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Abstract
Background  The tumor microenvironment (TME) regulates tumor progression, and cancer-associated fibroblasts (CAFs) 
are the primary stromal components of the TME, with the potential to drive tumor metastasis via the secretion of paracrine 
factors, but the specific mechanisms driving this process have not been defined.
Methods  Proteins secreted from CAFs and normal fibroblasts (NFs) were analyzed via proteomic analysis (fold change > 2, 
p < 0.05) to identify tumor-promoting proteins secreted by CAFs.
Results  Proteomic analysis revealed that microfibrillar-associated protein 5 (MFAP5) is preferentially expressed and secreted 
by CAFs relative to NFs, which was confirmed by Western blotting and RT-qPCR. Transwell and wound healing assays 
confirmed that MFAP5 is secreted by CAFs, and drives the invasion and migration of MCF7 breast cancer cells. We further 
found that in MCF7 cells MFAP5 promoted epithelial–mesenchymal transition, activating Notch1 signaling and consequently 
upregulating NICD1 and slug. When Notch1 was knocked down in MCF7 cells, the ability of MFAP5 to promote invasion 
and migration decreased.
Conclusion  CAFs promote cancer cells invasion and migration via MFAP5 secretion and activation of the Notch1/slug 
signaling. These data highlight this pathway as a therapeutic target to disrupt tumor progression through the interference of 
CAF–tumor crosstalk.
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Introduction

Breast cancer remains the most common cancer in women, 
with 1.7 million diagnoses and 535,000 deaths in 2016 alone 
[1]. Recurrence and metastasis remain the leading cause of 
death in breast cancer patients [2]. The tumor microenvi-
ronment (TME) is a key regulator of tumor metastasis and 

invasion, with cancer-associated fibroblasts (CAFs) in par-
ticular being associated with poor breast cancer prognosis, 
which are detectable in the peripheral blood of advanced 
breast cancer patients [3]. CAFs secrete growth factors and 
chemokines and reshape the extracellular matrix, thereby 
driving proximal invasion and metastasis [4]. The exact 
mechanisms underlying these processes remain unknown. 
Understanding the CAF secretome can enhance our knowl-
edge of the TME and improve breast cancer treatment.

Epithelial–mesenchymal transition (EMT) is an impor-
tant stage in tumor progression, that is characterized by 
reduced cell polarity and adhesion, increased motility, 
reduced epithelial marker expression (E-cadherin) and 
elevated mesenchymal marker expression (vimentin, 
N-cadherin) [5]. Snail, Twist, and ZEB are key transcrip-
tion factors regulating EMT in tumors, with higher levels 
of these factors associated with poor patient prognosis [6]. 
CAFs are able to promote tumor EMT via paracrine secre-
tion of the growth factors TGFβ and HGF, and the inflam-
matory factors IL-6 and TNFα [7]. How other secreted 
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proteins influence this process, however, remains uncertain 
and requires further investigation.

MFAP5 is a key component of the elastic microfibers 
that constitute the extracellular matrix, which are impor-
tant for the growth of bone and many other organs [8, 
9]. Recently, MFAP-5 expression was shown to be ele-
vated in an array of malignant tumors, and drives tumor 
invasion and metastasis [10–12]. In particular, MFAP5 
derived from CAFs can promote tumor progression in 
ovarian cancer and oral squamous cell carcinoma [13, 14]. 
MFAP5 overexpression in breast cancer epithelial cells 
leads to bone metastases via the ERK/MMP pathway [15], 
although this represents an autocrine effect within carci-
noma cells. The potential for stromal-derived MFAP5 to 
influence breast cancer epithelial cells via paracrine sign-
aling has not been investigated.

In this study, to identify key proteins secreted by CAFs 
that promote breast cancer cell invasion and metastasis, 
and to provide new tumor microenvironment markers for 
the prognosis evaluation of breast cancer, we analyzed the 
supernatants of breast cancer patients’ fibroblast cells, and 
found that MFAP5 expression was elevated in breast CAFs 
relative to NFs. We also found that MFAP5 secreted by 
CAFs drives the invasion and migration of MCF7 breast 
cancer cells in a paracrine fashion. MFAP5 was further 
found to activate Notch1 and upregulate slug in these cells. 
Together, these results provide new evidence for the cross-
talk between breast cancer tumor cells and local fibro-
blasts. This represents a potential marker from the TME to 
predict breast cancer recurrence and metastasis.

Materials and methods

Cells and cell culture

Fibroblast isolation

For CAF and NF isolation, tumor and normal breast tis-
sues (> 2 cm from the tumor) were obtained from breast 
cancer patients undergoing primary lesion resection at the 
Xuanwu Hospital, Capital Medical University. No patients 
had received radiotherapy, chemotherapy, or endocrine 
therapy, and all consented to the use of resected speci-
mens. The Institutional Review Board and the Human Eth-
ics Committee of Xuanwu Hospital approved this study.

Paired fibroblast samples were isolated and cultured as 
previously described [16]. CAFs and NFs were grown in 
DMEM (Gibco, Waltham, MA, USA) containing 10% FBS 
at 37 °C in a humidified 5% CO2 incubator. Cells within 
six passages were used for experimental analysis.

Cell lines and reagents

The MCF-7 human breast cancer line was purchased from 
Cobioer Biosciences Corporation (Nanjing, China) and was 
grown under the conditions used for primary fibroblasts. 
MFAP5 human siRNA (SR305355) was purchased from 
Origene (USA), and Notch1 human siRNA was purchased 
from Genechem (Shanghai, China; sequence: CCA​ACA​
UCC​AGG​ACA​ACA​UTT). Cells were transfected with Lipo-
fectamine 3000 (Invitrogen). Recombinant Human MFAP5 
(4914-MG) was purchased from R&D.

Conditioned media generation

Fibroblasts were washed three times in PBS, and grown in 
serum-free DMEM for 24 h after reaching 70–80% conflu-
ency. Conditioned media from the cells was collected, cen-
trifuged at 4 °C 1000 rpm for 5 min, and subjected to mass 
spectrometry and other experimental analysis.

Sample preparation and digestion for proteomic analysis

CAF and NF supernatants were mixed 4:1 with 100% (w/v) 
trichloroacetic acid, incubated for 1 h at 4 °C, and spun at 
14,000 rpm for 5 min at 4 °C. Precipitates were washed in 
ice-cold acetone, air dried at room temperature, and dis-
solved in lysis buffer (8 M urea, 100 mM Tris–HCl, pH 8.0). 
Bradford assays (Eppendorf BioSpectrometer, Hamburg, 
Germany) were used to measure protein concentrations, and 
samples were then digested as previously described [16]. 
Briefly, samples were incubated in dithiothreitol (DTT) and 
centrifuged (Millipore) at 12,000g for 20 min. Then, the 
protein samples were washed in lysis buffer and digested 
with trypsin overnight at 37 °C.

Liquid chromatography and mass spectrometry

A nanoliter liquid phase Easy-nLC 1000 (Thermo Scientific, 
USA) hybrid with a mass spectrometer OrbiTrap Fusion 
LUMOS (Thermo Scientific, USA) was used for mass spec-
trometry (MS). We resolved 0.5 μg of sample in the mobile 
phase: A: 0.1% formic acid in water; B: 0.1% formic acid 
in acetonitrile. Separation was performed on an Easy-spray 
column (C18, 3 μm, 100 Å, 75 μm × 15 cm) with a liquid 
phase gradient of: 4 min, 8% B phase; 45 min, 30% phase B; 
75 min, 90% B phase; 78 min, 90% phase B. The mass spec-
trometer was manipulated in the MS/MS data-dependent 
mode, with an electrospray voltage of 2.0 kV and a capillary 
temperature of 300 °C. Full scans were performed ranging 
from 300 to 1400 m/z, and the resolution was set to 30,000. 
The quadrupole isolation mode was selected to isolate pre-
cursor ions within a 1.6 Da window. Dynamic exclusion was 
determined at 20 s.
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MS results were searched using Proteome Discoverer 2.2 
analysis software with arginine (R) and lysine (K) enzymatic 
sites. Two cleavage sites were permitted, allowing for one-
sided non-specific enzymatic hydrolysis, with a fixed modifi-
cation set to carbamidomethylation of cysteine. The variable 
modifier was set to oxidation/+ 15.995 Da (M).

Western blotting

Cells were lysed in RIPA buffer (Beyotime Bio, China) 
containing PMSF and protease inhibitor cocktail. Proteins 
were quantified by BCA assays (Thermo Scientific, USA). 
Protein samples were resolved on 8–12% SDS-PAGE elec-
trophoresis gels, and then transferred onto PVDF mem-
branes. Membranes were blocked in 5% milk for 1 h at 
room temperature, followed by probing overnight at 4 °C 
with primary antibodies against β-actin (1:2000), GAPDH 
(1:2000), MFAP5 (1:500), E-cadherin (1:2000), N-cadherin 
(1:1000), Notch1(1:500) (all from Proteintech, USA), and 
slug (1:1000, Abcam, USA). Membranes were labeled with 
HRP-conjugated goat anti-rabbit or -mouse IgG (1:2000, 
Santa Cruz, USA) for 1 h at room temperature. An enhanced 
chemiluminescence system (Millipore, Germany) was used 
for protein detection on an AI600 imaging system (GE, 
USA).

RT‑qPCR

Cells were lysed in TRIzol (Invitrogen, Chicago, USA) to 
extract RNA, and cDNA was generated using Revert Aid 
first strand cDNA synthesis kits (k1622, Thermo Scientific, 
USA). The Mx3000p RT-PCR system was used for RT-
qPCR using THUNDERBIRD SYBR qPCR Mix (QPS-201, 
TOYOBO, Shanghai, China). Results were normalized to 
GAPDH expression. Primers were synthesized by Sangong 
Biotech (Shanghai, China) (Table 1).

Wound healing assays

MCF7 cells (8 × 104) were plated into 12-well plates over-
night until the cells reached confluency. A pipette was used 
to scratch the monolayer, which was washed in PBS. Serum-
free media (1 mL) were added and cells were imaged after 
24 h on a light microscope (200 ×). Wound healing was 
quantified using ImageJ.

Invasion assay

Matrigel (BD, USA) was diluted 1:4 in DMEM and 25 μL 
was added to 8 um pore Transwell chamber filters in 24-well 
plates (Corning, USA). MCF7 cells (3 × 104) were added to 
the upper chambers in 100 μL DMEM. CAF-conditioned 
media containing 10% FBS (1 mL) was added to the lower 

chamber. After 48 h incubation, cells in the upper chamber 
were removed via swabbing. Remaining cells were fixed 
in 4% formaldehyde for 5 min, followed by staining with 
5% crystal violet for 5 min. Cells on the lower inserts were 
counted via microscopy (200 ×).

Immunofluorescence

MCF7 cells were seeded onto coverslips in 6-well plates 
(2 × 104/mL). After overnight incubation, adherent cells 
were treated with or without recombinant MFAP5 (400 ng/
mL) for 48 h. Cells were then washed in PBS and fixed 
in 4% paraformaldehyde for 20 min at room temperature. 
After three more washes, slides were blocked using metha-
nol containing hydrogen peroxide for 10 min, and probed 
with anti-E-cadherin antibodies (1:200, Santa Cruz, USA) at 
4 °C overnight followed by an anti-rabbit secondary antibod-
ies for 1 h at room temperature. Cell nuclei were stained with 
4′,6-diamidinophenyl-indole (DAPI) for 5 min, and then 
slides were imaged via fluorescence microscopy (200 ×).

Statistical analysis

SPSS v21.0 was used for all analyses. A Student’s t test was 
used to compare values. Data are presented as the mean ± SD 
of triplicate experiments. p < 0.05 indicated significant 
difference.

Results

Primary breast cancer CAF and NF supernatant 
proteomic profiling identifies MFAP5 
as a CAF‑associated protein

When activated, fibroblasts provide a paracrine signaling-
mediated niche for tumorigenesis. To identify potential par-
acrine factors secreted by CAFs that promote oncogenesis, 

Table 1   RT-qPCR primers

Primers Sequence (5′–3′)

MFAP5-forward GTG​ACT​CAA​GCG​ACT​CCA​GAA​
MFAP5-reverse AGT​CAT​CTG​TGG​AAG​GTG​CAAT​
Slug-forward GGG​GAG​AAG​CCT​TTT​TCT​TG
Slug-reverse TCC​TCA​TGT​TTG​TGC​AGG​AG
Twist-forward GCA​GGG​CCG​GAG​ACC​TAG​
Twist-reverse TGT​CCA​TTT​TCT​CCT​TCT​CTGGA​
Notch1-forward CCT​GAG​GGC​TTC​AAA​GTG​TC
Notch1-reverse CGG​AAC​TTC​TTG​GTC​TCC​AG
GAPDH-forward ACA​TCG​CTC​AGA​CAC​CAT​G
GAPDH-reverse TGT​AGT​TGA​GGT​CAA​TGA​AGGG​
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we profiled the secreted proteome of matched pairs of CAFs 
and NFs from four breast cancer patients. R packages were 
used to identify differentially expressed proteins (DEPs) 
between samples (fold change > 2, p < 0.05), identifying 36 
DEPs, of which 20 were upregulated in CAFs, and 16 pro-
teins were downregulated (Fig. 1a). Given our interest in 
tumor-promoting factors, we next assessed the upregulated 
proteins in CAFS via GO analysis of these 20 proteins. The 
cell component (CC), biological processes (BP) and molecu-
lar function (MF) analyses primarily revealed these to pri-
marily be extracellular matrix proteins (Fig. 1b). Of these 
DEPs, MFAP5 expression was highest in CAFs. Previous 
studies identified high MFAP5 expression in tumors, which 
is related to invasion and metastasis, making it an interest-
ing target for further studies. Kaplan–Meier survival analy-
sis of the 1747 breast cancer patients in the Kaplan–Meier 
Plotter public database revealed that patients with increased 
MFAP5 expression had lower distant metastasis-free sur-
vival rates (DMFS) (HR = 1.29, p < 0.05), suggesting that 
MFAP5 expression is linked to poor breast cancer prognosis 
(Fig. 1c).

CAF‑derived MFAP5 induces breast cancer cell 
invasion and metastasis

To confirm that CAFs express high levels of MFAP5, its 
expression was assessed via Western blotting and RT-qPCR 
(Fig. 2a, b). In MCF7 cells, the protein levels of MFAP5 
were lower than in CAFs (Fig. 2c).To determine how CAF-
derived MFAP5 influences breast cancer invasion and migra-
tion, MFAP5 was knocked down in CAFs to generate condi-
tioned media containing reduced MFAP5 levels (Fig. 2d, e). 
Wound healing and Transwell assays revealed that MFAP5 
knockdown in CAFs was sufficient to reduce the ability of 
these cells to promote tumor migration (p < 0.001; two-tailed 
Student’s t test) (Fig. 2f, g).

MFAP5 promotes breast cancer cell EMT

Epithelial–mesenchymal transition is a key stage in tumor 
progression. To explore whether CAF-derived MFAP5 influ-
ences EMT in MCF7 cells, we added recombinant human 
MFAP5 to MCF7 culture media, which resulted in decreased 
E-cadherin expression and increased N-cadherin expression 
relative to untreated cells, consistent with EMT progression 

(Fig. 3a, b). Twist and slug are major transcription factors 
that control EMT, and we found that MFAP5 increased slug 
expression in MCF7 cells via RT-qPCR (p < 0.001), whilst 
Twist was unaffected (P > 0.05) (Fig. 3c).

MFAP5 activates Notch1 signaling in breast cancer 
cells

Notch1 is a key regulator of EMT and associated cancer pro-
gression. An assessment of the STRING protein interaction 
network revealed that MFAP5 can potentially interact with 
the Notch1 receptor and the Jag1 Notch ligand, suggesting 
MFAP5 may mediate paracrine activation of Notch1 signal-
ing in MCF7 cells (Fig. 4). Western blotting revealed that 
exogenous MFAP5 induced Notch1 activation and NICD1 
upregulation in a concentration-dependent manner, corre-
sponding to increased slug expression (p < 0.05) (Fig. 5a).

Notch1 ablates the ability of MFAP5 to promote 
breast cancer cell invasion and migration

To further confirm that MFAP5 promotes MCF7 invasion 
and migration via Notch1 signaling, we knocked down 
Notch1 in MCF7 cells (Fig. 5b, c). Wound healing and Tran-
swell assays revealed that Notch1 knockdown in MCF7 cells 
substantially impaired the MFAP5-mediated enhancement 
of breast cancer cell migration and invasion (Fig. 5d, e). 
Western blotting also confirmed increased levels of the epi-
thelial marker E-cadherin in MCF7 cells in which Notch1 
was knocked down (Fig. 5f). The ability of MFAP5 to pro-
mote slug upregulation in these cells was also significantly 
reduced following Notch1 knockdown (Fig. 5g).

Discussion

The tumorigenic potential of tumor stromal fibroblasts as 
the primary cell type promoting the formation of the TME 
are well defined. We have previously shown that CAF-
conditioned media can drive MCF7 cell invasion to higher 
levels than NF-conditioned media [16]. In this study, to iden-
tify key proteins from tumor fibroblasts that drive tumor 
progression, we assessed the secreted proteins in primary 
CAFs and NFs from four breast cancer patients. In total, 
we detected 2795 proteins in CAFs, of which 36 were dif-
ferentially expressed (20 upregulated, 16 downregulated). 
Functional analysis revealed these DEPs to be extracellular 
matrix proteins, consistent with the fact that altered extracel-
lular matrix component production is linked to oncogenesis 
[17, 18]. These results suggest that breast cancer-associ-
ated fibroblasts secrete extracellular matrix proteins which 
enhance tumor progression.

Fig. 1   Differential analysis of the expression profiles of CAF and NF 
secreted proteins. a Heatmap of the differentially expressed secretory 
proteins from primary CAFs/NFs (one-way ANOVA, fold change > 2, 
p < 0.05). b GO analyses were performed on the upregulated proteins 
of CAFs using DAVID (https​://david​.ncifc​rf.gov/), focusing on cell 
components (CC), biological processes (BP), and molecular functions 
(MF). c Prognosis of MFAP5 in breast cancer was identified via the 
Kaplan–Meier Plotter public database (https​://kmplo​t.com/analy​sis/)

◂

https://david.ncifcrf.gov/
https://kmplot.com/analysis/
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MFAP5 is a matrix glycoprotein composed of microfibrils 
that are present in elastic tissues including ligaments, arter-
ies, and the lungs [19]. However, MFAP5 is overexpressed 
in several cancers, and is associated with metastasis and 
drug resistance. Paracrine MFAP5 produced by fibroblasts 
can drive invasion and metastasis of ovarian cancer or oral 
squamous cell carcinoma cells [13, 14]. In this study, we 
found that MFAP5 is significantly upregulated and secreted 
by CAFs relative to NFs. Upon MFAP5 silencing, CAFs lost 
their ability to promote MCF7 cell migration, indicating its 
role in enhancing breast cancer cell metastasis.

EMT is essential to tumor invasion and metastasis [20]. 
We found that exogenous MFAP5 led to the downregula-
tion of E-cadherin (epithelial marker) and the upregula-
tion of N-cadherin (mesenchymal marker) in MCF7 cells, 

which was associated with an MFAP5-dependent increase in 
expression of the slug transcription factor. Li et al. recently 
found that epithelium-derived MFAP5 drives EMT in cervi-
cal cancer cells [10]. Together, our data show that MFAP5 
promotes EMT, suggesting this to be a key mechanism by 
which CAFs promote breast cancer progression. In addition, 
CAFs drive breast cancer cell EMT through the secretion 
of other growth factors including TGFβ or inflammatory 
factors including CXCL12 and IL32 [21–23]. In this study, 
we found that only TGFβ was differentially regulated in the 
CAFs and NFs, but the trends were not stable. Liu et al. 
showed that TGFβ or Notch inhibitor can reverse the enhanc-
ing effect of MFAP5 on triple-negative breast cancer cells 
metastasis [24]. Whether an interaction between MFAP5 and 
TGFβ secreted by CAFs exists requires further investigation.

Fig. 2   Analysis of MFAP5 expression in CAFs and its effects on 
breast cancer cell motility. a, b Western blot and RT-qPCR analy-
ses demonstrated increased MFAP5 protein and RNA expression in 
primary CAFs relative to matched NFs. c Western blotting indicated 
increased MFAP5 expression in CAFs relative to MCF7 breast cancer 
cells. d, e Western blotting and RT-qPCR were used to verify MFAP5 
knockdown in CAFs. f, g Invasion (48 h) and wound healing assays 

(24 h) demonstrated the effects of CAF-conditioned media on MCF7 
motility. Cells were treated with DMEM (MOCK), or conditioned 
media from NC-siRNA (si-NC) or MFAP5-siRNA (si-MFAP5) 
transfected CAFs. Data are presented as mean ± SD, *p < 0.05, 
***p < 0.001, ****p < 0.0001. Data were analyzed using a Student’s 
t test
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We also found that MFAP5 promotes MCF7 migration 
via Notch1. Previous reports suggest that MFAP5 can bind 
to the αvβ3 cell surface integrin receptor via its N-terminal 

RGD domain [19]. Recently, Miyanoto et al. found that 
MFAP5 also activates the Notch1 receptor via its C-terminal 
domain that interacts with Notch EGF-like repeats [25, 26]. 

Fig. 3   Effects of exogenous MFAP5 on breast cancer cell EMT. a 
Fluorescence intensity of E-cadherin in MCF7 cells cultured with 
recombinant MFAP5 (400 ng/mL, 48 h). b Western blot analysis was 
used to compare E- and N-cadherin levels in MCF7 cells cultured 
with recombinant human MFAP5 (200  ng/mL and 400  ng/mL for 

48  h) relative to negative controls (C0). c RT-qPCR analysis dem-
onstrating slug and Twist mRNA expression in MCF7 cells cultured 
with or without recombinant human MFAP5 (400 ng/mL for 48 h). 
Data are mean ± SD, ***p < 0.001. Data were analyzed using a Stu-
dent’s t test

Fig. 4   Analysis of MFAP5 
functional protein interaction 
networks. Maps were produced 
using the STRING database 
according to the highest con-
fidence setting (0.900), with 
different line colors indicat-
ing different protein–protein 
interactions. For example, blue 
lines indicate evidence from 
curated databases, while yellow 
lines indicate evidence from text 
mining



529Clinical and Translational Oncology (2020) 22:522–531	

1 3

This effect differs between different tissue types. Albig et al. 
showed that MFAP5 drives vascular endothelial cell prolif-
eration via disrupting Notch1 activation, whilst the opposite 
scenario occurs in non-endothelial cells [27]. Deford et al. 
suggested that the outcome of MFAP5-Notch1 binding is 
dependent on the expression level of integrin αvβ3 receptor 
on the cell surface [28]. Cells with high αvβ3 receptor lev-
els preferentially bind the MFAP5 N-terminal domain, thus 
activating the integrin pathway and competitively inhibiting 
Notch1 activation, whereas in cells lacking integrin αvβ3 
receptor, the MFAP5 C-terminal domain binds to the Notch1 
receptor and triggers Notch1 signaling. We found that exog-
enous MFAP5 induced Notch1 activation in MCF7 cells, 
possibly due to the αvβ3 receptor being poorly expressed on 
these cells. Confirmation of this is required in future studies 
[29–31].

Slug is a transcription factor that regulates EMT. When 
Notch1 was silenced in MCF7 cells, MFAP5-mediated slug 
upregulation was inhibited, indicating that MFAP5 acti-
vates slug via the Notch1 pathway. Shao et al. found that 
NICD1, an intracellular protein downstream of Notch1, 

regulated both breast cancer cell EMT and subsequent slug 
activation/upregulation [32]. Based on these findings, we 
conclude that MFAP5 promotes EMT in MCF7 cells via 
activating Notch1/slug signaling.

We have produced novel evidence that MFAP5 is 
secreted by breast cancer stromal fibroblasts, and that it 
drives MCF7 breast cancer cell EMT via activating the 
Notch1/slug pathway, enhancing the invasion and migra-
tion of these cells. This offers new information regarding 
the role of the TME in promoting breast cancer metastasis, 
and provides a potential marker and research target from 
tumor stroma to predict breast cancer prognosis. Even so, 
these findings are preliminary in vitro studies and future 
in vivo and clinical studies are now required to verify these 
findings.
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MFAP5 on MCF7 migration and invasion following Notch1-knock-
down (si-Notch1) relative to controls (si-NC). f Western blot analy-

sis of E- and N-cadherin levels in Notch1-knockdown and control 
MCF7 cells. g Western blot analysis of slug expression in si-NC and 
si-Notch1 MCF7 cells cultured with or without 400  ng/mL recom-
binant MFAP5 for 48 h. Data are mean ± SD, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. Data were analyzed using a Student’s 
t test
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