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Abstract

The tumor stroma of most solid malignancies is characterized by a pathological accumulation of
pro-angiogenic and pro-tumorigenic hyaluronan driving tumorigenesis and metastatic potential.
Of all three hyaluronan synthase isoforms, HAS?2 is the primary enzyme that promotes the
build-up of tumorigenic HA in breast cancer. Previously, we discovered that endorepellin,

the angiostatic C-terminal fragment of perlecan, evokes a catabolic mechanism targeting
endothelial HAS?2 and hyaluronan via autophagic induction. To explore the translational
implications of endorepellin in breast cancer, we created a double transgenic, inducible
Tie2CreERT2 -endorepellin(ER)<" mouse line that expresses recombinant endorepellin specifically
from the endothelium. We investigated the therapeutic effects of recombinant endorepellin
overexpression in an orthotopic, syngeneic breast cancer allograft mouse model. First, adenoviral
delivery of Cre evoking intratumor expression of endorepellin in £R5" mice suppressed breast
cancer growth, peritumor hyaluronan and angiogenesis. Moreover, tamoxifen-induced expression
of recombinant endorepellin specifically from the endothelium in 77e2CrefR72:ERK mice
markedly suppressed breast cancer allograft growth, hyaluronan deposition in the tumor proper
and perivascular tissues, and tumor angiogenesis. These results provide insight into the tumor
suppressing activity of endorepellin at the molecular level and implicate endorepellin as a
promising cancer protein therapy that targets hyaluronan in the tumor microenvironment.
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Introduction

The extracellular matrix (ECM) consists of a plethora of heterogeneous biological
components that oversee an expanse of intricate and critical signhaling pathways and
functions. Acting as a deep reservoir of structural and signaling macromolecules

including collagens, laminins, fibronectin, elastin, proteoglycans, glycoproteins and
glycosaminoglycans (GAGSs), the ECM coordinates seamlessly to influence a whole

host of homeostatic and pathological functions, including proliferation, migration, tissue
remodeling and regeneration, wound healing, inflammation and angiogenesis [1-3]. Just

as its composition varies drastically among different organs and tissues, the ECM can
dynamically evolve and diverge from homeostasis in disease pathologies including fibrosis
and cancer, thereby positing the microenvironment itself as a major driver of pathogenicity
[4-6]. A dominant component of the ECM, hyaluronan (HA) is a linear, non-sulfated
glycosaminoglycan (GAG) that carries intrinsic properties integral to tissue homeostasis and
stability. HA is synthesized ubiquitously in every tissue and body fluid by three members

of the multi-pass transmembrane hyaluronan synthase family (HAS1-3) that simultaneously
synthesize strands of HA at their cytosolic loop while directing the reducing end past the
lipid bilayer into the extracellular space through a transmembrane pore. Newly-synthesized
HA exists as viscoelastic, linear high molecular weight strands (~100-2000 kDa) of
predictable glucuronic acid and N-acetyl-glucosamine disaccharide repetitions possessing
anti-inflammatory and anti-angiogenic properties. Interestingly, breakdown fragments of
HA—either through reactive oxygen species, hyaluronidases, UV rays, or mechanical forces
—carry dynamic pro-inflammatory and pro-angiogenic capabilities. Thus, the broad, length-
dependent effects of HA allow this simple glycosaminoglycan to regulate a whole host

of functions including embryonic development, angiogenesis, migration, inflammation, and
wound healing [7-11].

ECM remodeling in the context of cancer is often referred to as the tumor microenvironment
and encompasses the dynamic crosstalk between cancer cells and their adjacent stroma [12].
In breast cancer, the tumor microenvironment is characterized by a dense ECM, and tumor
cells proliferate in a background of increased linearized collagen deposition, reduced ECM
remodeling and enhanced matrix cross-linking. This dense breast tumor ECM also confers
greater resistance to breast cancer treatment [6]. Another defining characteristic of the breast
tumor microenvironment is an increased deposition of extracellular HA. This pathological
accumulation that is absent in normal breast epithelium is not only strongly correlated with
poorer prognoses in cancer patients, but it also plays a key role in propelling matrix-driven
breast tumor progression, angiogenesis and metastatic potential [12-14]. Furthermore, high
levels of stromal HA in breast cancer cases are associated with large tumor size, lymph

node infiltration, poor tumor differentiation, estrogen and progesterone receptor negativity,
increased rate of relapse and decreased patient survival [12,15]. Indeed, HA content is a
more accurate prognostic indicator of breast cancer recurrence above other common risk
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factors [16]. Conversely, murine mammary tumors deficient in stroma-derived HA show
attenuated tumor angiogenesis [17].

Perlecan is a ubiquitous heparan sulfate proteoglycan known to be subjected to partial
proteolysis [18], leading to release of bioactive fragments with signaling roles [19]. Perlecan
harbors multiple biological functions [20-27] and is itself under complex transcriptional

and post-transcriptional control [28-33]. Some of its most notable roles include regulating
vasculogenesis and angiogenesis [34-36], ECM composition, adhesion, basement membrane
physiology and growth factor/receptor activities [23,36—44] through a flurry of protein/
protein interactions [40,45,46]. Endorepellin, the C-terminal domain V of perlecan [47,48],
is a well-studied bioactive molecule that acts as an anti-angiogenic and pro-autophagic
effector [49-56], similar in part to the role of decorin [57,58]. Through its three laminin-like
globular (LG) domains, endorepellin signals as a dual receptor ligand via simultaneously
binding vascular endothelial growth factor 2 (VEGFR2) and a2p1 integrin [59-64] and
evoking the tyrosine phosphatase SHIP-1 [65]. As VEGFR2 and a.2p1 receptors are nearly
exclusively expressed on the surface of vascular endothelial cells, the angiostatic and pro-
autophagic pathways induced by endorepellin are restricted to the vascular endothelium
[62]. Through evoking angiostasis, endorepellin also exerts anti-oncogenic properties /in
vivo, specifically in human squamous carcinoma and murine Lewis lung carcinoma where it
abrogates tumor angiogenesis and growth [66].

We recently discovered that endorepellin induces autophagic degradation of HAS2 in
endothelial cells [67]. This novel bioactivity drastically suppresses stromal HA content in
vitroand ex vivo, resulting in robust angiostasis [67]. This axis occurs through a signaling
pathway beginning with endorepellin/VEGFR?2 interaction and progressing to downstream
AMPK activation and mTOR inhibition [64,67—69]. In this study, we investigated the
efficacy of conditional expression of endorepellin in the angiogenic network of syngeneic
breast carcinoma allografts. We report a profound oncosuppressive effect on breast cancer
growth, angiogenesis and production of peritumor HA. Thus, endorepellin could represent a
protein-based therapy in suppressing cancer growth and spread.

HAS2 is an autophagic target in endothelial cells

We previously found that endorepellin evokes autophagic degradation of HAS2 in
endothelial cells [67]. To establish the generality of this finding, we inhibited basal
autophagy in human umbilical vein endothelial cells (HUVEC) via RNAi knockdown of
autophagy protein 5 (ATG5). This critical autophagic effector, together with ATG12 and
ATG16, functions as an E3-like enzyme conjugating LC3 to phosphatidylethanolamine
(PE), a lipidation that facilitates the expanding autophagosomal membrane [70]. Transient
knockdown of ATGS5 significantly decreased ATGS protein while concurrently upregulating
levels of unconjugated LC3-I (Fig. 1, A and B), thereby validating successful attenuation
of ATGS5 function [71]. Notably, ATG5 suppression increased HAS2 protein levels by
more than 2-fold (Fig. 1, A and B), establishing ATGS5 as a critical player in maintaining
basal autophagic degradation of HAS2. To further validate these /n7 vitro observations, we
performed /n vivo studies. Specifically, wildtype C57BL/6J mice were fasted for 48 h and
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inhibited autophagy globally via chloroquine 7.p. injections at 4 and 24 h prior to sacrifice.
Immunofluorescence of cardiac frozen sections demonstrated a profound decrease of HAS2
in fasted mice that was even more pronounced with chloroquine treatment at both 4 and

24 h (Fig. 1C). Quantification of fluorescence intensity revealed a significant suppression

of HAS2 (P<0.01, Fig. 1D) and an even greater accumulation evoked by chloroquine at 4
and 24 h (Fig. 1D). Furthermore, no structural changes in these cardiac tissues were seen on
H&E staining (Fig. S1). Of note, we used an unbiased method for quantification: the images
were first captured in the vehicle-treated samples and then the objective was moved to
adjacent frozen sections maintaining constant exposure time, gain and intensity. Collectively,
our results are paramount in demonstrating ATG5-mediated HAS2 degradation in an animal
model and reinforces the generality of HAS2 regulation via autophagic catabolism /n vivo.

Inducible Intratumor Overexpression of Endorepellin Decreases Breast Carcinoma
Allograft Growth, Vasculature and HA Levels

To test the therapeutic efficacy of this angiostatic HAS2-HA regulatory axis in a disease
driven by excessive deposition of HA [12-14], we investigated whether endorepellin could
suppress growth, extracellular HA and angiogenesis in a breast cancer mouse model. First,
we generated a novel, inducible endorepellin knock-in (/X% transgenic mouse by placing
the £RX construct within the Rosa26 allele on chromosome 6 (Fig. 2A), a common and
effective site for the integration of transgene constructs [72]. The £RX? construct harbors

a strong synthetic CAG (CMV enhancer, chicken p-actin promoter and rabbit g-globin
splice acceptor site) promoter upstream of a neomycin-resistant STOP cassette flanked by
LoxPsites followed by a Hisg-tagged recombinant endorepellin (ERu;sg) sequence (Fig.
2A). The endorepellin transgene construct begins with a signal peptide sequence followed
by amino acids 3687-4391 (region of Domain V) of the parent perlecan protein [47]

and ending with a His6 tag. Domain V includes three laminin-type G modules (LG1-3)
each separated by two EGF-like modules (Fig. S2). In the presence of Cre recombinase,

the neomycin-resistant STOP cassette is excised, allowing for strong expression of the
ERRisg sequence (Fig. 2A). This advantageous Cre-inducible system not only prevents
transgenic endorepellin overexpression from interfering with physiological development but
also enables customization in the timing and location of endorepellin induction. We then
validated ERp;isg expression in lung fibroblasts isolated from £/RX7 mice treated with either
AdCre, an attenuated, type 5 human adenovirus expressing Cre driven by an upstream CMV
promoter, or AdNull, the same adenoviral backbone carrying an empty CMV promoter as
control. Immunoblotting of conditioned media of £/X7 lung fibroblasts treated with AdCre
for 24 or 48 h showed increasing levels of ERpjsg as compared to those treated with AdNull
(Fig. S3).

To validate this mouse model, we designed a localized induction of transgenic ERpjiss
following tumor implantation via multiple subcutaneous, intratumor (/) injections of
AdCre or AdNull (Fig. 2B). To avoid immune rejection of breast tumors, we utilized EQ771,
a syngeneic, malignant breast carcinoma cell line originally isolated from a metastatic

lung nodule in C57BL/6 mice [73]. These cells have been since characterized as triple-
negative, basal-like [74], and highly tumorigenic [75-77]. Following three injections of
AdCre or AdNull at day 5, 7 and 23 post-tumor implantation, breast cancer allografts
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were significantly reduced by AdCre treatment vis-a-vis AdNull-treated counterparts (Fig.
2C). Next, we probed the allografts for Domain V of perlecan, His6 tag for transgenic
endorepellin (ERRjsg), HA binding protein (HABP), and the endothelial cell marker CD31.
Of note, the custom antibody (anti-Domain V) for perlecan binds specifically to the entirety
of domain V, which is the endorepellin region of the larger perlecan protein. For this
reason, we will be referring to this antibody target as Domain V. Using an antibody against
domain 1V of perlecan, we have validated that both antibodies against Domains IV and V
had identical distributions in the basement membrane structures in the glomeruli and renal
tubules of murine kidneys and spaces of Disse lining the portal sinuses in murine liver
tissue where perlecan and endorepellin reside (Fig. S4A). We found a stark upregulation
of both Domain V and ERpjsg as well as a concurrent downregulation of HABP and
CD31, markers of HA production and angiogenesis, respectively (Fig. 2, D and E). These
results validate the successful intratumor introduction of Cre via AdCre and effective Cre
recombinase activity in inducing transgenic endorepellin expression. Additionally, probing
tumor allografts with anti-Domain IV antibody verified that tamoxifen treatment did not
evoke significant changes in expression of endogenous, native perlecan (Fig. S4, B and

C). This definitively proves that only transgenic endorepellin, measured specifically with
anti-His6 antibody, is upregulated upon tamoxifen treatment and that endogenous perlecan
levels remain unchanged (Fig. 2, D and E).

Importantly, induction of endorepellin throughout tumor progression resulted in a marked
suppression of HA and downregulation of tumor vasculature as measured via HABP and
CD31, respectively (Fig. 2E). Of note, through its specific binding to VEGFR2, endorepellin
selectively evokes autophagic degradation of HAS2 in endothelial cells and not cancer

cell lines including E0771 [67]. We conclude that localized expression of recombinant
endorepellin during tumorigenesis abrogates extracellular HA and angiogenesis in the tumor
microenvironment via downregulating HAS2 levels specifically in the tumor endothelium.

As perlecan proteoglycan is localized in the pericellular matrix and vascular basement
membrane [78] and given the selectivity of endorepellin signaling in endothelia, we utilized
Tie2CreFRT2 (tamoxifen-inducible estrogen receptor fused to Cre recombinase driven by
endothelium-specific 7762 promoter) mice to allow for endothelial cell-specific expression
of Cre recombinase [79-82]. To verify that these mice possessed endothelium-specific
expression of Cre, we crossed 7ie2CreFR72 with the m7/mG double fluorescent reporter
mice that express membrane-targeted tdTomato (mT) in cells lacking Cre and membrane-
targeted green fluorescent protein (GFP) (mG) in cells expressing Cre (Fig. 2F). We then
induced robust activation of Cre recombinase in endothelia by daily intraperitoneal (7.p.)
injections of tamoxifen over the course of 5 days and processed organs after 10 days (Fig.
2G). Analysis of the lungs, liver, kidneys, and heart in tamoxifen-treated mice demonstrated
specific GFP signal in tissue endothelia vis-a-vis no GFP signal in organs of vehicle-treated
mice (Fig. 2H). Collectively, these findings demonstrate successful endothelial cell-specific
intrachromosomal recombination by Cre in tamoxifen-treated 77e2Cre“R72 mice.
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Conditional expression of endothelial-derived endorepellin in Tie2CreERT2:ERKI mice
attenuates breast cancer growth, angiogenesis and peritumor HA

Having validated endothelial Cre activity in 77e2Cref?72 mice, we generated double
transgenic 77e2CretR72, ERKI mice allowing for the conditional expression of ERjsg in

the vasculature (Fig. 3A). The design of this mouse model ensures that recombinant
endorepellin engages in autocrine and paracrine signaling as it binds its cognate receptors,
VEGFR2 and a2f1 integrin, to promote a pro-autophagic and anti-angiogenic phenotype
from the very cell type from which it was synthesized. As a proof-of-principle, we
administered /.p. injections of tamoxifen to evoke endorepellin secretion from the
vasculature. Notably, both treatments of /.p. tamoxifen and /.. adenoviral vectors were well-
tolerated in mice as we did not observe any noticeable side effects from either treatment
vis-a-vis their control counterparts. In addition, treatments were administered in adult mice
only, ensuring no aberrations in development. Three days following the last tamoxifen
injection, we performed ex vivo aortic ring assays [83,84], probing the vascular sprouting
from the aortic rings with anti-His6 mAb (ERpiss, green) and an endothelial cell marker
isolectin B4 (1B4, red) (Fig. 3B). Aortic rings from tamoxifen-treated mice contained a
significant upregulation in ERpjsg deposition vis-a-vis those from vehicle-treated mice (Fig.
30).

We first administered daily /7 p. injections of tamoxifen, then implanted syngeneic

EO0771 breast cancer cells into mammary fat pads and finally monitored the growth of

the allografts (Fig. 3D). Tamoxifen-treated 77e2CretR72 ERKI mice showed a marked,
significant reduction in tumor volume (Fig. 3E). Furthermore, IHC analysis of allograft
tumors revealed a marked increase in ERyjsp, Clearly shown by dual staining with antibodies
against Domain V and anti-His6é mAb. In contrast, no ERy;sg positivity was observed in
vehicle-treated carcinomas (Fig. 3F). As internal controls, we used HABP and CD31, two
markers for HA production and angiogenesis, respectively. We found a marked suppression
of both HABP and CD31 immunoreactivity (Fig. 3, F and G). Furthermore, regions of
tumor expressing higher levels of Domain V do indeed correlate with lower levels of HABP
and vice versa (Fig. S5). Collectively, these results indicate that conditional expression of
endorepellin attenuates the HAS2-HA axis with a decrease in HA levels in the tumor stroma
and concurrent suppression of tumor angiogenesis.

Differential transcriptomic landscape evoked by conditional endorepellin expression in the
vasculature of breast carcinoma allografts

To further advance our knowledge of conditional ERnjsg and its transcriptomic effects

on breast cancer allografts, we performed deep RNAseq analysis of 77e2CreR72 ERKI
allografts treated with tamoxifen vs vehicle. Among the differentially expressed genes,
we found a global suppression in the gene expression in tamoxifen-treated allografts,
shown both on heat map and volcano plot (Fig. 4, A and B). Using stringent parameters
(>2-fold change and ~<0.05) we found 58 upregulated and 294 downregulated genes
(Supplementary Table 1 and 2, Fig. 4, A and B) and validated several of the target genes
of interest via gPCR (Fig. 4C). The limited size of the upregulated gene dataset and

the presence of pseudogenes and predicted genes lacking pathway or biological process
annotations required for computational analyses limited the significance of these analyses.
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The computational tool Reactome [85] was nevertheless utilized to identify overrepresented
biological processes and pathways mediated by upregulated genes. Reactome analysis
identified YAP1- and WWTR1 (TAZ)-stimulated gene expression as the single biological
pathway overrepresented among the upregulated genes (P=0.004, Supplementary Table 3).
These transcriptional co-activators target genes that are critical to the regulation of cell
proliferation and apoptosis.

In the downregulated genes identified by RNAseq, more pathways were overrepresented.
They were related to the immune system and gene expression as detailed below. Cytokine
signaling in immune system (/.e., interleukin-10 signaling), the CLEC7A/inflammasome
pathway and metal sequestration by antimicrobial proteins in the innate immune system
were significantly overrepresented in downregulated genes (Supplementary Table 4). Other
significantly enriched pathways associated with the immune system were the transcriptional
regulation by RUNX3/RUNX3, regulators of immune response and cell migration, RUNX1/
RUNX1 and FOXP3, regulators of regulatory T lymphocyte differentiation and the adaptive
immune response (Supplementary Table 4).

The complete analysis of overrepresented Molecular Function and Biological Process
Gene Ontology (GO) terms in downregulated genes was performed using Biological
Networks Gene Ontology (BiNGO) [86] (Fig. S6 and S7, Supplementary Table 5 and

6). For each GO term category, BiNGO provides a layout of interconnected and colored
circles corresponding to each annotation. The overrepresented molecular functions were
associated with binding (7.e., receptor, protein, cytokine and chemokine binding) (Fig. 5).
Another molecular function overrepresented among the downregulated genes was peptidase
activity, including metalloprotease, exoprotease and endoprotease activity (Fig. 5). The
most overrepresented biological processes were associated with the immune system (/.e.,
regulation of immune system process, regulation of immune response, immune response-
regulating signaling pathway, and T cell activation) (Fig. 6). Other biological processes
enriched in the downregulated genes were regulation of cytokine production, regulation of
vascular endothelial growth and positive regulation of vascular endothelial growth factor
production.

Discussion

The tissue organization field theory that is gaining experimental support and widespread
acceptance in cancer research proposes that tumorigenesis is critically driven by pathological
interactions between a diseased stroma and its adjacent tissue [87]. Increasingly,
experimental evidence substantiates the fundamental role of the stroma in tumorigenesis,
thereby opening up the tumor stroma as a promising reservoir for therapeutic cancer targets
and biomarkers [1,88-90]. Particularly in regards to breast cancer, there is a growing body
of evidence revealing the deleterious clinical outcomes from breast cancer tumors containing
an excessive level of stromal HA [8,11,64,91]. Thus, this exposes a great need for cancer
therapeutics aimed at targeting HA in the breast cancer stroma. Furthermore, there is also the
possibility of therapeutic clinical benefits as successfully depleting stromal HA in the breast
tumor microenvironment would likely confer many onco-suppressive functions, including
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inhibiting tumor angiogenesis, invasiveness, growth, malignancy and aggressiveness [12—
14,17].

Above HAS1 and HAS3, HAS?2 is the definitive, major producer of oncogenic HA in

the breast cancer stroma. HAS2 is overexpressed in breast cancer cells vis-a-vis normal
breast tissue, and breast tumors expressing high levels of HAS?2 are correlated with
increased invasiveness and lymph node metastasis [91-93]. Increased HAS2 levels are also
characteristic of breast cancer aggressiveness as HASZ2 mRNA are significantly elevated in
aggressive breast cancer cells as compared to non-aggressive cell lines [14]. HAS2 also
plays a well-studied role in inducing epithelial-mesenchymal transition (EMT) evoked via
transforming growth factor g (TGF). Not only does TGFp upregulate HASZ2expression and
HA synthesis, but RNAi-mediated knockdown of HAS2 in mammary epithelial cells inhibits
expression of TGFp-induced EMT markers by approximately 50% and abolishes TGFp-
mediated cell migration [94]. Moreover, genetic knockdown of HAS2in malignant breast
cancer attenuated breast tumor proliferation both in vivo and in vitro [92,95], significantly
suppressed breast cancer-derived HA and abrogated cancer cell invasiveness and migration
in vitro [95]. Separately, antisense inhibition of HASZ mRNA prevented primary and
secondary tumor formation of the highly invasive MDA-MB-231 breast cancer cell line

in vivo, thereby increasing survival by 172% [96]. Overall, these results overwhelmingly
posit HAS?2 as not only a central player in breast cancer initiation, progression and invasion
but also a prognostic marker in whose marked therapeutic suppression may yield clinically
favorable outcomes.

Interestingly, a significant portion of disease-driving HA in the tumor microenvironment
is produced by stromal cells, rather than the cancer cells. In a study of human breast
cancer cases, both cancer cells and stromal cells (i.e. endothelial cells, fibroblasts and
myofibroblasts) expressed HASes [97]. In breast cancer cells, the majority of extracellular
HA from cancer cells were synthesized via HAS1, and HAS1 was the only HAS isoform
that was associated with poor clinical outcomes such as high relapse rate and decreased
survival. In contrast, HA synthesized from stromal cells in the tumor is synthesized by all
HAS isoforms, and the expression of all three isoforms correlates with high relapse rate
and short survival. However, whereas 99% of stromal cells express HAS2, 23% and 16%
are negative for HAS1 and HAS3, respectively, again positing HAS2 as the indispensable,
main producer of peritumor HA in breast cancer stroma [98]. Moreover, there is evidence
of a paracrine interaction between breast cancer cells and endothelium in modulating
endothelial expression of ECM molecules as breast cancer cells substantially upregulate
the levels of HA and HAS2 in surrounding endothelium [99]. Similarly, stroma-derived HA
secreted from fibroblasts in mammary cancer was critical in driving tumor angiogenesis
and lymphangiogenesis via tumor-associated macrophage recruitment [17]. Indeed, breast
cancer in particular presents with elevated levels of stromal HA especially in the invasive,
leading edge of the tumor as opposed to the tumor center [100]. To add another layer of
complexity, pro-angiogenic signals such a HA that are secreted from the tumor stroma may
further upregulate HA synthesis in cancer cells, creating a deadly positive feedback loop.
For example, global gene expression profiling in pancreatic cancer cells identified HASZ
as among the 0.3% genes that were upregulated as a result of co-culture with primary
fibroblasts, further implicating HAS?2 as being affected by tumor-stromal signaling and
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crosstalk [101]. Overall, these findings posit the tumor stroma as an essential source of
HA in the tumor microenvironment and indicate that breast cancer-endothelium signaling
is a critical proponent in driving the pro-angiogenic HA deposition in the tumor stroma.
In agreement with this, our therapeutic usage of recombinant endorepellin in selectively
diminishing HA secretion from the tumor endothelia directly targets this pro-angiogenic,
pro-tumorigenic crosstalk at the breast cancer-endothelium interphase.

A few remaining factors represent limitations of this study and would be important

to pursue as future studies. This includes the lack of in-depth studies demonstrating
mechanisms of crosstalk between endothelial and tumor cells. Future studies focusing

on these crosstalk pathways involving endorepellin is necessary and would build upon

the substantial data of our study. Whereas the RNAseq data in this study were taken

from tumor homogenates, further investigation of the transcriptomic signature driving this
crosstalk could be performed using single cell RNAseq to individually extract endothelial,
stromal, and tumor cell contributions. Notably, we did not expect HASZto appear among
the differentially express genes as endorepellin does not affect HASZ2transcript levels in
endothelial cells [67]. Interestingly, tumor lysates did not show changes in HAS2 protein
levels (not shown). Since endorepellin specifically decreases HAS2 levels in endothelia and
not tumor cells [67], it is most likely that decreases in HAS2 protein from the endothelia are
not reflected in analysis of the whole tumor lysate. Future studies that separate endothelial
cells from tumor cells would more accurately separate out effects of endorepellin on the
endothelia vs tumor in the /n vivo setting. Finally, there was no significant difference

in tumor size between control- vs tamoxifen-treated allografts on day 10 post tumor
implantation, which may implicate that early endorepellin expression does not affect the
early stages of tumor implantation and survival. Further studies exploring the exact timing
of endorepellin expression following tamoxifen induction would be beneficial in elucidating
endorepellin’s role in tumor implantation, proliferation, and cell survival due to effects on
angiogenesis.

Due to the intrinsic kinetics of HA turnover in the ECM, the therapeutic implications

of targeting HA synthesis in the tumor microenvironment are striking. HA synthesis and
metabolism are fast and dynamic processes. Stromal HA stands apart from the rest of its
matrix constituents as it undergoes a rapid turnover of approximately 2 days from the time
of synthesis to degradation and clearance. In fact, one-third of the total HA in the human
body is turned over daily of which a substantial amount is cleared via the lymphatic system
and removed by liver endothelial cells [14]. This dynamic kinetics speaks to the role of

HA as a fast responder in the matrix as well as to the very likely expeditious therapeutic
outcome of targeting HA synthesis in tumor endothelium. Thus, based on the favorable /n
vivo anti-tumorigenic effects of endorepellin in aggressive breast cancer (this work) as well
as other carcinomas in previous work [66], we propose endorepellin as a promising protein
therapy to suppress tumor angiogenesis and growth via suppressing endothelium-derived HA
deposition in tumor microenvironments. As its mechanism of action is limited to targeting
endothelium, we predict that co-treatment of endorepellin with other chemotherapeutics that
directly target breast cancer cells would beget the best clinical outcome.
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Collectively, analysis of the upregulated genes showed a general trend of suppressing
endothelial cell-matrix adhesion as well as lymphatic vessel vasoconstriction, implicating
the potential effects of endorepellin in angiogenic and lymphatic vascular remodeling

and function. Interestingly, the upregulated gene dataset also suggested the effects of
vascular endorepellin expression on cell growth and apoptosis through transcriptional co-
activators YAP1 and TAZ, both of which regulate angiogenesis through VEGF signaling
[102]. In fact, recent literature has revealed that YAP/TAZ are downstream effectors of
VEGF binding to VEGFR2, such that endothelial-specific deletion of YAP/TAZ resulted in
defective angiogenic sprouting in vessels exposed to VEGF both /n vitroand in vivo [103].
Furthermore, AMPK, which is activated downstream of endorepellin-VEGFR2 signaling,
inhibits YAP activity through phosphorylating at its S94 residue [104,105]. On the other
hand, the YAP/TAZ axis is critical for autophagosomal degradation into autolysosomes
[106], thereby implicating its activity to the pro-autophagic activity of endorepellin [68,107].
These results highlight YAP1/TAZ as potential downstream targets of endorepellin-VEGFR2
signaling, a biological link requiring future investigation that would further elucidate the
complex outside-in signaling mechanisms of endorepellin.

Overwhelmingly, the downregulated dataset showed widespread suppression of multiple
immunomodulatory pathways, including a variety of cytokine signaling, CLEC7A/
inflammasome function, antimicrobial protein functions within the innate immune response,
RUNX3-regulated immune cell migration, and regulatory T cell development via RUNX1
and FOXP3. This widens our understanding of endorepellin from the endothelial cell-matrix
interface to regulating the larger immune response in the tumor microenvironment. Given
the evolving focus on immunotherapies in cancer research, this presents an exciting avenue
of further investigation in understanding how endorepellin itself could potentially play a role
as a potent immune suppressor.

Experimental procedures

Cells and materials

Human umbilical vein endothelial cells (HUVEC) were grown and maintained in basal
media supplemented with VascuLife EnGS LifeFactors Kit (Lifeline Cell Technology,
Oceanside, CA). Cells were plated on 0.2% (w/v) gelatin-coated cell culture plates (Thermo
Fisher Scientific, Waltham, MA) and utilized within the first five passages. Antibodies

for Western Blotting (WB) were purchased from the following sources and utilized at the
designated dilutions: GAPDH (14C10, 1:10,000 dilution; Cell Signaling, Danvers, MA),
LC3B (L7543, 1:1,000 dilution; Sigma), and HAS2 (sc-514737 and sc-365263 at 1:250

and 1:150, respectively; Santa Cruz Biotechnology, Dallas, TX). The following siRNA

was purchased from Santa Cruz Biotechnology and used at the designated amounts: ATG5
SiRNA (sc-41445, 100 pM) and scramble control siRNA-A (sc-37007, 100 pM).

Transient siRNA-mediated knockdown

Transient knockdown of ATG5 in HUVEC was accomplished via transfection of validated
SiRNA directed against human ATGS5 (sc-41445; Santa Cruz Biotechnology). Scrambled
control siRNA-A (sc-37007; Santa Cruz Biotechnology) was used as control. Gelatinized
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six-well plates seeded with 2 x 105 HUVEC were grown at 37 °C and 5% CO, until 70%
confluence. ATG5 or scrambled siRNA duplex (100 pM) were added to Lipofectamine 2000
(Invitrogen) in serum-free OptiMEM (Gibco). Cells were washed with PBS, incubated with
the OptiMEM solution for 6 h at 37 °C and 5% CO,, and incubated overnight with full
HUVEC media in the same culture conditions. Verification of siRNA-mediated knockdown
was accomplished via immunoblotting.

Mice generation and genotyping

Inducible £RX7 mice expressing a LoxP-flanked stop cassette between the CAG promoter
and the human endorepellin cDNA within the mRosa26 locus of C57/BL6J mice were
generated by Cyagen. To generate an endothelial-specific overexpression of endorepellin,
we crossed £RX" mice with 7ie2CreFR72 mice generously provided by Dr. B. Eliceiri
(UCSD) [79]. Tie2CreFR2 mice were also crossed with m7/mG reporter mice to create
mT/mG; Tie2CreFRT2. All animal experiments were conducted following the Guide for Care
and Use of Laboratory Animals according to the policies of the Institutional Animal Care
and Use Committee at Thomas Jefferson University. All mice utilized in tumor allograft
experiments were females 2—4 months of age.

For mouse genotyping, genomic DNA from 0.25 cm mouse tail fragments were extracted
via incubating in 200 ml DirectPCR Lysis Reagent for tails (Viagen Biotech, #101-T)

and 60 mg Proteinase K (Sigma, P6556) at 55°C for 5-6 h, then 85°C for 45 min. The
genotype was determined via a 25 ml PCR reaction—consisting of 100-500 ng genomic
DNA, 1 uM each primer and ReadyMix REDTaqg PCR Reaction Mix with MgCl, (Sigma,
R2648)-and Southern blotting in an 2% (w/v) agarose gel (Fisher, BP1356). PCR conditions
were 95°C (30 s), 54-62°C (45 s) and 72°C (1 min) for 35 cycles. Primers to detect Cre (277
bp): 5’-AAACGTTGATGCCGGTGAAC-3” and 5’-CAGGCTAAGTGCCTTCTCTACA-3".
Primers to genotype ERKi: 5’-GCTGGTTATTGTGCTGTCTCATCAT-3’

and 5’-GTCCATCTGCACGAGACTAGTGAG-3’ (360 bp for ERKIi); 5°-
GAGGGCTCAGTTGGGCTGTTTTGG -3’ and 5°- CACACCAGGTTAGCCTTTAAGC
-3’ (300 bp for wild type).

Adenoviral treatment and western blot analysis of lung fibroblasts

Following dissection of lung tissue from £RX" heterozygous mice, lungs were finely
chopped using scalpels and cultured in supplemented DMEM (Dulbecco’s Modified Eagle
Medium, Thermofisher) with 10% (v/v) FBS (fetal bovine serum, Sigma) and Penicillin-
Streptomycin (ThermoFisher) at 37°C and 5% (v/v) CO, to isolate lung fibroblasts.
Following 1-2 passages, 5x108 Pfu of either AdNull or AdCre (Vector Biolabs, 1300

and 1045N) were added to media for 24 or 48 h. After adenoviral treatment, conditioned
fibroblast media were taken, vortexed in 5x sample buffer [84] and boiled for 5 min.
Samples were then resolved on SDS-PAGE as described previously [108-110], transferred
to nitrocellulose membranes (Bio-Rad, Hercules, CA) and probed with primary monoclonal
mouse anti-His6 antibodies (ab18184, 1:1000 dilution; Abcam) and secondary goat anti-
mouse IgG antibody, horseradish peroxidase-conjugated (AP308P, 1:4000 dilution; EMD
Millipore). Blots were then developed with SuperSignal West Pico Chemiluminescence
substrate (Thermo Fisher Scientific), and signal detection was performed via an ImageQuant
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LAS-4000 (GE Healthcare) platform. The bottom half of the SDS-PAGE gel was removed,
stained in Coomassie Brilliant Blue dye (20279, Thermo Scientific) for 1 h, destained in
45% (w/v) methanol and 10% (w/v) acetic acid overnight and rehydrated in water.

Mouse experiments, tumor RNA processing, and real time gPCR validation

Animal experiments were performed as per the Guide for Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use Committee of Thomas
Jefferson University and in accordance with the German Animal Protection Law.

For /n vivo autophagic flux experiments, wildtype C57BL/6 mice were obtained from The
Jackson Laboratory and both male and female sex ranging from 5-6 months old were
equally included in the study. Fasting protocol consisted of withholding food for 48 h
with water accessible ad /ibitum. Autophagic flux experiments were performed with 7p.
chloroquine injection of 50 mg/kg 4h or 24 h prior to sacrificing the animals. Following
euthanasia, cardiac tissue was isolated and processed for IHC analysis.

In mT/mG, Tie2CreFR72 mice, tamoxifen (2 mg dissolved in corn oil; Sigma, H7904) or
vehicle was administered 7p. for 5 consecutive days. Ten days after the last injection, mice
were euthanized and organs (liver, lung, kidney, and heart) were removed and processed
for IHC analysis. No primary or secondary antibodies were used given that all tissue were
genetically engineered to fluoresce either red or green.

For targeted endorepellin overexpression in the tumor in £RX" mice, E0771 (1x10° cells;
CH3 BioSystems) were implanted subcutaneously into the upper left mammary fat pad on
day 0. Then, adenovirus vectors AdNull and AdCre (Vector Biolabs, 1300 and 1045N) were
injected intratumorally (5x108 Pfu) on day 5, 7 and 23 following E0771 implantation. Mice
were euthanized and tumors removed on day 24.

For endothelial-inducible endorepellin overexpression in 7ie2CretR72:ERK mice, tamoxifen
(2 mg dissolved in corn oil; Sigma, H7904) was administered /.p. for 5 consecutive days.
After 3 days, murine EO771 breast adenocarcinoma cells (1x10° cells; CH3 BioSystems)
were then implanted subcutaneously into the upper left mammary fat pad. Mice were
euthanized and tumors removed on day 22. In all tumor allograft experiments, mice were
euthanized before tumors reached 2000 mm3.

To process tumors for RNA analysis, organs were removed, frozen in liquid nitrogen

and stored at —80°C. Small portions of tumor were crushed via mortar and pestle in
liquid nitrogen for RNA extraction and resuspended in 500 ul TRIzol reagent (15596026;
Invitrogen). RNA was then extracted from the resuspension using the Direct-zol RNA
Miniprep Plus Kit (R2072; Zymo Research). The final RNA extracts were resuspended
in nuclease-free water. A total of 2 ug RNA per tumor sample were sent to Genewiz

for RNA sequencing. Another 1 pg of total RNA per tumor was used for real time
quantitative PCR validation. The RNA was annealed with oligo (dT1g_»q) primers, and
SuperScript Reverse Transcriptase I11 (Invitrogen) was utilized to synthesize cDNA.
Amplicons representing target genes and the endogenous housekeeping gene, p-actin
(Actb), were amplified in quadruple independent reactions using the Brilliant SYBR Green
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Master Mix Il (Agilent Technologies). All samples were run on the Roche LightCycler
480-11 Real Time PCR platform (Roche Applied Sciences), and cycle number (Ct)

was recorded for each reaction. Fold changes were normalized to Actb and calculated
using the AACt method (272ACT). Data were derived from three independent biological
replicates, each carried out in triplicate for every gene of interest. The primers used in
gPCR analyses were as follows: Gzme forward, 5 - GATTCTCCTGACCCTACTTCTG
—-3% Gzmereverse, 5 - GCCTCCACAGTATCTCCTATTAC

-3% Ngb forward, 5 - AGAATTCCTGGACCACATTAGG -3

Ngb reverse, 5~ ACTGTCGAGAAGGAGCTGAG -3 Mmp12

forward, 5= CTTAACCCCAGCACATTTCG -3* Mmp12

reverse, 5 - GTGACAGCATCAAAACTCAAGC -3 Cemip

forward, 5 = AATGGAGTCAAGACAACTGAGG -3 Cemip

reverse, 5 - TTGTAGGCAGTAAAGTGTCGG -3’ Rab11fip4

forward, 5 = CAGGAGTTAGACATGGACAGTC -3’ Rabl1fip4

reverse, 5 -~ ACAGATGGAGTGAGGACGAG -3 Traf3ijp3

forward, 5=~ GGCCAAGTGTCTATCCTCAAG -3 Traf3ijp3

reverse, 5~ CCTCAGAGCTTATCCCTGTTTC -3 % PlgZ2 forward,

5~ GGGTACAGTGAAGACATCGAG -3 Plg2reverse, 5 -
TCGTAAAGGAAGAGCTGGTTG -3 §100a8 forward, 5 -
AGTGTCCTCAGTTTGTGCAG -3% S100a8reverse, 5~ ACTCCTTGTGGCTGTCTTTG
-3°

Immunoblotting

For WB of cell lysates, treated HUVEC were rinsed once in ice-cold phosphate-buffered
saline (PBS) and lysed in radioimmune precipitation assay (RIPA) buffer [50 mM Tris (pH
7.4), 150 mM NaCl, 1% (v/v) Triton X-100, 0.1% (w/v) sodium deoxycholate, 0.1% (w/v)
SDS, 1 mM EDTA/EGTA/sodium orthovanadate, 10 mM B-glycerophosphate, and protease
inhibitors (1 mM phenylmethylsulfonyl fluoride and 10 pg/ml leupeptin/tosylphenylalanyl
chloromethyl ketone/aprotinin each)] for 15 min rocking on ice. Lysates were boiled for

3 min and resolved on SDS-PAGE as described before [108-110]. Proteins were then
transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA), probed with primary
and secondary antibodies, and developed with SuperSignal West Pico Chemiluminescence
substrate (Thermo Fisher Scientific). Signal detection was performed via an ImageQuant
LAS-4000 (GE Healthcare) platform.

Imaging studies

To process mouse tissue for IHC immediately following euthanasia, a portion of the

organs were fixed in 4% (w/v) paraformaldehyde (T353-500, Fisher) for 4 h at RT (room
temperature), then 15% sucrose (w/v in PBS) (S6-500, Fisher) for 4 h at RT and 30%

(w/v in PBS) sucrose overnight at 4°C. Immunofluorescence was performed as described
before [108,111]. Tissue were then embedded into OCT (4583, Tissue Tek), cut into 5

um sections and mounted onto glass slides as previously described [83]. The following
primary and secondary reagents were used to probe tissue sections for IHC: rat CD31
(553370, 1:100 dilution; BD Biosciences), mouse HAS2 (sc-365263, 1:50 dilution; Santa
Cruz Biotechnology), rabbit perlecan domain V (1:150 dilution, custom manufactured) [63],
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rat perlecan domain IV (ab2501, 1:100 dilution; Abcam), mouse histidine (ab18184, 1:200
dilution; Abcam), biotinylated HA binding protein (385911, 5 pg/ml; Sigma), Alexa Fluor
594 goat anti-rat H+L 1gG (A11007, 1:400; Invitrogen), Alexa Fluor 568 rabbit anti-mouse
H+L IgG (A11061, 1:400; Invitrogen), Alexa Fluor 594 goat anti-rabbit H+L 1gG (A11037,
1:400; Invitrogen), Alexa Fluor 594 Streptavidin (S32356, 1:400; Thermofisher), and Alexa
Fluor 488 Streptavidin (S11223, 1:400; Thermofisher). Sections were mounted with Hardset
antifade mounting medium with DAPI (H-1500, Vectashield) and visualized with an upright
fluorescence microscope (DM5500B, Leica).

RNAseq data processing for differential expression

To investigate the effects of systemic endorepellin on the tumor transcriptome, we examined
the gene expression signature of the allografts at day 22 post-treatment by performing
high-throughput deep RNAseq (Genewiz, NJ), RNAseq data is publicly available as a

gene expression omnibus (GEO) dataset (accession GSE209743). Following capillary
electrophoresis to validate RNA integrity, mRNA was enriched and sequenced utilizing the
Ilumina® HiSeq® system configured at 2x150 bp. Sequence reads were trimmed to remove
possible adapter sequences and poor-quality nucleotides using Trimmomatic v.0.3695 and
mapped to the Mus musculus GRCm38 reference genome (ENSEMBL) using STAR aligner
v.2.5.2b96.

A matrix of raw counts was obtained from Genewiz. Mouse ensemble 1Ds were converted
to gene symbols using the biomaRt package in ‘R’. Initial filtering for genes with low
abundance was performed by removing all genes with less than ten total counts across

all samples, leaving 25,349 genes for downstream analysis. Differentially analysis was
performed in DESeq2 [112] with the likelihood ratio test across all samples to identify
genes that were dysregulated in the treatment group compared to control. The final list of
differentially expressed genes were those with a p < 0.05 and log2FoldChange > 1 (greater
than 2-fold change), yielding 294 genes upregulated and 58 genes downregulated in the
treatment samples compared to control. A regularized log transformation was carried out
using DESeq?2 [112] for downstream visualization of differentially expressed genes. The
transformed data was median centered for heatmap visualizations.

Gene ontology and pathway analyses of RNAseq data

Analyses of upregulated and downregulated genes listed (Supplementary Tables 1-6) were
performed with bioinformatic tools as previously described [113]. The BiNGO tool [86] was
used to determine the Gene Ontology (GO) terms that are statistically overrepresented in the
upregulated and downregulated genes. Mus musculus was used as the reference organism,
and the p-value was set at p<0.0005 and p<0.01 for enrichement analysis of the GO terms
“Biological Process” and “Molecular Function” respectively. Pathway overrepresentation
was studied using the Reactome knowledgebase (https://reactome.org) [85].

Aortic ring assays in 3D collagen

To induce endorepellin overexpression in the endothelium, tamoxifen (2 mg dissolved in
corn oil; Sigma, H7904) was administered /. for 5 consecutive days in 77e2CreFR72:ERKI
mice. After 3 days, mouse thoracic aortae were dissected and cross-sectioned into 1-2
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mm rings. Rings were sandwiched between Collagen type | (1 mg/ml) and cultured in
endothelial cell media at 37°C for 5-7 days as described previously [83,84,114]. Following
fixation with 4% (w/v) paraformaldehyde and blocking in 2% (w/v) BSA (45 min), rings
were incubated overnight at 4°C with anti-perlecan domain V antibody (1:50, custom rabbit
antibody) then incubated with Alexa Fluor 594 donkey anti-rabbit H+L IgG (R37119, 1:400;
ThermoFisher) and Alexa Fluor 488 Isolectin GS-1B4 (121411, 1:200; ThermoFisher) for 3 h
at RT. Confocal analysis via Zeiss LSM780 NLO multiphoton microscope and quantification
of fluorescence intensity of angiogenic sprouts peripheral to the ring were performed as
previously described [67,83,84].

Quantification and statistical analysis

Immunoblots were analyzed via scanning densitometry (ImageJ). Fluorescence was
quantified and normalized using an unbiased method with the same exposure, gain, intensity,
and objective. Images were first captured in the vehicle-treated samples then tamoxifen-
treated samples. All initial fluorescent images were captured with the exact same gain,
intensity, and brightness/contrast. For quantification, the images were processed through
ImagelJ by initially performing a standardized background subtraction. Then, images were
further processed by splitting the color channels into greyscale images. This allowed the
images to be assessed empirically by measuring the mean grey value of the sections which
directly corresponded to fluorescent intensity. At least 10 images were taken per sample
and subsequently averaged to generate the most representative value for each sample. The
quantification presented is the arbitrary value for the average of mean grey values for all
sections per sample.

Significance in experiments with two groups was determined by two-tailed unpaired
Student’s ttest, whereas statistical analyses for experiments with more than two groups
were calculated via One-way ANOVA, followed by Tukey’s post hoc test. Mean differences
were considered statistically significant at p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ECM extracellular matrix

GAG glycosaminoglycan

HA hyaluronan

HAS hyaluronan synthase

TGFB transforming growth factor 3
VEGFR2 vascular endothelial growth factor 2
LG laminin-like globular

HUVEC human umbilical vein endothelial cells
PE phosphatidylethanolamine

ATG autophagy protein 5

ERKI endorepellin knock-in

HABP hyaluronan binding protein

GO gene ontology

BINGO Biological Networks Gene Ontology
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Figure 1. Inhibiting autophagy via ATG5 knockdown in vitro or chloroquine (CQ) treatment in

vivo blocks autophagic degradation of HAS2.

(A) Representative western blot (WB) of HUVEC whole-cell lysates pretreated with
scrambled siRNA (siScr) or siRNA targeting ATG5 (SiATG5). (B) Quantification of ATG5,
LC3-1 and HAS2 from A. Statistical analyses were calculated via two-tailed Student’s t test
(*p < 0.05, **p <0.01, ***p<0.001). (C) Representative IHC of heart tissue from wild-type
mice fasted for 48 h chloroquine (50 mg/kg) injected i.p. 4 and 24 h prior to sacrifice. Has2
is labeled in red and Lc3 in green; nuclei are blue. Scale bar, 20 um. D, quantification of
Has2 fluorescence intensity from C; n = 6-8 biological replicates. Statistical analyses were

calculated via One-way ANOVA (**p < 0.01, ***p < 0.001).
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Figure 2. Intratumor overexpression of His-tagged endorepellin (ERpjsg) decreases syngeneic
EQ771 breast tumor allograft growth, angiogenesis and hyaluronan levels in Cre-inducible

ERpis knock-in (ERKY) mice with validation of Tie2Cr
recombinase activity.

2 endothelial cell- -specific Cre

(A) Schematic diagram of the £RX/ transgene construct before and after Cre recombination.
(B) Schematic diagram of the time course treatment of AdNull or AdCre /¢ injections
following tumor implantation. (C) Growth of E0771 murine orthotopic breast tumor

allografts in £RX" mice treated with AdNull or AdCre;

mean +SEM, n=4 biological

replicates. (D) Immunofluorescence of tumor allografts treated with i.t. injections of AdNull

or AdCre and labeled for perlecan Domain V, ERyjsg,

HABP and CD31 (all red). Nuclei

are blue; scale bar, 10 um. (E) Quantification of fluorescence intensity of Domain V,
ERnisg, HABP and CD31 in AdNull- or AdCre-treated allografts. Mean +SEM, n = 3-7

biological replicates each representing 5-15 technical

replicates. Statistics calculated via

two-tailed Student’s t test (*p < 0.05, **p < 0.01, ***p<0.001). (F) Schematic of the
mT/mG; Tie2CreFRT2 transgene construct expressing membrane-targeted tdTomato (mT)
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globally before tamoxifen treatment and membrane-targeted GFP (mG) in endothelial

cells following tamoxifen-induced intra-chromosomal recombination via Cre activation.

(G) Schematic diagram of the time-course treatment of tamoxifen 7.p. injections in m7/
mG, Tie2CreFRT2 mice. (H) immunofluorescence of lung, liver, kidney and heart tissue from
mT/mG, Tie2CreFRT2 mice injected with vehicle (corn oil) or tamoxifen. Scale bar, 15 pm.
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Figure 3. Endothelial cell-specific expression of ERnHisg attenuates 2yngenelc EO0771 breast tumor
allograft volume, vasculature and hyaluronan levels in Tie2CreERTZ ERKI transgenic mice.

(A) Schematic diagram of the 7ie2CrefR72:ERKI transgene construct before and after
tamoxifen-induced Cre recombination. (B) Confocal images of ex vivo aortic rings of
Tie2CreFR72:ERKI mice injected with /,p. vehicle or tamoxifen and labeled for the
endothelial cell marker 1B4 (red) and ERRjsg, (green). Scale bar, 500 um (top row) and 200
um (bottom row, inset). (C) Quantification of mean fluorescence intensity of ERpjsg in the
sprouted area of vehicle- or tamoxifen-treated rings; n = 3 mice and 3 biological replicates.
(D) Schematic diagram of the time course treatment of 7.p. tamoxifen (2 mg per injection)
before EO771 implantation. (E) Growth of E0771 murine orthotopic breast tumor allografts
in 7ie2CreERT2:ERKI transgenic mice treated with vehicle (corn oil) or tamoxifen; mean
+SEM, n =7 and 10 biological replicates for vehicle- and tamoxifen-treated allografts. (F)
Immunofluorescence of tumor allografts treated with 7p. injections of vehicle or tamoxifen
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and labeled for Domain V, ERyis6, HABP and CD31 (all red). Nuclei are blue; scale bar,

10 um. (G) Quantification of fluorescence intensity of Domain V, ERyjss, HABP and CD31
in vehicle- or tamoxifen-treated allografts. Mean +SEM, n = 8-10 biological replicates each
representing an average of 5-20 technical replicates. Statistical analyses were calculated via
two-tailed Student’s ftest (*p <0.05, **p <0.01, ***p<0.001).
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Figure 4. Differential transcriptomic landscape of endorepellin expression in vasculature of
E0771 breast allografts.

(A) Heat map and (B) volcano plot displays of differentially expressed genes from
Tie2CrefRT2: ERKI allografts treated with tamoxifen vs control using RNAseq analysis.
Applying parameters of >2-fold change and a p<0.05 resulted in 58 upregulated genes
and 294 downregulated genes. (C) Real time gPCR analysis of gene targets from both up-
and down-regulated gene datasets confirmed RNAseq findings (blue for vehicle, red for
tamoxifen). Statistical analyses were calculated via two-tailed Student’s ftest (*p <0.05).
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Figure 5. Analysis of downregulated genes with BINGO for the GO term “Molecular Function”
[86]. For each GO term category, BiINGO provides a layout of interconnected and colored

circles corresponding to each annotation. The size of the nodes is proportional to the
number of genes annotated to that node with a focus on the over-represented molecular
functions associated with binding (/.e., receptor, protein, cytokine and chemokine binding)
and peptidase activity (/.e., metalloprotease, exoprotease and endoprotease activity). The
color of the node represents the corrected p-value. White nodes are not significantly
overrepresented, whereas the other ones are, with a color scale ranging from yellow (p-value
=0.01) to dark orange (p-value = 10~7). The color saturates at dark orange for p-values that
are more than 5 orders of magnitude smaller than the chosen significance level (0.01).
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Figure 6. Analysis of downregulated genes with BINGO for the GO term “Biological Process”
[86]. The size of the nodes is proportional to the number of genes annotated to that node

with a focus on the overrepresented biological processes associated with the immune
system. The color of the node represents the corrected p-value. White nodes are not
significantly overrepresented, whereas the other ones are, with a color scale ranging from
yellow (p-value = 0.0005) to dark orange (p-value = 5x1079). The color saturates at dark
orange for p-values which are more than 5 orders of magnitude smaller than the chosen
significance level (0.0005).
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