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Abstract

Triple-negative breast cancer (TNBC) has high rates of local recurrence and distant metastasis,
partially due to its high invasiveness. The Forkhead box C1 (FOXC1) transcription factor has been
shown to be specifically overexpressed in TNBC and associated with poor clinical outcome. How
TNBC’s high invasiveness is driven by FOXC1 and its downstream targets remains poorly
understood. In the present study, pathway-specific PCR array assays revealed that WNT5A and
matrix metalloproteinase-7 (MMP7) were upregulated by FOXC1 in TNBC cells. Interestingly,
WNT5A mediates the upregulation of MMP7 by FOXC1 and the WNT5A-MMP7 axis is essential
for FOXC1-induced invasiveness of TNBC cells /n vitro. Xenograft models showed that the lung
extravasation and metastasis of FOXC1-overexpressing TNBC cells were attenuated by knocking
out WNTS5A, but could be restored by MMP7 overexpression. Mechanistically, FOXC1 can bind
directly to the WWNT5A promoter region to activate its expression. Engineered DNA-binding
molecule-mediated chromatin immunoprecipitation (enChlIP), coupled with mass spectrometry,
identified FOXC1-interacting proteins including a group of heterogeneous nuclear
ribonucleoproteins involved in WNTS5A transcription induction. Finally, we found that WNT5A
activates NF-xB signaling to induce MMP7 expression. Collectively, these data demonstrate a
FOXC1-elicited non-canonical WNT5A signaling mechanism comprising NF-xB and MMP7 that
is essential for TNBC cell invasiveness, thereby providing implications toward developing an
effective therapy for TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is a heterogenous group of tumors that lack
immunohistochemical staining or overexpression of the estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2).1
Compared with ER-positive or HER2-positive breast cancer, TNBC is associated with a high
histologic grade, frequent distant metastasis, and high mortality rate.1:2 Although it has been
intensively studied, the mechanism underlying the poor prognosis of TNBC remains to be
elucidated.

The WNT signaling pathway has been demonstrated to be involved in tumorigenesis.3 WNT
signaling is frequently activated in TNBC as opposed to other subtypes of breast cancer.4>
Recent studies have established the transcription factor forkhead box C1 (FOXC1) as a
pivotal diagnostic and prognostic biomarker for basal-like breast cancer (BLBC), a subtype
of breast cancer which is characterized by basal cytokeratin expression and shares many
similar clinicopathologic traits with TNBC.5:7 Elevated FOXC1 expression is associated
with a worse overall survival of breast cancer patients.88 In this study, we explored the
FOXC1-associated mechanism underlying the invasiveness of TNBC cells. Our results show
that WNT5A, a ligand that mediates non-canonical p-catenin-independent WNT signaling,
was markedly induced by FOXCL1 in TNBC cells. Upregulated WNT5A activated NF-xB
signaling, which in turn induced matrix metalloproteinase-7 (MMP7) expression. This
WNT5A-NF-xB-MMP7 axis elicited by FOXC1 is essential for the invasiveness of TNBC
cells, and may be further exploited to develop new treatment for TNBC.

Results and Discussion

WNT5A is up-regulated by FOXC1 in TNBC cells

Because FOXC1 expression and WNT signaling are associated with TNBC, we tested
whether FOXCL1 regulates WNT pathways. Given that FOXC1 does not activate p-catenin-
dependent WNT signaling in TNBC cells,® we performed the WNT signaling pathway PCR
array assay using control and FOXC1-overexpressing MDA-MB-231 human TNBC cells to
explore the potential effect of FOXC1 on WNT signaling in an unbiased manner. WNT
ligands, WNT5A and WNT7A, and the WNT target gene MMP7 were significantly up-
regulated in FOXC1-overexpressing cells, whereas VANGLZ2, a receptor of WNT ligands,
was down-regulated (Fig. 1A). The up-regulation of WNT5A and MMP7 mRNA by FOXC1
was subsequently confirmed by PCR assays (Fig. 1B), but the expression of WNT7A and
VANGL2 mRNA was undetectable in the same assays when testing different amplification
cycles (Fig. 1B). This discrepancy might be caused by the extremely low endogenous levels
of WNT7A and VANGL2 mRNA in MDA-MB-231 cells, which resulted in the very large
variation of the Ct (cycle threshold) values in the PCR array assay (data not shown).

Consistent with our results, earlier studies showed that MMP7 is up-regulated by FOXC1
and their expression is positively correlated with each other in breast cancer cells.10 WNT5A
has also been shown to be expressed in TNBC samples.11 Here, we examined the association
between the expression of FOXC1 and WNT5A in normal human mammary epithelial and
breast cancer cells. As shown in Fig. 1C, the expression of FOXC1 positively correlated with
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WNT5A in both mRNA and protein levels in breast cancer cells. This positive correlation
was also observed in a microarray dataset of 51 breast cancer cell lines'2 (Fig. 1D). The
regulation of WNT5A by FOXC1 was further confirmed in other TNBC cell lines,
subgrouped by Lehmann et al.13 and Neve et al.,14 except SUM149 cells (Supplementary
Fig. 1A-C). Notably, FOXC1 induced WNT5A mRNA, but not protein expression in MDA-
MB-468 cells (Supplementary Fig. 1A and B). We speculate that the discrepancy between
detected WNT5A protein and mRNA levels in MDA-MB-468 cells might be attributed to
protein translation and stability, as well as secretion of WNT5A protein. The positive
correlation between FOXC1 and WNT5A protein levels was further validated by
immunohistochemistry assays performed in a TNBC tissue microarray (Fig. 1E). Taken
together, these results demonstrate that WNT5A is up-regulated by FOXC1 in TNBC cells.

Because MMP?7 is a downstream target of tumor-associated macrophage-derived WNT5A, 15
we tested whether FOXC1 induction of MMP?7 is in fact mediated by WNT5A in TNBC. To
do so, WNT5A was knocked out by CRISPR/Cas9 in FOXC1-overexpressing MDA-
MB-231 cells (Supplementary Fig. 1D). We found that the FOXC1-induced MMP7 gene
expression was attenuated in the WNT5A-knockout cells (Fig. 1F). Moreover, the
expression of MMP7 in BT549 and HCC1806 cells, which have high levels of endogenous
FOXC1, was suppressed after knocking out FOXC1 and restored by recombinant WNT5A
protein treatment (Fig. 1G; Supplementary Fig. 1A and E). These results suggest that MMP7
is regulated by a FOXC1-WNT5A signaling axis in TNBC cells.

WNT5A promoter is activated by a FOXC1 transactivator complex

To test whether FOXCL1 directly binds to the W/T75A promoter, we analyzed the sequence
of the WNT5A promoter region and found two potential FOXC1-binding sites with the core
consensus sequence of GTAAAIS (Fig. 2A). Accordingly, two 177bp fragments of the
WNT5A promoter containing wild-type or mutant FOXC1-binding sites were cloned into a
pGL4 reporter construct and luciferase reporter assays were performed. As shown in Fig.
2B, FOXC1 dramatically increased WNT5A luciferase activity in TNBC cells. This result
was further confirmed by a ChlIP assay in which the W/NT75A promoter fragment was
enriched by an immunoprecipitation assay using an anti-FOXC1 antibody (Fig. 2C). To gain
insight into the molecular mechanism by which FOXC1 upregulates WNT5A transcription,
we adopted the engineered DNA-binding molecule-mediated chromatin
immunoprecipitation (enChIP) assayl’ (Fig. 2D). Subsequent mass spectrometry analysis
identified proteins that bind to the W/NT5A promoter together with FOXC1 (Fig. 2E and
Supplementary Table 1). The interaction between FOXCL1 and several representative proteins
(i.e., KHSRP, HNRNPH1, TRIM28, and DDX5) from the proteomics analysis was further
confirmed by reciprocal co-immunoprecipitation assays (Co-1P) (Fig. 2F). ChlP assays also
demonstrated the binding of the FOXC1-interacting proteins to the W/NT75A promoter region
containing FOXC1-binding sites (Fig. 2G). In addition, these binding interactions were
enhanced when FOXC1 was increased (Fig. 2G). The binding of KHSRP and HNRNPHL1 to
the WWN'T5A promoter was also confirmed by biotinylated oligonucleotide precipitation
assays (Supplementary Fig. 2A). Individual knockdown of these proteins reduced FOXC1-
induced WNT5A mRNA expression to a varying extent (Fig. 2H and I). Taken together,
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these data suggest that FOXC1 binds directly to the promoter of WNT5A and collaborates
with other nuclear proteins to induce WNT5A expression.

Of note, some of the top enriched proteins have been shown to be involved in gene
transcription. For example, ACTN4 can function as a transcriptional co-activator to promote
the invasiveness of breast cancer cells.1® TRIM28 and ERH have been found to promote the
accumulation of RNA polymerase Il (Polll) to the transcriptional start site to initiate gene
transcription.1920 As a helicase, DDX5 can induce the recruitment of Polll to gene
promoters to regulate breast cancer cell proliferation.?! Interestingly, KHSRP, HNRNPH1,
PTBP1, and FUBP1 are heterogeneous nuclear ribonucleoproteins (HNRNPS), which
typically bind to pre-mRNA and participate in gene splicing.2? Recent studies suggest that
HNRNPs may also bind to DNA to regulate gene transcription. For example, FUBP1 can

bind to an upstream element of the c-MYC promoter to regulate c-MYC mRNA expression.
23

WNT5A activates NF-xB signaling in TNBC cells

WNTB5A exerts its function mainly through activating p-catenin-independent signaling, 24
which also has been observed in TNBC cells.25 However, it can simultaneously activate both
[B-catenin-independent and -dependent WNT signaling in TNBC cells to promote
tumorigenicity.1! Since our previous study showed that FOXC1 does not activate p-catenin-
dependent WNT signaling in TNBC cells,® we next focused on the non-canonical pathways
of WNT5A.

WNT5A can activate PKC and JNK pathways to promote the invasiveness of melanoma26
and breast cancer cells,1® respectively. However, we found that FOXC1 did not induce but,
rather reduced the phosphorylation levels of PKC and JNK in TNBC cells (Fig. 3A).
Surprisingly, FOXC1 increased SRC activation, which is partially dependent on WNT5A as
WNT5A knockout reduced SRC activation (Fig. 3A and Supplementary Fig. 3A). SRC is a
well-known proto-oncogene that is involved in multiple aspects of tumorigenesis. We found
that the SRC inhibitor Dasatinib showed no effect on the FOXC1-induced MMP7 expression
(Supplementary Fig. 3B) despite inhibiting SRC phosphorylation in FOXC1-overexpressing
cells (Supplementary Fig. 3C), suggesting SRC signaling is not involved in MMP7 induction
by the FOXC1-WNT5A axis. The functions of the FOXC1-induced activation of SRC
signaling in TNBC cells need to be further characterized.

NF-xB signaling, which is highly active in TNBC cells and can be activated by FOXC1,2’
mediates the functions of WNTS5A in human dental pulp cells,28 so we tested the
involvement of NF-xB signaling in the effect of FOXC1 on WNT5A in TNBC cells. We
found that knocking out WNTS5A impaired the FOXCL1 induction of NF-xB-responsive
luciferase activity, and WNT5A treatment abolished this reduction (Fig. 3B). In line with
these results, FOXC1 knockout inhibited the NF-xB-responsive luciferase activity in
HCC1806 cells, which was reversed by WNT5A treatment (Supplementary Fig. 3D). All
these data suggest that FOXC1-induced WNT5A can activate NF-xB signaling in TNBC
cells. Next, we treated FOXC1-overexpressing TNBC cells with different concentrations of
the NF-xB inhibitor Bay 11-7082. As shown in Fig. 3C, inhibition of NF-xB substantially
lowered the FOXC1-induced MMP7 expression. Similar results were also found in
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HCC1806 cells (Supplementary Fig. 3E). Of note, expression of KHSRP, the top factor
identified in the enChIP-proteomics assay (Fig. 2E), was not affected by Bay 11-7082
treatment (Supplementary Fig. 3F), suggesting that the effect of Bay 11-7082 on MMP7
MRNA expression is selective. In agreement with the above results, p65 overexpression
elevated MMP7 expression in WNT5A-KO TNBC cells (Fig. 3D and Supplementary Fig.
3G). These data suggest that NF-xB signaling mediates the effect of WNT5A on MMP7
expression in TNBC cells, which is supported by previous reports showing that NF-xB
regulates MMP7 expression in cholangiocarcinoma and chondrosarcoma cells.2%:30

WNT5A mediates the FOXC1-induced invasiveness of TNBC cells

WNT5A has been shown to promote cancer cell migration and invasion and distant
metastasis in many cancer subtypes.3! It can induce a mesenchymal phenotype and thus
enhance the migration and invasion ability of human mammary epithelial cells.32 To test
whether WNT5A mediates FOXC1-induced migration and invasion of TNBC cells, we first
performed a wound healing assay. As shown in Fig. 4A, knocking out WNT5A significantly
attenuated the migration of FOXC1-overexpressing MDA-MB-231 cells. This effect was
further confirmed by the transwell migration assay (Fig. 4B). The Matrigel invasion assay
also showed that WNT5A mediates FOXC1-induced invasion of TNBC cells (Fig. 4C). Of
note, FOXC1-induced proliferation in TNBC cells was not affected by WNTS5A knockout
(Supplementary Fig. 4A).

Because MMP?7 is regulated by the FOXC1-WNT5A axis, we tested whether MMP7
mediates the effect of WNTS5A on migration and invasion in TNBC cells. FOXC1+/
WNT5A-KO MDA-MB-231 cells were treated with different concentrations of the
recombinant MMP7 protein. MMP7 treatment restored the WNT5A-KO-mediated inhibition
of migration and invasion (Fig. 4D-F), to different extents. In addition, the inhibition of
migration and invasion was restored by WNT5A treatment in FOXC1-knockout HCC1806
cells (Supplementary Fig. 4B and C). We also knocked down MMP7 expression in FOXC1-
overexpressing MDA-MB-231 cells (Supplementary Fig. 4D). As shown in Fig. 4G and H,
MMP7 reduction dramatically suppressed cell migration and invasion, which was not
affected by WNTS5A treatment. Similar results were also found in HCC1806 cells
(Supplementary Fig. 4E-G). These data demonstrate the involvement of FOXC1-WNT5A-
MMP?7 signaling in regulating the invasiveness of TNBC cells.

The effect of FOXC1-WNT5A-MMP7 signaling on TNBC cell invasiveness was further
confirmed /n vivo. Tail vein injection of MDA-MB-231 cells in hude mice showed that
knocking out WNT5A inhibited the FOXC1-induced lung extravasation and metastasis,
while MMP7 overexpression reversed this inhibition (Fig. 41 and J; Supplementary Fig. 4H
and I). Matrix metalloproteinase proteins have been shown to be involved in tumor
progression in multiple processes, including cell migration and invasion.33 MMP7 is highly
expressed in BLBC/TNBC compared with other breast cancer subtypes.34 Based on previous
and our present findings, we herein propose that a FOXC1-WNT5A-MMP7 signaling axis
plays an important role in the migration, invasion, and distant metastasis of TNBC cells.

In summary, our study reveals a novel FOXC1-mediated regulatory mechanism of non-
canonical WNT5A signaling pathways in TNBC. This WNT5A-NF-xB-MMP7 signaling is
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essential for FOXC1-induced invasiveness of TNBC cells (Fig. 4K), suggesting new
interventional strategies to inhibit and treat metastasis of TNBC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WNTD5A is up-regulated by FOXC1 in TNBC cells. A, WNT signaling PCR array assays in
control and FOXC1-overexpressing (FOXC1+) MDA-MB-231 cells (All the cell lines used
in this study were acquired from American Type Culture Collection (ATCC) and maintained
according to ATCC instructions). FOXC1-overexpressing stable cells were established as
described previously.? pCMV6 empty vector and pCMV6-FOXC1 were from Origene. WNT
signaling PCR array was performed by using RT?2 Profiler PCR Array Human WNT
Signaling Pathway Plus kit (Qiagen) according to the manufacturer’s instructions. B, PCR
detection of the genes identified in PCR array assays. Positive control mRNAs for WNT7A
and VANGL2 were from HCC1937 and SUM149 cells, respectively. GAPDH was used as
an internal control. Primers used were: PCR: WNT5A-forward: 5’-
AAGCCCTAATTACCGCCGTC-3’, WNT5A-reverse: 5'-TCCAATGGA
CTTCTTCATGGC-3"; MMP7-forward: 5 -GCTACAGTGGGAACAGGCTC-3’, MMP7-
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reverse: 5'-GGGATCTCTTTGCCCCACAT-3"; WNT7A-forward: 5'-GATCAAGCAGAA
TGCCCGGA-3’, WNT7A-reverse: 5'-CTGCACGTGTTGCACTTGAC-3"; VANGL2-
forward: 5'-GGGGGTGACCAGACTCAAGA-3’, VANGL 2-reverse: 5'-
CTCTTAGAGCGGTGTCGG TC-3". GAPDH-forward: 5’-
ATGGGTGTGAACCATGAGAA-3"; GAPDH-reverse: 5’ -GT GCTAAGCAGTTGGTGGT
G-3’. C, PCR and western blotting assays of FOXC1 and WNT5A expression in various
normal mammary epithelial cells and breast cancer cell lines. GAPDH and ACTIN were
used as internal controls for mMRNA and protein, respectively. The primary antibodies used
were WNT5A (1:300, MAB645, R&D systems), FOXCL1 (1:500, sc-21394, Santa Cruz), and
ACTIN (1:1000, sc-1616, Santa Cruz). D, correlation analysis between FOXC1 and
WNT5A mRNAs in 51 breast cancer cell lines. Analysis was performed using the online
tool (http://hgserverl.amc.nl/cgi-bin/r2/main.cgi). E, correlation analysis of FOXC1 and
WNT5A proteins based on IHC staining in TNBC samples (n = 100). Scale bar = 50 um.
Immunohistochemistry (IHC) was performed as described previously.? Formalin-fixed
paraffin-embedded TNBC tissue microarray slides were from US Biomax (BR10011a).
Primary antibodies used were FOXC1 (1:50, Onconostic Technologies) and WNT5A (1:500,
ab86720, Abcam). The IHC staining intensity was presented using the pathological H-score
and the regression correlation was analyzed. F and G, real-time PCR analysis of MMP7
MRNA expression in MDA-MB-231 cells (F) and BT549 cells (G). MMP7 primers were:
MMP7-forward: 5"-AAGTGGTCACCTACAGGATCG-3’, MMP7-reverse: 5'-
TGGCCCATCAAATGGGTAGG -3’. FOXC1-KO BT549 cells were treated with different
concentrations of recombinant WNT5A protein (R&D Systems) for 4 hours. The knockout
of FOXC1 and WNT5A was performed by using CRISPR/Cas9 (#52961, Addgene).3 The
guide RNA (gRNA) sequences were: FOXC1: 5'-GGGTGCGAGTACACGCTCAT-3';
WNT5A: 5'-TTCAATTACAACCTGGGCGA-3’. The bar graph indicates mean + SD, n =
3. %, p<0.05, ** p<0.01, *** p < 0.001.
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Figure 2.

WNT5A promoter is activated by a FOXCL1 transactivator complex. A, diagrammatic
illustration of putative FOXCL1 binding sites in the WNT5A promoter. B, luciferase assays of
cells transfected with the pGL4-WNT5A promoter luciferase reporter constructs containing
wild-type or mutant FOXC1 binding sites. pGL4-WNT5A promoter plasmids was
constructed by cloning wild-type (GTAAA) or mutant (ACCGC) 177 base pairs (-2868 to
—-2692, from the translation start site) of W/NT75A promoter fragment into pGL4 luciferase
reporter vector (Promega). The p-Galactosidase expression vector was from Promega. Cells
seeded in 12-well plates were transfected with 500ng luciferase plasmids and 500ng
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expression plasmids using Lipofectamine 2000 (Invitrogen). Two hundred ng of -
galactosidase expression plasmid was used as an internal control. After 48h, cells were
harvested and 20pl extracts were analyzed using the Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. Luciferase activity was measured
using a luminometer (Glomax multi detection system, Promega). The bar graph indicates
mean = SD, n = 3. **, p < 0.01, ***, p < 0.001. C, ChIP assays using an anti-FOXC1
antibody to pull down the WNT5A promoter-protein complex. ChlP assays were performed
using the EZ-ChIP Chromatin Immunoprecipitation Kit (EMD Millipore) according to the
manufacturer’s instructions. Anti-FOXCL1 (sc-21394, Santa Cruz) antibody-
immunoprecipitated DNA was analyzed by real-time PCR. The primers were: WNT5A-
forward: 5'-AGACTGTAAAATGCCCACAGGT-3', WNT5A-reverse: 5'-
TCAAAGCTCCCCTTGGGAC-3’. The bar graph indicates mean = SD, n = 3. *, p < 0.05,
** p <0.01. D, diagrammatic illustration of the enChIP assay. E, the top enriched proteins
that bind to the WNT5A promoter together with FOXCL1. enChIP was performed as
described previously.17:38 Briefly, cells were transfected with 3xFLAG-dCas9 (#51240,
Addgene) and pSIR-neo-WNT5A (WNT5A gBlocks were sub-cloned into pSIR-neo
(#51128, Addgene)). Guide RNA (gRNA) sequences for WNT5A: #1: 5'-
CCTGGGGGCGATTTGCCGGG-3'; #2: 5'-GAAGTGGTCAAGGTTTACAG-3'; #3: 5'-
TAAGGCCGCACACGCCCTGG-3'. Cells were crosslinked and chromatins were
immunoprecipitated with an anti-FLAG antibody (F1804, Sigma-Aldrich). After reverse
crosslinking, proteins were analyzed by liquid chromatography tandem mass spectrometry
(LC-MS/MS) essentially as described.37 Briefly, following in-gel protein digestion, tryptic
peptides were separated on a 50 cm EASY-Spray C18 column, and analyzed by an LTQ
Orbitrap Elite mass spectrometer in the data-dependent acquisition mode. MS data were
searched against the Uniprot Human database (released on 01/22/2016) with MaxQuant
(v1.5.5.1).38 Protein quantification was performed using spectral counting.3° F, co-
immunoprecipitation (Co-IP) assays to confirm the binding between FOXCL1 and the factors
identified in the enChlIP assays. Co-1P was performed as described previously.® Briefly, the
whole cell lysates were extracted using IP buffer (50mM Tris-HCI (pH7.4), 150mM NaCl,
2mM EDTA-2Na, 1% NP40, 10% Glycerol) and immunoprecipitated with antibody-bound
agarose beads (Thermo). Protein complexes were analyzed by western blotting analysis. The
antibodies used in Co-IP assay were the same as the ones used in the western blotting. G,
ChlIP assays using different antibodies in control or FOXC1-overexpressing MDA-MB-231
cells. Immunoprecipitated W/NT5A promoter fragments were subject to PCR assays.
Primers used were: WNT5A-forward: 5'-AGACTGTAAAATGCCCACAG GT-3',
WNT5A-reverse: 5'-TCAAAGCTCCCCTTGGGAC-3’. H, western blotting analysis of the
proteins in control siRNA- or protein-specific sSiRNA-transfected MDA-MB-231 cells.
ACTIN was used as an internal control. KHSRP, HNRNPH1, TRIM28, and DDX5 siRNAs
were from Santa Cruz. The primary antibodies used were: KHSRP (1:1000, #13398, Cell
Signaling Technology), HNRNPH1 (1:500, sc-10042, Santa Cruz), TRIM28 (1:1000, #4123,
Cell Signaling Technology), and DDXS5 (1:1000, #9877, Cell Signaling Technology). 1, real-
time PCR analysis of WNT5A mRNA expression in MDA-MB-231 cells transfected with
different siRNAs. Primers used were: WNT5A-forward: 5'-
CCCTCGCCATGAAGAAGTCCA-3", WNT5A-reverse: 5'-
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CATACCTAGCGACCACCAAGA -3’. The bar graph indicates mean + SD,n=3. *, p <
0.05, **, p<0.01, ***, p < 0.001.
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Figure 3.

WNT5A activates NF-xB signaling in TNBC cells. A, western blotting analysis of reported
WNT5A pathways in TNBC cells. ACTIN was used as an internal control. The antibodies
used were from Cell Signaling Technology at 1:1000 dilution: INK (#9252), p-JNK (#9255),
PKCa (#2056), p-PKCa (#9375), SRC (#2109), and p-SRC (#6943). B, luciferase assays in
the cells transfected with NF-xB-responsive luciferase reporter construct and treated with
recombinant WNT5A protein at different concentrations. NF-xB responsive luciferase
reporter construct pGL4.32[luc2P/NF-xB-RE/Hygro] was from Promega. The bar graph
indicates mean + SD, n = 3. **, p < 0.01, ***, p < 0.001. C and D, real-time PCR analysis of
MMP7 mRNA in cells treated with the NF-xB inhibitor Bay 11-7082 (Cayman Chemical) at
different concentrations (C) or transfected with the empty vector pPCMV or pCMV-p65 (D).
The bar graph indicates mean £ SD, n = 3. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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Figure 4.

WNT5A mediates the FOXC1-induced invasiveness of TNBC cells. A, wound healing

Invasiveness
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assays at different time points in different groups of MDA-MB-231 cells. Cells were seeded
into a 12-well plate and allowed to grow to 90% confluence. The surface of each well was

scratched by using a 1ml pipette

tip. Cells were washed twice with culture medium to

remove the detached cells. Pictures were taken at different time points and the gap distance
was measured using ImagelJ software. B and C, migration (B) and invasion (C) assays in

different groups of MDA-MB-231 cells. 1x10° cells were re-suspended in 500pl serum-free
medium and seeded into the upper compartment of Transwell chamber (Corning) or
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Matrigel invasion chamber (BD Biosciences) for migration or invasion assay, respectively.
The lower compartment of the chamber was filled with 750 pl complete medium. After 4
hours (migration) or 8 hours (invasion) of incubation, cells left in the upper compartment
were removed with a cotton swab, and the migrated or invaded cells were stained by using
HEMAZ3 staining kit (Fisher Scientific). Pictures were taken and the cells were counted
using ImageJ software. The bar graph indicates mean + SD, n = 3. *** p <0.001. D, E, and
F, FOXC1-overexpressing WNT5A-KO MDA-MB-231 cells were treated with different
concentrations of recombinant MMP7 protein (Aviva Systems Biology) in wound healing
assays (D), migration assay (E), and invasion assay (F). The bar graph indicates mean + SD,
n=3.% p<0.05 ** p<0.01, *** p<0.001. G and H, FOXC1-overexpressing MMP7-
knockdown MDA-MB-231 cells were treated with different concentrations of recombinant
WNTS5A protein in migration assays (G) and invasion assays (H). The bar graph indicates
mean + SD, n = 3. *** p < 0.001. I, extravasation assays of different groups of cells injected
through the tail vein, and images were taken 48h after injection. To establish FOXC1- and
MMP7-overexpressing and WNT5A-knockout (FOXC1+/WNT5A-KO/MMP7+) cells,
FOXC1+/WNT5A-KO cells were transfected with the pPCMV6-MMP7 plasmid. pPCMV6-
MMP7 was constructed by cloning the MMP7 ORF into a pCMV®6 vector. Representative
image shows the migrated cancer cells and the lung vasculature (left panel, 40x). All the
migrated cells were counted from each frozen section, and three mice were used for each
group. No randomization or blinding was used. All animal experiments were performed in
accordance with the approval of the Cedars-Sinai Medical Center Institutional Animal Care
and Use Committee. Cells were labeled with 5yuM CellTracker Green CMFDA (C2925,
ThermoFisher Scientific) for 45 minutes. 1x10° cells/100pl PBS were injected into nude
mice (Charles River Laboratories) through the tail vein. Forty-eight hours after injection,
mice were injected with 50ug rhodamine-lectin (RL-1102, Vector Laboratories) in 100ul
PBS through the tail vein and sacrificed in 30 minutes. Mouse lung tissues were collected
and frozen in liquid nitrogen, then were embedded in OCT compound (Tissue-Tek). Frozen
sections were cut and examined under fluorescence microscope. The bar graph indicates
mean x SD. **, p < 0.01. J, /n vivo assay to assess the invasive capacity of different groups
of cells injected through the tail vein. To establish FOXC1- and MMP7-overexpressing and
WNT5A-knockout (FOXC1+/WNT5A-KO/MMP7+) cells, FOXC1+/WNT5A-KO cells
were transfected with pEGFP-C3-MMP7. pEGFP-C3 empty vector was provided by Sandra
Orsulic (Cedars-Sinai Medical Center). pPEGFP-C3-MMP7 was constructed by cloning
MMP7 ORF into the pEGFP-C3 vector. EGFP-labeled cells were sorted by FACS (Aria I11).
5x10° cells were suspended in 100ul PBS and injected into nude mice through the tail vein.
Mice were sacrificed two weeks after injection. Mouse lungs were collected and metastasis
nodules were counted. Then the lungs were fixed in 4% formalin and sections were cut,
followed by haematoxylin-eosin staining. Four mice were used for each group. No
randomization or blinding was used. The bar graph indicates mean £ SD. *** p < 0.001. K,
schematic diagram of the involvement of FOXC1-WNT5A-NF-xB-MMP?7 signaling in
TNBC cell invasion.
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