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The extracellular matrix encompasses a reservoir of bioactive
macromolecules that modulates a cornucopia of biological func-
tions. A prominent body of work posits matrix constituents as
master regulators of autophagy and angiogenesis and provides
molecular insight into how these two processes are coordinated.
Here, we review current understanding of the molecular mecha-
nisms underlying hyaluronan and HAS2 regulation and the role
of soluble proteoglycan in affecting autophagy and angiogene-
sis. Specifically, we assess the role of proteoglycan-evoked
autophagy in regulating angiogenesis via the HAS2-hyaluronan
axis and ATG9A, a novel HAS2 binding partner. We discuss
extracellular hyaluronan biology and the post-transcriptional
and post-translational modifications that regulate its main syn-
thesizer, HAS2. We highlight the emerging group of proteogly-
cans that utilize outside-in signaling to modulate autophagy
and angiogenesis in cancer microenvironments and thoroughly
review the most up-to-date understanding of endorepellin sig-
naling in vascular endothelia, providing insight into the tempo-
ral complexities involved.

The extracellular matrix (ECM) consists of a three-dimen-
sional structural scaffold of macromolecules that provides an
extensive reservoir of complex signaling molecules, masterfully
orchestrating a plethora of biological functions affecting sur-
rounding cells and tissue (1). Among the major macromole-
cules in the ECM are glycosaminoglycans (GAGs), proteogly-
cans (PGs), glycoproteins, proteinases, collagens, laminins,
fibronectin, and elastin. Often referred to as the “outside-in”
cues of the matrix, bioactive extracellular molecules are tightly
regulated to bind to receptors such as integrins, certain PGs,
CD44, discoidin domain receptors, innate immune receptors,
and receptor tyrosine kinases (RTKs) on the cell surface that
initiate specific paracrine and/or autocrine intracellular sig-
naling within the cell (2-15). Further, the ECM also serves as a
reservoir for signaling molecules, such as growth factors and
cytokines, as these can bind to specific ECM molecules and are
later liberated to bind to their cognate receptors. For example, a
variety of signaling effectors bind to heparan sulfate (HS) chains
that are later disseminated upon heparanase activity. Matrix met-
alloproteases function similarly, liberating bound growth factors
and cytokines in the ECM to their respective cell-surface recep-
tors (16). These cues synchronize a remarkable array of
cellular functions ranging from tissue homeostasis to prolifera-
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tion, cell migration, wound healing, survival, and development
(17-19).

Here, we review a new and emerging area of ECM biology
in which certain PGs and bioactive PG fragments regulate
autophagy and angiogenesis (20, 21). We highlight a novel,
autophagy-dependent regulation of angiogenesis involving hya-
luronan (HA) and hyaluronan synthase 2 (HAS2). This is of
increasing importance as PG-induced autophagy and angiogen-
esis show functional implications in cancer progression. We
begin with a general overview of autophagy and its implications
in cancer progression. Next, we discuss HA biology and synthe-
sis via HAS2 regulatory mechanisms. We then delve into the
major PGs and PG fragments involved, namely endorepellin,
decorin, endostatin, biglycan, and lumican, focusing on our
current understanding of perlecan and endorepellin signaling.
Importantly, we explore HAS2 as a novel link between autoph-
agy and angiogenesis downstream of endorepellin signaling
and conclude with open questions and potential implications
for future research targeting angiogenesis and autophagy.

Autophagy

Macroautophagy (hereafter referred to as autophagy) is the
evolutionarily conserved catabolic process in which cytoplas-
mic constituents, including superfluous or damaged proteins,
lipids, organelles, and intracellular pathogens, are targeted for
degradation via the autophagosome-lysosome (22). Originating
as a double-membrane, cup-shaped phagophore, the preauto-
phagosomal structure (PAS) recruits lipid bilayer and autoph-
agy protein complexes, expanding its edges around cytoplasmic
molecules targeted for degradation and forming a spherical
mature autophagosome. These large intracellular vacuoles are
then tethered to the microtubule network and trafficked to-
ward the cell center, where lysosomes reside. Following dock-
ing and fusion of the autophagosome to the lysosome, lysoso-
mal hydrolases degrade the autophagosomal inner membrane
along with its inner cytoplasmic contents (23—25). In mamma-
lian autophagy, this intricate process is regulated and coordi-
nated by a host of ~20 autophagy-related (ATG) proteins (25).
The end result of this self-digestion pathway is a recirculation
of liberated nucleotides, amino acids, fatty acids, sugars, and
ATP that are recycled back into the cell to maintain homeosta-
sis of cell metabolism, survival, and upkeep (22, 26).

Autophagy exerts a strong influence on the pathophysiolo-
gies of a multitude of diseases, including neurodegeneration,
autoimmune diseases, heart disease, infection, and cancer (25,
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27). Specifically, in the cancer cell, autophagy engages in either
a pro- or anti-tumorigenic fashion, depending on the stage of
carcinogenesis. In the early stages of tumorigenesis, autophagy
inhibits tumor initiation, proliferation, and invasion as it sup-
presses genome mutagenesis, chronic tissue damage, inflam-
mation, cell injury, and the oncogenic aggregation of p62 (28—
30). Furthermore, defective autophagy as demonstrated in
genetic deletion of autophagic genes Becnl or Atg7 in mice
resulted in spontaneous tumors and malignancy (31-33).
Switching roles entirely in later stages of tumorigenesis during
invasion and metastasis, autophagy facilitates tumor growth,
metabolism, survival, metastasis, and resistance to therapeutic
drugs. Mechanistically, this occurs as autophagy protects via-
bility, proliferation, and homeostatic processes of the cancer
cell, protecting the cell against various stresses, such as nutrient
deprivation, hypoxia, chemotherapy, DNA damage, and meta-
bolic stress (28, 30, 34—37).

As with the majority of cancer research, studies investigating
the impact of autophagy have predominantly focused on
autophagy in the cancer cell itself. Recently, a growing body of
work targeting the tumor microenvironment has emerged
demonstrating the critical role of certain proteoglycans that
regulate autophagy in peritumoral stromal cells and their influ-
ences on cancer angiogenesis (38, 39). The majority of this
work focuses on these proteoglycans that modulate angiogene-
sis in stromal cells as opposed to the cancer cell.

Beyond the cytoprotective function of autophagy to maintain
intracellular homeostasis in the endothelium, the processes of
autophagy and angiogenesis are not generally understood as
being linked. The concept highlighted in this work of inhibiting
angiogenesis in vascular endothelial cells via protracted
autophagy has only been explored within the context of matrix-
derived PG signaling. In this review, we further discuss the inte-
gration of HA synthesis as a novel mechanistic link connecting
these two processes.

Hyaluronan biology

A key player in ECM biology, HA is a ubiquitously expressed
and predominant GAG found in all tissues and body fluids, reg-
ulating a complex network of functions (40). Although sophisti-
cated in action, HA intrinsically possesses a physical structure
that is astonishingly simple, composed of linear repeating di-
saccharide units of GlcNAc and GIcUA linked by B-(1,3) and
B-(1,4) glycosidic bonds (Fig. 1A4) (40). It uniquely exists as the
only nonsulfated GAG and does not covalently bind to a pro-
tein core. Physiologically, HA is synthesized as a high-molecu-
lar weight (HMW) polymer (1000—6000 kDa) and possesses
impressive hygroscopic properties, capable of retaining up to
1000 times its weight in water. Under pathological conditions,
including cancer, inflammation, and tissue remodeling, HMW
HA is then fragmented dynamically via hyaluronidases and re-
active oxidative species into low-molecular weight (LMW) HA
(10-250 kDa) and o-HA (HA oligomers, <10 kDa). Impor-
tantly, HA function varies based on its linear size; HMW HA
carries anti-inflammatory, anti-proliferative, and anti-angio-
genic properties, whereas LMW HA and o-HA activate
immune-stimulatory and pro-angiogenic pathways (Fig. 1A4)
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(40-43). Intriguingly, naked mole rats possessing intrinsically
decreased hyaluronidase activity and a unique variant of Has2
that synthesizes extremely large HA (>6000 kDa) are benefited
with an unusual resistance to cancer and a lifespan of at least 30
years (44). Whereas the specific mechanisms driving these size-
dependent effects of HA are largely unknown, it is likely that
HA size in specific contexts fosters interaction with certain
binding partners and that undefined co-factors may mediate
the interaction between HA and its receptors to collectively
bias cellular responses in a particular direction. Together, HA
and its extracellular binding partners form coordinated, sub-
stantial macromolecular structures that function as insulation
and pericellular spatial buffers (40, 45).

Given its biocompatibility, nonimmunogenicity, and biode-
gradability, HA has been advantageous as a biomaterial used in
clinical applications, such as cartilage tissue engineering, car-
diac repair following myocardial infarction, drug and molecule
delivery, stem cell differentiation, cosmetic moisturizing agents
and fillers, and lubricants in osteoarthritic joints (46, 47).
Advantageously, the viscosity and elasticity of HA solutions can
be modified with its concentration and polymer size, respec-
tively. In addition, the carboxylic acid of GIcUA or the C-6
hydroxyl group of GIcNAc can be further modified via adipic
hydrazide, thiopropionyl hydrazide, tyramide, benzyl ester, gly-
cidyl methacrylate, or bromoacetate, further widening its utility
and areas of application (48). As a drug delivery biomaterial,
negatively charged HA nanoparticles were engineered to
deliver positively charged tumor necrosis factor—related apo-
ptosis-inducing ligand to sites of rheumatoid arthritis in rats.
Notably, packaging these ligands in HA nanocomplexes pre-
vents its proteolysis and increases its £, in vivo from 30 min to
5 days. In another application, HA was modified with thiol
groups and cross-linked via disulfide linkages to form nanogels
that can deliver siRNA within aqueous emulsion droplets (49).

Compared with the stability and low turnover rate of most
ECM molecules, the rate of HA synthesis and degradation in
the ECM is exceedingly high, as 30% of HA in vivo is replen-
ished daily (50). HA is synthesized by a family of hyaluronan
synthases (HASs), HAS1-3. Structurally, HAS isoenzymes are
multipass transmembrane enzymes possessing large cytosolic
loops wherein their glycosyltransferase catalytic activities lie. In
this active site, precursors UDP-GIcNAc and UDP-GIcUA po-
lymerize into linear HA chains and concurrently extrude
through the plasma membrane via the HAS protein into the
extracellular space (51). Functionally, HASs are enzymatically
active at the plasma membrane. However, a substantial pool of
enzymatically inactive, N-glycosylated HASs are localized in
the endoplasmic reticulum and Golgi apparatus (52, 53).

Of all the HASs, HAS2 is the main producer of HA (51, 54).
For instance, global deletion of Has2 in mouse embryos
severely stunts cardiac and vascular development and is embry-
onically lethal (55). In comparison, Hasl and Has3 knockout
mice are both phenotypically viable but exhibit malformations
in the retro-calcaneal bursa adjacent to the Achilles tendon
(56) and vascular smooth muscle migration and neuronal de-
velopment (57, 58), respectively.

SASBMB



JBC REVIEWS: Angiostatic cues from the matrix

A =
OH OH
o ° O HO e Degradation Hyaluronan (HA)
HO 0 —— > oligosaccharides ——— > M
OH NH and low MW HA
o=§
Hyaluronan synthase GlcUA GlcNac
HAS
B | Proteoglycans
Endothelial cell Macrophage PDAC
1 T 1 T 1
Endorepellin Decorin Endostatin Biglycan Biglycan Lumican

Cea-(ea-Cad

9

oo

0000,
Q)

VEGFA

%

3 48

281 VEGFR?2 VEGFR2 581 VEGFR2
LThr172 Jl l
AL AMPK
Cell migration Autophagy
Angiogenesis Angiogenesis (WQM@%>

\——— Autophagy — O
VEGFA

Angiogenesis

’%?ﬂ?%f@f

o C

TLR4 CD44

88
VEGFR2 EGFR

|

Gemcitabine-
induced
autophagy

Angiogenesis Autophagy

Figure 1. ECM signaling in autophagy and angiogenesis. A, an overview of cell-surface proteoglycan signaling of endorepellin, decorin, endostatin, bigly-
can, and lumican resulting in modulations on autophagy and/or angiogenesis. Cell types range from endothelial cells to macrophages to pancreatic ductal ad-
enocarcinoma (PDAC). B, summary of pro-angiogenic HA signaling starting with synthesis of HA from GIcUA and GIcNAc by HASs at the plasma membrane
and ending with the subsequent degradation of HMW HA into LMW polysaccharides.

Regulation of HA synthesis via HAS2 modifications and
nutrient availability

HA synthesis is modulated through the finely tuned regula-
tion of HASs through transcriptional expression of HASI-3,
post-transcriptional regulation via miRNAs and long noncoding
RNAs, and post-translational modifications. As a transcription
factor that drives epithelial-mesenchymal transition, tumorigene-
sis, and metastasis, zinc finger E-box binding homeobox 1 binds
to the HAS2 promoter region and activates its transcription in
breast cancer cells (59). Furthermore, transcription factors T-box
transcription factor 4, retinoic acid receptor, signal transducer
and activator of transcription 3, specificity proteins 1 and 3, NF-
kB, and cAMP-responsive element binding protein 1 also bind to
the HAS2 promoter region and regulate its expression (60—62).

Post-transcriptionally, HAS2 mRNA is positively regulated
via its cis-natural antisense transcript (NAT), HAS2-ASI, in
which exon 2 of HAS2-AS1 exhibits partial complementarity to
exon 1 of HAS2. This facilitates the complexing of HAS2
mRNA with HAS2-AS1, stabilizing HAS2 mRNA and increas-
ing HAS2 expression. Of note, O-GlcNAcylation and acetyla-
tion around the proximal promoter region of HAS2 further
induces HAS2 expression by altering chromatin structure and
increasing HAS2-AS1 expression (63). Another post-transcrip-
tional regulator of HAS2, miR-23a-3p, directly targets and
inhibits HAS2 expression, leading to the suppression of HA lev-
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els (64). Another miRNA, miR-7, suppresses HAS2 expression
indirectly via targeting epidermal growth factor receptor
(EGFR) and disrupting the HA-mediated CD44-EGFR signal-
ing pathway (65, 66).

HAS?2 is regulated by a variety of post-translational modifica-
tions (67). For example, monoubiquitination of HAS2 at lysine
190 located in the glycosyltransferase-2 conserved domain is
critical for its enzymatic activity (68). Nutrient conditions also
heavily influence HAS2 expression and activity via post-trans-
lational regulation. Most notably, AMP kinase (AMPK), the
master rheostat of cellular energy homeostasis, plays critical
roles in regulating HAS2 and extracellular HA. Under nutrient-
scarce conditions (i.e. high levels of AMP and low levels of
ATP), AMPK is activated and phosphorylates HAS2 at threo-
nine 110 located in the cytoplasmic active site. This signifi-
cantly attenuates the enzymatic activity of HAS2 (69). Low-nu-
trient conditions, also represented by an increased NAD "/
NADH ratio, activate an NAD " -dependent deacetylase, sirtuin
1. In turn, sirtuin 1 inhibits NF-«kB activation and reduces
HAS2-AS1 levels. Ultimately, this decreases HAS2 expression
and HA accumulation (70).

In contrast, hyperglycemic and nutrient-rich conditions
wherein there are high extracellular levels of glucosamine and
UDP-GIcNAc increase O-GlcNAcylation of HAS2, which
promotes its enzymatic activity and protein stability (71).
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Following a similar trend, epigenetic O-GlcNAcylation of histo-
nes, including H3 at serine 10, in the proximal promoter region
of HAS2 promotes chromatin remodeling and induces HAS2-
AS1I and subsequently HAS2 expression (63).

Glucose availability plays a critical role in regulating extracel-
lular HA levels. As input levels naturally determine output
yield, low environmental glucose levels result in scarcity of the
UDP-sugar substrates utilized by HAS2, leading to suppression
of synthesized HA. Conversely, in hyperglycemic conditions
with higher levels of UDP-GIcUA and UDP-GIcNAc, extracel-
lular HA also increase. Indeed, when depleting UDP-GIcUA
levels pharmacologically via 4-methylumbelliferone (4-MU),
HAS2 enzymatic activity and HA levels are suppressed (72).
Specifically, 4-MU is glucuronidated by endogenous UDP-glu-
curonyltransferases using UDP-GIcUA as the donor, thereby
decreasing a necessary precursor for HA biosynthesis. Addi-
tionally, through an unknown mechanism, 4-MU also signifi-
cantly decreases HAS2 mRNA (73, 74).

Lipid availability, as reflected by intracellular levels of prosta-
glandins, oxysterols, and cholesterol, also play a significant role
in nutrient-associated HAS2 regulation. For instance, vasodila-
tory prostaglandins I, and E, induced HAS2 expression via
cAMP/PKA-dependent Gg-coupled IP and EP, signaling in
human vascular smooth muscle cells (SMCs) (75, 76). This
prostaglandin-dependent regulation of HAS2 in human saphe-
nous vein SMCs is thought to play a role in driving the progres-
sion of atherosclerosis in saphenous vein bypass graft failure
(77). Separately, oxidized low-density lipoproteins also drive
atherosclerotic progression via increasing HAS2 expression in
human aortic SMCs (78, 79). Finally, the addition of cholesterol
in human dermal fibroblasts increased HAS2 activity in lipo-
somes formed by saturated phosphatidylcholine (80), and
depleting cholesterol with methyl-B-cyclodextrin down-regu-
lated HAS?2 levels via the phosphoinositide 3-kinase—Akt path-
way in MCF-7 cells (81).

Proteoglycan signaling via outside-in cues

PGs are a heterogeneous family of at least 43 protein cores
with one or more covalently attached, sulfated GAG chains. Based
predominantly on location, homology and protein modules, PGs
are categorized into four major classes: intracellular, cell-surface,
pericellular, and extracellular (5, 82). Functioning beyond mere
co-receptors that present growth factors to their cognate recep-
tors, PGs play critical roles as signaling effectors themselves.
Localized predominantly at the cell surface and extracellular
space, they constitute a critical component of the ECM as they
oversee a myriad of processes, such as angiogenesis, morphogene-
sis, extracellular supramolecular assembly, migration, prolifera-
tion, cell survival, and immune regulation (8, 38, 83).

Recently, a growing body of work has emerged demonstrat-
ing the critical role of specific proteoglycans that regulate
autophagy in stromal cells and their influences on physiological
and cancer neovascularization (Fig. 1B) (38, 39). Additionally,
HSPGs, HS biosynthesis, and HS-dependent signaling in the
extracellular space are critical in activating autophagy in mus-
cle and fat cells in Drosophila (84). Overall, the most extensively
studied proteoglycans and bioactive proteoglycan fragments
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that signal via outside-in cues from the ECM include endore-
pellin, endostatin, decorin, biglycan, and lumican (Fig. 1B).
These modulate autophagy in stromal cells as well as, in some
cases, the cancer cell directly.

Endostatin, the N-terminal fragment of the HSPG collagen
XVIII, is a basement membrane proteoglycan fragment that
wields pro-autophagic and anti-angiogenic effects on vascular
endothelial cells (85). Direct binding to VEGFR2 blocks VEGE-
induced VEGFR?2 activation, downstream angiogenic signaling
and VEGF expression (86, 87). Further, endostatin also signals
through asf3; integrin on the endothelial cell surface to concur-
rently inhibit cell migration (88) and induce autophagy (89).
Notably, through its outside-in signaling on the tumor vascula-
ture, endostatin inhibited tumor angiogenesis in both malig-
nant keratinocytes and mammary tumors iz vivo (87).

Decorin is a small leucine-rich proteoglycan (82) that is
active in many signaling pathways (39, 90-96). Decorin is a
well-studied autophagic activator in vascular endothelial cells
via binding of VEGFR2, downstream activation of AMPK, and
induction of autophagic players LC3, Peg3, and Beclin 1 (12,
97-100). This activation of endothelial autophagy from the
extracellular matrix is considered “noncanonical” as it happens in
nutrient-rich conditions and results in secretion of anti-angio-
genic thrombospondin-1 (101, 102), profound catabolism of en-
dothelial vascular endothelial growth factor A (VEGFA) (103,
104), and marked suppression of tumor angiogenesis (105). Nota-
bly, through its essential role in autophagy, decorin is also critical
in sensing nutrient deprivation and modulating cardiac output
functionally in vivo (106). Unlike endorepellin, which has no
direct effects on cancer cells, decorin also binds EGFR and Met
receptors expressed on tumor parenchyma and inhibits tumor
growth and development through stunting proliferation and
angiogenesis while activating mitophagy (107-109).

Biglycan is a small leucine-rich proteoglycan that, unlike
decorin and endorepellin, promotes neovascularization in the
tumor microenvironment. Mechanistically, biglycan up-regu-
lates VEGFA expression and physically binds VEGFA, thereby
indirectly promoting pro-angiogenic VEGFA-VEGFR?2 signal-
ing (110, 111). Tumor endothelial cells also hypomethylate the
BGN promoter, epigenetically promoting biglycan expression
and supporting tumor vascularization in metastatic cancers
(112, 113). Separately, biglycan curtails inflammatory renal
damage via triggering autophagy in human and murine periph-
eral blood macrophages via binding TLR4 and CD44 (9).
Through TLR4 signaling, biglycan also activates autophagy in
cardiomyocytes that confers protection to cardiomyocytes fol-
lowing ischemia and reperfusion injury (114). Although the
effects of biglycan stimulating autophagy in macrophages have
not been explored in a cancer model, investigation into whether
biglycan aids tumor angiogenesis and growth partly via induc-
ing autophagy in tumor-associated macrophages would con-
tribute valuable understanding to the intricate role of extracel-
lular matrix-evoked autophagy in cancer.

Lumican is another small leucine-rich proteoglycan that reg-
ulates collagen fibrillogenesis, embryonic development, wound
healing, and tumor progression (115-121). In the context of
pancreatic cancer, stromal lumican is primarily secreted from
pancreatic stellate cells (122) and exerts an anti-tumor effect
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where high stromal levels of lumican are closely associated with
decreased recurrence and increased survival following surgical
resection. Downstream of binding and antagonizing EGFR in
pancreatic ductal adenocarcinoma (PDAC), lumican suppresses
Akt and HIF-le signaling to inhibit glycolysis and apoptosis
(123). Notably in PDAC, extracellular lumican inhibits gemcita-
bine-induced autophagy, a protective response to chemotherapy
treatment, via down-regulating AMPK activity (124). Given the
low efficacy of chemotherapeutics against pancreatic cancer, data
revealing potent cytotoxicity in PDAC via lumican and gemcita-
bine co-treatment posit lumican as a promising ECM-derived
protein therapy to sensitize cancer cells to chemotherapeutics.
Separately, hypoxia-induced autophagy in pancreatic stellate cells
suppress lumican production via autophagic degradation and
decreased protein synthesis (122).

Endorepellin, the C-terminal domain V of perlecan, exerts its
pro-autophagic and angiostatic influence on stromal endothe-
lial cells via dual binding of VEGFR2 and «a2f1 integrin, cell-
surface receptors that are exclusively co-expressed in vascular
endothelia. In the context of cancer, endorepellin exerts pro-
found anti-oncogenic effects by specifically targeting the tumor
neovasculature, thus reducing blood flow to the growing cancer
cells (18). Specifically, when utilizing recombinant endorepellin
to systemically treat human squamous carcinoma and murine
Lewis lung carcinoma in vivo, endorepellin accumulates explic-
itly in the tumor vasculature, where it markedly suppresses tu-
mor angiogenesis, metabolism, and growth while inducing
intratumoral hypoxia (125).

Perlecan and its C-terminal fragment endorepellin

Localized pericellularly in basement membranes, muscle,
cartilage, and bone marrow, perlecan is a modular HSPG
encoded from the highly conserved HSPG2 gene containing 97
exons (126, 127) and a complex promoter structure (128-130).
Perlecan consists of five domains in its ~470-kDa protein core,
making it one of the largest monomeric matrix molecules
(131). It is critical in the development of the cardiovascular sys-
tem (132), nervous system (133), and cartilage (134-136).
Beyond tissue development, perlecan also regulates lipid me-
tabolism (137, 138), angiogenesis (3, 85, 139-145), endocytosis
(146), thrombosis (147), cell adhesion (148, 149), blood-brain
barrier maintenance (150), and autophagy (38, 131). This com-
prehensive array of biofunctional properties can be attributed
to specific domains in the larger parent molecule (151). For
example, domain I promotes angiogenesis via its ability to
sequester and present growth factors to their cognate recep-
tors. Separately, domain V engages cell-surface receptors to in-
hibit angiogenesis and induce autophagy downstream (151).

Perlecan plays a fascinating role in regulating autophagy and
angiogenesis that is complex and has been extensively studied
in the past decade. As a whole molecule, perlecan inhibits
autophagy in the slow-twitch soleus muscle of mice through
activation of the mTOR complex 1 (mTORC1) pathway. Spe-
cifically, mice that lack HSPG2 expression in muscles showed
increased autophagy through mTORCI inhibition when fasted
for 24 h as demonstrated by increased levels of LC3-I, a critical
component of the autophagosomal membrane, and P-AMPKe,
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the « subunit of the energy sensor AMPK that induces autoph-
agy signaling downstream (85, 152), and decreased mTORC1
substrate P-p70S6K (153).

Regarding its role in modulating angiogenesis, perlecan in its
entirety possesses critical pro-angiogenic capabilities. Indeed,
perlecan-null mice are embryonic lethal around embryonic day
10 with perlecan-deficient embryos displaying gross cardiovas-
cular malformations, such as irregular cardiac outflow tracts,
complete transposition of great arteries, and malformed semi-
lunar valves (154). Additionally, zebrafish with a knockdown of
Hspg?2 expression show stunted angiogenic sprouting from the
dorsal aorta and malformed intersegmental and subintestinal
vessels (132). The mechanism fostering this pro-angiogenic
phenotype lies within the three Ser-Gly-Asp sequences found
within the N-terminal domain I of perlecan (155). These func-
tion as attachment sites for HS chains, which can then bind,
sequester, and present a number of growth factors to their cog-
nate receptors (156—158). These growth factors include a host
of HS-binding angiokines, including progranulin, VEGFA, pla-
telet-derived growth factor, fibroblast growth factor 2 (FGF2),
FGF7, and FGF18 (159-164). For example, perlecan promotes
FGF2 interaction with its receptor to induce neovascularization
in rabbit ears (165), and mice expressing a mutant perlecan
containing a partial deletion of domain I in which all three HS
attachment sites were annihilated show stunted angiogenesis in
the cornea (166). In another example, perlecan increases
VEGFA-induced activation and phosphorylation of VEGF re-
ceptor 2 (VEGFR2) (161). In regard to tumorigenesis, perlecan
levels are elevated in multiple cancer cell lines and human met-
astatic melanoma (3, 167-169), and its ability to function as res-
ervoir and co-receptor for angiokines enhances tumor growth
and invasion (144, 162, 166, 170, 171).

In contrast, the C-terminal domain V of perlecan, referred to
as endorepellin, is thought to undergo proteolytic cleavage via
matrix metalloproteinases (172). This fragment adopts an anti-
thetical functional phenotype to its larger parent molecule via
activating autophagy and inhibiting angiogenesis (172-174).
Coined “endorepellin” due to its ability to repel endothelial cell
migration and adhesion (142), domain V of perlecan structur-
ally consists of three laminin-like globular (LG) domains, LG1-
3, separated by two EGF-like modules (82). LG3 can be further
separated from the LG1/2 domains via cleavage by BMP1/Toll-
oid-like proteases (175) and cathepsin L (176) and has been
implicated as a potential in vivo biomarker in a number of dis-
eases, including renal failure, premature rupture of fetal mem-
branes, chronic renal nephropathy, pancreatic cancer, Down
syndrome, refractory cytopenia with multilineage dysplasia,
IgA nephropathy, and breast cancer (177-187).

Temporal signaling of angiostatic and autophagic
endorepellin

Through its three LG domains, endorepellin elegantly coor-
dinates intracellular signaling of vascular endothelial cells as a
dual receptor ligand as it binds simultaneously to the major vas-
cular RTK, VEGFR2 (188), and 21 integrin (189, 190) (Fig.
2). As the dual expression of VEGFR2 and «281 is unique to
vascular endothelia and as endorepellin requires both receptors
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for its angiostatic activity (189), the binding and downstream
effects of soluble endorepellin are specific to vascular endothe-
lial cells. Mechanistically, LG1/2 bind the Igs 5 motifs of the
VEGFR2 ectodomain (191, 192), whereas LG3 concurrently
binds the &2 integrin I domain of a2f81 (190, 193, 194). This
“dual receptor antagonism” of endorepellin ultimately evokes
angiostasis and autophagy in endothelial cells. However, endor-
epellin signaling through its two cognate receptors is intricate
and complex. At the transient level (within 5-10 min of bind-
ing), endorepellin signals as a dual receptor antagonist and
allosterically inhibits VEGFA-induced angiogenesis (189, 191,
192, 195). However, after long-term binding, this angiostatic
molecule evolves into a partial agonist, where it collectively
evokes autophagy and suppresses angiogenesis primarily
through VEGFR2 binding (152, 196).

Transiently, endorepellin evokes internalization and down-
regulation of both VEGFR2 and «2 levels within 10 min of its
binding (189, 192). Second, binding of LG3 to 21 integrin
evoked a rapid increase in cAMP levels, leading to protein kinase
A (PKA) activation, phosphorylation of focal adhesion kinase,
P38 mitogen-activated protein kinase, and heat shock protein 27
(Hsp27) and the anti-angiogenic disassembly of actin stress fibers
and focal adhesions (190). Third, as VEGFA and endorepellin
interact with VEGFR?2 in separate binding pockets (Ig, 3 and Igs 5
for VEGFA and endorepellin, respectively), endorepellin com-
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petes with VEGFA as an allosteric inhibitor as it blocks VEGFA-
evoked phosphorylation of VEGFR2 at Tyr-1175 (189), VEGFA
expression, and endothelial cell migration (189). Mechanistically,
LG3 binding to @231 integrin evokes rapid dephosphorylation of
VEGFR2 at multiple key residues, including tyrosine residue 1175
(Tyr-1175), via the physical interaction of the a2 cytoplasmic do-
main with and subsequent activation of Src homology 2 domain-
containing protein tyrosine phosphatase 1 (SHP-1). This rapid
dephosphorylation via SHP-1 that requires both VEGFR2 and
a2f1 involvement diminishes VEGFA expression and VEGFA
secretion (189). Suppression of VEGFA-induced phospho-Tyr-
1175 inhibits subsequent binding and activation of phospholipase
Cy (PLCy) (195, 197) and Src homology 2 domain-containing
adaptor protein (Shb) (192), two critical downstream adaptor
proteins that bind phosphorylated VEGFR2 (198-200). Via loss
of PLCy and Shb binding, endorepellin antagonizes three major
angiogenic, VEGFA-evoked signaling pathways: PLC+y/PI3K/
PDK1/Akt/mTOR, PLCy/calcineurin/RACK1/NFAT1, and Shb/
PKC/JNK/AP1. This widespread inhibition ultimately blocks the
pro-angiogenic gene expression of HIF1a, AP1, and NFATI (192)
(Fig. 2).

In contrast, long-term endorepellin treatment concurrently
evokes autophagy, stress signaling, mitochondrial depolariza-
tion, and angiostasis via an elegant signaling pathway that coor-
dinates VEGFR2 and subsequent AMPK activation in vascular
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endothelia. Following 6 h of exposure, endorepellin signals as
a VEGFR2 agonist phosphorylating VEGFR2 at Tyr-1175.
This results in downstream activation of AMPKa at Thr-172,
leading to canonical inhibition of mTOR, a potent autophagic
repressor (152). Downstream, endorepellin signaling acti-
vates autophagic machinery via up-regulating protein levels
and binding of autophagic markers Peg3, LC3-1I, Beclin 1,
and p62 as well as inducing gene expression of PEG3, BECN1,
and MAPILC3A. Further, this evokes formation of large,
vacuolar autophagosomes in vascular endothelial cells
enriched with LC3, Peg3, Vps34, p62, Beclin 1, and mTOR
(152, 196). Sustained endorepellin activation of VEGFR?2 also
provokes the canonical PERK/elF2a/ATF4/GADD45a stress
signaling pathway (201) and mitochondrial depolarization
(202) in endothelial cells. Notably, endorepellin treatment
also induced decreased capillary tube formation and angio-
genic inhibition ex vivo (152, 196). Mechanistically, endore-
pellin-evoked angiostasis is mediated via autophagy and
stress signaling through AMPK and PERK activation, respec-
tively (196, 201) (Fig. 3).

HAS2, the critical link between autophagy and
angiostasis

Although endorepellin-induced autophagy led to down-
stream angiostasis (196), the mechanism linking these two in-
tracellular processes remained a mystery. As such, the direct
link connecting autophagic activation and angiostasis has been
highly anticipated. Recently, we uncovered a critical and novel
regulatory mechanism in which HAS2, a key producer of pro-
angiogenic HA, is degraded via autophagy evoked by pro-auto-
phagic proteoglycan fragments endorepellin and endostatin,
nutrient deprivation, or mTOR inhibition. This was consis-
tently demonstrated across a variety of cell types and species in
vitro as well as at the organ level in heart and aorta tissue lysates
of fasted mice in vivo (203). Notably, endorepellin induces
downstream autophagic catabolism of HAS2 via VEGFR2 sig-
naling and downstream AMPK activation under nutrient-rich
conditions. Pharmacologically, AICAR, an activator of AMPK,
and Torin 1 and INK128, potent inhibitors of mTOR, all phe-
nocopy nutrient deprivation and endorepellin treatment in
down-regulating cellular HAS2 levels via autophagy. This
reduction of HAS2 levels translates to robust suppression of
extracellular HA in vitro and ex vivo (203). Notably, marked
decrease in extracellular HA via HAS2 degradation inhibits
angiogenic sprouting ex vivo (203), effectively positing autopha-
gic catabolism of HAS2 as a critical regulatory pathway linking
autophagy to angiostasis (Fig. 4).

In support of these findings, HAS2 catalysis through the pro-
teasome was ruled out, as inhibiting proteasomal activity via
MG132 did not significantly alter total levels of HAS2 or syn-
thesized HA (68). HAS2 regulation has also been shown to be
downstream of mTOR, as mTOR activation in fibroblasts
increased HAS?2 levels and extracellular HA. Furthermore, in-
hibiting mTOR via rapamycin significantly reversed this effect
(204). In fact, activating AMPK through metformin treatment
has also been shown to down-regulate HA synthesis in vascular
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smooth muscle cells (205), further supporting an AMPK-de-
pendent down-regulation of HAS2.

ATG9A, a novel HAS2-binding partner

One continuing area of investigation in the study of
autophagy is the source of lipid membrane that forms the
growing autophagosome. Notably, the endoplasmic reticu-
lum, mitochondria, Golgi complex, and plasma membrane
have all been implicated as sources (22, 23). Among the ATG
proteins, ATG9A plays a key role in transporting lipid mem-
brane from these sources and stands apart as the only multi-
pass transmembrane protein, a characteristic that is key to its
function. Whereas its roles have not been fully elucidated, it
is best defined as a shuttling protein within the ATG2-WIPI
(WD-repeat protein interacting with phosphoinositides)
complex that cycles between the PAS and peripheral organ-
elles, including the trans-Golgi network, endosomes, and
plasma membrane, to deliver lipid bilayer to the developing
phagophore (25, 206-209). In coordination with the core
autophagic machinery, ATG9A is phosphorylated by ULK ki-
nase core complex, a post-translational modification that is
necessary to recruit LC3 to the site of autophagosome nuclea-
tion and expansion (210). During this process, ATG9A inte-
grates into the outer autophagosomal membrane and is
removed and recycled back after formation of the mature
autophagosome is complete (211, 212).

Structurally, ATG9A possesses six transmembrane domains
flanked by two cytosolic domains, one at each of the N- and
C-terminal regions (25, 213). Similarly, HAS2 shares a struc-
tural topology akin to that of ATGO9A, as it is also character-
ized by six transmembrane domains with both N- and C-ter-
minal tail regions residing in the cytosol (214). Furthermore,
both ATG9A and HAS2 have the ability to homodimerize.
This self-interaction enables ATG9A to move anterograde to
the PAS (215). Likewise, HASs may form homo- and hetero-
dimer complexes with one another through their N-terminal
domains (i.e. HAS1-HAS2, HAS2-HAS2, and HAS2-HAS3)
(216), a structural quality critical in aiding HA synthesis (68,
69, 216). Given these shared qualities, we recently discovered
that HAS2 binds ATG9A upon autophagic induction, implicating
ATGIA as the protein carrier bringing HAS2 to the autophago-
somal membrane. This was confirmed via enhanced pulldown of
HAS2 when immunoprecipitating ATG9A in endorepellin— and
mTOR inhibitor Torin 1-treated endothelial cells and increased
co-localization of HAS2 and ATG9A under superresolution mi-
croscopy (203). Specifically, Torin 1-treated human umbilical
vein endothelial cells demonstrated distinct vacuoles positively
immunostained with ATG9A and HAS?2 in contrast to vehicle-
treated ones. Furthermore, this is a dynamic interaction as live-
cell microscopy of porcine aortic endothelial cells transfected
with RFP-ATG9A and GFP-HAS2 showed rapid formation of
ATGYA- and HAS2-positive nucleating complexes within 10 and
2 min of endorepellin treatment and nutrient deprivation, respec-
tively (203). Of note, autophagy-stimulated endothelial cells did
not demonstrate HAS2 binding to either p62 or LC3-II, two well-
studied proteins that selectively transport proteins to the

J. Biol. Chem. (2020) 295(49) 16797-16812 16803



JBC REVIEWS: Angiostatic cues from the matrix

| Sustained signaling |

VEGFR2

Nutrient

deprivation Plasma

membrane

Cy10plasm

Endothelial cell

Tyr1175

/ Thr172 ® Ser51
AICAR —— (AMPK
@ Compound C . J l

Torin 1 Stress
(mTOR) Sires
INK1 28 signaling

@ Mitostatin GADD450.) ——
Mitochondrial [
homeostasis Autophagic Lysosome

flux

PEG3
BECN1
> MAPLC3A

Autophagosome

Figure 3. Comprehensive schematic of sustained endorepellin signaling in vascular endothelia. The long-term, sustained signaling cascade down-
stream of endorepellin binding occurs around 2-6 h in which endorepellin behaves as a partial agonist of VEGFR2 where it modulates mitochondrial homeo-
stasis, autophagic flux, stress signaling, and angiogenesis.

Hyaluronan
?%a °'o' ° :;'?o ;'%‘5
°-:‘° g‘g .uh —> Angiogenesis
‘a

VEGFR2

Nutrient
deprivation

Plasma
membrane

COOH Cytoplasm

Tyr1175 Protein

degradation

Enzymatic
inhibition

Thr172

Lysosome
AICAR —— (AMPK

Torin 1
INK128

Autophagosome

Figure 4. Schematic of endorepellin-evoked catabolism of HAS2 in vascular endothelia resulting in angiostasis. Autophagic degradation of HAS2 and
suppression of HA secretion is the critical link in sustained endorepellin signaling between activation of autophagic flux and angiostasis.

16804 . Biol. Chem. (2020) 295(49) 16797—16812 SASBMB



autophagosome, effectively ruling out p62 and LC3-II involve-
ment in facilitating HAS2 degradation (203).

Perspective and open questions

Surrounding every cell and tissue, the ECM modulates and
affects the most overarching physiological functions of the
body down to myriad subcellular processes. Within this expan-
sive system, the functional class of proteoglycans that modulates
autophagy and angiogenesis via external signaling from the ma-
trix is emerging and evolving into an exciting field in ECM biol-
ogy. Certainly, with regard to cancer as well as to myriad other
diseases, there is an increasing demand for drugs aimed at coun-
teracting processes from the microenvironment, such as angio-
genesis, that exacerbate disease progression. The introduction of
HAS2 catalysis via autophagy as a means of regulating extracellu-
lar HA brings forth a greater understanding of the implications of
autophagic induction, particularly within the realm of cancer
treatment. This newfound intersection between autophagy,
angiogenesis, and hyaluronan biology not only promotes our
understanding hyaluronan and proteoglycan biology, but also
provides an alternative strategy to curtail pathologic angiogenesis
via inciting autophagy within the vasculature. Beyond HAS2-HA
regulation, it is very likely that more unknown factors connecting
autophagy and angiogenesis are present. Further, as the field
expands, it is likely that other proteoglycans and extracellular fac-
tors will be found to modulate autophagy and angiogenesis,
strengthening the tie between these two vital processes.

Notwithstanding these paramount advances in interconnect-
ing the fields of proteoglycan signaling, HA synthesis, autoph-
agy, and angiogenesis, there still exist large gaps and questions
in our current understanding of HA dynamics that have yet to
be resolved. First, what are the general mechanisms fueling
size-dependent HA biology? More specifically, how does LMW
HA drive angiogenic pathways at the vasculature? Second,
whereas the regulatory mechanism of autophagy restricting
extracellular HA focuses on HAS2, the main HAS isoform re-
sponsible for HA synthesis, are HAS1/3 also subjected to auto-
phagic degradation? If so, do these changes in HAS1/3 levels
significantly alter HA content in the matrix? Third, to further
elucidate the potential role of ATG9A-HAS?2 interaction in the
autophagic process, is ATG9A-HAS2 binding necessary for
autophagy-evoked HAS2 degradation and the subsequent
decrease in secreted HA? Furthermore, does HAS2 interact
with WIPI1/2 or ATG2, the two other autophagy proteins in
complex with ATG9A that regulate its cycling and nucleation
of LC3-positive autophagosomes (25). If so, is HAS2 itself a
contributor to autophagosome development and nucleation?
Fourth, the disease-driving build-up of HA in invasive breast
cancer is characterized by a conglomeration of excessive hyalur-
onan synthase activity and HA breakdown via hyaluronidases
and reactive oxygen species, resulting in an accumulation of
LMW HA and HA oligosaccharides that propel tumor angiogen-
esis, metastasis, and inflammation and shorten overall patient
survival (217). Thus, what are the therapeutic implications of
HAS2 catabolism and their ensuing effects on dysregulated
angiogenesis in diseases exacerbated by HA accumulation, such
as cancer? As elevated levels of stromal HA transduce pro-angio-
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genic and tumorigenic signals in a multitude of other cancer
types, including breast, prostate, ovarian, and lung (217), the ther-
apeutic benefits of targeting HAS2 via autophagic degradation in
these cancer types should be explored. Finally, independent of
HAS activity and levels, there is increasing evidence that the met-
abolic reprogramming of cancer cells favoring glycolysis greatly
up-regulates HA synthesis. Metabolic reprogramming, encom-
passed through the Warburg effect, drives tumorigenic growth
and progression. Specifically, aggressive breast cancer demon-
strates increased flux through the hexosamine biosynthetic path-
way and enhanced cellular stores of GIcNAc, thereby significantly
up-regulating HA synthesis and driving pro-tumorigenic signal-
ing (218). Thus, in efforts to comprehensively target HA in the tu-
mor microenvironment, the biology overseeing these metabolic
changes in cancer and stromal metabolism adds yet another layer
of complexity requiring further study.
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