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The assembly of collagen fibers, the major component of the extracellular
matrix (ECM), governs a variety of physiological processes. Collagen fibril-
logenesis is a tightly controlled process in which several factors, including
collagen binding proteins, have a crucial role. Discoidin domain receptors
(DDR1 and DDR2) are receptor tyrosine kinases that bind to and are
phosphorylated upon collagen binding. The phosphorylation of DDRs is
known to activate matrix metalloproteases, which in turn cleave the ECM.
In our earlier studies, we established a novel mechanism of collagen
regulation by DDRs; that is, the extracellular domain (ECD) of DDR2, when
used as a purified, soluble protein, inhibits collagen fibrillogenesis in-vitro.
To extend this novel observation, the current study investigates how the
DDR2-ECD, when expressed as a membrane-anchored, cell-surface protein,
affects collagen fibrillogenesis by cells. We generated a mouse osteoblast
cell line that stably expresses a kinase-deficient form of DDR2, termed
DDR2/-KD, on its cell surface. Transmission electron microscopy, fluores-
cence microscopy, and hydroxyproline assays demonstrated that the
expression of DDR2/-KD reduced the rate and abundance of collagen
deposition and induced significant morphological changes in the resulting
fibers. Taken together, our observations extend the functional roles that
DDR2 and possibly other membrane-anchored, collagen-binding proteins
can play in the regulation of cell adhesion, migration, proliferation and in
the remodeling of the extracellular matrix.
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Introduction

Collagen type I in its mature fibrillar state is the
major component of the extracellular matrix (ECM)
in most mammalian tissues.1 Collagen fibers impart
mechanical strength to the tissue and interact with
cells through cell surface receptors and soluble pro-
teins, which is integral to cell proliferation, migra-
ess:

llular matrix; DDR,
tracellular domain;
lloprotease; TEM,
P, hydroxyproline;
unoprecipitation.
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tion, survival, attachment and cellular differentia-
tion. The assembly of collagen fibers (fibrillogenesis)
is a complex process regulated, in part, by a variety
of collagen-binding proteins and other molecules
that may directly or indirectly interact with the col-
lagenmolecules and fibrils. Several collagen-binding
proteins such as decorin2, lumican2, cartilage oligo-
meric matrix protein,3 fibromodulin,4 SPARC,5 and
matrilin,6 etc. have been shown to influence collagen
fibrillogenesis. However, almost all these proteins
occur as cell-secreted, soluble proteins in the ECM. It
is not well understood to what extent collagen-
binding proteins anchored to the cell surface affect
the assembly of collagen fibrils in the ECM.
The collagen-binding membrane proteins, discoi-

din domain receptors 1 and 2 (DDR1 and DDR2)
belong to the family of receptor tyrosine kinase and
d.
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Fig. 1. Creation of stable cell lines expressing the re-
combinant protein DDR2/-KD. (a) A schematic represen-
tation of V5 His-tagged full-length mouse DDR2 and of
the V5 His-tagged, membrane-anchored, kinase-deficient
DDR2 (DDR2/-KD) transmembrane protein. The extra-
cellular (ECD), transmembrane (TM), juxtamembrane
(JM) and tyrosine kinase (TyrK) domains are indicated.
The numbers denote the sequence of amino acids in our
recombinant proteins. (b) DDR2/-KD does not undergo
collagen-induced tyrosine phosphorylation. Following
SDS-PAGE, Western blot of whole cell lysates from native
(NT) or transiently transfected (DDR2/-KD) HEK293 cells
before (–) and after (+) collagen stimulation, were probed
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are expressed in a variety of mammalian cells.7,8

These transmembrane glycoproteins (∼125 kDa)
have been found to be over-expressed or atypically
expressed in several malignancies,9–12 and regulated
in diseases such as atherosclerosis,13 lymphangioleio-
myomatosis,14 rheumatoid arthritis,15 and osteoarth-
ritis.16 DDRs are characterized by three distinct
regions:17 an extracellular domain (ECD), which is
responsible for collagen binding, a transmembrane
region and an intracellular kinase domain. Binding of
collagen(s) to the DDR ECD is known to induce ty-
rosine phosphorylation of the DDR kinase domain;7,8
prolonged activation of the DDR kinase domain
results in upregulation or activation of matrix metal-
loproteases (MMPs 1, 2, 9 and 13), which cleave and
degrade the collagen fibers in the ECM.7,14,16

A second mode of collagen regulation reported
earlier by our laboratory shows that the ECDofDDR1
or DDR2 when expressed as a soluble protein
can modulate fibrillogenesis of collagen type 1
in-vitro.18,19 In particular, we found that DDR2 ECD
delays collagen fibrillogenesis and the collagen fibers
formed in the presence of DDR2 ECD were thinner
and lacked the native D-periodic banded structure.
However, these earlier observations were based
mainly on using purified collagen and a soluble
form of DDR2 ECD, whereas thus far the DDR2 ECD
has only been reported as an integral component of
the membrane-anchored, full-length DDR2 receptor.
Therefore, in this study we asked if the expression

of DDR2 ECD anchored to the cell surface preserves
the capacity to modulate collagen fibrillogenesis for
collagen endogenously secreted by the cells. To
address this question, we created stably transfected
mouse osteoblast cell lines to express a DDR2 iso-
form, named DDR2/-kinase dead (KD), which
resembles the naturally occurring full-length DDR2
except that it lacks the kinase domain.We could thus
ensure that our observed effects on collagen mor-
phology and structure would be due only to DDR2
ECD interaction and not through the cleaving action
of MMPs, known to be activated upon DDR2 kinase
domain activation. Since mouse osteoblasts endo-
genously secrete collagen, we were able to examine
the effects of DDR2/-KD expression on collagen
morphology and deposition in the ECM by using
techniques such as transmission electronmicroscopy
(TEM) and hydroxyproline (HP) assay. We elucidate
how the cell-surface expression of DDR2 ECD plays
a major role in regulating the rate of collagen
fibrillogenesis and morphology of collagen fibers.
Our results demonstrate a novel mechanism of colla-
gen regulation by DDRs and signify the importance
of cell-surface-anchored, collagen-binding proteins
in regulating collagen fibrillogenesis.
using anti-phosphotyrosine (4G10) or anti-V5 antibodies.
While the ∼125 kDa band indicates phosphorylation of
endogenously occurring DDRs, no phosphorylation signal
was present for DDR2/-KD (indicated by an arrow). (c)
Western blot indicating expression of endogenous DDR1
and DDR2 in 3T3 cells. (d) Three stable MC3T3 cell lines,
KD1, KD2, and KD3, were selected for our study, which
show increasing levels of DDR2/-KD expression (arrow).
E, Empty lane.
Results

Characterization of DDR2/-KD and stable cell lines

To evaluate the changes in ECM induced by ex-
pression of DDR2/-KD, we utilized mouse osteo-
blasts cells (MC3T3, E1 subgroup-4 clone), which are
known to endogenously secrete collagen and gene-
rate well defined collagen fibers in their ECM. These
cells were used previously to demonstrate that over-
expression of lysyl hydroxylase-2b leads to defective
collagen fibrillogenesis.20 Collagen assembly in the
ECM of these cells takes one to several weeks;
therefore, it was necessary to stably transfect these
cells with DDR2/-KD to observe its effect on
collagen fibrillogenesis.
Figure 1a shows a representation of the DDR2/

-KD construct, which leads to the expression of a
truncated DDR2 protein, preserving the extracellu-
lar, transmembrane and juxtamembrane regions but
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lacking the kinase domain. This DDR2/-KD con-
struct is tagged with a V5 and multi-His epitope
at its C-terminus. To verify that the DDR2/-KD
proteins do not undergo collagen-induced tyrosine
phosphorylation, HEK 293 cells were transiently
transfected with DDR2/-KD, stimulated with col-
lagen and analyzed by SDS-PAGE and Western
blotting with anti-phosphotyrosine antibody. HEK
293 cells, which have an endogenous population
of DDR1 and DDR2 (data not shown), show a
collagen-induced phosphorylation signal around a
mass of 125 kDa. No phosphorylation band was
detected for DDR2/-KD protein (expressed ∼70 kDa,
indicated by an arrow), consistent with the removal
Fig. 2. DDR2/-KD is localized on the plasma mem-
brane. (a) Confocal images of HEK293 cells transiently
transfected with DDR2/-KD and immunolabeled with an
antibody against the DDR2 ECD; nontransfected cells show
a low level of endogenous DDR2, while transfected cells
show an increased level of DDR2 ECD on the membrane.
(b) Cell surface biotinylation of MC3T3 cells expressing
DDR2/-KD construct, demonstrating surface localization
of the truncated receptor. Cell samples were biotinylated
(as indicated) and surface proteins were precipitated from
the lysates with streptavidin-agarose beads (s lanes); the
supernatant from the pull-downwas recovered and probed
for intracellular proteins (i lanes). Following SDS-PAGE,
samples were analyzed by Western blotting with anti-
bodies against V5 tag (DDR2/-KD) or ERK2 as indicated.
DDR2/-KD is present mainly on the cell surface, while a
lower molecular mass band (probably indicating the
immature, nonglycosylated receptor) is found only in the
intracellular lane. The intracellular protein ERK2 is present
only in the intracellular lane, demonstrating that biotinyla-
tion is specific to cell surface proteins. As an additional
control, nonbiotinylated samples show that the streptavi-
din pull down is specific to biotinylated proteins.

Fig. 3. Over-expression of DDR2/-KD inhibits native
banded structure of collagen fibers. Representative elec-
tron micrographs show collagen fibers in the ECM. The
native nontransfected cells show well-formed collagen
fibers with banded structure. In contrast, stable cell lines
expressing DDR2/-KD were composed of collagen fibers
with weak or no banded structure; arrows indicate fibers
with poor banded structure. All samples shown were
cultured for two weeks.
of the kinase domain. Additionally, expression of
DDR2/-KD did not inhibit the collagen-induced
phosphorylation of endogenously expressed DDRs
(∼125 kDa). Similar results were obtained using
MC3T3 cells showing no phosphorylation for the
DDR2/-KD protein (data not shown). Figure 1c
shows endogenous expression of DDR1 and DDR2
inMC3T3 cells around 125 kDa. Figure 1d shows the
expression of DDR2/-KD in three stable cell clones,
KD1, KD2, and KD3, which were selected for further
studies on the basis of their increasing levels of
expression of the DDR2/-KD protein.
Membrane localization of DDR2/-KD was veri-

fied using immunocytochemistry followed by con-
focal microscopy on samples of HEK 293 cells
transiently transfected with DDR2/-KD (Fig. 2a).
To assess the membrane localization of DDR2/-KD
on MC3T3 cells, which are very thinly spread and
thus not amenable to confocal microscopy, we used
cell-surface biotinylation assays. As shown in Fig.
2b, almost the entire fraction of DDR2/-KD was
localized on the cell membrane.
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DDR2/-KD alters collagen fiber morphology

To analyze if the expression of DDR2/-KD affects
the ultra-structural morphology of collagen fibers
assembled in the ECM, we used TEM on samples of
Fig. 4. Over-expression of DDR2/-KD affects collagen fibe
cell lines expressing DDR2/-KD are significantly smaller than n
fiber diameter obtained by measuring 100 fibers for each cell l
performed on cells cultured for two weeks.
native and stable cell lines. As shown in Fig. 3,
native cells showed the occurrence of well-formed
collagen fibers in the ECM with the characteristic D-
periodic banded structure, as early as after one week
of culture and for all later time points. In contrast, all
r diameter. The collagen fiber diameters for all three stable
ontransfected cells. In the histogram plots, d is the average
ine. The TEM images and measurements shown here were
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three clones of DDR2/-KD lacked the typical
collagen banding pattern for all time points exam-
ined (weeks 1, 2 and 3). Fibers with intact native
banded structure were observed only occasionally
in the DDR2/-KD cell lines.
Next, we asked if expression of DDR2/-KD results

in changes in the collagen fiber diameters present in
the ECM. Figure 4 shows a frequency distribution of
collagen fiber diameter for 100 fibers for each sample
at two weeks of culture. A striking reduction in the
average fiber diameter was observed for DDR2/-KD
expressing cells as compared to native cells. How-
ever, no significant change in the average fiber
diameter was observed between the different
DDR2/-KD clones. To investigate if the expression
of DDR2/-KD affects the rate of lateral growth of
collagen fibers, we ascertained the average fiber
diameter as a function of time for native and the
DDR2/-KD clones. As shown in Fig. 5, the native
cells exhibited almost no increase in fiber diameter
over a period of one to three weeks. The DDR2/-KD
samples, in contrast, showed an increase in fiber
growth over the first twoweekswith little increase in
fiber diameter thereafter. The average fiber diameter
for all DDR2/-KD samples was significantly lower
than that of native cells at each time point. These
observations indicate thatwhile the collagen fibers in
native cells had reached their steady-state diameter
after oneweek, the collagen fibers in DDR2/-KD had
a slower lateral growth rate and approached their
steady-state diameters at a later stage.

DDR2/-KD slows the rate of collagen
fibrillogenesis

As shown above, our TEM results indicated that
the expression of DDR2/-KD exhibited a slower
lateral growth rate for collagen endogenously
Fig. 5. Over-expression of DDR2/-KD affects collagen
fiber diameter growth rate. The lateral growth of collagen
fibers in native cells reaches a steady-state value for fiber
diameter within one week. Cells expressing DDR2/-KD
not only have smaller fiber diameters at each time point,
but also continue to grow laterally for one to two weeks
of culture. Our results indicate that cells expressing
DDR2/-KD reach a steady-state value for lateral growth
later than native cells.

Fig. 6. Collagen fibrillogenesis is reduced in DDR2/
-KD-expressing cells. FITC-labeled collagen was added to
cell samples and allowed to incubate for the indicated
times of 12 h and 24 h. The nontransfected samples show
formation and growth of collagen fibers with time. Both
stable and transiently transfected cells expressing DDR2/
-KD show inhibition of collagen fibrillogenesis. Out of the
stable DDR2/-KD cell lines, KD1 shows a relatively higher
level of fiber formation, consistent with its lower expres-
sion level of DDR2/-KD.
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secreted by these cells. To further validate that this
inhibition of collagen fibrillogenesis was due to
direct interaction of DDR2/-KD with collagen
and not due to a delay in secretion of collagen by
the stable cell lines, we tested if expression of
DDR2/-KD had an effect on the fibrillogenesis
of exogenously added collagen. For this purpose, na-
tive and transiently or stably transfected DDR2/-KD
clones were incubated with fluorescein isothio-
cyanate (FITC)-labeled monomeric collagen. Figure
6 shows that while the samples with native cells
formed collagen fibers rapidly, which increased in
length with incubation time, the samples with
transiently or stably transfected DDR2/-KD cells
showed an inhibition in collagen fibrillogenesis at all
time points (12 h and 24 h). Out of the three stably
transfected cells, the KD1 clone showed evidence for
the formation of slightly more fibers compared to
the other two clones, consistent with its lower ex-
pression level of DDR2/-KD.

DDR2/-KD leads to reduced collagen deposition

While our TEM micrographs indicate a reduced
deposition of collagen in the ECM, the amount of
collagen in all samples was quantified by use of the
HP assay, a well-established biochemical method for
quantification of collagen content.18,37 To quantify
the relative amounts of collagen deposited in the
ECM in each sample, native or DDR2/-KD cells
were cultured in the presence or in the absence of
ascorbic acid and the difference in HP (for the
Fig. 7. Quantification of collagen content in the ECM
by hydroxyproline (HP) assay reveals reduced deposi-
tion of collagen in DDR2/-KD cell lines. In this figure,
HP(-AA) is the HP concentration in the adhered cell+ECM
portion of the samples made without ascorbic acid.ΔHP is
the difference in HP concentration between samples made
with andwithout ascorbic acid.ΔHP is thus the amount of
HP that is present as fibrillar collagen in the ECM. In the
absence of ascorbic acid, all samples exhibited nearly the
same amount of HP. Differences in ΔHP can be clearly
observed for nontransfected cells versus the cells expres-
sing DDR2/-KD at 10 days and 14 days of culture. Re-
duced collagen content was observed, consistent with the
expression level of DDR2/-KD for stable versus non-
transfected cells.
adhered cell and ECM content) between the samples
with or without ascorbic acid was ascertained. The
amount of soluble collagen present in the condi-
tioned media was not assessed. Further, a cell den-
sity assay was used to normalize the cell population
due to potential variation in proliferation rates. As
shown in Fig. 7, little or no variation occurred in the
HP content for all samples when prepared in the
absence of ascorbic acid, suggesting that the syn-
thesis of collagen by the cells is not changed in
native versus DDR2/-KD stable cells. Cell samples
prepared in the presence of ascorbic acid exhibited a
difference in their HP content of the ECM as a
function of DDR2/-KD expression. The normalized
HP signal for native cells was significantly larger
than the KD1, KD2 (not shown), and KD3 clones,
with the HP/collagen content decreasing with
increasing expression of DDR2/-KD. The highest
expressing clone, KD3, contained only about 45% of
the collagen deposited by native cell samples for day
10, and 55% of native collagen deposited for day 14.
Discussion

We demonstrate here that the DDR2 receptor,
even when lacking its kinase domain, still remains a
regulating factor in collagen fibrillogenesis by cells.
Our investigations reveal that the cell surface
expression of DDR2/-KD results in collagen fibers
in the ECM that are deficient in the native banded
structure, have smaller fiber diameter, exhibit
delayed kinetics for collagen fibrillogenesis and a
reduced collagen deposition in the ECM. These
observations are consistent with our earlier results,18

where we showed that the soluble DDR2 ECDwhen
present in collagen solution in-vitro, resulted in a
lack of native banded structure, smaller fiber dia-
meters and a delayed kinetics of collagen fibrillo-
genesis. Our current results thus signify that cell
surface-anchored, collagen-binding proteins also
have the capacity to regulate collagen fibrillogen-
esis. We thus elucidate a novel functional role for the
expression of DDR2 ECD, which occurs in the full-
length DDR2 protein or may be present in other
unidentified DDR2 isoforms.
Our results may also provide novel insights into

the functional roles of isoforms of DDR1. It is known
that DDR1 can exist in five distinct isoforms in vivo,
DDR1a–e21, obtained through alternative splicing.
Since our DDR2/-KD construct resembles the
naturally occurring kinase-dead DDR1 splice var-
iants, DDR1d and DDR1e, and we showed earlier
that the soluble DDR1 ECD regulates collagen
fibrillogenesis;19 it is likely that even the DDR1d
and DDR1e isoforms along with the full-length
DDR1 have a functional role in collagen regulation.
Although the splice variants for DDR2 have not
been characterized, there is evidence to support their
existence. Several protein species for DDR2 have
been detected in cultured human smooth muscle
cells at various molecular masses: 130 kDa, 90 kDa,
50 kDa and 45 kDa, along with two transcripts at
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9.5 kb and 4.5 kb.10 Independent studies have
identified multiple transcripts for DDR2 in cancerous
and normal cell lines.14,22–24 Our results signify the
importance of identifying and characterizing the
DDR2 isoforms that possess the DDR2 ECD. In addi-
tion, our results suggest that other collagen-binding
membrane proteins, like integrins and platelet
glycoprotein VI, may influence collagen fibrillogen-
esis, especially if their soluble domains have been
demonstrated to regulate collagen fibril formation.25

Three DDR2 binding sites have been mapped on
the collagen triple helix by us26 for collagen type 1
and by others using the collagen toolkit for collagen
type 2.27 All of the three reported binding sequences
are conserved in the α1 chain of collagen types 1,
2 and 3. The central motif sequence GARGQA-
GVMGFO corresponding to amino acids 394–405
has the highest binding affinity for DDR2.27

This binding site overlaps with the binding site
of another soluble collagen-binding protein von
Willebrand factor (vWF) in collagen type 3,27 and is
in close proximity to a binding site for decorin on
collagen type 1.28 Although no study has been
reported on the effect of vWF on collagen fibrillo-
genesis, decorin has been found to result in smaller
collagen fiber diameter,2,29 similar to that observed
by us for DDR2. It is interesting to note that majority
of the collagen-binding proteins known to modulate
collagen fibrillogenesis are glycoproteins. Glycosy-
lation of collagen is considered an important factor
for binding of both decorin30 and DDR27,8 to
collagen. Additionally, collagen glycosylation on
the hydroxylysines can have a critical role in regu-
lating fiber diameter in collagen fibrillogenesis.31,32
Studies addressing the role of glycosylation in
DDR2 binding to collagen need further exploration,
especially since DDR2 is a glycoprotein with at least
one of the binding sites in close proximity to decorin.
Changes in collagen fiber diameter and rate of

deposition can also arise due to various types of
collagens (heterologous collagen) being incorpo-
rated into a fiber. In tissue cultures, Contard et al.
showed that fibers with measured diameters of
34 nm or less bound antibodies against collagen type
I molecules, while antibodies against collagen type
III bound fibers with a diameter between 35 nm and
54 nm.33 In vitro studies by Birk et al. demonstrated
that collagen fiber diameter is regulated by collagen
type V.34 They found that pure collagen type V forms
small fibers (mean 25 ± 8 nm) with no apparent
banded structure seen by TEM. Type V and type I
collagens are often known to form mixed fibers with
the average collagen diameter increasing with
percentage of type I collagen.34 The collagen fibers
assembled in the ECMofmouse osteoblast cells used
in this study are composed mostly of collagen types
1, 3 and 5. Further studies are required to determine
if DDR2 has varying affinities for these different
collagen types and if expression of DDR2 ECD
results in differences in collagen composition of the
fibers formed. Nevertheless, since our earlier in-vitro
results with purified collagen type 1 and purified
DDR2 ECD also showed the effects of DDR2 on
collagen fibrillogenesis, it is unlikely that our
observed differences in the present study are largely
due to differences in the expression levels of different
collagen types.18

DDR2 knock-out mice have been shown to possess
skeletal defects such as shortening of long bones and
irregular growth of flat bones.35 These defects in
knock-out animals have been explained on the basis
of impaired chondrocyte and fibroblast proliferation
observed in the absence of DDR2. While it is well-
known that the ECM can influence cell proliferation,
no report exists so far on the ultrastructural collagen
morphology for DDR2 knock-out animals. Our
results indicate that expression of DDR2 may be
critical to regulate collagen deposition, which in turn
may affect cell proliferation. A detailed examination
of the ECM morphology in DDR2 knock out versus
wild type animals will provide a more complete
understanding of the role of DDR2 inmatrix turnover
and cell proliferation.
The collagen receptor DDR2 (and likely DDR1)

can regulate collagen by two mechanisms: by acti-
vating and upregulating MMPs, as reported earlier,
and by inhibition of collagen fibrillogenesis as
demonstrated in our studies. These twomechanisms
give rise to a weakening of the ECM that can in-
fluence cell adhesion, migration and proliferation.
One may speculate that a weakened ECM would
play a different role in developing versus adult
tissues. In adult tissue, a weakened ECM could re-
sult in heightened tumor invasiveness, which is
compatible with findings of DDR2 over-expression
in malignancies.9–12 In developing tissue, it is pos-
sible that a weaker, or more dynamic, ECM is
needed for cell proliferation; such has been reported
for the developing heart.36

Taken together, our results convey a novel
significance of the expression level of DDR2 ECD,
found in the full-length DDR2. We conclude that
DDR2 ECD expressed on the cell surface can modu-
late collagen fibrillogenesis. Further, we demon-
strate that collagen fibrillogenesis can be regulated
by both soluble and cell surface collagen binding
proteins in a similar manner.
Materials and Methods

Creation of membrane-anchored, kinase-deficient
DDR2 (DDR2/-KD) expression construct

An expression plasmid encoding the kinase-deficient,
membrane anchored mouse DDR2 (DDR2/-KD) was
generated using the full-length mouse DDR2-myc con-
structs obtained from Regeneron Pharmaceuticals, Tarry-
town, NY.8 The coding region of the kinase deleted DDR2
(amino acids Met1 through Lys562) was amplified by PCR
utilizing the following primers:

forward:5′-3′: AGGATGATCCCGATTCCCAGA
reverse: 5′-3′: CAGTTTCCTGGGGAACTCTTC

and Pfu TURBO polymerase (Stratagene, La Jolla, CA).
The resulting PCR product (1689 bp) was subjected to Taq



909Regulation of Collagen Fibrillogenesis by KD DDR2
polymerase to include 3′ A overhangs in the PCR pro-
duct for enabling ligation immediately into the
pcDNA3.1/V5-His-TOPO vector using the Top10 chemi-
cally competent cells from Invitrogen. Recombinant
clones were identified by restriction analysis using the
double digest with KpN1 and EcoRV. The authenticity
(i.e., correct orientation and in-frame with the V5 coding
region) of the resulting clones were verified by dideoxy-
nucleotide sequencing.
To verify the expression of DDR2/-KD protein, mouse

osteoblasts cells, MC3T3-E1 subgroup 4 (from ATCC)
were transfected with our DDR2/-KD expression con-
struct using FuGene 6 transfection reagent (Roche, Basel,
Switzerland). After 36 h of transfection, the cellswere lysed
and the lysates subjected to SDS-PAGE followed by
Western blotting onto nitrocellulose membranes as des-
cribed.18 The membranes were probed with anti-V5
primary antibodies (Invitrogen) (1:1000) and imaged
using enhanced chemiluminescence (Amersham Bio-
sciences) after incubationwith anti-mouse IgG horseradish
peroxidase. The expression of endogenous DDR1 and
DDR2 was tested in nontransfected MC3T3 cells using
Western blotting with anti DDR1 (sc532, Santa Cruz Bio-
technology, Inc) and anti DDR2 (R&D systems, Inc.,
Minneapolis, MN) antibodies.
To test if DDR2/-KD undergoes collagen-induced tyro-

sine phosphorylation, HEK293 cells were transiently
transfected with DDR2/-KD and serum starved for 12 h
after 24 h of transfection. Thereafter the cells were stimu-
lated with 10 μg/ml of collagen type I (Inamed, Fremont,
CA) for 90 min. Whole cell lysates were subjected to
Western blotting and probed with an anti-phosphoty-
rosine (4G10) clone (Upstate, Temecula, CA) followed
by re-probing with anti-V5 primary antibody (Invitrogen).

Stable cell lines

Mouse osteoblast cells, MC3T3-E1, subgroup-4 (ATCC)
were seeded (40–60% confluent) on 100 mm dishes in
MEM-α with 10% (v/v) fetal bovine serum and 1%
Antibiotic-Antimycotic (pen-G 10,000 units/ml; strep-
tomycin 10,000 μg/ml; amphotericin B 25 μg/ml) from
Gibco. MC3T3-E1 cells were subsequently transfected
with the DDR2/-KD expression construct using FuGene
6 (Roche Diagnostics). At 36 h after transfection, the cells
were incubated with selection medium containing 475
μg/ml of geneticin. After seven days of selection, the
individual surviving colonies were transferred to 35 mm
dishes and expression of DDR2/-KD in the lysates of the
resulting stable cell lines was verified by Western blotting
with anti-V5 antibodies. Three stable cell lines desig-
nated, KD1, KD2 and KD3, that expressed increasing
amounts of DDR2/-KD were utilized in this study.

Immunocytochemistry

HEK293 cells were transiently transfected with DDR2/
-KD using Fugene 6 (Roche Diagnostics). After 24 h of
transfection, the cells were fixed with 2% (v/v) formalin
(Fischer Scientific, Kalamazoo, MI) and the samples were
then incubated with a DDR2 antibody raised against its
extracellular domain (R&D systems, Inc., Minneapolis,
MN). Samples were then incubated with an Alexa Fluor
546 conjugated secondary antibody (Invitrogen, Carlsbad,
CA) and imaged on a Zeiss confocal LSM 510 microscope
using a 63× oil immersion lens; a 543 nm argon laser was
used to excite the fluorochrome. Nontransfected cells were
used as controls.
Cell surface biotinylation

MC3T3 cells were cultured as described and transiently
transfected with DDR2/-KD construct. At 24 h after
transfection, the cells were surface biotinylated by
incubation with sulfo-NHS-SS-Biotin (Pierce, Rockford,
IL) in PBS for 30 min on ice. The reaction was quenched by
washing with 50 mM Tris–HCl, pH 8.0. The cells were
lysed in Nonidet P-40 lysis buffer (1% (v/v) Nonidet P-40,
150 mM NaCl, 50 mM Tris–HCl, pH 7.5, 5 mM EDTA,
2 mM PMSF, 30 μg/ml of aprotinin and 15 μg/ml of
leupeptin). The detergent-soluble fraction was recovered
by centrifugation for 20 min at 16,000g, and the super-
natant was subjected to immunoprecipitation (IP) with
streptavidin-agarose beads (Pierce) for 2 h to bind the
biotinylated proteins. The beads were pelleted by cen-
trifugation and the supernatant was incubated for an
additional 2 h with fresh streptavidin-agarose beads to
remove any remaining biotinylated proteins. The strepta-
vidin beads from the two IP reactions were pooled
together, washed four times in lysis buffer and heated in
LDS sample buffer at 75 oF for 10 min to release the bound
protein. The supernatant from the second IP reaction was
saved and subjected to IP with anti-V5 antibody to collect
the intracellular pool of DDR2/-KD. The supernatant from
the anti-V5 IP reaction was saved as well and used as the
intracellular protein pool. Aliquots of the cell surface
(biotinylated) protein pool (IP with strepatavidin), and
intracellular DDR2/-KD pool (IP with anti-V5), were
subjected to SDS-PAGE and analyzed by Western blotting
with anti-V5 antibody. To confirm that the biotinylation
protocol did not result in nonspecific labeling of intracel-
lular proteins, aliquots of the biotinylated surface protein
pool and intracellular protein pool were analyzed by
Western blotting and probed with antibodies against
ERK2 kinase (Invitrogen, Carlsbad, CA), an intracellular
protein. As an additional control, similar protocols were
performed on nonbiotinylated samples, to confirm that
that the streptavidin pull-down is specific to biotinylated
proteins.
Electron microscopy

Cells were cultured on Thermanox plastic coverslips
(Nalge Nunc International, NY) kept in 35 mm dishes, in
the presence of 25 μg/ml of ascorbic acid, for one to three
weeks as indicated. Samples were fixed in 4% (v/v)
glutaraldehyde overnight then kept for 1 h in 1% (w/v)
osmium tetroxide, followed by en bloc staining with
saturated aqueous uranyl acetate for 1 h. Samples were
then dehydrated in a graded ethanol series (30%–100%)
and embedded in an epoxy resin. Following polymeriza-
tion, the 35 mm dishes were discarded to obtain the resin
disk. A quick insertion into liquid nitrogen facilitated the
removal of the plastic coverslip from the resin disk. The
resin disk was cut in half and a drop of liquid resin was
used to adhere the two halves such that the cell layers are
in juxtaposition. Rectangular portions of resin disk were
cut out for sectioning and cell layers were cross-sectioned
on a Leica Ultracut UCT ultramicrotome (Leica-Micro-
systems Wien, Austria). The 80 nm thick sections were
picked up on 200-mesh copper grids and post stained with
uranyl acetate and Reynolds's lead citrate. Sections were
examined in a Zeiss EM 900 TEM (Carl-Zeiss SMT,
Peabody, NY) operating at 80 kV. Digital micrographs
were captured on an Olympus SIS Megaview III camera
(Lakewood, Colorado), at magnifications ranging from
7000 to 85,000×.
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Analysis of fiber diameter

Diameters of collagen fibers in the ECMwere measured
from TEM images using the Image J software (NIH). For
each specimen type, at least two identical and inde-
pendent cell samples were made. At least two TEM grids
were made from each sample, and several different re-
gions on each grid were imaged. Collagen fiber diameters
were measured on cross-section or longitudinal images
observed in TEM micrographs at magnifications of
30,000–50,000×. At least 100 fiber diameters were mea-
sured for each specimen type for performing a statistical
analysis comprising of average diameter, standard devia-
tion and frequency distribution.
Hydroxyproline (HP) assay

Quantification of HP content in our various cell samples
was performed as described.37 Four cell specimens were
analyzed: Native cells and cells stably transfected with
DDR2/-KD; namely, colonies KD1, KD2, and KD3. For
each specimen, cell samples were prepared in triplicate,
with and without ascorbic acid, in order to quantify the
amount of fibrillar collagen matrix present in the samples.
The analysis of HP content was carried out at days 7, 10
and 14 in cell culture.
Immediately before the HP assay, the cell population in

each sample was quantified by a cell proliferation assay
using Calcein-Am (BioChemika 17783). The cell samples
in six-well plates were washed twice in PBS, after which
2 μl of 1 mM Calcein-AM stock solution was added
dropwise to each well and the plates gently swirled to mix
the Calcein-AM. Plates were incubated for 30 min at room
temperature, after which the fluorescence signal was
detected by a fluorescent plate reader using Cytofluor II
software (Global Medical Instrumentation, Ramsey, MN)
at an excitation wavelength of ∼ 485 nm and emission at
530 nm. Once a cell count was estimated for each well, the
cell density in each well was normalized with respect to
the lowest cell count value measured. The corresponding
normalization factor for each sample was thereafter used
to normalize the HPmeasurement for that sample in order
to account for any variation in sample growth rate.
After acquiring cell density data, all samples underwent

HP analysis as follows. The supernatant was removed by
aspiration and contents within the wells were scraped and
pipetted into individual 1.5 ml conical O-ring screw-cap
tubes (Fisher Scientific 02-681-373). All samples were then
brought to a final volume of 50 μl with a final concen-
tration of 4 M sodium hydroxide. Samples were then
autoclaved for 20 min at 120 °C, after which 450 μl of
chloromine T reagent was added to each sample and
incubated at room temperature for 25 min. Thereafter,
500 μl of Ehrlich's reagent was mixed into each sample
and incubated at 65°C for 20 min. Finally, the absorbance
of each sample was measured at 560 nm using a Beckman
DU730 spectrophotometer. The amount of HP in each
sample was ascertained by using calibration against a
standard curve of HP, obtained using HP ranging from
0.5 μg/ml to10 μg/ml. Collagen content was estimated by
considering that hydroxyproline comprises 12.5% of
collagen fibers.37
Fluorescence microscopy

A fluorescence microscopy-based assay was used to
assess the rate of collagen fibrillogenesis as described.18, 19
Briefly, native cells, or cells transiently transfected with
DDR2/-KD or stably transfected DDR2/-KD colonies
were cultured on glass coverslips. FITC-labeled collagen
type 1 (Sigma Chemicals, MO) was added to each sample
at a final concentration of 1 μg/ml. Cells were incubated
with collagen for 6 h, 12 h or 24 h. At the end of the
incubation period, cells were washed and fixed in 2%
(v/v) formalin (Fischer Scientific, Kalamazoo, MI) for
30 min followed by staining with 4′,6-diamidino-2-
phenylindole (DAPI). Glass coverslips were then mounted
onto microscope slides using ProLong Gold antifade
reagent (Invitrogen Molecular Probes P36934) and exam-
ined using a 63× objective on a confocal Zeiss LSM 510
microscope. A two-photon laser was used to excite the
nuclear stain at 750 nm, and an argon laser at 488 nm was
used for the FITC channel. Experiments for each specimen
type were repeated at least twice.
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