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The highly conserved eukaryotic process of macroautophagy (autophagy) is a non-specific bulk-degradation
program critical for maintaining proper cellular homeostasis, and for clearing aged and damaged organelles.
This decision is inextricably dependent upon prevailing metabolic demands and energy requirements of the
cell. Soluble monomeric decorin functions as a natural tumor repressor that antagonizes a variety of receptor
tyrosine kinases. Recently, we discovered that decorin induces endothelial cell autophagy, downstream of
VEGFR2. This process was wholly dependent upon Peg3, a decorin-inducible genomically imprinted tumor
suppressor gene. However, the signaling cascades responsible have remained elusive. In this report we
discovered that Vps34, a class III phosphoinositide kinase, is an upstream kinase required for Peg3 induction.
Moreover, decorin triggered differential formation of Vps34/Beclin 1 complexes with concomitant dissolution
of inhibitive Bcl-2/Beclin 1 complexes. Further, decorin inhibited anti-autophagic signaling via suppression of
Akt/mTOR/p70S6K activity with the concurrent activation of pro-autophagic AMPK-mediated signaling
cascades. Mechanistically, AMPK is downstream of VEGFR2 and inhibition of AMPK signaling abrogated
decorin-evoked autophagy. Collectively, these findings hint at the complexity of the underlyingmolecular relays
necessary for decorin-evoked endothelial cell autophagy and reveal important therapeutic targets for augmenting
autophagy and combatting tumor angiogenesis.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The role of matrix constituents in regulating diverse intracellular
processes has emerged as a key regulator of tumorigenic growth
(Iozzo and Sanderson, 2011; Karamanos and Tzanakakis, 2012). In
particular, the SLRP class remains as the iconoclastic gene family for
potently restraining tumorigenesis (Iozzo and Sanderson, 2011; Iozzo
et al., 2011b). Initially characterized as a critical regulator of collagen
fibrillogenesis and a modulator of growth factor activity (Iozzo and
Cohen, 1993; Reed and Iozzo, 2002), decorin has matured into a truly
multifaceted signaling molecule derived from the matrix (Schaefer
and Iozzo, 2008; Merline et al., 2012). For example, decorin is elevated
in diabetes and patients with septicemia (Merline et al., 2009, 2011),
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and plays a role in modulating the biophysical properties of tendons
and ligaments (Häkkinen et al., 2000; Robinson et al., 2005; Dunkman
et al., 2013), in collagen fibrillogenesis (Ferdous et al., 2007; Rühland
et al., 2007; Zhang et al., 2009; Reese et al., 2013), myogenesis
(Brandan and Gutierrez, 2013), angiogenesis (Grant et al., 2002;
Schönherr et al., 2004; Järveläinen et al., 2006), bone and skin homeo-
stasis (Ameye and Young, 2002; Nikitovic et al., 2012), Wnt signaling
(Ichii et al., 2012), and vertebrate convergent extension (Zoeller et al.,
2009). Moreover, a rapidly expanding body of evidence implicates a
complex biological interplay between decorin and the Toll-like family
of receptors for innate immunomodulation (Frey et al., 2013).

However, themost well-established and therapeutically-compelling
property of decorin is functioning as a soluble tumor repressor for
inhibiting cancer growth, migration, and angiogenesis (Reed et al.,
2002; Schaefer and Iozzo, 2008; Buraschi et al., 2010; Iozzo and
Schaefer, 2010; Neill et al., 2012a, 2012b; Schaefer and Iozzo, 2012). In-
deed mutant animals deficient in both decorin and the tumor suppres-
sor p53 die prematurely of aggressive T-cell lymphomas (Iozzo et al.,
1999a) and decorin-null mice have a propensity to develop intestinal
neoplasia especially when fed a high-fat western diet (Bi et al., 2008,
2012). Our current working model envisages a direct binding of mono-
meric soluble decorin (Goldoni et al., 2004) to various RTKs typically
over-expressed by the tumor parenchyma (Neill et al., 2012b). Decorin
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binding triggers transient activation, receptor dimerization, internaliza-
tion and consequent degradation of the target RTK (Iozzo et al., 1999b;
Goldoni and Iozzo, 2008). Decorin attenuates RTK downstream signal-
ing of EGFR (Iozzo et al., 1999b), ErbB2 (Santra et al., 2000), ErbB4
(Minor et al., 2011), Met (Goldoni et al., 2009), PDGFR (Baghy et al.,
2013), and IGF-IR (Iozzo et al., 2011a). The only signaling system
decorin activity differs involves the IGF/IGF-IR pathway whereby
decorin neither perturbs receptor stability nor promotes its internaliza-
tion (Morrione et al., 2013). Importantly, decorin downregulates potent
oncogenes (Myc,β-catenin, andHIF-1α) and concurrently induces anti-
angiogenic effectors, resulting in a suppression of angiogenesis
(Buraschi et al., 2010; Neill et al., 2012a, 2013a). Further, an immuno-
modulatory role for decorin in cancer has been found (Merline et al.,
2011), and decorin might also play a role in the progression of both
human and mouse hepatocellular carcinomas (Baghy et al., 2013;
Duncan, 2013; Horváth et al., 2013). Thus, decorin could function as a
pan-RTK inhibitor thereby earning the title of “guardian from the
matrix” (Neill et al., 2012b).

Despite thewealth of knowledge concerning decorin and the inhibi-
tion of tumorigenesis in vitro (Buraschi et al., 2010) and in vivo via
systemic and adenovirus-based decorin gene therapy (Reed et al.,
2005; Goldoni et al., 2008), it was discovered that decorin exclusively
modulates gene networks within the tumor microenvironment
(Buraschi et al., 2012). Unexpectedly, during a pre-clinical screen
searching for decorin-regulated genes, a novel microarray was
employed capable of high-resolution transcriptome profiling of both
human tumor mRNAs (i.e. the triple negative breast carcinoma) and
the stroma (derived from Mus musculus) on the same chip (Buraschi
et al., 2012). We discovered that decorin differentially regulates a
small subset of stromal-specific genes (Buraschi et al., 2012). Among
these is the genomically-imprinted tumor suppressor gene Peg3
(Feng et al., 2008). Human PEG3 is silenced in a number of cancers
by either biallelic loss of heterozygosity or promoter hypermethyla-
tion (Maegawa et al., 2001; Dowdy et al., 2005; Feng et al., 2008;
Jiang et al., 2010).

Delving into the mechanism underlying decorin-mediated regula-
tion of Peg3 and utilizing endothelial cells as a proxy for the tumor mi-
croenvironment, we serendipitously discovered that Peg3 co-localizes
with Beclin 1 and LC3, critical factors orchestrating autophagy
(Buraschi et al., 2013).We further found that decorin evokes autoph-
agy by transcriptionally upregulating autophagic effectors such as
BECN1 and MAPLC3A (Buraschi et al., 2013). Autophagic induction
within macrovascular and microvascular endothelial cells critically
relied on Peg3, as RNAi-mediated depletion of Peg3 abrogated both
decorin as well as responses elicited from traditional autophagic
stimuli, such as rapamycin and nutrient deprivation (Buraschi et al.,
2013). In essence, Peg3 functions as a master regulator of autophagy
and this signaling is regulated upstream by the major endothelial cell
receptor, VEGFR2 (Buraschi et al., 2013). Intriguingly, decorin evokes
Peg3 induction via direct, high-affinity binding interactions with specif-
ic VEGFR2 epitopes. It is known that leucine-rich repeat (LRR) 7 on the
concave surface of decorin is involved in mediating decorin binding
EGFR and ErbB4 (Goldoni et al., 2004). Further, it has been shown that
LRR5 contains binding determinants for directing decorin-VEGFR2
interactions (Khan et al., 2011). Thus, decorin might interact with
VEGFR2 via binding sites locatedwithin LRR5-7. Therefore,we postulate
that decorin quells endothelial cell-directed angiogenesis via autophagy
induction, in a Peg3-dependent manner (Neill et al., 2013b).

In spite of these advances, we currently do not know the various bio-
molecular relays decorin utilizes for signal transduction and activation
of the autophagic machinery. However, an emerging participant,
AMPK is proving vital (Kimet al., 2011). AMPK exists as a heterotrimeric
(e.g.α, β, and γ subunits) signaling complex that functions as an energy
sensor and favors homeostatic balance for the maintenance of cellular
energy networks (Liang and Milson, 2013). Importantly, the α subunit
functions as the catalytic center for AMPK activity (Liang and Milson,
2013). AMPK achieves this balance by blocking de novo protein synthe-
sis (via PI3K/Akt/mTOR inhibition), inducing cell cycle arrest (via
p27Kip1), and enhancing glucose transport and fatty acid oxidation
(Kuhajda, 2008). Intriguingly, cell cycle arrest is a hallmark of decorin
and mediated by p21WAF1 and p27Kip1 induction (Santra et al., 1997;
Schönherr et al., 2001; Xaus et al., 2001). However, for autophagic
induction, AMPK affects two key signaling pathways (Kim et al.,
2011). First, AMPK prevents mTORC1-mediated phosphorylation and
disassembly of the tri-molecular initiator complex that is required for
assembling Vps34/Beclin 1 complexes for isolation membrane forma-
tion. Second, AMPK directly phosphorylates and activates ULK1, and
thereby promotes downstream signaling (Kim et al., 2011).

Our primary goal was the deconstruction of the signaling pathways
emanating from VEGFR2 that are ultimately responsible. We present
novel data that directly interrogate and identify critical and necessary
upstream effectors. Collectively, we have elucidated novel signaling
roles, required by decorin, for both Vps34 and AMPK in transducing a
signal to the autophagic machinery (Peg3, Beclin 1, and LC3) for orches-
trating decorin-evoked endothelial cell autophagy.

2. Results

2.1. Vps34 is required for decorin evoked Peg3 induction in endothelial cells

The anti-oncogenic class III PI3K Vps34, has been implicated as a
critical upstream regulator of autophagy and appears to be required
for autophagic initiation (Funderburk et al., 2010). Therefore, we
investigated the potential contributions of Vps34 in relaying signals
for decorin-evoked endothelial cell autophagy. As such, we depleted
endogenous Vps34 (siVps34) via an RNAi approach in HUVEC. After
verifying transient Vps34 knockdown (Fig. 1A) relative to appropri-
ate scrambled siRNA controls (siScr), we observed that loss of Vps34
wholly abrogated decorin evoked induction of Peg3 and Beclin 1, when
compared with decorin alone (Fig. 1A). Importantly, performing the
reciprocal experiment where Peg3 was effectively silenced (Fig. 1B),
we noted no change in Vps34 or Beclin 1 (Fig. 1B).

These data indicate that Vps34 functions upstream of the Peg3/
Beclin 1 complex (Buraschi et al., 2013) as loss of Peg3 did not abrogate
Peg3 or Beclin 1 induction, via decorin, in a manner similar to loss of
Vps34. Therefore, Vps34 functions as an upstreamkinase that relays sig-
nals permissive for decorin-evoked stimulation of pertinent autophagic
markers.

2.2. Decorin stimulates formation of a Vps34/Beclin 1 complex while
simultaneously inhibiting formation of the Bcl-2/Beclin 1 complex

Next, we explored potential upstream regulatory mechanisms by
which decorin induces autophagosome formation in endothelial cells.
Under basal conditions, where energy homeostasis is not compromised,
Beclin 1 is rendered inactive at the mitochondrial membrane by Bcl-2
via direct interactions with the Beclin 1 BH3 domain (Rubinsztein
et al., 2012). However when metabolic homeostasis is disrupted (e.g.
rapamycin, nutrient deprivation, decorin), autophagic induction occurs
via disengagement of Beclin 1 fromBcl-2 and re-associationwith Vps34,
thereby forming an active and competent Vps34/Beclin 1 signalome
(Rubinsztein et al., 2012). Thus, we hypothesized that decorin could
enhance association of Beclin 1with Vps34 concurrent with attenuating
Bcl-2 binding for autophagic activation. Utilizing co-immunoprecipitation
using antibodies directed toward either Beclin 1 (Fig. 2A) or Vps34
(Fig. 2B), we found that decorin promoted a physical association of
Vps34 with Beclin 1. Intriguingly, this interaction was concomitant
with the dissociation of Bcl-2 from Beclin 1 (Fig. 2A, bottom panel).
Mechanistically, the dissociation of Bcl-2 from Beclin 1 followed by an
increase in binding of Vps34 with Beclin 1 manifests as autophagic
initiation.



Fig. 1.Vps34 is required for decorin evoked Peg3 induction in endothelial cells. [A] HUVECwere transfectedwith either scrambled siRNA (siScr, 20 pM) or Vps34-targeting siRNA (siVps34,
1 nM) and challengedwith 200nMdecorin for 6 h in full HUVEC culturemedium (please refer to Section 4.1 for additional details). Representative immunoblot analyses confirmed efficacy
of Vps34 depletion. [B] HUVEC were transfected with siPeg3 (1 nM) and challenged with 200 nM decorin for 6 h relative to siScr (20 pM) transfected controls. Immunoblot confirmed
RNAi-mediated silencing of Peg3 in HUVEC. GAPDH served as a positive loading control. Experiment was repeated at least four independent times with comparable results.
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Previously, we have shown that competent VEGFR2 signaling is
required for decorin evoked autophagy as pharmacological inhibition
with SU5416 or genetic depletion with targeting RNAi prevented
autophagy marker induction (Neill et al., 2013b). Thus we investigated
whether a functional pool of Vps34 could directly associate with
Fig. 2. Decorin stimulates formation of a Vps34/Beclin 1 complex while simulta-
neously inhibiting formation of the Bcl-2/Beclin 1 complex. [A–C] Representative
co-immunoprecipitation experiments performed in HUVEC with Beclin 1 [A], Vps34 [B],
or VEGFR2 [C] immunoprecipitates following stimulation with 200 nM decorin for 6 h.
All immunoprecipitates were executed with 5 μg of appropriate primary antibody.
Notably, for Beclin 1 immunodetection [A,B], membranes were incubated with a mouse
anti-rabbit light chain antibody following primary antibody incubation that effectively
switches the antibody isotype from rabbit to mouse and thereby precludes detection of
the heavy IgGchain in this region from immunoprecipitates. All experimentswere repeated
at least three independent times with similar results.
VEGFR2 and thereby downstream of VEGFR2 tyrosine kinase activity fol-
lowing decorin stimulation. The results of several experiments showed
that there was no detectable association of VEGFR2 with Vps34 (Fig. 2C).

Collectively, these data indicate a combinatorial interaction of Beclin
1 with Vps34 with simultaneous loss of binding to Bcl-2. These findings
elucidate the early upstream signaling events necessary for autophagy.
Surprisingly, Vps34 did not bind VEGFR2, therefore an intermediate
kinase acting between VEGFR2 and Vps34 relays the initial impetus
for autophagic induction.

2.3. Vps34mobilizes from plasmamembrane and co-localizes with Beclin 1
in a decorin-dependent manner

To further corroborate the above-described co-immunoprecipitation
studies of Vps34 and Beclin 1, we employed confocal laser scanning
microscopy while under the influence of decorin. Under prevailing
metabolic conditions, Vps34 localized at discrete patches along the
plasma membrane (white arrows, Fig. 3A) while Beclin 1 retained a
cytoplasmically diffuse staining pattern (Fig. 3A). However, following
a 6-h stimulationwith decorin, Vps34mobilized from the plasmamem-
brane and displayed strong co-localization with Beclin 1 (Fig. 3B, left
panel). To reinforce co-localization, we used line scanning, a semi-
quantitative technique (Goyal et al., 2012) which permits an unbiased
assessment of differentially-labeled pixels (e.g. fluorophores) for co-
localization studies. Thus, upon decorin treatment, Vps34 (green) and
Beclin 1 (red) co-localized significantly, as shown by the calculated
line scanning signatures (Fig. 3B, right panel), reinforcing our biochem-
ical findings (cfr. Fig. 2B). In contrast, recruitment of Vps34 into Beclin
1-positive puncta was blocked with the specific autophagy inhibitor
spautin-1, which suppresses USP10 activity (Liu et al., 2011) following
decorin (Fig. 3C). Notably, Vps34 retained plasma membrane staining,
whereas total Beclin 1 levels were slightly decreased relative to control
(Fig. 3C), consistent with the proposed mechanism of action for
spautin-1 (Liu et al., 2011). Therefore, our biochemical and confocal
analyses indicate an association between Vps34 and Beclin 1 under
the influence of decorin. This was efficiently blocked with a small
molecule inhibitor that promotes degradation of Vps34-containing
complexes.

2.4. Decorin attenuates activation of the anti-autophagic Akt/mTOR/
p70S6K pathway

Previous studies have demonstrated an anti-autophagic role
mediated by the Akt/mTOR/p70S6K signaling axis (Rubinsztein et al.,
2012). Based on the positive and differential regulation of Vps34 and
Beclin 1, we postulated that components of the Akt/mTOR/p70S6K

image of Fig.�1
image of Fig.�2


Fig. 3. Vps34 mobilizes from plasma membrane and co-localizes with Beclin 1 in a decorin-dependent manner. [A] Confocal laser scanning microscopy evaluating Vps34 and Beclin-1
distribution in HUVEC under basal conditions [B, left panel] Decorin (200 nM, 6 h) stimulated HUVEC depicting redistribution and co-localization of Vps34 with Beclin 1 as shown in
the accompanying line scanning profile [B, right panel]. [C] HUVEC were pre-treated with Spautin-1 (10 μM, 30 min) then challenged with decorin (200 nM, 6 h) before evaluation of
Vps34 and Beclin-1. Nuclei were stainedwith DAPI. Images were collectedwith the same gain, intensity, and exposure. Further, images are representative ofmultiple independent exper-
iments (n = 4–5). Scale bar: ~6 μm.
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pathway would be attenuated in response to the pro-autophagic prop-
erties afforded by soluble decorin. To this end, we performed time-
course experiments using HUVEC under nutrient-enriched conditions
as above ± equimolar amounts (200 nM) of soluble decorin. We found
a time-dependent decrease in the phosphorylated species of Akt, mTOR,
Fig. 4. Decorin suppresses activation of the anti-autophagic Akt/mTOR/p70S6K pathway. [A] R
P-p70S6K (Thr389), p70S6K following treatment with decorin (200 nM) at the indicated tim
reported in [A] following normalization of the phospho-signal to total Akt, mTOR, and p70S6K
kinetics concerning phosphorylation of target proteins in HUVEC while under the influence of
and p70S6K (Fig. 4A), with Akt showing the most severe inhibitory phe-
notype beginning at 12 h (Fig. 4A,B) relative to total protein species.
Moreover, decorin exerted a protracted attenuation of P-Akt, P-mTOR,
and P-p70S6K at 24 h and lasting until 48 h (Fig. 4B), without affecting
total protein levels.
epresentative immunoblots depicting P-mTOR (Ser2448), mTOR; P-Akt (S476), Akt; and
e points. [B] Corresponding quantification of phosphorylated Akt, mTOR, and p70S6K as
, respectively. All experiments have been repeated several times (n = 4–5) with similar
decorin.
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2.5. Decorin promotes activation of a pro-autophagic pathway via AMPKα
phosphorylation

Aswe have shown above, decorin attenuates a potent anti-autophagic
pathway, presumably downstream of VEGFR2. Autophagic induction is
regulated via thepositive regulatory functionof themaster energy sens-
ing kinase, AMPKwith ULK1 (Kuhajda, 2008; Lee et al., 2010; Kim et al.,
2011). AMPK is a heterotrimeric complex comprised of α, β, and γ sub-
units (Alers et al., 2012). The latter subunits function as regulatory
modules that interrogate cellular levels of AMP (Kuhajda, 2008). The
catalytic effector activity of AMPK is mediated and contained wholly
within the α subunit (Alers et al., 2012). Phosphorylation of the T-loop
(at residue Thr172) by the upstream activation complex STRAD1/
MO25 in response to a perturbed energy imbalance serves as a major
impetus for autophagy (Kuhajda, 2008; Kim et al., 2011). Thus, we
hypothesized that decorin would attenuate autophagy by evoking
phosphorylation of AMPK at Thr172. We discovered for the first time
that decorin evoked a rapid and time-dependent phosphorylation of
AMPKα at Thr172 in as little as 30 min and this induction was main-
tained for up to 2 h in HUVEC cultured in nutrient-enriched (glucose
Fig. 5. Decorin promotes activation of a pro-autophagic pathway via AMPKα phosphorylation
(200nM) at the indicated time points [B,C] Representative immunoblots depicting RNAi-mediat
ulated with 200 nM decorin for 1 h [B] and corresponding quantification [C]. [D,E] Gene expres
pound C (30 μM, 30 min) followed by a challenge with decorin (200 nM, 4 h). Data were norm
Beclin 1 [F] following pre-incubation with Compound C (30 μM, 30 min) followed by decorin
imaging of LC3-positive autophagosome formation ensuing treatment with either decorin alo
HUVEC. All images were procured with the same gain, intensity, and exposure. Nuclei wer
HUVEC treated with decorin only (200 nM, 3 h) or pre-treated with Compound C (30 μM,
and were calculated in accordance with the ΔΔCt method (please consult Section 4.6 for m
times. ***p b 0.001; **p b 0.01.
containing-full bovine serum) with no apparent changes in total
AMPKα levels (Fig. 5A).

As shown previously, VEGFR2 is entirely dependent for decorin
evoked endothelial cell autophagy (Buraschi et al., 2013).We thus inter-
rogated if AMPK is under VEGFR2 control. Canonical AMPK activation
occurs via STRAD1/MO25α (Liang and Milson, 2013). Surprisingly,
depletion of VEGFR2 abrogated decorin-evoked activation of AMPKα
at Thr172 (Fig. 5B,C). Furthermore, knockdown of VEGFR2 alone
decreased basal AMPKα activity (Fig. 5B,C). These data reveal that
decorin exerts a non-canonical activation of AMPK via VEGFR2 and this
receptor is required for maintaining basal AMPK activity and activation.

Next we evaluated the relevance of AMPK signaling for decorin-
mediated autophagy in endothelial cells. As reported previously,
decorin transcriptionally induces BECN1 and MAPLC3A expression
in a Peg3-dependent manner (Buraschi et al., 2013). As such, utilizing
an establishedAMPKα inhibitor, CompoundC (Kimet al., 2011),we dis-
covered that blocking AMPK signaling completed prevented induction
of BECN1 (Fig. 5D) andMAPLC3A (Fig. 5E) in a decorin-dependent man-
ner.Moreover, evaluation of Beclin 1 protein showed the same response
pattern insofar as inhibition via Compound C precluded decorin from
. [A] Representative immunoblot interrogating P-AMPKα (Thr172) in response to decorin
ed silencingof VEGFR2 (siVEGFR2, 80 pM) relative to siScr control (20 pM) inHUVEC stim-
sion analysis via qPCR of BECN1 [D] andMAPLC3A [E] following pre-treatment with Com-
alized to the endogenous housekeeping gene, ACTB. [F,G] Representative immunoblots of
(200 nM, 4 h) and quantified [G] after normalization to GAPDH. [H] Immunofluorescence
ne (200 nM, 3 h) or in combination with Compound C (30 μM, 30 min pre-treatment) in
e visualized with DAPI. [I] Quantification of the number of autophagosomes per cell in
30 min). Fold changes ± SEM have been reported for gene expression analyses [D,E]
ore information). All experiments reported were repeated at least three independent

image of Fig.�5


Fig. 6.Workingmodel depicting the proposedmechanism throughwhich decorin induces
endothelial cell autophagy via differential modulation of anti- and pro-autophagic signal-
ing cascades downstream of VEGFR2. Decorin functions as a soluble pro-autophagic signal
via binding cell surface localized VEGFR2 at the endothelial cell membrane for potent and
sustained activation of AMPKα. Concurrently, decorin attenuates the anti-autophagic arm
(Akt/mTOR/p70S6K). Moreover, decorin promotes the differential assembly of Vps34/
Beclin 1 positive complexes by overriding the putatively repressive association of Beclin
1with Bcl-2. Collectively, modulation of these signaling cascades providesmechanistic in-
sights into decorin evoked endothelial cell autophagy.
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inducing Beclin 1 protein (Fig. 5F). Indeed, levels of Beclin 1 in the pres-
ence of Compound C resembled control Beclin 1 levels (Fig. 5G).

Decorin promotes the formation of LC3 positive autophagosomes
(Buraschi et al., 2013), a key biological manifestation of mature
autophagy. Importantly, pre-treatment with Compound C prevented
decorin stimulated autophagosome formation relative to decorin alone
(Fig. 5H). The total number of autophagosomes formed while under
the influence of Compound C mirrored control conditions (Fig. 5I).

Collectively, our data indicate a critical role for AMPK in transducing
a pro-autophagic signal in response to decorin for positive ATG marker
expression and formation of LC3 positive autophagosomes in endothe-
lial cells.

3. Discussion

Autophagy is a tightly regulated process that results in non-specific
degradation of cellular organelles that have been compromised or have
surpassed a functionally viable threshold (Mizushima et al., 2010). The
physiological importance of proper autophagic induction and mainte-
nance is underscored in various pathologies where regulatory circuits
are malfunctioning asmanifest in certain forms of Parkinsons, cachexia,
angiogenesis, and cancer (Liang et al., 1999; Levine and Kroemer, 2008;
Dagda et al., 2009; Du et al., 2012; Choi et al., 2013). Autophagic initia-
tion is regulated by a dichotomous system that functions as amolecular
switch, integrating information derived from ambient metabolic and
energy demands for maintaining cellular integrity and homeostasis
(Funderburk et al., 2010). Two critical pathways are involved for regu-
lating autophagy, the anti-autophagic PI3K/Akt/mTOR/p70S6K signal-
ing arm and the pro-autophagic AMPK/ULK1/Vps34/Beclin 1 initiation
cascade (Kim et al., 2011).

Interrogating the function of decorin-inducible Peg3, we serendipi-
tously discovered that decorin induces endothelial cell autophagy
downstream of VEGFR2 in a strict Peg3-dependent manner (Buraschi
et al., 2013). The requirement of Peg3 for autophagy gene induction
(BECN1 and MAPLC3A) and LC3-positive autophagosome formation by
a variety of stimuli, both canonical (nutrient deprivation, rapamycin)
and matrix derived (e.g. soluble decorin), permitted classification of
Peg3 as a master autophagic regulator (Neill et al., 2013b). Autophagic
induction mediated by decorin was identical between decorin pro-
teoglycan and decorin protein core, therefore suggesting a dispens-
able role for the single glycosaminoglycan chain (Buraschi et al.,
2013). However, the function of the glycosaminoglycan chain is con-
text dependent and is seemingly necessary for immunomodulatory
functions orchestrated by decorin in differentially regulating anti-
and pro-inflammatory signals downstream of TLR2/4 (Merline et al.,
2011).

In the current studywe have identified components of the upstream
signaling apparatus responsible for activating autophagy in endothelial
cells. According to our current model (Fig. 6), we have organized the
signaling hierarchy insofar as Vps34 functions upstream of Peg3 as
depletion of Vps34 prevents decorin-evoked induction of autophagy.
Importantly, reciprocal known-down of Peg3 has no effect on Vps34.
These results are intriguing as Vps34 is considered a potential tumor
suppressor (Funderburk et al., 2010) that may phosphorylate Peg3,
either directly or indirectly as part of a supramolecular complex respon-
sible for autophagic initiation. As autophagic processes are intricately
tied with metabolic inputs and energy sensors (see below), Peg3
might play a critical over-arching role in modulating cellular metabo-
lism by integrating external stimuli. This is apparent, as mice carrying
inactivation mutations of Peg3 have increased body fat (Curley et al.,
2005).

Beclin 1 activation is an important rate-limiting step in forming the
isolation membrane (Levine and Kroemer, 2008; Lee et al., 2009).
Indeed, Beclin 1 is sequestered and rendered inactive by the anti-
apoptotic protein Bcl-2 via direct interaction with the BH3 domain of
Beclin 1 at the outer mitochondrial membrane (Pattingre et al., 2005;
Pattingre and Levine, 2006). Upon autophagic stimuli, Bcl-2 releases
Beclin 1 and associates with Vps34 for positive autophagic signaling
(Pattingre and Levine, 2006; Funderburk et al., 2010). This combina-
torial switch is recapitulated in the presence of decorin insofar as
Beclin 1 bound Vps34 in higher abundance and with a corresponding
decrease in Bcl-2/Beclin 1 complexes. As Beclin 1 binds Peg3 (Buraschi
et al., 2013), it remains plausible that Peg3 competes for Beclin 1,
perhaps via an interaction with the BH3 domain of Beclin 1, and thus
disengaging inhibitory Bcl-2/Beclin 1 complexes. Moreover, Bcl-2
over-expression is associated with aggressive tumorigenesis and a
concomitant decrease in autophagy (Pattingre and Levine, 2006). As
decorin ameliorates the pro-tumorigenic properties of the surrounding
tumor microenvironment, differential binding of Vps34 with Beclin 1
for upstream autophagic initiation might underlie this transition away
from a nurturing, tumorigenic state.

Despite the importance of VEGFR2 and Vps34 in decorin mediated
induction of autophagy, no discernible association of VEGFR2 with
Vps34 was found. It is possible that an unbeknownst intermediate
kinase functions between VEGFR2 and Vps34. Discovery of this kinase
would prove critical for understanding the full contribution of VEGFR2
in autophagic activation.

Co-localization of Beclin 1/Vps34 complexes confirmed our combi-
natorial association in the presence of decorin. Strikingly, Vps34 under
basal conditions exhibits a some-what linear plasma membrane locali-
zation that becomes rapidly mobilized into Beclin 1 positive puncta
within the cytoplasm. This association was wholly blocked utilizing
the USP10 inhibitor Spautin 1. Blocking USP10 activity prevents
de-ubiquitination of Beclin 1 and permits accumulation. As ubiqutin
signaling serves as an early harbinger of autophagy (Dagda et al.,
2009), decorin might augment the USP10 activity (or generally modu-
late ubiquitin signaling in favor of autophagy) for increased Beclin 1 or
Peg3 stability.

As mentioned above, autophagic induction relies on metabolic
inputs and energy sensors as information for inhibition or activation,
with the PI3K/Akt/mTOR/p70S6K and AMPK/ULK1 pathways serving
as the molecular switches for each decision, respectively (Alers et al.,
2012). The former pathway is an intrinsically staunch inhibitor of

image of Fig.�6
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autophagic processes, asmTOR signaling promotes protein synthesis via
p70S6K and other anabolic processes for continued plasticity, growth,
and proliferation (Neill et al., 2013b). In contrast, autophagy is a strictly
catabolic process that functions as a scavenger for recycling and
shunting metabolites into vital homeostatic pathways for survival
during times ofmetabolic duress (Neill et al., 2013b). Therefore, decorin
promotes a protracted attenuation of active Akt/mTOR/p70S6K compo-
nents, downstreamof VEGFR2 (Fig. 6). The failure of pro-anabolicmTOR
signaling will significantly stymie further protein synthesis and might
affect overall cellular proteostasis. Compromised proteostatic integrity
can interfere with overall cellular function, such as executing angio-
genesis, by increasing autophagic flux and re-aligning cellular energy
networks.

Concurrent with inhibiting a potent anti-autophagic pathway,
decorin stimulates AMPK, a master energy sensing kinase (Liang and
Milson, 2013) and upstream regulator of autophagy (Alers et al.,
2012). Decorin requires AMPK activity, downstream of VEGFR2, for
autophagic gene induction and autophagosome formation (Fig. 6).
This is the first time, based on our knowledge, of an RTK regulating
AMPK phosphorylation and function. Importantly, AMPK directly
binds and phosphorylates ULK1 for autophagy activation (Lee et al.,
2010; Kim et al., 2011). Moreover, mTORC1 mediated phosphorylation
of AMPK prevents formation of AMPK/ULK1 complexes and thereby
abrogates autophagy (Kim et al., 2011). This inhibitory process should
be avoided as decorin attenuates mTOR signaling, thereby resulting in
AMPK/ULK1 complexes for autophagic stimulation. Indeed, the AMPK/
ULK1/FIP200/Atg13L complex is crucially important in forming Vps34/
Beclin 1 complexes (Alers et al., 2012). Further, in concert with DAPK,
active AMPK complexes directly phosphorylate Beclin 1, and perhaps
Peg3, for positive regulation (Liang and Milson, 2013). Thus, it is
possible that decorin utilizes this complex for Vps34/Beclin 1/Peg3
complex formation.

Taken together, our data underscore the intricate complexities of
decorin, a soluble pro-autophagic stimulator, in tipping the fine balance
in favor of endothelial cell autophagy (Fig. 6). The dependence of
VEGFR2 in regulating autophagy via AMPK activation is novel reveals
new regulatory paradigms in controlling autophagy initiation and
maintenance. Themolecular targets discovered herein represent crucial
therapeutic targets exploitable for enhanced autophagic activity for
combating tumor angiogenesis.

4. Experimental procedures

4.1. Cells and reagents

Human umbilical vein endothelial cells (HUVEC) were obtained
from LifeLine Cell Technology and grown in Basal Media supplemented
with VascuLife EnGS LifeFactors Kit (LifeLine Cell Technology)with cells
being utilized within the first five passages. The rabbit polyclonal anti-
bodies detecting human PEG3were purchased fromSanta Cruz Biotech-
nology. The rabbit polyclonal antibody directed against Beclin 1 came
from Abcam. Rabbit polyclonal LC3-I/II was from Sigma-Aldrich. The
mouse monoclonal antibodies detecting Beclin 1 were purchased from
Novus Biosciences. The monoclonal rabbit antibodies against human
VEGFR2, Phospho-VEGFR2 (detecting Tyr1175), Akt, Phospho-Akt (at
residue Thr308), mTOR, Phospho-mTOR (at residue Ser2448), p70S6K,
Phospho-p70S6K (at residue Thr389), PI3 kinase class III (Vps34),
Phospho-AMPKα (at residue Thr172), AMPKα mouse anti-rabbit light
chain IgG, and GAPDH were procured from Cell Signaling. Mouse anti-
β actin was from Sigma-Alrich. Secondary antibodies conjugated with
HRP (both donkey anti–rabbit and sheep anti–mouse) were purchased
from Millipore, Inc. Goat anti-mouse and anti-rabbit (AlexaFluor 488)
and goat anti-mouse (AlexaFluor 594) antibodies were purchased
from Invitrogen. Compound C was obtained from Sigma Aldrich.
Spautin-1 was procured from EMD Millipore. The protein A-Sepharose
magnetic beads were obtained from GE Healthcare. SuperSignal West
Pico chemiluminescence substrate was purchased from Thermo Fisher
Scientific. RNAi targeting human PEG3 and corresponding control
siRNA (siScrambled, denoted as siScr) was purchased from Santa Cruz
Biotechnology; whereas siRNA targeting VEGFR2 and Vps34 hailed
from Ambion (Life Technologies). Human recombinant decorin was
expressed and purified as described previously (Buraschi et al., 2012,
2013).

4.2. RNAi-mediated depletion of target genes

Transient silencing of Vps34 and Peg3 via RNAi was utilized in
HUVECs as described elsewhere (Neill et al., 2012a; Buraschi et al.,
2013), via a cocktail of three validatedRNAoligos. Briefly, six-well plates
seededwith ~2 × 105 HUVEC and incubated overnight at 37 °C until the
plate reached ~70% confluency. Targeting siRNA (final concentration of
1 nM) or non-targeting (siScr) siRNA (final concentration of 20 pM)was
mixed with transfection media and Lipofectamine RNAiMAX
(Invitrogen). After incubation at an ambient temperature (~25 °C),
the ribonucleic acid/cationic complexes were applied directly to the
cells. Following a 48 h transfection, the cells were treated and lysed as
per the parameters of the experimental conditions. Immunoblotting
for Vps34 and Peg3 was performed as verification for evaluating the
efficacy of RNAi-silencing in HUVEC. Presentation of target gene silenc-
ing has been included where necessary.

4.3. Immunoblotting and co-immunoprecipitation (Co-IP)

HUVECs were treated as necessary for the given analysis and
lysed in modified RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA/
EGTA/sodium vanadate, 10 mM β-glycerophosphate, and protease
inhibitors: 1 mM phenylmethanesulfonyl fluoride and 10 μg/ml
leupeptin/tosylphenylalanyl chloromethyl ketone/aprotinin each) for
20–25 min on ice. The insoluble material was removed by centrifuga-
tion at 14,000×g prior to resolution via SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE). For co-immunoprecipitation studies, Protein A-
Sepharose magnetic beads were absorbed with antibodies for 4 h at
4 °C, and precleared cell lysates were applied to the beads for 18 h at
4 °C with end-over-end mixing. After extensive washing in TBS supple-
mented with protease inhibitors, the beads were amply boiled in
reducing buffer, and supernatants were separated SDS-PAGE. Resolved
proteins were then transferred to nitrocellulose membranes (Bio-
Rad), probed with the indicated antibodies, and developed with the
enhanced chemiluminescence technique. Resulting chemiluminescent
signatures were detected via an ImageQuant LAS-4000 (GE Healthcare)
visualization platform, as described previously (Buraschi et al., 2013).

4.4. Immunofluorescence and confocal laser microscopy

HUVECs, grown upon 0.2% gelatin-coated four-chamber slides
(Nunc), were exposed to decorin protein core (200 nM) for 6 h. Cells
were subsequently washedwith PBS and fixed for 30min in 4% parafor-
maldehyde at 4 °C. Cells were blocked in PBS/1% BSA, incubated with
various antibodies for 1 h, washed in PBS, and incubated for 1 h with
the appropriate secondary antibodies (e.g. goat anti-mouse IgG
AlexaFluor 488 and/or goat anti-rabbit IgG AlexaFluor 594). Nuclei
were stained and visualized with DAPI (Vector Laboratories). Fluores-
cence images were acquired with the 63×, 1.3 oil-immersion objective,
using a Zeiss LSM-780 confocal laser-scanning microscope equipped
with the Zeiss Zen (LSM-780) software. The merged images represent
single optical slices (b0.8 μm), collected with the pinhole set to
1 Airy Unit (AU) for the red channel and adjusted to give the same
optical section thickness in the green and blue channels. Images were
acquired in single confocal planes to determine colocalization precisely
using Zeiss LSM-780 software, with filters set at 488/594 nm for
dual-channel imaging, respectively. Immunofluorescence imaging was
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perfumed with a Leica DM5500B microscope programedwith the Leica
Application Suite, Advanced Fluorescence v1.8 from LeicaMicrosystems,
Inc. All resulting immunofluorescence images were analyzed using
ImageJ software (National Institutes of Health) and Adobe Photoshop
CS5.1 (Adobe Systems). Line scanning was performed as described pre-
viously (Goyal et al., 2012; Buraschi et al., 2013).

4.5. RNA isolation and HUVEC complementary DNA (cDNA)
library synthesis

Briefly, sub-confluent (N90%) six-well plates seededwith ~2×105√of
HUVEC's (importantly, HUVECs were used within the first five pas-
sages) and variably treated (as required per the experimental parame-
ter) in 2% serum supplemented HUVEC media. Cells were lysed in 1 ml
of TRIzol Reagent (Life Technologies) for total RNA extraction (phase-
ethanol based extraction). For gene expression analyses, approximately
2 μg of total RNA was utilized and annealed with oligo dT18-20 primers
and complementary DNA (cDNA) was synthesized with a SuperScript
Reverse Transcriptase III kit (SSRT III, Life Technologies).

4.6. Gene expression analysis via quantitative real-time PCR (qPCR)

Gene expression analysis by quantitative real-time polymerase
chain reaction (qPCR) was executed for several autophagy gene
markers including BECN1, and MAPLC3A. Following cDNA synthesis,
PCR amplicons representing target genes and the endogenous house-
keeping gene, ACTB, were amplified in quadruplicate, independent
reactions with the Brilliant SYBR Green Master Mix II reagent (Agilent
Technologies, Cedar Creek, TX). All samples were then run on the
Roche LightCycler 480-II Real Time PCR platform (Roche, Basel,
Switzerland) and cycle number (Ct) was recorded for each indepen-
dent reaction. Messenger RNA (mRNA) fold change determinations
were made utilizing the Comparative Ct method. Delta Ct (ΔCt) values
represent normalized gene expression levels to ACTB. Delta Delta Ct
(ΔΔCt) values were calculated and represent the experimental cDNA
minus the corresponding gene levels (ΔCt values) of the calibrator
sample (i.e., control). Fold change determinations were calculated
using the double ΔCt (ΔΔCt) Method ± SEM.
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