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A characterization of the factors that control collagen fibril
formation is critical for an understanding of tissue organization
and themechanisms that lead to fibrosis. SPARC (secretedprotein
acidic and rich in cysteine) is a counter-adhesive protein that binds
collagens.Hereinwe show that collagen fibrils in SPARC-null skin
from mice 1 month of age were inefficient in fibril aggregation
andaccumulated in thediameter rangeof 60–70nm, aproposed
intermediate in collagen fibril growth. In vitro, procollagen I
produced by SPARC-null dermal fibroblasts demonstrated an
initial preferential association with cell layers, in comparison to
that produced by wild-type fibroblasts. However, the collagen I
produced by SPARC-null cells was not efficiently incorporated
into detergent-insoluble fractions. Coincident with an initial
increase in cell association, greater amounts of total collagen I
were present as processed forms in SPARC-null versuswild-type
cells. Addition of recombinant SPARC reversed collagen I asso-
ciation with cell layers and decreased the processing of procol-
lagen I in SPARC-null cells. Although collagen fibers formed on
the surface of SPARC-null fibroblasts earlier than those onwild-
type cells, fibers on SPARC-null fibroblasts did not persist. We
conclude that SPARCmediates the association of procollagen I
with cells, as well as its processing and incorporation into the
extracellular matrix.

Matricellular proteins are defined as proteins that are asso-
ciated with the extracellular matrix (ECM)2 but are not consid-
ered structural components of the ECM, in contrast to classical
ECM proteins such as laminin and collagen I (1, 2). SPARC is a
prototypic matricellular protein that exhibits counter-adhesive
and anti-proliferative activity when added to cultured cells (3).
SPARC has been shown to bind to a number of ECM proteins
including collagens I, III, and IV (3).
Expression of SPARC is elevated during development and

decreases upon differentiation in amajority of tissues (4). How-

ever, expression of SPARC persists in tissues in which ECM
remodeling is ongoing, such as bone and gut epithelia (4).
Increased levels of SPARC are detected in response to injury
where ECM remodeling is initiated, with fibroses in liver, lungs,
and kidney, and in the skin of individuals with scleroderma
(5–8). Hence, SPARC expression patterns implicate this pro-
tein as an important mediator of collagen I deposition and/or
remodeling.
The �1(I) and �2(I) subunits of procollagen I are synthesized

with N- and C-propeptides that are enzymatically released by
specific proteases to yield processed collagen I (9). Processing of
procollagen I to collagen I is essential for correct assembly of
collagen fibrils. Spatial and temporal regulation of procollagen
processing has been proposed as a potential regulatory event in
collagen fibril assembly (9). For example, antibodies against the
N-propeptide of collagen I were immunolocalized exclusively
to the surface of collagen fibrils that were 20–40 nm in diam-
eter (10). Retention of the propeptides of procollagen I follow-
ing incorporation into fibrils might present a steric hindrance
to fibril fusion and thus limit fibril expansion. Alternatively,
Watson et al. (11) reported that pN collagen I (procollagen I
with N-propeptides retained) could be incorporated into colla-
gen fibrils with the N-propeptide accommodated within the
fibril. The authors suggested that the N-propeptide acts to
enhance collagen fibril aggregation (11). In this case, premature
processing of the N-propeptide would limit fibril expansion.
The factors that influence the spatial and temporal regulation
of procollagen I conversion to collagen I are predicted to have a
profound influence on collagen deposition (9).
SPARC-nullmice display a number of phenotypic abnormal-

ities, the majority of which are manifested in aberrant ECM
structure and assembly, consistent with a function of SPARC as
a modulator of cell-ECM interactions (4). Adult SPARC-null
mice exhibit decreased amounts of collagen in skin and bone
(12, 13). In addition, fibrotic deposition of collagen is dimin-
ished in the absence of SPARC. For example, streptozoticin-
induced renal fibrosis in SPARC-nullmicewas reduced in com-
parison to that of wild-type (14). Increased expression of
SPARC is associated with collagen production, and the lack of
SPARC results in decreased collagen accumulation. SPARC is
therefore implicated as a key regulator of collagen incorpora-
tion in tissues.
To investigate further the mechanisms by which SPARC

influences collagen deposition, we cultured SPARC-null and
wild-type (WT) primary dermal fibroblasts and characterized
collagen I maturation and fiber formation in vitro. Our studies
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indicate that, in the absence of SPARC, an initial increase in the
levels of procollagen I in cell layerswas coupledwith an increase
in the conversion of procollagen I to collagen I. The addition of
recombinant SPARC (rSPARC) reduced the levels of procolla-
gen I associated with cell layers and was accompanied by a
decrease in conversion of procollagen I. Enhanced association
of procollagen I with SPARC-null cells did not lead to a greater
incorporation of collagen into detergent-insoluble fractions. In
fact, SPARC-null fibroblasts demonstrated substantially less
incorporation of collagen into detergent-insoluble fractions
after extended culture. Likewise, collagen fibers formed sooner
on the surface of SPARC-null cells but did not persist, in com-
parison to fibers on WT cells.

EXPERIMENTAL PROCEDURES

Reagents—Cell culture reagents were from Invitrogen.
rSPARC was generated by baculovirus infection of insect cells
and purified as described in Ref. 15. Anti-murine collagen I
antibodies were from MD Biosciences (Zurich, Switzerland).
Antibodies generated against the C-propeptide of collagen
�1(I) (LF41) were provided by Dr. L. Fisher (National Institutes
of Health) ((16). Anti-actin antibodies were from Sigma.
Electron Microscopy—The SPARC-null mouse colony used

in these studies has been described previously (17). Sections of
skin were generated from 3 WT and 5 SPARC-null mice at 1
month of age and were prepared for electron microscopy (EM)
as described in Ref. 12. Collagen fibril diametersweremeasured
in scanned images generated from electron micrographs with
NIH Image software. Collagen fibrils in at least 3 fields derived
from sections of skin from each mouse were quantified; 2699
WT fibrils and 2658 SPARC-null fibrils were measured.
Primary Cell Culture—Primary dermal fibroblasts were iso-

lated from age-matched WT and SPARC-null animals based
upon the protocol described in Ref. 18 with the following
exceptions: 1) the collagenase solution used in these experi-
ments was 1/10 Blendzyme 3 (Roche Applied Science) in Dul-
becco’s modified Eagle’s medium (Invitrogen), 2) cell prepara-
tionswere rinsed 3 times in growthmedia (Dulbecco’smodified
Eagle’s medium containing 10% fetal calf serum and antibiotic/
antimycotic solution) prior to final plating, and 3) cells were
filtered through a 100-�m cell strainer prior to final plating.
The majority of animals used in these experiments were 2–3
months of age. Dermal fibroblasts were cultured in growth
media supplemented with 50 �g/ml sodium ascorbate to
induce collagen production and secretion as indicated. All
experiments were performed with dermal fibroblasts between
passages 1 and 4.
Analysis of ECM Production and Deposition—Primary der-

mal fibroblasts plated at equal concentrationswere labeledwith
25 �Ci/ml [2,3,4,5-3H]proline (PerkinElmer Life Sciences) in
growth media for 18–24 h to assess collagen production in
media and cell layers fromWT and SPARC-null cells. Cell lay-
ers were collected by scraping in hot SDS-PAGE buffer with
dithiothreitol (19) or in 1% deoxycholate with protease inhibi-
tors (protease inhibitor mixture tablets, Roche). Deoxycholate-
extracted cells were tumbled overnight at 4 °C to recover solu-
ble proteins. Detergent-insoluble proteins were separated by
centrifugation at 12,000 � g for 15 min at 4 °C. Cell fractions

used for immunoblot and hydroxyproline analysis were also
grown and collected in this manner.
Hydroxyproline analysis was carried out based on the

method described in Ref. 20. Briefly, equal numbers of age-
matchedWTandSPARC-null dermal fibroblastswere cultured
in growth media in Dulbecco’s modified Eagle’s medium with-
out phenol red and supplementedwith ascorbate (50�g/ml) for
the designated periods. Detergent-soluble and -insoluble cell
layers were collected as stated above and placed in 6 N HCl for
hydrolysis.Media fractions were freeze-dried, resuspended in 6
N HCl, and hydrolyzed at 120 °C. Cell extracts were hydrolyzed
according to the same protocol. Samples were neutralized with
4 N NaOH. Samples and standards (L-hydroxyproline, Sigma)
were incubated for 20 min at room temperature with chloram-
ine T followed by addition of Ehrlich reagent (3.75 g of p-di-
methylaminobenzaldehyde, 15 ml of 1-propanol, 6.5 ml of per-
chloric acid (60%) in 25 ml) for 20 min at 60 °C. Absorbance of
standards and samples were read at � � 558 nm. Values were
calculated from a standard curve generated for each analysis.
Amounts of total protein in detergent-soluble fractions were
determined by bicinchoninic acid (BCA) assays according to
the manufacturer’s instructions (Pierce).
After separation by SDS-PAGE, metabolically labeled proteins

were detected by fluorography on X-Omat film. Immunoblot
analysis was performed by transfer of separated proteins to nitro-
cellulose and detection with anti-murine collagen I antibodies.
Chemiluminescence was used to detect secondary antibodies
conjugated to horseradish peroxidase. Quantification of pro-
tein bands was performed with NIH Image software.
Metabolically labeled conditioned media generated by equal

numbers of WT and SPARC-null cells grown in ascorbate for
18–24hwere incubatedwith an anti-N-propeptide rabbit poly-
clonal antibody against recombinant mouse N-propeptide that
was produced in insect cells, or polyclonal anti-murine SPARC
antibodies (R&D Systems, Minneapolis, MN). Primary anti-
bodies were precipitated with protein A/G-Sepharose beads
(GE Healthcare). Immune complexes were boiled in SDS-
PAGE buffer with dithiothreitol, separated by SDS-PAGE, and
exposed to film.
Pulse-chase experiments were performed by labeling equal

amounts of WT and SPARC-null fibroblasts in growth media.
Ascorbate was added �2 h prior to pulse labeling with 25
�Ci/ml [3H]proline for 12 min (pulse label). The pulse labeling
media were removed, and the cell layer was rinsed in phos-
phate-buffered saline followed by incubation in chase media
(growth media with ascorbate and 1 mg/ml unlabeled proline)
for the indicated time periods. Cell layers were collected in
SDS-PAGE buffer with dithiothreitol, and proteins were
resolved on 7% SDS-polyacrylamide gels. Bands representing
procollagen and collagen I were detected by fluorography and
were quantified by the use of NIH Image software.
Immunohistochemistry—Age-matchedWTand SPARC-null

cells were plated in equal numbers on glass coverslips in growth
media. Cells were treated with 50 �g/ml ascorbate and were
grown for the indicated number of days. Cell layers were fixed
in 4% paraformaldehyde in phosphate-buffered saline (pH 7.5)
for 30–45 min. Coverslips were blocked in 1% normal goat
serum in Tris-buffered saline (blocking solution) prior to addi-
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tion of anti-murine collagen I antibodies (1:200 dilution in
blocking solution) or anti-cellular fibronectin (1:200 in block-
ing solution, Sigma). Primary antibodies were detected with
goat anti-mouse fluorescein-conjugated secondary antibodies
(Jackson Laboratories). Coverslips were mounted in Anti-Fade
reagent (Molecular Probes, Eugene, OR) and were viewed on a
Leica microscope equipped for epifluorescence.

RESULTS

EM of Collagen Fibrils from 1-Month-old Mice—Thin colla-
gen fibrils characteristic of young dermis undergo lateral fusion
to generate collagen fibrils of increasing diameter. We have
reported that collagen fibrils in adult SPARC-null skin were
smaller and more uniform in diameter than those of WT mice
(12). We sought to determine whether the absence of SPARC
was associated with phenotypic differences in collagen fibril
morphology in the dermis during times characterized by active
collagen fibril aggregation. As shown in Fig. 1, a more limited
range of fibril diameters was observed in SPARC-null skin in
comparison to WT at 1 month of age. Although the average
diameter of WT fibrils was slightly larger than SPARC-null
fibrils (60.2 versus 53.8 nm), the standard deviation of the WT
fibril populationwas 24, whereas that of SPARC-null fibrils was
14.6, which is indicative of a more restricted range of fibril
diameters in null dermis. Whereas collagen fibrils as large as
220 nmwere observed inWT dermis, SPARC-null fibrils larger
than 110 nm were not found. The frequency of SPARC-null
collagen fibrils with diameters of �60–70 nm was dispropor-
tionately represented in SPARC-null skin. Thirty-seven per-
cent ofmeasured SPARC-null collagen fibrils were�60–70 nm
in diameter, whereas 20% of WT fibrils were in this range. We

conclude that in the absence of SPARC, collagen fibril accretion
is compromised, as early as 1 month after birth.
Production and Deposition of Collagen I by SPARC-null Der-

mal Fibroblasts—Primary dermal fibroblasts from age-
matched WT and SPARC-null mice were cultured to examine
differences in collagen deposition that might implicate SPARC
in collagen fibril formation.We have found that collagen secre-
tion by primary murine dermal fibroblasts is greatly enhanced
by the addition of ascorbate. As shown in Fig. 2, collagen pro-
duced by SPARC-null fibroblasts displayed an increased inter-
action with detergent-soluble cell layers in comparison to col-
lagen produced by WT cells at �18–24 h after induction of
collagen secretion by ascorbate. Likewise, decreased amounts
of collagen were present in media conditioned by SPARC-null
compared with WT fibroblasts at this time. Fig. 2A shows a
representative fluorograph generated from cells incubatedwith

FIGURE 1. Collagen fibrils in the mid-dermis of SPARC-null (�/�) (B) mice
exhibited a more uniform distribution of diameters in comparison to WT
(�/�) (A) skin at 1 month of age. C, a higher frequency of collagen fibrils with
diameters of 60 –70 nm was observed in SPARC-null skin (white bars) versus
WT skin (black bars). No fibrils �110 nm were observed in null skin, whereas
WT fibrils reached 220 nm. Bar in A, 500 nm.

FIGURE 2. Collagen I was preferentially associated with SPARC-null cell
layers. A, equal numbers of SPARC-null and WT primary dermal fibroblasts
were metabolically labeled with [3H]proline for 1 day. Equal amounts of
labeled proteins determined by scintillation counting of conditioned media
and cell layers were separated by SDS-PAGE and processed for fluorography.
Decreased amounts of collagen �1(I) subunit were detected in the media of
SPARC-null (�/�) cells in comparison to WT (�/�), whereas an increase in
collagen I was observed in SPARC-null versus WT cell layer fractions. B, quan-
tification of collagen �1(I) protein bands generated by fluorography from 7
separate cell isolations. The ratio of null �1(I)/WT �1(I) was �1 in conditioned
media, but ratios �1 for null �1(I)/WT �1(I) were observed in cell layers.
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[3H]proline. Labeled collagen produced byWT (�/�) and null
(�/�) cells was apparent in conditioned media, detergent-sol-
uble, and detergent-insoluble cell layers. Quantification from 7
separate experiments performed with different cell prepara-
tions showed a consistent increase in collagen I associated with
SPARC-null detergent-soluble cell layers that was accompa-
nied by a decrease in the amounts of collagen I in the media, in

contrast to the distribution of colla-
gen observed inWT fibroblasts (Fig.
2B). As detergent-insoluble frac-
tions did not completely dissolve in
boiling Laemmli buffer, we relied on
hydroxyproline analysis (see below)
for quantification of collagen in
detergent-insoluble cell extracts.
To characterize further the asso-

ciation of collagen I with separate
cellular fractions, we performed
hydroxyproline analysis of deter-
gent-extracted WT and SPARC-
null cells. As shown in Fig. 3A, the
percent of hydroxyproline normal-
ized to total protein (Hyp/total pro-
tein) associated with detergent-sol-
uble layers was higher in the
absence of SPARC after 4 h of colla-
gen secretion. In contrast, the per-
cent of Hyp/total protein in deter-
gent-insoluble extracts was reduced
in SPARC-null versusWT cells.
Deposition and accumulation of

ECM occur over several days in cul-
tured cells. We sought to determine
whether initial increases in cell-as-
sociated collagen influenced depo-
sition of collagen by SPARC-null
cells over a 5-day time period.
Hydroxyproline analysis carried out
on cell layers fromWT and SPARC-
null fibroblasts cultured for 1, 2, and
5 days after ascorbate addition indi-
cated that initial increases in cell-as-
sociated collagen did not result in
increased collagen deposition. A
significant decrease in collagen
accumulation in detergent-insolu-
ble cell layers in null versusWTcells
was observed (Fig. 3B). The
amounts of collagen were decreased
in conditioned media from SPARC-
null fibroblasts in comparison to
WT levels at each day (data not
shown).
We conclude from these results

that in the absence of SPARC, pro-
collagen I initially associated with
cell surfaces to a greater extent than
procollagen I produced concomi-

tantly with SPARC. However, SPARC-null fibroblasts did not
incorporate collagen as efficiently into an insoluble matrix.
Enhanced Procollagen Processing in the Absence of SPARC—

As procollagen processing is a critical component of collagen I
ECM assembly, we asked whether SPARC influenced procolla-
gen I processing in vitro. Fig. 4 is a representative immunoblot
from conditioned media and detergent-soluble cell layers col-

FIGURE 3. Collagen initially associated with SPARC-null cells is not efficiently incorporated into deter-
gent-insoluble cell layers. A, hydroxyproline analysis of detergent-extracted cell layers from SPARC-null and
WT cells 4 h after addition of ascorbate demonstrated an increase in the percent of total collagen I associated
with detergent-soluble fractions in SPARC-null fibroblasts (white bars) versus WT cells (black bars). In contrast,
detergent-insoluble cell layers from WT cells contained a greater percentage of total collagen in comparison to
SPARC-null cells. B, hydroxyproline analysis of detergent-insoluble cell layers from SPARC-null (white bars) and
WT fibroblasts (black bars) demonstrated decreased levels of collagen associated with SPARC-null cells at 1, 2,
and 5 days after ascorbate addition. Amounts of hydroxyproline in detergent-insoluble fractions per total
protein in detergent-soluble fractions in SPARC-null fibroblasts were normalized to WT values assessed in
parallel cultures plated at equal density. Bars denote mean � S.E.
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lected 1 and 2 days after addition of ascorbate. The polyclonal
antibody used in these experiments displayed a significant pref-
erence for the �1(I) subunit of collagen I, such that the procol-
lagen �2(I) and its processed chains were not apparent. Three
distinct bands that represent procollagen �1(I), pC �(I) (pro-
collagen �1(I) with the N-propeptide removed), and collagen
�1(I) were evident in detergent-soluble extracts. Procollagen
�1(I) and pC�1(I) exhibit greater solubility in comparisonwith
pN �1(I) and collagen �1(I) (21). Accordingly, conditioned
media from SPARC-null and WT fibroblasts contained pre-
dominantly procollagen �1(I) and pC �1(I). However, a higher
proportion of collagen I was present as pC �1(I) in SPARC-null
versusWT conditioned media. Furthermore, an increase in the
amounts of processed collagen�1(I) was also apparent in deter-
gent-soluble cell layers from SPARC-null fibroblasts. Differ-
ences detectable at day 1 were more substantial at day 2 (Fig.
4A). The identity of pC collagen I was confirmed with antibod-
ies against the C-propeptide of collagen I (LF41, data not

shown) (16). The lack of detectable
pN collagen I in detergent-soluble
cell layers is most likely due to
incorporation of pN collagen I into
the detergent-insoluble fraction,
which is difficult to solubilize and
resolve by SDS-PAGE. Quantifica-
tion of band intensity associated
with collagen in the media (Fig. 4C)
and in the detergent-soluble frac-
tion (Fig. 4D) is shown.
An enhancement of procollagen I

processing is expected to result in
the production of greater amounts
of cleaved propeptides in condi-
tioned media. Immunoprecipita-
tion was carried out with antibodies
against theN-propeptideof collagen I
to determine whether increased
amounts of cleaved N-propeptide
were observed inmedia conditioned
by SPARC-null fibroblasts. A repre-
sentative experiment is shown in
Fig. 5A. Although a slight decrease
in amounts of collagen I was
observed in the starting material
of SPARC-null versus WT condi-
tioned media, increased amounts
of N-propeptide were consistently
found associated with SPARC-null
conditionedmedia. As shown in Fig.
5B, quantification of three separate
immunoprecipitation experiments
with different primary cell isolates
confirmed a reproducible increase
in processedN-propeptide inmedia
conditioned by SPARC-null versus
WT fibroblasts.
We performed pulse-chase ex-

periments to determinewhether the
absence of SPARC influenced procollagen I processing and/or
whether longer periods of time were required to detect differ-
ences in procollagen I conversion in SPARC-null fibroblasts. A
representative pulse-chase experiment is shown in Fig. 6A.
Whereas mature collagen I was detected in SPARC-null cell
layers at 36 min of chase, mature collagen I inWT cells was not
detectable until 60 min of chase. An immunoblot analysis with
anti-collagen I antibodies is shown in Fig. 6A, lower panel, to
demonstrate that approximately equal amounts of total colla-
gen I were present in SPARC-null andWT cells. The immuno-
blot also demonstrated the increase in processed collagen I
associated with SPARC-null cells. Fig. 6B shows quantification
from three separate experiments demonstrating that less time
following pulse labeling was required to detect processed colla-
gen I in SPARC-null versusWTcells.We conclude that SPARC
diminishes procollagen I binding to cell surfaces and functions
as a regulatory component in the conversion of procollagen I to
collagen I.

FIGURE 4. Increases in processed collagen �1(I) were detected in SPARC-null cells and conditioned
media. A, immunoblot analysis using anti-collagen I antibodies showed elevated levels of processed collagen
intermediate pC over procollagen I (pro: arrows) in media conditioned by SPARC-null versus WT cells. Deter-
gent-soluble SPARC-null (�/�) cell layers exhibited increased amounts of fully processed �1(I) (�1(I): arrows) in
comparison to WT (�/�) cells that contained higher levels of procollagen I (pro: arrows). Parallel cultures of null
and WT cells from days 1 and 2 following addition of ascorbate are shown. B, actin levels in detergent-soluble
fractions confirm equal cellular contribution from each genotype. C, quantification of band intensities from A
exhibited a higher proportion of collagen I present as pC in SPARC-null media fractions (white bars) than in WT
media (black bars). D, quantification of band intensities from A demonstrated that SPARC-null detergent-
soluble fractions (white bars) contained higher amounts of processed collagen �1(I) at days 1 and 2 in compar-
ison to WT fractions (black bars). Pro, procollagen �1(I); pC, pC-collagen �1(I); �1(I), mature collagen �1(I).
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rSPARC Reverses Increases in Cell-associated Collagen I and
in Collagen I Processing in SPARC-null Cells—We asked
whether restoration of SPARC activity to SPARC-null fibro-
blasts reversed the differences in procollagen conversion in
SPARC-null cells. Addition of recombinant SPARC (rSPARC)
to SPARC-null fibroblasts led to an appreciable decrease in pro-
collagen I associated with null cell layers (Fig. 7A, compare lane
3 (�rSPARC) to lane 4 (�rSPARC)). Coincident with a
decrease in overall amounts of cell-associated collagen I, a sig-
nificant inhibition of procollagen processing was evident upon
addition of rSPARC.
Quantification from three separate experiments is shown in

Fig. 7, B andC. We consistently recorded a decrease in collagen
I in detergent-soluble SPARC-null cell layers treated with
rSPARC, in comparison to that of control null cells treatedwith
equal amounts of nonspecific protein (ovalbumin, Fig. 7B). In
addition, the proportion of collagen present as processed colla-
gen �1(I) in detergent-soluble fractions was significantly
decreased by addition of rSPARC (Fig. 7C). The decrease in
amounts of procollagen I converted into collagen I was accom-
panied by a decrease in the levels of collagen I associated with
SPARC-null cell layers.
Fiber Formation on SPARC-null VersusWTFibroblasts—Im-

munofluorescence studies to detect collagen fibers on the sur-
face ofWTandSPARC-null dermal fibroblastswere carried out
to discern whether the differences seen in collagen I processing

influenced collagen fiber formation
in vitro. At 1 (Fig. 8,C andD) and 2 h
(E and F) after addition of ascorbate,
more collagen immunoreactivity
was associated with SPARC-null
cells (D and F) in comparison to
WT cells (C and E). These results
are consistent with the initial
increases in cell-associated colla-
gen as described in Fig. 2.
After addition of ascorbate for 1

day, collagen fibers were apparent
on WT and SPARC-null fibroblasts
(Fig. 9, A and B). However, 3 days
after treatment with ascorbate, col-
lagen fibers on the surface of
SPARC-null fibroblasts (Fig. 9D)
were diminished, whereas those
associated with WT cells persisted
(Fig. 9C). Collagen fibers on WT
fibroblasts at day 3 appeared to
have increased staining over those
present at day 1. We conclude that
collagen fibers on WT cells con-
tinued to develop with time as
expected, whereas collagen fibers
formed in the absence of SPARC
did not persist.

DISCUSSION

In this study, we have found that
collagen fibrils generated in the

FIGURE 6. Processed �1(I) was found in SPARC-null cells at earlier time points after pulse labeling than in
WT cells plated at equal density. A, equal numbers of WT and SPARC-null cells were pulsed for 12 min with
[3H]proline and subsequently chased with unlabeled proline, and cell layers were collected at 12-min intervals.
An immunoblot showing total collagen �1(I) is shown in the lower panel. B, quantification of fluorography from
three separate pulse-chase experiments showed that processed �1(I) was reproducibly detected in greater
amounts in SPARC-null cell layers (dashed line) as early as 24 min after pulse labeling, whereas lesser amounts
of processed �1(I) were associated with WT cells (solid line).

FIGURE 5. Increased levels of cleaved N-propeptide of collagen �1(I) were
detected in SPARC-null conditioned media. A, a representative experiment in
which media conditioned for �24 h by metabolically labeled WT and SPARC-null
cells was immunoprecipitated with anti-SPARC (SP) or anti-N-propeptide (pN)
antibodies or no primary antibody (no 1). B, quantification of the density of immu-
noprecipitated N-propeptide (as detected by fluorography) relative to collagen
�1(I) from three separate experiments is shown. A reproducible elevation in lev-
els of N-propeptide of collagen �1(I) was found associated with null- (white bars)
versus WT- (black bars) conditioned media. Bars denote mean � S.E.
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absence of SPARC in mice at 1 month of age appeared to be
stalled at a stage of fibril aggregation and accumulated as pro-
posed intermediates in fibril fusion (22). Previous studies dem-
onstrated a substantial decrease in amounts of collagen in
SPARC-null dermis (12). This observation suggested to us that
SPARC was essential for collagen fibril growth and deposition
in skin. To elucidate the cellular basis of the SPARC-null colla-
gen phenotype, we investigated collagen I production in
SPARC-null dermal fibroblasts. We have shown, by a number

of different techniques, that SPARC-null dermal fibroblasts
exhibited an increased association of collagen I with cell layers
and enhanced processing of procollagen�1(I) to collagen�1(I).
The processed collagen I was not efficiently incorporated into
SPARC-null detergent-insoluble cell layers, and collagen fibers
that formed on SPARC-null cells did not persist to the same
extent as those onWT cells. These results indicate that regula-
tion of collagen association with cell surfaces by SPARC is crit-

FIGURE 7. rSPARC rescues the increases in the cellular association and
processing of procollagen in SPARC-null cells. A, addition of rSPARC to
SPARC-null cultures reversed the increase in processed collagen �1(I)
(arrows). Equal numbers of SPARC-null cells were cultured with rSPARC (�) or
with ovalbumin (�), and media and cell layers were collected 1 day after
addition of ascorbate. Levels of procollagen (pro: arrows) and processed col-
lagen �1(I) (pC, �1(I)) were detected by immunoblot analysis of conditioned
media (lanes 1 and 2) and cell layers (lanes 3 and 4). B and C, quantification of
immunoblot analyses from three separate experiments demonstrated a con-
sistent reduction in cell-associated collagen I coincident with addition of
rSPARC and a reproducible decrease in procollagen I processing upon addi-
tion of rSPARC to SPARC-null cells. Bars are mean � S.E.; white bars indicate
addition of rSPARC. p � 0.02 in B.

FIGURE 8. Collagen fibers on SPARC-null cells are increased at early times
after addition of ascorbate. Collagen fibers visible on SPARC-null cells
(�/�, D) 1 h after addition of ascorbate exhibited greater intensity than those
on WT cells (�/�, C) at 1 h. Similar differences were observed at 2 h (F and E).
Significant collagen I immunoreactivity was not detected on either cell type
prior to addition of ascorbate (A and B). Arrows indicate collagen fibers. These
fields are representative of at least 10 fields generated from three separate
cell preparations.

FIGURE 9. Collagen I fibers formed on SPARC-null cell surfaces are not
stable. By 1 day (A and B) after addition of ascorbate, SPARC-null cells (�/�,
B) displayed a distribution of collagen fibers similar to that of WT (�/�, A).
However, at day 3 (C and D), collagen fibers on WT cells (C) appeared more
numerous or robust, whereas collagen fibers associated with SPARC-null cells
(D) were reduced in number and staining intensity. Arrows indicate collagen
fibers. These fields are representative of at least 10 fields generated from
three separate cell preparations.
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ical for appropriate procollagen processing and formation of
stable collagen fibers. A schematic of our current hypothesis of
SPARC activity in procollagen I maturation is shown in Fig. 10.
Our data are consistent with a function for SPARC in the

diminishment of procollagen I engagement of cell surface
receptors. Recently, the binding sites of SPARC on collagen I
were determined by atomic force microscopy and were found
to overlap or to be in close proximity to those previously iden-
tified as collagen-binding integrin sites (23, 24). �1�1 and �2�1
are the best characterized collagen receptors expressed by der-
mal fibroblasts (25). We predict that collagen I bound by
SPARC presents a poor substrate for engagement by �1�1 and
�2�1 integrins by virtue of steric hindrance. We suggest that
during active deposition of collagen I by fibroblasts, engage-
ment of integrin receptors is counterproductive because �1�1
signals inhibition of collagen I expression, and �2�1 increases
collagenase production in dermal fibroblasts (26, 27). SPARC
might therefore function to decrease integrin engagement and
signaling that interfere with collagen deposition. Alternatively,
SPARC bound to distinct sites on procollagen I might direct
integrin binding to specific sites that enhance matrix assembly.
Nonetheless, we hypothesize that, in the absence of SPARC,
collagen is overly engaged by integrin receptors and is rapidly
turned over at the cell surface (Fig. 10). As�2�1 promotes phag-
ocytosis of collagen I, a plausible explanation for the reduction
in collagen I incorporation into the ECM, which we have
observed in vitro and in vivo in the absence of SPARC, is
enhanced procollagen conversion mediated by increased inte-
grin engagement favoring collagen I uptake rather than incor-
poration into ECM (28).

We do not observe significant differences in procollagen
processing in conditioned media generated from metabolic
labeling experiments, a finding thatwe attribute to the timing of
secretion of the labeled procollagens. Upon addition of ascor-
bate, accumulated procollagen within intracellular organelles
will be secreted prior to newly synthesized, labeled procollagen.
We postulate that cell binding sites for procollagen will bind
unlabeled procollagen released prior to labeled procollagen.
Hence, we predict that differences in procollagen conversion
are more readily detected by immunoblot analysis, which rep-
resents the entire pool of secreted procollagen, rather than by
fluorography of labeled procollagen, which detects only a por-
tion of the secreted pool.
The C-propeptide of collagen I directs in intracellular trimer

formation in the endoplasmic reticulum (9). Removal of the
C-propeptide by bone morphogenic protein-1 (or related tolloid
family members) is thought to be a critical step in collagen I dep-
osition, as its removal decreases the solubility of procollagen I to
a level similar to that of processed collagen I (21, 29). Although
association of pC collagen I with cell layers is not observed in
some cell types, Lamande and Bateman (30) reported that
mutations that nullified glycosylation of the C-propeptide in
primary murine fibroblasts resulted in significant increases in
pC collagen I in the media of cells expressing the mutant form
of collagen I versus WT collagen I with fully glycosylated
C-propeptide. Hence, glycosylation of the C-propeptide of col-
lagen I increased interactions with cell surfaces. We found
higher levels of pC relative to pN collagen I in detergent-soluble
cell layers produced by primary dermal fibroblasts. We predict
that the majority of pN collagen I resides in the detergent-in-
soluble fraction.
Whereas pC collagen I is not thought to be included in col-

lagen fibrils, pN collagen I incorporation in growing fibrils has
been observed in developing skin and tendon by EM immuno-
localization (10, 31). Incorporation of pN collagen I might limit
collagen fibril diameter, such that regulation of N-propeptide
removal by ADAMTS-2 (or related family members
ADAMTS-3 and -13) might control further fibril aggregation
and growth (32, 33). In the event thatN-propeptide functions as
a facilitator of collagen fibril accretion, removal of N-propep-
tide prior to fibril incorporation would be expected to result in
smaller collagen fibrils (11). Interestingly, SPARC-null dermis
exhibited small collagen fibril diameters at both 1month and in
adults. Hence premature cleavage of N-propeptide resulting in
inefficient collagen fibril fusion would be consistent with a
function of SPARC inmodulation of procollagen I processing at
the cell surface. We consider the most likely explanation for
increased processing in SPARC-null cells to be an increase in
receptor engagement of procollagen I that retains procollagen
in the pericellular milieu, in which N- and C-propeptide pro-
teinases accumulate. Greater exposure of procollagen I teth-
ered by receptors in the pericellular space enhances processing
and perhaps subsequent phagocytosis.
Recently, SPARC has been reported to affect integrin-linked

kinase activity in lung fibroblasts (34). SPARC-null fibroblasts
exhibited reduced integrin-linked kinase activity that resulted
in decreased fibronectin assembly and a reduction in fibronec-
tin-induced stress fiber formation. As Barker et al. (34) did not

FIGURE 10. SPARC activity in procollagen processing. In A, procollagen
fibrils are bound by SPARC, which diminishes collagen engagement by cell-
surface receptors. In the absence of SPARC (B), procollagen interacts with
receptors to a greater degree and is tethered to cell surfaces. Propeptide
cleavage is enhanced in the pericellular milieu. SPARC-null fibrils fail to aggre-
gate as efficiently as fibrils on WT cells.
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induce collagen production by addition of ascorbate, the effects
of SPARC on collagen production in these cells were not
assessed. We have also observed a slight reduction in fibronec-
tin fibrils on the surface of SPARC-null dermal fibroblasts in the
absence of ascorbate (data not shown). However, differences in
fibronectin fibrils were not detectable between SPARC-null
and WT fibroblasts in the presence of ascorbate (data not
shown). As collagen and fibronectin fibril assembly have been
shown to be coincident in vitro, collagen I production by
SPARC-null fibroblasts at early times after ascorbate addition
might mask alterations in fibronectin assembly (35, 36). Possi-
bly, a diminished capacity to assemble fibronectin fibrils over
time contributes to the decreased stability of collagen fibers on
SPARC-null cell surfaces observed at times �3 days (Fig. 9).

SPARC-null mice develop cataracts that appear to be based,
at least in part, on aberrant ECM assembly by lens epithelial
cells (37). SPARC might function to reduce lens epithelial cell
binding to collagen IV, another SPARC-binding collagen.
Immunohistochemistry of lens basement membrane from
SPARC-nullmice demonstrated disorganized collagen IV asso-
ciated with �1 integrin-positive cellular protrusions into the
matrix (38). Failure of lens epithelial cells to release collagen IV
from �1 integrin engagement might contribute to the disorga-
nized basal lamina in SPARC-null lens.
Recently, Canty and Kadler (39) reported that some procol-

lagen I conversion to collagen I takes place in intracellular com-
partments within embryonic tendon. We cannot rule out that
some processing of procollagen I in our dermal fibroblast cul-
turesmight take placewithin cells. As SPARC shares character-
istics with heat shock proteins, the possibility that SPARC
might function in the capacity of a chaperone is conceivable. In
this case, procollagen I produced in the absence of SPARC
might exhibit properties distinct from those ofWTprocollagen
I that influence cell surface association. Notably, in assays of
protein folding, addition of SPARC resulted in disulfide rear-
rangement of a model substrate that was consistent with chap-
erone-like activity (40). However, SPARC has a secretory signal
peptide, contains no recognizable endoplasmic reticulum or
Golgi apparatus retention sequences, and is readily detected in
conditioned media from a number of different cell types (3). In
the event that SPARC does perform a chaperone-like function
for procollagen I (and/or other ECM proteins), SPARC is likely
to be secreted with procollagen I.
A growing number of extracellular proteins are known to

participate in collagen fibril formation.Decorin, lumican, fibro-
modulin, biglycan, and mimecan regulate collagen fibril diam-
eters, presumably through binding of these proteoglycans to
collagen fibrils in the extracellular space, where they serve
either to inhibit or promote fibril aggregation (41–44). In addi-
tion, disruption of the genes encoding the matricellular pro-
teins tenascinX, thrombospondin 2, osteopontin, dermatopon-
tin, and hevin have revealed a function for these proteins in
collagen fibril formation (45–49). In the majority of cases,
decreased expression of the aforementioned collagen fibril-ef-
fector proteins resulted in increased collagen fibril diameters
with irregular profiles, in contrast to SPARC-null collagen
fibrils that are small and regular in diameter. SPARC is the first

reported collagen fibril effector protein to influence procolla-
gen I processing events.
SPARC expression is often associated with fibrosis. Recently,

Zhou et al. (50) reported that reduction of SPARCexpression in
scleroderma fibroblasts by RNA interference was sufficient to
reduce collagen expression by these cells that otherwise exhibit
increased expression of SPARC and collagen I, in comparison
to normal fibroblasts. SPARC therefore is an attractive target
for the development of strategies to counteract fibrotic deposi-
tion of collagen. We postulate that disruptions in procollagen I
processing influenced by SPARC result in decreased stability of
collagen I fibrils. SPARC is therefore identified as an essential
modulator of collagen I-cell interaction that regulates the dep-
osition of stable collagen I fibrils in the extracellular space.
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