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Abstract

It is well established that a subset of cells within primary breast cancers can undergo an epithelial
to mesenchymal transition (EMT), although the role of EMT in metastasis remains controversial.
We previously demonstrated that breast cancer cells that had undergone an oncogenic EMT could
increase metastasis of neighboring cancer cells via non-canonical paracrine-mediated activation of
GLI activity that is dependent on SIX1 expression in the EMT cancer cells. However, the
mechanism by which these SIX1-expressing EMT cells activate GLI signaling remained unclear.
In this study, we demonstrate a novel mechanism for activation of GLI-mediated signaling in
epithelial breast tumor cells via EMT cell-induced production and secretion of VEGF-C. We show
that VEGF-C, secreted by breast cancer cells that have undergone an EMT, promotes paracrine-
mediated increases in proliferation, migration and invasion of epithelial breast cancer cells, via
non-canonical activation of GLI-signaling. We further show that the aggressive phenotypes,
including metastasis, imparted by EMT cells on adjacent epithelial cancer cells can be disrupted
by either inhibiting VEGF-C in EMT cells or by knocking down NRP2, a receptor which interacts
with VEGF-C, in neighboring epithelial cancer cells. Interrogation of TCGA and GEO public
datasets supports the relevance of this pathway in human breast cancer, demonstrating that VEGF-
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C strongly correlates with activation of Hedgehog signaling and EMT in the human disease. Our
study suggests that the VEGF-C/NRP2/GLI axis is a novel and conserved paracrine means by
which EMT cells enhance metastasis, and provides potential targets for therapeutic intervention in
this heterogeneous disease.
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Introduction:

Aside from skin cancer, breast cancer is the most prevalent malignant disease among women
[1]. Despite advancements in screening and therapy, the disease still claims over 600,000
lives per year worldwide, and almost all of these deaths result from metastases [1, 2]. Thus,
understanding the mechanisms that mediate breast cancer growth and metastasis is essential
for developing effective strategies to combat this malignancy.

It is well accepted that most cancers exhibit significant intratumoral heterogeneity [3-7].
During the course of tumor evolution, different sub-clonal populations of cells arise via the
acquisition of mutations or induction of epigenetic alterations that often are stimulated by
the tumor microenvironment [8][9]. The genotypic and phenotypic diversity within tumors
has a significant impact on clinical treatment, leading to tumor progression and poor
outcomes [9-11]. Such heterogeneity can result in incorrect diagnoses or treatment, as well
as resistance to chemotherapy, as minor clones can be selected for during the course of the
treatment [7, 10].

Intratumoral heterogeneity contributes to tumor progression via numerous mechanisms,
including cooperativity between phenotypically different cells within a tumor. For example,
Berns and colleagues found that in vivo crosstalk between neuroendocrine and
mesenchymal-like small cell lung cancer cells led to enhanced metastatic capacity of the
neuroendocrine cells within the tumor [12]. Additionally, Polyak and colleagues
demonstrated that a minor cell sub-clone within breast cancers could drive tumor growth via
enhancing the proliferation of all cells within the tumor [13]. Our laboratory previously
demonstrated that breast cancer cells that underwent an oncogenic epithelial-to-
mesenchymal transition (EMT) increased the metastatic capabilities of neighboring
epithelial tumor cells via both canonical and non-canonical activation of the GLI
transcription factor dependent on SIX1 expression in the EMT cells [14]. However, the
mechanism by which EMT cells non-canonically activate GLI signaling, thereby imparting
aggressive properties on neighboring tumor cells, remained unclear.

Herein, we describe our novel finding that VEGF-C, which is transcriptionally upregulated
by SIX1 in tumor cells that have undergone an EMT, mediates paracrine activation of GLI in
epithelial tumor cells via binding to the Neuropilin-2 receptor (NRP2), resulting in enhanced
growth and metastases of epithelial cancer cells. We demonstrate that inhibition of the Vegf-
¢/Nrp2 axis results in diminished crosstalk between the two tumor cell types, inhibiting
epithelial tumor cell growth and metastasis. Interrogation of the breast TCGA dataset
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underscores the relevance of the VEGF-C/GLI axis in the human disease as both Hedgehog
signaling and EMT significantly correlate with VEGF-C expression. Our data suggest that
EMT mediated VEGF-C secretion, which was thought to primarily influence
lymphangiogenesis in the tumor microenvironment [15, 16], imparts novel and conserved
paracrine effects on epithelial cells within the primary tumor, mediating GLI signaling and
enhancing metastasis of otherwise less aggressive cells.

a spontaneous model of EMT/epithelial cancer cells.

We previously induced EMT in HMLER and MCF7 breast cancer cells via overexpression
of EMT associated transcription factors (aTF) [14], and then examined crosstalk between the
HMLER-TWIST/SNAIL or the MCF7-SIX1 cells with their control epithelial counterparts.
Because these models all use overexpression of EMT aTFs to induce EMT, we attempted to
identify spontaneous models of EMT/epithelial breast cancer cells, in which EMT-aTFs are
not ectopically expressed for additional studies. To this end, we characterized the Met1 and
DB7 models of mammary carcinoma. The Met1 line was previously characterized to have
higher metastatic potential than the DB7 line, and was derived from a mammary carcinoma
that arose in an FVB/N-Tg (MMTV-PyVmT) mouse [17]. DB7 cells were shown to be less
motile and metastatic than Met1 cells, and were derived from a mammary tumor that arose
in an FVB/N-Tg (MMTV-PyVmTY 325F/Y522F) mouse [17]. Because of the differences in
metastatic nature of these two closely related lines, we asked whether their EMT
characteristics differed.

Using qRT-PCR, western blot analysis, and immunocytochemistry (ICC), we compared the
expression levels of Six1 and markers associated with EMT (E-cadherin, N-cadherin and
Vimentin). Met1 cells expressed higher levels of Six1, as well as N-cadherin and Vimentin
(Supplementary Fig. LA-E), when compared to DB7 cells, suggesting that these cells have
undergone at least a partial EMT. In contrast, DB7 cells expressed more Cdh1/E-cadherin
than Met1 cells (Supplementary Fig. 1C-D). As anticipated, we confirmed that Met1 cells
were more migratory and invasive than DB7 cells (Supplementary Fig. 1F-I). Together,
these data suggest that Met1 cells exhibit significantly more EMT characteristics than DB7
cells.

Six1 expression in EMT cells (Metl) is required for paracrine-mediated increased
aggressiveness of epithelial carcinoma cells (DB7).

Our previous studies showed that Six1 could induce an EMT in certain contexts [18-20],
and that either on its own, or downstream of TWIST1 and SNAIL1, its expression was
required to enhance the aggressive characteristics of epithelial tumor cells in a paracrine
manner [14]. To examine whether this same mechanism is in play in cells in which EMT
aTFs have not been ectopically overexpressed, we transferred conditioned medium (CM)
from the more EMT-like, Met1 cells, to the more epithelial, DB7, mammary carcinoma
cells. As was observed in the HMLER-Ctrl/HMLER-TWIST1/SNAIL1 CM experiments
described previously [14], DB7 cells cultured in Metl CM did not exhibit an alteration in
their EMT marker profile (E-cadherin and N-cadherin) (Supplementary Fig. 2A). However,

Oncogene. Author manuscript; available in PMC 2021 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kong et al.

Page 4

proliferation of DB7 cells was moderately, but significantly increased when the cells were
cultured in Metl CM, but not when cultured in Metl CM collected from cells in which Six1
was KD (Supplementary Fig. 2B, C). Importantly, despite no change in EMT marker
expression, migration and invasion of DB7 cells was enhanced when the cells were cultured
in Metl CM (Supplementary Fig. 2D-G). Furthermore, treatment of DB7 cells with CM
collected from Met1 cells in which Six1 was knocked down (Supplementary Fig. 2B), led to
an abrogation of Metl CM-induced migration, and invasion of DB7 cells (Supplementary
Fig. 2D-G). Thus, these data demonstrate that Six1 is critical to mediate EMT/epithelial
tumor cell crosstalk, even in models where EMT spontaneously arises and is not artificially
induced.

Expression of Six1 in Metl cells enhances the aggressiveness of DB7 cells via paracrine
activation of Gli signaling.

We previously demonstrated, in models induced to undergo an EMT via ectopic expression
of TWISTL, SNAIL1 or SIX1 TFs, that CM from EMT cells led to GLI activation in the
epithelial tumor cells in a manner that was dependent on SIX1 EMT cell expression [14].
Further, we demonstrated that activation of GLI in the epithelial tumor cells was required to
mediate the increase in migration and invasion observed in response to EMT CM treatment.
To test whether this mechanism is conserved in a spontaneous model of EMT/epithelial
tumor cell crosstalk, we first asked whether Gli signaling was activated in DB7 cells in
response to treatment with Metl CM using Glil and Patchedl mRNA as readouts of
activation of the pathway [14]. Increased expression of Glil and Ptchl mRNA was observed
in DB7 cells cultured in Metl CM when compared to their own CM or in CM from Metl
cells with Six1 KD (Supplementary Fig. 3A and B). Additionally, treatment of DB7 cells
with a GLI inhibitor, GANT61, abolished the ability of Metl CM to enhance the
proliferation, migration and invasion of DB7 cells (Supplementary Fig. 3C-G).

Increased VEGF-C in the CM of EMT cells promotes aggressive properties in epithelial
tumor cells via GL1 activation.

Since we observed paracrine increases in response to EMT cell CM, we reasoned that there
are soluble factors in the CM that can activate GLI signaling. Given that GL1I is canonically
activated downstream of Hedgehog (Hh) signaling, Hh ligands could be responsible for
paracrine activation of GLI in epithelial tumor cells in response to CM from EMT cells. In
mammals, three secreted Hh ligands, Sonic Hedgehog (SHH), Indian Hedgehog (IHH) and
Desert Hedgehog (DHH) bind to Patched-1 (PTCH 1) or Patched-2 (PTCH 2) receptors,
relieving the inhibition by Patched on Smoothened (SMO), resulting in activation of
canonical GLI-mediated signaling [21]. In addition to canonical activation of GLI, non-
canonical activation of GLI independent of the HH-PTCH-SMO axis has been shown to
occur in many different kinds of cancers [22, 23]. Our previous data demonstrated that
paracrine activation of GLI in response to EMT/epithelial breast cancer cell crosstalk can
occur by canonical or non-canonical mechanisms, dependent on the model system used [14].
In line with this finding, we did not observe an increase in any of the known Hedgehog (Hh)
ligands (Shh, Ihh, or Dhh) within the CM of Met1 (EMT) cells when compared to that of
epithelial DB7 mammary carcinoma cells (Supplementary Fig.4), suggesting that a non-
canonical mechanism of Gli activation is at play in this system as well. Thus, additional
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soluble factors are secreted by EMT cells to regulate Gli signaling in epithelial carcinoma
cells, increasing the aggressive characteristics of the epithelial carcinoma cells, often
without inducing an associated EMT.

We previously showed that SIX1 transcriptionally upregulates VEGF-C in breast cancer
cells, leading to enhanced lymphangiogenesis and metastasis [24, 25]. Because we
demonstrated a critical role for SIX1 in paracrine activation of GLI in both the spontaneous
and induced models of EMT, we asked whether VEGF-C may be capable of regulating GLI
in epithelial tumor cells and thereby mediate the induction of aggressive phenotypes in those
cells. To this end, we used all three models in which SIX1 was shown to activate GLI in a
paracrine manner: MCF7-Ctrl/MCF-S1X1 [14], HMLER-Ctrl/HMLER-SNAIL1 [14], and
DB7/Metl (shown here). In HMLER and DB7/Metlmodels, SIX1 KDs were performed
with siRNA, which, on average, achieved an approximately 70% KD (Supplementary Fig.
2B and Supplementary Fig. 5). We found that VEGF-C mRNA and protein (as measured by
western blot in the cell lysate or by ELISA in the cell lysate or CM) is upregulated by SIX1
in all three EMT cell line models (Fig. 1), uncovering a conserved mechanism of VEGF-C
regulation in cells that have undergone an EMT via different means.

To test whether VEGF-C secretion, downstream of SIX1, results in non-canonical activation
of GL1I, we treated the epithelial breast cancer cells with their own CM or with EMT cell
CM, in the presence or absence of a VEGF-C neutralizing antibody, and then measured GLI
activation in the treated cells using a 7xGLI-GFP reporter [14]. GLI signaling is activated
when MCF7-Ctrl cells are treated with MCF7-SIX1 CM. However, neutralization of VEGF-
C (using the SC-374628 antibody) in the MCF7-SIX1 CM abrogates this increased GLI
activity (Fig. 2A). This result was also observed in the HMLER-Ctrl/HMLER-SNAIL1 and
DB7/Metl systems (Fig. 2B and C).

In order to exclude potential non-specific effects of the neutralizing antibody, we used a
second VEGF-C neutralizing antibody (SAB1411757), as well as siRNA to KD VEGF-C in
EMT cells after which we collected CM to be used on the epithelial carcinoma cells
transfected with the 7xGLI-GFP reporter. About a 70% VEGF-C KD was achieved using
SiRNA (Supplementary Fig 6). As seen in Fig. 2D-F, KD of VEGF-C in MCF7-SIX1,
HMLER-SNAIL1, or Met1 cells significantly decreased the paracrine-mediated activation of
GLI in the epithelial carcinoma Ctrl cells, as did addition of a different VEGF-C antibody
than that used in the first experiment (Supplementary Fig.7). Furthermore, addition of
recombinant human (rh) VEGF-C into CM collected from HMLER-SNAIL1 S1X1 KD cells
or recombinant mouse (rm)-Vegf-c into CM from Metl Six1 KD cells (in which VEGF-C
levels are reduced), rescued GLI activation in the epithelial tumor cells cultured in the
VEGF-C supplemented CM (Fig. 2G and H). Taken together, VEGF-C can clearly activate
GLI signaling in numerous contexts.

Because VEGF-C belongs to a family of secreted ligands, and recent studies have implicated
two other VEGF ligands (VEGF-A and VEGF-D) in Hh pathway activation [23, 26], we
asked whether VEGF-C activation of GLI was unique to EMT/epithelial carcinoma cell
crosstalk. To this end, we first directly added the three ligands, VEGF-C, A, or D, to MCF7
epithelial breast cancer cells and interrogated GLI activation using the 7xXGLI-GFP reporter.
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Surprisingly, we found that only VEGF-C was able to activate the reporter in this setting
(Supplementary Fig. 8). These data suggest that VEGF-C secreted by EMT cells can
uniquely activate GLI signaling in epithelial cancer cells in these contexts.

Inhibition of VEGF-C in EMT breast cancer cells suppresses paracrine induction of
aggressive phenotypes imparted on epithelial cancer cells.

To test whether VEGF-C in the CM from EMT cells is responsible for the observed
phenotypes, EMT marker expression, migration, invasion and proliferation were examined
in epithelial tumor cells after treatment with EMT CM +/- VEGF-C neutralizing antibody
(Ab). In all three systems tested, epithelial tumor cells cultured in EMT cell CM grew faster
than when cultured in their own CM, and addition of the VEGF-C neutralizing Ab
(SC-374628) in EMT cell CM inhibited the observed increases in proliferation (Fig. 3A-C).
Further, neutralization of VEGF-C in MCF7-SIX1 CM restored expression of membranous
E-Cad in MCF7-Ctrl cells cultured in MCF7-SIX1 CM (Fig. 4A and B), a system where
EMT markers were previously shown to change in the epithelial tumor cells in response to
the EMT CM [14]. In the HMLER-Ctrl/HMLER-SNAIL1 and DB7/Met1 systems, blocking
VEGF-C inhibited the increase in migration (Fig. 4C—F) and invasion (Fig. 4G-J) observed
in Ctrl epithelial tumor cells receiving EMT cell CM.

To determine whether the EMT/epithelial cancer cell crosstalk has consequences in vivo,
and whether VEGF-C production by EMT cells is critical for such crosstalk, we mixed
luciferase tagged DB7 epithelial mammary carcinoma cells with Met1-scramble (SCR) and
Metl-shVegf-c cells (at a 4:1 ratio of epithelial: EMT cancer cells) and injected the mixed
cells into the 4th mammary fat pad of FVB mice. Luciferase signal (which tracks
specifically the epithelial DB7 cells) was monitored over time, and total tumor volume was
measured using calipers (which tracks the epithelial and EMT cancer cell growth together).
After 4 weeks, the tumors were surgically removed to enable examination of metastasis over
time. Metastasis of the epithelial cancer cells was then tracked weekly via IVIS imaging. As
Supplementary Fig. 9 shows, the DB7 epithelial mammary carcinoma cells grew faster when
they were mixed with the Metl EMT cells as compared to when they were mixed with DB7
non-tagged cells. Importantly, KD of Vegf-c in the Met1 cells abolished the effects of Metl
cells on DBY cell growth. Though these cells were previously shown to metastasize in FVB
mice [17], we did not observed sufficient metastases in this setting to draw any clear
conclusions regarding metastatic dissemination. Nonetheless, these data demonstrate that
inhibition of Vegf-c in the EMT cells is an effective means to inhibit paracrine-mediated
induction of growth of epithelial mammary carcinoma cells within a heterogeneous tumor.

Neuropilin-2 Receptor (NRP2) expression on epithelial cancer cells is required to mediate
the paracrine effects of VEGF-C from EMT cells.

NRP2 has been shown to bind to VEGF-C and activate a VEGF-C-NRP2 signaling axis in
both lymphatic endothelial cells and in tumor cells, including breast cancer [16, 27]. To
determine whether NRP2, when expressed on the surface of epithelial cancer cells, is the
receptor through which VEGF-C activates GLI and enhances proliferation, migration, and
invasion of these cells, we knocked down NRP2 in the epithelial breast cancer cells, which
was confirmed by flow cytometry to examine surface levels of NRP2 (Supplementary Fig.
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10A-F) and then cultured the cells in their own CM or CM from EMT cells +/- a
neutralizing VEGF-C antibody. We found that neutralizing VEGF-C in MCF7-SIX1 CM or
knocking down NRP2 in MCF7-Ctrl cells abolished the MCF7-S1X1 CM-mediated increase
of GLI1 mRNA (Fig. 5A) and 7xGLI -GFP reporter activity (Fig. 5B) in MCF7-Ctrl cells.
Similar results were seen in both the HMLER-Ctrl/HMLER-SNAIL1 and the DB7/Metl cell
lines, demonstrating that this mechanism is at play in multiple contexts (Fig. 5C-F).

Both NRP2 and FLT4 (VEGFR3) are required for EMT/epithelial tumor cell crosstalk.

NRP2 interacts with FLT-4 (VEGFR3) to mediate lymphatic vessel sprouting [28]. Thus, as
anticipated, KD of FLT-4 in MCF7-Ctrl cells, or use of an antibody that targets FLT-4 in
those cells, phenocopies KD of NRP2 in MCF7-Ctrl cells when treated with MCF7-SIX1
cell CM, inhibiting GLI activation (Supplementary Fig. 7 and 11A). Further, FLT-4 KD
recapitulates the phenotype observed when a VEGF-C blocking antibody is added to the
MCF7-SIX1 CM, which also disrupts activation of GLI signaling in MCF7-Ctrl cells in
response to treatment with MCF7-SIX1 CM (Supplementary Fig. 11A).

To demonstrate that signaling is activated downstream of FLT-4/NRP2, we measured
downstream effectors, AKT and ERK, which are known to be phosphorylated upon
activation of FLT-4 [29]. Indeed, p-AKT and p-ERK levels increased in MCF7-Ctrl cells
treated with MCF7-SIX1 CM (Supplementary Fig. 11B Left). Similar activation of Akt and
Erk was observed in the DB7/Metl system, where addition of Metl CM enhanced p-Akt and
p-Erk levels in DB7 cells (Supplementary Fig. 11B Right).

Inhibition of the Vegf-c-Nrp2 axis suppresses paracrine-mediated tumor growth and
metastasis in vivo.

To determine whether the Vegf-c-Nrp2 axis imparts aggressive properties on epithelial
cancer cells in vivo, we knocked down Nrp2 in DB7 cells (Supplementary Fig. 10E and F)
and knocked down Vegf-c in Metl cells (Supplementary Fig. 12A and B). Following the
creation of KD lines, we tagged the DB7-SCR and DB7-shNRP2 cells with luciferase
(Supplementary Fig. 12C), after which we mixed the tagged DB7s with non-tagged DB7 or
Met1 cells (at a 4:1 ratio of epithelial cancer:EMT cells) and injected the mixed cells into
the 41" mammary fat pad of nude mice, since we did not observe overt metastasis in vivo
when these cells were injected into FVB mice. Tumor growth and metastasis were measured
over time using calipers (which measures total tumor volume) and IVIS imaging (which
measures the epithelial cancer cells specifically). After three weeks, we removed the primary
tumors and continued to monitor the mice for metastasis. As shown in Fig. 6A and B, DB7
cells grew faster when they were mixed with Met1 cells as compared to when they were
mixed with DB7 non-tagged cells. However, when Nrp2 was KD in DB7-Luc cells, or when
Vegf-c was KD in Met1 cells, the enhanced growth of DB7 cells was abolished (Fig. 6A and
B). This alteration in growth of DB7 cells at the primary tumor site also translated into
smaller overall tumor size via caliper measurements (Fig. 6C). In order to exclude the effect
of Nrp2 KD and Vegf-c KD on proliferation of the cells themselves, we performed
proliferation assays using DB7-SCR and DB7-shNrp2 cells, or Met1-SCR and Met1-sh\egf-
c cells in vitro. As seen in Supplementary Fig. 13A and B, neither Nrp2 nor Vegf-c KD
suppresses the growth of these cancer cells in which the KD has been performed in vitro. We
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additionally injected the DB7-Nrp2 KD and control cells into the mammary fat pads of
immunocompromised mice, and did not observe decreased growth in the DB7-Nrp2 KD
cells themselves (Supplementary Fig. 13C). Thus, loss of Nrp2 decreases growth of DB7
cells via a mechanism that requires crosstalk with the Met1 cells both in vitro and in vivo.

Finally, we assessed the role of the Vegf-c/Nrp2 axis on metastasis mediated through tumor
cell crosstalk. Importantly, the epithelial DB7 cells metastasized more efficiently when co-
injected with Met1 cells, and KD of Vegf-c in the Met1 (EMT) cells, or KD of Nrp2 in DB7
(epithelial carcinoma) cells, abolished this effect (Fig. 6D). Taken together, these data
clearly demonstrate that crosstalk between EMT and epithelial cancer cells can promote
proliferation and metastasis in heterogeneous breast cancers, and that inhibition of the Vegf-
c-Nrp2-Gli axis can disrupt the crosstalk specifically between the tumor cells.

GLI signaling pathway genes significantly correlate with VEGF-C in human breast tumors.

To determine, using a rigorous and unbiased method, whether VEGF-C may activate Hh
signaling and correlate with EMT in human breast cancer, we analyzed the PanCancer Atlas
TCGA breast cancer dataset to identify genes significantly correlated with VEGF-C
expression. Upon performing gene-by-gene Pearson correlations with VEGF-C expression
and submitting ranked correlation coefficients to GSEA pathway analysis, we found that
VEGF-C levels are significantly correlated with both Hedgehog signaling and EMT in
human breast cancer (Fig. 7A and B). We then more specifically examined correlations
between all the VEGF ligands and components of the Hh signaling pathway. As can be seen
in Fig. 7 C, a statistically significant correlation of VEGF-C and genes that are
transcriptionally activated downstream of Hh signaling (GLI1, GLI2 and PTCH2) can be
observed. Intriguingly, in contrast to VEGF-A and VEGF-B, VEGF-D shared similar
correlations as VEGF-C, suggesting that in the human setting, VEGF-C and D may have
redundant functions in activating this pathway despite us not observing an effect with
VEGF-D in our model systems. Nonetheless, these results strongly suggest that VEGF-C
can indeed contribute to activation of GLI signaling in human breast cancer.

Discussion

Epithelial to mesenchymal transition (EMT) is a highly dynamic cellular program involved
in embryonic development, wound healing, and tumorigenesis [30]. In breast and other
cancers, EMT results in altered adhesion and cell polarity, as well as increased motility and
invasion [31]. However, recent studies have suggested that EMT is not required for
metastasis in mouse mammary carcinoma models [32], as well as in a mouse model of
pancreatic cancer [33]. However, neither study examined the potential effect of crosstalk
between EMT and non-EMT as a contributor to metastatic disease.

SIX1 is an EMT-aTF [34], and its aberrant activation has been implicated in the progression
of numerous malignancies, including breast cancer [20, 35, 36]. In breast cancer, SIX1 can
autonomously promote proliferation [37], migration [18] and EMT [34]. In addition to these
tumor cell autonomous effects, SIX1 also promotes breast cancer progression via non-cell
autonomous means, where high SIX1 expressing breast cancer cells (that have undergone an
EMT) can increase the aggressive properties of neighboring epithelial tumor cells. However,
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an understanding of the precise mechanism by which SIX1 non-cell autonomously mediates
metastasis remained unknown.

Previous studies demonstrated that SIX1 transcriptionally upregulates VEGF-C, resulting in
lymphangiogenesis and increased metastasis [24]. Herein, we demonstrate that VEGF-C
expression/secretion mediated by SIX1 in EMT cells is also critical to mediate crosstalk
between EMT and epithelial breast cancer cells in a heterogeneous tumor. We show that
SIX1-expressing EMT cells activate GLI signaling in epithelial cancer cells via increased
production of VEGF-C, and that the VEGF-C/GLI axis promotes proliferation, migration,
and invasion of epithelial cancer cells. Most importantly, we show that this crosstalk is
relevant to tumor growth and metastasis in vivo, and perhaps provides an explanation for
why fate mapping experiments, in which EMT cells were said to not enhance metastasis
[32], may have not completely assessed the effects of EMT in tumors. Finally, we show that
VEGF-C significantly positively correlates with both EMT and GL1 signaling in human
breast cancer (Fig. 7).

VEGF-C was identified as a ligand for VEGFR-2 and VEGFR-3, and plays an important
role in lymphangiogenesis and angiogenesis during embryonic development [38, 39]. In
addition, VEGF-C promotes tumor-associated lymphangiogenesis, angiogenesis [15, 24,
40], immune tolerance [41], tumor cell proliferation, and migration and invasion [42-44].
Our data demonstrate a novel role for VEGF-C in mediating tumor progression. We show
that VEGF-C is the key mediator through which SIX1 non-canonically activates GLI
signaling to enhance tumor progression (growth and metastasis) of cells that would
otherwise not be aggressive within a tumor. These data add suggest that targeting VEGF-C
may have numerous anti-tumor effects. VGX-100, the human monoclonal antibody against
VEGF-C, has been tested in preclinical trails in acute myeloid leukemia, and can suppress
tumor progression by inducing cellular differentiation in vivo [45]. Recently, several studies
showed sVEGFR3-Fc, a soluble VEGF-C competitor, reduces tumor proliferation and
metastasis [46, 47]. Together, these data suggest that targeting VEGF-C may be a viable
therapeutic option.

VEGF-C exerts its action by binding to receptors to transduce extracellular stimuli into
intracellular signals. FLT4/VEGFR3 is a well-known receptor of VEGF-C. VEGF-C also
binds to the NRP family of receptors including NRP1 and NRP2, with preferential binding
to NRP2 [48]. Intriguingly, NRPs have recently been linked to GLI signaling [23, 26, 49]. In
triple-negative breast cancer (TNBC), a VEGF-A/NRP2 axis was shown to activate GLI1
signaling in an autocrine manner [26]. In lung adenocarcinoma cells, HH/GLI signaling is
upregulated by stromal VEGF-A mediated stimulation of NRP2 [23]. Herein, we describe a
similar role for VEGF-C. Compared to other VEGF family members, VEGF-C shares the
highest percent identity with VEGF-A (about 30%) [38], and thus VEGF-C may activate
GLI signaling through binding to NRP2 via a conserved region between the two VEGF
proteins. However, we surprisingly found that at least in the models tested, VEGF-C, but not
VEGF-A or D, is the mediator of GLI activation. We cannot rule out a role for additional
ligands in GLI activation in the tumor cells or in the tumor microenvironment. It is possible
that the EMT aTFs act primarily through VEGF-C, but that other mechanisms at play in the
tumor itself or in the tumor microenvironment may activate VEGF-D (or other VEGF family
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members) which in particular contexts can also activate GLI signaling. Furthermore, because
we show that NRP2 likely acts with VEGFR3/FLT4 (Fig. 8), these data also suggest that
more than one VEGF ligand may influence this pathway in an in vivo context. Several
studies have shown an important role for the interaction between NRP2 and FLT4 in
lymphatic vessel sprouting [28, 50]. Our study suggests that similarly, the two receptors may
act together to mediate VEGF-C action on epithelial tumor cells, resulting in GLI activation.

Aberrant HH/GLI signaling is observed in many tumors, and the HH pathway has therefore
been identified as a promising therapeutic target. Vismodegib and Sonidegib, 2 different
inhibitors of SMO, while efficacious in basal cell carcinoma, where activating mutations of
the canonical pathway are found, have produced disappointing results in several solid tumors
[51-53]. Non-canonical HH-GL signaling is independent of SMO, and thus such activation
of GLI signaling may explain the failure of SMO antagonists in these cancers. Prospective
molecular profiling of heterogeneous breast cancers to assess their VEGF-C expression
might be used to identify patients likely to benefit from VEGF-C-NRP2/FLT4 axis blockade,
with or without conventional chemotherapy or other promising biological approaches.

Methods:

Cell culture.

MCF7 derivative cell lines were described previously [14]. The cell lines were profiled via
short tandem repeat (STR) profiling at the beginning (April 2015) and end (October 2019) of
this study. HMLER cell lines were a generous gift from the Weinberg Lab, and are not
included in ATCC or DSMZ. DB7 and Met1 cells were a generous gift from Dr. Jennifer
Richer (University of Colorado Anschutz Medical Campus, Aurora, CO) with permission
granted by Alexander Borowsky (University of California, Davis, CA). Details describing all
drug or siRNA treatments of cells are included in the supplemental methods, while ShRNA
sequences are listed in Supplementary Table 1.

Quantitative real-time PCR (RT-gPCR).

RNA was prepared using the Direct-zol™ RNA MiniPrep Kit (Zymo Research, R2051).
cDNA was reverse transcribed from 1 pg total RNA using the iScript cDNA Synthesis Kit
(BioRad, 1708890). RT-qPCR was performed with the ssoFast Evagreen supermix (BioRad,
1725201). Sequences of primers are listed in Supplementary Table 2.

Western blot analysis.

Equal amounts of lysates (30-50ug) were electrophoresed and transferred onto
polyvinylidene difluoride (PVDF) membranes. The membranes were subsequently blocked
in 5% milk in TBST, and probed with primary antibodies at 4°C overnight. Antibodies are
listed in Supplementary Table 3.

ELISA and Immunocytochemistry.

(ICC)The VEGF-C (MyBioSource, MBS2600109), Shh (R & D systems, MSHHOO), Ihh
(Abclonal, RK02929) and Dhh (Aviva, OKEH03264) levels in the conditioned media were
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measured using ELISA, according to manufacturer’s instructions. Conditions of ICC can be
found in the Supplemental Methods.

GLI reporter assays.

GLI reporter assays were performed as previously described [14]. Details can be found in
Supplemental Methods.

Cell proliferation assays.

For CellTiter-Glo assays, 1500 cells incubated with various CMs were plated in 96-well
plates. Day 0 time point was measured 6h post plating. Following 24-, 48-, 72- or 96-hours
of incubation, day1-4 time points were analyzed. 100 pl of CellTiter-Glo® Reagent
(Promega Corporation, G9241) was added to each well and incubated at room temperature
for 30 mins and luminescence was measured. Incucyte assays are described in detail in the
supplemental methods.

Migration and invasion assays.

Cell migration and invasion assays were performed as previously described [14].

Flow cytometry assays for NRP2.

Cells were harvested and stained with human/mouse Neuropilin-2 APC-conjugated antibody
(R&D, FAB22151A) according to the manufacturer’s instructions. The NRP2 level on the
surface was detected using flow cytometry.

In Vivo Experiments.

Five to 6-week-old female athymic NCr-nu/nu and FVB mice were purchased from Charles
River Labs and maintained under Specific Pathogen-Free (SPF) conditions. All animal
protocols were reviewed and approved by the Institutional Animal Care and Use Committee
at University of Colorado Anschutz Medical Campus. Specific details about the individual
animal experiments can be found in the supplemental methods.

Pairwise gene correlation using TCGA BRCA dataset

Degree of relationship between VEGFC expression and all other genes was performed by
calculating a Pearson correlation coefficient between z-score converted VEGFC expression
and gene yfor all genes mapped in the TCGA BRCA data set. Pearson correlation
coefficients for all genes were subsequently ranked, and GSEA was performed on the ranked
list of genes using the MSigDB Hallmarks gene set collection..

Statistical analysis.

Statistical analyses for all studies are outlined in the supplemental methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

VEGF-C is downstream of SIX1 in three different models of EMT. (A) qRT-PCR analyses

of SIX1 and VEGF-C using 1ug RNA from MCF7-Ctrl and MCF7-SIX1 cells. Gene

expression is normalized to a-TUBLIN mRNA. (B) Representative Western blot analysis of
whole cell lysates from MCF7-Ctrl and MCF7-SIX1 cells, each sample was run in triplicate.

(C) ELISA for VEGF-C performed on 100ul CM taken from the same number of plated

MCF7-Ctrl and MCF7-SIX1 cells. (D) VEGF-C gRT-PCR analyses performed on 1ug RNA
from HMLER-GFP-siNT, HMLER-SNAILI-siNT and HMLER-SNAIL1-siSIX1 cells. Gene
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expression is normalized to a- TUBLIN mRNA. (E) Representative Western blot analysis to
examine levels of SIX1 and VEGF-C in whole cell lysates from HMLER-GFP-siNT,
HMLER-SNAIL-siNT and HMLER-SNAIL-siSIX1 cells. HDAC was used as a loading
control. (F) ELISA for VEGF-C performed on 100ul CM taken from same number of plated
HMLER-GFP-siNT, HMLER-SNAIL1-siNT and HMLER-SNAIL1-siSIX1 cells. (G) Vefg-
C gRT-PCR analyses performed using 1ug RNA from DB7-siNT, Met1-siNT and Met1-
siSix1 cells. Gene expression was normalized to 18s rRNA. (H) Vegf-c ELISA performed on
whole cell lysates (40ug protein) from DB7-siNT, Met1-siNT and Met1-siSix1 cells. The
experiment was performed two independent times in triplicate, and a representative
experiment is shown. (1) Vegf-c ELISA using 100ul CM taken from same number of plated
DB7-siNT, Metl-siNT and Met1-siSix1 cells. All experiments in this figure were performed
two independent times in triplicate, and representative experiments are shown.
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Figure 2.

GLI signaling is activated downstream of VEGF-C. (A, B and C) 7x-GLI promoter GFP
reporter assays performed on MCF7-Ctrl, HMLER and DB7 cells, respectively, treated with
indicated CM for 48 hours with/without 5 ug/ml VEGF-C antibody (sc-374628) or an equal
amount of IgG. (D, E and F) 7x-GLI promoter GFP reporter assays performed on MCF7-
Ctrl, HMLER and DB?7 cells, respectively, treated for 48 hours with indicated CM taken
from EMT cells +/- inhibition of VEGF-C via siRNA (G) GLI reporter assays performed on
HMLER cells treated for 48 hours in indicated CM with/without the addition of 100ng/ml
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recombinant human VEGF-C. (H) Gli reporter assays performed on DB7 cells treated for 48
hours in indicated CM with/without the addition of 100ng/ml recombinant mouse Vegf-c.
All experiments shown in this figure were performed twice in triplicate, and a representative
experiment is shown.
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Figure 3.
VEGF-C, secreted by EMT cells, leads to increased growth of epithelial cancer cells. (A)

Cell growth assessed using CellTiter-Glo for MCF7-Ctrl cells grown for 96 hours in
indicated CM with/without 5 ug/ml of the neutralizing VEGF-C antibody (sc-374628) or an
equal amount of IgG. (B) Same as in panel A but performed on HMLER-GFP cells in
indicated CM. (C) Same as in panel A but performed on DB7 cells in indicated CM. Cell
growth experiments were performed two independent times with 5 replicates for each time
point, and a representative experiment is shown.
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EMT cell-induced VEGF-C mediates aggressive phenotypes in epithelial cancer cells. (A)
Representative ICC of E-cadherin (green) performed on MCF7-Ctrl cells grown for 48 hours
in indicated CM with/without 5ug/ml VEGF-C antibody (sc-374628) or an equal amount of
1gG. Dapi (blue), scale bar is 100um. (B) Quantitation of % membranous E-cadherin in
panel A, the experiments were performed two independent times, 5 fields (200x
magnification) per condition were counted for each experiment and a representative
experiment is shown. (C) Representative migration assay (4-6 hours) performed on
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HMLER-GFP cells in indicated CM with/without 5ug/ml VEGF-C antibody (sc-374628) or
an equal amount of 1gG. Scale bar is 100um. (D) Quantitation of cell migration in panel C.
(E and F) Same as panel C and D but performed on DB7 cells in indicated CM, and cells
were allowed to migrate for 15h. Migration experiments were performed two independent
times in triplicate wells. 2 fields (100x magnification) per well were quantified and a
representative experiment is shown. (G) Representative invasion assay performed on
HMLER-GFP cells grown in indicated CM for 24h with/without 5ug/ml VEGF-C antibody
(sc-374628) or an equal amount of 1gG. Scale bar is 100um. (H) Quantitation of cell
invasion in panel G. (I and J) Same as panel G and H but performed on DB7 cells grown in
indicated CM for 24h. Invasion experiments were performed two independent times, each in
5 replicate wells, 1 field (200x magnification) per well was quantified and a representative
experiment is shown.
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Figure5.

NRP2 expressed on epithelial cancer cells is necessary for VEGF-C to activate GLI
signaling. (A) GLI1 gRT-PCR analyses performed on 1ug RNA from MCF7-Ctrl-SCR and
MCF7-Ctrl-shNRP2 cells treated for 48 hours in indicated CM with/without 5ug/ml VEGF-
C antibody (sc-374628) or an equal amount of 1gG. Gene expression is normalized to a-
TUBLIN mRNA. (B) GLI reporter analyses performed on MCF7-Ctrl-SCR and MCF7-Ctrl-
shNRP2 cells grown for 48 hours in indicated CM with/without 5ug/ml VEGF-C antibody
(sc-374628) or an equal amount of IgG. (C) GLI1 gRT-PCR analyses performed on lug
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RNA from HMLER-siNT and HMLER-siNRP2 cells grown for 48 hours in indicated CM
with/without 5ug/ml VEGF-C antibody (sc-374628) or an equal amount of 1gG. Gene
expression is normalized to a-TUBLIN mRNA. (D) GLI reporter analyses performed on
HMLER-siNT and HMLER-siNRP2 cells grown for 48 hours in indicated CM with/without
5ug/ml VEGF-C antibody (sc-374628) or an equal amount of IgG. (E) Glil gRT-PCR
analyses performed on 1ug RNA from DB7-SCR and DB7-shNrp2 cells grown for 48 hours
in indicated CM with/without 5ug/ml Vegf-c antibody (sc-374628) or an equal amount of
IgG. Gene expression is normalized to 18s rRNA. (F) 7x-Gli promoter GFP reporter
analyses performed on DB7-SCR and DB7-shNrp2 cells grown for 48 hours in indicated
CM with/without 5ug/ml Vegf-c antibody (sc-374628) or an equal amount of IgG. All
experiments (QRT-PCR and Gli reporter assays) within this figure were performed at least
two independent times in triplicate, and a representative experiment for each panel is shown.
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Figure 6.

Vegf-c KD in Metl (EMT) cells or Nrp2 KD in epithelial DB7 mammary carcinoma cells
can inhibit Met1 induced growth and metastasis of DB7 cells /n7 vivo. (A) Representative
luminescent images of nude mice taken at the same time point (three weeks after injection of
cells). (B) Quantitation of luminescent signal (representing DB7 cells) in primary tumors in
indicated mixed tumors groups. (C) Quantitation of primary tumor volume in indicated
mixed tumors groups, as measured using calipers (thus representating total tumor volume
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including both DB7 and Met1 cells). (D) Kaplan Meier curve for metastasis-free-survival in
indicated mixed tumors groups.
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VEGFC positively correlates with Hh pathway genes in human breast tumors. (A) Pairwise
gene correlates with VEGFC are enriched for EMT and Hedgehog pathways. (Left
schematic) Pearson correlations performed across all genes against VEGFC were ranked and
analyzed by GSEA. (Right panel) Top significantly enriched pathways correlated with
VEGFC expression plotted by Normalized Enrichment Score (NES) and FDR. Among the
top enriched pathways were the EMT and Hedgehog Signaling pathways. (B) GSEA
enrichment plots for the EMT and Hedgehog gene signatures. Red hits represent genes most
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strongly correlated with VEGFC expression and blue hits genes weakly correlated with
VEGFC expression. (C) The R package “corrplot™ [57] (ref: Taiyun Wei and Viliam Simko
(2017). R package “corrplot”: Visualization of a Correlation Matrix (\ersion 0.84),
Available from https://github.com/taiyun/corrplot) was used to plot Pearson correlation
coefficients and p-values. All significant correlation values (i.e. those with p-value < 0.01)
were plotted on a -1 (red) to 0 (white) to blue (1) color scale while pairs with statistically
non-significant correlations were plotted without colors. Triangle plots were created to
reduce data redundancy and crowding.
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Figure 8.
Model to demonstrate how SIX1, when expressed in cells that display characteristics of

EMT, induces VEGF-C, which is secreted from the EMT cells and activates GLI signaling
via NRP2/FLT4 in neighboring epithelial tumor cells, ultimately, promoting tumor
progression.
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