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a b s t r a c t

Lymphatic metastasis is the main route of breast cancer metastasis. It is known that lymphangiogenesis
facilitates lymphatic metastasis through vascular endothelial growth factor-C (VEGF-C)/VEGF receptor 3
(VEGFR3) pathway-linked interactions between the tumor and its microenvironment. Here, we report a
novel mechanism of lymphatic metastasis by which aggressive basal-like breast cancer (BLBC) cells form
lymphatic vessel-like structures that are identified by the positive expression of lymphatic endothelial
cell markers lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1), podoplanin, and VEGFR3, and
termed as lymphangiogenic mimicry (LM), for the first time. Our clinical evidence and experimental data
in vivo and in vitro revealed that forkhead box F2 (FOXF2) deficiency promotes the lymphatic metastasis
of BLBC by conferring a lymphangiogenic mimetic feature upon cancer cells through directly activating
VEGFR3 transcription. The fact that FOXF2 controls the activation of the VEGF-C/VEGFR3 signaling
pathway in BLBC cells provides potential molecular diagnostic and therapeutic strategies for lymphatic
metastasis in BLBC patients.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Metastasis is the major cause of cancer-related death [1]. The
majority of epithelial cancers often firstly metastasize to regional
lymph nodes via lymphatic vessels [1,2]. Lymphatic vessel density
in primary tumors correlates with lymph node metastasis and
worse survival rates in cancer patients [3]. Tumor lymphangio-
genesis, which is the formation of new lymphatic vessels within or
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surrounding the primary tumor, facilitates lymphatic and distant
metastasis [4]. Thus, studies clarifying the cellular and molecular
mechanisms of tumor lymphangiogenesis would benefit the
development of anticancer strategies.

For tumor lymphangiogenesis, the cells have been shown to
originate from not only lymphatic endothelial cells (LECs) preex-
isting in lymphatic vessels in primary tumors [5] but also from
tumor-associated macrophages (TAMs) in the tumor microenvi-
ronment which have integrated into the existing lymphatic struc-
ture [6]. The vascular endothelial growth factor-C (VEGF-C)/
vascular endothelial growth factor receptor 3 (VEGFR3) axis is the
pivotal pathway for lymphangiogenesis [5]. Physiologically, the
tyrosine kinase receptor VEGFR3 (also known as FLT4) on LECs is
activated by its specific ligand, VEGF-C, leading to the promotion of
LEC proliferation, migration, and survival and the formation of new
lymphatic vessels [7]. In tumor microenvironment, increased
VEGF-C expression derived from cancer cells [8,9] or TAMs [10] has
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been identified. VEGFR3 also has been showed to be expressed on
LECs [11], TAMs [6] or cancer cells [9,12]. VEGF-C expression is
correlated with VEGFR3 expression in various types of human
cancer tissues [13,14]. Patients with tumors expressing high levels
of VEGF-C and VEGFR3 tend to suffer lymph node metastasis and
worse survival [12]. Therefore, tumor lymphangiogenesis is
involved in complicated cellular and molecular mechanisms that
depend on the context of interactions among cancer cells, LECs and
TAMs in a paracrine or autocrine manner [15]. It is well known that
lymphangiogenesis is produced predominately by VEGFR3-
expressing cells that have undergone VEGF-C induction [5].
VEGFR3 expressed on cancer cells confers the capabilities of
growth, invasion and metastasis upon the cells [9,12]. However,
little is known about how VEGFR3 expression is triggered in cancer
cells; whether and how cancer cells expressing VEGFR3 contribute
to tumor lymphangiogenesis remain unknown.

Our group recently reported that forkhead box F2 (FOXF2), a
mesenchymal transcription factor, is specifically expressed in
triple-negative breast cancer (TNBC)/basal-like breast cancer
(BLBC) cells but not in non-BLBC cells, and FOXF2 deficiency pro-
motes BLBC metastasis by activating the transcription of epithelial-
mesenchymal transition-inducing transcription factors (EMT-TFs)
TWIST1 and FOXC2 [16,17]. In this study, we extended the role and
mechanism of FOXF2 in BLBC metastasis. We demonstrated that
VEGFR3 is a novel target gene of FOXF2, and FOXF2 represses
VEGFR3 transcription by directly binding to VEGFR3 promoter in
BLBC cells. FOXF2 deficiency promotes the lymphatic metastasis of
BLBC cells by conferring a LEC-like feature upon the cells through
activating VEGFR3 transcription. BLBC cells with low FOXF2
expression can form lymphatic vessel-like structure that was
termed as lymphangiogenic mimicry (LM), for the first time to our
knowledge. LM formed by the aggressive cancer cells could provide
channels for themselves to enter the lymphatic vessels that result
in lymphatic metastases. The forced expression of FOXF2 controls
the formation of LM through blocking the VEGF-C/VEGFR3
signaling pathway in BLBC cells.

2. Materials and methods

2.1. Breast cancer tissue specimens

A total of 34 primary TNBC tissue specimens were obtained from
patients who underwent breast surgery at Tianjin Medical Uni-
versity Cancer Institute and Hospital (TMUCIH; Tianjin, China). The
use of these specimens was approved by the Institutional Review
Board of TMUCIH, and written consent was obtained from all par-
ticipants. These cases were divided into lymph node negative (LNe;
n ¼ 14) and lymph node positive (LNþ; n ¼ 20) groups or N0
(n¼ 14), N1 (n¼ 13), N2 (n¼ 4) and N3 (n¼ 3) groups based on the
lymph node metastatic status according to the TNM staging system
of the American Joint Committee on Cancer. All cases were followed
up for more than 3 years, and 30 cases were followed up for more
than 5 years. Disease-free survival (DFS) was defined as the time
interval between primary surgery and any relapse (local-regional,
contra-lateral and/or distant) or the terminal time of follow-up
without any relapse events.

2.2. Cells and treatment

The human breast cancer cell lines MCF-7, T47D, BT549, MDA-
MB-231 and MDA-MB-231-luc-D3H2LN (231-Luc) were main-
tained in DMEM or RPMI 1640 medium (Invitrogen, Gaithersburg,
MD, USA) supplemented with 10% fetal bovine serum (FBS), 100
units/mL penicillin, and 100mg/mL streptomycin. For VEGF-C
treatment, cells were treated with 50 ng/mL human recombinant
VEGF-C (R&D Systems, Inc., Minneapolis, MN, USA) and an equal
volume of phosphate-buffered saline was used as a control.

2.3. Lentiviral transduction

231-Luc cells were infected with recombinant lentiviruses car-
rying human FOXF2 cDNA (LV-FOXF2), small hairpin RNA targeting
FOXF2 (shFOXF2) or their negative controls LV-Vector and shControl
(Genechem, Nanjin, China) and selected in 1.0 mg/mL puromycin for
2 weeks to establish cells stably expressing exogenous FOXF2 or
silencing endogenous FOXF2.

2.4. Transfection of small interfering RNAs and plasmids

Small interfering RNAs (siRNAs) targeting the coding sequences
of the FOXF2 or VEGFR3 genes (RiboBio Co., Guangzhou, China) are
described in the supplemental material, Table S1. The human full-
length FOXF2 cDNA (Genechem) was subcloned into the
pcDNA3.1-FLAG vector (FOXF2-FLAG). Cells were transfected with
siRNAs or plasmids using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer's specifications.

2.5. Reverse transcription-quantitative PCR

Total RNA of tissues or cultured cells was isolated using TRIzol
reagent (Invitrogen). Reverse transcription (RT) reaction was per-
formed using a First-strand cDNA Synthesis System (Invitrogen)
according to the manufacturer's instructions. We quantified the
transcripts of the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as an internal mRNA quantity control.
Triplicate quantitative PCR reactions were performed for both
target genes and the housekeeping gene using Platinum Quanti-
tative PCR SuperMix-UDG System (Invitrogen) according to the
manufacturer's instructions. The expression level of the target gene
was calculated by normalizing the cycle threshold (Ct) values of the
target gene to the Ct values of GAPDH (DCt), and determined as
2eDCt.

2.6. Immunoblot, immunohistochemistry, and immunofluorescence

For immunoblot, harvested cells were lysed with RIPA buffer
supplemented with proteinase inhibitor cocktail (Sigma). A total of
30 mg protein lysate was separated by SDS-PAGE and then blotted
onto a polyvinyldifluoride membrane. After blocking in milk-based
buffer, the membrane was incubated with primary antibody over-
night at 4 �C followed by HRP-linked secondary antibodies. The
immunoreactive protein bands on the membranes were visualized
using chemiluminescence reagents (GE Healthcare).

Immunohistochemistry staining of formalin fixed and paraffin
embedded tissue specimens were carried out using a primary
antibody at appropriate concentration overnight at 4 �C. The bound
antibody was detected using a peroxidase-conjugated secondary
antibody. DAB substrate was used to perform the chromogenic
reaction. The immunohistochemistry staining were quantified by
multiplying the intensity scores with the extent of positivity scores
of stained cancer cells, whichwere determined by two pathologists,
who were blinded to patients' clinicopathologic characteristics and
outcomes. The intensity scores were counted as 0, negative; 1, low;
2, medium; and 3, high. The extent of positivity scores were
counted as 0, 0% stained; 1, 1e25% stained; 2, 26e50% stained; and
3, 51e100% stained. Then, the samples were divided into four
grades according to the immunohistochemistry staining scores:
negative (�) scored as 0, low staining (þ) scored as 1e2; medium
staining (þþ) scored as 3e5, and high staining (þþþ) scored as
6e9. And the patient were classed into high FOXF2 expression
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(FOXF2high) group scored as þþ/þþþ and low FOXF2 expression
(FOXF2low) group scored as �/þ.

For immunofluorescence staining, frozen sections of xenograft
tumors were fixed with cold acetone then treated by 0.1% Triton X-
100 in PBS. The tissue sections were incubated with primary anti-
bodies overnight at 4 �C followed by the appropriate secondary
fluorescently labeled antibodies (Jackson ImmunoResearch Labo-
ratories, USA). Nuclei were counterstained with DAPI (Thermo
Fisher Scientific). Images were taken with fluorescence microscope
(Zeiss).

The primary antibodies for immunoblot, immunohistochem-
istry and immunofluorescence are described in the supplemental
material, Table S2.

2.7. ChIP-PCR assay

Chromatin immunoprecipitation (ChIP) assay was performed
using a ChIP assay kit (EMDMillipore, Billerica, MA, USA) according
to the manufacturer's instructions. Anti-FLAG antibody was used
for immunoprecipitation to enrich the promoter fragments of
VEGFR3 gene in the cells transfected with plasmids expressing
FLAG-tagged FOXF2. The primers used for the PCR amplification of
ChIP-enriched VEGFR3 promoter fragments are described in the
supplemental material, Table S3.

2.8. Luciferase reporter assay

Luciferase reporter plasmids of the VEGFR3 promoter region
containing or lacking FOXF2 binding sites were established using
the primers described in the supplemental material, Table S3. The
fragments of the VEGFR3 promoter were cloned into the luciferase
reporter gene plasmid pGL3-Basic (Promega, Madison, WI, USA).
The pGL3 reporter and pRL-TK plasmid were transiently co-
transfected into cells for 48 h. The luciferase activity of pGL3 re-
porter was normalized to Renilla luciferase activity.

2.9. Cell invasion assay

Cell invasion capacities in vitro were assessed using Matrigel-
coated transwell inserts (BD Biosciences, San Diego, CA, USA). A
total of 5� 104 cells in 500 mL serum-free medium were added to
the upper chamber, and medium containing 20% FBS was added
into the lower chamber. The cells were left to invade the Matrigel
for the appropriate time, the non-invading cells on the upper sur-
face of the membrane were removed by wiping, and the invading
cells were fixed and stained with a three-step stain set kit (Richard-
Allan Scientific, Waltham, MA, USA). The number of invading cells
was counted under a microscope in five predetermined fields for
each membrane at 200�magnification.

2.10. Xenograft tumor assay

Female 4- to 6-week-old severe combined immunodeficiency
(SCID) mice were injected into their left lower abdominal mam-
mary fat pads with 5� 106 231-Luc cells infected with shFOXF2
(231-Luc-shFOXF2), shControl (231-Luc-shControl), LV-FOXF2
(231-Luc-LV-FOXF2) or LV-Vector (231-Luc-LV-Vector). For drug
treatment, the xenograft mice were injected with 100 mg/kg of
VEGF-C or saline via the tail vein twice weekly for 3 weeks. For the
evaluation of sentinel lymph node (SLN) metastasis, the xenograft
mice were intratumorally injected with 200 mL of 2.5 mg/mL Patent
Blue V dye (Sigma-Aldrich) and sacrificed for dissection to observe
the collecting lymphatic vessels (CLVs) andmetastatic lymph nodes
at 10min after the injection [18]. The bioluminescence imaging and
data analysis, measurement of tumor volume and definition of
survival time of the xenograft mice were performed as previously
described [17]. The primary tumors and lymph nodes were har-
vested from xenograft mice at sacrifice. The tissues were prepared
for paraffin-embedded tissue sections and subjected to hematox-
ylin and eosin (H&E) staining or immunohistochemistry staining.
Two independent experiments of xenograft-bearing mice were
performed. In one experiment, the mice died naturally to enable
calculations of the survival time. In the second experiment, the
mice were sacrificed for dissection. Animal protocols performed in
this work were approved by the Laboratory Animal Ethics Com-
mittee at TMUCIH.

2.11. Statistical analysis

Data from in vitro and in vivo experiments are presented as
means± standard deviations (SD). Student's t-test was used to
compare difference between the experimental and control groups,
as well as the difference of the FOXF2 mRNA levels in primary tu-
mors with different lymph node statuses. Fisher's exact test was
used to compare the difference of lymph nodemetastasis incidence
between different TNBC patient groups. Spearman's correlation
analysis was used to analyze the correlation between FOXF2 mRNA
levels and FOXF2 protein or VEGFR3 mRNA levels in breast cancer
tissues. Survival plots were created using Kaplan-Meier analysis,
and log-rank test was used to assess statistical significance. P< 0.05
was considered statistically significant.

3. Results

3.1. TNBC/BLBC cells form LM in primary tumors with low FOXF2
expression and lymph node metastases

To investigate the clinical relevance of FOXF2 expression with
breast cancer lymphatic metastasis, we quantified FOXF2 mRNA
levels in 34 primary TNBC tumors using RT-qPCR. The data revealed
that FOXF2 mRNA levels in LNþ group (n ¼ 20) were lower than
those in LNe group (n ¼ 14; P¼ 0.064; Fig. 1A). Patients were
further divided into N0 to N3 groups based on lymph node statuses,
the difference of FOXF2 mRNA levels occurred between N0 and N2
or N3 groups (P¼ 0.036, N0 vs.N2-3), but did not occur between N0
and N1 groups (Fig. 1B). We then performed immunohistochem-
istry staining to detect FOXF2 protein expression in 31 TNBC tissue
sections among the 34 cases. The immunohistochemistry staining
scores of FOXF2 were significantly correlated with FOXF2 mRNA
levels (Spearman's rho¼ 0.365, P¼ 0.043; Fig. S1A and B). The
lymphatic metastasis rate of the cases with FOXF2low (77.3%) was
significantly higher than the cases with FOXF2high (11.1%; Fig. 1C).
These pieces of clinical evidence indicate that FOXF2 expression
negatively correlates with the lymphatic metastasis of TNBC/BLBC.

To further confirm the relationship between FOXF2 expression
status and lymphatic metastasis in TNBC, we detected lymphatic
vessels in the continuous sections of primary TNBC tissues by H&E
and immunohistochemical staining. Surprisingly, we observed a
strikingly interesting phenomenon: cancer cells in TNBC/BLBC tu-
mors with low FOXF2 expression and lymph node metastases
formed lymphatic vessel-like structures, which were identified by
positive expression of the epithelial marker cytokeratin (CK) and
the lymphatic endothelial cell markers podoplanin [19], VEGFR3
[20] and LYVE-1 [21] (Fig.1D). We also observed the LM structure in
xenograft tumor of MDA-MB-231-Luc-shFOXF2 cells generated in
our previous study [17] (Fig. 1E), while normal lymphatic vessels
were positive for LYVE-1 and podoplanin but negative for CK
(Fig. S1C). This clinical and experimental evidence implies that
TNBC/BLBC cells with low FOXF2 expression could form a
lymphatic-like vessel that was termed as LM for the first time. In



Fig. 1. TNBC cells form LM in primary tumors with low FOXF2 expression and lymph node metastasis. (A, B) Box plots comparing FOXF2 mRNA levels detected by RT-qPCR in
primary tumors of TNBC patients (n ¼ 34) with LNe and LNþ (A) and lymph node involvement statuses of N0 to N3 (B). (C) Table showing the incidence of lymphatic metastasis of
TNBC cases with low and high FOXF2 expression according to immunohistochemistry staining. (D) H&E and immunohistochemistry staining for pan-CK, FOXF2, podoplanin,
VEGFR3 and LYVE-1 in continuous sections of a primary TNBC tissue with low FOXF2 expression. Arrows indicate cancer cells in LM. (E) H&E and immunohistochemisty staining for
luciferase and podoplanin expression in xenograft tumors. The selected areas are enlarged in the bottom panels. Dashed line indicates LM. Arrows indicate cancer cells in LM.
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the continuous sections of a primary TNBC tissue, we also observed
that tumor cells (CKþ/VEGFR3þ/LYVE-1þ/podoplaninþ) attached
to or connected with LECs (CKe/VEGFR3þ/LYVE-1þ/podoplaninþ)
in the vessel structure to form a mosaic vessel that may facilitate
the lymphatic metastasis of cancer cells (Fig. S2).

3.2. FOXF2 deficiency promotes LM formation and lymphatic
metastasis of BLBC cells in vivo

To investigate the role of FOXF2 in lymphatic metastasis of BLBC
cells, 231-Luc-shFOXF2 and 231-Luc-shControl cells were injected
into the mammary fat pads of female SCID mice. The efficiency of
FOXF2 knockdown is shown in Fig. S3A. We performed in vivo
bioluminescence imaging to monitor metastasis using a Xenogen
IVIS system at day 18 post-injection. The bioluminescent imaging
and metastatic photon flux analysis revealed that the 231-Luc-
shFOXF2mice displayed a greater extent of SLNmetastasis than the
control mice (Fig. 2A and B). To investigate the drainage function of
lymphatic vessels in the primary tumor, Patent Blue V dye was
injected intratumorally into mice bearing tumors [18], and then the
mice were sacrificed for dissection at 10min after injection. We
observed that the Patent Blue V dyewas drained into CLVs and SLNs
in 50.0% (3/6) of 231-Luc-shFOXF2 mice, but not in the control mice
(Fig. 2C and D). H&E staining revealed that 83.3% (5/6) of 231-Luc-
shFOXF2mice suffered SLNmetastasis, whereas none of the control
mice (0/6) suffered lymphaticmetastasis (Fig. 2D and E).We further
tested whether the lymphatic metastasis in 231-Luc-shFOXF2 mice
is correlated with LM by immunofluorescence and



Fig. 2. FOXF2 deficiency promotes LM formation and lymphatic metastasis of BLBC cells in vivo. (A, B) Representative bioluminescence images (A) and the quantification of photon
flux (B) of SLN metastasis of xenograft mice injected with 231-Luc-shFOXF2 cells (n¼ 6) or 231-Luc-shControl cells (n¼ 6). Red box indicates SLN. (C) Representative photos of the
drainage of Patent Blue V dye to the CLVs and SLNs of xenograft mice. Blue arrow indicates drainage of Patent Blue V dye to the CLVs, and red arrow indicates drainage of Patent Blue
V dye to the SLN. The selected areas are enlarged in the bottom panels. (D) Table showing the drainage of Patent Blue V dye to the CLVs and SLNs and the incidence of SLN metastasis
in the mice bearing the indicated xenograft tumors. (E) H&E staining of SLN metastases harvested from xenograft mice. Dashed line marks metastasis. (F, G) Luciferase (F)/pan-CK
(G) and podoplanin expression were detected by immunofluorescence staining in primary tumors harvested frommice bearing the indicated xenograft tumors. Arrow indicates LM.
(H) H&E and immunohistochemistry staining for luciferase and podoplanin expression in primary tumors harvested frommice bearing the indicated xenograft tumors. The selected
areas are enlarged in the bottom panels. Dashed line indicates LM. *P< 0.05.
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immunohistochemical staining with anti-luciferase, anti-pan-CK,
and anti-human podoplanin antibodies. We observed the tube
structures formed by cancer cells with double-positive luciferase/
pan-CK and podoplanin staining in the primary tumors of mice
(Fig. 2F, G and H). LMs in 231-Luc-shFOXF2 tumors were signifi-
cantlymore than that in 231-Luc-shControl tumors (Fig. S4A and B),
and immunofluorescence using anti-mouse podoplanin antibodies
showed that normal lymphatic vessels in 231-Luc-shFOXF2 tumors
were also significantly more than that in 231-Luc-shControl tumors
(Fig. S4C). These pieces of in vivo evidence demonstrate that FOXF2
deficiency promotes LM formation and the lymphatic metastasis of
BLBC cells.
3.3. FOXF2 binds to the VEGFR3 promoter and represses its
transcription

Since VEGFR2- and VEGFR3-mediated pathways play pivotal
roles in lymphangiogenesis [5,20], we speculated that the role of
FOXF2 in the formation of LM is related to the expression of VEGFR2
or VEGFR3. Thus, we silenced or overexpressed FOXF2 in MDA-MB-
231 and BT549 BLBC cells by transiently transfecting two inde-
pendent siFOXF2 or FOXF2-FLAG. The results showed that FOXF2
knockdown significantly increased VEGFR3 expression in MDA-
MB-231 cells (Fig. 3A), and FOXF2 overexpression decreased
VEGFR3 expression in MDA-MB-231 and BT549 cells at both mRNA



Fig. 3. FOXF2 binds to the VEGFR3 promoter and represses its transcription. (A, B) The mRNA and protein levels of VEGFR3 and FOXF2 in the indicated cells were measured by RT-
qPCR and immunoblot, respectively. (C) VEGFR3 expression detected by immunohistochemistry staining in primary tumors harvested from xenograft-bearing mice injected with
231-Luc-shFOXF2 cells or 231-Luc-shControl cells. The selected areas are enlarged in the bottom panels. (D) Representative images of immunohistochemistry staining for FOXF2 and
VEGFR3 expression in TNBC tissues. (E) The correlation of FOXF2 mRNA levels with VERGF3 mRNA levels in human primary TNBC tissues (n¼ 34; Spearman's correlation
rho¼�0.426, P¼ 0.012). (F) Schematic of putative FOXF2 binding site in the VEGFR3 promoter region. (G) The binding of FOXF2 on the VEGFR3 promoter region containing (�431
to �265 bp) or lacking (�1306 to �991 bp) putative binding site in MDA-MB-231 cells transfected with FOXF2-FLAG was tested by a ChIP-PCR assay using anti-FLAG antibody. IgG
was used as a negative control. (H, I) The transcriptional activity of the VEGFR3 promoter in the indicated cells was assessed using a Dual-Luciferase Reporter Assay System. Data
represent the mean ± SD of two independent experiments performed in triplicate. *P< 0.05.
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and protein levels (Fig. 3B). Immunohistochemistry staining
showed that the primary tumors in 231-Luc-shFOXF2 mice
expressed higher levels of VEGFR3 than those in control mice
(Fig. 3C). The clinical data confirmed that TNBC tissues with low
FOXF2 expression presented higher VEGFR3 expression (Fig. 3D)
and VEGFR3 mRNA levels inversely correlated with the FOXF2
mRNA levels in 34 cases of primary TNBC tumors (Spearman's
rho¼�0.426, P¼ 0.012; Fig. 3E). However, the alteration of FOXF2
expression did not affect VEGFR2 expression in MDA-MB-231
(Fig. S5A and B) and BT549 cells (undetectable). Thus, the role of
FOXF2 in regulating LM formation may be only related to VEGFR3
expression.

Therefore, we investigated whether VEGFR3 is a transcriptional
target of FOXF2. We performed a BLAST search for FOXF2 binding
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sequences in the promoter region of the VEGFR3 gene. We found a
putative FOXF2 binding site in the VEGFR3 promoter region
from �395 bp to �388 bp relative to the transcription start site
(TSS; Fig. 3F). Subsequently, the binding of FOXF2 on the VEGFR3
promoter region containing the putative binding site was verified
by a ChIP-PCR assay in MDA-MB-231 cells (Fig. 3G). To further
assess the regulatory activity of FOXF2 on the VEGFR3 promoter, we
performed luciferase reporter assays by co-transfecting pGL3-
VEGFR3 e428/þ40 containing the FOXF2 binding site or pGL3-
VEGFR3 e352/þ40 lacking the binding site with siFOXF2, FOXF2-
FLAG or their controls into MDA-MB-231 and BT549 cells. The re-
sults showed that FOXF2 knockdown increased the reporter activity
of pGL3-VEGFR3 e428/þ40 in MDA-MB-231 cells, whereas it did
not affect the reporter activity of pGL3-VEGFR3e352/þ40 (Fig. 3H).
Conversely, FOXF2 overexpression in MDA-MB-231 and BT549 cells
decreased the reporter activity of pGL3-VEGFR3 e428/þ40, but not
that of pGL3-VEGFR3e352/þ40 (Fig. 3I). These results demonstrate
that FOXF2 represses the transcriptional activity of the VEGFR3
promoter by binding to the site at �395 to �388 bp.

3.4. FOXF2 controls the phenotypic conversion of BLBC cells into
lymphatic endothelial-like feature through blocking the VEGF-C/
VEGFR3 signaling pathway

Because FOXF2 represses VEGFR3 transcription in BLBC cells, we
next investigated whether FOXF2 controls the VEGF-C/VEGFR3
signaling pathway in the LM formation of BLBC cells. We per-
formed FOXF2 gain- or loss-of-function experiments in MDA-MB-
231 and BT549 cells. We found that FOXF2 knockdown enhanced
the invasion (Fig. 4A) of MDA-MB-231 cells, as well as the expres-
sion of LYVE-1 and podoplanin (Fig. 4C). VEGFR3 knockdown
(Fig. S3B) abrogated the effects of FOXF2 knockdown (Fig. 4A and C).
Conversely, FOXF2 overexpression abolished the inducing role of
VEGF-C signaling for invasion of MDA-MB-231 and BT549 cells
(Fig. 4B), as well as suppressed the increased expression of podo-
planin (only MDA-MB-231 cells) and LYVE-1 by VEGF-C induction
(Fig. 4D). These results suggest that FOXF2 deficiency promote BLBC
cells to phenotypically convert into lymphatic endothelial-like cells
by activating the VEGF-C/VEGFR3 signaling pathway through
transcriptionally increasing VEGFR3 expression. In addition, VEGF-C
could not induce luminal breast cancer cell lines MCF-7 and T47D
cells to express lymphatic endothelial cell markers (Fig. S7). Thus,
luminal breast cancer cells have nocapacity to convert into
lymphatic endothelial-like cells.

3.5. FOXF2 inhibits LM formation and lymphatic metastasis in vivo

To investigate the roles of FOXF2 and the VEGF-C/VEGFR3
signaling pathway in LM formation and lymphatic metastasis
in vivo, 231-Luc, 231-Luc-LV-FOXF2 or 231-Luc-LV-Vector cells were
injected into the mammary fat pads of female SCID mice. The mice
received twice-weekly injections of 100 mg/kg VEGF-C or saline for
3 weeks. Bioluminescent imaging and metastatic photon flux an-
alyses revealed that the mice with VEGF-C treatment sufferedmore
SLN metastases than the control mice at 39 days after injection
(Fig. 5A and B). Consistently, the 231-Luc tumor-bearing mice
treated with VEGF-C displayed worse survival rates than the con-
trol mice (Fig. 5C). When themice were sacrificed for dissection, we
observed that the drainage of Patent Blue V dye from the primary
tumor to the SLNs in mice treated with VEGF-C (4/6) was signifi-
cantly more than that in control mice (0/6; Fig. 5D and E). H&E
staining confirmed that the mice with VEGF-C treatment suffered
more severe lymphatic metastasis (5/6) than the control mice (1/6;
Fig. 5E and F). We also observed tube structures with luciferase and
human podoplanin double-positive expression in the primary
tumors from the VEGF-C-treated mice (Figs. 5G and 6A). FOXF2
overexpression in 231-Luc cells reversed all of above effects of
VEGF-C treatment (Fig. 5AeG and 6A). These results suggest that
the VEGF-C/VEGFR3 signaling pathway promotes LM formation and
lymphatic metastasis of BLBC cells, while normal or high FOXF2
expression in BLBC cells could protect the cells from obtaining
lymphatic metastatic capacity through blocking the VEGF-C/
VEGFR3 signaling pathway. These pieces of in vivo evidence
further confirm that the FOXF2/VEGFR3 regulatory axis controls the
lymphatic metastasis and aggressive progression of BLBC cells.

3.6. Combined detection of FOXF2 and VEGFR3 mRNA levels
effectively reflects the lymph node metastasis and DFS statuses of
TNBC patients

Based on the facts that the patients with lymph node metastasis
have worse prognosis, and FOXF2 and VEGFR3 play opposite roles
in lymphatic metastasis, we next addressed whether the combined
detection of FOXF2 and VEGFR3 mRNA levels could effectively pre-
dict lymph node metastasis and prognosis in TNBC/BLBC patients.
Thus, we grouped the 34 cases of TNBC patients into four groups
based on their FOXF2 and VEGFR3 mRNA levels: FOXF2high/
VEGFR3low, FOXF2high/VEGFR3high, FOXF2low/VEGFR3high, and FOX-
F2low/VEGFR3low. Our clinical data showed that patients in the
FOXF2high/VEGFR3low and FOXF2low/VEGFR3high groups had the best
and worst lymph node involvement and DFS statuses, respectively,
and patients in the FOXF2high/VEGFR3high and FOXF2low/VEGFR3low
groups had moderate lymph node involvement and DFS statuses
compared to the other two groups (Fig. 6B and C). This clinical
evidence further supports the negatively regulatory role of FOXF2
for the VEGF-C/VEGFR3 signaling pathway in TNBC/BLBC cells and
indicates that the combined detection of FOXF2 and VEGFR3 mRNA
levels effectively reflects lymph node metastasis and DFS statuses
in TNBC patients.

4. Discussion

Distant metastasis is raised by the spread of cancer cells that
access blood and lymphatic vascular systems. Tumor angiogenesis
and lymphangiogenesis have similar cellular and molecular
mechanisms that depend on interactions between the VEGF iso-
forms derived from cancer cells [8,9] or macrophages [10] and
VEGFRs on preexisting vascular endothelial cells (VECs) [22] and
LECs [11], or macrophages [23] in the tumor microenvironment.
Vasculogenic mimicry (VM), vessel-like structures formed by
aggressive tumor cells, has been defined [24] and well investigated.
However, whether and how cancer cells expressing VEGFR3
contribute to tumor lymphangiogenesis and even form LM, which
may be similar to VM, remain unknown. In the current study, we
observed a phenomenon of LM in clinical samples. Cancer cells in
TNBC/BLBC tumors with low FOXF2 expression and lymph node
metastases could form lymphatic vessel-like structures that were
identified by the positive expression of lymphatic endothelial cell
markers VEGFR3, LYVE-1, and podoplanin.

Interestingly, we observed that in a vessel structure, tumor cells
(CKþ/VEGFR3þ/LYVE-1þ/podoplaninþ) attached to or connected
with LECs (CKe/VEGFR3þ/LYVE-1þ/podoplaninþ) to form a
mosaic vessel that may facilitate the lymphatic metastasis of cancer
cells (Fig. S2). Further in vivo and in vitro experiments confirmed
that FOXF2 deficiency permits BLBC cells to form LM by enhancing
the response of the VEGF-C/VEGFR3 signaling pathway. These
pieces of evidence imply that LM formed by aggressive cancer cells
could provide channels for themselves to enter the lymphatic
vessels that accelerate lymphatic metastases. In addition, aggres-
sive cancer cells that have undergone EMT are carrying stem-like



Fig. 4. FOXF2 controls the conversion of BLBC cells into an LEC-like feature through blocking the VEGF-C/VEGFR3 signaling pathway. (A, B) The invasion abilities of the indicated
cells were assessed by transwell assay. Data represent the mean ± SD of two independent experiments performed in duplicate. *P< 0.05. (C, D) The protein expression levels of
LYVE-1 and podoplanin in the indicated cells were detected by immunoblot.
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characteristics with plasticity. These cells can be induced into
multi-directional trans-differentiation in the tumor microenviron-
ment, e.g., vascular endothelial cells [25,26], vascular pericytes
[27,28], osteoblasts [29,30], myofibroblasts [31], and macrophages
[32]. In the current study, we show that FOXF2-deficent BLBC cells
that have undergone EMT [16,17] could be also induced into
lymphatic differentiation by VEGF-C in the tumor
microenvironment.

Axillary lymph node metastasis is the most important poor
prognostic factor for patients with primary breast cancer. In
particular, patients with four or more involved nodes at initial
diagnosis have a significantly worse outcome after relapse than
node-negative cases [33]. Our clinical data revealed that TNBC tu-
mors with low FOXF2 expression tended to develop four or more
involved nodes than those with high FOXF2 expression. Combined
with our previous reports that FOXF2 deficiency promotes the EMT
of BLBC cells by activating TWIST1 and FOXC2 transcription and the
fact that BLBC cells with low FOXF2FOXF2 expression could form
LM, these findings indicate that only cancer cells that acquired
aggressive behaviors and established primary lymphatic invasion
can interact with LECs and were educated by the tumor-associated
LECs to convert into a LEC-like phenotype in the tumor
microenvironment.

VEGFR3 is an essential mediator of tumor lymphangiogenesis
for LECs [34] and TAMs [6], as well as the formation of LM by
aggressive cancer cells. Understanding of the mechanism regu-
lating VEGFR3 expression would benefit the development of
targeted therapeutic strategies for blocking tumor lymphangio-
genesis. It has been reported that Snail, an EMT-TF, upregulates
VEGFR3 mRNA expression by directly binding to the VEGFR3 pro-
moter via cooperating with early growth response protein-1 [35]. In
the present study, we demonstrated that FOXF2, an EMT-
suppressing transcription factor in BLBC cells, downregulated
VEGFR3 mRNA expression by directly binding to the VEGFR3 pro-
moter. Interestingly, we previously reported that FOXF2 transre-
pressed multiple EMT-TFs in BLBC cells, including TWIST1 and
FOXC2 [16,17]. FOXC2 is also recognized as an activator and marker
of lymphangiogenesis [36e38]. These pieces of evidence indicate
that FOXF2 may act as a key controller of LM formation through
either directly repressing VEGFR3 expression or indirectly repres-
sing the network of EMT-TFs in BLBC cells. Although the functions
of FOXF2 in BLBC reported in the study by Lo et al. [39] and our
studies [16,17,40,41] were contradictory, multiple reports from
other groups consistent with our finding that decreased FOXF2
expression promotes the aggressiveness and metastasis of BLBC or
other types of cancer [42e44]. This study further extends the
mechanism of FOXF2 function in BLBC metastasis.

Our previous report showed that FOXF2 is expressed at high
levels in BLBC cells but is less expressed in non-BLBC cells [17].
VEGFR3 expression has been found at lower levels in basal-like
subtype breast cancers than in other subtypes [13]. These pieces
of evidence reflect the negative regulatory effect of FOXF2 on the
VEGF-C/VEGFR3 pathway. Our clinical evidence that FOXF2 and
VEGFR3 mRNA levels were negatively correlated in primary TNBC



Fig. 5. FOXF2 inhibits LM formation and lymphatic metastasis in vivo. (A, B) Representative bioluminescence images (A) and the quantification of photon flux (B) of SLN metastasis
of xenograft-bearing mice treated as indicated (n ¼ 6). Red box indicates SLN. *P< 0.05. (C) Kaplan-Meier curves of the overall survival of the indicated xenograft-bearing mice
(n¼ 6). (D) Representative photos of the drainage of Patent Blue V dye to the SLNs of the indicated xenograft-bearing mice. Arrow indicates drainage of Patent Blue V dye to the
SLNs. The selected areas are enlarged in the respective bottom panels. (E) Table showing the drainage of Patent Blue V dye to the SLNs and the incidence of SLN metastasis in the
indicated xenograft-bearing mice. (F) H&E staining of SLN metastasis in the indicated xenograft-bearing mice. Dashed line indicates metastasis. (G) Luciferase and podoplanin
expression was detected by immunofluorescence staining in primary tumors harvested from mice bearing the indicated xenograft tumors. Arrow indicates LM. Left, representative
images of immunofluorescence staining for LM; right, the quantification of LMs in per section of primary tumors (n ¼ 6). *P< 0.05.
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Fig. 6. FOXF2 inhibits LM formation in vivo and the combined detection of FOXF2 and VEGFR3mRNA levels effectively reflects the lymph node involvement and DFS statuses of TNBC
patients. (A) Luciferase and podoplanin expression were detected by immunohistochemistry staining in primary tumors harvested from mice bearing the indicated xenograft
tumors. The selected areas are enlarged in the respective bottom panels. Dashed line indicates LM. (B) The incidence of lymphatic metastasis in TNBC patients with FOXF2high/
VEGFR3low (n¼ 10), FOXF2high/VEGFR3high (n¼ 6), FOXF2low/VEGFR3low (n¼ 4) and FOXF2low/VEGFR3high (n¼ 14). (C) The correlation of the combined FOXF2 and VEGFR3 mRNA levels
with the DFS of TNBC patients was estimated by Kaplan-Meier survival analysis.
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tissues and conversely predicted lymph node metastasis and
prognosis further supports the negative regulatory effect of FOXF2
on the VEGF-C/VEGFR3 signaling pathway during the lymphatic
metastasis of TNBC/BLBC, and indicates that the combination of
FOXF2 and VEGFR3mRNA levels is an effective prognostic predictor
for TNBC patients.

In conclusion, we identified a novel cellular and molecular
mechanism of lymphatic metastasis by which aggressive BLBC cells
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form lymphatic vessel-like structures, termed as LM, for the first
time. FOXF2 deficiency promotes the lymphatic metastasis of BLBC
cells by conferring a LEC mimetic feature on cancer cells through
directly activating VEGFR3 transcription. The fact that FOXF2 con-
trols the activation of the VEGF-C/VEGFR3 signaling pathway in
BLBC cells provides potential molecular diagnostic and targeted
therapeutic strategies for lymphatic metastasis of BLBC patients.
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