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Amino acids 17-35 of the thrombospondin1 (TSP1) N-
terminal domain (NTD) bind cell surface calreticulin to
signal focal adhesion disassembly, cell migration, and
anoikis resistance in vitro. However, the in vivo rele-
vance of this signaling pathway has not been previously
determined. We engineered local in vivo expression of
the TSP1 calreticulin-binding sequence to determine the
role of TSP1 in tissue remodeling. Surgical sponges im-
pregnated with a plasmid encoding the secreted calre-
ticulin-binding sequence [NTD (1-35)-EGFP] or a control
sequence [mod NTD (1-35)-EGFP] tagged with enhanced
green fluorescent protein were implanted subcutane-
ously in mice. Sponges expressing NTD (1-35)-EFGP
formed a highly organized capsule despite no differ-
ences in cellular composition, suggesting stimulation of
collagen deposition by the calreticulin-binding se-
quence of TSP1. TSP1, recombinant NTD, or a peptide of
the TSP1 calreticulin-binding sequence (hep I) in-
creased both collagen expression and matrix deposi-
tion by fibroblasts in vitro. TSP1 stimulation of collagen
was inhibited by a peptide that blocks TSP1 binding to
calreticulin, demonstrating the requirement for cell
surface calreticulin. Collagen stimulation was indepen-
dent of TGF-� activity and Smad phosphorylation but
was blocked by an Akt inhibitor, suggesting that signal-
ing through the Akt pathway is important for regulation
of collagen through TSP1 binding to calreticulin. These
studies identify a novel function for the NTD of TSP1 as
a mediator of collagen expression and deposition dur-
ing tissue remodeling. (Am J Pathol 2010, 177:1710–1724;
DOI: 10.2353/ajpath.2010.090903)

Tissue remodeling is a highly orchestrated process that
requires coordinated regulation of cell migration, prolifera-
tion, extracellular matrix deposition and remodeling, and

eventual cell regression. The extracellular matrix provides
both biochemical and mechanical cues to regulate these
complex cellular responses to injury and repair. A family of
extracellular matrix proteins, the matricellular proteins, has
been shown to regulate cell behavior and extracellular matrix
deposition during tissue remodeling and wound repair.1–3

Thrombospondin 1 (TSP1) is a multifunctional, matricel-
lular protein that constitutes 25% of the protein released
from the �-granules of activated platelets.4,5 TSP1 is
present in wounds and expressed by cells involved in
wound healing, including macrophages, fibroblasts,
endothelial cells, and vascular smooth muscle cells.6–9

TSP1 knockout mice display compromised wound heal-
ing, characterized by reduced macrophage infiltration
and a delay in capillary angiogenesis, but persistence of
granulation tissue.9 It induces focal adhesion disassem-
bly, stimulates cell motility, activates latent transforming
growth factor-� (TGF-�), and inhibits nitric oxide signal-
ing.10–12 Depending on whether the N- or C-terminal
domain of TSP1 is engaged, it is either anti- or proangio-
genic.12–14 TSP1 can be proapoptotic to endothelial
cells, but it also stimulates cell survival by signaling re-
sistance to anoikis.15 These diverse and sometimes par-
adoxical activities can be ascribed to its interactions with
multiple receptors, including integrins, syndecans,13,16

CD47,17 CD36,18 low-density lipoprotein receptor-related
protein 1 (LRP1),19 and calreticulin (CRT).20

To date, the role of TSP1 in tissue remodeling has
largely been studied through injury models in TSP1-null
mice.9,21,22 These models have been useful for identify-
ing many functions of TSP1 but are limited in their ability
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to mimic tissue remodeling in a normal organism, in
which TSP1 expression, proteolysis, and interactions with
multiple receptors will be modulated both temporally and
spatially. The susceptibility of TSP1 to proteolytic cleav-
age by a wide spectrum of proteases suggests that cells
are likely to be exposed to fragments of TSP1 during
tissue remodeling.23 Both the N- and C-terminal domains
can be detected separately from the full-length TSP1
molecule in vivo.23,24 Therefore, ongoing questions in-
clude whether TSP1 can signal simultaneously through
multiple receptors and whether isolated domains elicit
responses distinct from the intact molecule. For these
reasons, in vivo models expressing isolated TSP1 do-
mains on a wild-type genetic background are relevant to
the physiological conditions of TSP1 in wound healing.

Previously, we showed that amino acids 17-35 of the
N-terminal domain (NTD) of TSP1 signal focal adhesion
disassembly and increased cell migration in vitro.25 Fur-
thermore, signaling through this sequence prevents
anoikis.19 This sequence in the NTD binds to a cell sur-
face cocomplex of CRT and LRP1 and stimulates signal-
ing through focal adhesion kinase (FAK), extracellular
signal related kinase (ERK), and phosphoinositide 3-
kinase (PI3 kinase), which results in transient phosphor-
ylation of Akt and down-regulation of Rho kinase.26,27 Sig-
naling downstream from TSP1 engagement of the CRT/
LRP1 cocomplex induces an intermediate state of adhesion
in endothelial cells, fibroblasts, and vascular smooth mus-
cle cells.25,26 Intermediate adhesion is characterized by a
reduced number of focal adhesions and actin stress fibers
without the loss of cell attachment or spreading.28 This
intermediate adhesive state precedes migration in respo-
nse to the TSP1 CRT-binding sequence.28,29 Induction of
intermediate adhesion, cell migration, and anoikis resis-
tance are similarly regulated by TSP1, a recombinant trim-
eric form of the NTD (NoC1), and by a synthetic peptide
comprising the CRT-binding sequence (aa 17-35, hep I
peptide). Furthermore, TSP1 binding to aa19-36 in the NTD
of CRT is necessary for TSP-CRT binding and induction of
signaling, and cells lacking this site in CRT do not respond
to TSP1.15,30,31

The role of TSP1 binding to the CRT-LRP1 complex in
vivo is unknown. Based on previous studies, we hypoth-
esized that local expression of the secreted CRT-binding
sequence of TSP1 at sites of injury in vivo would signal
intermediate cell adhesion and migration of CRT-ex-
pressing cells to increase cellularity of wounds. To test
this hypothesis, we used an in vivo mouse model of the
foreign body response to drive local expression of a
secreted enhanced green fluorescent protein (EGFP)-
tagged fusion protein of the TSP1 CRT-binding se-
quence. Unexpectedly, our results showed that the CRT-
binding sequence of TSP1 stimulates the formation of a
highly organized collagen capsule, which reduced cellu-
lar infiltration into the sponges. In vitro studies confirmed
that TSP1 stimulates fibrillar collagen expression by fibro-
blasts and increased incorporation of collagen into the
extracellular matrix in a CRT-dependent manner. Al-
though TSP1 can activate latent TGF-�, the recombinant
TSP1 NTD protein NoC1 stimulated collagen indepen-
dently of both TGF-� activity and Smad2 phosphoryla-

tion. Rather, the CRT-binding sequence requires Akt ac-
tivity to stimulate collagen. These studies identify a
previously unknown role for the NTD of TSP1 in tissue
remodeling through a CRT-dependent TGF-�–indepen-
dent stimulation of collagen matrix formation.

Materials and Methods

Antibodies

The following antibodies were purchased: rat anti-mouse
F4/80 antibody, clone CI:A3-1 (AbD Serotec, Raleigh,
NC); rat anti-CD31 antibody (BD Biosciences Pharmin-
gen, San Diego, CA); rabbit anti-human Ki-67 (Abcam
Inc., Cambridge, MA); mouse anti-�-smooth muscle actin
(Vector Labs, Burlingame, CA); rabbit anti-human colla-
gen I or rabbit anti-mouse collagen I (MD Biosciences, St.
Paul, MN) for immunoblots; rabbit anti-collagen I for im-
munocytochemistry (Abcam Inc); phosphorylated Smad-2,
rabbit polyclonal (ser 465/467) (Cell Signaling Technology,
Danvers, MA); Smad 2/3, mouse monoclonal (clone 18/
Smad2/3) (BD Transduction Laboratories, San Jose, CA).
Mouse anti-EGFP was a gift of Dr. Mary Ann Accavitti-Loper
of the UAB Epitope Recognition and ImmunoReagent Core
and was biotinylated with a ChromaLink Biotin Labeling Kit
(SoluLink, San Diego, CA).

Proteins and Peptides

Platelet TSP1 stripped of associated TGF-� was purified
as previously described using gel filtration chromatogra-
phy equilibrated with Tris buffered saline, pH 11.0.32

TSP1 preparations had less than 0.3 pmol/L active TGF-
�/10 nmol/L TSP1 (data not shown). Recombinant EGFP
was purchased from BD Biosciences. Peptides were pur-
chased from AnaSpec, Inc.: hep I (aa17-35 TSP1): ELT-
GAARKGSGRRLVKGPD; control peptide modified hep I:
ELTGAARAGSGRRLVAGPD; scrambled hep I: RSK-
AGTLGERDLKPGARVG; TSP1 binding sequence from
CRT, CRT19.36: RWIESKHKSDFGKFVLSS; control for
CRT19.36, CRT20A.30A: RWIESAAASDKFGLAAASS.31

All peptides are �95% pure by HPLC and mass spec-
trometry. Recombinant trimeric N-terminal domain of
TSP1 (NoC1) was a kind gift of Dr. Deane Mosher (Uni-
versity of Wisconsin, Madison).

Cell Culture

Mouse embryonic fibroblasts (MEFs) from wild-type and
CRT-null mice were a gift of Dr. Marek Michalak, Univer-
sity of Alberta. Human foreskin fibroblasts were a gift of
Dr. Laura Timares, University of Alabama at Birmingham
and were used with the approval of the UAB Institutional
Review Board. Bovine aortic endothelial cells (BAECs)
and MEFs were maintained in DMEM with 4.5 g/L glucose
(Gibco, Invitrogen, Carlsbad, CA), supplemented with 2
mmol/L L-glutamine and 10% fetal bovine serum (FBS).
Human foreskin fibroblasts were cultured in fibroblast
growth media (FGM) Bullet Kit (with insulin and recombi-
nant human fibroblast growth factor supplements)
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(Lonza, Walkersville, MD) and 10% FBS. Ascorbic acid
was purchased from Sigma (St. Louis, MO).

EGFP Constructs

All plasmids were prepared from individual colonies
(QIAGEN, Valencia, CA) and sequenced to confirm cor-
rect fragment insertion and/or mutagenesis. The TSP1
signal sequence and the first 35 amino acids of the NTD
(�55/�105) were isolated from pGEM4 vector containing
human TSP1 cDNA (gift of Deane F. Mosher, University of
Wisconsin). The fragment was extracted by PCR and engi-
neered with restriction sites NheI (5�-TGGGCGCTAG-
CAGCTCCACCATGGGGC-3�) and HindIII (5�-TGGGCTA-
AGCTTGTCGGGGCCCTTCAC-3�) (IDT, Coralville, IA). The
purified fragment was ligated into a commercially available
vector, pEGFP-N1 (BD Biosciences, Palo Alto, CA) using
restriction sites NheI and HindIII. The resulting construct
was designated “NTD (1-35)-EGFP.” Two site mutations of
NTD (1-35)-EGFP were performed to replace two lysines
[TSP1 � 42 (aa 24) and TSP1 � 50 (aa 32)] with alanine
using a site-directed mutagenesis kit (Stratagene, La Jolla,
CA). Lysine � 42 was mutated using 5�-GGCCGC-
CCGCGCGGGGTCTGGGC-3� (IDT, Coralville, IA). The
resulting vector was sequenced to ensure sequence re-
placement and then mutated at lysine � 50 using 5�-CGC-
CGACTGGTGGCGGGCCCCGACAAG-3� (IDT, Coralville,
IA). The resulting vector with two amino acid substitutions
was designated “mod NTD (1-35)-EGFP.”

Interference Reflection Microscopy

Focal adhesion disassembly assays were performed as
previously described and quantified using a Zeiss Axio-
vert 10 microscope equipped for interference reflection
microscopy.25 At least 300 cells were scored per cover-
slip, and all treatments were performed in triplicate. Cells
with at least five focal adhesions were scored as positive.

In Vitro Cell Transfections

Endotoxin-free plasmid DNA was extracted using either
EndoFree Plasmid Maxi Kit or EndoFree Plasmid Giga Kit
(QIAGEN) per kit instructions. MEFs were transfected via
nucleofection using MEF 1 Nucleofector Kit from Amaxa
Biosystems (Amaxa GmbH, Lonza) in an Amaxa Nucleo-
fector II using program A-23. Transfected cells were cul-
tured in DMEM � 10% FBS. EGFP expression was con-
firmed by fluorescence microcopy (Nikon Eclipse TE200).
Expression of EGFP in transfected cells was seen as early
as 6 hours and up to 96 hours postnucleofection. Transfec-
tion efficiencies, calculated at 24 hours, averaged between
60 to 80%.

Gene-Activated Matrix (GAM) Sponge
Preparation

The GAM sponge implant method was modified from
Bonadio et al.33 Briefly, polyvinyl alcohol sponges (First
Aide Bandage Company, New London, CT) were cut to
0.9-cm disks with a cork borer, rinsed in sterile Dulbec-

co’s PBSCa2�/Mg2� (DPBS) (Mediatech Inc., Manassas,
VA), exposed to UV light for 30 minutes per side.
Sponges were dried overnight in a laminar flow hood.
GAM was prepared on ice with 0.6 mg of plasmid DNA
mixed with 0.6 mg of bovine type I collagen (BD Bio-
sciences) and brought to a final volume of 0.8 ml with
DPBS. The pH of each GAM was measured and adjusted
to pH 7.4 with NaOH. Sponges were then filled with 0.8 ml
GAM, placed under vacuum for 3 hours to ensure even
GAM distribution throughout the sponge, and then incu-
bated overnight at 37°C to polymerize the GAM. Poly-
merized GAM-filled sponges were frozen at �80°C for
one hour and then lyophilized before implantation.

Sponge Implantation and Retrieval

All in vivo experimental procedures were performed with
approval from the University of Alabama at Birmingham
Institutional Animal Care and Use Committee. Two
sponges were implanted on the mid-back subcutaneously
and bilaterally with at least 0.5 cmbetween sponges inmale
C57BLl/6 mice, age 6–8 weeks (Jackson Laboratories, Bar
Harbor, ME). Sponges were harvested at 1, 3, 7, 14, and 21
days post implantation. One half of each sponge was pro-
cessed for morphological and immunohistochemical anal-
ysis. The other half was used to harvest the wound fluid.

EGFP Live Animal Imaging

At five days postimplantation, mice (one per group) were
anesthetized with isofluorane and fur was removed with
depilatory cream. GFP 515 nm emission was imaged
using a Xenogen imaging system in the Laboratory for
Multi-Modality Imaging Assessment and Small Animal
Imaging Core at UAB. Results are depicted by false color
of fluorescence intensity.

Histology and Immunohistochemistry

Harvested sponges were cut in half laterally to expose
the central midline of the sponge. Sponges were fixed for
4 hours in 10% formaldehyde and then 70% ethanol for
subsequent staining with hematoxylin and eosin or Mas-
son’s trichrome. Sponges used for immunohistochemistry
for CD31 and EGFP were fixed in 10% zinc-buffered
formalin. All sponges were paraffin embedded and sec-
tioned to 6 �m thickness.

Sections stained with Masson’s trichrome were used to
quantify collagen accumulation in the pericapsular region
by MetaMorph analysis. Briefly, a region of normal dermis
was used to set the selection threshold. Hue, light, and
intensity were selected to include only the blue-stained,
basket weave patterned dermis and to exclude other struc-
tures in the skin and dermal muscle (the panniculus carno-
sus). These parameters were then applied to the sponge
implant. The inclusion of collagen and exclusion of other
materials and structures was confirmed by eye and cali-
brated individually for each slide. Collagen accumulation
was calculated as the percentage of the total pericapsular
area highlighted by the selection threshold criteria.
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Immunohistochemistry for Ki-67 and �-smooth muscle
actin (�-SMA) were performed on formaldehyde-fixed
sections. Sections for Ki-67 staining were boiled in 0.01
mol/L sodium citrate, pH 6.0, for 10 minutes and then
blocked in 4% BSA, 2.5% goat serum for 30 minutes.
Sections were incubated overnight at 4°C in primary an-
tibody at the following dilutions: 1:200 for anti-CD31, 1:50
for biotinylated anti-EGFP, 1:200 for anti-Ki-67, and 1:25
for anti-�-SMA. Secondary antibody was applied for 1
hour at room temperature (omitted for biotinylated anti-
EGFP), followed by neutravidin-HRP and developed with
DAB reagent (Vector Laboratories).

Soluble Collagen (Sircol) Assay

Human foreskin fibroblasts were grown in six-well plates
with FGM with 10% FBS for 48 hours. Cultures were
switched to 0.8 ml of medium with 0.5% FBS with 2
�mol/L ascorbic acid and treated daily for another 48
hours. Conditioned media were collected on ice with a
protease inhibitor cocktail (Sigma) and centrifuged
3000 � g 4°C to remove cell debris. Conditioned media
(200 �l) was added to 900 �l picric acid Sirius Red Sircol
reagent (Biocolor Ltd., Accurate Chemical Scientific,
Westbury, NY). MEFs were plated at 6 � 104 cells per
well in six-well plates and grown in DMEM with 10% FBS
for 24 hours and then switched to media with 0.5% FBS
with 2 �mol/L ascorbic acid and treatments; treatments
and media were refreshed daily over 72 hours. Condi-
tioned media were harvested as above, and 300 �l media
was incubated with 1 ml of the picric acid Sirius Red
Sircol reagent. Samples were rotated for 30 minutes and
then centrifuged at 13,500 � g for 15 minutes at room
temperature. Excess Sircol reagent was removed, pel-
lets were resuspended in an alkali reagent (provided
by manufacturer), and absorbance was read at 540
nm. Collagen concentrations were determined from a
standard curve of rat-tail collagen I (provided by
manufacturer).

Preparation of Deoxycholate (DOC) Insoluble
Matrices

DOC extractions of the detergent insoluble ECM were
performed as a modification of Midwood et al.34 MEFs
were plated (4.5–6 � 104 cells) and then grown in DMEM
with 10% FBS for 24 hours. Human foreskin fibroblasts
were plated (4.5–6 � 104 cells) and then grown in FGM
with 10% FBS for 24 hours. Cells were then switched to
the appropriate media with 2 �mol/L ascorbic acid con-
taining 0.5% FBS and treated daily for 72 hours. Wells
were rinsed twice in DPBS and then harvested by scrap-
ing with 300 �l of 4% DOC (4% DOC in 20 mmol/L
Tris-HCl, pH 8.8, with 200 �U/ml DNase and protease
inhibitors) and then homogenized with a 271⁄2 gauge
needle and tumbled gently at 4°C overnight.35 Precipi-
tates were pelleted for 30 minutes at 13,500 � g The
soluble cell fraction was collected in the supernatant. The
detergent insoluble ECM in the pellet was washed in 200
�l 4% DOC and the pellets resuspended in 30 �l 1% SDS

in 25 mmol/L Tris-HCl. The total insoluble pellet (ECM)
and 30 �l of the soluble fraction were diluted in 4�
Laemmli buffer with 10% �-mercaptoethanol and heated
at 95°C for 10 minutes before loading on SDS-PAGE. In
additional studies to examine ECM collagen, we used a
modified 1% DOC-SDS extraction protocol. Cellular and
pericellular material were extracted by solubilization with
250 �l 1.0% DOC for 15 minutes. Extracts were collected,
sheared, tumbled, and centrifuged as above and the
DOC soluble material collected. The DOC insoluble ECM
which remained bound to the wells was then extracted in
50 �l 2� Laemmli buffer (2% SDS with 5% �-mercapto-
ethanol) and protease inhibitors.36,37

Immunoblotting

DOC soluble and insoluble ECM fractions or cell lysates
extracted with 4� Laemmli buffer were separated on by
SDS-PAGE on 4 to 15% gradient Tris-HCl gels under reduc-
ing conditions (Bio-Rad Laboratories, Hercules, CA). Cell
lysates immunoblotted for phospho-Smad 2 detection were
separated on 10% SDS-PAGE Tris-HCl gels. Proteins were
transferred onto nitrocellulose membranes, and then mem-
branes were stained with Ponceau S to detect protein.
Membranes were blocked in 1% casein-PBS and then
probed with primary antibody for 1 hour at room tempera-
ture with the exception of anti-phospho Smad 2, which was
incubated at 4°C overnight. Blots were washed with Tris
buffered saline, 0.1% Tween-20. All secondary HRP-la-
beled antibodies were used at a dilution of 1:10,000
(Jackson ImmunoResearch, West Grove, PA). Blots were
developed with Western Lighting Plus reagent (Perkin
Elmer, Waltham, MA). Blots were stripped for 10 minutes
with either ReBlot Strong for collagen blots or ReBlot Mild
for phospho-Smad blots (Millipore-Chemicon, Billerica,
MA) and then reprobed as described above.

Immunocytochemistry of Collagen Fibrils

Human foreskin fibroblasts were plated on washed cover-
slips coatedwith FGMwith10% FBS at 15,000 cells per well.
Cells were cultured in FGM with 10% FBS for 36 hours and
then switched to media with 0.5% FBS for 24 hours. Treat-
ments were administered daily for 72 hours. Cells were fixed
in 3% formalin, permeabilized with 0.05% Tween-20, and
then blocked in 2.5% goat serum � 4% bovine serum
albumin for 20 minutes at room temperature. Cells were
incubated with rabbit anti-type I collagen (1:200) for 2 hours
at room temperature and goat anti-rabbit Texas-Red (1:300)
for 1 hour at room temperature. Nuclei were stained using
Hoechst 33342. Coverslips were mounted with Vectashield.
Cells were imaged using a Leica SP1 confocal laser-
scanning microscope at the UAB High Resolution Im-
aging Facility. Contrast was adjusted postimaging
equally for all images.

Cell Signaling Inhibitors

PI3K inhibitor, LY294002, was purchased from Promega
(Madison, WI) and was used at 5 �mol/L, a concentration
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which inhibits Akt phosphorylation in response to the TSP1
CRT-binding domain.15 Akt inhibitor II, which inhibits Akt
binding to phosphatidylinositol3,4,5-trisphosphate (PIP3),
was purchased from Calbiochem (Gibbstown, NJ) and was
used at a concentration of 2 �mol/L.38 MEFs (4.5 � 104

cells per well) were plated in six-well plates at in DMEM with
10% FBS for 48 hours and then switched to media with
0.5% FBS and 2 �mol/L ascorbic acid. Cells were then
treated with inhibitors or vehicle (DMSO, Sigma) for one
hour and then with 30 nmol/L NoC1 or media control. Treat-
ments, including inhibitors, were refreshed daily over a 72-
hour period. Cell layers were harvested in 4� Laemmli buffer
with 10% �-mercaptoethanol (Sigma) at 72 hours. SDS-PAGE
immunoblots were then performed as described above.

PAI-1 Reporter Luciferase Activity Assay for
Detection of Active TGF-� in Conditioned Media

Active TGF-ß in the conditioned medium was quantified by
the mink lung epithelial cell (MLEC) PAI-1promoter lucif-
erase reporter assay using MLECs stably transfected with
the TGF-� response element of the PAI-1 promoter-lucif-
erase reporter construct as described previously.39,40 All
three mammalian TGF-� isoforms are detected by this as-
say. The MLEC reporter cells were obtained from Dr. Daniel
Rifkin (New York University Medical Center).

Statistics

Data were analyzed using a two-parameter Student’s
t-test (paired or unpaired as indicated) or one way anal-
ysis of variance with P � 0.05 considered significant.

Results

Secreted CRT-Binding Fusion Proteins
Replicate TSP1 and Hep I Functions in Vitro

A mouse model of the foreign body response was used to
assess the potential biological significance of TSP1 sig-

naling through the CRT-LRP1 complex. In this method,
first described by Bonadio et al,33 polyvinyl alcohol
sponges are filled with a GAM comprised of partially
solubilized collagen I and plasmid DNA expressing the
gene of interest. The GAM-filled sponges are implanted
subcutaneously to elicit a foreign body response. Invad-
ing macrophages and fibroblasts perceive the exoge-
nous collagen I as a provisional matrix, phagocytose the
GAM, and thus become locally transfected.33

To express the secreted CRT-binding sequence of
TSP1 (aa 17-35) in the GAM, a plasmid encoding the
TSP1 signal peptide and the first 35 amino acids of TSP1
with downstream EGFP was constructed [NTD (1-35)-
EGFP]. In prior studies, we established that substitution
of lysines at positions 24 and 32 renders the sequence
inactive.31 Therefore, the NTD (1-35) sequence was mod-
ified by site-directed mutagenesis to substitute alanine
for lysine at amino acids 24 and 32 and used as a
negative control [mod NTD (1-35)-EGFP] (Figure 1).

Expression and functionality of the constructs were
confirmed in vitro by transiently transfecting the plasmids
into three cell types which have been previously used to
demonstrate focal adhesion disassembly stimulated by
both TSP1 and hep I.10,15 Localization of EGFP to the
Golgi apparatus in both NTD (1-35)-EGFP and mod NTD
(1-35)-EFP transfected cells was confirmed by fluores-
cent microscopy (data not shown). Secretion of the pro-
teins of the predicted size was confirmed by EGFP pull-
down and immunoblotting in conditioned medium from
NTD (1-35)-EGFP and mod NTD (1-35)-EGFP transfected
cells (Figure 2A). To determine whether the CRT-binding
functions of TSP1, the recombinant NTD (NoC1), and the
hep I peptide are replicated by the secreted NTD (1-35)-
EGFP fusion protein, conditioned media from transfected
cells were assayed for the ability to stimulate focal adhe-
sion disassembly. Conditioned media containing se-
creted NTD (1-35)-EGFP stimulated focal adhesion dis-
assembly of BAECs to levels similar to that of cells treated
with 10 nmol/L hep I peptide. In addition, conditioned
medium from NTD (1-35)-EGFP transfected cells diluted

Figure 1. Illustration of TSP1-derived mole-
cules used in vivo and in vitro. Platelet-derived
trimeric human thrombospondin-1 (TSP1) (aa
1-1152); recombinant TSP1 N-terminal domain
trimer (NoC1; aa 1-356); synthetic CRT-binding
TSP1 peptide (hep I; aa 17-35); secreted CRT-
binding domain EGFP construct [NTD (1-35)-
EGFP; TSP 1 aa1-35] and secreted nonfunctional
mutated construct [mod NTD (1-35)-EGFP]; and
nonsecreted EGFP parent vector. S indicates sig-
nal sequence; EGFP, enhanced green fluores-
cent protein; TSR, type 1 thrombospondin re-
peat; 2, type 2 thrombospondin repeat.
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to 1:1000 and applied to adherent BAECs had focal
adhesion disassembly activity equivalent to 10 nmol/L
hep I peptide (Figure 2B).

To establish that the NTD (1-35)-EGFP protein modi-
fied focal adhesions through binding to cell surface CRT,
wild-type, and CRT (�/�) MEFs were transfected with the
constructs and examined for the presence of focal adhe-
sions by interference reflection microscopy after 48
hours. Wild-type MEFs transfected with NTD (1-35)-EGFP
had reduced numbers of cells positive for focal adhe-
sions as compared to NTD (1-35)-EGFP transfected CRT
(�/�) MEFs, indicating that the NTD (1-35)-EGFP protein
requires cell surface CRT to signal focal adhesion labi-
lizing activity (Figure 2C).

To be effective in vivo, secreted fusion proteins must be
functional in a serum-rich environment such as a wound.
Therefore, MEFs were transfected with the EGFP con-
structs and grown for 24 hours in medium containing 10%
FBS. Transfection efficiencies were measured, and then
the transfected cell populations were mixed with mock-
transfected cells to normalize the number of expressing
cells in each culture and thus normalize exogenous pro-
tein expression. In cocultures with 10% of the cells ex-
pressing the NTD (1-35)-EGFP construct, MEFs plated in

the presence of 10% FBS had reduced levels of strongly
adherent cells (more than six focal adhesions per cell),
which persisted for at least 24 hours (Figure 2D). Despite
reducing construct expression to only 10% of the cells,
more than 60% of cells had reduced focal adhesions,
indicating paracrine signaling to nontransfected cells in
the coculture. Cocultures containing either 10% mod
NTD (1-35)-EGFP or EGFP transfected cells showed no
reduction in focal adhesion-positive cells.

Together these studies establish that the secreted
CRT-binding fusion protein, NTD (1-35)-EGFP, requires
cell surface CRT to signal focal adhesion disassembly
similar to TSP1, NoC1, and the hep I peptide and that it
can signal in both an autocrine and paracrine fashion.
Importantly, this CRT-binding fusion protein maintains
function in the presence of serum, similar to the milieu
present in wounds.

The CRT-Binding EGFP Fusion Protein Is
Expressed in Vivo

Initial studies were performed to determine whether the
EGFP fusion proteins are expressed in vivo through GAM-
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Figure 2. In vitro, NTD (1-35)-EGFP and mod
NTD (1-35)-EGFP are functional substitutes for
the synthetic peptides. A: EGFP fusion proteins
were detected in the conditioned media of MEFs
cells transfected with NTD (1-35)-EGFP or mod
NTD (1-35)-EGFP. EGFP-containing proteins
were isolated from conditioned media of trans-
fected [EGFP, NTD (1-35)-EGFP or mod NTD
(1-35)-EGFP] or control cells (not transfected) 72
hours after transfection by nucleoporation.
EGFP containing proteins were isolated by pull-
down using mouse anti-GFP coupled beads.
Bound proteins were eluted in Laemmli buffer,
separated by SDS-PAGE, transferred to nitrocellu-
lose, and then immunoblotted for GFP. B–D: The
presence of focal adhesions was assessed by inter-
ference reflection microscopy. At least 300 cells
were counted per coverslip. Cells with more than
five focal adhesions per cell were scored as posi-
tive. B: BAECs responded to NTD (1-35)-EGFP in a
dose-dependent manner. Conditioned medium
from NTD (1-35)-EGFP–transfected cells was
diluted 1:10 with conditioned medium from
mock-transfected cells. NTD (1-35)-EGFP–condi-
tioned medium (squares), pEGFP-N1-transfected
cell conditioned media (circles), and mock-trans-
fected medium (triangles). hep I peptide (10
nmol/L) was used as a positive control for focal
adhesion disassembly (dash-dot line). C: Wild-
type and CRT (�/�) MEFs were transfected with
NTD (1-35)-EGFP constructs. Twenty-four hours
after plating, cells were analyzed by interference
reflection microscopy for the presence of focal
adhesions. Results are expressed as the mean
number of focal adhesion positive cells � SD;
n 	 3 replicates with P values calculated by
two-parameter unpaired Student’s t-test. D: NTD
(1-35)-EGFP-secreted protein was active in the
presence of serum. MEFs were transfected and
grown for 24 hours in medium containing 10%
FBS. Transfection efficiencies were measured
and then transfected cell populations were
mixed with mock-transfected cells to normalize
the percentage of construct-expressing cells to
10% of each coculture population. Results are
the mean percentage of focal adhesion positive
cells � SD; n for each group is indicated on
figure. *P � 0.05.
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mediated delivery. In vivo imaging, immunohistochemis-
try for GFP, and measurement of GFP in fluid collected
from the sponges were used to evaluate fusion protein
expression. Expression of the EGFP fusion proteins in vivo
was confirmed by detection of the EGFP signal in the
sponge implant region using an IVIS-100 imaging system
for live animal visualization of fluorescence. At day 5
postimplantation, expression was localized solely to the
region of the sponge implants for all three constructs
(Figure 3A). EGFP fusion proteins were also detected in
day-7 wound fluid collected from sponges by measuring
fluorescence at 530 nm. Levels of EGFP fusion protein
expression were quantified by comparing fluorescence
to a standard curve of recombinant EGFP. At day 7, both
mod NTD (1-35)-EGFP and NTD (1-35)-EGFP were de-
tected in the fluid at concentrations ranging from 28–131
nmol/L (Figure 3B). There was no significant difference in

expression levels between modified and NTD (1-35)-
EGFP–expressing sponges. Importantly, no fluorescence
was detected in the wound fluids from sponges impreg-
nated with plasmid for expression of the nonsecreted
EGFP protein (data not shown). This indicates that detec-
tion of the EGFP fusion proteins in the sponge fluid re-
flects active cellular secretion of fusion protein rather than
an artifact of processing. EGFP expression and localiza-
tion within the sponges were also assessed by immuno-
histochemical localization of GFP in sections of sponges
harvested on days 14 and 21 (day 14 shown, Figure 3C).
GFP expression was detected along the interface be-
tween the dermal panniculus carnosus muscle and
sponge and in cells within the sponge body. EGFP was
detected only intracellularly in the EGFP-GAM sponges,
whereas EGFP expression was both intracellular and ex-
tracellular in the NTD (1-35)-EGFP and mod NTD (1-35)-
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Figure 3. EGFP expression is detected in sponges from days 5–14. A: At day 5, EGFP was detected in vivo at sponge implantation sites by fluorescent imaging.
Far left panel shows sponges without fluorescent image overlay. Red arrows: implanted sponges, perimeter of left sponge denoted by a dashed line.
Autofluorescence was observed where tissue glue still adheres to the healing incision (collagen and EGFP). Pseudocolor indicates relative intensity of EGFP
fluorescence at 515 nm. B: EGFP was detected in the wound fluid from sponges containing NTD (1-35)-EGFP and mod NTD (1-35)-EGFP constructs at day seven.
Results are mean molar concentration of EGFP in fluid calculated from an EGFP standard curve of fluorescence with excitation at 485 nm and emission at 530
nm � SD; n	 6 NTD (1-35)-EGFP sponges and n	 4 modNTD (1-35)-EGFP sponges C: Immunohistochemistry of EGFP expression in sponges at day 14. Paraffin
sections of sponges show cells expressing EGFP (arrows). C indicates capsule; S, sponge; GAM, gene-activated matrix infused into sponges. Asterisk indicates
the same location at different magnifications. Scale bar 	 25 �m.
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EGFP GAM sponges, consistent with secretion of the
fusion proteins. Staining intensity was similar between the
NTD (1-35)-EGFP and the mod NTD (1-35)-EGFP plasmid
loaded sponges. These results confirm local expression
of the secreted EGFP fusion proteins from day 5 to day
21. Importantly, the concentration of NTD (1-35)-EGFP
fusion protein measured in the wound fluid (average 	 37
nmol/L) is comparable to concentrations of the synthetic
hep I peptide (10 nmol/L – 1 �mol/L) used in in vitro
assays for focal adhesion disassembly, cell migration,
and anoikis prevention.15,26,29

Histological Analysis of Sponge Implants

The CRT-binding sequence of TSP1 increases cell migra-
tion of adherent cells in vitro.29 Therefore, we hypothesized
that the expression of the CRT-binding sequence of TSP1
via the NTD (1-35)-EGFP construct would increase granu-
loma tissue formation through stimulation of increased cell
migration into the sponge implant. Unexpectedly, sponges
expressing NTD (1-35)-EGFP harvested at 7 days postim-
plantation showed a reduction in cellularity within the
sponge body and an increase in collagen capsule forma-
tion as compared to the mod NTD (1-35)-EGFP sponges
(Figure 4). Furthermore, the differences in capsule forma-
tion persisted over 14 days. Both mod NTD (1-35)-EGFP
and EGFP control sponges had surrounding pericapsular
areas with dense cellular infiltrates but only sparse and
loosely organized collagen fibrils. The organization of the

GAM collagen was clearly distinguishable from the organi-
zation of the collagen deposited in the pericapsular space:
this was confirmed with images obtained using polarized
light to detect collagen fibril orientation (data not shown).
The intensity and location of the blue color in the Masson’s
Trichrome-stained sponge sections were used to quantify
the collagen deposition and ECM density in the pericapsu-
lar sponge regions (Figure 5A). Capsule area in Masson’s
trichrome-stained sections did not differ between treatment
groups at days 7 or 14 (Figure 5B). However, the density of

Figure 4. Collagen capsule formation is increased in NTD (1-35)-EGFP–
expressing sponges at days 7 and 14. Sections of representative sponges
harvested at days 7 and 14 were stained with Masson’s trichrome. Collagen
stained blue, muscle and red blood cells stained red, and cell nuclei stained
brown. PVA sponge material stained brown/blue at day 7 and blue at day 14.
Bracket denotes pericapsular region of the sponge. Plasmid infused collagen
(GAM) could be seen between the sponge material (S). Thick collagen
capsules (COL) were observed at the perimeter of the sponges beneath the
panniculus carnosus dermal muscle layer (PC) in NTD (1-35)-EGFP but not
in control plasmid-expressing sponges. Scale bar 	 50 �m.

Figure 5. Collagenous ECM capsule density is increased in NTD (1-35)-
EGFP sponges. A: Diagram of capsule quantification methodology. Images
were captured along the entire pericapsular area of the sponge (left). DM
indicates dermal muscle; oc, organized capsule; S, sponge material. The
entire capsule region was selected (center) with the area containing orga-
nized collagen quantified based on the intensity of blue staining in Masson’s
trichrome–stained sections (right) using MetaMorph software and expressed
as the percentage of the total capsular region that was designated as thresh-
olded by these criteria. B: Total capsular area from sponges harvested at day
7 (filled symbols) and day 14 (open symbols). EGFP (circle), mod NTD
(1-35)-EGFP (squares), NTD (1-35)-EGFP (triangles), and collagen only (di-
amonds). C: Collagen organization is expressed as the percentage of the total
area defined by the threshold parameters. P values were calculated using the
unpaired two-parameter Student’s t-test.

N-Terminal TSP1 Regulates Collagen 1717
AJP October 2010, Vol. 177, No. 4



the capsular collagen in NTD (1-35)-EGFP sponges was
significantly increased as compared to controls at day 14
(Figure 5C).

Cellular Populations of Sponge Implants

To determine whether the increased capsular organization
might be the consequence of increased cellularity, total cell
number and specific cell types within the sponges were
quantified. For these analyses, cells in two regions were
examined: the “sponge body” as defined by all of the area
containing sponge material, and the “pericapsular area”
defined as the region between the cutaneous muscle and
the sponge material. Cellularity throughout the sponge did
not differ between groups through day 3 of treatment (data
not shown). At day 7 postimplantation, the pericapsular
area around the sponges in all treatment groups was
densely populated with cells and, despite differences in
capsule density, there was no significant difference in peri-
capsular cellularity between treatment groups (Table 1).
However, at day 7 the NTD (1-35)-EGFP–expressing
sponges had reduced infiltration of cells into the sponge
body as compared to control sponges (Table 1). Because
the NTD (1-35)-EGFP–expressing sponges had increased
capsular organization by day 7, it is possible that the cap-
sule acts as a physical barrier to cellular infiltration. In fact,
across all treatments there is an inverse relationship be-
tween collagen capsule organization and cell number within
the sponge on day 7 (data not shown). In all treatment
groups, the number of cells within the sponge body in-
creased between days 7 and 14, whereas the cell number
in the pericapsular region between days 7 and 14 remained
similar.

To assess whether the increased capsular density in
the NTD (1-35)-EGFP–expressing sponges might be due
to differences in cell types, myofibroblast and endothelial
cell populations were evaluated. Immunostaining for
�-SMA, a marker for myofibroblasts, was observed within
the sponge body and the pericapsular area (Figure 6),
but staining did not differ between treatment groups.
Numbers of endothelial cells, as identified by CD31 stain-
ing, also were not significantly different between treat-
ment groups (Table 2). In addition, there was no corre-
lation between cell proliferation as measured by Ki-67
and sponge capsule organization (Table 2). Similarly,
there were no differences in numbers of foreign body
giant cells observed within the sponge bodies between

treatment groups (Table 2). Together these data suggest
that the differences in collagen capsule organization in
the NTD (1-35)-EGFP–expressing sponges are not due to
differences in cell proliferation, myofibroblast, macro-
phage/foreign body giant cell, or endothelial cell number
in the pericapsular space.

The CRT-Binding Sequence of TSP1 Stimulates
Soluble Collagen Expression in Vitro

The absence of differences in either cell number or popu-
lation with NTD (1-35)-EGFP expression suggests that the
TSP1 CRT-binding domain directly stimulates collagen ex-
pression and fibril formation. To address this hypothesis,
human foreskin fibroblasts were treated with the CRT-bind-
ing hep I peptide or the control modified hep I peptide and
assayed for collagen secretion by the Sircol assay. At 48
hours of treatment, levels of soluble collagen in conditioned
media of hep I–treated cells were significantly increased as
compared to cells treated with modified hep I or media
alone (Figure 7A). Platelet TSP1 has similar effects on stim-
ulating fibroblast expression of soluble collagens (Figure
7B). Furthermore, this action of TSP1 occurs through bind-
ing to CRT, because collagen stimulation is blocked by a
peptide of the TSP1-binding sequence of CRT (CRT19.36),
which blocks TSP1-CRT interactions, but not by the control
peptide (CRT20.30A), which does not bind TSP1.15 In fur-
ther experiments, we also tested the ability of recombinant
trimeric NTD, NoC1, to stimulate collagen expression in
MEFs. NoC1 has been shown to recapitulate other functions
(anoikis survival, focal adhesion disassembly) attributed to

Table 1. Average Number of Cells per Sponge Region

Sponge region
NTD

(1-35)-EGFP
mod NTD

(1-35)-EGFP P value

Day 7 pericapsular 128 � 36 182 � 108 0.287
Day 7 sponge body 12 � 2 20 � 9 0.021
Day 14 pericapsular 152 � 102 166 � 103 0.772
Day 14 sponge body 69 � 43 65 � 67 0.882

Tranverse hematoxylin-stained sections of each sponge were
analyzed for total cell number in the pericapsular (between striated
muscle and sponge) and sponge body (entire sponge area) regions. At
least ten �40 fields per region were quantified in each sponge. P
values were calculated using the two parameter paired Student’s t-test,
n 	 6–8 sponges per group.

Figure 6. Myofibroblasts are associated with the collagen capsule and
granulation tissue in NTD (1-35) and mod NTD (1-35) treatment groups at
day seven. Top two panels: Masson’s trichrome stain. Bottom two panels:
Immunohistochemical staining for �-SMA. Images are from representative
serial sections. Insets show magnified sections of the pericapsular region
(hatched boxes) from the ventral side of the sponge (S). Muscle from the
panniculus carnosus is visible in the NTD (1-35)-EGFP sponge (reddish
tissue). Arrowheads in insets mark �-SMA–stained cells. Asterisk denotes
a blood vessel in the muscle layer with positive �-SMA staining of the vessel
wall. S indicates sponge material; GAM, gene-activated matrix; brackets in
insets denote the capsular layer. Scale bar 	 100 �m.
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TSP1 binding to the CRT/LRP1 cocomplex and more
closely represents the form of the NTD proteolytically re-
leased from TSP1 at wound sites.15,24,41 These studies
showed that NoC1, similar to the CRT-binding peptide hep
I and to TSP1, also increased soluble collagen expression
as measured by the Sircol assay (Figure 7C). Furthermore,
the ability of NoC1 to stimulate collagen expression was
inhibited by the CRT peptide 19.36, but not by the non-
binding control peptide (Figure 7C).

The CRT-Binding Sequence of TSP1 Stimulates
ECM Deposition of Fibrillar Collagens in Vitro

The dense organization of the collagenous capsule in the
NTD (1-35)-expressing sponges suggests that this se-
quence of TSP1 stimulates increased deposition of collagen

into the ECM, in addition to stimulation of soluble collagen
expression. SDS lysates of the cell layer (ECM and cellular
collagen) from MEFs treated with increasing concentrations
of NoC1 trimer showed an increase in both collagens type
I and III, with a dose response observed for collagen III
(Figure 7D). Although NoC1 treatment increased collagen
protein expression as compared to untreated cells, it did not
increase the processing of the N- and C-terminal propep-
tides of procollagen �1(I) as did treatment with 20 �mol/L
ascorbic acid. To further distinguish intra- and pericellular
collagen from ECM bound collagen, a differential ECM ex-
traction protocol was used.36 Indeed, MEFs stimulated with
hep I peptide, TSP1, or NoC1 showed increased type I
collagen in the DOC insoluble, SDS soluble ECM as com-
pared to ECM extracted from either media, mod hep I
peptide, or scrambled hep I peptide-treated cells (Figure

Table 2. Cell Populations in Day-14 Sponges

Sponge Type

CD31-positive pericapsular
endothelial cells (mean
percent area positive

for CD31)

Foreign body giant
cells (mean number of
cells with �5 nuclei

per area)

Ki67-positive
pericapsular cells

(mean percent positive
cells per area)

NTD (1-35)-EGFP 2.4 � 1.1 20 � 8 73 � 32
mod NTD (1-35)-EGFP 2.2 � 0.7 35 � 18 43 � 7

Cell populations in the pericapsular area were quantified by the following criteria: endothelial cells by measuring the area positive for CD31; foreign
body giant cells by counting the number of cells with �5 nuclei per cell; and proliferating cells by counting the number of cells positive for Ki67. Ten
random �40 fields were counted in each sponge section, n 	 6–10 sponges per group. Results are expressed as the mean percent of total cells
scored as positive � SD. There were no statistically significant differences between the experimental and control groups.

Figure 7. Collagen secretion and deposition by
fibroblasts in vitro are increased by the CRT-
binding sequence of TSP1. A: Sircol assay of
human foreskin fibroblasts treated once daily for
two days in media with 2 �mol/L ascorbic acid
with 10 pmol/L TGF-�1, 10 �mol/L hep I pep-
tide, 10 �mol/L modified hep I peptide, or me-
dia with 2 �mol/L ascorbic acid (no treatment).
Results are expressed as the mean fold increase
normalized to cells receiving no treatment � SD;
n 	 3. Dashed lines in A–C indicate normalized
value for no treatment. B: Sircol assay of human
foreskin fibroblasts treated daily for two days
with media with 2 �mol/L ascorbic acid and 10
nmol/L TSP1 or TSP1 incubated with either 20-
fold molar excess of peptide CRT 19.36, or con-
trol peptide CRT 20.30A. Results are expressed
as the mean fold increase normalized to cells
receiving no treatment � SD; n 	 4. C: MEFs
were treated daily for three days in media with
0.5% FBS, 2 �mol/L ascorbic acid with 30
nmol/L NoC1 with either 25-fold molar excess of
peptide CRT 19.36, or control peptide CRT
20.30A. Soluble collagens were quantified by the
Sircol assay. Results are expressed as the mean
fold increase in soluble collagen normalized to
cells receiving no treatment � SD as analyzed by
one-way analysis of variance; n 	 4 separate
experiments. D: MEFs were treated daily for four
days in media with 2 �mol/L ascorbic acid with
10, 30, or 90 nmol/L NoC1 or with 20 �mol/L
ascorbic acid. Cell layers were harvested with
Laemmli buffer, separated by SDS-PAGE, and
then immunoblotted with antibody to collagen
III (top). Membranes were stripped and re-probed
with anti-collagen I antibody (middle). Blots were
stripped and reprobed with anti–�-tubulin as a
loading control (bottom). *P � 0.05.
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8A). The action of the recombinant NTD in stimulating in-
creased collagen deposition in the ECM is due to its binding
to cell surface CRT, because NoC1 stimulation of ECM
collagen is blocked in the presence of the TSP-binding
CRT19.36 peptide but not by the non-TSP binding
CRT20.30A peptide (Figure 8B). Treatment of human fore-
skin fibroblasts with the CRT-binding hep I peptide also
increased organization of type I collagen fibrils as com-
pared to mod hep I peptide or medium controls (Figure 8C).
In fact, collagen I fibrils observed in hep I–treated cells were
similar in organization and abundance to cells treated with
20 �mol/L ascorbic acid. Further analyses of 4% DOC
insoluble ECM fractions showed an increase in type I col-
lagen in this fraction in human foreskin fibroblasts treated
with hep I peptide in the presence of 20 �mol/L ascorbic
acid (Figure 8D).

Together, these data indicate that the CRT-binding
sequence of TSP1 increases collagen secretion and im-
portantly, deposition and organization into ECM.

TSP1/CRT Stimulation of Collagen I Is Not the
Result of Increased Active TGF-� Secretion

It is well established that TSP1 activates latent TGF-�,42

which is a potent stimulator of collagen production and

deposition.43 Although we demonstrated that the NoC1 do-
main of TSP1, which lacks the TGF-�–binding and activa-
tion sites, stimulates collagen expression (Figure 7, C and
D) and that TSP1 and NoC1 stimulation of collagen can be
inhibited by incubation with peptides that block TSP1 bind-
ing to CRT (Figures 7, B and C and 8B), it has not been
previously established whether signaling through the NoC1
domain might alter TGF-� signaling through unknown
mechanisms. Despite stimulation of type I collagen in the
DOC insoluble ECM by both NoC1 and TSP1, there was no
stimulation of TGF-� activity in the conditioned media of
treated cells as compared to untreated cultures (Figure 9A).
Similarly, NoC1 and TSP1 did not stimulate Smad 2 phos-
phorylation by fibroblasts over a 24-hour time course, al-
though cells responded to TGF-�1 treatment with increased
Smad 2 phosphorylation at 1 hour (Figure 9B).

TSP1/CRT Stimulation of Collagen I Is
Akt-Dependent

Engagement of the cell surface CRT/LRP1 cocomplex by
TSP1 initiates cellular signaling that induces transient asso-
ciation of Gi�2 with LRP1, activation of PI3 kinase, and
phosphorylation of Akt.15,44 PI3 kinase-dependent Akt acti-
vation is important for signaling of anoikis resistance by

Figure 8. TSP1 binding to CRT increases colla-
gen deposition into the insoluble extracellular
matrix fraction of fibroblasts. A: MEFs were
treated daily for three days in media with 0.5%
FBS, 2 �mol/L ascorbic acid, and with 10 �mol/L
hep I, 10 �mol/L modified hep I, 10 �mol/L
scrambled hep I, 67 nmol/L TSP1, or 30 nmol/
L NoC1. Cellular and pericellular protein was
harvested with 1% DOC extraction (top), and
the DOC-insoluble ECM was harvested with 2�
SDS Laemmli buffer (bottom), separated by
SDS-PAGE, and transferred to nitrocellulose
membranes for immunoblotting with rabbit anti-
mouse collagen I. Pro indicates procollagen; pC,
procollagen with N-terminal propeptide re-
moved, �1 (I), collagen I with both C- and N-
terminal propeptides removed. B: MEFs were
treated daily for three days as described above
and with 30 nmol/L NoC1 in the presence or
absence of 25-fold molar excess of CRT19.36 or
control CRT20.30A peptide (750 nmol/L). The
1% DOC insoluble, SDS-soluble ECM was har-
vested, separated by SDS-PAGE, and immuno-
blotted for type I collagen. C: Type I collagen
fibril formation in human foreskin fibroblasts
was detected by immunofluorescence with rab-
bit anti-collagen I antibody and a Texas Red-
labeled secondary antibody (red). Cell nuclei
were stained with Hoechst 33342 (blue). Cells
were treated daily for three days in the presence
of 20 �mol/L ascorbic acid with no additional
treatment or in the presence of 2 �mol/L ascor-
bic acid with either 5 �mol/L hep I peptide, 5
�mol/L modified hep I peptide, or media only.
Scale bar 	 60 �m. D: Human foreskin fibro-
blasts were treated daily for three days in FGM
containing 0.5% FBS, 20 �mol/L ascorbic acid,
and 5 �mol/L hep I peptide, 5 �mol/L modified
hep I peptide, or 10 pmol/L TGF-�1. Cell matri-
ces were separated by extraction in 4% DOC,
and DOC-insoluble ECM was separated by SDS-
PAGE and transferred to nitrocellulose mem-
branes for immunoblotting with rabbit anti-hu-
man collagen I. Bands were labeled as described
above.
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TSP1.15 Therefore, pharmacological inhibitors were used to
determine whether the PI3 kinase/Akt cascade is also re-
quired for regulation of collagen through the TSP1 CRT-
binding sequence. Cells were treated with NoC1 in pres-
ence or absence of either a PI3 kinase inhibitor, LY294002,
or an Akt inhibitor, Akt inhibitor II, which blocks PIP3 binding
to Akt.38 Levels of type I collagen protein in SDS lysates of
the cell layer were determined by immunoblotting. These
concentrations of PI3 kinase and Akt inhibitors were suffi-
cient to block NoC1 stimulation of Akt phosphorylation (data
not shown). Treatment of cells with the Akt inhibitor II
blocked NoC1 stimulation of collagen type I protein to that
of untreated control cells, and the Akt inhibitor had no effect
on basal levels of collagen protein (Figure 10). Collagen
levels in cells stimulated with NoC1 and treated with the
PI3K inhibitor were comparable to NoC1-stimulated cells
treated with Akt inhibitor II; however, baseline collagen lev-
els were reduced by 80% in the presence of LY294002.
These data suggest that NoC1 stimulates collagen I protein
expression through an Akt-dependent mechanism.

Discussion

These studies are the first to address the specific role of
TSP1 binding to the CRT/LRP1 coreceptor complex in
vivo. To ensure that only CRT/LRP1 signaling would be
engaged, we locally expressed the first 35 amino acids of
TSP1, which include the CRT-binding sequence. Initially,

we hypothesized that overexpression of the CRT-binding
sequence of TSP1 in vivo during injury would increase cell
migration and thus increase granulation tissue formation.
Surprisingly, expression of the NTD (1-35)-EGFP con-
struct resulted in the formation of a dense collagenous/
ECM capsule, despite similar cell number and cellular
composition in the pericapsular region. In vitro studies
showed that TSP1, the recombinant NTD, or the CRT-
binding sequence of TSP1 stimulates collagen protein
expression and deposition into the ECM by mouse em-
bryonic and human neonatal fibroblasts in a TGF-�–inde-
pendent Akt-dependent manner. Collagen I protein ex-
pression was also increased in hep I–treated primary
adult human fibroblasts (data not shown). The increased
collagen deposition in the adult mice in vivo and the in
vitro responses by mouse embryonic fibroblasts and hu-
man neonatal fibroblasts suggest that this function of the
TSP1 NTD is conserved in both embryonic/neonatal and
adult collagen regulation. Interestingly, although we ob-
served differences in collagen protein expression and
ECM deposition, we failed to observe stimulation of
COL1A2 mRNA by the TSP1 CRT-binding sequence or
by NoC1 (data not shown), suggesting that primary reg-
ulation by TSP1 is posttranscriptional. Together, these
studies identify a novel role for TSP1 in tissue remodeling
by stimulation of collagen expression and organization
through its CRT-binding sequence.

The role of TSP1 in collagen regulation has been stud-
ied indirectly in dermal excisional wound healing models
using either TSP1 or TSP1 and TSP2 double knockout
mice.9,45,46 In these mice, as well as in TSP2 knockout
mice, a reduction in collagen deposition in the granula-
tion tissues of dermal wounds was reported, although a
significant defect in collagen fibril formation was reported

Figure 9. NoC1 does not increase active TGF-� or Smad2 phosphorylation.
A: Levels of active TGF-� in the conditioned media of MEFs treated with 10
nmol/L of NoC1 or 10 nmol/L TSP1 in the presence of 2 �mol/L ascorbic acid
for 48 hours were measured by PAI-1 luciferase assay (black bars). Collagen
I ECM levels were calculated by densitometry of immunoblots for collagen I
in the 4% DOC insoluble fraction of treated cells (gray bars). Results are
reported as the fold change normalized to the mean � SD. A representative
collagen blot from this experiment is shown. B: Immunoblot for phosphor-
ylated Smad 2 and total Smad 2/3 in MEF cell lysates from cells treated with
media containing 2 �mol/L ascorbic acid and PBS, 10 nmol/L NoC1, or 8
pmol/L active TGF-�1 for 0, 1, 4, 8, and 24 hours. Cell lysates were harvested,
separated by SDS-PAGE, and then immunoblotted for phosphorylated Smad
2. Blots were stripped and reprobed for total Smad 2/3.

Figure 10. An Akt inhibitor blocks collagen I protein expression in response to
NoC1. MEFs cultured in media with 2 �mol/L ascorbic acid were treated daily for
three days with either PI3-kinase inhibitor, 5 �mol/L LY294002 (LY), 2 �mol/L
Akt inhibitor II (II), or DMSO vehicle (NT) in the presence or absence of 30
nmol/L NoC1. Cell layers harvested in Laemmli buffer were separated by SDS-
PAGE and immunoblotted for type I collagen. Note that the processed and
unprocessed procollagen bands were not resolved in the Laemmli extracts of the
total cell lysates. Blots were stripped and reprobed for �-tubulin as a loading
control. Blots were analyzed by densitometric analysis, and collagen levels were
normalized to the loading control for each sample. Results are expressed as the
mean fold change as compared to cells treated with DMSO � SD (n 	 3).
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for only the TSP2 null mice.45,46 The reduced granulation
tissue observed in TSP1-null mice has been attributed to
attenuation of macrophage recruitment to wound sites
but has also been shown to be at least partly due to
reduced activation of TGF-�.9,47 In our studies, we used
a model of the foreign body response, which is a spe-
cialized form of repair that entails prolonged inflammation
with a characteristic remodeling phase that involves ro-
bust collagen deposition and encapsulation of the foreign
material. Our results using this foreign body sponge im-
plant model suggest that the altered granulation tissue in
dermal excisional wounds of the TSP1-null mice might
also be attributed in part to insufficient collagen deposi-
tion in the absence of signaling from the TSP1 NTD.

In contrast to these findings suggesting that TSP1 stim-
ulates collagen deposition in wounds, others have reported
that TSP1 suppresses collagen. Zhou et al demonstrated in
an ex vivo muscle explant model that type I collagen �1 and
�2 mRNAs are up-regulated in TSP1(�/�) endothelial cells
and that this activity is suppressed by the addition of exog-
enous soluble TSP1.48 Moura et al used an arterial ligation
model to induce medial thickening of the carotid artery in
TSP1-null mice and showed that these mice exhibit in-
creased collagen deposition within the neointima.49 These
findings suggest that TSP1 negatively regulates collagen
expression by mouse endothelial and vascular smooth
muscle cells. None of these studies in the TSP1-null models
addressed which receptor(s) mediate TSP1 regulation of
collagen I. It is not clear why these findings differ from the
results of our present studies using sponge implants in
wild-type mice and in vitro studies in normal human and
murine fibroblasts or from the excisional dermal wound
studies performed by other groups in the TSP1-null
mice9,50; it is possible that these differences might reflect
cell type–specific regulation of collagen.9 Moreover, these
paradoxical findings illustrate the utility of both knockout
and local overexpressionmodels for determining tissue and
disease specific functions of TSPs.

The increased capsule organization in sponges ex-
pressing NTD (1-35)-EGFP is consistent with the func-
tions of related matricellular proteins in sponge implant
models. Expression of TSP2 antisense cDNA reduced
collagen encapsulation of sponge implants in wild-type
mice.51 Sponge implant models using matricellular
knockout mice indicate that plasminogen activator inhib-
itor-1 (PAI-1)52 and SPARC (secreted protein acidic and
rich in cysteine)53 knockout mice, respectively, have re-
duced collagen deposition or collagen encapsulation of
the foreign body as compared with wild-type mice. Ex-
pression of the matricellular protein, tenascin-C, posi-
tively correlated with increased foreign body collagen
encapsulation of prosthetic hip implants.54 These matri-
cellular proteins have all been shown to support interme-
diate adhesion in adherent cell types in vitro.25,55,56 It is
not known, however, whether these other matricellular
proteins signal increased collagen expression or colla-
gen capsule formation through their respective focal ad-
hesion labilizing domains, as does TSP1.

The absence of a correlation between pericapsular cell
population and capsular collagen organization indicates
that collagen capsule formation in response to local NTD

(1-35)-EGFP protein is the result of increased collagen
accumulation by fibroblasts, rather than due to stimula-
tion of increased cell migration to the sponge implant.
Interestingly, the hep I peptide or NoC1 did not alter the
ratio of procollagen to processed collagen in either mouse
or human fibroblasts (Figures 8, A, B, and D and 9A).

It is well established that TSP1 indirectly increases
collagen transcription and deposition through activation
of latent TGF-� via the TSP1 type 1 repeats,57 distinct
from the NTD. Therefore, we speculated that TSP1 con-
tains a second site for collagen regulation within amino
acids 1-35 of the NTD. We did not detect increased
secreted active TGF-�1-3 or phosphorylation of Smad 2
in TSP1 NTD-treated cells, despite a robust increase in
collagen I deposition in the ECM. This suggests that the
CRT-binding domain of TSP1 does not stimulate collagen
by first directly stimulating TGF-� signaling or activation.

Instead, the mechanism by which TSP1 signaling
through CRT/LRP1 stimulates expression of fibrillar col-
lagens appears to require Akt signaling. Several studies
indicate that phosphorylation of Akt regulates the expres-
sion and deposition of collagen I. Blocking Akt with spe-
cific inhibitors (including Akt inhibitor II) reduces collagen
I mRNA transcript levels in human dermal fibroblasts.58

PI3 kinase, upstream of Akt, is also able to regulate
collagen I protein expression. Inhibitors of either PI3 ki-
nase or Akt signaling are reported to reduce collagen
production in mesangial cells, normal dermal and sclero-
derma fibroblasts, lung fibroblasts, and hepatic stellate
cells.58–62 In our studies, we were unable to draw con-
clusions regarding the involvement of PI3 kinase be-
cause of the effects of the LY294002 compound on base-
line levels of collagen I expression. This observation of
the LY294002 effect on collagen production is consistent
with other published observations.59–62

As with many other TSP1 receptors, collagen regula-
tion in response to TSP1 might not only be dictated by
TSP1 bioavailability but also by the cell surface availabil-
ity of both CRT and LRP1. CRT is up-regulated in re-
sponse to stress, and we demonstrated its increased
expression in atherosclerotic rabbit arteries.63–65 CRT is
best known as a ubiquitous endoplasmic reticulum resi-
dent chaperone and intracellular calcium regulator.66

However, work from our lab and others have demon-
strated stimulation of intracellular signaling via TSP1
binding to cell surface CRT, which stimulates engage-
ment of LRP1-mediated signaling.19,20,63 LRP1 similarly
has dual functions in mediating endocytic clearance of
molecules, including TSP1 and matrix metalloprotein-
ases, and it also acts as a signaling receptor.67,68 It is
therefore possible that the presence of cell surface CRT
dictates whether LRP1 will respond to TSP1 by activating
signaling pathways or by internalizing TSP1. Further-
more, the multiplicity of TSP1 actions is potentially regu-
lated by the availability of specific TSP1 domains, either
in the context of the entire molecule or as an isolated
domain. Recent work from Lee et al demonstrates that
TSP1 is cleaved by ADAMTS-1 into N-terminal and C-
terminal fragments, both of which are detectable in vivo.24

The NTD of TSP1 is also released by cathepsin G and
neutrophil elastase.69,70 Therefore, proteases present in
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early wound beds might generate locally elevated levels
of N-terminal and C-terminal fragments of TSP1.

Fibrous collagen encapsulation is required for stabili-
zation of the atherosclerotic plaque and encapsulation of
primary tumors but is detrimental for osseointegration of
bone and dental implants and malleability of soft tissue
implants. Regardless of the host tissue, collagen encap-
sulation requires active fibroblasts. The NTD of TSP1 has
been shown to participate in adhesion modulation, mi-
gration, anoikis survival, and now collagen deposi-
tion.15,28,29 It seems unlikely that cells responding to
TSP1/CRT signaling are able to accomplish both cell
migration and matrix deposition simultaneously. It is more
likely that cell density, cell–cell and cell–ECM interac-
tions, and the availability of full-length versus cleaved
TSP1 will also play a role in regulating whether the re-
sponse to the NTD of TSP1 results in cell migration or
ECM deposition. The addition of this current work to the
previous studies of the TSP1 CRT-binding domain sug-
gest that this interaction coordinates fibroblast responses
to injury by inducing a “remodeling phase” with the spe-
cific action additionally cued by the tissue environment.
This leads us to speculate that the CRT-binding se-
quence of TSP1 has potential as a protein therapeutic for
guided tissue remodeling.
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