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Background: Transforming growth factor (TGF)- 8 signaling depends on decorin and LRP-1.

Results: Decorin internal regions 5 and 6 interact with LRP-1 to modulate TGF- mediated signaling.

Conclusion: A specific decorin region regulates TGF-B-dependent signaling.

Significance: Identification of specific sites in decorin that are involved in TGF-f signaling might have potential therapeutic

applications for treatment of fibrotic diseases.

Decorin is a small proteoglycan, composed of 12 leucine-rich
repeats (LRRs) that modulates the activity of transforming
growth factor type B (TGF-B) and other growth factors, and
thereby influences proliferation and differentiation in a wide
array of physiological and pathological processes, such as fibro-
sis, in several tissues and organs. Previously we described two
novel modulators of the TGF-f-dependent signaling pathway:
LDL receptor-related protein (LRP-1) and decorin. Here we
have determined the regions in decorin that are responsible for
interaction with LRP-1 and are involved in TGF-f-dependent
binding and signaling. Specifically, we used decorin deletion
mutants, as well as peptides derived from internal LRR regions,
to determine the LRRs responsible for these decorin functions.
Our results indicate that LRR6 and LRR5 participate in the
interaction with LRP-1 and TGF-f as well as in its dependent
signaling. Furthermore, the internal region (LRR6i), composed
of 11 amino acids, is responsible for decorin binding to LRP-1
and subsequent TGF-f-dependent signaling. Furthermore,
using an in vivo approach, we also demonstrate that the LRR6
region of decorin can inhibit TGF-B mediated action in
response to skeletal muscle injury.

Transforming growth factor-B (TGEF-p) is a multifunctional
cytokine involved in development, cell proliferation, and extra-
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cellular matrix (ECM)? deposition (1). This growth factor con-
tains nine conserved cysteines and belongs to a superfamily of
structurally related proteins, known as the transforming
growth factor 3 superfamily, which includes activins, inhibins,
and bone morphogenic proteins (2). TGF- regulates cellular
processes in the nucleus by binding to cell surface transmem-
brane receptors with serine/threonine kinase activity and cyto-
plasmic effectors, including Smad proteins and non-Smads
proteins (3, 4).

Previously we described two novel modulators of this TGF-
B-dependent signaling pathway: LDL receptor-related protein
(LRP-1) (5) and decorin (6). LRP-1 is a giant receptor, belonging
to the low-density lipoprotein receptor family, which bind and
internalize extracellular ligands for degradation (7, 8). We
showed that decorin is endocytosed and degraded by myoblasts
and that both processes are blocked by siRNA suppression of
LRP-1 expression (5). This observation supports the hypothesis
that LRP-1 is a receptor for decorin (5, 9). These findings also
point to LRP-1-mediated catabolism as a new control pathway
for the biological activities of decorin, specifically for its ability
to influence ECM signaling.

Following the discovery of LRP-1 as a cell surface receptor for
decorin, we attempted to determine its role in decorin TGF-3-
dependent signaling. Decorin-deficient myoblasts show that
the decreased TGF-f response can be fully restored by decorin
re-expression (6, 10). Importantly, this reactivation occurs
without changes in the ability of TGF-f3 to bind its receptors or

2 The abbreviations used are: ECM, extracellular matrix; CTGF, connective tis-
sue growth factor; EGFR, epidermal growth factor receptor; LRR6i, LRR6
internal region; LRR6e, LRR6 external region; LRRs, leucine-rich repeats;
LRP-1, low density lipoprotein receptor-related protein; TGF-f3, transform-
ing growth factor .
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in intracellular signaling mediators such as Smad protein phos-
phorylation or Smad-4 nuclear translocation (3, 11). In myo-
blasts, inhibition of decorin binding to LRP-1, or depletion of
LRP-1, decreased TGF-B response to levels observed in
decorin-deficient myoblasts. Interestingly, re-expression of
decorin in decorin-deficient myoblasts did not restore the
TGE-B response when either the Smad pathway or PI3K activ-
ity was inhibited, suggesting that this LRP-1-decorin modula-
tory pathway requires activation of the Smad pathway by
TGEF-B and involves PI3K activity (6). These results reveal a new
regulatory mechanism for TGF- signaling, involving decorin
and LRP-1 at the myoblast surface (5).

Decorin is one of the most well studied members of the fam-
ily of small leucine-rich proteoglycans (12). Decorin is a pro-
teoglycan formed by a core protein with 12 leucine-rich repeats
(LRRs) and a chondroitin/dermatan sulfate glycosaminoglycan
chain (12—15). Decorin can be localized in the ECM or at the
cell plasma membrane, where it interacts with cell surface
receptors. This differential localization can explain the differ-
ent and sometimes contradictory functions of this proteoglycan
(9). Decorin in the ECM is believed to regulate ECM structure
(16, 17) and modulate the bioavailability of several growth fac-
tors, including TGF-B (18). In addition, decorin has also been
reported to be associated with cell surface receptors. Further-
more, decorin has an intrinsic ability to interact with several
cytokines (19). It has been shown that decorin binds to insulin
growth factor-1 and the insulin growth factor-1 receptor (20),
resulting in insulin growth factor-1 receptor phosphorylation
and activation, followed by receptor down-regulation (21).
Decorin has also been reported to cause rapid phosphorylation
of the epidermal growth factor receptor (EGFR) and activation
of the mitogen-activated protein kinase signaling pathway (22).
In addition, decorin has been reported to modulate two pro-
fibrotic molecules, TGF- (6, 9, 23, 24) and connective tissue
growth factor (CTGF) (25). Interestingly, decorin can also bind
to the cMet receptor, the receptor for hepatocyte growth factor,
inducing transient activation of the receptor and inhibiting cell
migration and growth (26). These novel results are in agree-
ment with our previous observations that decorin-deficient
myoblasts exhibit exacerbated migration capacity after grafting
in vivo (27).

Fibrotic disorders are the end point of many chronic diseases
in different tissues such as kidney, skin, and skeletal muscle
(28-30). Fibrosis development is caused by the action of
growth factors and cytokines, which are overexpressed in
fibrotic tissues. For years, TGF-B has been described as the
principal inducer of fibrosis in different tissues (31). Duchenne
muscular dystrophy is a disease caused by the absence of the
protein dystrophin, which produces muscle weakness and leads
to cycles of degeneration and regeneration of muscle fibers,
resulting in a decrease in muscle mass and an increase in fibro-
sis, concomitant with augmented TGF-f3 levels in biopsies of
Duchenne muscular dystrophy patients (32—34).

Elucidation of the precise binding sites of modulator mole-
cules such as decorin is an important task with important ther-
apeutic implications. The specific decorin-binding site on
LRP-1 has not been determined. In addition, the role of this
decorin-binding site on LRP-1 in TGF-B-dependent signaling
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remains unknown. In this study, we use decorin-deletion
mutants, as well as peptides from internal LRR regions, to
determine the LRRs responsible for these decorin functions.
We found that LRR6 and LRR5 are responsible for LRP-1 bind-
ing and subsequent TGEF-B-dependent signaling. Also we
obtained evidence that the LRR6 internal region (LRR6i) par-
ticipates in interaction with LRP-1- and TGF-B-dependent sig-
naling. Furthermore, using an in vivo approach, we demon-
strate that this LRR6 region can inhibit TGF-f3-mediated action
in response to skeletal muscle injury.

EXPERIMENTAL PROCEDURES

Animals and Experimental Muscle Injury—12-Week-old
C57BL/10 ScSn male mice were used for this study. Animals
were kept at room temperature with a 24-h night-day cycle and
fed with pellets and water ad libitum. Injury of normal muscle
tissue was performed by barium-chloride injection (35, 36) in
mice under ketamine/xylazine anesthesia (80/12 mg/kg body
weight, intraperitoneally). Briefly, 60 ul of an aqueous 1.2%
mass/volume (m/w) BaCl, solution was injected along the
whole length of the left tibialis anterior muscle. Contralateral
PBS-injected muscles were used as controls. After 3 days of
BaCl, injections, an intramuscular injection of 20 ng of TGF-B1
in the presence or absence of 10 ug of the LRR6 region was
performed. 4 days post-injury, tibialis anteriors were dissected
and removed under anesthesia, and animals were sacrificed.
Tissues were rapidly frozen and stored at —80 °C until process-
ing. All protocols were conducted in strict accordance and with
the formal approval of the Animal Ethics Committee of the P.
Universidad Catdlica de Chile.

Peptides Derived from LRR Regions—The following decorin
LRRregions were used: LRR4, KELPEKMPKTLQELRAHENEI;
LRR5, TKVRKVTFENGLNQMIVIELGTNPL; LRR6, KSSGIEN-
GAFQGMKKLSYIRIADTNIL; LRR6 external (LRR6e), KSS-
GIENGAFQGMKK; LRR6 internal (LRR6i), LSYIRIADTNI;
LRR12, QYWEIQPSTFRCVYVRSAIQLGNYK; and Scramble
peptide, SITNLDRYAII All peptides were obtained from Pep-
tide 2.0 Inc.

Cell Culture—The mouse skeletal muscle cell line, C2C12
(ATCC) (18), was grown and induced to differentiate as
described (38). Decorin-deficient myoblasts have been previ-
ously described and characterized (6, 10).

Mutant Decorin Generation—All decorins generated have an
HA epitope in their C termini. Wild type decorin and decorin
mutants that lack different LRR were generated by overlap PCR
starting from human decorin (NM_133593) cloned in pcDNA
3.1 (kindly donated by Elke Schénherr, Institute of Physiologi-
cal Chemistry and Pathobiochemistry, Miinster, Germany).
Generated constructs were sequenced and then stably trans-
fected into CHO-K1 cells using medium supplemented with
G418 (400 ug/ml). After 4 weeks, different clones were isolated
(25). Decorin purification was conducted using conditioned
medium from the CHO-K1 clones, and a DEAE-Sephacel col-
umn (Bio-Rad) as previously described (39).

Labeling of Cultures—CHO-K1 cells, stably transfected with
different deletion mutant constructs of decorin, were labeled
for 18 h in sulfate and serum-free DMEM/F-12 with 100
wCi/ml of H,[**S]SO, (PerkinElmer Life Sciences, 25 mCi/ml)
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(39). This conditioned medium was concentrated using a
DEAE-Sephacel column pre-equilibrated in 10 mm Tris-HCl,
pH 7.4, 0.2 m NaCl, and 0.1% Triton X-100. The sample bound
to the column was incubated with heparitinase in an appropri-
ate buffer for 4 h at 37 °C. Samples were then eluted with 1 m
NaCl and dialyzed against PBS (39).

Decorin Endocytosis Assays—Endocytosis of **S-decorin by
myoblasts in culture was determined as previously described
(5).

Transient Plasmid Transfection—Cells were plated in
24-well plates until they reached 60% confluence. Cells were
then incubated in Opti-MEM I containing 1 pg of TGF-f3
responsive plasmid p3TP-Lux (6), 0.02 ug of pRL-SV40, 2 ul of
PLUS reagent, and 1 ul of Lipofectamine. After 6 h, FBS was
added to the medium, and cells were cultured for a further 12 h.
Medium was changed to fresh growth medium and the follow-
ing reagents were added: TGF-B1 dissolved in 0.5% FBS; and
different decorin mutants or decorin LRR regions in PBS. Dual
luciferase activity assays (Promega) were performed after 6 h,
depending on the experiment.

Short Interfering RNA (siRNA) Transfection—Annealed
siRNA specific for LRP-1 and control siRNA have been previ-
ously described (5, 6). Briefly, for experiments with p3TP-Lux
plasmid reporters, cells were co-transfected with siRNA. Fol-
lowing transfection, FBS was added to the medium, and cells
were cultured for a further 24 h. Dual luciferase activity assays
(Promega) were performed after 6 h depending on the
experiment.

Immunoprecipitation and Immunoblot Analysis—For
immunoprecipitation assays, myoblasts were lysed in 50 mm
Tris-HCL, pH 7.4, 0.1 m NaCl, 0.5% Triton X-100 buffer, con-
taining a mixture of protease inhibitors and 1 mm phenylmeth-
ylsulfonyl fluoride. Equal amounts of protein (150 ug) from
pre-cleared extracts were immunoprecipitated overnight at
4 °C with 5 ug of rabbit anti-LRP-1, as previously described (5),
followed by incubation for 2 h at 4 °C with 20 ul of protein
A-agarose beads (Pierce). Equal volumes of immunoprecipi-
tated protein were subjected to SDS-PAGE. For immunoblot
analyses, cell extracts obtained from myoblasts were prepared
in 50 mm Tris-HCI, pH 7.4, 0.1 M NaCl, 0.5% Triton X-100 with
amixture of protease inhibitors and 1 mm PMSEF. Aliquots were
subjected to SDS-gel electrophoresis on 5 or 10% polyacryl-
amide gels, electrophoretically transferred onto nitrocellulose
membranes (Schleicher and Schuell), and probed with each of
the following antibodies: rabbit anti-LRP-1 extracellular
domain (1:1000) (Calbiochem) as previously described (5); rab-
bit anti-fibronectin (1:5000) and mouse anti-a-tubulin (1:5000)
(Sigma); goat anti-CTGF (1:500) and rabbit anti-HA (1/2000)
(Santa Cruz Biotechnology); and mouse anti-GAPDH (1:2000)
(Chemicon). All immunoblots were visualized by enhanced
chemiluminescence (Pierce).

RNA Isolation, Reverse Transcription and Quantitative Real
Time PCR—Myoblasts were serum-starved for 18 h and then
incubated for several times with the indicated decorin deletion
mutants. Total RNA was isolated from cell cultures at the indi-
cated times in the figures using TRIzol (Invitrogen) according
to the manufacturer’s instructions. Total RNA (1 ng) was
reverse-transcribed to ¢cDNA using random hexamers and
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SuperScript reverse transcriptase (Invitrogen). TagMan quan-
titative real-time PCR were performed in duplicate on a Strat-
agene MX 3005 Termocyler (Agilent Technology), using pre-
designed primer sets for mouse CTGF and the housekeeping
gene GAPDH (TagMan Assays-on-Demand, Applied Biosys-
tems). mRNA expression was quantified using the comparative
AC,method (274", using GAPDH as the reference gene. The
mRNA levels are expressed relative to the mean expression in
the control group. Values correspond to the mean of the AC,
value * S.D. of three independent experiments.

Protein Determination—Protein levels were determined
from cell extract aliquots using a bicinchoninic acid protein
assay kit (Pierce) with BSA as a protein standard.

Statistics—The statistical significance of the differences
between the means of the experimental groups was evaluated
using one-way analysis of variance with a post hoc Bonferroni
multiple comparison test (Sigma Stat 3.5 Software). A differ-
ence was considered statistically significant at a p value < 0.05.

RESULTS

The LRR4—6 Region of Decorin Is Necessary for Binding to
LRP-1 and Subsequent Endocytosis—We have previously pro-
posed a new regulatory mechanism for TGF-f3 signaling medi-
ated by decorin and LRP-1 (6). One of the key features of this
mechanism is decorin binding to LRP-1, followed by decorin
internalization by endocytosis (5). The core protein of decorin
contains 12 LRRs that interact with various growth factors, and
regulate their action (9, 20, 41, 42). To analyze which decorin
LRR region is important for interaction with LRP-1, we gener-
ated four decorin deletion mutants that lack different LRR
regions (Fig. 1A). These mutant decorins were expressed in
CHO cells and purified by DEAE. Fig. 1B shows a Western blot
against the HA epitope, with or without chondroitinase ABC
treatment, which degrades chondroitin/dermatan sulfate gly-
cosaminoglycans. All of the glycanated forms, as well as their
corresponding cores protein (which migrated at the expected
molecular weights), are indicated. In some core protein dele-
tion mutants, a doublet is observed that likely corresponds to
the presence or absence of N-linked carbohydrates (43). To
evaluate which regions of the decorin core protein are impor-
tant for interaction with LRP-1, C2C12 myoblasts were co-in-
cubated with different 3*S-decorin constructs at 4 °C, to avoid
endocytosis, and cells were lysed and immunoprecipitated with
antibodies against the extracellular domain of LRP-1. After sep-
aration by SDS-PAGE, the immunoblot revealed that decorin
co-immunoprecipitates with the LRP-1 antibody complex (Fig.
1C). In particular, the figure shows that both full-length decorin
and decorin lacking LRR10-12 co-immunoprecipitates with
the LRP-1 antibody complex. In contrast, less co-immunopre-
cipitation was observed for decorin lacking LRR4 - 6, LRR4 -5,
or LRR5- 6. The characteristic decorin smear is observed after
autoradiography.

We have shown previously that decorin is endocytosed upon
binding to LRP-1 (5). Therefore, in this study, we determined
the extent of endocytosis of different decorin deletion mutants.
Fig. 1D shows that, among the different decorin mutants tested,
decorins lacking LRR4 -6, LRR4 -5, and LRR5-6 displayed a
diminished rate of clearance from the incubation medium com-
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FIGURE 1. The LRR4 - 6 decorin region is necessary for LRP-1 binding and LRP-1-mediated decorin endocytosis. A, schematic showing decorin deletion
mutants. B, deletion mutants generated in CHO-K1, which lack LRR4 and 5 (A4-5); 4,5, and 6 (A4-6); 5 and 6 (A5-6); or 10, 11, and 12 (A70-12); were purified
by DEAE-Sephacel and separated in a 4 —12% SDS-PAGE gradient for detection of glycanated forms (upper) or protein-core after treatment with chondroitinase
ABC (lower). Decorins were visualized by Western blot using anti-HA antibodies. C, C2C12 cells were incubated with 3>S-labeled decorin mutants at 4 °C for 3 h.
Extracts were immunoprecipitated with anti-LRP-1 antibodies and the presence of decorin deletion mutants in the immunoprecipitate (/P) was evaluated by
autoradiography (18). Protein levels were detected in the immunoprecipitate with an anti-LRP-1 antibody by Western blot. D, C2C12 myoblasts were incubated with
35S-labeled decorin mutants at 37 °C for 3 h in the absence (control) or presence of 1 um receptor-associated protein (RAP), then cells were analyzed to determine the
level of endocytosis as described before (5). Values correspond to the mean = S.D. from three independent experiments (¥, #, and &, p < 0.001; 1, p < 0.05).

pared with full-length decorin. Interestingly, in contrast, bation medium (Fig. 1D) (6). Altogether these results suggest
decorin lacking LRR10-12 showed an enhanced rate of endo-  that the region of decorin containing LRR4 — 6 is important for
cytosis. Importantly, the clearance rate of all decorin forms was  both binding of decorin to LRP-1 and subsequent endocytosis.
directly mediated by LRP-1, because the presence of RAP, an The LRR4 -6 Region of Decorin Is Required for Its Effect on
inhibitor of both decorin binding and endocytosis of decorinby  TGF-B Signaling Mediated by LRP-1—We have previously
LRP-1, completely prevented decorin clearance from the incu- shown that decorin-deficient myoblasts display a decreased
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FIGURE 2. Decorin-mediated LRP-1-dependent TGF-f signaling requires the LRR4 -6 region of decorin (Dcn). A, wild type and decorin-deficient myo-
blasts were transiently transfected with plasmids containing p3TP-lux and pRL-SV40 sequences and incubated with 75 nm or without complete (Full) human
decorin (hDcnHA) or deletion mutants lacking LRR (A4-5), (A4-6), (A5-6), or (A10-12) as described in the legend to Fig. 1. After 6 h of TGF-81 (1.0 ng/ml)
treatment, cells were lysed and reporter activities were determined. Values correspond to the mean = S.D. from three independent experiments (*, #, & and
##, p < 0.05). B, decorin-deficient myoblasts were incubated with or without TGF-B1 (5.0 ng/ml) in the absence or presence of 75 nm hDcnHA or deletion
mutants as described for A. Total RNA was isolated and CTGF and GAPDH expression was determined by qRT-PCR according to “Experimental Procedures.”
Values correspond to the mean of dC; value = S.D. of three independent experiments (* and #, p < 0.05). C, wild type and decorin-deficient myoblasts were
transfected with control siRNA or LRP-1 siRNA, together with the TGF-B responding p3TP-lux reporter, and pRL-SV40 as a control for transfection efficiency (6).
Cells were incubated with TGF-B1 in the absence or presence of 75 nm hDcnHA or deletion mutants as described in A. After 6 h, luciferase activity was
determined. Values for wild type cells treated with Lipofectamine (control) and TGF-B1 (1.0 ng/ml) correspond to 100%. Values correspond to the mean = S.D.
from three independent experiments (*, p < 0.001).

response to TGF-B1 compared with wild type myoblasts, and mutant LRR10-12 were able to rescue TGF-S-dependent sig-
that this effect can be reverted upon exogenous addition of naling. The inability of decorin mutants lacking LRR4 -6,
decorin core protein, a process that requires the presence of LRR4 -5, or LRR5-6 to restore TGF-B-mediated activity was
LRP-1 (6). Therefore, in this study, we evaluated which region confirmed by measuring induction of CTGF mRNA in
of decorin is responsible for rescuing TGF-B-dependent activ- response to TGF-f. Fig. 2B shows that CTGF mRNA levels
ity by measuring p3TP-Lux reporter activity in response to determined by quantitative RT-PCR in decorin-deficient myo-
TGE-. Fig. 2A shows that decorin mutants lacking LRR4-6, blasts increase when full-length decorin, or decorin mutant
LRR4 -5, or LRR5- 6 were unable to rescue p3TP-Lux reporter lacking LRR10-12, were added to the myoblast incubation
activity. In contrast, both full-length decorin and decorin medium. In contrast, decorin mutants lacking LRR4-6,
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FIGURE 3. Two regions contained in decorin LRR4 -6 are directly involved in decorin (Dcn) endocytosis and TGF-B-mediated signaling mediated by
LRP-1. A, protein cores after treatment with chondroitinase ABC, corresponding to hDcnHA or deletion mutants generated in CHO-K1, which lack LRR4 and -5
(A4-5), LRR4, -5, and 6 (A4-6), LRR5 and -6 (A5-6), LRR5 (A5), LRR6 (A6) or LRR10, -11, and -12 (A10-12). Decorins were visualized by Western blot using
anti-HA antibodies. B, wild type and decorin-deficient myoblasts were transfected with control siRNA or LRP-1 siRNA, together with the TGF-3 responding
p3TP-lux reporter, and pRL-SV40 as a control for transfection efficiency (6). Cells were incubated with TGF-B1 in the absence or presence of decorins or deletion
mutants as described in the legend of Fig. 2A. After 6 h, luciferase activity was determined. Values for wild type cells treated with Lipofectamine (control) and
TGF-B1 (1.0 ng/ml) correspond to 100%. Values correspond to the mean £ S.D. from three independent experiments (¥, p < 0.001). C, decorin-deficient
myoblasts were incubated with or without TGF-B1 (5.0 ng/ml) in the absence or presence of 75 nm hDcnHA or deletion mutants as described for B. CTGF and
GAPDH expression was determined by qRT-PCR as described in the legend to “Experimental Procedures.” Values correspond to the mean of dC, value = S.D.

of three independent experiments. (* and #, p < 0.05).

LRR4 -5, or LRR5-6 did not rescue TGF-B-mediated activity
as determined by CTGF expression (Fig. 2B). To confirm that
this differential ability of decorin mutants to rescue TGF-
activity was dependent on LRP-1, C2C12 myoblasts were trans-
fected with a specific siRNA for LRP-1, as we previously
described (6), and TGF- 3 activity was determined by measuring
p3TP-lux reporter activity. Under these experimental condi-
tions, recovery of TGF-f activity was dependent on expression
of LRP-1. Fig. 2D shows that the recovery of TGF-f3 activity
mediated by full-length decorin or decorin lacking LRR10-12
is completely lost in the absence of LRP-1. Altogether, these
results strongly suggest that LRR4—6, LRR4 -5, and LRR5-6
are required for the decorin-mediated TGF-S response, and
that this response is dependent on LRP-1.
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Because the results from the interaction of decorin
mutants with LRP-1 as well as TGF-$ activity signaling
experiments suggest that LRR4— 6 is required, we generated
decorin deletion mutants that lack LRR5 and LRR6 regions.
These mutant decorins were expressed in CHO cells and
purified by DEAE as described in the legend Fig. 1A. Fig. 34
shows a Western blot against the HA epitope, with chon-
droitinase ABC treatment for mutants lacking LRR5 and
LRR6. As shown in Fig. 3B, decorin lacking LRR5 or LRR6
was unable to recover TGEF-B-dependent activity. The
inability of decorin mutants lacking LRR4 -6, LRR4 -5,
LRR5, or LRR6 to restore TGF-B-mediated activity was con-
firmed by measuring induction of CTGF mRNA in response
to TGF-B (Fig. 3C).
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Two Peptides Derived from Decorin LRR4—6 Are Directly
Involved in Decorin Endocytosis and TGF-3 Signaling Mediated
by LRP-1—Next, we determined which LRR peptide(s) within
LRR4 -6 is able to compete with decorin endocytosis mediated
by LRP-1. Myoblasts were incubated with **S-decorin in the
presence of LRR4, LRR5, or LRR6 peptides (or the LRR12 con-
trol peptide), and decorin clearance was determined. Fig. 4A
shows that LRR6 and LRR5 peptides inhibited around 80 and
60% of decorin clearance, respectively, whereas, in contrast,
LRR4 and LRR12 peptides did not display any significant effect.
These results suggest that the LRR5 and LRR6 of decorin are
directly involved in binding to LRP-1.

Because decorin binding to LRP-1 is required for its effect on
TGF-B activity, we wanted to determine which of the above
tested decorin peptides affect the ability of full-length decorin
to rescue TGF-B activity. Decorin-deficient myoblasts were
incubated with different decorin LRR peptides, and luciferase
activity, associated with a p3TP-Lux reporter, was measured.
Fig. 4B shows that the LRR6 peptide, and LRR5 to a lesser
extent, totally inhibits full-length decorin-mediated rescue of
TGEF-Bactivity, whereas LRR4 and LRR12 peptides did not have
any effect. Fig. 4C shows a titration curve demonstrating dose-
dependent displacement of the decorin-mediated rescue of
TGE-p activity by LRR5 or LRR6. An IC,, of ~90 nm for this
LRR6 peptide was determined. Finally, Fig. 4D shows that
increasing concentrations of LRR6 peptide competed with
decorin for interaction with LRP-1, and that lactoferrin,
another LRP-1 ligand, also competes with decorin binding to
this endocytocic receptor. In total, these results suggest that
LRR6 and LRR5 are involved in both decorin binding to LRP-1
and decorin-mediated TGF-B-dependent signaling.

The Internal Region of LRR6 Decorin Is Required for Interac-
tion with LRP-1 and TGF-[B-dependent Signaling—LRRs in
decorin contain internal and external regions (44). The internal
region is located in the concave face, and the exterior region
faces the exterior of decorin. Therefore we decided to evaluate
which region in LRR6 is responsible for interaction with LRP-1-
and TGF-B-dependent signaling. Fig. 5A shows a sequence of
peptides from the LRR6 region of decorin, LRR6 (Full), LRR6i
(In), and LRR6e (Ext), and their potential locations in the
decorin molecule are shown based on the structural model
described by Scott et al. (44). Fig. 5B shows that a short 11-a-
mino acid peptide from the internal region of LRR6 (LRR6i
peptide) is able to compete with full-length decorin for interac-
tion with LRP-1. The amount of LRP-1 co-immunoprecipitated
is shown in the same figure. As a positive control, immunopre-
cipitation of decorin in the absence of any peptide is shown.
Next, we evaluated if this LRR6i peptide affects clearance of
35S-decorin from myoblast incubation medium. Fig. 5C shows
that the LRR6i peptide inhibits ~80% of the clearance of
decorin from the medium when compared with myoblasts
incubated in the absence of or with a scramble peptide, similar
to the effect observed from the whole LRR6 peptide. These
results suggest that the internal region of LRR6 (LRR6i) is suf-
ficient for binding to LRP-1 and decorin clearance. Next, we
evaluated if LRR®6i is able to compete with decorin for TGE-3-
dependent signaling. Fig. 6A shows that the LRR6i peptide was
as efficient as the full LRR6 peptide at totally inhibiting the
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full-length decorin-mediated rescue of TGF-f signaling. The
same figure shows that a peptide corresponding to the external
region of LRR6 (LRR6e) showed very little inhibitory activity.
Next, we determined the IC;, for the LRR6i peptide as above.
Fig. 6B shows an IC;, of around 100 nM for LRR6i, whereas the
LRR6e peptide did not show any inhibitory effect nor the
scramble peptide at the concentrations tested. Fig. 6C shows
that the LRR6i peptide was as efficient as the full LRR6 peptide
inhibiting TGF-B-mediated CTGF mRNA expression deter-
mined by quantitative RT-PCR. These results suggest that an
11-amino acid segment present in the internal region of LRR6
of decorin is involved in both decorin binding to LRP-1 and in
decorin-mediated LRP-1-dependent TGF-f signaling.

The LRR4 -6 Region of Decorin Participates in Interaction of
Decorin with TGF-B—It is well known that decorin interacts
with TGF-B (45). We evaluated if the LRR4-6 region of
decorin is required for the binding of TGF-B to decorin. To this,
C2C12 myoblasts were co-incubated with two **°I-TGF- con-
centrations at 4 °C, to avoid endocytosis, and cells were lysed
and immunoprecipitated with antibodies against the extracel-
lular domain of LRP-1. Fig. 7A shows that after separation by
SDS-PAGE, the immunoblot revealed that the **I-TGF-1 co-
immunoprecipitates with the LRP-1 antibody complex. The
total LRP-1 immunoprecipitated is shown. Fig. 7B shows that
RAP strongly inhibited the co-immunoprecipitation of '*°I-
TGF-B1 with LRP-1. Next, we evaluated if full decorin or
decorin lacking LRR4 —6, LRR4 -5, LRR5-6, LRR5, LRR6, and
LRR10-12 have an effect on the immunoprecipitation of '*°I-
TGEF-B1 mediated by LRP-1. Fig. 7C shows that only the full
decorin or decorin lacking LRR10-12 were able to co-immu-
noprecipitate '*’I-TGF-B1. The immunoprecipitation of
LRP-1 is shown in the same figure. Finally, we evaluated which
LRR peptide(s) within LRR4 - 6 is able to compete for the bind-
ing of TGF-f to decorin mediated by LRP-1. Fig. 7D shows that
LRR5 and LRR6 strongly inhibited decorin and '**I-TGF-S1
co-immunoprecipitation with the LRP-1 antibody complex.
The total amount of LRP-1 immunoprecipitated is shown.
Interestingly, the presence of TGF-1 increased the amount of
decorin immunoprecipitated by LRP-1. These results strongly
suggest that the LRR5- 6 decorin domain is required for inter-
action between TGF-B and decorin as well as decorin and
LRP-1.

Inhibitory Effects of LRR6 on TGF-B-mediated Target Mole-
cules in a Mouse Model of Skeletal Muscle Damage —Finally, we
evaluated if LRR6 is able to inhibit TGF-3-mediated expression
of CTGF (38) and fibronectin (46) in a mouse model of induced
damage after addition of TGF-. Tibialis anterior skeletal mus-
cle degeneration was induced by BaCl, injection as previously
described (36). Because decorin-mediated TGF-B signaling
requires LRP-1, first we determined the amount of LRP-1 pres-
ent in the damaged muscle. Fig. 84 shows a significant increase
in LRP-1 after 3 and 5 days of induced muscle damage. The
figure also shows that CTGF is expressed as a consequence of
the damage, because very little expression was observed in
undamaged contralateral muscle. Skeletal muscle regeneration
occurred as a result of the damage and was confirmed by the
expression of embryonic myosin after 5 days of induced damage
(36). Fig. 8B shows a similar experiment measured on post-injury
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FIGURE 4. Two synthetic peptides derived from the LRR4-6 region of decorin (Dcn) decreases LRP-1-mediated decorin endocytosis and TGF-£-
mediated signaling. A, C2C12 myoblasts were incubated with 3*S-decorin mutants at 37 °C for 3 h in the absence or presence of 225 nm synthetic peptides
derived from the LRR4, LRR5, LRR6, or LRR12 regions of decorin. The cells were then analyzed to determine levels of decorin endocytosis as described in the
legend to Fig. 1D. Values correspond to the mean = S.D.from three independent experiments (*and &, p < 0.05; #, p < 0.001). B, wild type and decorin-deficient
myoblasts were transiently transfected with plasmids containing p3TP-lux and pRL-SV40 sequences and incubated with 75 nm hDcnHA in the absence or
presence of 225 nm synthetic peptides derived from LRR4, LRR5, LRR6, or LRR12 regions of decorin. After 6 h of TGF-B1 (1.0 ng/ml) treatment, cells were lysed
and reporter activities were determined. Values correspond to the mean = S.D. from three independent experiments (* and &, p < 0.05; #, p < 0.001). C, wild
type and decorin-deficient myoblasts were transiently transfected with p3TP-lux and pRL-SV40, and incubated with hDcnHA in the absence or presence of the
indicated amounts of synthetic LRR5 and LRR6 peptides. After 6 h of TGF-B1 (1.0 ng/ml) treatment, cells were lysed and reporter activities were determined.
100% correspond to p3TP-lux induction in WT cells. Values correspond to the mean =+ S.D. from three independent experiments (¥, #,and &, p < 0.05). D, C2C12
myoblasts were incubated with 75 nm hDcnHA at 4 °C for 3 h in the absence or presence of the 75 or 225 nm LRR6 peptides. Lactoferrin was used as a protein
that displaces the binding of ligands to LRP-1. Cell extracts were obtained and the immunoprecipitated anti-LRP-1 antibody was evaluated by Western blot
using an anti-HA and anti-LRP-1 antibodies, respectively.
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experiments (* and #, p < 0.001).

day 4, where TGF-1 was injected in the regenerating muscle on
day 3 after damage induction. The figure shows that CTGF expres-
sion increases in response to TGF-B. However, when LRR6 pep-
tide was co-injected with TGF-B1 on day 3 after damage induc-
tion, inhibition of CTGF induction was observed. In addition,
LRR6 peptide co-injection resulted in a decrease in TGF-B-depen-
dent induction of fibronectin. Fig. 8C shows a quantification of this
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experiment. Finally, we found that the level of phospho-Smad?2 in
response to TGF-[1 was not affected by LRR6i. As control a null
effect of a scramble peptide on phospho-Smad2 is shown. This
result is in concordance with our previous observation that sug-
gests that levels of phospho-Smad2 are not affected when the LRP-
1-decorin-dependent TGF-S-mediated signaling pathway is acti-
vated (6). This in vivo experiment strongly suggests that LRR6
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FIGURE 6. TGF-f activity is decreased by a synthetic peptide derived from the LRR6 internal region of decorin (Dcn). A, wild type and decorin-deficient
myoblasts were transiently transfected with plasmids containing p3TP-lux and pRL-SV40 sequences and incubated with 75 nm hDcnHA in the absence or
presence of 225 nm synthetic peptides from the LRR6 region of decorin, LRR6 (Full), LRR6i (In), or LRR6e (Ext). After 6 h of TGF-B1 (1.0 ng/ml) treatment, cells were
lysed and reporter activities were determined. Values correspond to the mean = S.D. from three independent experiments (*, #, and & p < 0.05). B, wild type
and decorin-deficient myoblasts were transiently transfected with p3TP-lux and pRL-SV40 plasmids and incubated with 75 nm hDcnHA-Full in the absence or
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determined as in A. Values correspond to the mean = S.D. from three independent experiments (¥, p < 0.05; # and &, p < 0.001). C, decorin-deficient myoblasts
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peptide. Total RNA was isolated and CTGF and GAPDH expression was determined by gRT-PCR according to “Experimental Procedures.” Values correspond to
the mean of dC;value *+ S.D. of three independent experiments (* and #, p < 0.05).

inhibits the induction of fibronectin and CTGEF, mediated by signaling. Furthermore, we determined that the internal region
TGE-f1 signaling, in damaged muscle. of LRR6, an 11l-amino acid peptide on the concave face of
decorin, is critical for the two functions described above. Using

DISCUSSION different deletions mutants we found that LRR4— 6 is essential
In this article, we show that the LRR6 and LRR5 regions of for interaction with LRP-1, the endocytic receptor for decorin
decorin are vital for binding to LRP-1 and TGF-B-mediated (5), interacting with TGF-, and induction of decorin-medi-
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immunoprecipitate was evaluated by Western blot using anti-HA and LRP-1 antibodies, respectively. '>°I-TGF-B1 in the immunoprecipitate was evaluated by
autoradiography.
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FIGURE 8. A synthetic peptide from the LRR6 region of decorin decreases TGF-f activity in an injured skeletal muscle mouse model. A, tibialis anterior
muscles of C57BL10 mice were injured by BaCl, injection (36). Tibialis anterior muscles were removed at different times post-injury and protein extracts were
separated by SDS-PAGE. Levels of LRP-1, CTGF, and embryonic myosin were determined by Western blot analysis. GAPDH levels are shown as a loading control.
B, tibialis anterior muscles of C57BL10 mice were injured as in A. At day 3 post-injury, tibialis anterior muscles were injected with TGF-B1 (20 ng) in the absence
or presence of complete synthetic LRR6 peptide (10 ng). Tibialis anterior muscles were removed on day 4 post-injury and protein extracts were separated by
SDS-PAGE. Levels of CTGF and fibronectin (FN) were determined by Western blot analysis. GAPDH levels are shown as a loading control. C, quantification of
three independent experiments as shown in B. Values correspond to the mean = S.D. for fold-induction relative to control cells without TGF-B1 and LRR6 (* and
#,p < 0.05). D, tibialis anterior muscles of C57BL10 mice were injured as in B. TGF-B1 (20 ng) was injected in the absence or presence of complete synthetic LRR6i
peptide (10 ng) or scramble peptide (Scr, 10 ng). Tibialis anterior muscles were removed on day 4 post-injury and protein extracts were separated by SDS-PAGE.
Levels of phospho-Smad-2 and total Smad-2 were determined by Western blot analysis.

ated LRP-1-dependent TGEF-B signaling (6). As expected,
decorin mutants lacking LRR4 — 6, LRR5- 6, LRR5, or LRR6 had
diminished LRP-1-mediated endocytosis rates. Interestingly,
the same LRR4-6 region is required for decorin-mediated
LRP-1-dependent TGF-f signaling. We dissected the LRR4—6
region, using individual peptides from the LRR4 — 6 region, and
found that the LRR6 peptide was able to inhibit nearly 80% of
LRP-1-mediated decorin endocytosis. LRR6 and LRR5 peptides
were able to inhibit decorin-mediated rescue of TGEF-f3 signal-
ing. Thus the interaction of decorin with LRP-1 and decorin-
mediated LRP-1-dependent TGEF-S signaling requires the
LRR6 region of decorin. Also we found that decorin mutants
lacking LRR4 - 6, LRR4 -5, LRR5- 6, LRR5, or LRR6 had dimin-

6784 JOURNAL OF BIOLOGICAL CHEMISTRY

ished '?’I-TGF-B1 and decorin co-immunoprecipitation with
the LRP-1 antibody.

Furthermore, we found that an 11-amino acid peptide, cor-
responding to the internal region of LRR6 in decorin, is
required for the interaction of decorin with LRP-1 and subse-
quent TGF-B-mediated signaling. Previously we have shown
that a peptide derived from decorin, Leu'**~Val**° (105 amino
acids), forms a complex with TGF-, and when immobilized on
a column can bind TGF-1 and -B2 with nanomolar dissocia-
tion constants, indicative of high-affinity binding (45). Interest-
ingly, we show that a region contained in LRR4 -6 is required
for the interaction between TGF-3 and decorin. Furthermore,
the LRR6 region presented an inhibitory effect on TGF-B-de-
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pendent signaling in the nanomolar range. However, whether
the same decorin sequence is responsible for TGF-B binding,
interaction with LRP-1, and TGF-B-mediated signaling (47)
requires further investigation. We have previously demon-
strated that decorin, among other proteoglycans, is able to bind
and sequester TGF-B from its transducing receptors, thus
modulating the bioavailability of this growth factor (18). It
would be interesting to evaluate if the LRR6 region can compete
with decorin for TGF-8 binding.

A sequence similar to LRR6i has been reported to bind col-
lagen type I (48). Furthermore, as indicated in the Introduction,
decorin interacts with EGFR (14, 50). Santra et al. (51) investi-
gated the structural requirements of the decorin/EGFR inter-
action, and their results suggest that the LRR6 region is also
required for proper interaction of decorin and EGFR. It is strik-
ing that several of the different biological functions attributed
to decorin, such as receptor or ligand binding, reside in the
same structural region. Some small LRR proteoglycans, such as
decorin, have been shown to dimerize with high affinity (13, 44,
52). Interestingly, the crystal structure of decorin indicates that
decorin dimerizes through the concave surfaces of its LRR
domains, some of which correspond to the sequence described
to be responsible for its protein-ligand interactions (44). It has
been argued that the sequence of decorin that binds to collagen
I (which is similar to the sequence described in this paper for
LRP-1 binding and TGF-f signaling) is located on the concave
face of LRR6, a position that would be less accessible for triple
helical collagen (14). It has also been argued that, given the
overall dimensions of the decorin core protein, a dimeric
decorin would not fit in the EGER receptor groove where EGF
binds (14). In contrast, Scott et al. (44) argue, based on their
crystal structure studies, that decorin has a more open struc-
ture that seems incompatible with a tight interaction with a
single collagen triple helix. Furthermore, the concave surface of
decorin has been postulated to be involved in a high-affinity
dimer interaction, and is thus unlikely to be available for ligand
binding (44). However, we have experimental evidence from
chemical cross-linking assays that the LRR4, LRR5, and LRR6
regions of decorin do not affect decorin dimer formation (25).
Clearly the role of the dimer-monomer transition and its func-
tion in the binding of decorin to specific ligands and receptors
requires further investigation. Interestingly, we have recently
demonstrated that decorin interacts with CTGF, this interac-
tion is mediated by LRR12 (25). The fact that decorin is able to
interact with two different pro-fibrotic molecules, TGF-f and
CTGF, and these molecules also interact with LRP-1 (25, 53),
open interesting possibilities of fine tune regulation mediated
by decorin and these growth factors. Furthermore, an increase
in TGF-B activity mediated by CTGF has been described (54). If
decorin modulates then this augmented activity requires fur-
ther investigation.

Fibrotic disorders are characterized by excessive connective
tissue and ECM deposition that preclude the normal healing of
different tissues (55). Marked overexpression of TGF-B and
CTGE, both profibrotic cytokines, is strongly linked to the
pathogenesis of these diseases. CTGF is selectively induced by
TGEF-B1 (38, 40, 56), and TGF-B and CTGF are coordinately
expressed at sites of tissue repair and fibrosis (57, 58). In addi-
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tion, production of TGE- is altered in many pathologic condi-
tions. For example, TGF-B is overproduced as in pulmonary
fibrosis, cirrhosis, glomerulosclerosis, cardiomyopathy, Crohn
disease, scleroderma and chronic graft versus host disease (55,
59). Several studies have indicated that TGF-f is a potent
inducer of the myofibroblast phenotype (60, 61), which corre-
lates with induction of elevated collagen synthesis but is pre-
vented by induction of cell proliferation. Thus, although it is
apparent that targeting TGF- for therapy is of major clinical
interest, to date no therapeutic treatment for fibrosis exist (30).

We present experimental evidence that indicates that LRR6
inhibits (at least in part) expression of TGF-f target proteins in
vivo in response to skeletal muscle damage. We evaluated a
mouse model where the expression of TGF-f is elevated (62)
concomitant with the expression of CTGF and fibronectin: an
induced skeletal muscle damage model (36). Thus, induced
skeletal muscle damage (63) was associated with reduced
expression of CTGF and fibronectin if the LRR6 region was
co-injected with TGF-B. Because the effect of LRR6 on TGF-3-
mediated activity requires the presence of LRP-1, we deter-
mined levels of this endocytic receptor protein. Muscle damage
strongly induced LRP-1 expression in skeletal muscles. In this
experimental model it has been shown that decorin is also pres-
ent (63). Furthermore, there is some evidence in the literature
that LRP-1 is required for fibrotic responses mediated by
TGF-B1 (64). It has also been demonstrated that TGF- recep-
tor-V is identical to thr LRP-1/a,-macrogloblin receptor (53).
Thus, the CTGF response would be mediated by LRP-1 expres-
sion (49). Results® from our laboratory show elevated levels of
LRP-1 in dystrophic skeletal muscles compared with wild type
mice. Therefore the use of LRR6 peptides, or a modified LRR6
molecule with higher biological activity, to modulate decorin-
mediated LRP-1-dependent TGEF-f3 signaling, opens the possi-
bility of designing pharmaceutical strategies for use in the fight
against fibrosis, a severe consequence of many chronic diseases.

Excess connective tissue in dystrophic skeletal muscles, as
well as in other skeletal muscular dystrophies, could be a barrier
for successful cell therapy approaches, as exemplified by the use
of tendon fibroblasts expressing a metalloproteinase (matrix
metalloproteinase-9), which restored the vascular network and
significantly reduced collagen deposition, allowing for efficient
cell therapy in aged dystrophic mice (37). Thus, the fact that
this short LRR6 peptide derived from decorin is directly
involved in TGF-B signaling is an important finding with
potential therapeutic implications.
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