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Assembly of collagen into fibrils is widely studied as
a spontaneous and entropy-driven process. To deter-
mine whether vascular smooth muscle cells (SMCs) im-
pact the formation of collagen fibrils, we microscopi-
cally tracked the conversion of soluble to insoluble
collagen in human SMC cultures, using fluorescent type
I collagen at concentrations less than that which sup-
ported self-assembly. Collagen microaggregates were
found to form on the cell surface, initially as punctate
collections and then as an increasingly intricate net-
work of fibrils. These fibrils displayed 67-nm periodic-
ity and were found in membrane-delimited cellular in-
vaginations. Fibril assembly was inhibited by an anti-
�2�1 integrin antibody and accelerated by an �2�1
integrin antibody that stimulates a high-affinity binding
state. Newly assembled collagen fibrils were also found
to co-localize with newly assembled fibronectin fibrils.
Moreover, inhibition of fibronectin assembly with an
anti-�5�1 integrin antibody completely inhibited colla-
gen assembly. Collagen fibril formation was also linked
to the cytoskeleton. Fibrils formed on the stretched tails
of SMCs, ran parallel to actin microfilament bundles,
and formed poorly on SMCs transduced with retrovirus
containing cDNA for dominant-negative RhoA and ro-
bustly on SMCs expressing constitutively active RhoA.
Lysophosphatidic acid, which activates RhoA and stim-
ulates fibronectin assembly, stimulated collagen fibril
formation, establishing for the first time that collagen
polymerization can be regulated by soluble agonists of
cell function. Thus, collagen fibril formation is under
close cellular control and is dynamically integrated with
fibronectin assembly, opening new possibilities for
modifying collagen deposition. (Am J Pathol 2003,
163:1045–1056)

The fundamental importance of type I collagen can be
inferred by its presence in almost all human tissues and by
the nonviability of embryos deficient in this extracellular

matrix (ECM) protein.1,2 Type I collagen exerts its roles, as
a load-bearing structure and regulator of cell function, only
after it has polymerized into fibrils. This assembly process
proceeds after proteolytic removal of the globular termini of
the secreted procollagen molecules. The resulting fibrils
can vary considerably in size and organization. Fibril diam-
eters can range from 20 to 500 nm and the fibrils them-
selves can organize into diverse patterns including bun-
dles, weaves, and layers.3,4 This broad diversity in fibril size
and topology has important implications for tissue function.
For example, optical transparency in the cornea is con-
ferred by collagen that has been assembled into thin fibrils
in an orthogonal lattice, whereas the enormous tensile
strength of tendon is because of thick collagen fibrils in
parallel bundles. The precise manner in which collagen
fibrils are assembled and spatially organized is thus critical
to organ development and repair.

Current understanding of collagen fibril assembly is
based primarily on the long-standing recognition that
molecules of type I collagen can self-assemble. It has
been appreciated for more than 40 years that solubilized,
tissue-extracted collagen will polymerize spontaneously
when physiological pH, temperature, and ionic strength
are restored.5–7 Collagen fibrils can also be generated in
vitro by subjecting soluble type I procollagen to sequen-
tial cleavage of its propeptide termini by procollagen
metalloproteinases. This action reduces the solubility of
the protein and initiates the entropy-driven self-assembly
process.8,9 Although only the latter approach involves the
physiologically relevant step of procollagen cleavage,
both in vitro systems yield early collagen fibrils with char-
acteristics similar to those found in developing tis-
sues.3,10 Moreover, both approaches have been valuable
for elucidating conditions for collagen self-assembly and
in defining controlling elements for this within the colla-
gen molecule.7,11

Self-assembly however cannot by itself explain the
diverse morphology of collagen fibrils found in tissues,
and determinants other than those intrinsic to the colla-
gen molecule are likely required. In this regard, collagen-
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associating ECM molecules, including decorin, fibro-
modulin, and lumican, have been found to impact the
size and architecture of type I collagen fibrils.12–14 Re-
cently, the elaboration of collagen structures by mouse
embryonic cells has been shown to require the assembly
of fibronectin fibrils.15 Therefore, in the context of a cel-
lular environment, interactions between collagen and
noncollagen molecules seem to be important for collagen
fibril formation and organization.

It remains difficult however, in a cell-based system, to
experimentally separate the process of collagen assem-
bly from the cellular production and secretion of collagen.
No study to date has specifically examined the assembly of
collagen (ie, the conversion of soluble collagen to an insol-
uble fibril) in the presence of cells. Likewise, in the presence
of cells it is a challenge to distinguish the phenomenon of
collagen self-assembly, in which only collagen-collagen in-
teractions are at play, from interactions between collagen
and other proteins that might drive assembly. This includes
potential interactions with cell-surface ECM receptors and
with other ECM fibrils, such as fibronectin, that depend on
the cell for polymerization.16,17

An important context for collagen fibril assembly is the
blood vessel wall. The manner in which collagen fibrils
are assembled in the vasculature is critical to the me-
chanical properties of both the normal and diseased
artery. The major source of type I collagen in the vascu-
lature is vascular smooth muscle cells (SMCs). SMCs can
influence higher levels of fibril organization, as illustrated
by their ability to contract a preformed collagen fibril
lattice.18 However, it is not known whether SMCs have
control over the process by which a collagen fibril is
generated from its soluble precursors.

To determine whether SMCs play a meaningful role in
the de novo assembly of type I collagen, we developed a
cell culture system in which fluorescence-labeled collagen,
in a soluble, unpolymerized state, is applied to SMC cul-
tures. This allowed us to microscopically track the conver-
sion of soluble to insoluble collagen on the cell surface. As
such, cell-associated collagen assembly process could be
distinguished from collagen production and also be com-
pared with collagen assembly in the absence of the cell.
The findings established that SMCs have a pronounced
effect on the assembly of collagen fibrils through a mecha-
nism that involves �2�1 integrin and RhoA-mediated sig-
naling. Moreover, using differentially labeled precursors we
established that collagen polymerization was intimately re-
lated to fibronectin polymerization. Finally, we observed that
collagen polymerization could be regulated by exogenous
mediators of cell behavior. The results thus identify a central
role for SMCs in orchestrating the formation of collagen
fibrils, implying that cellular information drives collagen as-
sembly in the vasculature.

Materials and Methods

SMC Culture

Primary cultures of human arterial SMCs were initiated by
explant outgrowth from segments of internal thoracic ar-

tery retrieved at the time of coronary artery bypass sur-
gery.19 The identity of vascular SMCs was confirmed
morphologically and by immunostaining with a monoclo-
nal antibody to smooth muscle �-actin (1A4; DAKO, Mis-
sissauga, Canada). Cells were grown in M199 (Life Tech-
nologies, Inc., Gaithersburg, MD), supplemented with
10% fetal bovine serum in the absence of ascorbate.
Experiments were performed using SMCs in the third to
seventh subculture, cultured on glass coverslips pre-
coated with 100 �g/ml of human fibronectin.

Collagen Assembly by SMCs

Solubilized collagen was obtained either from bovine skin,
after pepsin digestion and solubilization in HCl (Vitrogen;
Cohesion Technologies, Palo Alto, CA), or from rat tail,
solubilized in acetic acid.20 The collagen preparations were
dialyzed against borate-buffered saline (170 mmol/L boric
acid, 170 mmol/L sodium tetraborate, 75 mmol/L NaCl, pH
9.3) at 4°C overnight and then labeled with either fluores-
cein isothiocyanate (FITC) or Texas Red (Molecular Probes,
Eugene, OR) by transferring the dialysate to a solution of
borate-buffered saline containing 30 mg/ml of the fluoro-
chrome and mixing in the dark at 4°C for 6 hours. Acidic pH
was restored and unbound FITC or Texas Red was re-
moved by dialysis against 0.1% acetic acid at 4°C for 4
days. The concentration of labeled collagen was measured
spectrophotometrically by measuring absorption at 280 nm
and either 493 nm or 595 nm wavelengths.

To assay collagen assembly, labeled soluble collagen
(500 �g/ml) was mixed with ice-cold M199 with 10% fetal
bovine serum to the final designated concentration (0.2 to
10 �g/ml). This was added to SMC cultures that were
maintained on ice for 2 minutes, at room temperature for
2 minutes, and then at 37°C for designated intervals.
Cultures were then washed in phosphate-buffered saline
(PBS) and fixed with 4% paraformaldehyde. Cells were
then stained with Hoechst 33258 (Molecular Probes),
mounted in glycerol/PBS (9:1), and collagen fibril forma-
tion was evaluated by fluorescence microscopy (Axiovert
S100; Zeiss). To assess for collagen self-assembly under
these conditions, the identical procedure was performed
without cells. The effect of collagen-binding integrins on
SMC-directed assembly was assessed using an �1�1
integrin-specific blocking antibody (5E8D9; Upstate Bio-
technology Inc., Lake Placid, NY), an �2�1 integrin-spe-
cific blocking antibody (BHA2.1),21 and an �2�1 integrin-
specific stimulating antibody (JBS2),22 each added 30
minutes before addition of fluorescent collagen.

Electron Microscopy

Solubilized collagen was added to SMCs cultured on
plastic coverslips (Therminox; Nalge-Nunc) in ascorbate-
free medium. At designated times the cultures were fixed
with 2% phosphate-buffered glutaraldehyde, postfixed in
1% osmium tetroxide, and then embedded in Polybed/
araldite epoxy. Coverslips with cells and collagen were
cross-sectioned followed by sequential staining with 2%
uranyl acetate in 70% ethanol and Reynolds aqueous
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lead citrate. Specimens were viewed with a transmission
electron microscope (Phillips 410) at 60 kV.

Fibronectin Assembly by SMCs

Fibronectin assembly by human SMCs was evaluated as
we have described previously,23 using fluorescently la-
beled, plasma-derived human fibronectin. Fibronectin
protomers were labeled with Oregon Green conjugated
to an amine-reactive succinimidyl ester (Molecular
Probes). Labeled soluble fibronectin (20 �g/ml) was
added to SMCs cultured in M199, supplemented with
fibronectin-free fetal bovine serum, together with Texas
Red-labeled soluble collagen. In some experiments, la-
beled collagen was added to cultures after they had
been incubated with labeled fibronectin protomers for 1
hour and then extensively washed.

Infection of Human SMCs with Retrovirus
Containing Mutant RhoA

cDNA fragments encoding dominant-negative (T19N
RhoA) or constitutively active (Q63L RhoA) RhoA, kindly
provided by Dr. Gary Bokoch (Scripps Research Insti-
tute, La Jolla, CA),24 were excised from pRK5 Myc and
cloned into the retroviral gene delivery vector pLNCX (BD
Biosciences Clontech, Palo Alto, CA). Retroviral delivery
constructs were introduced into the Phoenix-amphotropic
retrovirus packaging/producing cell line (American Type
Culture Collection, Rockville, MD)25 by CaCl2-mediated
transfection. The virus-containing culture supernatant
was harvested 48 to 72 hours later and, after centrifuga-
tion and filtration (0.45-�m pore filters), was added to
proliferating human SMCs for 48 hours. To obtain stably
expressing cells, transductants were selected in M199
containing 500 �g/ml of G418. Cells were maintained in
G418-containing medium for two passages before use in
the fibril assembly assay.

Staining for Actin Filaments

Paraformaldehyde-fixed SMCs were permeabilized in
cold acetone for 15 seconds, nonspecific binding sites
were blocked with 5% normal goat serum, and cells were
incubated with Texas Red-labeled phalloidin (1:100 dilu-
tion, Molecular Probes) for 1 hour.

Results

SMC-Associated Collagen Fibril Assembly Is
Distinct from Cell-Free Fibril Assembly

To evaluate the assembly of collagen in SMC cultures,
independent of collagen production, we labeled tissue-
extracted, soluble collagen with FITC or Texas Red and
microscopically tracked fibril formation after subjecting
the collagen solution to physiological temperature and
pH. This was undertaken in both cellular and noncellular
environments. Nonfibrillar precipitation of the collagen
was minimized by adding the labeled precursors to pre-

cooled culture medium that was then gradually warmed
to 37°C. Two different collagen preparations were used,
pepsin-digested bovine skin collagen solubilized in HCl
(Vitrogen collagen) and acetic acid-solubilized rat tail
collagen. The two preparations were studied recognizing
that the method of collagen preparation might influence
its subsequent polymerization.

We first established the threshold concentration below
which collagen self-assembly was not apparent, by add-
ing precursor to culture media in the absence of cells.
This threshold proved to be 2 �g/ml for Vitrogen collagen
and 5 �g/ml for rat tail collagen. At higher concentrations,
fibrils 6 to 12 �m in length and similar to self-assembled
fibrils previously described7,8 settled onto the fibronectin-
coated coverslips (Figure 1a). At concentrations below
these thresholds, fibrils were not detected on the sub-
strate or suspended in the media (Figure 1b). However,
when a subthreshold concentration of collagen was
added to media bathing a monolayer of human SMCs, an
insoluble collagen network of formed on the cells. As
illustrated in Figure 1c, within 1 hour of adding Vitrogen
collagen, there was a finely punctate distribution of fluo-
rescent collagen on the cell surface (Figure 1c). Fibril-like
structures were generally not evident at this time but in
the ensuing 2 hours, short fibrils formed on the apical
surface of cells (Figure 1d). By 24 hours, an intricate
pericellular network developed (Figure 1; c to e). This
network was seen with precursor concentrations as low
as 0.2 �g/ml. The network that formed using rat tail col-
lagen was similar to that using Vitrogen collagen, with
somewhat less cell-to-cell bridging of fibrils (Figure 1f). In
neither case were fibrils found in regions devoid of cells.
Fibril formation was not influenced by the substrate on
which SMCs were grown, with no discernable difference
in fibrils seen for SMCs on fibronectin, vitronectin, or rat
tail collagen (data not shown).

Solubilized Collagen Polymerizes into Native
Fibrils on the SMC Surface

When collagen precipitates from solution it can poten-
tially assume nonfibrillar forms that are not relevant to in
vivo circumstances, or abnormal fibril variants that are
only rarely observed in vivo.26 To elucidate the ultrastruc-
ture of collagen polymerizing on the SMCs, cultures were
studied by transmission electron microscopy. SMCs were
cultured in ascorbate-free medium to minimize endoge-
nous collagen production. Under these conditions, and in
the absence of exogenous collagen precursor, no fibrils
were evident by electron microscopy 36 hours after cell
plating. Likewise, when soluble collagen was added in
the absence of SMCs, only scattered amorphous aggre-
gates were found on the substrate. However, addition of
soluble collagen to SMC cultures yielded cross-banded
fibrils. The banding displayed 67-nm periodicity, confirm-
ing the structures to be native collagen fibrils (Figure 2a).
It was also noteworthy that assembled collagen fibrils
were found in association with distinct morphological
conformations of the cell surface. Some fibrils were found
within plasma membrane-delimited spaces. These

Smooth Muscle-Mediated Collagen Assembly 1047
AJP September 2003, Vol. 163, No. 3



spaces were much larger than uptake vesicles, with a
greater degree of clarity. They were thus consistent with
recesses and invaginations of the cell surface. Newly
assembled fibrils were also found adjacent to discrete

cell surface depressions and at sites of plasma mem-
brane apposition between cells (Figure 2b). These ob-
servations suggest that participation of the cell surface is
a feature of collagen assembly.

Figure 1. SMCs stimulate collagen fibril assembly. In vitro collagen assembly was performed by incubating Texas Red-labeled, acid-solubilized collagen at 37°C
in culture medium (M199 plus 10% fetal bovine serum, pH 7.4). Fibrils that formed and attached to the substrate were fixed in paraformaldehyde and imaged
microscopically. a: Spontaneously assembled fibrils that formed and adhered to a fibronectin-coated coverslip after incubating 10 �g/ml of Texas Red-Vitrogen
collagen in cell-free culture media for 3 hours at 37°C. b: Fibrils are not evident when 2 �g/ml of Texas Red-collagen is incubated with culture medium, indicating
this concentration to be below the critical threshold for self-assembly under these conditions. c and d: Confocal microscopic images acquired 1 hour (c) and 3
hours (d) after addition of 1 �g/ml of Texas Red-labeled Vitrogen collagen to human SMCs. Punctate accumulations of fluorescence are evident initially, followed
by small fibrils on the surface of SMCs. e: Lower magnification image (nonconfocal) 24 hours after addition of soluble collagen to SMCs, showing extensive fibril
formation. f: Cell-associated fibrils also formed after the addition of 1 �g/ml of Texas Red-labeled rat-tail collagen to SMC cultures. Nuclei were counterstained
with Hoechst 33258. Scale bars, 50 �m.
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�2�1 Integrin Is Involved in SMC-Associated
Collagen Assembly

We considered that the basis of cell-associated collagen
polymerization could be the provision of a local microen-
vironment favorable to self-assembly or a more direct
interaction that involved surface receptors. SMCs ex-
press �1�1 and �2�2 integrin-type collagen receptors.27

Therefore, to test if SMC-associated collagen assembly
was mediated by either of these collagen receptors, flu-
orescent collagen monomers were added to SMC cul-
tures in the presence of specific anti-integrin antibodies.
As illustrated in Figure 3, the extensive collagen fibril
network that formed by adding Vitrogen to SMCs for 48
hours was reduced by BHA2.1, an anti-�2�1 integrin
antibody. Similar inhibition was observed for rat tail col-
lagen (data not shown). Fibril formation was however

unaffected by a function-blocking antibody against �1�1
integrin. We reasoned that if �2�1 integrin mediates col-
lagen fibril assembly, stimulating its function should en-
hance the process. This in fact was observed. Cultures
incubated with JBS2, an �2�1 integrin-activating anti-
body that stimulates a high-affinity binding state and
augments attachment to collagen,22 showed greater fibril
assembly. This accentuation was most apparent during
early assembly (eg, 6 hours) (Figure 3, d and e).

SMC-Mediated Collagen Assembly Is Integrated
with Fibronectin Assembly

Another binding partner for collagen is fibronectin, and it
has been recognized for several years that collagen fibrils
can co-localize with fibronectin fibrils.28 It is also known that
fibronectin polymerization is dependent on interaction with
cell-surface receptors.29 Therefore, to determine whether
there was a relationship between the assembly of collagen
on SMCs and assembly of fibronectin, we co-incubated
SMC cultures with Texas Red-labeled soluble collagen and
Oregon Green-labeled soluble fibronectin. As shown in Fig-
ure 4A, newly assembled collagen fibrils co-localized with
newly assembled fibronectin fibrils. To ensure that this find-
ing was not because of association of collagen and fi-
bronectin precursors in solution, before contacting the cell
surface, we performed experiments in which fibronectin
was incubated with the cells for 1 hour, the cultures were
extensively washed, and then labeled collagen was added
for another 12 hours. Under these circumstances, fibril co-
localization was consistently evident, although the fluores-
cent collagen fibrils tended to extend beyond the fluores-
cent regions of the fibronectin fibrils, in keeping with the
brief incubation period of the latter. We also found that the
early fibronectin formations were always in the form of linear
fibrils, whereas the earliest collagen formations could be
found as fine punctate accumulations (Figure 1c).

We have previously shown that the assembly of fi-
bronectin by human SMCs is dependent on �5�1 inte-
grin.23 Given the close physical association of actively
assembling collagen and fibronectin fibrils, we sought to
determine whether disrupting the �5�1 integrin-fibronec-
tin interaction influenced collagen assembly. For this, we
incubated SMCs with JBS5, an anti-�5�1 integrin anti-
body, together with fluorescent fibronectin and fluores-
cent collagen precursors. As shown in Figure 4b, JBS5
completed inhibited fibronectin assembly. Importantly, it
also fully inhibited collagen fibril assembly. In some cells,
a fine punctate collagen fluorescence could be seen, but
fibril formation was not. We next determined if fibronectin
assembly was influenced by �2�1 integrin, by incubating
cultures with BHA2.1. Under these conditions, collagen
fibril formation was reduced but fibronectin assembly
was unaffected (Figure 4B).

An Intact Actin Cytoskeleton Is Required for
SMC-Mediated Collagen Assembly

We observed that newly assembled collagen fibrils
tended to orient along the long axis of the cell. As well, at

Figure 2. Native collagen fibrils assemble in human SMC cultures. Electron
micrographs of human SMCs, cultured in ascorbate-deficient media, 24 hours
after the addition of soluble, bovine skin collagen. Cross-striated collagen
fibrils are apparent near the cell surface (a and at higher magnification in inset).
Fibrils can also be seen in membrane-delimited cellular invaginations (arrows).
b: Collection of fibrils seen in cross-section within a cell-surface depression at a
zone of apposition with an adjacent cell. Scale bar, 500 nm (a).
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lower cell densities human SMCs display a more irregular
shape with thin projections, and in these circumstances
collagen fibrils were found running along the length of
these projections (Figure 5a). The relationship between
collagen assembly and cell shape was further evaluated by
staining the actin cytoskeleton with Texas Red phalloidin, 6
hours after incubating cells with FITC-labeled collagen
monomers. This revealed newly assembled collagen fibrils
that generally co-aligned with the underlying actin microfila-
ment bundles (Figure 5b). When actin microfilament bun-
dles were disrupted by incubating SMCs with cytochalasin

D (10 �mol/L), almost no collagen fibril assembly could be
detected on the cells (Figure 5, c and d).

RhoA Mediates SMC-Directed Collagen
Assembly

The relationship between the actin cytoskeleton and col-
lagen assembly raised the possibility that signaling cas-
cades impinging on actin assembly might influence col-
lagen polymerization. The small GTPase RhoA is central

Figure 4. SMC-directed collagen assembly is integrated with �5�1 integrin-mediated fibronectin assembly. A: Human SMCs co-incubated for 16 hours with
Oregon Green-labeled fibronectin and Texas Red-labeled bovine skin collagen showing co-localization of assembling fibrils. B: SMCs co-incubated with Oregon
Green-labeled fibronectin and Texas Red-labeled collagen together with control IgG, anti-�5�1 integrin antibody (JBS5, 20 �g/ml), or anti-�2�1 integrin antibody
(BHA2.1, 20 �g/ml). Nuclei were stained with Hoechst 33258. Scale bar, 40 �m.

Figure 3. SMC-associated collagen assembly is mediated by �2�1 integrin. Human SMCs were incubated for 48 hours with solubilized FITC-labeled collagen (2
�g/ml) and either control IgG (a), an anti-�1�1 integrin antibody (5E8D9, 20 �g/ml) (b), or an anti-�2�1 integrin antibody (BHA2.1, 20 �g/ml) (c). Antibodies
were added 30 minutes before addition of FITC-collagen monomers. Fibril assembly was also evaluated in cultures preincubated for 30 minutes with anti-�2�1
integrin-stimulating antibody (JBS2, 1:50) and then incubated with Texas Red-labeled collagen (1 �g/ml) for 6 hours. Compared to control conditions (d), the
fibers in JBS2-treated cultures were more abundant and straighter (e). Washed cultures were fixed in paraformaldehyde and nuclei were stained with Hoechst
33258. Scale bars, 30 �m.
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to actin microfilament bundle assembly in several cells,
apparent by injecting or overexpressing mutant forms.30

Human muscle cells are substantially resistant to DNA
transfection. Therefore, to perturb RhoA function we in-

fected human SMCs with retrovirus containing the coding
sequence for dominant-negative RhoA (T19N RhoA),
constitutively active RhoA (N63L RhoA), or vector alone
(pLNCX). Stably expressing SMCs were then selected
with G418 and the ability of the cells to assemble a
collagen fibril matrix throughout 24 hours was assessed.
As shown in Figure 6, collagen fibril assembly was sub-
stantially reduced in SMCs expressing dominant-nega-
tive RhoA (Figure 6, a and b). In contrast, a dense mat-
like pattern of fibrils formed throughout the same 24-hour
period by cells expressing constitutively active RhoA
(Figure 6c). Actin microfilament bundles, detected by
staining with Texas Red-labeled phalloidin, were scant in
SMCs expressing T19N RhoA and well-developed in
SMCs expressing N63L RhoA (data not shown).

Lysophosphatidic Acid (LPA) Stimulates SMC-
Directed Collagen Assembly

The observation that SMC-directed collagen fibril was
affected by perturbations in cell signaling raised the pos-
sibility that extracellular factors that can activate RhoA
might be capable of controlling the assembly process. To
test this, human SMCs were incubated with 20 �mol/L of
LPA, which can stimulate RhoA activation and actin
stress fiber assembly,31 in the presence of FITC-labeled
solubilized collagen. As illustrated in Figure 7, assembled
collagen fibrils were much more abundant in SMCs stim-
ulated with LPA than in vehicle-treated cultures, changes
that paralleled the increase in actin stress fibers. These
data provide the first demonstration that soluble agonists
in the extracellular milieu can acutely modulate the as-
sembly of type I collagen fibrils.

Discussion

The assembly of collagen into fibrils is vital for tissue
development, repair, and function. It is well established
that collagen can self-polymerize and, given this, details
of the collagen assembly process have been studied
extensively in cell-free systems. However, such an ap-
proach does not account for potentially important contri-
butions of the collagen-producing cell itself. By introduc-
ing labeled, soluble collagen to human vascular SMC
cultures, we have studied the assembly of type I collagen
fibrils in a cellular environment. In doing so, we identified
a dominant and regulatable role for SMCs in collagen
fibril polymerization. SMCs orchestrated the formation of
a robust fibril network at concentrations of precursor well

Figure 5. SMC-directed collagen assembly is dependent on the actin cy-
toskeleton. a: Collagen fibrils formed over the stretched tail of human SMCs
(arrow) 6 hours after addition of soluble, Texas Red-labeled rat tail collagen
(1 �g/ml) to cultures (overlay of phase contrast with fluorescence image). b:
Six hours after addition of soluble, FITC-labeled bovine skin collagen (2
�g/ml) to cultures, early fibrils can be seen oriented parallel to the actin
microfilament bundles, the latter stained using Texas Red-labeled phalloidin.
c and d: Collagen assembly was evaluated in SMC cultures incubated for 24
hours with FITC-collagen and either DMSO (c) or cytochalasin D (10
�mol/L) (d), both added 1 hour before addition of solubilized collagen.
Nuclei were counterstained with Hoechst 33258. Scale bars, 30 �m.
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below that required for microscopically detectable colla-
gen self-assembly. The assembly process involved the
collagen-binding �2�1 integrin and was also intimately
associated with fibronectin polymerization, a process de-

pendent on cellular interaction. Thus, notwithstanding the
ability of collagen to self-assemble, the construction of
collagen fibrils at the surface of SMCs is under substan-
tial cellular control.

The model used to evaluate the role of SMCs in colla-
gen assembly, by necessity, exposed solubilized colla-
gen to precipitation conditions, with the potential to form
biologically irrelevant collagen aggregates. However, the
assembled fibrils displayed the hallmark 67-nm period-
icity of native collagen fibrils, supporting the relevance of
the in vitro process. It is also noteworthy that similar
patterns of fibril formation occurred with two collagen
preparations that differ in species, method of extraction,
and likely glycosylation status and presence of nonmo-
nomeric forms.32 Thus, SMC-associated polymerization
is not a phenomenon that proceeds with only a specific
collagen preparation, but appears to be a robust re-
sponse to cell-collagen interactions.

It is also notable that assembled collagen fibrils were
found within spaces formed by invaginations of the
plasma membrane. Previous ultrastructural studies of
chick embryo tendons have documented that initial
events in collagen fibrillogenesis occur within cellular
recesses.33 It was postulated that the contents of these
spaces, including fibril-modifying molecules, are closely
regulated by the cell to facilitate fibril growth. Whether
this mechanism operates in the culture system used here
is unknown. Nevertheless, the presence of newly formed
collagen fibrils within plasma membrane-delimited cyto-
plasmic folds and depressions supports the validity of the
culture model used and highlights the importance of the
cell surface in the collagen polymerization process.

Type I collagen first accumulated on the cell surface as
punctate collections. These aggregations were less ap-
parent when �2�1 integrin was blocked, and fibril forma-
tion proceeded less efficiently. Conversely, activation of
�2�1 integrin by a stimulating antibody enhanced colla-
gen assembly. Previous studies have established that
engagement of �2�1 integrin by a preformed collagen
fibril matrix has an impact on the collagen environment,
by inducing collagenase expression as well as mediating
collagen contraction.34,35 The current findings indicate
that �2�1 integrin also participates in the SMC-mediated
transition of soluble to insoluble collagen. Recently, the
presence of collagen fibers in mutant mouse embryonic
fibroblast cell lines was found to be greater when these
cells were transfected with �2�1 integrin.36 Collagen fibril
assembly was not directly assessed in that study and
other factors such as collagen turnover could contribute
to the results. Nevertheless, the findings are consistent
with our observation that �2�1 integrin contributes to
collagen polymerization.

The assembly of collagen by SMCs was not however
exclusively dependent on collagen-integrin interactions.
Rather, the process was also intimately associated with
fibronectin assembly. Assembly of both fibronectin and
collagen proceeded at the same locations on the cell
surface with close co-localization. Furthermore, when fi-
bronectin assembly was inhibited by blocking �5�1 inte-
grin, collagen assembly was also abrogated. Indeed the
extent of collagen assembly inhibition under these cir-

Figure 6. SMC-directed collagen assembly is mediated by RhoA. Human
arterial SMCs were infected with retrovirus containing empty vector (pLNCX,
a), cDNA for dominant-negative RhoA (pLNCX-T19N RhoA, b), or cDNA for
constitutively active RhoA (pLNCX-N63L RhoA, c). Transductants were se-
lected by G418 treatment and then incubated with FITC-labeled collagen (2
�g/ml) for 24 hours. Collagen fibrils are reduced on SMCs expressing dom-
inant-negative RhoA and extensive on SMCs expressing constitutively active
RhoA. Nuclei were counterstained with Hoechst 33258. Scale bars, 50 �m.
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cumstances was more striking than when �2�1 integrin
was blocked. Using fibronectin-null mouse embryo cells,
it was recently shown that retention of thrombospondin-1
and type I collagen in fibrillar structures depended on an
intact fibronectin fibril matrix.15 Our findings indicate that,
in human vascular SMCs, it is the collagen polymerization
process itself that is impacted by fibronectin. Thus, the
polymerization of collagen proceeds in a manner that is
spatially and functionally integrated with polymerization
of fibronectin. Interestingly, �2�1 integrin blockade im-
peded collagen assembly but not fibronectin assembly.
As well, �5�1 integrin blockade did not appear to elimi-
nate the fine punctate collections of collagen on the cell
surface. Although further studies are necessary to eluci-
date the precise events, we speculate that �2�1 integrin
may serve to nucleate collagen fibril precursors on the
cell surface, which facilitates subsequent interactions
with assembling fibronectin polymers.

Early collagen fibrils were prominent along the
stretched tails of SMCs and were oriented in the same
direction as actin microfilament bundles. In addition, col-
lagen assembly did not proceed after disruption of con-
tractile forces by cytochalasin D. Moreover, fibril assem-
bly was substantially influenced by the function of RhoA,
a GTPase critical to actin microfilament bundle assembly.
Assembly was impaired on cells expressing dominant-
negative RhoA and accentuated on cells expressing con-

stitutively active RhoA. Collectively, these findings estab-
lish that actin assembly is a critical regulator of collagen
assembly. Presumably, forces generated from the actin-
based cytoskeleton are transmitted to the collagen mol-
ecules in a manner that facilitates their polymerization
and/or draws early collagen fibrils into preferred align-
ment for growth and packing. The transfer of force from
actin to collagen could be via �2�1 integrin, or via an
�5�1 integrin-fibronectin-collagen linkage. The latter pro-
cess is consistent with the finding that fibronectin poly-
merization requires cell-generated mechanical forces
that are regulated by RhoA.37 This further supports a
paradigm wherein polymerization of collagen and fi-
bronectin may be integrated, as a supramolecular as-
sembly process.

The lipid mediator LPA, an upstream, environmental
signal for actin assembly, was also found to stimulate
collagen assembly. LPA has been shown to activate
RhoA and also stimulate fibronectin assembly.38 The cur-
rent findings therefore further support the involvement of
RhoA, the cytoskeleton, and fibronectin in SMC-mediated
collagen assembly. Moreover, the effect of LPA on colla-
gen assembly illustrates that collagen fibril assembly can
be modulated by soluble agonists of cell function.

In the vasculature, excess or abnormal collagen fibril
deposition may contribute to hypertension and to aber-
rant remodeling after angioplasty.39–41 The recent obser-

Figure 7. LPA stimulates SMC-directed collagen assembly. SMCs were incubated for 12 hours with 2 �g/ml of FITC-labeled soluble collagen and either vehicle
(a, b) or LPA (20 �mol/L) (c, d), added 30 minutes before addition of collagen. Cultures were fixed in 4% paraformaldehyde and nuclei stained with Hoechst
33258. Cultures were also stained with Texas Red-labeled phalloidin to show actin microfilament bundles (b and d, control and LPA-treated, respectively). The
Texas Red fluorescence images were acquired with identical exposure times. Scale bars, 50 �m.
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vation that collagen self-assembly involves inhibitable
binding between the telopeptide region and sites in the
triple helix suggests that blocking self-assembly is a po-
tential therapeutic approach.11 The current findings how-
ever open new possibilities to preventing collagen fibril
accumulation such as targeting specific binding sites or
the cytoskeletal events that influence fibril assembly. Ex-
ploiting the cellular interactions that direct fibril formation
might also provide a basis for enhancing collagen
assembly, recognizing that there are circumstances
whereby accelerating collagen fibril assembly could be
therapeutic. An important example of this is the formation
of a mechanically sound fibrous cap on the surface of
atherosclerotic plaques. This process, which is mediated
by vascular SMCs, is critical to preventing heart attacks
in predisposed individuals.42

In summary, vascular SMCs play a substantial role in
orchestrating the assembly of type I collagen fibrils. This
assembly process is accomplished through a dynamic
relationship between nascent collagen, �2�1 integrin,
polymerizing cell-bound fibronectin, and the cytoskele-
ton. This cell-based level of control likely integrates with
previously recognized determinants of collagen assem-
bly—those intrinsic to the collagen molecule and those
related to collagen-associated ECM such as decorin—to
ensure that the collagen fibril needs of developing
and repairing blood vessels are met. Because SMC-
associated fibril assembly is regulatable, the findings
raise new possibilities for the therapeutic control of col-
lagen deposition.
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