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a b s t r a c t
The anti-transplant rejection drug cyclosporin A (CsA) causes loss of collagen homeostasis in rapidly
remodeling connective tissues, such as human gingiva. As a result of CsA treatment, collagen degradation
by ﬁbroblasts is inhibited, which leads to a net increase of tissue collagen and gingival overgrowth. Since
ﬁbrillar collagen is the primary ligand for the discoidin domain receptor 1 (DDR1), we hypothesized that
CsA perturbs DDR1-associated functions that affect collagen homeostasis. For these experiments, human
ﬁbroblasts obtained from gingival explants or mouse 3T3 ﬁbroblasts (wild type, over-expressing DDR1
or DDR1 knockdown) or mouse GD25 cells (expressing DDR1 but null for ␤1 integrin), were treated with
vehicle (dimethyl sulfoxide) or with CsA. The effect of CsA on cell binding to collagen was examined
by ﬂow cytometry; cell-mediated collagen remodeling was analyzed with contraction, compaction and
migration assays. We found that CsA inhibited cell binding to collagen, internalization of collagen, contraction of collagen gels and cell migration over collagen in a DDR1-dependent manner. CsA also enhanced
collagen compaction around cell extensions. Treatment with CsA strongly reduced surface levels of ␤1
integrins in wild type and DDR1 over-expressing 3T3 cells but did not affect ␤1 integrin activation or
focal adhesion formation. We conclude that CsA inhibition of collagen remodeling is mediated through
its effects on both DDR1 and cell surface levels of the ␤1 integrin.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Connective tissue homeostasis is important for the health of
mammals because of the central roles that connective tissues play
in maintaining the normal structure and function of many tissues
and organs. Fibrotic diseases and drugs that affect connective tissues homeostasis often disrupt the structure and organization of
matrix proteins, particularly collagen ﬁbers. One example of druginduced disruption of the organization and structure of collagen
is seen in patients who take the anti-rejection drug cyclosporin
A (CsA), which causes massive overgrowth of collagen in human
gingiva and predisposes patients to periodontitis (Sobral et al.,
2012). In gingival tissues, which have a very rapid rate of collagen turnover (Sodek, 1977), there is excess, disorganized collagen
in patients who take CsA (Deliliers et al., 1986; Dannewitz et al.,
2006). In vitro experiments have shown that collagen degradation by human ﬁbroblasts is inhibited by CsA (Arora et al., 2001).
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CsA-induced disruption of collagen homeostasis and the creation
of gingival overgrowth could involve interference of the collagen
phagocytosis pathway (McGaw and Porter, 1988), which is one of
the pathways by which collagen is degraded (Everts et al., 1996).
In gingival ﬁbroblasts, CsA inhibits the release of Ca2+ from intracellular stores (Arora et al., 2001), thereby blocking ␤1 integrin
activation and inhibiting collagen phagocytosis.
In physiological matrix remodeling, ﬁbroblasts mediate collagen degradation through collagen phagocytosis (Melcher and Chan,
1981), a receptor-driven process in which cell binding to localized domains of collagen ﬁbrils regulate internalization (Chong
et al., 2007). Collagen adhesion molecules on ﬁbroblasts include the
␣2␤1 integrin, an important adhesion receptor for type I ﬁbrillar
collagen (Chong et al., 2007) and which also serves as a critical mediator of the binding step of collagen phagocytosis (Arora
et al., 2000; Lee et al., 1996). In addition to integrins, discoidin
domain receptors (DDRs) are a separate family of collagen receptors
that are activated by collagen and may trigger collagen degradation (Leitinger, 2011). DDR1 maps to human chromosome six
and is composed of 17 exons, which are alternatively spliced to
produce ﬁve transcript variants (Valiathan et al., 2012), the expression of which is controlled by complex but poorly understood
mechanisms (Vogel et al., 2006). Experimental deletion of DDR1
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is associated with a variety of ﬁbrotic conditions of kidney (Gross
et al., 2010), liver (Song et al., 2011), lung (Avivi-Green et al., 2006)
and blood vessels (Franco et al., 2010). As ␤1 integrin (Arora et al.,
2001) and DDR1 expression have been implicated in several ﬁbrotic
conditions (Gross et al., 2010), and since CsA-induced gingival overgrowth may involve disruption of the collagen phagocytic pathway
(Alves et al., 2001), we assessed whether CsA affects DDR1 and ␤1
integrin function in collagen remodeling.
2. Material and methods
2.1. Reagents
We obtained a rabbit antibody to DDR1 (D1G6) XP® signaling (Danvers, MA). Other rabbit antibodies to the C-terminal of
DDR1 (C-20, sc-532) and goat antibodies to the N-terminal of
DDR2 (N-20; SC7555) were purchased from Santa Cruz (Santa Cruz,
CA). Millipore (Billerica, MA) supplied rabbit antibodies to the
cytosolic domain of the mouse ␤1 integrin, a mouse antibody to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; clone 6C5),
and a mouse antibody to paxillin (clone 5H11). Mouse antibodies
to vinculin (clone hVIN-1) and talin (clone 8d4), and cyclosporin
A (Tolypocladium inﬂatum) were supplied by Sigma–Aldrich (St.
Louis, MO). BD Biosciences (Mississauga, ON) provided rat monoclonal antibody to the activated mouse ␤1 integrin (clone 9EG7),
a hamster monoclonal antibody to mouse ␤1 integrin (clone HM
␤1-1), a rat monoclonal antibody to mouse ␤1 integrin (clone
KMI6). Type I rat tail collagen was also obtained from BD Biosciences. For immunoblotting we purchased goat anti-mouse and
goat anti-rabbit IgG-horseradish peroxidase conjugates from BioRad (Hercules, CA). Fluoresbrite® microbeads (1 m crimson, 1 m
green) were purchased from Polysciences (Warrington, PA).
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was assessed with bicinchoninic acid analysis. Immunoblots were
quantiﬁed by scanning densitometry and ImageJ software.
2.4. Abundance and activation of ˇ1 integrin
Cells were seeded on to collagen-coated tissue culture plastic
(type I rat tail collagen; 1 mg/mL) for indicated lengths of time. To
measure ␤1 integrin activation, cells were immunostained with an
antibody (9EG7) that recognizes activated ␤1 integrin and analyzed
as described (Kim and McCulloch, 2011). For ␤1 integrin surface
abundance, non-ﬁxed and non-permeabilized cells were immunostained with KMI6 antibody and measured by ﬂow cytometry.
2.5. Immunostaining
Cells were plated on type I ﬁbrillar collagen-coated glass coverslips overnight to enable formation of focal adhesions. Cells were
ﬁxed with 4% paraformaldehyde, immunostained and visualized
by total internal reﬂection ﬂuorescence (TIRF) microscopy (Leica).
Focal adhesion proteins of cells in contact with the collagen substrate (z-axis optical penetration depth <110 nm) were analyzed.
The mean number of focal adhesions in the cell periphery (<5 m
from the spread cell membrane) and in the interior part of the
cell body (>5 m from the cell membrane) were quantiﬁed (20
cells/condition).
2.6. Cell extension formation
Cells were ﬁxed in paraformaldehyde. Cell morphology was
visualized by rhodamine phalloidin staining (10−e M; for actin ﬁlaments) and analyzed with ImageJ (Mohammadi et al., 2014). The
numbers of extensions per cell, the mean length of cell extensions
and cell area were measured.

2.2. Cell culture
2.7. Cyclosporin A treatment
Mouse NIH-3T3 cells that express low levels of DDR1 and NIH3T3 cells that were stably transfected with DDR1 (b-isoform) were
obtained from Wolfgang Vogel (University of Toronto). The use of
these cells for studies of cell adhesion have been described earlier
(Huang et al., 2009; Staudinger et al., 2013) and are rationalized
by the wide range and the stability of DDR1 expression levels over
multiple passages that are found with these cells. In some experiments we used siRNA for DDR1 to knock down DDR1 (Dharmacon
On-Target Plus; from ThermoFisher, Ottawa, ON). ␤1 integrindeﬁcient GD25 cells (Wennerberg et al., 1996) were from Reinhard
Fässler (Max-Planck Institute, Munich, Germany). A7 melanoma
cells (Glogauer et al., 1998) were used as a positive control for DDR2
expression. Human gingival ﬁbroblasts (HGF) were derived from
surgical samples of 11 male patients (ages 26–48) and 9 female
patients (ages 20–44). Normal inter-dental gingiva from molar and
premolar sites was sampled and all sites exhibited healthy gingiva
without periodontal pockets >3 mm. Fibroblasts from these human
gingival samples (HGF) were grown in culture as described (Lee
et al., 1996) and were used for ﬂow cytometry and immunoblot
analyses at the second passage. Informed consent was obtained
from each patient prior to biopsy according to guidelines established by the University of Toronto Human Ethics Experimentation
Committee. Cells were cultured at 37 ◦ C in complete DME (3T3 cells)
or ␣-DME (HGFs) medium containing 10% fetal bovine serum and
antibiotics. Cells were maintained in a humidiﬁed incubator (95%
air, 5% CO2 ) and passaged by trypsinization.
2.3. Immunoblotting
Whole cell extracts were prepared for immunoblotting as
described (Staudinger et al., 2013). Protein content of cell lysates

Cells were treated overnight with CsA (0.01–1 g/mL) in
dimethyl sulfoxide (DMSO; vehicle) or with an equal volume of
DMSO as a control. The rationale for the dosage used in CsA experiments was based on the bioavailability of CsA in human connective
tissues when administered for treatment of organ transplant rejection (Chan et al., 2007).
2.8. Collagen bead binding
We measured the binding of cells to matrix proteins
using protein-coated ﬂuorescent microbeads and ﬂow cytometry
(Knowles et al., 1991; Lee et al., 1996). Carboxylate beads (1 m
diameter) were coated with type I ﬁbrillar collagen (3.66 mg/mL)
or BSA (0.66 mg/mL; non-speciﬁc binding control). Collagen-coated
ﬂuorescent microbeads were loaded on to the dorsal surface of
cells along with BSA-coated crimson microbeads (six of each bead
type/cell) and incubated for 1 h at 37 ◦ C, unless otherwise speciﬁed. For short-term incubation of human gingival ﬁbroblasts with
collagen-coated beads, internalization is not detectable until >2 h
after incubation (Arora et al., 2000). After incubation, unbound
beads were removed by trypsinization prior to ﬂow cytometry analysis.
2.9. Collagen gel contraction
For tractional remodeling, the diameters of ﬂoating collagen gels
were measured with a dissecting microscope and an inter-ocular
grid (every 8 h for 72 h) (Nakagawa et al., 1989). For cell-mediated
collagen contraction, an attached gel assay was used (Nakagawa
et al., 1989). Measurements were made every 30 min thereafter for
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5 h (when contraction stopped). Data obtained from three separate
experiments were plotted and the mean slope for the linear component of each collagen contraction experiment was estimated by
linear regression.

2.10. Collagen remodeling
A 50:50 mixture of rat tail collagen (1 mg/mL) and DQ type I
collagen (from bovine skin; 1 mg/mL, InVitrogen) was applied to
glass-bottom dishes and polymerized. This mixture of labeled and
unlabeled collagen has been described previously (Staudinger et al.,
2013) and enables high resolution imaging of collagen ﬁbers without signal saturation because of high ﬂuorescence. Cells (10,000
per well) were incubated overnight at 37 ◦ C, ﬁxed and stained with
rhodamine phalloidin. Cells (>50 for each sample) were imaged
by confocal microscopy; images were quantiﬁed to estimate collagen remodeling activity with ImageJ software. Collagen ﬁber
compaction was quantiﬁed from ﬂuorescence intensities of FITClabeled collagen in ﬁxed area, regions of interest in each sample.

2.11. Statistics
For continuous variable data, means and standard errors of
the means (SEM) were computed. When appropriate, comparisons
between two samples were made by Student’s t-test (unpaired);
multiple comparisons were assessed by analysis of variance. Post
hoc comparisons were analyzed with Tukey’s test. Linear correlation and the slopes of best ﬁt linear regression were computed
with Excel. Pearson’s linear correlation coefﬁcient was computed
for bivariate data. Statistical signiﬁcance was set at a type I error
rate of p < 0.05. All experiments were performed in triplicate unless
otherwise stated.

3. Results
3.1. Adhesion receptors
The DDR1b isoform (∼130 kDa) was expressed at 5-fold higher
levels in DDR1 over-expressing 3T3 cells than wild type 3T3 cells

Fig. 1. DDR1, DDR2 and ␤1 integrin expression in cells. (A) Left panel: whole cells lysates of mouse NIH3T3 wild-type (WT), DDR1 knockdown (KD), and DDR1 (b isoform)
over-expressing (OE) ﬁbroblasts, and ␤1 integrin-null mouse GD25 cells were prepared and immunoblotted for total DDR1 and GAPDH expression. Right panel: whole cell
lysates of one HGF sample and from 3T3 OE ﬁbroblasts were prepared and immunoblotted for DDR1 expression. (B) Top panel: DDR1 protein expression in connective tissue
of human gingiva was analyzed using immunoﬂuorescence staining. BV – blood vessel; FB – ﬁbroblast; CT – connective tissue. Bottom panel: pre-immune serum staining of
human gingiva. (C) Immunoblotting for DDR2 protein expression in human gingival ﬁbroblast lysate and in A7 melanoma cells as a positive control (D) Immunoblotting for
total ␤1 integrin protein expression in 3T3 cells and GD25 cells (left panel) and in human gingival ﬁbroblasts from 11 different donors.
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or GD25 cells but it was not detectable in DDR1 KD cells (Fig. 1A,
left panel). First and second passage HGFs exhibited a truncated
isoform of DDR1 (DDR1d) of ∼62 kDa (Fig. 1A, right panel) that was
detectable with the N-terminal rabbit antibody used here and this
isoform and the other DR1 isoforms have been described (Leitinger,
2014). The DDR1d isoform lacks the intracellular kinase domain of
DDR1 but is involved in adhesion processes. Conceivably, as HGFs
exhibit markedly high expression of the membrane-type matrix
metalloproteinase 1 (Lee et al., 2006), which cleaves DDR1b and
leads to expression of a fragment of DDR1 described earlier (Fu et al.,
2013), the 62 kDa DDR1 we found in HGFs may be this proteolytic
fragment. In contrast, DDR1 over-expressing 3T3 cells predominantly expressed the ∼130 kDa full-length form; these cells do not
express the membrane-type matrix metalloproteinase (data not
shown).
In immunostained sections of normal human gingiva, DDR1 was
strongly expressed by endothelial cells and ﬁbroblasts in the lamina propria of the gingiva (Fig. 1B). The gingival lamina propria is
the site of ﬁbroblast-mediated collagen remodeling by phagocytosis (Everts et al., 1996; Melcher and Chan, 1981) and is also the
site of abundant collagen deposition in CsA-induced gingival overgrowth (Dannewitz et al., 2006). There was no detectable staining in
sections with pre-immune serum. DDR2 (∼130 kDa), which is a collagen adhesion receptor expressed by many connective tissue and
epithelial cells (Leitinger, 2014) was not identiﬁed in immunoblots
of lysates prepared from HGF cultures but was strongly expressed
by the melanoma A7 cell line, used here as a positive control
(Fig. 1C).
The ␤1 integrin pairs with the ␣2 integrin to mediate collagen phagocytosis in human ﬁbroblasts (Lee et al., 1996). We found
that the ␤1 integrin was expressed in wild type and DDR1 overexpressing cells and in 11 different ﬁrst passage HGF cell samples
(Fig. 1D) but was not detected in lysates of GD25 cells as expected
(Wennerberg et al., 1996).
3.2. Effect of cyclosporin A on collagen binding
We obtained HGFs from 20 patients who exhibited healthy gingiva. Because of the difﬁculty of maintaining DDR1 expression in
HGFs on repeated sub-culture (>4 passage), we restricted our analyses to second passage HGFs. The DDR1 content in each separate
sample was measured by immunoblotting and densitometry and
computed as a ratio of DDR1:GAPDH. Cells from the same passage
were treated with DMSO vehicle or CsA (1 g/mL) overnight and
incubated with collagen-coated beads for 1 h. The ﬂuorescence of
cells with bound beads was analyzed by ﬂow cytometry and the % of
cells with bound beads was computed. Notably, for 1 h incubations
of beads with ﬁbroblasts, bead internalization is not detectable
(Arora et al., 2000). The percentage of vehicle-treated HGF with
bound collagen beads was linearly related to the DDR1:GAPDH
as measured by linear correlation (r = 0.96; slope – y = 27.5 ± 0.5;
Fig. 2A). When these same cells were treated with CsA overnight,
the percentage of cells with bound collagen beads was still linearly
related to the DDR1:GAPDH (r = 0.91) but the slope was reduced
compared with vehicle treated cells (y = 22.5 ± 0.9; p < 0.05). For
one of the patient cell lines with DDR1:GAPDH of 0.8, we prepared
single cell suspensions by trypsinization and then re-plated cells
(104 cells per well) on plates coated with ﬁbrillar type I collagen
in the presence of vehicle or CsA for 2 h. We counted the numbers
of attached cells per microscopic ﬁeld (20× objective; 20 ﬁelds per
condition). CsA treatment reduced by 21% the number of attached
cells compared with vehicle (vehicle-treated cells = 3.83 ± 0.3; CsA
treatment = 3.00 ± 0.4; p < 0.05), data that were consistent with the
collagen bead assays.
The data obtained from HGFs indicated that the effect of CsA
on cell attachment to collagen was inﬂuenced by the relative
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Fig. 2. CsA reduction of collagen bead binding to ﬁbroblasts is affected by DDR1
expression levels. (A) HGFs obtained from 20 different patients at the second passage were immunoblotted for DDR1 and GAPDH and the ratio of these proteins
were computed for each patient sample. Cells from the same passage were plated
overnight on tissue culture plastic in medium containing CsA (1 g/mL) or vehicle
(DMSO). After 1 h incubation, binding of collagen-coated FITC beads (1 m diameter;
12 beads/cell) to HGFs was analyzed by ﬂow cytometry and the data expressed as
% bound beads. The data show a linear relationship between collagen bead binding
and the abundance of DDR1. (B) 3T3 cells (wild type, over-expressing or knockdown)
or GD25 cells were plated overnight on tissue culture plastic in medium containing
CsA (1 g/mL) or vehicle (DMSO). Binding of collagen-coated FITC beads (1 m; 12
beads/cell) was signiﬁcantly reduced in DDR1 over-expressing cells (p < 0.01) but
not in the other cell types. Data are mean ± S.E.M. (n = 5 separate experiments). (C)
Mouse 3T3 cells over-expressing DDR1 were treated with vehicle (C) or with CsA
(1 g/mL) for the indicated time intervals and immunoblotted for DDR1 and for
GAPDH.

expression level of DDR1. Accordingly, we examined 3T3 cells with
various levels of DDR1 expression. After overnight CsA treatment
(1 g/mL) and 1 h incubations with collagen beads, binding to cells
was reduced by 60% (p < 0.01) in DDR1 over-expressing 3T3 cells
but there was no change for DDR1 wild type, DDR1 knock down
or GD25 cells (p > 0.2; Fig. 2B). For these same experimental conditions, the percentage of cells that bound BSA-coated beads was
<1.5% for DDR1 wild type cells, <1.8% for GD25 cells, and <3% for
DDR1 over-expressing cells.
We found a dose–response relationship of DDR1 overexpressing cells and collagen binding with different concentrations
of CsA (0 g/mL-12.1 ± 0.2%; 0.01 g/mL-10.4 ± 0.3%; 0.1 g/mL8.7 ± 0.4%; 1 g/mL-5.2 ± 0.3%). Notably, treatment of DDR1
over-expressing 3T3 cells with CsA over a time course did not inﬂuence the levels of DDR1 (Fig. 2C) and CsA did not alter the % of dead
cells stained with propidium iodide (controls – 3.0 ± 0.6%; CsA –
3.4 ± 0.7%; p > 0.2; n = 4).

84

L.A. Staudinger et al. / The International Journal of Biochemistry & Cell Biology 62 (2015) 80–87

Fig. 3. (A) HGFs were cultured overnight in medium containing CsA (1 g/mL) or vehicle (DMSO) on collagen-coated glass bottom dishes and stained with rhodamine
phalloidin to evaluate cell extensions. CsA treatment had no effect on projected cell area (B) but reduced the number of cell extensions (B; p < 0.05) and increased the length
of cell extensions compared with DMSO-treated cells (p < 0.001). Data are mean + S.E.M. (n = 3 independent experiments).

3.3. Cell extension formation

3.5. Effect of CsA on ˇ1 integrin

We examined whether CsA can affect the ability of HGFs to
generate cell extensions, which are important for internalization and intracellular digestion of collagen ﬁbrils (Everts et al.,
1996; Melcher and Chan, 1981). Treatment with CsA did not affect
total projected cell area (Fig. 3A) but reduced the number of cell
extensions (by 25%: p < 0.05; Fig. 3B) and inhibited cell migration
(Supplementary Fig. 1). CsA treatment promoted the formation of
longer cell extensions (25% longer compared with vehicle-treated
cells; p < 0.001; Fig. 3C).

Compared with vehicle-treated cells, CsA decreased cell surface
␤1 integrin in wild-type cells (56%, p < 0.05) and in DDR1 overexpressing cells (41%, p < 0.001; Fig. 5A). In a similar experiment,
we plated cells on type I collagen, treated them with vehicle or CsA
overnight, and measured activated ␤1 integrins on the cell surface
with the 9EG7 antibody (ﬂow cytometry). In wild type and DDR1
over-expressing cells, CSA had no effect on the level of activated
␤1 integrin on the surface of suspended cells (Fig. 5B). In adherent
cells spread on collagen and stained with 9EG7 antibody (50 cells
quantiﬁed for each condition) and imaged by TIRF microscopy,
we measured the effect of CsA on ␤1 integrin activation in focal
adhesions (Fig. 5C). Compared with vehicle-treated cells, overnight
incubation with CsA had no signiﬁcant effect (p > 0.2) on cell area
(Fig. 5D), the number of focal adhesions (Fig. 5E), focal adhesion
area (Fig. 5F) or focal adhesion length (Fig. 5G) in wild type or
DDR1 over-expressing 3T3 cells. These results on 9EG7 staining for
adherent cells were consistent with the ﬂow cytometry analyses of
suspended cells (Fig. 5B).

3.4. Collagen remodeling
Quantiﬁcation of pericellular collagen ﬂuorescence (normalized
to cell area) was 18% higher in CsA-treated cells than vehicle controls (Fig. 4B, p < 0.01; four different cell lines), indicating that CsA
inhibits pericellular proteolysis and promotes the compaction of
collagen ﬁbrils around cells.
For assessing collagen internalization by cells in a three dimensional matrix (Grinnell, 2003), cells were dispersed in collagen
solutions containing green beads coated with collagen and violet
beads coated with BSA prior to gelation. Collagen gels were incubated overnight (Fig. 4C) and digested with collagenase to prepare
single cell suspensions, a procedure that removes surface-bound
but not internalized beads. Flow cytometry showed that compared
with vehicle controls, CsA reduced collagen bead internalization by
>10% in DDR1 over-expressing 3T3 cells (Fig. 4D; p < 0.01) but CsA
had no effect on collagen internalization in DDR1 3T3 wild type
cells, DDR1 knockdown cells or GD25 cells (p > 0.2). Cells internalizing BSA-coated beads was <8% for all experiments.
We examined whether CsA affects collagen ﬁbril organization
with ﬂoating collagen gels. In DDR1 over-expressing 3T3 cells CsA
reduced gel contraction by nearly 2-fold (p < 0.01) and in DDR1 wild
type 3T3 cells there a 20% reduction of contraction (p > 0.05; Fig. 4E).
DDR1 knockdown cells showed no change of ﬂoating collagen gel
contraction with CsA treatment and GD25 cells exhibited extremely
low rates of contraction, with or without CsA. In attached collagen
gels, which are used to measure how cell-mediated tractional forces
contract gels (Grinnell, 2003), the only signiﬁcant effect of CsA was
for DDR1 over-expressing cells which showed a 8% reduction after
CsA treatment (p < 0.05; Fig. 4F).

4. Discussion
DDR1 is strongly associated with the formation of ﬁbrotic,
collagen-rich lesions of liver (Song et al., 2011), kidney (Gross et al.,
2010) and lung (Avivi-Green et al., 2006) but the role of DDR1
in CsA-induced gingival overgrowth has not been assessed. We
found that CsA affects the collagen adhesion function of DDR1,
which impacts collagen remodeling by ﬁbroblasts (Staudinger et al.,
2013), a process that is directly linked with CsA-induced gingival
overgrowth and loss of collagen homeostasis (Arora et al., 2001;
Dannewitz et al., 2006; McGaw and Porter, 1988). The effect of CsA
on collagen remodeling may involve the collagen adhesion functions of DDR1 and the ␤1 integrin. Evidently, the impact of CsA on
cell adhesion to collagen requires the ␤1 integrin since GD25 cells,
which do not express the ␤1 integrin (Wennerberg et al., 1996),
exhibited no signiﬁcant reduction of collagen bead binding when
treated with CsA.
The DDR1 isoform expressed in cultured human gingival ﬁbroblasts was a low molecular mass, N-terminal fragment of DDR1 that
exhibits the characteristics of DDR1d (Leitinger, 2014), a form of
DDR1 in which the extracellular collagen adhesion domain but not
the intracellular kinase domain is expressed. DDR1 was readily
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Fig. 4. (A) HGFs were cultured on FITC-labeled ﬁbrillar collagen gels overnight to evaluate collagen remodeling by compaction. The red color is rhodamine phalloidin staining
of actin ﬁlaments. (B) Quantiﬁcation of FITC-collagen ﬂuorescence in ﬁxed area regions of interest by image analysis using Image J. Mean integrated density was obtained
from average integrated densities normalized to data of same gels without cells. A total of four different HGF cell lines were analyzed for each condition and 10 cells for
each line were assessed. (C) Representative image of mouse 3T3 DDR1 wild type cells grown overnight inside type I collagen gels (1.36 mg/mL) containing collagen-coated
FITC beads and BSA-coated violet beads (50 beads/cell). Cells were incubated overnight in medium containing CsA (10 g/mL) or vehicle (DMSO). Collagen gels containing
cells were dissolved by collagenase; single cell suspensions were prepared for analysis of internalized beads by ﬂow cytometry. (D) Treatment with CsA reduced collagencoated bead internalization only in DDR1 over-expressing cells (p < 0.01). (E) Collagen remodeling was measured with a ﬂoating collagen gel contraction assay. Collagen gel
contraction was reduced in DDR1 over-expressing (p < 0.01) and in DDR1 wild type cells (p < 0.05) that were treated with CsA. (F) Collagen contraction was measured using
an anchored gel contraction assay. CsA treatment had no effect on collagen contraction for all cell types except for a reduction for DDR1 over-expressing cells (p < 0.01). Data
are mean ± S.E.M. (n = 5 separate experiments).

detected in immunostained sections of the lamina propria of gingival connective tissue, which is a site enriched with phagocytic
ﬁbroblasts (Everts et al., 1996; Melcher and Chan, 1981) and is also
where there marked increases of collagen abundance in humans
treated with CsA (Dannewitz et al., 2006).
We noticed a linear relationship between the abundance of
DDR1 and collagen bead binding, which is consistent with earlier
data showing that DDR1 acts in concert with the ␤1 integrin to
enhance adhesion to collagen (Staudinger et al., 2013). Notably,
DDR2, which is a separate DDR isoform and important collagen
receptor (Leitinger and Hohenester, 2007) was not detectable in

HGFs, indicating that at least for DDRs, the effect of CsA on cell
adhesion and likely phagocytic degradation of collagen, is mediated
solely through DDR1.
Type I collagen is the most abundant protein in mammalian
connective tissues, including the periodontium (Perez-Tamayo,
1978; Narayanan and Page, 1976). Human gingival ﬁbroblasts
remodel collagen via the intracellular phagocytic route (Ten Cate
and Deporter, 1974; Everts et al., 1996), a process which relies on
cell adhesion to collagen as the ﬁrst step of internalization. Further, cells also extend processes into the lamina propria of the
gingiva (Melcher and Chan, 1981), which increases cell contact area
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Fig. 5. (A) DDR1 wild type and over-expressing cells were plated overnight on collagen-coated tissue culture plastic in medium containing CsA (1 g/mL) or vehicle (DMSO).
Total ␤1 integrin surface expression was measured by immunostaining in non-ﬁxed and non-permeabilized cells with KMI6 antibody followed by ﬂow cytometry. Analysis
of cell staining indicated that CsA treatment reduced total ␤1 integrin expression on the cell surface compared with DMSO vehicle-treated cells in wild type (p < 0.05) and
DDR1 over-expressing cells (p < 0.001). (B) Levels of activated ␤1 integrin on the surface of cells were measured by immunostaining with 9EG7 antibody and ﬂow cytometry
of non-ﬁxed and non-permeabilized cells plated overnight on type I collagen. Analysis of staining indicated that treatment with CsA (1 g/mL) had no effect on the levels of
activated ␤1 integrin on the cell surface in wild type or DDR1 over-expressing cells compared with DMSO-vehicle treated cells. (C) Representative TIRF images of wild type
(WT) and DDR1 over-expressing (OE) cells plated overnight on collagen in medium containing CsA (1 g/mL) or DMSO. Cells were immunostained for activated ␤1 integrins
with 9EG7 antibody and imaged by TIRF microscopy. Total cell area was estimated from 9EG7 staining of cell peripheries. Staining of 9EG7 in focal adhesions was analyzed
with MetaMorph to quantify mean ± S.E.M. Cell area and focal adhesions in cells (n = 20 cells) were analyzed for each cell type. CsA treatment had no effect on (D) cell area,
(E) number of focal adhesions, (F) focal adhesion area, or (G) focal adhesion length compared with vehicle treated cells in either cell type (p > 0.2). Data are mean ± S.E.M.
(n = 3 independent experiments).
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with ﬁbrils and facilitates intracellular digestion. We found that
in response to CsA, human gingival ﬁbroblasts exhibited reduced
numbers of cell extensions that were of greater length. After CsA
treatment, these extensions were less capable of mediating pericellular proteolysis and, in concert with the reduced adhesion
described above, were less able to internalize collagen when cells
were incubated in collagen gels. These ﬁndings are consistent with
the increased abundance of gingival collagen in patients treated
with CsA (Dannewitz et al., 2006).
Gingival ﬁbroblast remodeling of collagen relies on cell migration and exploration of the extracellular matrix through the
generation of cell extensions, which compact collagen ﬁbers
(Bellows et al., 1981). With collagen gel contraction (Grinnell, 2003)
and cell migration assays (Coomber and Gotlieb, 1990) we found
that CsA inhibited these processes in a manner that was dependent
on the level of DDR1. Arising from these observations we assessed
the function of the ␤1 integrin, the critical sub-unit of collagen integrin receptors (Barczyk et al., 2010). We found that CsA reduced the
abundance of the ␤1 integrin on the cell surface of HGFs but not the
levels of activated ␤1 integrin. The marked reduction of this critical
collagen binding receptor on the cell surface likely affects multiple
cellular functions that are involved in collagen remodeling. Taken
together, we conclude that CsA-induced dysregulation of collagen
remodeling is attributable to the actions of this drug on how DDR1
and the ␤1 integrin interact to provide cell adhesion to collagen and,
as a result, provide the initial cell-binding step in collagen phagocytosis. These data, if extended to an appropriate animal model, may
provide new insights into the pathogenesis of CsA-induced gingival
overgrowth.
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