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Decorin, a small leucine-rich proteoglycan, affects
the synthesis of the elastic fiber component fibrillin-1
in the kidney via hitherto unknown mechanisms.
Here, we show that decorin binds to and induces
phosphorylation of insulin-like growth factor-I
(IGF-I) receptor in renal fibroblasts. Inhibition of the
IGF-I receptor tyrosine kinase and its downstream
target phosphoinositide-3 kinase prevented decorin-
mediated synthesis of fibrillin-1. Furthermore,
decorin induced phosphorylation of phosphoinosit-
ide-dependent kinase 1, protein kinase B/Akt, mam-
malian target of rapamycin (mTOR), and p70 S6 ki-
nase. Accordingly, the enhanced synthesis of
fibrillin-1 was blocked by rapamycin, an inhibitor of
mTOR. Notably, IGF-I, which signals through the
same pathway, also stimulated fibrillin-1 synthesis.
Systemic administration of rapamycin to mice sub-
jected to unilateral ureteral obstruction, a model of
renal fibrosis and increased fibrillin-1 synthesis,
markedly reduced the number of interstitial fibro-
blasts and fibrillin-1 deposition. In streptozotocin-

induced diabetes, IGF-I receptor was up-regulated in
the kidneys from decorin-null mice. However, this
could not compensate for the decorin deficiency, re-
sulting ultimately in decreased fibrillin-1 content.
This study provides evidence for the involvement of
decorin and the IGF-I receptor/mTOR/p70 S6 kinase
signaling pathway in the translational regulation
of fibrillin-1. (Am J Pathol 2007, 170:301–315; DOI:

10.2353/ajpath.2007.060497)

Decorin (DCN) is the most thoroughly investigated mem-
ber of the family of small leucine-rich proteoglycans,
which are characterized by a core protein with centrally
located leucine-rich motifs flanked by cysteine clusters
and by glycosaminoglycan side chains covalently bound
to the protein core. DCN carries a single chondroitin/
dermatan-sulfate side chain at its N-terminal end (see
review1). DCN was originally considered mainly to play a
role in collagen fibril formation and stability (see review2),
because ablation of the DCN gene is associated with
disruption of type I collagen-containing fibrils, resulting in
enhanced skin fragility in decorin-deficient mice.3 DCN
has additionally been shown to form complexes with
transforming growth factor-�,4 leading to inhibition and/or
sequestration of this cytokine in the extracellular ma-
trix.5,6 Besides merely modulating cytokine activities,
DCN is also directly involved in cell signaling, thereby
regulating proliferation and apoptosis of various cell
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types in vitro and in vivo (see review7). In tumor cells, DCN
binds to the epidermal growth factor receptor (EGFR) or
ErbB4 and leads to activation of the mitogen-activated
kinase pathway, to Ca2� influx, to induction of the cyclin-
dependent kinase inhibitor p21, and subsequently to
down-regulation of the receptor.8–10 In endothelial cells,
DCN affects different pathways. It binds to the insulin-like
growth factor-I receptor (IGF-IR) causing IGF-IR phos-
phorylation and activation,11 resulting in enhanced phos-
phorylation of protein kinase B/Akt with subsequent
induction of p21 by a mitogen-activated kinase-
independent pathway.12

The IGF-IR, a ligand-activated protein tyrosine kinase,
binds IGF-I and IGF-II (see review13) with high affinity.
This interaction leads to autophosphorylation of the re-
ceptor and subsequent phosphorylation of downstream
proteins, including insulin receptor substrate-1. In the
next step, phosphoinositide 3-kinase (PI3K) is activated,
increasing the level of phosphatidylinositol-3,4,5-
trisphosphate. Phosphatidylinositol-3,4,5-trisphosphate
co-recruits phosphoinositide-dependent kinase 1 (PDK1)
and Akt to the membrane, resulting in phosphorylation of
Akt and regulation of cell growth, apoptosis, and prolif-
eration (see review13). Among the various downstream
targets of the Akt signaling network, the mammalian tar-
get of rapamycin (mTOR) is responsible for the transla-
tional regulation exerted through p70 S6 kinase (p70
S6K) and ribosomal protein S6 (rp-S6) and the eukaryotic
initiation factor 4B (eIF4B).14 Akt signaling through direct
phosphorylation of mTOR or inactivation of the tuberous
sclerosis protein TSC2 leads to activation of mTOR. Con-
versely, rapamycin inhibits the activity of mTOR via bind-
ing to the FKBP12 component,15,16 resulting, for exam-
ple, in reduced synthesis of certain extracellular matrix
proteins.17,18 In addition, PDK1 can regulate translation
independently of Akt by direct or protein kinase C (PKC)
�-mediated phosphorylation of p70 S6K.16,19

Previously, we have shown in mesangial cells and
renal fibroblasts as well as in an animal model of tubulo-
interstitial injury of the kidney [unilateral ureteral obstruc-
tion (UUO)] that DCN stimulates the synthesis of fibrillin-
1.20 Fibrillin-1 is the principal constituent of microfibrils,
which in mature elastic fibers form a mantle around the
elastic core or can be found as individual entities in
nonelastic tissues. Mutations in the fibrillin-1 gene give
rise to Marfan’s syndrome, a heritable disease with se-
vere aortic, ocular, and skeletal defects, and to a number
of related connective tissue disorders generally termed
type-1 fibrillinopathies. In individuals with Marfan’s syn-
drome, down-regulation of DCN has been reported.21,22

It is of note that DCN is capable of forming complexes
with fibrillin-1.23 At present, not much is known about the
signaling pathways involved in the regulation of fibrillin-1.
Angiotensin II and transforming growth factor-� have
been shown to regulate fibrillin-1 expression in fibroblasts
and mesangial cells.24–26 In line with these findings,
transforming growth factor-� antagonists and angiotensin
II receptor blocker have recently been shown to prevent
aortic aneurysms in a mouse model of Marfan’s syn-
drome.27 Interestingly, in bullous keratopathy stromal

cells, both transforming growth factor-� and IGF-I mod-
ulate the synthesis of fibrillin-1.28

In this study, we established a molecular link between
the DCN and IGF-I signaling pathways and the synthesis
of fibrillin-1 in renal fibroblasts. Translational regulation of
fibrillin-1 involved IGF-IR and the PI3K/Akt pathway with
mTOR and p70 S6K as downstream targets. Importantly,
in two animal models of renal tubulointerstitial injury and
fibrosis, the enhanced deposition of fibrillin-1 was con-
siderably reduced either due to the DCN deficiency,
which could not be compensated for by enhanced ex-
pression of IGF-IR, or due to the administration of the
mTOR inhibitor rapamycin.

Materials and Methods

Reagents

Hyperfilms, nitrocellulose membranes, radiochemicals,
and the enhanced chemiluminescence reagents were
acquired from GE Health Care Bio-Sciences (Freiburg,
Germany). The BCA Protein Assay Reagent was pur-
chased from Pierce (Rockford, IL). TRIzol, reagents for
reverse transcriptase-polymerase chain reaction (RT-
PCR), cell culture media, and sera were obtained from
Invitrogen (Groningen, The Netherlands), and tissue cul-
ture plastic was from Falcon (Becton-Dickinson, Heidel-
berg, Germany). Antibodies used for Western blots
were as follows: rabbit anti-human fibrillin-1,29 rabbit-
anti-human DCN,30 rabbit anti-mouse DCN (LF-113),31

and rabbit anti-human fibronectin (Sigma-Aldrich,
Deisenhofen, Germany); mouse antibody to phos-
photyrosine (clone PY20; Biomol, Hamburg, Germany);
rabbit anti-�-chain of the IGF-IR (sc-713) and rabbit
anti-�-tubulin (both from Santa Cruz Biotechnologies,
Heidelberg, Germany); and anti-phospho-IGF-R
(Tyr1131)/insulin receptor (Tyr1146), anti-phospho-PDK1
(Ser241), anti-PDK1, anti-phospho-PKC�/� (Thr410/403),
anti-PKC�, anti-phospho-Akt (Thr 308), anti-phospho-Akt
(Ser473), anti-Akt, anti-phosphorylated Erk1/2 (Thr202/
204), anti-total-Erk1/2, anti-phospho-mTOR (Ser2448),
anti-mTOR, anti-phospho-p70 S6 kinase (Thr389), anti-
p70 S6 kinase, anti-phospho-S6 ribosomal protein
(Ser235/236), anti-S6 ribosomal protein, anti-phospho-
eIF4B (Ser422), and anti-eIF4B (all raised in rabbits and
all from Cell Signaling Technologies, Frankfurt/Main, Ger-
many). As secondary antibodies, horseradish peroxi-
dase-conjugated donkey anti-rabbit and sheep anti-
mouse IgG were used for the correlating primary
antibodies (GE Health Care Life Sciences). Tyrphostin
AG1024 and AG1478 were obtained from Alexis
(Grüneberg, Germany). Inhibitors of phosphoinositide
3-kinase (LY294002) and of MEK1/2 (U 0126) were from
Cell Signaling Technologies. IGF-I and all other chemi-
cals were purchased from Sigma-Aldrich.

Production and Purification of Decorin

Expression of human DCN and purification of the native
proteoglycan were performed as described previously.32
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In brief, for purification the conditioned medium was sup-
plemented with proteinase inhibitors (0.1 mol/L �-amino-
n-caproic acid, 10 mmol/L ethylenediamine tetraacetic
acid, 5 mmol/L benzamidine, 10 mmol/L N-ethylmaleim-
ide, and 1 mmol/L phenylmethylsulfonyl fluoride) and
applied to anion exchange chromatography on a DEAE-
Trisacryl M column. DCN-containing eluate fractions
were concentrated with Aquacide I according to the in-
structions of the manufacturer (Calbiochem, Schwal-
bach, Germany) and dialyzed for 2 hours against 20
mmol/L Tris-HCl, pH 7.4, containing 150 mmol/L NaCl.
Final purification was achieved by high-performance liq-
uid chromatography on a SEC-DEAE column (Phenome-
nex, Aschaffenburg, Germany) using a discontinuous
NaCl gradient. The purity of DCN for all experiments was
checked by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis and silver staining. For some
experiments, the proteoglycan was digested with chon-
droitinase ABC (Seikagaku Kogyo, Tokyo, Japan) to re-
move chondroitin sulfate and dermatan sulfate chains or
was conjugated with digoxigenin.33

Cell Culture and Stimulation

Normal rat kidney (NRK) fibroblasts (American Type Cul-
ture Collection, Rockville, MD) were cultured as de-
scribed previously.20 To obtain quiescent NRK fibro-
blasts, cells were maintained in serum-free Dulbecco’s
modified Eagle’s medium supplemented with 0.1 mg/ml
fatty acid-free bovine serum albumin for 24 hours before
the addition of recombinant human DCN and IGF-I. Be-
cause NRK cells display concentration-dependent re-
sponses at concentrations between 1 and 10 �g/ml re-
combinant proteoglycans and 10 and 200 ng/ml IGF-I
(unpublished data), we used 4 �g/ml DCN and 100 ng/ml
IGF-I for all further experiments. Intact proteoglycans
were used in the majority of experiments because this is
their presumed natural form in vivo. When required, NRK
cells were preincubated for 30 minutes with tyrphostin
AG1024 and AG1478 (both 10 �mol/L) or for 1 hour with
the inhibitor of phosphoinositide 3-kinase LY294002 (50
�mol/L) and with 10 �mol/L MEK1/2 inhibitor, respec-
tively. Viability of cells was not altered under these con-
ditions, as determined by lactate dehydrogenase release
into the culture supernatant using a cytotoxicity detection
kit (Roche Applied Science, Mannheim, Germany).

Western Blot Analysis

Western blots were performed and quantified as de-
scribed previously.6 Protein bands were visualized using
the enhanced chemiluminescence Western blotting re-
agent kit and quantified with IQ Solutions Image Quant
software (Molecular Dynamics, Uppsala, Sweden). Re-
sults from kidney samples are expressed as optical den-
sity normalized by �-tubulin. Data from culture superna-
tants or from cell homogenates were normalized by cell
number, by total protein content, by �-tubulin, or by cor-
responding nonphosphorylated proteins in homogenized

cells. For quantification, the results of three samples per
group were averaged.

Immunoprecipitation

The IGF-I receptor from NRK cells was immunoprecipi-
tated with the antibody sc-713 as described previously11

with some modifications. NRK cells (107) were incubated
with 8 �g of intact human DCN or 400 ng of IGF-I for 2
hours at 4°C followed by incubation with 1 mmol/L 3,3�-
dithiobis(sulfosuccinmidylpropionate), a thiol-cleavable,
primary amino-reactive cross-linker (Pierce) used for
cross-linking of DCN or IGF-I with cell surface proteins.
Cells were harvested in lysis buffer (10 mmol/L sodium
phosphate, pH 7.5, 150 mmol/L NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 2 mmol/L sodium
vanadate, and proteinase inhibitors), and cell lysates
were incubated for 6 hours with a complex of normal
rabbit serum bound to protein A-Sepharose (Sigma) to
remove nonspecifically binding proteins. Then, 10 �g of
the rabbit anti-IGF-IR was added, and after 16 hours,
immune complexes were precipitated with protein
A-Sepharose. As control, the same amount of protein
A-Sepharose was incubated with the antibody in the ab-
sence of cell lysates. Additional controls included sam-
ples incubated without cross-linker and/or without DCN
and IGF-I, respectively. After washing (3� lysis buffer
and 2� phosphate-buffered saline), the material was
divided into two aliquots, and one aliquot was digested
with chondroitinase ABC to allow for identification of the
decorin core protein. Bound proteins were eluted by
boiling in sample buffer for 5 minutes. Subsequently,
samples were analyzed by Western blotting for the pres-
ence of DCN and IGF-IR.

To examine phosphorylation of IGF-IR, NRK cells were
incubated either with DCN (4 �g/ml) or with IGF-I (100
ng/ml) for 5 minutes and subsequently immunoprecipi-
tated for IGF-IR followed by Western blot using an anti-
body that recognizes phosphotyrosine residues. The
same blot was reprobed with the antibody to IGF-IR.
Quantification of IGF-IR phosphorylation was performed
as described above and was normalized to IGF-IR.

Binding of DCN to IGF-IR

To determine binding of DCN to the IGF-IR, the receptor
was immunoprecipitated from NRK cells (7 � 106 cells)
with the antibody sc-713. Cells were harvested in lysis
buffer, and a complex of normal rabbit serum bound to
protein A-Sepharose was added for 6 hours to remove
nonspecifically bound proteins. Then 10 �g of the anti-
IGF-IR was added, and after 16 hours, the antibodies
were precipitated with protein A-Sepharose. As control, a
similar amount of protein A-Sepharose was incubated
with the antibody but without cell lysate. After washing
(3� lysis buffer and 2� phosphate-buffered saline), the
material was divided into five aliquots and incubated in
250 �l of Tris-buffered saline, 0.1% bovine serum albu-
min, and 0.1% Tween 20 with [35S]sulfate-labeled DCN or
human recombinant 3-[125I]iodotyrosyl IGF-I (GE Health
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Care Bio-Sciences) at 4°C overnight. Preparation and
purification of [35S]sulfate DCN from human skin fibro-
blasts was described previously.34 DCN had a molar
activity of 5.4 � 1015 cpm/mol and IGF-I of 5.0 � 1017

cpm/mol. For inhibition experiments, unlabeled wild-type
DCN was added to bound-labeled IGF-I. After washing
four times with binding buffer, bound proteins were re-
moved by boiling in 1% SDS, and ligands bound to the
receptor were quantified by scintillation counting and
correlating the amount of [35S]sulfate or 125I to the protein
concentration of DCN or IGF-I, respectively. Nonspecific
binding values, measured in immune complexes without
the receptor, were subtracted from sample values to
obtain specific DCN- or IGF-I-binding signals. The con-
centration of radioligands added was very similar to the
concentration of free radioligands in solution. Dissocia-
tion constants were determined with GraphPad, Prism4
software using the subroutine for fitting one-site binding
curves (GraphPad Software, San Diego, CA).

Animal Experiments

All animal experimentation was conducted in accordance
with the German Animal Protection Act and was ap-
proved by the ethics review committee for laboratory
animals of the District Government of Muenster (Muen-
ster, Germany). Obstruction of the left ureter (unilateral
ureteral obstruction) was performed in 2-month-old male
C57BL/6 mice.35 The contralateral kidney served as con-
trol. Mice were divided into two groups: UUO mice and
UUO mice treated with rapamycin. Rapamycin (1.8 mg
kg�1 day�1) or vehicle was intraperitoneally adminis-
tered daily to control and UUO mice. Kidneys (n � 8 per
group) were analyzed at day 7 after renal obstruction.

Type 1 diabetes mellitus was induced in 2-month-old
male Dcn�/� and Dcn�/� mice by three consecutive
daily intraperitoneal injections of streptozotocin (STZ;
Sigma-Aldrich) (45 mg/kg body weight) dissolved in 100
mmol/L sodium citrate buffer (pH 4.5). Control animals
were injected only with citrate buffer. Mice with glucos-
uria were implanted with a subcutaneous insulin pellet
(Linplant; Linshin, Ontario, ON, Canada) to prevent keto-
acidosis. Blood glucose was controlled every 10 days
(Haemo-Glukotest; Roche Diagnostics, Mannheim, Ger-
many). Urine glucose and ketone bodies were measured
with urinalysis reagent strips (Keto-Diastix; Bayer Vital,
Leverkusen, Germany). Urinary protein and creatinine
excretion was determined with the BCA Protein Assay
Reagent and Creatinine Assay kit (NatuTec, Frankfurt/
Main, Germany). Kidneys (n � 6 per group) were ana-
lyzed 9 weeks after induction of diabetes.

Morphological and Immunohistochemical
Studies

Serial sections (4 �m) of paraffin-embedded samples were
either stained with periodic acid-Schiff reaction, modified
Masson trichrome stain36 or processed for immunohisto-
chemical studies by immunoperoxidase or alkaline phos-
phatase anti-alkaline phosphatase techniques.35 Primary

antibodies included rabbit anti-human fibrillin-1,29 which
extensively cross-reacts with mouse fibrillin-1, rabbit anti-
murine DCN (LF-113),31 rabbit anti-S100A4 (marker of fibro-
blast-like cells; DakoCytomation, Glostrup, Denmark), rab-
bit anti-IGF-IR (sc-713), rabbit anti-rat collagen type I
(Quartett Immunodiagnostika und Biotechnologie, Berlin,
Germany), rabbit anti-human fibronectin (Sigma-Aldrich),
and anti-Ki-67 (marker of cell proliferation; Dianova, Ham-
burg, Germany). Apoptosis was assayed by TUNEL stain-
ing (Roche Applied Science) as described previously.35

Counterstaining was with methyl green or with Mayer’s he-
malaun. The specificity of immunostaining was ascertained
using negative controls by omitting the primary antibody
and using nonimmune serum.

To evaluate individual kidneys, 15 randomly selected
nonoverlapping fields of renal cortex were examined un-
der �400 magnification, and the number of S100A4-
positive fibroblasts, Ki-67-positive nuclei, and apoptotic
nuclei were evaluated. Staining for S100A4 was found in
spindle-shaped interstitial cells and also in cells that were
round, probably representing inflammatory cells. Only
spindle-shaped cells were included in the counts. Mor-
phometrical evaluation of collagen type I and fibronectin
or collagenous connective tissue stained with a modified
Masson trichrome technique (green color) was per-
formed using cell imaging software (Soft Imaging Sys-
tem; Olympus, Tokyo, Japan). Sections were examined
by a blinded observer. Mean values of at least three
kidneys per group were averaged.

Immunostaining for fibrillin-1 and for fibroblast-like cells
(S100A4) was performed on serial sections from untreated,
ligated kidneys as described previously.37 This method was
preferred over double immunostaining, because both pri-
mary antibodies were available only in hosts of the same
origin (rabbit). Alexa Fluor 488 donkey anti-rabbit IgG (In-
vitrogen) and Cy3-conjugated donkey anti-rabbit IgG (Di-
anova, Hamburg, Germany) were used for visualization of
fibrillin-1 and S100A4, respectively. Nuclear staining was
performed with Draq5 (Alexis). Nonspecific staining was
determined by the use of secondary antibodies alone.

Northern Blot Analysis

Total RNA was extracted as described previously.6 To
generate the probe specific for rat fibrillin-1, cDNA was
prepared by reverse transcription of total RNA from rat
kidney using oligo dT primer and Superscript II as in-
structed by the manufacturer (Invitrogen). The cDNA was
amplified by the polymerase chain reaction with oligo
nucleotides 5�-GCTCAAGACCAAACATGTGC-3� and 5�-
CAATTTCCTCCTTGACACAG-3�, resulting in a 504-bp
fragment (nucleotides 281 to 785). The amplified DNA
fragment was cloned into the pCR II vector (Invitrogen).
The cDNA probe for glyceraldehyde-3-phosphate dehy-
drogenase was from American Type Culture Collection.
Northern blots were performed and analyzed as de-
scribed previously.6 The murine cDNAs for fibrillin-1 and
glyceraldehyde-3-phosphate dehydrogenase were de-
scribed previously.20 Quantification was performed with
a STORM860 PhosphorImager using IQ Solutions Image
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Quant software (both from Molecular Dynamics). Each
individual mRNA band was normalized to glyceralde-
hyde-3-phosphate dehydrogenase to correct for differ-
ences in RNA loading and/or transfer. Values are given
as means � SEM from three Northern blots.

Determination of Decorin and Collagen Type I in
Kidney Homogenates

DCN in homogenates from whole contralateral and li-
gated kidneys (n � 3 in each group) was extracted,
semipurified, and quantified as described previously.6,33

In brief, kidney homogenates and appropriate standard
solutions were supplemented with 10 mmol/L Tris/HCl,
pH 7.4, 0.1% Triton X-100, and protease inhibitors. Sub-
sequently, samples were mixed with DEAE Trisacryl M
(100 mg wet weight; Serva, Heidelberg, Germany) pre-
equilibrated with 20 mmol/L Tris/HCl, pH 7.4, containing
0.15 mol/L NaCl, 0.1% Triton X-100, and protease inhib-
itors (buffer 1) and mixed by rotation for 1 hour at 4°C.
The samples were washed sequentially with 3 ml of buffer
1 containing in addition 7 mol/L urea, 3 ml of urea-free
buffer 1, and 3 ml of buffer 1 containing 0.3 mol/L NaCl
instead of 0.15 mol/L NaCl. Elution was achieved with 1.5
ml of buffer 1 containing 1 mol/L NaCl instead of 0.15
mol/L NaCl. On the addition of 5 vol of methanol and 1 vol
of chloroform to the eluates, proteoglycans were col-
lected at the interphase between chloroform and aque-
ous methanol and washed with methanol. The proteogly-
cans were then digested with chondroitinase ABC to
remove glycosaminoglycan chains and subjected to
polyacrylamide gel electrophoresis followed by Western
blotting with subsequent quantification.

Collagen type I was determined after exhaustive pepsin
digestion of whole minced contralateral and ligated kidneys
followed by 4 to 12.5% SDS-polyacrylamide gel electro-
phoresis under reducing and nonreducing conditions and
quantification (IQ Solutions Image Quant software) of Coo-
massie Blue-stained bands of �1(I)- and �2(I)-chains of
collagen I. Pepsin-digested purified type I, III, and IV colla-
gens were used as standards (kindly provided by J. Rauter-
berg, University of Münster, Münster, Germany). For West-
ern blotting and type I collagen quantification, the results
from three kidneys per group were averaged.

Statistics

Data are given as means � SEM analyzed by one-way
analysis of variance, with Dunnett’s significance correc-
tion test (SPSS software; SPSS Inc., Chicago, IL). Differ-
ences were considered significant at P values �0.05.

Results

Decorin Induces Fibrillin-1 Protein Expression in
NRK Cells via IGF-IR

We exposed NRK cells to human recombinant DCN (4
�g/ml, �40 nmol/L)20 or IGF-I (100 ng/ml, 12.5 nmol/L)28

for 6 hours (Figure 1, A and B) and 24 hours (data not
shown) in the presence or absence of specific inhibitors
of the IGF-IR or EGFR.38 Quantification of Western blots
for fibrillin-1 in the NRK cell culture supernatants con-
firmed the stimulatory effect of DCN (2.8- � 0.6-fold
increase) and provided additional evidence for a similar
effect of IGF-I (1.9- � 0.5-fold increase) (both n � 3, P �
0.05; 6 hours; normalized to �-tubulin in cell homoge-
nates), because both seemed to be strong inducers of
fibrillin-1 secretion from renal fibroblasts (Figure 1, A and
B). Comparable results were obtained when the amount
of fibrillin-1 was normalized to the total protein content of
the cells, to �-tubulin in cell homogenates, or to the
number of cells. Moreover, pre-incubation with tyrphostin
AG1024 (10 �mol/L), an inhibitor of the IGF-IR tyrosine
kinase, prevented the DCN- and IGF-I-induced incre-
ments in fibrillin-1 secretion and completely abolished
baseline synthesis (probably caused by endogenous
IGF-I or DCN) of fibrillin-1 in NRK cells (Figure 1A). In
contrast, the EGF receptor inhibitor tyrphostin AG1478
(10 �mol/L) had no effect on DCN- or IGF-I-induced
secretion of fibrillin-1 from NRK cells (Figure 1B). Even
though fibrillin-1 is primarily a secreted protein, an in-
crease in fibrillin-1 content could also be detected in the
homogenates of NRK cells on incubation with DCN and
IGF-I, albeit to a lesser extent than what was found in the
supernatants (data not shown). The increase in fibrillin-1
in cell homogenates was also sensitive to inhibition by
AG1024. This clearly suggests that the larger quantities
of fibrillin-1 found in the culture supernatants after incu-
bation with DCN or IGF-I were in fact due to higher
synthesis of fibrillin-1. In addition, Northern blots of NRK
cells cultured for 2 hours20 with or without AG1024 did
not show any decline in fibrillin-1 mRNA, indicating that
IGF-IR-dependent regulation of fibrillin-1 synthesis does
not occur at the transcriptional level (DCN, 1.6 � 0.4;
IGF-I, 1.8 � 0.5; DCN � AG1024, 1.8 � 0.6; IGF-I �
AG1024, 1.7 � 0.6; n � 3, P 	 0.05, Northern blots of
fibrillin-1 mRNA normalized to glyceraldehyde-3-phos-
phate dehydrogenase).

The binding properties of DCN and IGF-I to the iso-
lated IGF-IR from NRK cells were investigated using
[35S]sulfate-labeled DCN and 3-[125I](iodotyrosyl) IGF-I.
This method was preferred over direct binding of DCN to
IGF-IR on the cell surface of NRK cells, because interac-
tion of DCN with other cell surface molecules cannot be
excluded. Therefore, the IGF-IR was immunoprecipitated
with antibody against its intracellular domain (�-subunit)
and incubated with radiolabeled DCN and IGF-I. These
binding assays revealed strong binding in the low nano-
molar range for IGF-I (KD � 0.4 � 10�9 mol/L) and for
DCN (KD � 8.1 � 10�9 mol/L) to IGF-IR (Figure 1, C and
D). In a further experiment, 125I-IGF-I was bound to the
receptor and then displaced by unlabeled DCN. DCN
inhibited IGF-I-binding to the IGF-IR with an estimated
IC50 of 3 � 10�8 mol/L (Figure 1E).

In addition, we found that DCN directly added to NRK
cells co-immunoprecipitated with IGF-IR (Figure 1F). Im-
portantly, immunoprecipitation of the IGF-IR on NRK
cells, which had been stimulated with DCN or IGF-I for 5
minutes, followed by Western blotting using an antibody
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that recognizes phosphotyrosine residues showed that
IGF-IR is phosphorylated in response to both DCN and
IGF-I (Figure 1G). After normalization to the amount of
IGF-IR, DCN increased receptor phosphorylation 8.7 �
1.8-fold and IGF-I 11.6 � 2.6-fold (both n � 3, P � 0.05).
Reprobing the same blots with an antibody to phospho-
IGF-R (Tyr1131) indicated that the receptor tyrosine ki-
nase was in fact active (not shown).

Decorin-Mediated Regulation of Fibrillin-1
Protein Expression in NRK Cells Involves the
PI3K/Akt Pathway

The involvement of the IGF-IR signaling system in the
regulation of fibrillin-1 protein synthesis was character-
ized in NRK cells. The role of PI3K in the regulation of
fibrillin-1 was investigated by incubating NRK cells with
DCN or IGF-I for 6 hours in the presence and absence of
LY294002, a PI3K inhibitor. LY294002 in a final concen-
tration of 50 �mol/L almost completely blocked DCN- and
IGF-I-triggered secretion of fibrillin-1 protein into NRK
culture supernatants (Figure 2A) and intracellular synthe-
sis (data from homogenates not shown), without acting as
a general inhibitor of protein synthesis (as evidenced by
measurements of total protein and �-tubulin in NRK cell
homogenates; Figure 2A, bottom). LY294002 had no in-
fluence on fibrillin-1 mRNA (not shown), indicating again
that transcriptional regulation of fibrillin-1 was not in-
volved. Further analysis of the downstream signaling of
PI3K showed enhanced phosphorylation of the PDK1 6
minutes after incubation of NRK cells with DCN (3.4 �
0.8-fold increase) or IGF-I (2.7 � 0.7-fold increase, both

n � 3, P � 0.05) (Figure 2B). In addition, time-course
experiments (5 to 15 minutes) revealed maximal induc-
tion of Akt/PKB phosphorylation at Ser473 and Thr308
after 8 minutes of incubation of NRK cells with DCN or
IGF-I (DCN, 2.4 � 0.7 times control; IGF-I, 2.9 � 0.8-fold
increase, both n � 3, P � 0.05) (Figure 2, C and D).
These stimulatory effects were blocked by incubation
with inhibitors of IGF-IR (Figure 2C) and PI3K, respec-
tively (Figure 2D).

Incubation of NRK cells (5 to 60 minutes) with DCN or
IGF-I had no influence on the phosphorylation of Erk1/2
(Figure 2E). In agreement with these findings, the inhib-
itor of MEK1/2 (U 0126) had no effect on DCN- or IGF-I-
mediated synthesis of fibrillin-1 in NRK cells (data not
shown), indicating that the mitogen-activated kinase
pathway is not involved in this process. In addition, phos-
phorylation of PKC� after incubation of NRK cells with
DCN or IGF-I was excluded, suggesting that neither
DCN nor IGF-I stimulate PKC� downstream of PDK1
(Figure 2F).

DCN- and IGF-I-Dependent Regulation of
Fibrillin-1 in NRK Cells Involves mTOR and p70
S6K Downstream of Akt

Next, we examined the influence of DCN and IGF-I on
mTOR, a downstream mediator of Akt responsible for
translational regulation and its potential involvement in
the regulation of fibrillin-1 synthesis in NRK cells. In fact,
incubation of NRK cells with DCN (2.3 � 0.5-fold in-
crease) or IGF-I (2.1 � 0.3-fold increase; both n � 3, P �
0.05) for 8 minutes resulted in enhanced mTOR phos-

Figure 1. Decorin and IGF-I induce fibrillin-1 protein synthesis in normal rat kidney fibroblasts via the IGF-IR. A and B show representative Western blots for
fibrillin-1 in culture supernatants from NRK cells incubated for 6 hours with recombinant DCN or IGF-I in the presence or absence of tyrphostin AG1024 (A)
(inhibitor of the IGF-IR tyrosine kinase) or AG1478 (B) (inhibitor of the EGFR tyrosine kinase). �-Tubulin in the homogenates of NRK cells is shown as control.
Only the IGF-IR inhibitor (A) but not the EGFR inhibitor (B) blocked DCN- or IGF-I-mediated secretion of fibrillin-1 from NRK cells. C–E: IGF-IR was
immunoprecipitated from NRK cells. Each data point represents immune complexes with the receptor from 1 � 106 cells. C: Binding curve of 125I-IGF-I. D: Binding
curve of [35S]sulfate-labeled DCN. E: In inhibition experiments, IGF-I receptor immunoprecipitated from NRK cells was incubated with 400 pmol/L 125I-IGF-I in
the presence or absence of the indicated amounts of unlabeled DCN. The dashed line indicates estimated 50% inhibition. F: Co-immunoprecipitation of IGF-IR
and DCN after incubation of NRK cells with DCN, followed by Western blot analysis for IGF-IR (top) and DCN core protein (after chondroitinase ABC treatment;
bottom). Negative control represents protein A-Sepharose incubated with antibody but without cell lysate. G: NRK cells were incubated with DCN or IGF-I for
5 minutes. Immunoprecipitations for the IGF-IR were followed by Western blots probed for phosphotyrosine residues (P-IGF-IR; bottom) and reprobed for IGF-RI
itself (top).
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phorylation at Ser2448 (Figure 3, A–C). Phosphorylation
was inhibited by AG1024 (Figure 3A), LY294002 (Figure
3B), and rapamycin (Figure 3C), indicating involvement
of IGF-IR and PI3K in DCN- and IGF-I-mediated activa-
tion of mTOR. Furthermore, incubation of NRK cells with
rapamycin for 6 hours inhibited the DCN-mediated (69 �
18% of control; n � 3, P � 0.05) and IGF-I-mediated
(58 � 16% of control; n � 3, P � 0.05) increase in
fibrillin-1 synthesis (Figure 3D), demonstrating that mTOR
is involved in the translational regulation of fibrillin-1
downstream of PI3K. In addition, Northern blots of NRK
cells incubated with rapamycin did not show any down-
regulation of fibrillin-1 mRNA, indicating that mTOR-de-

pendent regulation of fibrillin-1 does not occur at a tran-
scriptional level (data not shown).

Because mTOR exerts its influence as a translational
regulator through p70 S6K,39 we investigated the influ-
ence of DCN or IGF-I on the activation of p70 S6K.
Phosphorylation of p70 S6K at Thr389 was induced after
8 minutes of incubation with DCN (1.7 � 0.4-fold in-
crease; n � 3, P � 0.05) or IGF-I (2.2 � 0.4-fold increase;
n � 3, P � 0.05) (Figure 4, A–C). As expected, AG1024
(Figure 4A) and LY294002 (Figure 4B) abolished DCN-
and IGF-I-dependent activation of p70 S6K. In contrast,
rapamycin only partially inhibited the stimulatory effects
of DCN (32 � 7%, n � 3, P � 0.05) and of IGF-I (41 �
11%, n � 3, P � 0.05) on p70 S6K (Figure 4C), indicating
that p70 S6K stimulation by DCN and IGF-I is only in part
mediated through mTOR. Moreover, downstream to p70
S6K, both the rp-S6 and eIF4B were phosphorylated by
DCN (rp-S6, 1.8 � 0.4-fold increase; eIF4B, 1.9 � 0.3-
fold increase; n � 3, P � 0.05) or IGF-I (rp-S6, 1.7 �
0.3-fold increase; eIF4B, 1.8 � 0.4-fold increase; n � 3,
P � 0.05) at Ser235/236 and Ser422, respectively, and
these effects were abolished by AG1024 (Figure 4, D
and E).

In Vivo Decorin-Mediated Regulation of
Fibrillin-1

To test whether the in vitro findings reported above might
have biological relevance in an in vivo setting, we used an
established animal model of UUO. This model leads to a
pronounced interstitial inflammation and fibrosis and a

Figure 2. Involvement of the PI3K/Akt pathway in DCN- and IGF-I-mediated
regulation of fibrillin-1 in NRK cells. A: Western blot for fibrillin-1 in culture
supernatants from NRK cells incubated for 6 hours with recombinant DCN or
IGF-I in the presence or absence of LY294002 (inhibitor of PI3K). �-Tubulin
in NRK cell homogenates is shown as control. B: Phosphorylation of PDK1 in
NRK cells after 6 minutes of incubation with DCN or IGF-I (Western blot). C
and D: phosphorylation of Akt in NRK cells after 8 minutes of incubation with
DCN or IGF-I (Western blots) was blocked by inhibition of IGF-IR (AG1024)
(C) or by inhibition of PI3K (LY294002) (D). E and F: DCN and IGF-I had no
influence on the phosphorylation of Erk1/2 (E) or of PKC� (F) in NRK cells
(Western blot).

Figure 3. DCN- and IGF-I-dependent regulation of fibrillin-1 in NRK cells
involves mTOR. A--C: DCN- and IGF-I-mediated phosphorylation of mTOR
in NRK cells (8 minutes of incubation) was suppressed by inhibition of
IGF-IR (A), by an inhibition of PI3K (B), and by rapamycin (inhibitor of
mTOR) (C) (Western blots). D: Western blot for fibrillin-1 in culture super-
natants of NRK cells incubated for 6 hours with recombinant DCN or IGF-I in
the presence or absence of rapamycin. �-Tubulin in the NRK cell homoge-
nates is shown as control. Rapamycin only partially inhibited DCN- or
IGF-I-mediated secretion of fibrillin-1 from NRK cells.
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concurrent induction of fibrillin-1 synthesis in the ligated
kidney.20 Rapamycin (1.8 mg kg�1 day�1) or vehicle was
administered intraperitoneally to UUO mice. At day 7,
severe hydronephrosis had developed both in rapamy-
cin-treated and untreated animals. However, obstructed
kidneys from rapamycin-treated mice were smaller in
both size and weight. After aspiration of urine from the
dilated pyelon, the weight of kidneys from rapamycin-
treated animals was 119 � 9 versus 159 � 8 mg in
untreated animals (n � 8; P � 0.05). No differences were
observed in body weight or in the weight of the contralat-
eral kidneys between both groups. Light microscopy of
periodic acid-Schiff-stained sections showed that tubuli
were slightly more dilated in ligated kidneys from rapa-
mycin-treated compared with control mice (Figure 5A).
Contralateral kidneys from rapamycin-treated and un-
treated animals were similar in terms of renal morphology
(Figure 5A). As expected, UUO caused enhanced prolif-
eration of tubular epithelial cells and peritubular intersti-
tial cells.35,40 Treatment with rapamycin markedly re-
duced proliferation of tubular epithelial cells in ligated

kidneys (Figure 5, B and C). A similar effect could also be
observed in contralateral kidneys, albeit at generally
lower proliferation rates (Figure 5C). In addition, reduced
numbers of Ki-67-positive peritubular interstitial cells
were detected in ligated kidneys after treatment with
rapamycin (Figure 5C). Rapamycin had no effect on
apoptosis of tubular epithelial cells and peritubular inter-
stitial cells in obstructed and contralateral kidneys (data
not shown).

To examine whether treatment with rapamycin would
impact on the renal expression of fibrillin-1, proteins were
extracted from whole-kidney homogenates, and fibrillin-1
was quantitated by Western blot analysis. There was an
increase in fibrillin-1 protein in the ligated compared with
contralateral kidneys from both rapamycin-treated and
control mice at day 7 (Figure 6A). This was due to a
pronounced accumulation of fibrillin-1 in the peritubular
areas, in tubular basement membranes, and in Bow-
man’s capsule (Figure 6D). However, in ligated kidneys
from rapamycin-treated mice, there was a significant
(more than 1.6-fold) reduction of fibrillin-1 protein depo-
sition compared with ligated kidneys from untreated an-
imals (Figure 6, A and B). These quantitative data were
further confirmed by immunostaining for fibrillin-1 in tis-
sue sections from ligated kidneys, where a lower intensity
of staining was found predominantly in the peritubular
areas in rapamycin-treated kidneys (Figure 6D). In agree-
ment with the data indicating lower number of proliferat-
ing peritubular cells, quantification of interstitial fibro-
blast-like cells (S100A4-positive) revealed a reduction in
cell number in ligated kidneys treated with rapamycin
compared with untreated kidneys [rapamycin, 73 � 4.1,
versus control, 90 � 5.6; n � 5; P � 0.05, S100A4-
positive cells/high-power field, quantified in 20 fields
(�400) per section]. Staining for S100A4 was found in
spindle-shaped interstitial cells and also in cells that were
round, probably representing inflammatory cells. Only
spindle-shaped cells were included in the counts. Immu-
nostaining for fibrillin-1 and S100A4 on two serial sections
from untreated, ligated kidneys indicated a close spatial
proximity of fibrillin-1 to fibroblast-like cells (Figure 6E),
suggesting that the reduced deposition of fibrillin-1 in
rapamycin-treated, ligated kidneys is apparently due to
both a lower number of fibrillin-1-producing fibroblasts
and decreased fibrillin-1 production by fibroblasts
treated with rapamycin.

To explore whether these rapamycin effects on fibril-
lin-1 were due to a general inhibition of protein synthesis,
we also quantified fibronectin deposition in ligated kid-
neys from rapamycin-treated and control mice. As ex-
pected, expression of fibronectin protein was also en-
hanced in ligated compared with contralateral kidneys
(Figure 6A). However, the administration of rapamycin
had no effect on the amount of fibronectin deposited in
the kidneys (Figure 6, A and C). By contrast, the depo-
sition of collagen was markedly reduced in ligated kid-
neys after administration of rapamycin, as evidenced by
Masson trichrome staining (Figure 6, F and G). In agree-
ment with these data, deposition of type I collagen, as-
sessed by quantification of extractable collagens by
SDS-polyacrylamide gel electrophoresis and densitome-

Figure 4. DCN and IGF-I lead to increased phosphorylation of p70 S6K,
rpS6, and eIF4B downstream of mTOR. A–C: DCN- and IGF-I-mediated
phosphorylation of p70 S6K in NRK cells (8 minutes of incubation) was
suppressed by inhibition of IGF-IR (A) and by an inhibition of PI3K (B). The
mTOR inhibitor (C) only partially blocked DCN- or IGF-I-mediated phos-
phorylation of p70 S6K (Western blots). D and E: DCN- and IGF-I-mediated
phosphorylation of rp-S6 (D) and eIF4B (E) in NRK cells (8 minutes of
incubation) was suppressed by inhibition of the IGF-IR tyrosine kinase.
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try [sum of �1(I)- and �2(I)-chains], was lower (2.2 �
0.4-fold reduction, n � 3, P � 0.05) in obstructed kidneys
from rapamycin-treated mice (Figure 6H).

Western blot analysis of semipurified proteoglycans
from ligated and contralateral kidneys, digested with
chondroitin ABC lyase to remove glycosaminoglycan
chains, demonstrated enhanced accumulation of DCN in
ligated kidneys (Figure 7A). Unlike the results obtained
for fibrillin-1, deposition of DCN was particularly pro-
nounced after administration of rapamycin (Figure 7A).
This observation was further confirmed by immunohisto-
chemistry, demonstrating that in ligated kidneys from
rapamycin-treated mice, more DCN protein was present
primarily in the perivascular and peritubular space (Fig-
ure 7B). Differences between contralateral kidneys from

rapamycin-treated and untreated animals were not
observed.

The implication that DCN-mediated regulation of fibrillin-1
in the kidney is facilitated by the IGF-IR was provided in a
model of STZ-induced type 1 diabetes mellitus in Dcn�/�

and Dcn�/� mice. STZ-injected animals developed clinical
signs of diabetes mellitus, such as hyperglycemia, protein-
uria, and renomegaly, with the only genotype-specific dif-
ference concerning higher levels of proteinuria in diabetic
Dcn�/� compared with Dcn�/� mice (Table 1). As ex-
pected, nine weeks of diabetes resulted in enhanced glo-
merular and tubular matrix accumulation. However, mor-
phometrical evaluation of immunostainings for collagen
type I and fibronectin did not reveal any genotype-specific
differences between diabetic mice (data not shown). Inter-

Figure 5. In vivo effects of rapamycin on proliferation of tubular epithelial and peritubular cells 7 days after UUO. A: Periodic acid-Schiff (PAS)-stained sections
from ligated and contralateral kidneys from control and rapamycin-treated mice 7 days after UUO. B: Immunostaining of proliferating tubular epithelial and
peritubular cells in ligated kidneys from control and rapamycin-treated mice (Ki-67-positive nuclei, peroxidase, brown). Counterstaining was with methyl green.
Scale bars: 200 �m (A) and 50 �m (B). C: Quantification of Ki-67-positive nuclei in tubular epithelial cells/high-power field (blue bars) and in peritubular
cells/high-power field (navy blue bars) in control and rapamycin-treated kidneys [quantified in 20 fields (magnification, �400) per section]. The asterisk indicates
statistical significance; n � 4, P � 0.05.
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estingly, Dcn deficiency in diabetic kidneys caused lower
deposition of fibrillin-1 in comparison with diabetic Dcn�/�

mice as shown by quantification of Western blots for fibril-
lin-1 expression in whole-kidney homogenates (Figure 8, A
and B). Moreover, lower deposition of fibrillin-1 in diabetic
kidneys from Dcn�/� compared with Dcn�/� mice was as-

sociated with enhanced expression of IGF-IR (Figure 8,
C and D, Western blot analysis). Thus, Dcn deficiency
in diabetic kidneys leads to lower expression of fibril-
lin-1 and up-regulation of the IGF-IR, the latter finding
probably representing a compensatory mechanism for
the lack of DCN.
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Discussion

In the present study, we report a novel mechanism of
action that involves two key molecules: decorin, a small
leucine-rich proteoglycan, and the IGF-IR. These two
players, together with the downstream signaling pathway
evoked by decorin-mediated activation of the receptor,
lead to an enhanced translation of fibrillin-1 and its dep-
osition in the extracellular environment both in vitro and in
vivo. Obviously, the control of the IGF-IR by a secreted
proteoglycan has implications in the pathophysiology of
several renal diseases in which the interstitium is affected
by inflammatory and immune responses. A working
model depicting some of the major pathways involved in
this process and summarizing the main findings of our
study is shown in Figure 9.

The biological importance of the model is exemplified
by in vivo studies of renal injury induced by UUO. In this
case, there was overexpression of DCN and fibrillin-1 in
wild-type mice, whereas the absence of DCN resulted in
reduced up-regulation of fibrillin-1 in obstructed kidneys,

giving rise to severe structural damage of the renal pa-
renchyma.20 In the present study, we confirm and ex-
pand this knowledge by delineating the signaling path-
way(s) involved in decorin-mediated regulation of
fibrillin-1 in the kidney. Decorin-evoked synthesis of fibril-
lin-1 is abrogated by inhibition of the IGF-IR tyrosine
kinase in renal fibroblasts, indicating for the first time the
involvement of IGF-IR in the DCN-dependent regulation
of fibrillin-1 synthesis. We further show for the first time a
direct physical association between human recombinant
decorin and the IGF-IR using both co-immunoprecipita-
tion and binding assays. The latter show a high-affinity
(KD �8 nmol/L) interaction between decorin and IGF-IR.
This is consistent with the rapid (5 minutes) induction of
IGF-IR phosphorylation by decorin using decorin con-
centrations about 20 times lower than those required in
endothelial cells.11 Although, the involvement of other
receptors (ie, the EGFR or ErbB48–10) cannot be totally
excluded at this time, the failure to block the decorin-
induced response by specific EGFR inhibitors suggests

Figure 6. In vivo effects of rapamycin on renal accumulation of fibrillin-1 protein 7 days after UUO. A: Western blots for fibrillin-1 (top) and fibronectin (middle)
in homogenates of ligated and contralateral kidneys from control and rapamycin-treated mice. �-Tubulin (bottom) is shown as control. Semiquantification of
Western blots for fibrillin-1 (B) and fibronectin (C) normalized to �-tubulin in ligated kidneys from control and rapamycin-treated mice. Data are given as means �
SD of the ratios of optical density for fibrillin-1 (B) or fibronectin (C) to �-tubulin. The asterisk indicates statistical significance; n � 3, P � 0.05. D:
Immunostaining for fibrillin-1 (peroxidase, brown) in ligated kidneys from control and rapamycin-treated mice indicates a lower intensity of staining in
rapamycin-treated kidneys. Counterstaining was with methyl green. The negative control for immunostaining of fibrillin-1 was performed by omitting the primary
antibody. E: Immunostaining for fibrillin-1 (green) and for fibroblast-like cells (S100A4, red) on serial sections from untreated, ligated kidneys indicated a close
spatial proximity of fibrillin-1 to fibroblast-like cells, probably representing fibrillin-1 secreted from fibroblasts and incorporated into extracellular networks. F: The
Masson trichrome staining indicates less accumulation of collagenous connective tissue (green) in ligated kidneys after administration of rapamycin, compared
with ligated kidneys of untreated animals. G: Semiquantification of areas of collagen deposition (green, %) in ligated kidneys from rapamycin-treated and control
mice. H: SDS-polyacrylamide gel electrophoresis gels (4 to 12.5%) under reducing conditions of minced, pepsin-digested whole kidneys and pepsin-digested
purified collagen type I, III, and IV standards. The figure shows one of three sample pairs from ligated (L) and contralateral (C) kidneys from rapamycin-treated
and control mice. Arrows indicate Coomassie Blue-stained bands of �1(I)-, �2(I)-, and �(I)-chains of type I collagen. Scale bars in D, E, and F indicate
magnification.

Figure 7. Overexpression of DCN in ligated kidneys from rapamycin-treated mice at day 7 after UUO. A: Western blot for DCN core protein after semipurification
of ligated and contralateral kidneys from control and rapamycin-treated mice with subsequent digestion of the glycosaminoglycan chain. �-Tubulin is shown as
control. B: Immunostaining for decorin (alkaline phosphatase anti-alkaline phosphatase, red) in ligated kidneys from control and rapamycin-treated mice indicates
increased accumulation of DCN after mTOR inhibition with rapamycin. Counterstaining was with Mayer’s hemalaun. The negative control was performed by
omitting the primary antibody. Scale bar � 200 �m.
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that in renal fibroblasts, this pathway is not significantly
involved. In addition, the EGFR levels in renal fibroblasts
are notoriously low compared with normal and trans-
formed epithelial cells.

We further show that DCN activates Akt/PKB in renal
fibroblasts. The stimulatory effects of DCN on Akt could
be abolished by inhibition of either the IGF-IR tyrosine
kinase or its downstream target PI3K. DCN also causes
phosphorylation of the PDK1. Thus, these data for the first
time show that DCN-mediated phosphorylation of Akt
involves canonical IGF-I signaling.13 Importantly, these
signaling events are in fact involved in the regulation of
fibrillin-1, because inhibition of PI3K markedly reduces
the effects of DCN on fibrillin-1 synthesis.

So far, only anti-apoptotic effects have been attributed
to DCN/Akt signaling, and only p21 has been identified
as a downstream mediator of this cascade.11,12,35 How-
ever, because DCN-dependent regulation of fibrillin-1
occurs at the translational level, mTOR seems to be a
likely mediator downstream of Akt.15,16 DCN causes

phosphorylation of mTOR, whereas inhibition of IGF-IR
tyrosine kinase or PI3K as well as inhibition of mTOR (by
rapamycin) results in a marked reduction of this activa-
tion. In keeping with these results, rapamycin reduces
DCN-dependent synthesis of fibrillin-1 in renal fibro-
blasts, providing evidence for the DCN/mTOR-mediated
regulation of this molecule. Our results reveal a new level
of complexity in the interactions and regulatory functions
of matrix constituents, namely the direct regulation of a
matrix component (fibrillin-1) by another matrix molecule
(DCN).

We also show that DCN induces phosphorylation of
p70 S6K at Thr389,15,16 a downstream translational me-
diator of mTOR, and this most closely correlates with p70
S6K activity in vivo.41 As expected, DCN-mediated phos-
phorylation of p70 S6K is abolished by inhibition of either
IGF-IR tyrosine kinase or by blockade of PI3K. On the
contrary, rapamycin only partially inhibits DCN-mediated
phosphorylation of p70 S6K. Because PDK1 is known to
phosphorylate p70 S6K either directly or via induction of

Table 1. Effects of STZ-Induced Diabetes (9 Weeks) on Kidney Weight, Blood Glucose Levels, and Proteinuria in Dcn�/� and
Dcn�/� Mice

Nondiabetic (n � 6) Diabetic (n � 6)

Dcn�/� Dcn�/� Dcn�/� Dcn�/�

Body weight, start (g) 24.2 � 1.6 25.5 � 1.4 24.9 � 1.7 25.1 � 1.5
Body weight, end (g) 29.3 � 1.7 28.9 � 1.6 21.4 � 1.8* 21.8 � 1.9†

Kidney weight (mg) 229 � 18.5 210 � 17.4 312 � 36* 329 � 27†

(Kidney weight/body weight) � 103 7.8 � 0.4 7.3 � 0.4 14.6 � 1.2* 15.1 � 1.3†

Blood glucose (mg/dl) 94 � 7 98 � 10 450 � 69* 425 � 56†

Proteinuria (mg/mg creatinine) 0.41 � 0.17 0.44 � 0.16 1.28 � 0.29* 2.11 � 0.38†‡

Data are given as means � SEM.
*P � 0.05 for diabetic Dcn�/� versus nondiabetic Dcn�/� mice.
†P � 0.05 for diabetic Dcn�/� versus nondiabetic Dcn�/� mice.
‡P � 0.05 for diabetic Dcn�/� versus diabetic Dcn�/� mice.

Figure 8. Decorin deficiency in STZ-induced diabetes is associated with lower accumulation of fibrillin-1 and overexpression of IGF-IR. A and C: Western blots
for fibrillin-1 (A), IGF-IR (C), and �-tubulin in homogenates of diabetic kidneys from Dcn�/� and Dcn�/� mice 9 weeks after induction of diabetes. B and D:
Semiquantification of Western blots of fibrillin-1 (B) and IGF-IR (D) normalized to �-tubulin in diabetic kidneys from Dcn�/� and Dcn�/� mice 9 weeks after
induction of diabetes. Data are given as means � SD of the ratios of optical density for fibrillin-1 (B) or IGF-R (D) to �-tubulin. The asterisk indicates statistical
significance; n � 3, P � 0.05.
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PKC�16,19 and because DCN leads to an activation of this
kinase, PDK1 is the most likely candidate responsible for
DCN-mediated, mTOR-independent phosphorylation of
p70 S6K. Therefore, it is conceivable that rapamycin only
partially inhibits DCN-dependent enhancement of fibril-
lin-1 synthesis in renal fibroblasts. Moreover, our data
indicate direct involvement of PDK1 in the regulation of
p70 S6K rather than a PKC-mediated regulatory effect,
because DCN and IGF-I had no influence on the phos-
phorylation of PKC�. The involvement of p70 S6K in the
DCN-dependent regulation of fibrillin-1 is further
strengthened by the observation that both translational
regulators of protein synthesis eIF4B and rp-S6,42 lo-
cated downstream to p70 S6K, are activated by DCN as
well. In summary, DCN stimulates fibrillin-1 synthesis by
concurrent activation of p70 S6K through the Akt/mTOR
pathway and directly via PDK1.

The biological relevance of the mechanisms discussed
above is further underlined by results from mice sub-
jected to UUO and rapamycin treatment. There was a
reduction in fibrillin-1 protein content in ligated kidneys
after rapamycin treatment compared with those from un-
treated animals. This is probably caused both by a de-
cline in the number of interstitial fibroblast-like cells and
by a reduction in production of fibrillin-1 per fibroblast
because of the mTOR inhibition. Despite the complexity
of this experimental model, UUO has been widely used to
study the pathogenesis of tubulointerstitial fibrosis, be-
cause the evolution of fibrosis after ureteral obstruction is
highly reproducible and reflects the sequence of patho-
genetic events in an accelerated manner.43–45 In UUO,
rapamycin leads to a reduction in size and weight of

obstructed kidneys due to inhibition of proliferation of
tubular epithelial cells and interstitial fibroblasts and to
lower deposition of collagen, in agreement with previous
studies.46–49 Furthermore, rapamycin-mediated reduc-
tion of fibrillin-1 deposition is not due to a general inhibi-
tion of protein synthesis, because fibronectin content is
not influenced by rapamycin and DCN deposition.18,50,51

The pronounced deposition of DCN after administration
of rapamycin probably represents a compensatory
mechanism in response to inhibition of mTOR. Thus, the
reduction of fibrillin-1 deposition in obstructed kidneys,
both after inhibition of mTOR and in mice deficient for
DCN,20 implies that the DCN/mTOR-mediated regulation
of fibrillin-1 synthesis might be relevant in vivo as well.

In a second model of renal injury, type 1 diabetes was
induced in mice by STZ to investigate the in vivo rele-
vance of DCN/IGF-IR interaction in the regulation of fibril-
lin-1. Induction of diabetes in Dcn�/� results in lower
deposition of renal fibrillin-1 compared with Dcn�/� mice.
Simultaneously, the IGF-IR is up-regulated to a higher
degree in diabetic Dcn�/� kidneys, probably represent-
ing a compensatory mechanism for the lack of DCN but
being insufficient to normalize renal fibrillin-1 content.

Our results also explain previous observations that
DCN mRNA and protein expression are markedly re-
duced in patients with severe forms of Marfan’s syn-
drome.21,22 Although fibrillin-1 mRNA is not altered in
these patients, the amount of fibrillin-1 deposited in the
extracellular matrix is clearly reduced.22 In light of our
results, these observations can be explained by a mech-
anism by which reduced levels of DCN signaling through
the IGF-IR/Akt/mTOR/p70 S6K pathway would result in a
translational down-regulation of fibrillin-1 protein expres-
sion. Inter- and intrafamilial phenotypic variability is a
common feature of Marfan’s syndrome, suggesting that
additional modifiers play a role in the pathogenesis of the
disease. Our results, together with the previously re-
ported data,21,22 strongly suggest that DCN could play a
significant role as a disease modifier in Marfan’s syn-
drome and perhaps in other type-I fibrillinopathies.

Collectively, our findings show that DCN, by signaling
through the IGF-IR and the PI3K/Akt/mTOR/p70 S6K path-
way, mediates translational regulation of fibrillin-1. This ob-
servation further extends our knowledge of the biology of
DCN in two ways: 1) It confirms that the matrix component
DCN acts as a signaling molecule through the canonical
IGF signaling cascade, and 2) it offers the novel concept
that a matrix component (DCN) directly regulates the syn-
thesis of another matrix constituent (fibrillin-1).
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Budny is highly appreciated.

References

1. Iozzo RV: The biology of the small leucine-rich proteoglycans: func-
tional network of interactive proteins. J Biol Chem 1999,
274:18843–18846

Figure 9. Schematic diagram of the DCN-mediated translational regulation of
fibrillin-1 in NRK cells. Further details are given in Results.

Regulation of Fibrillin-1 by Decorin 313
AJP January 2007, Vol. 170, No. 1



2. Reed CC, Iozzo RV: The role of decorin in collagen fibrillogenesis and
skin homeostasis. Glycoconj J 2003, 19:249–255

3. Danielson KG, Baribault H, Holmes DF, Graham H, Kadler KE, Iozzo
RV: Targeted disruption of decorin leads to abnormal collagen fibril
morphology and skin fragility. J Cell Biol 1997, 136:729–743

4. Hildebrand A, Romaris M, Rasmussen LM, Heinegard D, Twardzik
DR, Border WA, Ruoslahti E: Interaction of the small interstitial pro-
teoglycans biglycan, decorin and fibromodulin with transforming
growth factor beta. Biochem J 1994, 302:527–534

5. Border WA, Noble NA, Yamamoto T, Harper JR, Yamaguchi Y, Pier-
schbacher MD, Ruoslahti E: Natural inhibitor of transforming growth
factor-beta protects against scarring in experimental kidney disease.
Nature 1992, 360:361–364
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