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Abstract

We have recently discovered that soluble extracellular matrix constituents regulate autophagy via an outside-in
signaling pathway. Decorin, a secreted proteoglycan, evokes autophagy in endothelial cells and mitophagy in
breast carcinoma cells. However, it is not known whether decorin expression can be regulated by autophagic
stimuli such as mTOR inhibition or nutrient deprivation. Thus, we tested whether pro-autophagic stimuli could
affect decorin expression in mouse cardiac tissue and whether the absence of decorin could disrupt the in vivo
autophagic response. We found that nutrient deprivation induced decorin at the mRNA and protein level in vivo
and in vitro, a process regulated at the transcriptional level by inhibiting the canonical mTORpathway.Moreover,
Dcn−/−mice displayed an aberrant response to fasting compared towild-typemice.Our study establishes a new
role for an extracellular matrix proteoglycan and provides a mechanistic role for soluble decorin in regulating a
fundamental intracellular catabolic process.

© 2015 Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Along with playing an important role in maintaining
the structural integrity of the cell, small leucine-rich
proteoglycans (SLRPs) regulate important cellular
functions such as proliferation, adhesion, and migra-
tion [1]. Decorin, a member of the class I family of
SLRPs, demonstrates the versatility of these impor-
tant matrix constituents. It embraces numerous
functions [2] including: regulation of collagen fibrillo-
genesis [3–6], hepatic carcinogenesis [7,8], fetal
membrane and calcium homeostasis [9,10], keratino-
cyte function [11], and suppression of angiogenesis
due to both direct inhibition of vascular endothelial cell
growth factor receptor 2 (VEGFR2) and insulin-like
growth factor receptor I (IGF-IR) [12–17]. Moreover,
soluble decorin represses tumorigenesis by antago-
Elsev ie r B .V . Th is i s an open
rg/licenses/by-nc-nd/4.0/).
nizing the epidermal growth factor receptor (EGFR)
[18,19] and Met [20]. Most recently, soluble decorin
has been shown to induce autophagy in endothelial
cells andmitophagy in breast carcinoma cells [21–25].
These newly-found roles of decorin provide the first
evidence that an extracellular matrix proteoglycan is
implicated in the autophagic pathway.
Autophagy is a sophisticated process involving

the degradation of superfluous cellular components
via lysosomes [26,27]. Whether autophagy leads to
cell survival or cell death is context-dependent.
Under stressful conditions, autophagy may allow for
the recycling of cellular products to maintain energy
levels, promoting cell survival. On the other hand,
autophagic cell deathmay beusedas analternative to
apoptosis when apoptotic pathways are ineffective
[28]. As autophagy plays a balancing act between cell
access ar t i c l e under the CC BY-NC-ND l i cense
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life and death, there exists a complicated relationship
between autophagy and cancer. Traditionally, au-
tophagy has been viewed as a pro-survival pathway in
the setting of cancer [29]. However, recent changes in
paradigm suggest that unrestrained autophagy may
be able to slow the progression of tumorigenesis
at certain stages of tumor growth by shielding
non-malignant cells against metabolic stress caused
by protein aggregates and other cellular debris
[30,31]. Given this information, the ability of decorin
to evoke autophagy in endothelial cells suggests that
some of the anti-tumorigenic properties of decorin
may involve its regulation of autophagy in the tumor
microenvironment [32].
There are several well-established autophagic

stimuli, one of which is nutrient deprivation. Follow-
ing a depletion of nutrients, an imbalance in the
AMP/ATP ratio results in the activation of adenosine
monophosphate protein kinase (AMPK) [33] leading
to the inhibition of the mammalian target of
rapamycin (mTOR) [34] and subsequent de-inhibition
of autophagy. We have recently demonstrated that
decorin exerts its effects on autophagy in endothe-
lial cells through this same pathway by activating
AMPK through VEGFR2 signaling [22]. Though it
has been established that decorin, like nutrient
deprivation, is itself a pro-autophagic stimulus of
canonical autophagy in select cell types, the
question of whether autophagy can, in turn, regulate
the expression of decorin remains unknown. In
this study, we discovered that stimuli inducing
autophagy concurrently evoke decorin expression
at the mRNA and protein level both in vivo and
in vitro. Moreover, Dcn−/− mice demonstrate an
impaired autophagic response in the cardiac mus-
cle. Mechanistically, we found that stimulation of
decorin expression was transcriptionally mediated
via a canonical inhibition of mTOR signaling. The
results of this study provide new insight into the
regulation of an extracellular matrix proteoglycan
by autophagy and propose a new addition to the
repertoire of SLRP functions. This may prove to be
critical in understanding the role of decorin and other
SLRPs in tumorigenesis and angiogenesis, and in
other pathological conditions where autophagy is
aberrant.
Results and discussion

Decorin is induced in vivo in response to fasting

We serendipitously discovered that decorin
mRNA was increased upon fasting in wild type
(WT) C57BL/6 mouse hearts, known to express
high levels of decorin [35]. This observation
prompted us to test whether autophagic stimuli
would induce synthesis and secretion of decorin
proteoglycan and the effects of decorin deficiency.
Following 25-h fasting, cardiac decorin transcript
levels significantly increased vis-à-vis fed animals
(Fig. 1A). Next, we determined whether the ex-
pression of biglycan, the SLRP member closest to
decorin [36] and actively involved in regulating
inflammation and angiogenesis [37–39], was also
induced by fasting. Notably, biglycan mRNA was
not induced upon fasting, suggesting that this
response to nutrient deprivation may be unique
to decorin (Fig. 1A). To further validate our findings,
we determined the cardiac levels of Atf4, Cdkn1a
and Map1lc3a, three genes previously identified as
positively regulated by fasting [40]. We found
induction of all these genes, thus validating our
strategy (Fig. 1A). Next, we examined the tran-
script levels of two other matrix constituents,
Col18a1, whose protein product produces the
anti-angiogenic C-terminal fragment endostatin
[41] and Lama2, whose protein product, laminin
α2, is a major component of basement membranes
[42]. These genes were specifically investigated as
both endostatin and laminin α2 have been shown to
be involved in the regulation of autophagy, where
endostatin has the ability to evoke autophagy
through its interaction with α5β1 integrin [43,44],
and laminin α2 acts as an autophagic inhibitor [45].
However, like Bgn, neither Col18a1 nor Lama2
were induced upon fasting (Fig. 1A), further
signifying the specificity of this response to fasting
for decorin.
To validate the above findings at the protein level,

we analyzed by immunoblotting whole tissue ex-
tracts from hearts. We found that both decorin
proteoglycan and protein core were increased upon
fasting (Fig. 1B). Moreover, decorin from both
control and fasted hearts and kidneys was isolated,
treated with Chondroitinase ABC to remove its
single glycosaminoglycan chain, and analyzed.
The data showed ~3-fold increase in decorin
proteoglycan and protein core expression in the
hearts and ~2.5-fold increase in decorin protein
expression in the kidneys, suggesting that this
autophagic induction of decorin occurs across
multiple tissues (Fig. 1C to E).
Next, we determined the localization of decorin

following fasting by performing immunohistochem-
istry on heart samples that had been derived from
either fed or fasted animals. We found a signifi-
cant increase in immunostaining in the fasted
hearts (Fig. 1G to I), especially prominent in the
epicardial and perivascular regions including
nerves (Fig. 1I).
As decorin is a secreted proteoglycan found in

the circulation [46], we examined decorin levels in
the blood. To this end, we collected blood from WT
mice, both fed and fasted (25 h), and isolated the
plasma fraction for analysis via ELISA. We found
that plasma decorin levels in fed mice were



Fig. 1. Fasting induces decorin expression in vivo. (A) Gene expression analysis via qPCR of fed and fastedWT hearts.
(B) Analysis of crude protein extracts for decorin proteoglycan and protein core in the heart tissue of fed and fasted WT
mice. Gapdh was used as a loading control. (C, D) Representative western blots of decorin isolated from WT heart and
kidney samples via DEAE-affinity chromatography and treated with Chondroitinase ABC to remove glycosaminoglycan
chains. About 50 ng of decorin was used as a standard (asterisk). Actb was used as a loading control. (E), Quantification of
decorin from (C) and (D) using densitometric analysis. (F–J) Immunohistochemistry of decorin in fed and fasted WT heart
samples. Ne = Nerve. Arrows in panels I and J point to perivascular and subepicardial Dcn immunoreactivity, respectively.
Bars = 100 μm. *P b 0.05, **P b 0.01, ***P b 0.001. Error bars indicate SEM.
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approximately 40 ng/ml. Analogous to our earlier
data, we found that the fasted mice had levels twice
(~80 ng/ml) that of the fed mice (Fig. 2A). Collec-
tively, these results conclusively demonstrate that
decorin is induced by nutrient deprivation in vivo,
both in parenchymal tissues as well as in the



Fig. 2. The absence of decorin impairs the autophagic response. (A) ELISA results from plasma collected from fed and
fasted WT mice depicting relative decorin levels. (B) Representative immunoblot of the autophagic marker, Sqstm1/p62,
demonstrating accumulation in Dcn−/− heart tissue in comparison with WT samples. Actb was used as a loading control.
(C) Quantification of Sqstm1/p62 protein from six independent hearts, either WT or Dcn−/−. (D) qPCR analysis of the
Map1lc3a gene in WT and Dcn−/− hearts following fasting for 25 h. (E,F) Evaluation of LC3 protein levels in fed and fasted
WT and Dcn−/− hearts depicted in a representative western blot. (F), Quantification of LC3 protein as seen in (D). (G, H, I)
Gene expression analysis in fed and fasted WT and Dcn−/− hearts of Cdkn1a, Atf4, and Lama2 respectively. *P b 0.05,
**P b 0.01, ***P b 0.001. Error bars indicate SEM.

17Decorin is an autophagy-inducible proteoglycan
circulation, thereby identifying decorin as a secreted,
autophagy-inducible proteoglycan.

The autophagic response is attenuated
in Dcn−/− mice

Our results so far suggest that nutrient deprivation
is capable of inducing decorin expression at both the
mRNA and protein levels in vivo. As these findings
underscore the importance of decorin in autophagy,
we hypothesized that mice deficient in decorin would
have an abnormal autophagic response to nutrient
deprivation. To this end, we examined both WT and
Dcn−/− heart tissue following 25-h fasting. We
examined two well-established, canonical autopha-
gic markers, Sqstm1/p62 and LC3, as accumulation
of Sqstm1 is indicative of impaired autophagic flux
and LC3 conversion is an ideal biomarker for the
progression of autophagy. When we investigated
basal levels of Sqstm1 in heart tissues, we found that
Sqstm1 was elevated in the Dcn−/− hearts (Fig. 2B
and C), giving plausibility to our hypothesis
that autophagy is anomalous in the absence of
decorin.
To confirm an impairment of autophagy in the

Dcn−/− animals, we next determined the expression
of LC3 in fed and fasted hearts in the absence or
presence of decorin. In WT hearts, Map1lc3a mRNA
was induced~3.5-fold after fasting compared to levels
seen in fed hearts (Fig. 2D). In contrast, therewas little
or no induction of Map1lc3a mRNA in the decorin-
deficient mice (Fig. 2D). Moreover, in WT hearts,
LC3-II, the autophagosome membrane-associated
lipid-conjugated form of LC3, was increased in
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response to fasting (Fig. 2E and F). However, in
Dcn−/− hearts under the same conditions, there was
little change in LC3-II levels (Fig. 2E and F) following
fasting, indicating that Dcn−/− mice have aberrant
autophagy. Thus, secreted decorin is the first proteo-
glycan to be directly involved in regulating an
intracellular catabolic process such as autophagy.
Next, we examined a select group of genes

responsive to nutrient deprivation in the Dcn−/−
samples. Of importance was the response to fasting
ofCdkn1a.Cdkn1aencodes theprotein p21WAF1, also
known as cyclin-dependent kinase (CDK) inhibitor
p21WAF1, which binds to several cyclin-CDK com-
plexes where it inhibits their activities. These interac-
tions allow p21WAF1 to regulate the cell cycle by
inhibiting progression at theG1 andS phase leading to
growth arrest [47]. Notably, p21WAF1 transcript and
protein are induced by soluble decorin [48,49].
Following fasting, Cdkn1a appreciably increased in
WThearts (Fig. 2G), analogous to observed increases
in previous in vitro studies in response to decorin
treatment. However, in Dcn−/− hearts, this response
to fasting was totally lacking, indicating that the
presence of decorin in vivo is necessary for Cdkn1a
induction under nutrient-poor conditions (Fig. 2G).
Furthermore, a similar phenomenon was observed for
Atf4, where the absence of decorin impaired its
upregulation in response to fasting (Fig. 2H). We
also investigatedwhether Lama2, a negative regulator
of autophagy and a genewe found to be unchanged in
WT samples following fasting, was affected in Dcn−/−
samples. Interestingly, Lama2 was unaffected in both
fed and fasted Dcn−/− hearts (Fig. 2I), thereby
suggesting specificity to regulation by decorin, and
correspondingly autophagy, for a certain subset of
genes.
In addition, we wanted to corroborate our biochem-

ical data of LC3 by using transgenic mice expressing
GFP-tagged LC3. This transgenic mouse allows the
visualization of LC3-positive puncta in heart sections
following a fasting stimulus [50]. To this end, we
generated for the first time GFP-LC3;Dcn−/− mice
and compared our results with the GFP-LC3 mice,
which share a common C57BL/6 genetic background
with the Dcn−/− mice. Following a 25-h fasting, we
observed a significant increase in decorin immuno-
staining in the GFP-LC3;Dcn+/+ mouse hearts
compared to fed hearts (Fig. 3A, B) in agreement
with the data presented above (cfr. Fig. 1H–J). Note
that in both fed and fasted hearts, the immunostaining
is not in the cardiomyocytes but rather in the epicardial
and pericardial regions. No decorin expression was
detected in the GFP-LC3;Dcn−/−mice before or after
fasting (Fig. 3A, C, D). Following a 25-h fasting, we
observed a significant increase in LC3 puncta in
GFP-LC3;Dcn+/+ mouse hearts (Fig. 3F and I)
compared to fed hearts (Fig. 3E and I). In contrast,
we found a significant attenuation of LC3 puncta
formation in fasted GFP-LC3;Dcn−/− hearts (Fig. 3H
and I), as compared to fed hearts of the same genetic
background (Fig. 3G and I). Collectively, these in vivo
data corroborate our biochemical data and provide
robust genetic evidence for a role of decorin in
regulating muscle cell autophagy. Subsequently, we
also isolated embryonic fibroblasts frombothwild-type
andDcn−/−mice. These fibroblastswere subjected to
autophagic flux utilizing Chloroquine, an alkaline
compound that crosses the lysosomal membrane to
increase its pH thereby preventing merging with the
autophagosome and hence allowing for a build-up of
proteins, like LC3-II, that are typically degraded via
lysosome-autophagosome fusion. In alignment with
our hypothesis, we found that the ratio of LC3-II
protein in the presence of Chloroquine and serum
deprivation compared to LC3-II protein in cells treated
with Chloroquine alone was less in the Dcn−/−
fibroblasts compared to the changes seen in wild-type
cells thus confirming that the abrogated response to
autophagy is in fact due to impaired autophagic flux
(Fig. 3J). Moreover, our findings have not only
identified a new role for decorin as a key extracellular
matrix proteoglycan that can be regulated positively
by autophagic induction, but have further determined
the importance of decorin in maintaining normal
autophagy in vivo. Coupling this conclusion with the
ability of decorin to act as a driving force for autophagy
in certain cell types offers further insight into the
function of decorin as the “guardian from the matrix,”
particularly in cancer or other diseases.

Nutrient deprivation induces Dcn
expression in mouse fibroblasts

Having established that decorin is upregulated in
response to autophagy in vivo, we then investigated the
mechanism by which this induction occurs. To accom-
plish this goal, we first needed to develop a solid in vitro
model in which to study this process.Mouse embryonic
NIH-3T3 fibroblasts were ideal cell candidates for this
model as they endogenously express decorin. Serum
deprivation was chosen as an autophagic stimulus to
mimic our in vivo studies using fasting.
Notably, serum deprivation for 24 h caused a

marked increase in decorin mRNA concomitant with
that of Atf4 and Cdkn1a (Fig. 4A), two genes evoked
by fasting [40]. We should point out that soluble
decorin induces p21WAF1 [48,49,51] as well as Peg3
[32], both of which are highly induced in skeletal
muscle during starvation and wasting [40]. As in the
case of the in vivo experiments, the mRNA levels
of Bgn, Col18a1, and Lama2 remained unchanged
(Fig. 4A). Thus, it appears that decorin might be a part
of a circuit to control autophagy from the outside in,
presumably viaRTKs, as in the case of VEGFR2 [21–
23] and Met [24]. Next, we performed time-course
studies to determine the kinetics of decorin and
biglycan induction in response to serum deprivation.
As predicted, decorin mRNA increased in a linear



Fig. 3. Formation of GFP-LC3 puncta in response to fasting is diminished in GFP-LC3;Dcn−/− hearts. (A–D)
Representative cryo-sections of GFP-LC3;Dcn+/+ hearts demonstrating the increase in decorin immunoreactivity in the
fasted GFP-LC3;Dcn+/+ hearts (B) vis-a-vis fed (A). (C, D) Lack of decorin immunoreactivity in the GFP-LC3;Dcn−/−
hearts. Bar ~50 μm. (E, F) GFP-LC3;Dcn+/+ heart sections showing abundant formation of puncta (white arrows in F)
during starvation. (G, H) GFP-LC3;Dcn−/− heart sections depicting an attenuated puncta formation following fasting(white
arrows in H). Bar ~50 μm. (I) Quantification of GFP-LC3 puncta in GFP-LC3;Dcn+/+ and GFP-LC3;Dcn−/− hearts with
and without fasting. Quantification was determined using at least six different images from three separate mice for each
category, using an NIH-ImageJ macro as described before [59,60]. (J) Autophagic flux of wild-type and Dcn−/− embryonic
fibroblasts. Notice the reduced amount of LC3-II in the Dcn−/− embryonic fibroblasts after a 6 h pulse with Chloroquine
(CQ). *P b 0.05, **P b 0.01, ***P b 0.001. Error bars depict SEM.
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fashion over the 24-h period, whereas biglycan
mRNA did not appreciably vary during the time-course
(Fig. 4B). These results validate our previous findings
and suggest that the response to nutrient deprivation is
not uniform across SLRP family members.
To further establish that decorin was induced in

our cell model, we isolated decorin proteoglycan
from media of NIH-3T3 cells that had undergone
serum deprivation for 24 h using DEAE chromatog-
raphy. We found ~2.5 fold increase in the secreted
decorin proteoglycan levels following serum depri-
vation as compared to controls, similar to our in vivo
findings (Fig. 4C and D). Hence, we confirmed that
nutrient deprivation is an impetus for the induction of
both decorin mRNA and protein expression in vitro.
We note that in previous experiments done by our
laboratory [52] and others [53], decorin mRNA was
found to be markedly increased by quiescence in
both human dermal and lung fibroblasts. However,
in both instances the quiescence was obtained by
serum deprivation for 24–48 h. It is, thus, likely that
some of the increase, if not all, was due to a cellular
response to serum deprivation rather than
quiescence.
To further reinforce the validity of our in vitro

model, we performed autophagic flux experiments
using Bafilomycin A1, an antibiotic that interferes
with the late phaseof autophagy by blocking the fusion
of autophagosomes with lysosomes [54]. Thus, if
autophagy is stimulated, there should be a greater
accumulation of LC3-II protein, which cannot be
further degraded in the acidic lysosomes, as



Fig. 4. Activation of autophagy induces decorin expression via a transcriptional mechanism utilizing the canonical
mTOR pathway. (A) Validation of in vivo findings via qPCR analysis of NIH-3T3 fibroblasts serum-deprived for 24 h. (B)
Time-course comparison of decorin and biglycan mRNA in 3T3 fibroblasts following serum deprivation. (C, D)
Representative western blot for decorin proteoglycan following extraction from media of NIH-3T3 fibroblasts after 24 h of
serum deprivation using a DEAE-affinity method. Proteoglycan levels were normalized to total protein from cellular lysates
via Coomassie blue staining. (D) Quantification of decorin proteoglycan from (C). (E) Immunoblot demonstrating a
representative autophagic flux experiment in 3T3 fibroblasts using Bafilomycin A1 (400 nM) in the presence or absence of
serum. Actb was used as a loading control. (F) Quantification of LC3-II from (E). (G) Quantification of Dcn
promoter-luciferase reporter assays before or after serum deprivation for 18 h. (H) qPCR analysis of decorin mRNA in
3T3 fibroblasts serum-deprived for 6-h in the presence or absence of Actinomycin D (1 mg/ml). (I) Gene expression of
decorin in 3T3 fibroblasts following treatment with 400 nM Torin 1 for 6 h. (J) Immunoblot of DEAE-isolated decorin from
media of 3T3 fibroblasts treated with 400 nM Torin 1 for 8 h. Proteoglycan levels were normalized to total protein from
cellular lysates via Coomassie staining. (K) Quantitative analysis of luciferase activity following overnight treatment with
400 nM Torin 1 after transient transfection of Dcn-Luc. *P b 0.05, **P b 0.01, ***P b 0.001. Error bars indicate SEM.
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compared to nutrient-enriched conditions. Following a
6-h serum deprivation, we found that the autophagic
flux in the NIH-3T3 fibroblasts was very efficient,
whereby there was no change in LC3-II protein levels
compared to vehicle-treated controls (Fig. 4E and F).
However, upon Bafilomycin A1-evoked block of the
flux, there was a significant increase in LC3-II protein
following serum deprivation compared to LC3-II levels
of cells grown in full serum (Fig. 4E and F).

Nutrient deprivation regulates decorin at the
transcriptional level

The regulation of decorin in response to autoph-
agic stimuli may occur via changes in transcription or
increased mRNA stability. To differentiate between
these two possibilities, we generated a 1.9 kb region
of the mouse decorin promoter cloned into a
luciferase construct,Dcn-Luc.Using transient trans-
fection assays with this construct, we found that
18-h serum deprivation evoked ~3-fold increase in
relative luciferase activity as compared to cells
grown in full serum (Fig. 4G), suggesting that the
increase in decorin expression might be likely
regulated at the transcriptional level. To address
this point, we used Actinomycin D, an antibiotic that
suppresses transcription by forming a stable complex
with double-stranded DNA, inhibiting DNA-primed
RNA synthesis. We found that treatment of NIH-3T3
fibroblasts with Actinomycin D completely prevented
the induction of decorin mRNA following 6 h of serum
deprivation (Fig. 4H). These results corroborate the
luciferase reporter assays and indicate that the
regulation of decorin in response to autophagic stimuli
primarily arises at the transcriptional level, rather than
through an mRNA stabilizing mechanism.
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Transcriptional regulation of decorin during
autophagy occurs via inhibition of the canonical
mTOR pathway

Next, we verified that decorin induction was directly
linked to the activation of the autophagic program. As
the canonical mTOR pathway is the primary mecha-
nism that initiates autophagy following nutrient depri-
vation, we blocked this pathway using Torin 1, an
ATP-competitive inhibitor of mTOR [55]. Torin 1 is a
more potent autophagic inducer than rapamycin, as it
inhibits both mTOR complexes 1 and 2 and also more
completely inhibits mTOR complex 1. This is due to the
fact that Torin 1 directly binds to the active site of mTOR
rather than acting indirectly in an allosteric manner [55].
We found that treatment with Torin 1 for 6 and 8 h,
respectively, was capable of replicating the induction of
decorin mRNA and secreted proteoglycan as was
observed following serum deprivation in NIH-3T3 cells
(Fig. 4I and J). Moreover, we were able to establish
functional relevance of these findings by verifying that
18-h treatment with Torin 1, following transient transfec-
tion with theDcn-Luc vector, induced luciferase reporter
activity by ~2-fold as compared to vehicle (Fig. 4K).
Thus, our data suggest that the regulation of decorin is
directly entwined with the activation of autophagy. The
biological mechanism by which decorin is induced in
response to pro-autophagic signals appears to be due
to an inhibition of the canonical mTOR pathway.
Conclusions

The results of this study provide a new role for an
extracellular matrix proteoglycan, decorin, in the
process of autophagy. Though it has been previously
shown that decorin is capable of inducing autophagy
in endothelial cells, this study, to our knowledge, holds
the first evidence that decorin itself can be regulated
by autophagic stimuli. Our findings have far-reaching
implications. First, as decorin is often downregulated
or absent in tumors, this new evidence insinuates
that theremay be defective autophagy in cancer cells,
which may contribute to their malignant phenotype.
More importantly, the ability for decorin to be
upregulated in the tumor stroma by treatment with
specific mTOR inhibitors, like Torin 1, may provide a
new avenue for therapeutic approaches for treating
certain tumor types.
While the regulation of decorin was the focus of

this paper, we briefly investigated changes in levels
of biglycan expression in response to fasting. There
was a stark contrast between the upregulation of
decorin and the lack of transcriptional changes of
biglycan despite both proteoglycans being members
of the same family. More work needs to be done in
this area as other SLRPs, such as lumican, may
respond in a similar manner to decorin and may also
play important roles in the autophagic process.
Also of note is the response to fasting of theDcn−/−
mice. Though they were exposed to the exact same
conditions as the WT mice, they did not show
significant elevation of LC3-II upon fasting nor were
their GFP-LC3 puncta increased to the same extent. It
is remarkable that the deficiency of one extracellular
matrix proteoglycan can lead to impairment of a key
autophagic event. As autophagy has been implicat-
ed in various diseases ranging from cancer to
metabolic defects like diabetes, these data present
innovative information which will provide a basis
both for investigating disease mechanisms as well as
for developing better treatment options for said
diseases. Thus, the conclusions of this study further
highlight how imperative decorin is for normal
autophagy and emphasize the need for further inquiry
regarding clinical relevance of these initial findings.
Experimental procedures

Chemicals and antibodies

Antibodies were purchased as follows: Decorin
(R&D Biosystems, AF1060), LC3 (Sigma, L7543),
Gapdh (Cell Signaling, 14C10), and Actb (Abcam,
ab8227). All antibodies were used at a 1:1000
dilution except Actb, which was used at 1:10,000
and Gapdh, which was used at 1:4000. Actinomycin
D, Bafilomycin A1, and Chloroquine were purchased
from Sigma-Aldrich (A1410, B1793, and C-6628
respectively). Torin 1 was purchased from Tocris
(4247). A portion of the mouse decorin promoter
ranging from −2028 to −108 relative to the transcrip-
tion start site was subcloned from genomic DNA
extracted frommouse liver using theWizard Genomic
DNA purification kit (Promega, A1120). This promoter
was then cloned into a pGL3-Basic luciferase plasmid
(Promega, E1751) to make the Dcn-Luc construct.
The pRLTK Renilla plasmid (Addgene, E2241) was
used to determine transfection efficiency.
Animal experiments

C57BL/6 mice were purchased from Jackson
Laboratories. Dcn−/− mice were generated as
previously described [56]. GFP-LC3 transgenic
m i c e w e r e p u r c h a s e d f r o m R i k e n .
GFP-LC3;Dcn−/−mice were generated by crossing
the GFP-LC3 mice with Dcn−/− mice until homozy-
gosity was obtained, using genomic PCRaccording to
a previously published protocol [56,57]. These mice
were then crossed for at least five generations and their
progeny was used for the experiments. Animal exper-
iments were performed as per the Guide for Care and
Use of Laboratory Animals and the Institutional Animal
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Care and Use Committee of Thomas Jefferson Univer-
sity and in accordance with the German Animal
Protection Law. Mice were of both male and female
sex and of various ages ranging from 4 weeks to
6 months. Fasting experiments involved withholding
food for 25 h, but water was allowed ad libitum. After
animals were euthanized, organs were removed and
immediately snap-frozen in liquid N2. Embryos were
isolated from 14-day pregnant wild-type and Dcn−/−
mice and minced and placed in full serum media. They
were allowed to grow to confluence before passaging to
generate embryonic fibroblasts which were used for
subsequent experiments.

Cell lines and cell culture conditions

NIH 3T3 fibroblasts were maintained in DMEM
(Corning, 10–013) supplemented with 10% fetal
bovine serum (SAFC Biosciences, 12103C) and
100 μg/ml penicillin/streptomycin (Corning, 30–
002-CI). Cells were co-transfected with 4 μg of
Dcn-Luc plasmid and 500 ng of pRLTK (Addgene,
E2241) Renilla plasmid, using Lipofectamine LTX
(Life Technologies, 15338100) following the manu-
facturer's protocol. The Dcn-Luc contained 1920 bp
mouse decorin promoter driving Firefly luciferase.
Autophagic flux experiments were performed using
a final concentration of 20 μMChloroquine for 6 h in
the absence or presence of serum.

DEAE isolation of decorin

Secreted decorin proteoglycan was isolated from
media as described previously [58]. Briefly, media were
incubated overnight with 50 μl of 50% (w/v) of diethy-
laminoethyl (DEAE) Sephacel (Sigma-Aldrich, 17–
0500–01) in 20 mM Tris–HCl (pH 7.5), 0.1% (w/v)
Triton X-100, and 0.15 M NaCl at 4 °C. Pellets were
washed twicewith1 mlof the samebuffer and twicewith
buffer containing 0.2 M NaCl. Sample buffer was used
to dissolve the pellets.

ELISA and western blot analysis

For ELISA, blood was collected from fed and
fasted mice and placed in an Eppendorf tube coated
with EDTA to prevent coagulation. The whole blood
was centrifuged for 5 min at 10,000 rpm and the
plasma fraction was collected for analysis. Plasma
decorin levels were determined using a standard
mouse decorin ELISA kit following the manufac-
turer's protocol (Abcam, ab155454).
For western blot analysis, cells were lysed following

treatment in radioimmunoprecipitation assay (RIPA)
buffer (1% Triton X-100, 20 mM Tris–HCl, pH 8.0,
137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM
Na3VO4, 10 μg/ml aprotinin, and 10 μg/ml leupeptin)
for 20 min on ice. Secreted decorin was isolated from
media using DEAE extraction. Tissue samples were
lysed in T-Per Reagent with EDTA and protease
inhibitor (Life Technologies, 78510). In some sam-
ples, decorin was purified and treated with Chondroi-
tinase ABC to remove glycosaminoglycan chains.
Samples were separated by SDS-PAGE and trans-
ferred to nitrocellulose where specific antibodies were
used to visualize the proteins.

Immunofluorescence microscopy

Hearts removed from either GFP-LC3;Dcn+/+ or
GFP-LC3;Dcn−/− mice were cross-sectioned and
fixed in 4% paraformaldehyde (w/v PBS) (Fisher,
T353-500) for 4 h. The cross sections were then
incubated in 15% sucrose (Fisher, S6-500) for 4 h and
30% sucrose overnight after which they were placed in
OCT (Tissue Tek, 4583). 5–8 μm sections were used
for imaging. Sections were stained with a mouse-
specific decorin antibody (R&DBiosystems, AF1060)
at 1:200 dilution and, after processing, were mounted
with Vectashield (Vector Laboratories Inc., H-1200).
Images were acquired with Leica Application Suite,
Advanced Fluorescence 1.8 software (Leica Micro-
systems, Inc.). Quantification of GFP-LC3 puncta was
performed using a macro specific for ImageJ software
that was designed by Ruben Dagda (University of
Nevada School of Medicine) [59,60].

Luciferase assays and quantitative real time-
PCR analysis

Luciferase assays were performed as per the
manufacturer's instructions (Biotium, 30005). Fold
change analysis was performed following normali-
zation using a Firefly/Renilla ratio. Gene expression
analysis by quantitative real time-polymerase chain
reaction (qPCR) was performed as previously
described [61] with minor modifications. Briefly,
following treatment, 1 × 106 cells or 1 mm3 of tissue
were lysed in 750 μl of TRIzol® reagent (Life Technol-
ogies, 15596-026). RNA was isolated using a standard
RNA isolation kit (ZymoResearch,R2052). 1 μgofRNA
was annealedwith oligo(dT) primers (Life Technologies,
18418-012) and cDNA was synthesized using Super-
Script Reverse Transcriptase II (Life Technologies,
18064-022) according to the manufacturer's directions.
The target genes and housekeeping gene (Actb) were
amplified in independent reactions using the Brilliant
SYBR Green Master Mix II (Agilent Technologies,
600,828). Samples were run in triplicate on a Light-
Cycler480-II (Roche Applied Science) and the cycle
number (Ct) was obtained for each reaction. Fold--
change determinations were made utilizing the compar-
ative Ct method for gene expression analysis.

RNA stability and immunohistochemistry

Cells were pre-treated with Actinomycin D for 1 h at a
concentration of 1 mg/ml and then treated with serum
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deprivation and fresh Actinomycin D for 6 h. Following
RNA extraction and cDNA synthesis, samples were
assayed via qPCR to determine changes in gene
expression. Immunohistochemistry of heart tissue for
decorin was performed as previously described [46].

Statistical analysis

Experimentswere repeated three ormore times and
all data are expressed as means ± SEM. Paired and
unpaired two-tailed Student's t-tests were used to
analyze significance using the SigmaStat program.
P b 0.05 was considered statistically significant.
Competing financial interests

Theauthors declare no competing financial interests.
Acknowledgments

We would like to thank Tommaso Morrione for
his assistance with the immunohistochemistry and
biochemistry studies. This work was supported in part
by National Institutes of Health grants RO1 CA39481,
RO1 CA47282, and RO1 CA164462 (to RVI), and by
the German Research Council SFB 815, project A5,
SFB 1039, project B2, Excellence Cluster ECCPS (to
L.S.). M. Gubbiotti was supported by NIH training grant
T32 AA07463. This work is a partial fulfillment of M.
Gubbiotti's Ph.D. thesis in Cell and Developmental
Biology, Thomas Jefferson University.
Received 28 August 2015;
Accepted 1 September 2015

Available online 4 September 2015

Keywords:
Extracellular matrix;

LC3;
Small leucine-rich proteoglycan;

Macroautophagy;
mTOR;

Cardiac muscle;
SQSTM1

Abbreviations used:
Actb, β-actin; AMPK, adenosine monophosphate protein

kinase; Bgn, biglycan; CDK, cyclin-dependent kinase; Dcn,
decorin; EGFR, epidermal growth factor receptor; GFP, green
fluorescent protein; IGF-IR, insulin-like growth factor receptor
I; LC3, microtubule-associated protein 1 light chain 3; mTOR,
mammalian target of rapamycin; Peg3, paternally-expressed
gene 3; qPCR, quantitative real time-polymerase chain
reaction; SLRP, small leucine-rich proteoglycan; SQSTM1,
sequestosome 1/p62; VEGFR2, vascular endothelial cell

growth factor receptor 2; WT, wild type.
References

[1] R.V. Iozzo, L. Schaefer, Proteoglycan form and function: a
comprehensive nomenclature of proteoglycans, Matrix Biol.
42 (2015) 11–55.

[2] T. Neill, L. Schaefer, R.V. Iozzo, Decorin, a guardian from the
matrix, Am. J. Pathol. 181 (2012) 380–387.

[3] S. Chen, M.F. Young, S. Chakravarti, D.E. Birk, Interclass
small leucine-rich repeat proteoglycan interactions regulate
collagen fibrillogenesis and corneal stromal assembly, Matrix
Biol. 35 (2014) 103–111.

[4] A.A. Dunkman, M.R. Buckley, M.J. Mienaltowski, S.M.
Adams, S.J. Thomas, L. Satchell, et al., Decorin expression
is important for age-related changes in tendon structure and
mechanical properties, Matrix Biol. 32 (2013) 3–13.

[5] A.A. Dunkman, M.R. Buckley, M.J. Mienaltowski, S.M.
Adams, S.J. Thomas, A. Kumar, et al., The injury response
of aged tendons in the absence of biglycan and decorin,
Matrix Biol. 35 (2014) 232–238.

[6] S.P. Reese, C.J. Underwood, J.A. Weiss, Effects of decorin
proteoglycan on fibrillogenesis, ultrastructure, and mechan-
ics of type I collagen gels, Matrix Biol. 32 (2013) 414–423.

[7] Z. Horváth, I. Kovalszky, A. Fullár, K. Kiss, Z. Schaff, R.V.
lozzo, et al., Decorin deficiency promotes hepatic carcino-
genesis, Matrix Biol. 35 (2014) 194–205.

[8] M.B. Duncan, Extracellular matrix transcriptome dynamics in
hepatocellular carcinoma, Matrix Biol. 32 (2013) 393–398.

[9] S. Patel, M. Santra, D.J. McQuillan, R.V. Iozzo, A.P. Thomas,
Decorin activates the epidermal growth factor receptor and
elevates cytosolic Ca2+ in A431 cells, J. Biol. Chem. 273
(1998) 3121–3124.

[10] Z. Wu, C.E. Horgan, O. Carr, R.T. Owens, R.V. Iozzo, B.E.
Lechner, Biglycan and decorin differentially regulate
signaling in the fetal membranes, Matrix Biol. 35 (2014)
266–275.

[11] K.Nikolovska, J.K.Renke,O. Jungmann, K.Grobe,R.V. Iozzo,
A.D. Zamfir, et al., A decorin-deficient matrix affects skin
chondroitin/dermatan sulfate levels and keratinocyte function,
Matrix Biol. 35 (2014) 91–102.

[12] R.V. Iozzo, S. Buraschi, M. Genua, S.-Q. Xu, C.C.
Solomides, S.C. Peiper, et al., Decorin antagonizes IGF
receptor I (IGF-IR) function by interfering with IGF-IR activity
and attenuating downstream signaling, J. Biol. Chem. 286
(2011) 34712–34721.

[13] T. Neill, H. Painter, S. Buraschi, R.T. Owens, M.P. Lisanti, L.
Schaefer, et al., Decorin antagonizes the angiogenic
network. Concurrent inhibition of Met, hypoxia inducible
factor-1α and vascular endothelial growth factor A and
induction of thrombospondin-1 and TIMP3, J. Biol. Chem.
287 (2012) 5492-506.

[14] A. Morcavallo, M. Genua, A. Palummo, E. Kletvikova, J.
Jiracek, A. Brzozowski, et al., Indulin and insulin-like growth
factor II differentially regulate endocytic sorting and stability of
insulin receptor isoform A, J. Biol. Chem. 287 (2012)
11422–11436.

[15] S.S. Skandalis, N. Afratis, G. Smirlaki, D. Nikitovic, A.D.
Theocharis, G.N. Tzanakakis, et al., Cross-talk between
estradiol receptor and EGFR/IGF-IR signaling pathways in

http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0005
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0005
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0005
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0010
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0010
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0015
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0015
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0015
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0015
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0020
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0020
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0020
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0020
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0025
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0025
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0025
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0025
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0030
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0030
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0030
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0035
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0035
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0035
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0040
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0040
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0045
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0050
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0050
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0050
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0050
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0055
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0055
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0055
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0055
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0060
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0060
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0060
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0060
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0060
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0065
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0065
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0065
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0065
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0065
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0065
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0070
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0070
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0070
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0070
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0070
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0075
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0075
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0075


24 Decorin is an autophagy-inducible proteoglycan
estrogen-responsive breast cancers: focus on the role and
impact of proteoglycans, Matrix Biol. 35 (2014) 182–193.

[16] A. Morcavallo, S. Buraschi, S.-Q. Xu, A. Belfiore, L. Schaefer,
R.V. lozzo, et al., Decorin differentially modulates the activity
of insulin receptor isoform A ligands, Matrix Biol. 35 (2014)
82–90.

[17] H. Järveläinen, A. Saino, T.N. Wight, Pivotal role for decorin
in angiogenesis, Matrix Biol. 43 (2015) 15–26.

[18] R.V. Iozzo, D. Moscatello, D.J. McQuillan, I. Eichstetter,
Decorin is a biological ligand for the epidermal growth factor
receptor, J. Biol. Chem. 274 (1999) 4489–4492.

[19] S. Goldoni, R.V. Iozzo, Tumor microenvironment: modulation
by decorin and related molecules harboring leucine-rich
tandem motifs, Int. J. Cancer 123 (2008) 2473–2479.

[20] S. Goldoni, A. Humphries, A. Nyström, S. Sattar, R.T.
Owens, D.J. McQuillan, et al., Decorin is a novel antago-
nistic ligand of the Met receptor, J. Cell Biol. 185 (2009)
743–754.

[21] S. Buraschi, T. Neill, A. Goyal, C. Poluzzi, J. Smythies, R.T.
Owens, et al., Decorin causes autophagy in endothelial
cells via Peg3, Proc. Natl. Acad. Sci. U. S. A. 110 (2013)
E2582–E2591.

[22] A. Goyal, T. Neill, R.T. Owens, L. Schaefer, R.V. Iozzo,
Decorin activates AMPK, an energy sensor kinase, to induce
autophagy in endothelial cells, Matrix Biol. 34 (2014) 46–54.

[23] T. Neill, A.T. Torres, S. Buraschi, R.V. Iozzo, Decorin has an
appetite for endothelial cell autophagy, Autophagy 9 (2013)
1626–1628.

[24] T. Neill, A. Torres, S. Buraschi, R.T. Owens, J. Hoek, R.
Baffa, et al., Decorin induces mitophagy in breast carcinoma
cells via peroxisome proliferator-activated receptor γ
coactivator-1α (PGC-1α) and mitostatin, J. Biol. Chem. 289
(2014) 4952–4968.

[25] T. Neill, L. Schaefer, R.V. Iozzo, Instructive roles of
extracellular matrix on autophagy, Am. J. Pathol. 184
(2014) 2146–2153.

[26] B. Levine, G. Kroemer, Autophagy in the pathogenesis of
disease, Cell 132 (2008) 27–42.

[27] N. Mizushima, M. Komatsu, Autophagy: renovation of cells
and tissues, Cell 147 (2011) 728–741.

[28] S. Shimizu, T. Kanaseki, N. Mizushima, T.Mizuta, S. Arakawa-
Kobayashi, C.B. Thompson, et al., Role of Bcl-2 family proteins
in a non-apoptotic programmed cell death dependent on
autophagy genes, Nat. Cell Biol. 6 (2004) 1221–1228.

[29] A. Yang, N.V. Rajeshkumar, X. Wang, S. Yabuuchi, B.M.
Alexander, G.C. Chu, et al., Autophagy is critical for pancreatic
tumor growth and progression in tumors with p53 alterations,
Cancer Discov. 4 (2014) 905–913.

[30] A.M.K. Choi, S.W. Ryter, B. Levine, Autophagy in human
health and disease, New Engl. J. Med. 368 (2013) 651–662.

[31] X.H. Liang, S. Jackson, M. Seaman, K. Brown, B. Kempkes,
H. Hibshoosh, et al., Induction of autophagy and inhibition of
tumorigenesis by beclin 1, Nature 402 (1999) 672–676.

[32] S. Buraschi, T. Neill, R.T. Owens, L.A. Iniguez, G. Purkins, R.
Vadigepalli, et al., Decorin protein core affects the global
gene expression profile of the tumor microenvironment in a
triple-negative orthotopic breast carcinoma xenograft model,
PLoS ONE 7 (2012), e45559.

[33] J. Kim, K.L. Guan, AMPK connects energy stress to PIK3C3/
VPS34 regulation, Autophagy 9 (2013) 1110–1111.

[34] S. Alers, A.S. Löffler, S. Wesselborg, B. Stork, Role of
AMPK–mTOR–Ulk1/2 in the regulation of autophagy:
crosstalk, shortcuts, and feedbacks, Mol. Cell. Biol. 32
(2012) 2–11.
[35] T. Scholzen, M. Solursh, S. Suzuki, R. Reiter, J.L. Morgan,
A.M. Buchberg, et al., The murine decorin. Complete cDNA
cloning, genomic organization, chromosomal assignment
and expression during organogenesis and tissue differenti-
ation, J. Biol. Chem. 269 (1994) 28270–28281.

[36] L. Schaefer, R.V. Iozzo, Small leucine-rich proteoglycans, at
the crossroad of cancer growth and inflammation, Curr. Opin.
Genet. Dev. 22 (2012) 56–57.

[37] K. Moreth, H. Frey, M. Hubo, J. Zeng-Brouwers, M.V.
Nastase, L.T. Hsieh, et al., Biglycan-triggered TLR-2- and
TLR-4-signaling exacerbates the pathophysiology of ische-
mic acute kidney injury, Matrix Biol. 35 (2014) 143–151.

[38] J. Zeng-Brouwers, J. Beckmann, M.V. Nastase, R.V. Iozzo,
L. Schaefer, De novo expression of circulating biglycan
evokes an innate inflammatory tissue response via MyD88/
TRIF pathways, Matrix Biol. 35 (2014) 132–142.

[39] A.D. Berendsen, E.L. Pinnow, A. Maeda, A.C. Brown, N.
McCartney-Francis, V. Kram, et al., Biglycan modulates
angiogenesis and bone formation during fracture healing,
Matrix Biol. 35 (2014) 223–231.

[40] S.M. Ebert, A.M. Monteys, D.L. Fox, K.S. Bongers, B.E.
Shields, S.E. Malmberg, et al., The transcription factor ATF4
promotes skeletal myofiber atrophy during fasting, Mol.
Endocrinol. 24 (2010) 790–799.

[41] Y. Muragaki, S. Timmons, C.M. Griffith, S.P. Oh, B. Fadel, T.
Quertermous, et al., MouseCol18a1 is expressed in a tissue-
specific manner as three alternative variants and is localized
in basement membrane zones, Proc. Natl. Acad. Sci. U. S. A.
92 (1995) 8763–8767.

[42] R.V. Iozzo, Basement membrane proteoglycans: from cellar
to ceiling, Nat. Rev. Mol. Cell Biol. 6 (2005) 646–656.

[43] Y.-P. Chau, J.-Y. Lin, J.H.-C. Chen, M.-H. Tai, Endostatin
induces autophagic cell death in EAhy926 human endothelial
cells, Histol. Histopathol. 18 (2003) 715–726.

[44] T.M.B. Nguyen, I.V. Subramanian, X. Xiao, G. Ghosh, P.
Nguyen, A. Kelekar, et al., Endostatin induces autophagy in
endothelial cells by modulating beclin 1 and β-catenin levels,
J. Cell. Mol. Med. 13 (2009) 3687–3698.

[45] V. Carmignac, M. Svensson, Z. Körner, L. Elowsson, C.
Matsumura, K. Gawlik, et al., Autophagy is increased in
laminin α2 chain-deficient muscle and its inhibition improves
muscle morphology in a mouse model of MDC1A, Hum. Mol.
Genet. 20 (2011) 4891-902.

[46] R. Merline, K. Moreth, J. Beckmann, M.V. Nastase, J. Zeng-
Brouwers, Tralhão JG, et al., Signaling by the matrix
proteoglycan decorin controls inflammation and cancer
through PDCD4 and microRNA-21, Sci. Signal. 4 (2011)
ra75.

[47] C.J. Sherr, J.M. Roberts, Inhibitors of mammalian G1 cyclin-
dependent kinases, Genes Dev. 9 (1995) 1149–1163.

[48] A. De Luca, M. Santra, A. Baldi, A. Giordano, R.V. Iozzo,
Decorin-induced growth suppression is associated with
upregulation of p21, an inhibitor of cyclin-dependent kinases,
J. Biol. Chem. 271 (1996) 18961–18965.

[49] S. Buraschi, N. Pal, N. Tyler-Rubinstein, R.T. Owens, T. Neill,
R.V. Iozzo, Decorin antagonizes Met receptor activity and
downregulates β-catenin and Myc levels, J. Biol. Chem. 285
(2010) 42075–42085.

[50] N. Mizushima, Methods for monitoring autophagy using GFP-
LC3 transgenic mice, Methods Enzymol. 452 (2009) 13–23.

[51] M. Santra, D.M. Mann, E.W. Mercer, T. Skorski, B.
Calabretta, R.V. Iozzo, Ectopic expression of decorin protein
core causes a generalized growth suppression in neoplastic
cells of various histogenetic origin and requires endogenous

http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0075
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0075
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0080
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0080
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0080
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0080
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0085
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0085
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0090
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0090
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0090
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0095
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0095
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0095
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0100
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0100
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0100
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0100
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0105
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0105
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0105
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0105
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0110
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0110
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0110
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0115
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0115
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0115
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0120
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0120
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0120
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0120
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0120
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0125
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0125
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0125
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0130
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0130
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0135
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0135
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0140
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0140
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0140
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0140
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0145
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0145
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0145
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0145
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0150
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0150
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0155
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0155
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0155
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0160
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0160
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0160
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0160
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0160
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0165
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0165
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0170
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0170
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0170
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0170
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0175
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0175
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0175
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0175
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0175
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0180
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0180
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0180
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0185
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0185
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0185
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0185
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0190
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0190
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0190
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0190
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0195
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0195
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0195
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0195
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0200
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0200
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0200
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0200
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0205
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0205
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0205
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0205
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0205
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0210
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0210
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0215
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0215
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0215
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0220
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0220
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0220
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0220
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0225
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0225
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0225
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0225
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0225
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0230
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0230
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0230
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0230
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0230
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0235
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0235
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0235
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0240
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0240
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0240
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0240
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0245
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0245
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0245
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0245
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0250
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0250
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0255
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0255
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0255
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0255


25Decorin is an autophagy-inducible proteoglycan
p21, an inhibitor of cyclin-dependent kinases, J. Clin. Invest.
100 (1997) 149–157.

[52] A. Mauviel, M. Santra, Y.Q. Chen, J. Uitto, R.V. Iozzo,
Transcriptional regulation of decorin gene expression.
Induction by quiescence and repression by tumor necrosis
factor-α, J. Biol. Chem. 270 (1995) 11692–11700.

[53] D.L.Coppock,C. Kopman,S.Scandalis, S.Gilleran, Preferential
gene expression in quiescent human lung fibroblasts, Cell
Growth Differ. 4 (1993) 483–493.

[54] D.J. Klionsky, F.C. Abdalla, H. Abeliovich, R.T. Abraham, A.
Acevedo-Arozena, K. Adeli, et al., Guidelines for the use and
interpretation of assays for monitoring autophagy, Autophagy
8 (2012) 445–544.

[55] C.C. Thoreen, S.A. Kang, J.W. Chang, Q. Liu, J. Zhang, Y.
Gao, et al., An ATP-competitive mammalian target of
rapamycin inhibitor reveals rapamycin-resistant functions of
mTORC1, J. Biol. Chem. 284 (2009) 8023–8032.

[56] K.G. Danielson, H. Baribault, D.F. Holmes, H. Graham, K.E.
Kadler, R.V. Iozzo, Targeted disruption of decorin leads to
abnormal collagen fibril morphology and skin fragility, J. Cell
Biol. 136 (1997) 729–743.

[57] R.V. Iozzo, F. Chakrani, D. Perrotti, D.J. McQuillan, T.
Skorski, B. Calabretta, et al., Cooperative action of germline
mutations in decorin and p53 accelerates lymphoma
tumorigenesis, Proc. Natl. Acad. Sci. U. S. A. 96 (1999)
3092–3097.

[58] V.M. Kähäri, L. Hakkinen, J. Westermarck, H. Larjava,
Differential regulation of decorin and biglycan gene expres-
sion by dexamethasone and retinoic acid in cultured human
skin fibroblasts, J. Invest. Dermatol. 104 (1995) 503–508.

[59] C.T. Chu, E.D. Plowey, R.K. Dagda, R.W. Hickey, S.J.
Cherra III, R.S. Clark, Autophagy in neurite injury and
neurodegeneration: in vitro and in vivo models, Methods
Enzymol. 453 (2009) 217–249.

[60] R.K. Dagda, J. Zhu, S.M. Kulich, C.T. Chu, Mitochondrially
localized ERK2 regulates mitophagy and autophagic cell
stress: implications for Parkinson's disease, Autophagy 4
(2008) 770–782.

[61] A. Goyal, N. Pal, M. Concannon, M. Paulk, M. Doran, C.
Poluzzi, et al., Endorepellin, the angiostatic module of
perlecan, interacts with both the α2 β1 integrin and vascular
endothelial growth factor receptor 2 (VEGFR2), J. Biol.
Chem. 286 (2011) 25947–25962.

http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0255
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0255
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0260
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0260
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0260
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0260
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0265
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0265
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0265
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0270
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0270
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0270
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0270
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0275
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0275
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0275
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0275
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0280
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0280
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0280
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0280
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0285
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0285
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0285
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0285
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0285
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0290
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0290
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0290
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0290
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0295
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0295
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0295
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0295
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0300
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0300
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0300
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0300
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0305
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0305
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0305
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0305
http://refhub.elsevier.com/S0945-053X(15)00127-4/rf0305

	Decorin is an autophagy-inducible proteoglycan and is required for proper in vivo autophagy
	Introduction
	Results and discussion
	Decorin is induced in vivo in response to fasting
	The autophagic response is attenuated in Dcn−/− mice
	Nutrient deprivation induces Dcn expression in mouse fibroblasts
	Nutrient deprivation regulates decorin at the transcriptional level
	Transcriptional regulation of decorin during autophagy occurs via inhibition of the canonical mTOR pathway

	Conclusions
	Experimental procedures
	Chemicals and antibodies
	Animal experiments
	Cell lines and cell culture conditions
	DEAE isolation of decorin
	ELISA and western blot analysis
	Immunofluorescence microscopy
	Luciferase assays and quantitative real time-PCR analysis
	RNA stability and immunohistochemistry
	Statistical analysis

	Competing financial interests
	Acknowledgments
	References


