG-1024 impaired the
activation of IGF1R and ERα in cells overexpressing MZF160-
72 (Figure 4E). Similar results were obtained with the treatment
of the IGF1R inhibitor from MCF7 or MZF1-knockdown of
Hs578T cells (Figure 4E). Furthermore, the inhibition of
IGF1R by treatment with AG-1024 also restored slug
expression. These findings indicated that the inhibition of
IGF1R could tend to be mesenchymal phenotype in MZF160-
72-overexpressing Hs578T and MDA-MB-231 cells.

p38 MAPK was prominently activated by IGF1R. Downstream
networks of activated IGF1R included the Ras/Raf/MEK/ERK
and PI3K/Akt pathways. Moreover, two other mitogen-activated
protein (MAP) kinases, namely, p38 and JNK, were activated
(29). To investigate the molecular mechanism by which IGF1R
selectively influenced migration and invasion, we examined the
phosphorylation levels of MAPK family members in MZF160-
72-overexpressing Hs578T cells (Figure 4E). The
phosphorylation level of p38 was significantly increased in
MZF160-72-overexpressing Hs578T and MDA-MB-231 cells
(9.26-fold, p<0.01 and 5.47-fold, p<0.01, respectively; data not
shown). This change suggested that the activation of p38
MAPK maybe involved in the down-regulation of MZF1-
induced transition to epithelial potential in TNBC cells. To
investigate the hypothesis, we subjected Hs578T and MDA-
MB-231 cells to treatment with SB203580, the p38 MAPK
inhibitor. SB203580 markedly down-regulated the expressions
of ERα and E-cadherin by 68% (p<0.05) and 60.5% (p<0.01),
and by 59.7% (p<0.05) and 64.6% (p<0.05) in Hs578T-
MZF160-72 and MDA-MB-231-MZF160-72 cells, respectively
(Figure 4F). Treatment with SB203580 up-regulated the
expression of slug in MZF160-72-overexpressing Hs578T and
MDA-MB-231 cells. The protein levels of MZF1, ELK1, and
IGF1R had no distinct changes compared to SB203580
treatment, indicating that these proteins might be upstream
components of the signaling pathway. Moreover, the inhibition
of IGF1R with AG-1024 reduced the phosphorylation level of
p38, and the protein expression levels of ERα and E-cadherin
in MZF1-knockdown Hs578T (reduced by 88.9%, p<0.001;
84%, p<0.001; 83.2%, p<0.001, respectively) and MDA-MB-
231 cells (reduced by 81.1%, p<0.001; 80.3%, p<0.001; 81.3%,
p<0.001, respectively), as well as in MCF7 cells (reduced by
90.7%, p<0.01; 82.6%, p<0.01; 98.1%, p<0.05, respectively)
(Figure 4E). Taken together, these results suggested that p38
MAPK would be a critical and necessary downstream target of

IGF1R for the regulation of EMT. Treatment with p38 MAPK
inhibitor would effectively prevent the down-regulation of
MZF1-induced transition to epithelial potential in Hs578T and
MDA-MB-231 cells.

Degradation of MZF1 attenuates malignant phenotypes of
TNBC cells. We examined the effects of MZF160-72 on the
tumorigenic potential of Hs578T and MDA-MB-231 cells.
Cell migration and invasion were significantly reduced by
87.3% (p<0.01) and 89.1% (p<0.01), respectively, in
MZF160-72-expressing stable cells relative to parental and
control cells (Figure 2B). However, no changes in cell
proliferation were observed. We performed ChIP and
luciferase reporter assay to identify MZF1-responsive
elements in the IGF1R promoter, thereby confirming the
signaling pathway involved. Compared with its non-genomic
fashion through ligand/receptor bonding, our evidence
indicated that the IGF1R activity is regulated by MZF1 via
IGF1R genomic (transcriptional) mechanism. The present
work revealed that MZF1 was involved in slug/E-cadherin
signaling through IGF1R/p38 MAPK/ERα signaling pathway,
with the latter leading to EMT in malignant cells. Therefore,
disruption of MZF1 and ELK1 complex formation attenuated
MZF1-mediated cancer progression. The inhibitory effects of
MZF160-72 on tumorigenesis further demonstrated that the
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Figure 5. Disrupting the interaction between MZF1 and IGF1R
promoter increases the epithelial potential. A scheme depicts the
regulation of IGF1R expression by interaction with MZF1. The results
showed that MZF1 but not ELK1 interacts with the IGF1R promoter
region to regulate IGF1R expression (A). Interrupting their interactions
by the MZF160-72 peptide led to decreased protein-DNA binding
activity, followed by up-regulating IGF1R expression, and eventually
attenuated EMT potential and tumorigenesis (B).



fragment of MZF1 was essential for the formation of the
MZF1/ELK1 interaction and transcriptional repression of
IGF1R gene promoter, which is scarcely expressed in TNBC
cells (Figure 5). These data indicate that MZF1 directly binds
to the IGF1R promoter to suppress its transcription, thus
inhibiting the invasion and metastasis of Hs578T and MDA-
MB-231 cells, suggesting the tumor suppressive functions of
MZF1 in the progression of TNBC.

Discussion

In this study, we validated that MZF1 bound with ELK1 in
high-level MZF1-expressing TNBC cells. We also
demonstrated that MZF1 loses its stability to be a labile
protein with a shorter half-life and its degradation is mediated
through the proteasome pathway in MZF160-72-overexpressing
Hs578T and MDA-MB-231 cells. We then examined whether
MZF160-72 overexpression can affect EMT in TNBC cells.
Based on the results of cycloheximide decay assays, we
hypothesized that MZF160-72 functioned as a competitor and
interacted with endogenous protein complex containing
MZF1/ELK1. The MZF160-72-mediated effects on cell
phenotype were characterized by morphological changes,
decreased expression of mesenchymal markers, and increased
expression of the epithelial marker, E-cadherin. MZF160-72
interacted with the heparin-binding domain of ELK1, and
subsequently this interaction caused instability and
degradation of endogenous MZF1 protein in a proteasome-
dependent manner by competitively disrupting the interaction
between MZF1 and ELK1 (Figure 2E). Moreover, MZF1 lost
its stability and was degraded in a proteasome-dependent
manner. Our observations suggested that MZF160-72
competitively took over the binding domains between
endogenous MZF1 and ELK1. This is because MZF160-72
destroyed the original folding of MZF1 assisted by ELK1,
thereby resulting in the eventual degradation of MZF1.

ELK1 transcription factor, is a downstream transcriptional
target of MAPK, and has been considered to be localized
predominantly in the nucleus. Once phosphorylated on
Ser383/Ser389, ELK-1 undergoes conformational changes
leading to increased DNA-binding and transcriptional
activity (30, 31). Herein, ELK1 was located in both nuclear
and cytoplasmic compartments in breast cancer cells, and the
data obtained in this study demonstrated that inhibition of
the ELK1-MZF1 interaction reduced the phosphorylation
level of ELK1 in the nucleus of MZF160-72-overexpressing
Hs578T and MDA-MB-231 cells (Figure 2C). Returning the
expression of MZF1 to its original protein level reversed
ELK1 nuclear phosphorylation, thereby indicating that ELK1
nuclear phosphorylation was directly linked to the protein
amount of MZF1 (Figure 3F). This result also suggested that
the interaction of ELK1 and MZF1 may be involved in the
nuclear translocation of ELK1 in TNBC cells.

Based on our results on the MZF160-72-mediated transition
to epithelial-like state, MZF1 was a critical regulator of EMT
in TNBC cells, but not ELK1 (Figure 3). In addition, we
showed that a previously unidentified mechanism in
transcriptional regulation contributed to the EMT in TNBC
cells expressing MZF1. Our results from the Western blot
analysis and RT-PCR experiments showed a distinct down-
regulation of IGF1R mRNA and protein levels in cells
overexpressing MZF1, thereby confirming that the
transcription factor MZF1 functioned as a transcription
repressor of IGF1R expression in Hs578T and MDA-MB-
231 cells (Figure 4A and B). The ectopic expression of
MZF1 was associated with increased the mesenchymal
marker expression and decreased the expression of the
epithelial marker (Figure 4A). Subsequently, we
demonstrated that MZF1, but not ELK1, inhibited the
expression of IGF1R by directly binding to the IGF1R
promoter region and suppressing the IGF1R transcription
activity (Figure 4C, D). Similar results have also been found
in studies of MZF1 being capable of down-regulating IGF-
IR gene expression by binding directly to its promoter and
5’regionin NPM-ALK+ T-cell lymphoma (9).

MZF1, a 485-amino acid protein belonging to the C2H2
zinc finger gene family, contains 13 zinc fingers domains
divided into two groups, as follows: one location contains zinc
finger 1-4 domains, and the other in the carboxyl terminus
contains zinc fingers 5-13 domains, which can bind DNA
independently. Both zinc fingers have the ability to bind DNA,
and DNA consensus binding sites have been identified for each
of these DNA-binding domains (32). We assumed that MZF1
has the potential to bind with sequences located both upstream
and downstream of the transcription start site between –299
and +556 of the IGF1R gene. We then performed luciferase
activity assay and ChIP analysis to confirm that MZF1, but not
ELK1, could bind to the sequences within the IGF1R promoter
region. As a possible explanation for the results from our
experiments, MZF1 did not combine with ELK1 while MZF1
bound to the promoter region of IGF1R gene.

Recent evidence shows that transcriptional factor MZF1
activates respective hub genes mediating the conscription
and commencement of cancer by phosphorylation and
sumoylation which are considered as post-translational
modification (33). As with the heterologous DNA binding
domain, MZF1 determines its transcriptional regulatory
function may depend on the presence of tissue-specific
regulators/adapters or differential MZF1 modifications.
Therefore, MZF1 has been considered as a bi-functional
transcription regulator that can act as both a transcription
activator and a transcription repressor via influencing insulin
or via regulating the MAPK cascade, RPS6K and PTEN
signaling (32, 34). Overexpression of MZF1 leads to the
transactivation of Axl promoter and induces the migration
and invasion of solid tumor cells (34). In contrast, MZF1
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could be a tumor suppressor in tumorigenesis. MZF1 reduces
the migratory capability and invasiveness of cervical cancer
cells through suppressing matrixmetalloproteinase-2
expression (34). Moreover, Ikaros isoform 1 (Ik1) and MZF1
directly bind to the promoter of IGF1R to suppress its
transcription and the pathogenesis of nucleophosmin-
anaplastic lymphoma kinase oncogenic protein (NPM-ALK)-
positive T-cell lymphoma (9). In this study, we demonstrated
for the first time that MZF1 inhibited IGF1R promoter
activity and gene expression, thereby resulting in the induced
migration and invasion of TNBC as oncogenic inducer. We
also illustrated that IGF1R was a novel downstream gene of
MZF1 in TNBC. First, the expression of MZF1 and IGF1R
was positively correlated in Hs578T and MDA-MB-231
cells. Second, endogenous IGF1R expression, both protein
and transcription, was decreased or increased by
overexpression or knockdown of MZF1 in Hs578T and
MDA-MB-231 cells. Third, the luciferase activity of IGF1R
promoter was responsive to MZF1 knockdown. Finally, ChIP
assay revealed the binding of MZF1 to IGF1R promoter,
recommending that MZF1 could restrain the IGF1R
expression by suppressing transcription.

Previous reports have demonstrated that both IGF1R and
its downstream adaptor insulin receptor substrate 1 (IRS1)
are estrogen-regulated genes (35, 36). Furthermore, IGF1R
can activate estrogen receptor (37). However, the functions
and downstream gene of IGF1R in Hs578T and MDA-MB-
231 cells still remain to be elucidated. In this study, we
observed that IGF1R signal activation resulted in the up-
regulation of ERα gene expression by activating the p38
MAPK signaling pathway (data not shown). In line with
these observations, the inhibition of IGF1R appeared to
decrease the phosphorylation level of p38 in the stably
expressing MZF160-72 Hs578T, MDA-MB-231 or MCF7
cells (Figure 4E). Moreover, the expression of ERα was
down-regulated after treatment with the inhibitor of IGF1R.
Similarly, the protein level of IGF1R in MZF160-72-
overexpressing cells still maintained in the presence of the
inhibitor of p38 MAPK (SB203580) which significantly
decreased the levels of ERα and E-cadherin. In contrast to
these two proteins, the level of slug increased in these two
TNBC cells under the same treatment condition (Figure 4F).
Thus, we suggested that the p38 MAPK pathway would be
necessary for IGF1R in modulating MET. These results were
consistent with previous studies demonstrating that IGF
signaling pathway and ERα performing dynamic and
intricate crosstalk, resulting in bidirectional regulation of
expression and activity (6, 38). Furthermore, ERα could
directly affect slug transcription and then regulate E-cadherin
and EMT (27). Herein, our findings showed that the increase
in ERα expression was associated with a distinct decrease in
slug after MZF160-72 transfection, and the abrogation of ERα
expression rescued the expression of slug in Hs578T and

MDA-MB-231 cells with stably expressing MZF160-72
(Figure 4E and F).

Given that transcription factors are increasingly re-
described as ‘undrugged’, instead of its previous description
as ‘undruggable’, research on transcription factor-inhibiting
peptides, such as those that inhibit Notch1 activity and
rescue p53 activity, and modification of protein-protein
interactions would pave the way for new avenues of drug
research and cancer treatment (39-42). In the present study,
we used regulatory protein-fused peptides containing
transcription factor MZF1 or ELK1 truncation as a novel
inhibitor to target the protein-protein interface by saturating
their binding site and triggering endogenous MZF1
degradation. In conclusion, our results provided strong
evidence that the degradation of MZF1 contributed to
reinstate of IGF1R expression in TNBC cells, thereby
inducing the downstream expression of signaling molecules,
including p38 MAPK and ERα, and then ERα through slug
regulating E-cadherin and EMT. However, we could not
completely exclude the possibility that the outcome of
degradation of MZF1 in TNBC was not only mediated
through the up-regulation of IGFIR because this transcription
factor may be involved in the regulation of other
survival/oncogenic signaling mechanisms. This study
revealed that invasion- and EMT- associated genes were up-
regulated in TNBC with a high expression of MZF1. These
observations suggested that MZF1 might function as a
potential tumor inducer and contribute to the progression of
TNBC metastasis. Therefore, considering the high
correlation between MZF1 and ELK1 transcription factors in
TNBC patients, inhibiting the ELK1/MZF1 interaction
represented a novel and feasible strategy to specifically
impair EMT through transactivating IGF1R downstream
signaling, thereby suggesting its potency for development as
an alternative anti-cancer strategy.

Conclusion

In Hs578T and MDA-MB-231 cells, MZF1 is highly
expressed and it directly binds to the IGF1R promoter to
suppress its transcription. IGF1R could alter slug-mediated
EMT and is influenced by MZF1. MZF1 is thought to be a
negative regulator of IGF1R-p38MAPK-ERα-slug-E-cadherin
signaling in high-level MZF1-expressing TNBC cells, and
associated with tumor invasion and metastasis. Herein, we
investigated whether MZF1 strengthens the mesenchymal
phenotype by de-repressing slug expression and function
through inhibition of IGF1R and ERα expression. We have
shown that expression of slug is reduced during endogenous
MZF1 degradation in Hs578T and MDA-MB-231 cells.
Knockdown of MZF1 or overexpression of the acidic domain
of MZF1 shifts initial mesenchymal phenotype that alters
cellular morphology from spindle-like into cobblestone-like
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shape. Treatment with IGF1R tyrosine kinase inhibitor, AG-
1024, or the p38 MAPK inhibitor, SB203580 partially restores
slug expression levels in these two cell lines. In addition,
expression of MZF1 would rescue the phenotype. Thus, MZF1
modulates the motility and invasion potential of high-level
MZF1-expressing TNBC cells and acts through the
suppression of IGF1R by directly binding to the IGF1R
promoter (Figure 5). Therefore, it might be therapeutically
beneficial to promote the epithelial phenotype in TNBC. To
the best of our knowledge, this is the first report to indicate
the role of MZF1 in these cascades, suggesting this protein as
a potential target for the development of new therapeutic
approaches for the TNBC patients expressing MZF1.
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