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Abstract
The Forkhead/Fox transcription factor Foxc2 is a critical regulator of vascular development.
However, the role of Foxc2 in pathological angiogenesis in cancer remains unknown. Here we show
that FoxC2 is highly expressed in human breast and colonic tumors and in the tumor endothelium in
human and mouse melanomas. Using the B16 melanoma tumor model, we investigated the function
of Foxc2 in tumor angiogenesis. After subcutaneous injection of B16 melanoma cells, primary tumor
growth as well as neovascularization was markedly reduced in mice lacking one copy of the Foxc2
gene (Foxc2+/-). Consistently, expression levels of several angiogenic factors, including vascular
endothelial growth factor (Vegf), matrix metallopeptidase 2 (Mmp2), and platelet-derived growth
factor-B (Pdgfb), were significantly decreased in B16 tumors grown in Foxc2+/- mice, and tumor
blood vessels formed in Foxc2+/- mice showed reduced coverage of mural cells and endothelial cell
apoptosis. In addition, the tumor tissue in Foxc2+/- mice had an accumulation of necrotic cells. Taken
together, these findings demonstrate that haplodeficiency of Foxc2 results in impaired formation of
tumor blood vessels as well as reduced tumor growth and thereby provide evidence that Foxc2 is
critical for tumor development and angiogenesis.
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Introduction
Tumor initiation and progression involve complex interactions between tumor cells and their
microenvironment [1]. One of the critical processes for tumor progression is angiogenesis
(neovascularization) in the tumor microenvironment [2,3,4]. The tumor vasculature supplies
oxygen to the tumor tissue and facilitates cancer cell invasion and metastasis, whereas the
formation of tumor blood vessels is regulated by multiple angiogenic factors secreted from
tumor cells themselves as wells as various cells in the tumor microenvironment. Tumor blood
vessels are usually disorganized and have excessive branching. Perivascular mural cells
(vascular smooth muscle cells and pericytes) are loosely associated with the tumor
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endothelium. Although the roles of angiogenic factors such as vascular endothelial growth
factor (VEGF) in promoting tumor angiogenesis have been extensively studied [2,3,4], little
is known about transcription factors that are involved in tumor neovascularization and growth.

Recent evidence demonstrates that several Forkhead box (Fox) transcription factors, including
FoxO and FoxM, are critical for cancer development and progression [5]. For example, FoxM1
in glioma and pancreatic cancer cells promotes angiogenesis [6,7]. Whereas recent studies
show that human FOXC2 is strongly expressed in highly aggressive basal-like breast cancers
and is responsible for invasion and metastasis [8], murine Foxc2 is expressed in blood vessels
during embryonic development and is required for formation of the aortic arch, remodeling of
primitive blood vessels into a vascular network, and arterial-venous specification during
embryonic development [9,10,11,12]. Our laboratory has recently shown that Foxc2 is crucial
for endothelial cell migration and microvessel formation in vitro [13]. These data indicate that
Foxc2 plays important roles in vascular formation [14]; however, its functions in tumor blood
vessels need to be revealed.

In this study, we show that the expression of human and mouse FoxC2 is detected in the tumor
endothelium. We demonstrate by subcutaneous implantation of B16 melanoma that Foxc2
heterozygous mutant mice exhibit diminished tumor growth, accompanied with reduced
formation of tumor blood vessels. Expression of several angiogenic factors, including Vegf,
Mmp2 and Pdgfb, is greatly decreased in B16 tumors grown in Foxc2 heterozygous mutant
mice, and these tumor blood vessels show impaired smooth muscle coverage and apoptosis of
endothelial cells. These findings indicate an essential role of Foxc2 in tumor angiogenesis.

Materials and Methods
Cell culture

Murine B16-F10 melanoma cells, provided by Dr. Jin Chen of Vanderbilt University Medical
Center, were cultured at 37°C in a 5 % CO2 incubator in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10 % fetal bovine serum, 50 IU/mL penicillin, and 50 μg/mL
streptomycin sulfate.

In vivo tumor development
Foxc2 heterozygous mutant (Foxc2+/-) mice were maintained and genotyped as previously
described [10]. Foxc2+/- mice were backcrossed for seven generations onto the C57BL/6J
genetic background, and wild-type (WT) and Foxc2+/- littermates (seven- to eight-weeks-old)
from backcrossing were used in this study. B16 melanoma cells (5 × 105) in 100 μl of PBS
were implanted subcutaneously into the flank of WT or Foxc2+/- mice. Each group consisted
of five mice, and tumor growth was monitored periodically. Eleven days later, the mice were
sacrificed, and the tumors were analyzed.

Immunohistochemistry
Human frozen sections were obtained from BioChain Institute, Inc. All of mouse sections were
frozen in the OCT compound and cut between 7-8 μm. The primary antibodies used were as
follows: goat anti-FOXC2 (Abcam), anti-mouse smooth muscle alpha actin (Sigma-Aldrich),
and anti-mouse PECAM-1 (BD Pharmingen). Secondary antibodies used: donkey anti-goat
biotin-SP conjugated (Jackson ImmunoResearch) and alexa fluor 594 donkey anti-rat
conjugate (Invitrogen). Further details are given in Supplementary Material.

RNA extraction and quantitative real-time RT-PCR
Isolation of total RNA from tumor tissues and cDNA synthesis were performed using RNeasy
Mini Kit (Qiagen) and iScript (Bio-Rad), respectively. Real-time RT-PCR analysis was carried
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out using the SYBR GREEN PCR Master Mix (ABI) or Absolute SYBR Fluorescein Mix
(Thermo Scientific) and i-Cycler (Bio-Rad) according to the manufacturers' instructions. The
primers used are shown in Supplementary Table. Each data was normalized by the expression
level of peptidylprolyl isomerase A (Ppia), as an internal control.

TUNEL assay
Terminal deoxy-nucleotidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL) assays were carried out on cryosections using ApopTag Plus Peroxidase In Situ
Apoptosis Detection Kit (Chemicon International), according to the manufacturer's instruction.
The sections were counterstained with 0.4% methyl green for optical microscopic analysis.
Further details are given in Supplementary Material.

Statistical analysis
All data are presented as the mean ± SD. Statistical analysis was performed using the standard
2-tailed Student's t test on Microsoft Excel. A probability value of less than 0.05 was considered
statistically significant.

Results
Human and mouse FoxC2 expression in the tumor endothelium and breast and colonic
adenocarcinomas

Although it has recently been shown that FOXC2 is expressed in human invasive breast
carcinomas [8], its expression remains less characterized in other types of tumors. We therefore
tested FOXC2 expression in various human tumors using T-MTA-6A tissue array (NCI/NIH).
FOXC2 immunoreactivity was observed in majority of breast adenocarcinomas including
lobular and ductal adenocarcinoma and about half of colonic adenocarcinoma (Fig. 1A),
whereas lung and ovarian tumor tissues did not demonstrate definitive immunoreactivity (data
not shown). Evaluation of tissues at higher power demonstrated predominant nuclear and
perinuclear staining in cancer cells (Fig. 1A, arrowheads), however cytosolic localization was
also observed in few cases. Thus, overexpression of FOXC2 protein in the majority of human
breast cancer and large proportion of colonic cancer suggest that it may play a role in the
pathogenesis and/or progression of cancer.

Since murine Foxc2 is expressed in the developing blood vessels [10,11], we next examined
expression patterns of human FOXC2 during tumor angiogenesis using sections from human
malignant melanoma (67 years old male; skin). By co-immunostaining with anti-FOXC2
antibody and anti-PECAM-1 antibody as an endothelial cell marker, FOXC2 protein was
detected in tumor endothelial cells positive for PECAM-1 in human melanoma tissues (Fig.
1B). Foxc2 protein was also detected in endothelial cells of microvessels in B16-F10 murine
melanoma tumors subcutaneously implanted into C57BL/6 mice (Fig. 1C). These results
indicate that FoxC2 is expressed in tumor blood vessels and is likely to play a role in
angiogenesis during tumor development.

Reduced tumor growth and angiogenesis in Foxc2 heterozygous mutant mice
We next tested the effects of Foxc2 on B16 melanoma tumor growth in mice after subcutaneous
implantation of B16 cells. Because Foxc2 homozygous null mutants die pre- and perinatally,
Foxc2 heterozygous mutant (Foxc2+/-) mice backcrossed to the C57BL/6 genetic background
were used to monitor tumor development in vivo (Fig. 2). Remarkably, the growth of
subcutaneous B16 tumors in Foxc2+/- mice was significantly decreased compared to that in
WT mice (0.59 ± 0.16 g versus 0.32 ± 0.12 g; P = 0.02) (Fig. 2A and B). We also found that
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Foxc2+/- mice had sparse cells with a possible accumulation of necrotic cells in the tumor
(Supplementary Fig. 1).

To define the role of Foxc2 in tumor angiogenesis, we further analyzed the formation of blood
vessels in B16 tumors grown in WT and Foxc2+/- mice by PECAM-1 immunostaining.
Compared with WT mice, Foxc2+/- mice exhibited the reduced number of PECAM-1 positive
endothelial cells (Fig. 2C). Quantitative analyses revealed that Foxc2+/- mice had a remarkable
decrease in the number of capillaries (Foxc2+/- versus WT; 633.5 ± 61.5 versus 1061.3 ± 320.7,
P = 0.040) (Fig. 2D) and total vessel density (Foxc2+/- versus WT; 206220 ± 31007 versus
380409 ± 123940, P = 0.034) (Fig. 2E). This considerable decrease in neovascularization in
B16 tumors correlates with impaired tumor growth in Foxc2+/- mice (Fig. 2A and B),
suggesting that Foxc2 is crucial for tumor angiogenesis.

Differential expression of angiogenic factors in B16 tumors grown in Foxc2+/- mice
Because tumor growth is dependent on angiogenesis, we therefore analyzed expression levels
of genes associated with angiogenesis in B16 tumors grown subcutaneously in WT and Foxc2
+/- mice 11days after implantation (Fig. 3). With respect to the expression of Foxc2 and a
related Foxc gene, Foxc1 [10,11], expression of Foxc2, but not Foxc1, was reduced by 45.3%
in B16 tumors of Foxc2+/- mice, compared with WT mice. Given the low levels of Foxc2
expression in B16 melanoma cells (data not shown), its reduced expression is likely attributable
to host-derived cells. Of interest, transcriptional levels of VEGF-A (Vegf120 and Vegf164) and
matrix metallopeptidase 2 (Mmp2) were significantly decreased in Foxc2+/- mice. Platelet-
derived growth factor (PDGF) signaling has been implicated in cancer, including tumor
angiogenesis [15], and Pdgfb expression was indeed reduced in Foxc2+/- mice compared with
WT mice. Whereas Foxc2 regulates Delta-like 4 (Dll4) and integrin β3 (Itgβ3) in endothelial
cells [11,13,16], expression of Dll4 in tumors was notably decreased in Foxc2+/- mice, but
Itgβ3 expression was detected at similar levels in WT and Foxc2+/- mice. Whereas tumor-
associated lymphangiogenesis is critical for the promotion of metastasis [17], expression levels
of lymphatic endothelial markers, Prox1 and Lyve1, were similarly expressed in B16 tumors
of WT and Foxc2+/- mice. Thus, gene expression profiling reveals that several angiogenic
factors such as Vegf, Mmp2, and Pdgfb are reduced in B16 tumors grown in Foxc2+/- mice.

Tumor blood vessels formed in Foxc2+/- mice show reduced coverage by mural cells
Recruitment of mural cells into the tumor endothelium (i.e., endothelial-mural cell association)
is an important process in tumor neovascularization and is regulated, at least in part, by the
PDGF signaling pathway [15]. In B16 tumors grown in WT mice 11 days after implantation,
smooth muscle α-actin (αSMA) was detected in mural cells associated with endothelial cells
(Fig. 4A, white arrows), as well as tumor-associated fibroblasts critical for cancer progression
and secret various growth factors such as VEGF (Fig. 4A, yellow arrows). In contrast, Foxc2
+/- mice had little or almost no mural cell layer surrounding the tumor endothelium (Fig. 4A,
arrowheads) and fewer αSMA-positive fibroblasts, compared with B16 tumors grown in WT
mice. These findings, together with reduced Pdgfb expression (Fig. 3), indicate that the tumor
blood vessels in Foxc2+/- mice show impairment in mural cell coverage.

Apoptotic endothelial cells of tumor vessels formed in Foxc2+/- mice
VEGF signaling is essential for endothelial cell survival [2,3], whereas inhibition of the
PDGFR-β pathway causes apoptosis in vascular endothelial cells [18,19]. We therefore
examined endothelial cell survival in B16 tumors by TUNEL assay (Fig. 4B and C). While
overall apoptosis in B16 tumors grown in Foxc2+/- mice was significantly less than in those
grown in WT mice (Fig. 4B), it is important to note that tumor blood vessels formed in Foxc2
+/- mice significantly showed endothelial cell apoptosis (Fig. 4C, arrowheads). These results
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suggest that haplodeficiency of Foxc2 results in dysfunctional tumor vessels, thereby
suppressing tumor growth.

Discussion
Since the late Judah Folkman proposed the original hypothesis that the formation of new blood
vessels (angiogenesis) is critical for tumor growth [20], significant progress has been made in
our understanding of tumor angiogenesis. Indeed, numerous clinical trials are underway to test
the efficacy of antiangiogenic drugs that block critical signaling pathways such as VEGF, and
a couple of inhibitors of angiogenesis have recently been approved by the U.S. Food and Drug
Administration [21]. Yet the roles of transcription factors in tumor neovascularization remain
largely unknown. We show in this paper that Foxc2 has a pivotal role in tumor angiogenesis.
To our knowledge, this is the first report on the contribution of Foxc2 to pathological
angiogenesis.

Expression of both human and mouse FoxC2 is highly detected in tumor endothelial cells (Fig.
1B and C), and the formation of tumor blood vessels in Foxc2+/- mice is markedly diminished
compared with WT mice (Fig. 2). Given that endothelial cells isolated from Foxc2+/- mice
show decreased migration and microvessel outgrowth in vitro [13], this vascular phenotype is
most likely to contribute to reduced tumor growth in Foxc2+/- mice. Interestingly, FOXC1
expression is also detected in vascular endothelial cells in human melanomas, whereas we
found normal formation of B16 tumors grown subcutaneously in Foxc1+/- mice
(Supplementary Fig. 2). Although Foxc1 and Foxc2 have overlapping roles in vascular
development [10, 11], reasons for the discrepancy between Foxc1 and Foxc2 mutant mice in
tumor formation remain unclear.

We found that Foxc2+/- mice bearing B16 tumors had reduced expression of pro-angiogenic
factors (Fig. 3). An intriguing phenotype is a significant reduction in expression of VEGF, an
essential regulator of tumor angiogenesis. Tumor cells express and secrete VEGF, and various
host cells in the tumor microenvironment themselves also express VEGF, including tumor-
associated fibroblasts [22]. In addition, autocrine VEGF signaling promotes endothelial cell
survival [23]. Thus, primary source(s) of reduced VEGF expression in B16 tumors grown in
Foxc2+/- mice remain unclear, but insufficient VEGF signaling is highly likely to lead to
reduced tumor angiogenesis in these mutant mice. Decreased expression of Mmp2 in B16
tumors grown in Foxc2+/- mice is consistent with the previous findings that tumor growth and
angiogenesis is reduced in Mmp2-/- mice [24] and that stroma-derived MMP2 stimulates tumor
growth [25]. The importance of our observation is also reinforced by the fact that MMP2 can
release biologically active VEGF [26]. Dll4 is a direct target of Foxc2 in endothelial cells
[11,16], and Foxc2+/- mice bearing B16 tumors showed decreased expression of Dll4.
However, Dll4 plays a critical role in suppressing angiogenic sprouting as a negative feedback
loop of VEGF signaling, and lack of Dll4 function inhibits tumor development by inducing
excessive, nonproductive angiogenesis [27]. Because the formation of tumor blood vessels was
impaired in Foxc2+/- mice, it is therefore possible that the drastic reduction of VEGF signaling
attenuates the influence of the partial decrease of Dll4 on neovascularization in Foxc2+/- mice.

PDGF signaling is integral to the maturation and stabilization of blood vessels, by regulating
the interaction between endothelial and mural cells. Tumor blood vessels within B16 tumors
grown in Foxc2+/- mice showed reduced mural cell coverage and endothelial cell apoptosis,
indicating vessel destabilization and regression (Fig. 4). Although the precise mechanisms by
which PDGF signaling functions in tumor angiogenesis still remain elusive [15], progressive
regression of tumor vessels can be attributed to loss of mural cells after PDGF-B inhibition
[28]. Combined blockage of VEGF and PDGFR-β signaling in tumor blood vessels by kinase
inhibitors suppresses tumor neovascularization [29,30], whereas a recent study shows that
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VEGF inhibition alone can indirectly prevent pericyte recruitment by reducing PDGF-B
expression [31]. Thus, the disruption of mural cell coverage in tumor blood vessels of Foxc2
+/- mice may primarily be attributable to impaired VEGF signaling in endothelial cells.
Alternatively, given that there is the reciprocal paracrine cross talk between tumor endothelium
and pericytes [32], reduced signaling of both VEGF and PDGF-B may diminish tumor
angiogenesis in Foxc2+/- mice. This idea is supported in part by the finding that lymphatic
endothelial cells of Foxc2-/- mice are phenotypically converted into blood endothelial-like
cells by increasing the expressing PDGF-B [33].

In conclusion, our work in this paper provides evidence that Foxc2 is important for primary
tumor formation associated with angiogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Expression of human and mouse FoxC2. (A) FOXC2 expression in the human breast and colon
tumors. FOXC2 expression in lobular adenocarcinoma of breast and colonic adenocarcinoma
at 20× (upper panels) and 40× (lower panels) magnifications; the areas presented at higher
magnification are indicated by square. Note that FOXC2 immunostaining is primarily limited
to cancer cells in tumor tissue. Scale bars, 500 μm and 100 μm for upper and lower, respectively.
(B) Expression of FOXC2 is detected in tumor endothelial cells of human malignant melanoma.
Frozen sections of malignant melanoma in the human skin were co-immunostained with anti-
FOXC2 and anti-PECAM-1 antibodies. FOXC2 protein (green) was detected in tumor
endothelial cells positive for PECAM-1 (red). Arrows indicate FOXC2-positive human
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endothelial cells. Scale bar, 250 μm. (C) Expression of Foxc2 is detected in endothelial cells
of mouse B16 melanoma. Co-immunostaining with anti-FOXC2 and anti-PECAM-1
antibodies in mouse B16 tumors grown in C57BL/6 mice for 11 days after subcutaneous
injection. Arrows indicate overlapping expression of Foxc2 (red) and PECAM-1 (green) in
tumor endothelial cells. Scale bar, 250 μm.
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Fig. 2.
Tumor development and angiogenesis is impaired in Foxc2+/- mice. (A) Subcutaneous growth
of B16 melanoma cells inoculated in WT and Foxc2+/- mice at day 11 after injection. Yellow
arrow indicates reduced tumor growth in Foxc2+/- mouse. (B) The difference in tumor weight
between WT and Foxc2+/- mice was examined 11 days after injection of B16 melanoma cells.
The data reflect five independent experiments. Data are presented as mean ± SD (n = 5).
Statistical significance was determined by Student's t-tests. *, P < 0.05 versus WT. (C-E)
Tumor angiogenesis is reduced in Foxc2+/- mice. (C) Cryosections from WT and Foxc2+/-
mice 11 days after injection of B16 melanoma cells were immunostained with anti-PECAM-1
antibody. Scale bar, 250 μm. (D) The total number of capillaries was calculated by counting
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PECAM-1 positive endothelial cells in B16 tumors. Results are presented as mean ± SD from
four or five independent experiments in which nine microscopic fields (total magnification
×200) were analyzed by the ImageJ program. Statistical significance was determined by
Student's t-tests (*p<0.05 versus WT). (E) Total vessel density was calculated by counting
PECAM-1 positive vessel area. Results are presented as mean ± SD from four or five
independent experiments in which nine fields of each specimen (total magnification ×200)
were analyzed by the ImageJ program. The Y axis represents the number of pixels. Statistical
significance was determined by Student's t-tests. *, P < 0.05 versus WT.
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Fig. 3.
Differential expression of (lymph)angiogenesis-related genes in B16 tumors grown
subcutaneously in Foxc2+/- mice for 11 days. Fold change in mRNA levels of Foxc genes as
well as of genes related to angiogenesis and lymphangiogenesis was measured by real-time
RT-PCR. Note a significant reduction in expression of Vegf120, Vegf164, Dll4, Mmp2, and
Pdgfb in B16 tumors grown in Foxc2+/- mice. Results are presented as mean ± SD (n = 4 or
5). Statistical significance was determined by Student's t-tests. *, P < 0.05; **, P < 0.01 versus
WT.
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Fig. 4.
Tumor blood vessels in Foxc2+/- mice show reduced coverage of mural cells and endothelial
cell apoptosis. (A) Tumor tissues isolated from WT and Foxc2+/- mice 11 days after
implantation of B16 melanoma cells were co-immunostained with PECAM-1 (red) and smooth
muscle alpha-actin (αSMA) antibodies. The merged images show the coverage of mural cells
in tumor blood vessels. While the tumor endothelium was surrounded by the smooth muscle
layer (white arrows) in WT mouse, endothelial cells in tumors of Foxc2+/- mouse exhibited
almost no coverage of smooth muscle cells (arrowheads). Tumor-associated fibroblasts
expressing αSMA (yellow arrows) were barely detected in Foxc2+/- mouse. Scale bar, 250
μm. (B and C) Analysis of apoptotic cells in B16 tumors by TUNEL staining. (B) Cell counts
of positive cells from TUNEL assay on B16 tumor tissue taken from WT and Foxc2+/- mice.
Statistical significance was determined by Student's t-tests. *, P < 0.05 versus WT. (C) In
contrast with WT mouse, tumor endothelial cells in Foxc2+/- mouse underwent apoptosis
detected by TUNEL staining (green) and immunostaining with anti-PECAM-1 antibody (red).
Arrowheads indicate TUNEL-positive endothelial cells (yellow). Scale bar, 250 μm. The right
panel for Foxc2+/- mouse represents a high magnification (scale bar, 50 μm) of the boxed area
in the left panel.
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