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Abstract

Snaill is a transcriptional factor required for epithelial to mesenchymal transition and activation of
cancer-associated fibroblasts (CAF). Apart from that, tumor endothelial cells also express Snaill. Here,
we have unraveled the role of Snaill in this tissue in a tumorigenic context.

Methods: We generated transgenic mice with an endothelial-specific and inducible Snaill depletion. This
murine line was crossed with MMTV-PyMT mice that develop mammary gland tumors and the
consequence of Snaill depletion in the endothelium were investigated. We also interfere Snaill
expression in cultured endothelial cells.

Results: Specific Snaill depletion in the endothelium of adult mice does not promote an overt
phenotype; however, it delays the formation of mammary gland tumors in MMTV-PyMT mice. These
effects are associated to the inability of Snaill-deficient endothelial cells to undergo angiogenesis and to
enhance CAF activation in a paracrine manner. Moreover, tumors generated in mice with
endothelium-specific Snaill depletion are less advanced and show a papillary phenotype. Similar changes
on onset and tumor morphology are observed by pretreatment of MMTV-PyMT mice with the angiogenic
inhibitor Bevacizumab. Human breast papillary carcinomas exhibit a lower angiogenesis and present
lower staining of Snaill, both in endothelial and stromal cells, compared with other breast neoplasms.
Furthermore, human breast tumors datasets show a strong correlation between Snaill expression and
high angiogenesis.

Conclusion: These findings show a novel role for Snaill in endothelial cell activation and demonstrate
that these cells impact not only on angiogenesis, but also on tumor onset and phenotype.

Introduction

Since it was characterized as a repressor of
E-Cadherin gene (CDH1) expression and an inducer
of epithelial-mesenchymal transition (EMT) [1, 2], the
transcriptional factor Snaill has attracted the attention
from many cancer cell biologists. Snaill ectopic
expression in epithelial cells promotes an EMT and
increases several features associated to this
conversion; cells become more invasive and resistant

to apoptotic insults, reprogram their metabolism,
acquire characteristics of stem cells and secrete
cytokines protecting them from the immune attack [3,
4]. Moreover, Snaill is rapidly induced by cytokines
and other stimuli promoting EMT and precedes the
expression of other mesenchymal markers [5-7].
Snaill is also expressed by cancer-activated
fibroblasts (CAF). In these cells, Snaill is induced by
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cytokines promoting fibroblast activation such as
TGFpP and PDGFb and is required for the expression
of CAF-specific proteins [8, 9]. In accordance with this
dual role in EMT and fibroblast activation, Snaill
depletion in adult transgenic mice retards breast
tumor development and prevents metastasis [10, 11].

Expression of Snaill has been assessed in
multiple tumors and related with a poor prognosis
[12]. In most neoplasms, Snaill is predominantly
detected in CAF although some epithelial cells placed
in the area of invasion do also express it [13]. When
analyzing several types of human tumors, we have
detected Snaill expression in a subset of endothelial
cells. Actually, several groups have previously
reported that Snaill is expressed in vascular cells
during development and that Snaill depletion alters
vascular development in embryos [14, 15] and the
proper development of retina [16, 17]. These results
suggest that Snaill might control tumor angiogenesis;
thus, the activation of endothelial cells by
tumor-derived factors creating an aberrant vascular
network that grows and infiltrates tumors to supply
them oxygen and nutrients [18]. In this report, we
have analyzed the role of Snaill in the tumor
endothelial cells using the well stablished breast
cancer model of MMTV-PyMT [19]. We describe that
Snaill depletion in endothelium, besides controlling
angiogenesis, severely affects tumor onset,
morphology and malignancy.

Materials and Methods
Cell Culture

Authenticated human microvascular endothelial
cells (HMEC-1) were a kind gift of Dr. MI Diaz-Ricart
(Hospital Clinic, Barcelona, Spain). Wild type Mouse
Embryonic Fibroblasts (MEF) were previously
established in our laboratory [9, 11]. HMEC-1 were
grown in MCDB131 medium supplemented with EGF
(10 ng/mL), Hydrocortisone (1 pg/mL), Glutamine
(10 mM) and fetal bovine serum (FBS, 10%); MEF, in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with FBS (10%). All cells were cultured
at 37 °C in a humidified incubator (HeracellTM 150)
with 5% CO», and were periodically tested to verify
that they remained mycoplasma-free.

Snaill  interference in HMEC-1  was
accomplished using a siRNA against Snaill
(Dharmacon, SNAIl-targeting ON-TARGETplus

siRNA pool, cat. No L-010847-01-0005); a siRNA
control (Dharmacon, ON-TARGETplus Control
siRNA, cat. No. D-001810-02-50) was also transfected
also using DharmaFECT transfection agent

(Dharmacon). In some experiments, cells were treated
with VEGFA (Preprotech, 10-20), FGF2 (Merck,

GF003), and the inhibitors of TGFp receptor SB505125
(SB, 56496, Sigma) or PDGF receptor Crenolanib
(CRN, 52730, Selleck).

Immunofluorescence

Cultured cells were fixed with p-formaldehyde
(4%) in PBS during 10 min at 4 °C and permeabilized
during 10 min with Triton X-100 (1%) in PBS at 4 °C.
Afterwards, cells were blocked with PBS plus bovine
seroalbumin (BSA) (2%) during 1 h at RT. Primary
antibodies (Table S1) and the corresponding
Alexa-conjugated  secondary  antibodies  (Life
Technologies) were diluted in blocking solution and
incubated during 1 h at RT. DAPI (Sigma) was used
for counterstain nuclei and samples were mounted
with Fluoromount-G. Leica SP5 confocal microscope
was used for imaging at Advanced Light Microscopy
Unit facility of the Parc de Recerca Biomedica de
Barcelona/Centre de  Regulaci6  Genomica
(PRBB/CRG).

Human samples collection and analysis

Human tumor samples were obtained from Parc
de Salut MAR Biobank (MARBiobanc), Barcelona.
Their study was approved by the Ethical Committee
for Clinical Research from PRBB.

The co-expression data of mRNA and protein
and survival curves of the two groups mimicking the
PyMT-VE-CadhSnaiicT — and ~ PyMT-VE-CadhSnaillko
mice were obtained from TCGA Breast Invasive
Carcinoma (Firehose Legacy) data in the cBioPortal
public database (http://www.cbioportal.org/) on
May, 2020 [20, 21]. In this study we assessed the
expression of PECAM1 (CD31), VIM, SNAI1, KRT5,
KRT14, TP63 and PTPRC (CD45).

Immunohistochemistry

Samples were fixed with p-formaldehyde (4%) at
room temperature. When indicated, consecutive
sections of tumors were used. Fixed samples were
dehydrated and paraffin-embedded according
standard procedures. Sections (2.5 pm) were prepared
for immunohistochemical analysis and stained with
hematoxylin and eosin or Masson's trichrome stain for
histological or Collagen content evaluation,
respectively. After standard deparaffination and
rehydration of the samples, antigen unmasking was
carried immersing the sections in Tris EDTA buffer
pH 9 or citrate buffer pH 6 and boiling for 15 min.
Samples were blocked during 2 h in Tris-buffered
saline (TBS) plus FBS (1%) and BSA (1%), and later
incubated with primary antibodies overnight (Table
S1). Signal was amplified with EnVisiont+ System
HRP Labelled Polymer (anti mouse or anti rabbit,
DAKO) and visualized with the DAB kit (DAKO).
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For double immunohistochemistry, after boiling
in Citrate buffer pH 6 boiling for unmasking, tumor
samples were blocked with BSA (2%) and incubated
with anti Snaill antibody overnight. Signal was
amplified with EnVision+ System HRP Labelled
Polymer (anti-rabbit, DAKO) by overnight incubation
and visualized with the DAB kit (DAKO). Afterwards,
slides were extensively washed, blocked with BSA
(2%) and incubated with anti Von Willebrand Factor
VIII antibody overnight. Signal was amplified
overnight with anti-rabbit Alkaline Phosphatase
conjugated (DAKO), visualized with Permanent-Red
kit  (NeoBiotech) and counterstained  with
hematoxylin. Slides were imaged either with Aperio
ScanScope (Leica) at the Anatomy Department,
Hospital del Mar, or with Olympus BX61 microscope
at IMIM Microscopy Unit.

For the analysis of tumor vasculature, a
minimum of five randomized areas of each CD31
stained tumor slide (three animals per group) were
captured using an Olympus BX61 microscope at 10x
magnification. CD31 stained area was measured using
Image] software and microvessel density was
quantified as the percentage of CD31+ area per image
area. Open vessels of the images were identified and
manually delimited using Image] software. Lumen
size of the vessel was obtained by the software and
the mean of individual vessel lumen size was
represented in each condition. Other methods used
for the quantification of the immunohistological
analyses are presented in Supplemental Information.

Animals

Animals were housed in a specific pathogen-free
area and fed ad libitum at the PRBB Animal Facility.
All the animal procedures were previously approved
by the Animal Research Ethical Committee from the
PRBB and by the Generalitat de Catalunya. The
generation of the murine line bearing a Snaill floxed
allele (Snaill flox) and a Snaill-wild-type (Snaill) or
Snaill-deleted (Snaill del) allele has been previously
described [9]. This line was crossed in a C57/Bl6
background with Cdh5-CreERT2 mice line [22] to
generate an endothelium-specific Snaill depletion.
These mice were referred as VE-CadhSillCT and
VE-CadhsnaillkO_ Depletion of Snaill in those mice was
performed by five intraperitoneal daily doses of
Tamoxifen (0.2 mg/g) in 6-weeks old mice [20].

VE-Cadh®naillCT/KO mice were mated with mice
holding the Polyoma Middle T antigen (PyMT) under
the control of MMTV promoter (MMTV-PyMT mice).
These mice develop spontaneously Luminal B
mammary gland tumors [19]. Tamoxifen induction
was performed as above and an additional dose was
administrated every three weeks until animals were

euthanized. When indicated, mice were treated with
Bevacizumab (Avastin, Roche) (50 mg/kg) diluted in
PBS twice per week, starting when they were six
weeks old. Mice were palpated twice per week to
determine the tumor onset and tumor size was
determined using a caliper. When tumors reached 4
cm? animals were sacrificed.

Flow cytometry analysis

Lungs and livers from VE-CadhSmillCT and
VE-CadhsillkO mijce or PyMT-VE-CadhSaillcT and
PyMT-VE-CadhSraillkO tumors were collected in PBS
and minced into 1 mm? pieces. Afterwards, an
enzymatic disaggregation was performed with the
Tumor Dissociation Kit (MACS Miltenyi Biotec,
130-096-730) at 37 °C for 30 min. A more exhaustive
tissue disruption was made by gentleMACS
Dissociator (MACS Miltenyi Biotec, 130-093-235). RBC
Lysis Buffer (ThermoFisher, 00-4333) incubation was
used to remove red blood cells. Cells were blocked
with PBS supplemented with horse serum (20%) and
FBS (10%) during 1 h at 4 °C. Primary antibodies listed
in Table S1 and specified for FACS were diluted in
blocking solution and incubated during 40 min at 4
°C. DAPI staining was used as viability marker.
Epithelial, endothelial and immune cells were
separated from the rest of tumor stromal cells using
the following gating: EpCAM+/CD45- were
considered epithelial cells; EpCAM-/CD45+, immune
cells; EpCAM-/CD45-/CD31+, endothelial cells and
EpCAM-/CD45-/CD31-, other stromal cells. Cell
staining was analyzed in a BD LSR II cytometer and
data was processed using BD FACSDIVA software at
the PRBB-FACS facility.

In vivo Matrigel plug angiogenesis assay
VE-Cadh®aillCT and VE-CadhSillkO mice were
subcutaneously injected in their flanks with 200 pL of
Matrigel alone, or containing VEGFA (250 ng/mL) or
FGF2 (1 pg/mL). One week later, mice were
euthanized and Matrigel plugs were recovered and
embedded in paraffin for analysis. Two medial
sections of each plug were stained with CD31 and
Snaill antibodies by immunohistochemistry, slides
were scanned and CD31-positive area was measured
using Image] software. Three independent
experiments were performed and the mean of each
group was represented as the percentage of
CD31-positive area per total Matrigel plug area.

Transmission electron microscopy

Tumors of different sizes from
PyMT-VE-CadhsnailliCT  and ~ PyMT-VE-CadhSnaillko
mice were dissected and fixed with p-formaldehyde
(2%) plus glutaraldehyde (2%) in 0.2 M cacodylate
buffer. Samples were stored in cacodylate buffer until
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processing. After post-fixation with 2% osmium
tetroxide, samples were dehydrated and embedded in
Epon LX112 (Ladd Research Industries). Semi-thin
sections (approximately 1 pm-thick) were cut and
stained with toluidine blue. Ultrathin sections (60-80
nm) were obtained in an ultramicrotome, placed on
parlodion/carbon-coated nickel grids and stained
with lead citrate and uranyl acetate. The grids were
examined wusing a Phillips CM100 electron
microscope.

Epithelial tumor cell isolation from MMTV-
PyMT tumors and orthotopic transplantation

Tumors from MMTV-PyMT female mice were
sliced into 1 mm® pieces and enzymatically
disaggregated with the Tumor Dissociation Kit
during 30 min at 37 °C. Afterwards, RBC Lysis Buffer
(ThermoFisher, 00-4333) was used to remove red
blood cells. Tumor cells were filtered through a 70
um-pore filter and individualized cells were plated in
EpiCult-B culture media (Stemcell Technology, 05610)
supplemented with murine EGF (10 ng/mL), FGF2
(10 ng/mL) and FBS (2%). One day later the culture
medium was replaced by EpiCult-B culture media
with EGF and FGF2. Tumoral cells (designed as
ePyMT) were maintained without passing them and
were inoculated during the first week after isolation.

Six weeks-old C57-Bl6 VE-CadhSillcT  and
VE-Cadh®raillKO  female mice were inoculated
intraperitoneally with Tamoxifen to delete Snail gene.
Three weeks later, mice were anesthetized with
isofluorane and both inguinal mammary fat pads
were injected with 0.5 x 106 ePyMT cells embedded in
Matrigel. When tumors arrived to 4 cm?
(approximately 15 weeks), they were resected and
processed for histological analysis.

Results

Snaill is expressed in endothelial tumor cells

We have previously analyzed Snaill expression
in several human neoplasms, among them, pancreas
and breast adenocarcinomas, colorectal carcinomas
and fibromatosis [13, 23-25]. In these tumors, Snaill
expression was observed mainly in CAF and in tumor
cells placed in the invasive front. However, we also
detected Snaill expression in cells surrounding blood
vessels [13], see also Figure 1A. These cells showed
co-staining with a classical endothelial marker, CD31
(Figure 1A), suggesting that they are indeed
endothelial cells. However, due to the close spatial
relation between endothelial cells and pericytes, we
wanted to assure this finding. We purified pericytes
and endothelial cells from murine tumors by FACS
(Figure S1A). Indeed, both types of cells exhibited

similar levels of Snaill mRNA as determined by
qRT-PCR (Figure S1B). To further demonstrate Snaill
expression in endothelial cells we performed a double
immunohistochemical analysis of Snaill and von
Willebrand factor (vWF), an endothelial marker.
Presence of Snaill in vWEF-positive endothelial cells
was detected in human breast tumors (Figures 1B and
S1C). Interestingly, we never detected Snaill in
mature blood vessels from non-tumorigenic tissues
(Figure S1D and see below). These results suggest that
Snaill might be required for angiogenesis, a process
that does not take place in healthy adult animals.
Snaill was detected in human microvasculature
endothelial cells (HMEC-1) in culture at similar levels
than in MEF (Figure 1C). Snaill was mainly localized
in the nucleus (Figure 1D) and was stimulated by
VEGFA, a classical angiogenic factor (Figure S2A).

Snaill controls endothelial cell invasion and
tubulogenesis

When plated on Matrigel, HMEC-1 cells align,
branch and form a tubular polygonal network
resembling a honeycomb, pattern characteristic of
blood vessels. Snaill protein was up-regulated during
this process (Figure S2B). In order to investigate the
role of Snaill in these cells, we ectopically transfected
a specific Snaill siRNA (Figure S2C). Depletion of
Snaill caused a defective tubulogenesis, with a lower
number of master junctions and master segments
(Figures S2D and E). We also determined the
relevance of Snaill for invasion of HMEC-1 spheroids
embedded in Collagen gels. HMEC-1 with
down-regulated Snaill displayed fewer invasive tips
either in basal conditions and particularly, when
stimulated with VEGFA or FGF2 (Figure S2F). These
results suggest that Snaill is essential for endothelial
cell activation.

In vivo endothelial cell invasion is dependent on
Snaill

Once we checked the relevance of endothelial
Snaill in vitro, we moved to an in vivo model. We
generated a murine line with a specific depletion of
this gene in the endothelium. To carried out the Snaill
deletion in this tissue, we used a Cre-ERT?2 fusion
protein under the control of the endothelium-specific
Cdh5 (VE-Cadh) promoter [22]. We generated mice
carrying VE-Cadh-CreERT?2, SnaillFlox and Snailldel
(hereafter =~ VE-CadhSnaillkO)  or  Snaill ~ WT
(VE-CadhsmiliCT) and treated them with Tamoxifen
when they were adult (six-weeks old) to promote an
endothelium-specific depletion of Snaill (Figure S3A).
Isolated endothelial cells from VE-CadhSraillkO mice
showed a complete elimination of the floxed allele
(Figures S3B and C). An aspect to remark is that Snaill
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protein was not detected by immunohistochemistryin ~ organs were not altered (Figures S3E and F).
endothelial cells neither in VE-CadhSraillCT nor in the Moreover, the number of endothelial cells obtained
VE-Cadh$raillkO  animals (Figure S3D). In fact, from livers or lungs from VE-Cadh5illKO animals was
VE-Cadh®raillKO - mice do not show any overt not different from controls (Figure 2A).

lines, we carried out an in vivo
angiogenesis assay subcutaneously
injecting Matrigel plugs
supplemented or not with VEGFA
or FGF2. Angiogenesis was
determined analyzing by
immunohistochemistry the number
of endothelial cells inside the plug a
week later. The number of
CD31-positive endothelial cells in
the plugs was stimulated by both
FGF2 and VEGFA and was higher in
VE-Cadh®raillCT  mijce than in
VE-CadhsnaillkO  mice (Figures 2B
and C), demonstrating that
angiogenesis was compromised by
Snaill depletion in vivo.

Snaill depletion in endothelial
cells affects the onset of
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Figure 1. Snaill is expressed in human tumor endothelial cells. A, Representative images of hematoxylin
and eosin staining (HE) and Snaill and CD31 immunohistochemistry in blood vessels of human neoplasms:
colorectal carcinomas (first row), pancreatic adenocarcinomas (second row) and human fibromatosis (third row).
Black arrowheads point Snail + cells. Scale bars: 100 ym (HE) and 20 ym (others). B, Double immunohistochemical
staining of human breast tumors with Snaill (brown) and the endothelium-specific protein von Willebrand factor
(VWEF) (red). Black arrowheads indicate examples of Snaill+ cells. Scale bar: 25 ym. C, Western blot analysis of
Snaill in HMEC-1 cells. MEF Wild-Type and KO for Snaill were used as control. D, Snaill (green)
immunofluorescence analysis in cultured HMEC-1 cells. Actin cytoskeleton was stained with Alexa 555-conjugated
Phalloidin (red) and nuclei were counterstained with DAPI (blue). Scale bar: 25 pm.

MMTV-PyMT breast tumors

Afterwards, we proceeded to
analyze the effect of Snaill
endothelial depletion in breast
tumor development mating our
VE-Cadh-CreERT?2, SnaillFlox/
Snailldel (or SnaillFlox/SnaillWT)
animals with mice expressing PyMT
under the control of MMTV
promoter (MMTV-PyMT mice). By
eight to ten weeks these murine
females spontaneously develop
mammary gland tumors that
progress to poorly differentiated
invasive ductal carcinomas [19, 26].
PyMT-VE-CadhSnaillCT/KO mice were
treated with tamoxifen at six weeks
of age, to eliminate Snaill in the
endothelium, and tumor
development was monitored. Mice
depleted of Snaill in the
endothelium presented a greater
survival with respect to controls
(Figure 3A). They also showed a
delayed tumor growth and a later
tumor onset (Figures 3B and C); at
18 weeks, the time that
PyMT-VE-CadhSillCT mice had to
be euthanized, the tumor burden
was higher in these animals than in
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PyMT-VE-CadhsnaillkO mice (Figure 3D). Snaill was
detected mainly in CAF (Figure S4A), although some
endothelial cells also presented Snaill expression in
PyMT-VE-Cadh®illCT animals (Figure S4B). Snaill
RNA expression was remarkably inhibited in
endothelial cells from PyMT-VE-CadhSmaillkO tumors
(Figure S4C).

We investigated the cause of the striking
difference in the tumor onset. The initial preneoplasic
lesions showed a lower proliferation in mice with
endothelial-specific Snaill depletion compared with
control mice as they displayed less Ki67 expression
(Figure 3E). These ducts showed a reduced
angiogenesis in PyMT-VE-Cadh5illkO animals and
fewer vessels, reinforcing the idea of a defective
invasion of endothelial cells (Figure 3F). Moreover,
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premalignant ducts presented a lower activation of
fibroblasts in PyMT-VE-Cadh5nillkO mice, as assessed
analyzing the expression of the fibroblast activation
marker Vimentin (Figure 3G) or determining Collagen
stromal deposition by Masson’s trichromic staining
(Figure 3H). This result suggests that Snaill
expression in endothelial cells, besides participating
in angiogenesis, also facilitates CAF activation.

We validated these results in vitro, determining
the capability of conditioned medium derived from
HMEC-1 cells to activate fibroblasts. Conditioned
medium from control HMEC-1 cells promoted a
higher increase in the expression of fibroblast
activation markers such as Snaill, Vimentin and
Fibronectin in MEF than when these cells were
cultured  with  conditioned  medium  from

Snaill-depleted HMEC-1 cells (Figure
S5A).  Conditioned medium from
Snaill-depleted cells was also less
capable to stimulate the expression of
Vim, Col1A1, Col1A2, Tgfbl, Tgfb2 and
Fgf2 in MEFs (Figure S5B), all genes
upregulated upon fibroblast activation.
In order to find the secreted factor
responsible for this activation, we
analyzed the conditioned medium from
HMEC-1 siControl and siSnaill with a
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Figure 2. Snaill controls angiogenesis in vivo. A, Number of endothelial cells in lungs or livers of
VE-Cadhsnillko or VE-Cadh$nillCT mice. B-C, Matrigel plugs containing vehicle, VEGFA or FGF2 were
xenografted in the flanks of VE-CadhsmillCT or VE-CadhsmillkO mice and analyzed one week later. B,
Representative results of CD31 immunohistochemical analysis. Scale bar: 100 ym. C, Quantification of CD31
staining in Matrigel plugs. Data represent the mean * SEM of three independent experiments. * P < 0.05; **

P <0.01; #* P <0.001.

cytokine and growth factor antibody
array. Snaill down-regulation affected
the HMEC-1 secretion of several factors
such as TGFP2 and others (Figure S5C).
We validated this TGFB decreased
expression by qRT-PCR and extended it
to other fibroblast activating factors not
analyzed in the array (Figure S5D). In
accordance with their well-known effect
on fibroblast activation, inhibition of
TGFB with SB505125 (SB) [27] decreased
the stimulation of different markers of
active fibroblast by the conditioned
medium of HMEC-1 cells (Figure S5E);
the tyrosine kinase inhibitor Crenolanib
(CRN) [28] also caused a similar effect.
Therefore, these results indicate that
endothelial cells modulate fibroblast
activation through the Snaill-dependent
production of TGFB and probably other
factors. Accordingly, neovessels close to
premalignant ducts from PyMT-
VE-CadhSraillCT  showed a  higher
number of phosphoSmad?2-positive cells
than those from PyMT-VE-Cadhsnaillko,
a parameter that was used as a read-out
for in vivo TGFp secretion (Figure 3I).
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Snaill depletion in endothelial cells modifies
MMTV-PyMT tumor phenotype

Apart from tumor onset, differences were also
found in tumor cellular composition. At the time of
sacrifice, 18 weeks for PyMT-VE-CadhsillCT mice and
22 weeks for PyMT-VE-CadhsrillkO mice, tumors with
endothelial-specific Snaill depletion showed a lower
epithelial proliferation as assessed by Ki67 staining
(Figure 4A). When analyzed by FACS at the
end-point, the cellular composition of the tumors was
different as PyMT-VE-CadhSmilKO mice presented a
lower presence of epithelial cells whereas the

percentage of immune cells was higher compared to
PyMT-VE-CadhsnaillCT mice (Figure 4B). The higher
infiltration of immune cells in PyMT-VE-CadhSnaillko
mice was also verified by immunohistochemistry not
only in the peripheral stroma, but also intratumorally
(Figure 4C). Moreover, PyMT-VE-Cadh5illkO mijce
included a higher number of myoepithelial cells
characterized by the expression of p63 and K14
(Figure 4D).

The morphology of the tumors was also
strikingly different. At 18 weeks, when most of
PyMT-VE-Cadh$maiiCT mijce had to be euthanized,
tumors displayed features of a solid invasive
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carcinoma (Figure 5A-C). In contrast, in
PyMT-VE-Cadh5maillkO  ‘mjce, most of the tumors
showed characteristics of adenomas at this time. Four
weeks later, when the vast majority of
PyMT-VE-CadhsnaillkO  mice were sacrificed, these
mammary gland tumors had also progressed to
carcinomas (Figures 5A and B). However, compared
to tumors in PyMT-VE-CadhSrailCT, mostly solid
carcinomas, PyMT-VE-CadhSmillKO carcinomas were
mainly papillary (Figure 5C). An analysis of these
carcinomas showed that PyMT-VE-CadhSraillCT
tumors exhibited a higher HER2 expression with
respect to PyMT-VE-CadhilKO tumors, whereas
estrogen receptor expression was retained at a greater
level in PyMT-VE-CadhsmillkO tumors (Figure 5D).

Neoplasms generated in PyMT-VE-Cadh5naillkO mjce
presented lower tumoral invasion as determined by
the staining of the basement membrane component
Laminin o (Figure 5D) [29]. Tumor necrosis was
higher in PyMT-VE-CadhSnaillkO carcinomas (Figures
S6A and B). This was not associated to a different
necrosis status depending on the morphology of the
tumors, since solid versus papillary carcinomas
obtained from PyMT-VE-CadhSmaillCT animals did not
show differences in this parameter (Figure S6B). In
summary, these results show that endothelial-
depletion of Snaill derives in more differentiated
tumors.
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Snaill depletion in endothelial cells alters
MMTV-PyMT tumor angiogenesis

Tumor angiogenesis was also examined.
PyMT-VE-CadhsmaillCT tumors showed a significant
greater percentage of endothelial cells than

PyMT-VE-CadhSmaillkO  tymors at 18 weeks, when
control mice had to be euthanized (Figures 6A and B).
However, when PyMT-VE-CadhSilCT and PyMT-
VE-CadhsnillkO tumors were compared at the time of
sacrifice (18 and 22 weeks, respectively), the
percentage of endothelial CD31+ cells in the tumors
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was similar (Figure 6B), in accordance with the data
previously presented in Figure 4B. However, vessels
from these tumors exhibited differences in their
morphology  since  those from  endothelial
Snaill-depleted mice (collected at 22 weeks) showed a
wider lumen (Figures 6A and B). These vessels also
presented less complete Collagen coverage compared
to controls (Figures 6C and D), suggesting that are less
capable to invade Collagen matrices, in accordance
with our results obtained in vitro with HMEC-1
spheroids (see Figure S2F).

Blood vessels from tumors collected at 18 weeks
in PyMT-VE-CadhSilCT animals or 22 weeks in

IHC: CD31

e T ws P,
T LAk
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PyMT-VE-CadhSmaillkO  mijce were studied by
transmission electronic microscopy. Capillaries from
both groups presented a high degree of
morphological anomalies likely due to the
pro-angiogenic environment sustained by tumoral
cells. However, when both groups were compared,
PyMT-VE-Cadh®raillkO - tumors exhibited a better
maintenance of the lumen integrity without fenestrae
or ruptures, a higher presence of vesiculo-vacuolar
organelles and a greater abundance of intraluminal
protrusions (Figures 6E and F), features that have
been related to wider vessels (see Discussion).
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Alterations in tumor phenotype are also
consequence of the interference in tumor
angiogenesis

In order to reproduce these results, we
orthotopically grafted epithelial tumor cells obtained
from PyMT carcinomas (ePyMT cells) in syngeneic
VE-Cadh$nmaillCT or VE-CadhSillkO mijce mammary
glands. Injection of a high number of cells originated
tumors in both animals with the same latency (Figure

S7A). The morphology of the tumors was different,
reproducing the results obtained with spontaneous
tumors. Although in both backgrounds ePyMT
created carcinomas, at the time of sacrifice these were
mostly solid in VE-CadhSmillCT mice whereas in
VE-CadhSraillkO  they were papillary or mixed
carcinomas, with both papillary and solid areas
(Figures S7B-D). Tumors generated in VE-CadhSnaillkO
mice also showed less angiogenesis and vessels with a
wider lumen (Figures S7E and F), as the spontaneous
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MMTV-PyMT model (see above).

Since Bevacizumab has been successfully used
for inhibiting VEGF signaling in immunocompetent
mice [30-33], we used this tool to mimic our results of
Snaill depletion in the MMTV-PyMT breast tumor
model. We started the treatment with this drug at the
same day that Snaill was depleted by Tamoxifen
injection in PyMT-VE-CadhSmillcT — or  PyMT-
VE-CadhsraillkO mjce, much earlier than tumors were
detectable. Bevacizumab significantly retarded tumor
onset (Figures 7A and B). Moreover, Bevacizumab
treated-mice also presented a much higher proportion
of papillary carcinomas than control mice (Figure 7C).
At the day of sacrifice, the number of endothelial cells
was not significantly different but vessels in
Bevacizumab-treated tumors exhibited a higher
lumen (Figure S8), alike we have shown for tumors
developed in endothelial Snaill-depleted mice.

Human papillary breast carcinomas show
lower expression of endothelial and stromal
Snaill than other types of breast tumors

Finally, in order to reinforce our results, we also
analyzed a small cohort of human breast papillary
carcinomas that we compared with other breast
neoplasms, as a representation of PyMT-VE-
CadhsmaillCT and PyMT-VE-CadhSrillkO - carcinomas,
respectively. As shown in Figure 7D, at the time of
diagnosis, papillary carcinomas presented a lower
grade than the rest of tumors (not-specified type, NST
carcinomas). They also showed lower angiogenesis
(Figures 7E and F) and lower staining of Snaill both in
endothelial cells (Figures 7E and G) and other stromal
cells, mostly fibroblast-alike cells (Figure 7E and H).
Expression of Snaill in endothelial cells and in
fibroblast cells was strongly associated since tumors
that showed Snaill expression in tumor-associated
vessels also exhibited a higher presence of this protein
in fibroblasts (Figure 7I).

Using a large human breast tumor database, we
observed that CD31 protein levels correlated with
those of Snaill in breast tumor datasets (Figure 7J).
The TCGA database used also showed a significant
positive correlation between endothelial cells (as
identified by PECAM1 (CD31) RNA expression) and
CAF activation (assessed by VIM (Vimentin) RNA)
(Figure 7K). Finally, we created two humanized
signatures from PyMT-VE-CadhsillCT and PyMT-VE-
CadhSnaillkO tumors, based on our findings in mice, to
check their prognosis in humans. Compared to
controls, tumor displaying lower SNAI1, PECAM1
and VIM and higher TP63, KRT14, KRT5 and PTPRC
(CD45) RNAs  (PyMT-VE-CadhSmailkO  tumor
signature) presented a longer overall survival (Figure
7L), strengthen our mice results.

Discussion

Snaill expression has been observed in different
types of epithelial tumors mainly in CAF [23, 34].
Since it reflects the activation of these cells, Snaill
presence in CAF associates to a worse prognosis in
breast tumors [25] among other neoplasms. Moreover,
besides being present in invasive epithelial cells and
CAF, we show here that Snaill is also detected in
endothelial tumor cells. Specific depletion of Snaill in
these cells exerts remarkable consequences in tumor
development and progression.

First, it delays tumor onset. This effect was
associated to a lower proliferation of the initial lesions
and to a lower activation of the associated stroma.
Regarding the crosstalk between endothelial and
mesenchymal cells, we have determined that
expression in HMEC-1 of several factors capable to
activate CAF, such as TGFB2 and PDGF-C, is sensitive
to Snaill depletion. Therefore, we suggest that at the

initial phases of tumorigenesis the activated
endothelium is crucial for the stimulation of
mesenchymal cells from the stroma, likely

cooperating with other signals derived from epithelial
tumor cells. It is possible that this effect is more
relevant at the initial phases of tumor growth when
the number of transformed cells is still low, and not at
later times when the cytokines derived from tumor
cells are probably sufficient to activate the stroma by
themselves.

We also observed a delayed progression of the
tumors. When we matched tumors of similar size,
those generated in mice with a Snaill deficiency in
endothelial cells presented a lower proliferation
associated to a higher presence of myoepithelial cells.
Myoepithelial cells encircle ducts and acini of glands,
creating a natural border separating proliferating
epithelial cells from basement membrane and
underlying stroma; thus, physically preventing tumor
cell invasion. Several lines of evidences [35] suggest
that myoepithelial cells block proliferation of breast
carcinoma cells by inducing growth arrest and
apoptosis. Probably as a consequence of this higher
content of myoepithelial cells, tumor progression is
delayed and when PyMT tumors had advanced to
carcinomas in Snaill control mice, only adenomas
were detected in endothelial Snaill-depleted animals.

Moreover, when we compared carcinomas from
both mice groups, obtained at later times in
PyMT-VE-Cadh5millkO than in PyMT-VE-CadhSnaillcT
mice, we observed that the carcinoma morphology
was not the same in both models: whereas in control
animals were mostly solid, invasive and poorly
differentiated carcinomas, in endothelial Snaill-
depleted mice, they were papillary, non-invasive and
more differentiated carcinomas. In humans, these
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papillary tumors present a better prognosis than
ductal carcinomas [36]. Murine tumors generated
under depletion of Snaill in endothelial cells also
presented more abundant areas of necrosis,
suggesting that angiogenesis was affected. Blood
vessels  irrigating these  tumors  displayed
morphological differences: compared with the vessels
observed in tumors from control mice, thin and with
reduced lumen, tumors from  endothelial
Snaill-depleted mice presented wider vessels.
Ultrastructural studies also showed that their vascular
cells displayed higher number of vesiculo-vacuolar
organelles that have been associated to the formation
of larger vessels [37]. The number of filopodia,
another structure also associated to greater vessels
[38], was also increased in PyMT-VE-CadhSraillko
tumors. Therefore, we suggest that Snaill-depleted
vessels respond to pro-angiogenic cues, migrating in
cohesive manner, with a lower capacity to supply
nutrients to the total tumor volume; hence,
originating more areas of necrosis.

Two other experimental models corroborated
these conclusions. First, orthotopic xenografting of
ePyMT tumor cells in a syngeneic murine model with
a Snaill genetic depletion in endothelial cells also
showed carcinomas with a more papillary
morphology than when the cells were injected in
control mice. Moreover, the very early
supplementation with Bevacizumab to MMTV-PyMT
mice also reproduced the results obtained by Snaill
depletion. It is important to remark that these effects
of Bevacizumab required its administration starting at
the same moment we depleted Snaill in our mice;
thus, before tumors were initially detected. This is
much earlier than the usual time of treatment with
this drug in human patients, administrated to already
established tumors, and it is probably related to a
function for activated endothelial cells in tumoral
onset. We also analyzed human breast tumors,
confirming that, compared to papillary neoplasms,
solid tumors displayed higher expression of Snaill
both in endothelial cells and in other stromal cells.

In summary, these results demonstrate that, in
addition to its role in tumor cells and CAFs, during
tumor progression, Snaill also plays a very relevant
action in endothelial cells, modulating tumor
angiogenesis, tumor progression and prognosis.
Moreover, they also uncover a new action of
Snaill-dependent activated endothelial cells in tumor
initiation through the paracrine stimulation of
mesenchymal tumor stromal cells.

Abbreviations

BSA: Dbovine
associated fibroblast;

seroalbumin; CAF: cancer
CRN: crenolanib; DMEM:

7683
Dulbecco-modified  Eagle’s  medium;  EMT:
epithelial-to-mesenchymal transition; ePyMT:

epithelial tumor cells derived from MMTV-PyMT
mice tumors; FBS: fetal bovine serum; HMEC-1:

human microvascular endothelial cells 1; IHC:
immunohistochemistry; MEF: mouse embryonic
fibroblasts; NST carcinoma: not-specific type

carcinoma; PyMT: Polyomavirus middle T antigen;
SB: SB505125; TBS: tris buffered saline; WB: Western
Blot; VVO: vesiculo-vacuolar organelles; vWF: von
Willebrand factor.

Supplementary Material

Supplementary methods, figures and tables.
http:/ /www.thno.org/v11p7671sl.pdf

Acknowledgments

We thank Drs R. Adams, A. Bigas, M.L
Diaz-Ricart, and J. Albanell for reagents, cell lines and
transgenic mice and Dr B. Lloveras for her support
with the facilities from the Hospital del Mar
Pathology Department. The technical help of J.
Vergés, R. Martinez and P. Mass6 is greatly
appreciated. This study was funded by grants
awarded to AGH by Agencia Estatal de Investigacion
(AEI) and Fondos FEDER (SAF2016-76461-R) and AEI
(PID2019-104695RB-100/ AEI/10.13039/501100011033
). We also acknowledge support from the Instituto
Carlos III / FEDER (PIE15/00008; PT17/0015/0011)
and the "Xarxa de Bancs de tumors” sponsored by Pla
Director d'Oncologia de Catalunya (XBTC). DCG was
recipient of an FPU predoctoral fellowship from
Ministerio de Educaciéon. DCG present address is
Karolinska Institutet, Stockholm, Sweden.

Author Contributions

RP and AGH conceived and designed the study;
DCG and RP performed the experimental work and
bioinformatic analysis with the help of LP and LCB; JL
assisted in the transmission electronic microscopy
studies; LC and MI helped in histological analysis and
human samples collection; AGH, with contributions
from RP and DCG, wrote the manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Batlle E, Sancho E, Franci C, Dominguez D, Monfar M, Baulida J, et al. The
transcription factor snail is a repressor of E-Cadherin gene expression in
epithelial tumour cells. Nat Cell Biol. 2000; 2: 84-9.

2. Cano A, Pérez-Moreno MA, Rodrigo I, Locascio A, Blanco MJ, del Barrio MG,
et al. The transcription factor snail controls epithelial-mesenchymal transitions
by repressing E-Cadherin expression. Nat Cell Biol. 2000; 2: 76-83.

3. Stemmler MP, Eccles RL, Brabletz S, Brabletz T. Non-redundant functions of
EMT transcription factors. Nat Cell Biol. 2019; 21: 102-12.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 16

7684

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

Yang ], Antin P, Berx G, Blanpain C, Brabletz T, Bronner M, et al. Guidelines
and definitions for research on epithelial-mesenchymal transition. Nat Rev
Mol Cell Biol. 2020; 21: 341-52.

Dave N, Guaita-Esteruelas S, Gutarra S, Frias A, Beltran M, Peir6 S, et al.
Functional cooperation between Snaill and twist in the regulation of ZEB1
expression during epithelial to mesenchymal transition. J Biol Chem. 2011;
286: 12024-32.

Stanisavljevic ], Porta-de-la-Riva M, Batlle R, Garcia de Herreros A, Baulida J.
The p65 subunit of NF-xB and PARP1 assist Snaill in activating fibronectin
transcription. J Cell Sci. 2011; 124: 4161-71.

Hsu DSS, Wang H]J, Tai SK, Chou CH, Hsieh CH, Chiu PH, et al. Acetylation
of Snail modulates the cytokinome of cancer cells to enhance the recruitment
of macrophages. Cancer Cell. 2014; 26: 534-48.

Rowe RG, Li XY, Hu Y, Saunders TL, Virtanen I, Garcia de Herreros A, et al.
Mesenchymal cells reactivate Snaill expression to drive three-dimensional
invasion programs. ] Cell Biol. 2009; 184: 399-408.

Batlle R, Alba-Castellon L, Loubat-Casanovas ], Armenteros E, Franci C,
Stanisavljevic J, et al. Snaill controls TGF-f responsiveness and differentiation
of mesenchymal stem cells. Oncogene. 2013; 32: 3381-9.

Tran HD, Luitel K, Kim M, Zhang K, Longmore GD, Tran DD. Transient
SNAIL1 expression is necessary for metastatic competence in breast cancer.
Cancer Res. 2014; 74: 6330-40.

Alba-Castellén L, Olivera-Salguero R, Mestre-Farrera A, Pefia R, Herrera M,
Bonilla F, et al. Snaill-dependent activation of cancer-associated fibroblast
controls epithelial tumor Cell invasion and metastasis. Cancer Res. 2016; 76:
6205-17.

Kaufhold S, Bonavida B. Central role of Snaill in the regulation of EMT and
resistance in cancer: a target for therapeutic intervention. J Exp Clin Cancer
Res. 2014; 33: 62.

Franci C, Gallén M, Alameda F, Baré T, Iglesias M, Virtanen I, et al. Snaill
protein in the stroma as a new putative prognosis marker for colon tumours.
PL0S One. 2009; 4: 5595.

Lomeli H, Starling C, Gridley T. Epiblast-specific Snail deletion results in
embryonic lethality due to multiple vascular defects. BMC Res Notes. 2009; 2:
22.

Wu ZQ, Rowe RG, Lim KC, Lin Y, Willis A, Tang Y, et al. A Snaill/Notchl
signalling axis controls embryonic vascular development. Nat Commun. 2014;
5:3998.

Park JA, Kim DY, Kim YM, Lee IK, Kwon YG. Endothelial Snail regulates
capillary branching morphogenesis via vascular endothelial Growth Factor
Receptor 3 expression. PLoS Genet. 2015; 11: e1005324.

Sun JX, Chang TF, Li MH, Sun L], Yan XC, Yang ZY, et al. SNAII, an
endothelial-mesenchymal transition transcription factor, promotes the early
phase of ocular neovascularization. Angiogenesis. 2018; 21: 635-52.

Bergers G, Benjamin LE. Tumorigenesis and the angiogenic switch. Nat Rev
Cancer. 2002; 3: 401-410.

Guy CT, Cardiff RD, Muller WJ. Induction of mammary tumors by expression
of polyomavirus middle T oncogene: a transgenic mouse model for metastatic
disease. Mol Cell Biol. 1992; 2: 954-61.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
Cancer Genomics Portal: An open platform for exploring multidimensional
cancer genomics data. Cancer Discov. 2012; 2: 401.

Gao ], Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al.
Integrative analysis of complex cancer genomics and clinical profiles using the
cBioPortal. Sci Signal. 2013; 6: pl1.

Wang Y, Nakayama M, Pitulescu ME, Schmidt TS, Bochenek ML, Sakakibara
A, et al. Ephrin-B2 controls VEGF-induced angiogenesis and
lymphangiogenesis. Nature. 2010; 465: 483-6.

Franci C, Takkunen M, Dave N, Alameda F, Gémez S, Rodriguez R, et al.
Expression of Snail protein in tumor-stroma interface. Oncogene. 2006; 25:
5134-44.

Alba-Castellén L, Batlle R, Franci C, Ferndandez-Aceniero MJ, Mazzolini R,
Pena R, et al. Snaill expression is required for sarcomagenesis. Neoplasia.
2014; 16: 413-21.

Stanisavljevic J, Loubat-Casanovas J, Herrera M, Luque T, Pefia R, Lluch A, et
al. Snaill-expressing fibroblasts in the tumor microenvironment display
mechanical properties that support metastasis. Cancer Res. 2015; 75: 284-95.
Lin EY, Jones JG, Li P, Zhu L, Whitney KD, Muller WJ, et al. Progression to
malignancy in the polyoma middle T oncoprotein mouse breast cancer model
provides a reliable model for human diseases. Am J Pathol. 2003; 163: 2113-26.
DaCosta Byfield S, Major C, Laping NJ, Roberts AB. SB-505124 is a selective
inhibitor of transforming growth factor-beta type I receptors ALK4, ALK5, and
ALK?7. Mol Pharmacol. 2004; 65: 744-52.

Heinrich MC, Griffith D, McKinley A, Patterson J, Presnell A, Ramachandran
A, et al. Crenolanib inhibits the drug-resistant PDGFRA D842V mutation
associated with Imatinib-resistant gastrointestinal stromal tumors. Clin
Cancer Res. 2012; 18: 4375-84.

Barsky SH, Siegal GP, Jannotta F, Liotta LA. Loss of basement membrane
components by invasive tumors but not by their benign counterparts. Lab
Invest. 1983; 49: 140-147.

Bock F, Onderka J, Dietrich T, Bachmann B, Kruse FE, Paschke M, et al.
Bevacizumab as a potent inhibitor of inflammatory corneal angiogenesis and
lymphangiogenesis. Invest Ophthalmol Vis Sci. 2007; 48: 2545-52.

Dings RPM, Loren M, Heun H, McNiel E, Griffioen AW, Mayo KH et al.
Scheduling of radiation with angiogenesis inhibitors Anginex and Avastin

32.

33.

34.

35.

36.

37.

38.

improves therapeutic outcome via vessel normalization. Clin Cancer Res.
2007; 13: 3395-402.

Yang H, Jager M]J, Grossniklaus HE. Bevacizumab suppression of
establishment of micrometastases in experimental ocular melanoma. Invest
Ophthalmol Vis Sci. 2010; 51: 2835-42.

Walker EJ, Su H, Shen F, Degos V, Amend G, Jun K et al. Bevacizumab
attenuates VEGF-induced angiogenesis and vascular malformations in the
adult mouse brain. Stroke. 2013; 43:1925-30.

Herrera A, Herrera M, Pefia C. The emerging role of Snaill in the tumor
stroma. Clin Transl Oncol. 2016; 18: 872-77.

Pandey PR, Saidou ], Watabe K. Role of myoepithelial cells in breast tumor
progression. Front Biosci. 2010; 15: 226-36.

Zheng, YZ, Hu X, Shao ZM. Clinicopathological characteristics and survival
outcomes in invasive papillary carcinoma of the breast: A SEER
population-based study. Sci Rep. 2016; 6: 24037.

Dvorak AM, Feng D. Vesiculo-vascular organelles are permeability structures
in the endothelium of normal and tumor microvessels. In: Shepro D, Ed.
Microvascular research: biology and pathology, Vol 1. 1st ed. Burlington,
Mass: Elsevier Academic Press; 2006: 297-301.

Phng LK, Stanchi F, Gerhardt H. Filopodia are dispensable for endothelial tip
cell guidance. Development. 2013; 140: 4031-40.

http://lwww.thno.org



