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Abstract

Discoidin Domain Receptors (DDR1 and DDR2) are receptor tyrosine kinases that signal in 

response to collagen. We had previously shown that collagen binding leads to clustering of 

DDR1b, a process partly mediated by its extracellular domain (ECD). In this study, we 

investigated (i) the impact of the oligomeric state of DDR2 ECD on collagen binding and 

fibrillogenesis, (ii) the effect of collagen binding on DDR2 clustering, and (iii) the spatial 

distribution and phosphorylation status of DDR1b and DDR2 after collagen stimulation. Studies 

were conducted using purified recombinant DDR2 ECD proteins in monomeric, dimeric or 

oligomeric state, and MC3T3-E1 cells expressing full-length DDR2-GFP or DDR1b-YFP. We 

show that the oligomeric form of DDR2 ECD displayed enhanced binding to collagen and 

inhibition of fibrillogenesis. Using atomic force and fluorescence microscopy we demonstrate that 

unlike DDR1b, DDR2 ECD and DDR2-GFP do not undergo collagen-induced receptor clustering. 

However, after prolonged collagen stimulation, both DDR1b-YFP and DDR2-GFP formed 

filamentous structures consistent with spatial re-distribution of DDRs in cells. 

Immunocytochemistry revealed that while DDR1b clusters co-localized with non-fibrillar 

collagen, DDR1b/DDR2 filamentous structures associated with collagen fibrils. Antibodies against 

a tyrosine phosphorylation site in the intracellular juxtamembrane region of DDR1b displayed 

positive signals in both DDR1b clusters and filamentous structures. However, only the filamentous 

structures of both DDR1b and DDR2 co-localized with antibodies directed against tyrosine 

phosphorylation sites within the receptor kinase domain. Our results uncover key differences and 
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similarities in the clustering abilities and spatial distribution of DDR1b and DDR2 and their 

impact on receptor phosphorylation.
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atomic force microscopy; fibrillogenesis; fluorescence microscopy; oligomer; receptor tyrosine 
kinase

1. Introduction

Discoidin Domain Receptors (DDR1 and DDR2) are widely expressed receptor tyrosine 

kinases (RTK) that regulate a variety of cellular processes including cell adhesion, 

differentiation, proliferation and migration[1], collagen fibrillogenesis[2–4], and remodeling 

of the extracellular matrix[5]. Collagen(s) are the only known ligand for DDRs[6]. Both the 

collagen binding domains of the receptors[7–10] and their binding site on the collagen triple 

helix[11–14] have been elucidated in recent years. In addition, it has been established that 

DDRs exist as constitutive homodimers on the cell membrane, prior to collagen binding and 

receptor activation[15–17]. DDRs undergo slow and sustained receptor activation upon 

ligand binding. However, the reasons for the delayed kinetics of DDR phosphorylation upon 

ligand binding remain poorly defined. Receptor clustering or higher order receptor 

oligomerization has been postulated by us[16,18] and others[17,19–21] as important 

modulators of both DDR-collagen interaction and receptor phosphorylation.

Various domains of DDR1 have been shown to be important for receptor clustering and its 

oligomeric status. It is now understood that (i) dimerization[7] and higher-order 

oligomerization[12,18] of the DDR1 extracellular domain (ECD) enhance its binding to 

collagen, (II) DDR1 exists as non-covalent homodimer on the cell surface, which is 

mediated by critical residues within its ECD[17] and transmembrane domain (TMD)[15], 

(iii) both full-length and kinase-dead DDR1 expressed on the cell surface undergo clustering 

upon collagen binding[16–18,20,21], and (iv) clustering of DDR1 post-ligand binding is 

mediated in part by its ECD[18], and by its intracellular domain (ICD)[20,21]. DDR1 

clustering has been postulated to be a mechanism required for receptor activation, based on 

our earlier microscopy-based studies[16,18], X-ray crystallographic insights by Carafoli et 

al[10], and recent cell-based studies[20]. In this regard, mutation of an N-glycosylation site 

in the DDR1 ECD (which results in a higher population of dimers) has been shown to induce 

ligand-independent activation of DDR1[17]. In another study, a function-blocking 

monoclonal antibody, which binds to DDR1 ECD and inhibits collagen induced receptor 

phosphorylation[10], also inhibited DDR1 clustering[21]. Thus, understanding the structural 

constrains and molecular mechanisms that promote the clustering and/or the oligomeric state 

of DDR1 could be exploited as a therapeutic avenue to modulate receptor function in 

diseases involving DDR1 activity.

In contrast to DDR1, the role of oligomerization and/or clustering of DDR2 in mediating its 

interactions with collagen is less understood. Current data show that in DDR2, like in 

DDR1, (i) dimerization[7] and higher-order oligomerization of its ECD[11,22] enhances its 

binding to collagen; and (ii) in cells, DDR2 exists as a constitutive non-covalent 
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homodimer[15], which is partly promoted by high propensity of the TMD of DDR2 to self-

interact[23]. A juxtamembrane segment in the ICD of DDR2 has also been shown to control 

receptor dimerization, and thereby regulate collagen-dependent activation[24]. However, 

studies on DDR2 clustering, spatial distribution and its correlation with receptor 

phosphorylation post-ligand binding are lacking.

To gain more insight into the role of the oligomeric state and clustering of DDR2 ECD in its 

interaction with collagen, we utilized ECD constructs of DDR2 capable of displaying 

monomeric, dimeric or oligomeric form. These proteins were then used to test how these 

different oligomeric states of the ECD bind collagen and regulate fibrillogenesis of pepsin-

digested and acid-soluble collagen I molecules. Atomic force microscopy (AFM) was used 

to follow the oligomeric state of monomeric and dimeric DDR2 ECD upon binding to 

collagen. Immunocytochemistry (ICC) coupled with fluorescence microscopy was used to 

evaluate collagen morphology, receptor clustering, spatial distribution and phosphorylation 

in cells expressing fluorescently-tagged full-length DDR2 or DDR1b. Our results 

demonstrate similarities and differences between DDR2 and DDR1b post-ligand binding 

with respect to receptor clustering and spatial distribution and how these processes influence 

DDR-collagen interactions and receptor phosphorylation.

2. Materials and Methods

2.1. Cell Culture

MC3T3-E1 Subclone 4 cells were obtained from American Type Culture Collection (ATCC, 

Rockville, MD) and cultured in Minimum Essential Media (MEM)α supplemented with 2 

mM L-glutamine, 1 mM sodium pyruvate, and 10% FBS. HEK293T and Cos1 cells were 

obtained from ATCC and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Life 

Technologies Corporation, Grand Island, NY) supplemented with 10% fetal bovine serum 

(FBS; Life Technologies Corporation) and 1% Penicillin/Streptomycin.

2.2. Collagen and Antibodies

Pepsin-digested bovine-dermal collagen (PureCol) and acid-extracted rat-tail collagen I were 

purchased from Advanced BioMatrix San Diego, CA and Sigma Chemicals, St. Louis, MO, 

respectively. Mouse monoclonal (MAB25381) and goat polyclonal (AF2538) anti-DDR2 

antibodies (raised against a peptide sequence in the DDR2 ECD) and rabbit monoclonal 

against phospho-DDR2 (DDR2-Y740, catalog # MAB25382) were obtained from R&D 

Systems, Minneapolis, MN. Rabbit monoclonal antibodies recognizing phosphorylated 

DDR1b and DDR1c (DDR1b/c-Y513), monoclonal antibody that recognize total DDR1 

(D1G6), polyclonal antibody that recognize phospho-DDR1 (DDR1-Y792, catalog #11994), 

polyclonal antibody that recognize total DDR2 (catalog #12133) and DyLight™ 554 

Phalloidin (catalog # 13054) were purchased from Cell Signaling Technology, Danvers, MA. 

Anti-collagen I antibody was obtained from Rockland Immunochemicals, Limerick, PA. 

Antibodies to cortactin, vimentin and vinculin were from Bethyl Labs, Montgomery, TX, 

Cell Signaling, and R&D Systems, respectively. Mouse monoclonal antibodies, anti-Fc and 

anti-V5, were purchased from Jackson Immunoresearch (West Grove, PA), and Invitrogen 

(Carlsbad, CA), respectively. Monoclonal antibody recognizing β-Actin was from Millipore 
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Sigma. Anti-mouse, anti-rabbit, and anti-goat IgG horseradish-peroxidase-conjugated 

secondary antibodies were obtained from Santa Cruz Biotech and Thermo Scientific Pierce 

Grand Island, NY. Anti-rabbit Alexa-Fluor568 conjugated secondary antibody was 

purchased from Life Technologies (Carlsbad, CA)

2.3. DDR Expression Vectors

For expression of recombinant DDR2 ECDs, we used a DDR2-V5-His construct comprising 

of the entire mouse DDR2 ECD tagged with a V5 epitope and 6His at the C-terminus as has 

been described earlier[2], and a DDR2-Fc, consisting of human DDR2 ECD harboring an 

IgG2 Fc fragment at the C-terminal end cloned into the pcDNA3.1/Myc-His expression 

vector as described for DDR1-Fc[17] (Figure 1a). For expression of full-length DDRs in 

cells, we purchased an expression vector containing the human DDR2 cDNA tagged with 

GFP at the C-terminus from Origene (Rockville, MD). An expression vector encoding 

mouse DDR1b tagged with YFP was used as described previously[16].

2.4. Expression and Purification of Recombinant DDR2 ECD Proteins

To obtain DDR2 ECDs displaying different oligomeric states, we used DDR2 ECD 

constructs in which the C-terminal region of the ECD was fused with either the Fc portion of 

the IgG molecule, to generate DDR2-Fc or with a V5-His tag, to generate DDR2-V5-His 

(Figure 1a). The Fc portion of the IgG molecule is known to undergo spontaneous 

dimerization and to generate oligomeric species in the presence of anti-Fc antibodies. Thus, 

the recombinant DDR2-Fc ECD fusion protein (DDR2-Fc) is expected to display a dimeric 

state, which can be induced to generate oligomeric forms upon incubation with the anti-Fc 

antibody. On the other hand, the recombinant DDR2-V5-His ECD protein is expected to 

display a monomeric form.

The recombinant proteins were expressed in human kidney HEK293T cells. Briefly, cells 

were seeded on collagen-coated 100-mm dishes. Cells grown to 75% confluence were 

transiently transfected with plasmids encoding either human DDR2-Fc or mouse DDR2-V5 

cDNA, using TransIT LT-1 transfection agent (Mirus Bio LLC), according to the 

manufacturer’s protocol. Twenty-four hours after transfection, the cells were re-fed with 

fresh serum-free DMEM. The cells were then cultured in serum-free DMEM and the 

conditioned media was collected and replaced with fresh serum-free DMEM, every 2–3 days 

for 7 to 10 days. The collected media were centrifuged (200g, 5 min) to remove cell debris 

and stored at 4 °C until use.

For purification of DDR2-V5-His protein, the harvested media were dialyzed overnight (12–

14 kDa MWCO) at 4 °C in 20 mM Tris-HCl, pH 7.4 with 300 mM NaCl. Thereafter, the 

media were loaded into a 5 ml His-trap column (GE Healthcare Life Sciences) pre-

equilibrated with 20 mM Tris-HCl pH 7.4, 300 mM NaCl. The column was then washed 

with equilibrium buffer, and the bound protein was eluted using a linear gradient of 

imidazole in a GE Amersham FPLC system. Fractions eluted between 120–150 mM 

imidazole were analyzed using SDS-PAGE followed by Coomasie Blue staining and/or 

Western blotting to detect purified DDR2-V5-His. Selected fractions were pooled, and 
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subjected to a buffer exchange using a Superdex200 gel filtration column equilibrated in 

TBS (20 mM Tris –HCl, pH 7.4, 150 mM NaCl).

DDR2-Fc was purified using a procedure very similar to that used for human DDR1b-Fc, as 

described[17]. Briefly, the harvested media were dialyzed in a solution of 25 mM NaH2PO4 

(pH 7.5) and 150 mM NaCl for 24 hours, and then loaded onto a 5 ml HiTrap Protein A 

Column (GE Healthcare Life Sciences) pre-equilibrated with 25 mM NaH2PO4 (pH 7.0) and 

150 mM NaCl. The column was then washed with 25 mM NaH2PO4 (pH 7.0) and 150 mM 

NaCl and the bound protein was eluted using glycine buffer (pH 2.5). The eluate fractions (2 

ml) were collected into tubes containing 200 μl of 1M Tris pH 8.0 and resolved by SDS-

PAGE followed by Coomasie Blue staining and/or Western blotting. The fractions 

containing DDR2-Fc were pooled and dialyzed against phosphate buffer saline (PBS) (pH 

7.5) for 48 hours at 4 °C.

Purified proteins were concentrated using an Amicon® Ultra Centrifugal Filter Device 

(Millipore) with a 10k MWCO, and the protein concentrations were determined using 

absorbance at 280 nm. The monomeric/dimeric state of the recombinant proteins was 

determined by SDS-PAGE under reducing and non-reducing conditions followed by Western 

blotting, using antibodies against the DDR2 ECD or the epitope tag (anti-Fc or anti V5), as 

previously described [22].

2.5. Solid Phase Binding Assays

A monomeric solution of bovine-dermal (or rat tail) collagen type I in ice-cold PBS was 

immobilized in 96-well micro-titer plates by incubating the wells with 100 μl of 25 μg/ml of 

collagen, overnight at 4 °C. Thereafter, the plates were washed three times with 200 μl TBS 

(Tris Buffered Saline) (Bio-Rad, Hercules, CA) containing 0.05% Tween 20 (GE 

Healthcare, Uppsala, Sweden), followed by blocking with 300 μl of 1% bovine serum 

albumin (Santa Cruz Biotechnology, Santa Cruz, CA) with 0.05% tween overnight at 4 °C. 

The wells were washed again three times with TBS-tween and incubated with 100 μl of 

recombinant DDR2-V5-His or DDR2-Fc (before and after pre-oligomerization) at 

concentrations ranging from 0 to 20 μg/ml, overnight at 4 °C. To induce oligomerization of 

DDR2-Fc, the protein was incubated with an equal mass of anti-Fc antibody in PBS at 4 °C 

overnight, as previously described [22]. To detect binding of recombinant proteins to 

collagen, the plates were washed and thereafter probed with anti-DDR2 monoclonal 

antibodies (1:1000), followed by washing and incubating with HRP conjugated secondary 

antibodies (1:2000). Bound protein was detected by adding 100 μl of 3,3′,5,5′-
tetramethylbenzidine to each well for 20 min at room temperature, and no light exposure. 

The reaction was stopped using 1N HCl solution, and the absorbance was recorded at 450 

nm using a spectrophotometer. All experiments were performed at least three times. The half 

maximal effective concentration (EC50) i.e. the concentration of DDR2 ECD protein 

required to yield a binding response halfway between the baseline and maximum was 

determined as described earlier[18]. Student’s unpaired 2-tailed t-test was conducted on the 

EC50 values obtained for binding of dimeric or oligomeric DDR2 ECD to immobilized 

collagen from at least n=3 experiments. A p-value <0.05 was considered significant.

Yeung et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2020 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6. Collagen Fibrillogenesis Assay

Collagen fibrillogenesis was assessed by measuring the turbidity of neutralized collagen I 

solutions with a rise in temperature. To this end, 250 µl of ice-cold collagen solutions (200 

µg/ml) in PBS (pH 7.5) containing 40 µg/ml of recombinant DDR2-V5-His or DDR2-Fc 

proteins (before and after pre-oligomerization) were incubated in 96-well Costar clear 

polystyrene plates at 37 °C. A collagen solution with or without anti-Fc antibody (40 µg/ml) 

was used as a control. The absorbance values were monitored every hour at 405 nm for up to 

6 hrs using a spectrophotometer. Student’s unpaired 2-tailed t-test was conducted on the 

absorbance values obtained at 6 hrs from at least n=3 experiments. A p-value <0.05 was 

considered significant.

2.7. Atomic Force Microscopy (AFM)

Monomeric collagen (1μg/ml) was mixed with monomeric DDR2-V5-His or dimeric DDR2-

Fc proteins (1 μg/ml in DDR2 concentration) in ice cold PBS and incubated at 4 °C for 4 

hrs. As a control, the recombinant DDR2 ECD proteins (without collagen) were also 

incubated in PBS under similar conditions. After 4 hrs of incubation, the samples were 

aliquoted onto chilled and freshly cleaved mica substrates, incubated for 5 min, washed and 

air dried and subjected to AFM imaging using the Multimode AFM (Digital Instruments, 

Santa Barbara, CA) as described earlier[18]. AFM imaging was performed in tapping mode 

in ambient air using NSC15 cantilevers (Micromasch, Estonia) with a nominal spring 

constant of 40 Nm−1. Both height and amplitude images were recorded at 512 lines per scan 

direction. Topographic heights of DDR2 proteins and collagen filaments were measured 

from AFM images, by the section analysis feature of the Nanoscope software. At least n= 50 

particles were analyzed using three identical replicates for each sample type (except for 

DDR2-V5-His bound to collagen for which n= 22 due to the low number of binding events). 

Student’s unpaired two-tailed t-test was used to determine statistically significant differences 

in height measurements across samples. A p<0.05 was considered significant.

2.8. Transient transfection and Western blotting for receptor phosphorylation

MC3T3-E1 or Cos1 cells were split the day before transfection to 50–60% confluence in 6-

well or 60-mm tissue culture plates, respectively. The next day, DDR1b-YFP or DDR2-GFP 

plasmid DNA were transfected using TransIT®-LT1 Transfection Reagent (Mirus Bio LLC), 

according to the manufacturer’s instructions. Forty-eight and 24 hrs post transfection for 

MC3T3-E1 and Cos1 cells, respectively, the culture medium was aspirated and the cells 

were washed twice with PBS before subjecting them to serum starvation in serum-free 

medium for 18 hrs. Then, the cells received 20 μg/ml (final concentration) of either rat-tail 

collagen I or vehicle (20mM acetic acid) in serum-free media at 37 °C. At various time 

intervals, the cells were washed twice with cold PBS, and then lysed in RIPA buffer (50 mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate and 1 mM EDTA) 

supplemented with protease inhibitors (Protease Inhibitor Cocktail Set III, EDTA-Free, 

Millipore Sigma) and 10 mM NaF and 2 mM sodium orthovanadate. The cell lysates were 

cleared by centrifugation at 14,000g at 4 °C for 15 min, and the protein concentration was 

determined using the BCA kit (Thermo Scientific Pierce). Cell lysates were then frozen at 

−80 °C until used.
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Unless otherwise stated, 25 µg of cell lysates were resolved by reducing 7.5% SDS-PAGE. 

Proteins were then transferred to a nitrocellulose membrane using conventional methods. 

The blots were probed with specific antibodies to DDRs or other proteins of interest. 

Membranes were incubated with corresponding IgG horseradish-peroxidase-conjugated 

secondary antibodies and developed with ECL reagent (Thermo Scientific Pierce). 

Membranes were re-probed as stated in the figure legends after stripping with Western-Re-

Probe reagent (Millipore Sigma). β-actin was used for loading control.

2.9. Fluorescence Microscopy of Cells

MC3T3-E1 cells were cultured in complete MEMα media, as described above. Cells were 

seeded on glass bottom culture dishes (MatTek Glassware, Ashland, MA), for live cell 

imaging and on polylysine-coated cover-slips for fixation and immunocytochemistry (ICC). 

Transient transfection with DDR2-GFP or DDR1-YFP cDNA constructs was performed 

using TransIT LT-1 transfection reagent (Mirus Bio LLC). As a control, a set of cells were 

non-transfected. Forty-eight hrs after transfection, the cells were serum-starved for 12 to 18 

hrs, and thereafter stimulated with bovine-dermal (or rat-tail) collagen I (20 µg/ml). For live 

cell imaging, the cells were imaged immediately before and after collagen stimulation at 

times indicated.

ICC was performed to evaluate receptor phosphorylation in MC3T3-E1 cells expressing 

DDR1-YFP or DDR2-GFP. At specific times (0, 30 min and 4 hrs) after collagen 

stimulation, the cells were washed (2 times in PBS) and then fixed in 4% paraformaldehyde 

(in PBS) for 10 minutes at room temperature. Thereafter, the cells were washed (3 times in 

PBS) and permeabilized using 0.05% Triton X (in PBS with 2% BSA) for 10 min at room 

temperature. After subsequent washing, the cells were blocked with 2% BSA in PBST (PBS 

with 0.1% tween) for 1 hr at room temperature, and then incubated overnight with primary 

antibodies (1:500 for Y513, Y792, Y740, cortactin) and (1:200 for vinculin and vimentin) as 

indicated. Thereafter, the cells were washed, incubated with Alexa-Fluor568 conjugated 

secondary antibodies (1:3000 in PBST with 2% BSA in PBST) for 1 hr at room temperature, 

washed and mounted onto glass slides using the Duolink mounting media containing DAPI 

nuclear stain (from Sigma). ICC using collagen antibodies (1:500) was performed as 

detailed above but without the permeabilization step. For f-actin staining, after 

permeabilization and blocking, instead of the primary antibody step, the samples were 

incubated with Phalloidin (1:1000) for 30 min at room temperature and thereafter washed 

and mounted.

Images were acquired using on a Zeiss Axiovert (equipped with a Hamamatsu camera)[16] 

or a Zeiss Imager Z2 (equipped with a Axiocam ICc5 camera) light microscope with 

appropriate filter cubes for YFP, GFP, TRITC and DAPI fluorescence. Wide field 

fluorescence images were acquired using a 40X oil or a 63X water or oil- immersion 

objective lens. Fiji ImageJ was used to analyze the fluorescence microscopy images. To 

quantify small, asymmetrical punctuate structures (characteristic of DDR1b clusters), a 

threshold was applied to the images, after which all particles with an area less than 10 μm2 

and a circularity parameter <1 were counted (Figure S1a). (In ImageJ, the circularity 

parameter from 1 to 0 indicates departure from a perfect circle to an increasingly elongated 
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shape). The number of punctuate structures per cell was thus determined for n= 8 cells for 

each sample type. The lengths of filamentous structures observed in DDR1b-YFP- and 

DDR2-GFP-expressing cells was ascertained by manually hand-tracing a segmented line to 

determine their maximum un-interrupted length (i.e. its contour length before a filament 

encounters a joint or a tangle, Figure S1b). At least n=85 filaments obtained from n=12 cells 

were examined for each sample type. The Pearson’s correlation coefficient (R) for co-

localization of total DDR1b-YFP or DDR2-GFP with collagen or with phosphorylated 

(pDDR1 or pDDR2) receptor signal in ICC images was determined by using the Coloc2 

plugin in Fiji ImageJ. Regions of interest (ROIs) were identified by tracking YFP/GFP 

positive clusters or segments of filamentous structures by using the free-hand line tool. 

Student’s unpaired two-tailed t-test was used to determine statistically significant differences 

across R values obtained from at least n=10 ROIs with (+) or without (−) a corresponding 

antibody (TRITC) signal. A p<0.05 was considered significant.

3. Results

Using surface plasmon resonance, we previously demonstrated that oligomeric forms of 

DDR2-Fc displayed enhanced ability to bind bovine-dermal collagen I when compared to 

dimeric forms of DDR2-Fc[22]. In addition, in separate studies, we showed that monomeric 

DDR2-V5-His[2], dimeric DDR2-Fc[25] and oligomeric DDR2-Fc[22] forms could all 

inhibit collagen I fibrillogenesis. However, in these earlier studies the relative abilities of 

these structural states of the DDR2 ECD could not be compared side by side because of the 

different experimental conditions used. Here, under identical experimental conditions, we 

examined the relative abilities of the DDR2 ECD, in its various oligomeric states, to bind to 

soluble collagen I and modulate its fibrillogenesis. Studies were conducted using 

telopeptide-lacking bovine-dermal collagen as well as telopeptide-containing rat-tail 

collagen I.

The monomeric/oligomeric states of DDR2-V5-His and DDR2-Fc were confirmed by 

Western blotting under reducing and non-reducing conditions. As shown in Figure 1b, 

DDR2-V5-His exhibited a relative molecular mass of ~60 kDa under both reducing and non-

reducing conditions, consistent with this protein being in a monomeric state. In contrast, 

when resolved under non-reducing conditions, DDR2-Fc displayed a molecular mass of 

~190 kDa, consistent with being a Fc-tagged dimer[22]. Under reducing conditions, DDR2-

Fc displayed a mass of ~90 kDa. The oligomeric state of DDR2-Fc oligomers, induced by 

the presence of anti-Fc antibodies, was determined earlier using size-exclusion 

chromatography[22].

3.1 Effect of the oligomeric state of DDR2 ECD on collagen binding and fibrillogenesis

The ability of the recombinant DDR2 ECDs to bind to immobilized collagen I was evaluated 

using solid-phase binding assays. As shown in Figure 2a, the binding of DDR2 ECD to the 

immobilized bovine-dermal collagen I was dependent on the oligomeric state of the ECD. 

The antibody induced-oligomeric DDR2-Fc displayed the highest binding followed by the 

dimeric DDR2-Fc and the monomeric DDR2-V5-His form. The anti-Fc antibody alone 

showed no binding to collagen I (data not shown). Quantitative analyses showed that, at 
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equal DDR2 ECD concentrations, the EC50 for the oligomeric DDR2-Fc was (1.7+/−1.5μg/

ml), about 4-fold lower than that of dimeric DDR2-Fc (6.8+/−2.5μg/ml), p<0.05. The EC50 

for DDR2-V5-His could not be determined due to the low levels of binding under the 

conditions tested. Similar results were obtained when experiments were conducted using rat-

tail collagen I (Figure S2a).

Collagen I fibrillogenesis can be induced in vitro by incubating monomeric chains of acid-

solubilized collagen I in neutral pH at physiological temperature[22]. We therefore 

examined the extent of collagen I fibrillogenesis as a function of the oligomeric state of the 

DDR2 ECD proteins. As shown in Figure 2b, a solution of neutralized bovine-dermal 

collagen I displayed a time-dependent increase in turbidity (absorbance) reaching a 

maximum after ~5 hrs (at 37 °C), consistent with fibril formation. Under similar conditions, 

addition of oligomeric DDR2-Fc to the collagen I solution strongly inhibited fibrillogenesis, 

as determined by the ~80% lower turbidity of the solution at 6 hrs when compared to 

collagen alone (p<0.0001). As a control, addition of the anti-Fc antibody to the collagen 

solution had no significant (p>0.9) effect on collagen turbidity, demonstrating that the effect 

observed on fibrillogenesis was specific to the DDR2 ECD protein. Dimeric DDR2-Fc also 

inhibited fibrillogenesis (~60% decrease in turbidity; p<0.0001) albeit less efficiently than 

the oligomeric DDR2-Fc form (p<0.0001 for DDR2 dimer vs. oligomer). Monomeric 

DDR2-V5-His, on the other hand, had no significant effect on collagen fibrillogenesis 

(p>0.1). Similar experiments were carried out to examine how the oligomeric state of DDR2 

ECD modulated fibrillogenesis of rat-tail collagen I. As shown in Figure S2b, neutralized 

rat-tail collagen reached maximum turbidity much earlier (within ~1 hr) as compared to 

bovine-dermal collagen. Both oligomeric and dimeric DDR2-Fc inhibited fibrillogenesis of 

rat-tail collagen but to a lesser extent (~30% decrease in turbidity; p<0.01) than that 

observed for bovine-dermal collagen. In addition, no significant differences were observed 

on the ability of dimeric vs. oligomeric DDR2 ECD to inhibit fibrillogenesis of rat-tail 

collagen (p>0.2). Consistent with the results for bovine-dermal collagen (Figure 2b), 

monomeric DDR2-V5-His and anti-Fc antibody had no significant effect on the 

fibrillogenesis of rat-tail collagen (p>0.6). Taken together, these studies demonstrate that 

increasing the oligomeric state of the DDR2 ECD enhances its binding to collagen I and its 

ability to inhibit collagen fibrillogenesis.

3.2 Oligomeric status of recombinant DDR2 ECD post-ligand binding

Previous studies have demonstrated that collagen I can induce oligomerization of DDR1 

ECD[18] as well as of the full-length[16] and kinase-dead DDR1[20] receptor. Therefore, 

we asked whether, under the experimental conditions used here, ligand binding promotes 

oligomerization and/or clustering of the DDR2 ECD. To this end, we performed single-

molecule AFM imaging and analysis of monomeric DDR2-V5-His and dimeric DDR2-Fc 

before and after binding to collagen[18]. AFM is especially useful to resolve single-

molecule interactions and oligomer formation as it can quantify particle sizes with sub-nm 

resolution and does not require labeling or fixing of biomolecules. AFM imaging has been 

previously used to study oligomerization of various proteins such as EGF receptors [26], 

amyloid β protein[27], matrix protein M1[28], c rings of F-ATP synthases[29], and 

apoferritin[30], among others.
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As shown in the AFM images of Figure 3, in the absence of collagen I, both DDR2-V5-His 

and DDR2-Fc imaged as a globular protein with a single lobe. AFM height measurements 

revealed that DDR2-Fc was ~ 0.2 nm larger in size (p<0.0001) when compared to DDR2-

V5-His (Table 1), consistent with its higher molecular mass detected by SDS-PAGE (Figure 

1b). Upon incubation with collagen I, globular particles binding to collagen filaments could 

be easily identified in AFM images. It is interesting to note that DDR2-Fc exhibited a higher 

frequency of binding events when compared to DDR2-V5-His, in agreement with the 

stronger binding observed in the solid-phase binding assays (Figure 2a). Quantitative 

analysis of AFM images revealed that both the monomeric and dimeric proteins exhibited an 

increase in particle height upon collagen binding when compared to their respective 

unbound states (Table 1, p<0.0001) when measured with respect to the underlying mica 

substrate. However, unlike DDR1-Fc which formed clusters over two-fold in size upon 

collagen binding[18], the increase in height of DDR2-ECD proteins bound to collagen was 

only ~ 1 nm with no changes in the morphology of the bound protein. To determine whether 

the increase in the protein size in the presence of collagen I represented an additive effect 

caused by the collagen filaments, we also determined the height of bound DDR2 proteins 

with respect to collagen filament. As shown in Table 1, both DDR2-V5-His and DDR2-Fc 

molecules, when measured with respect to their bound collagen filament, displayed a height 

similar to that of unbound proteins with no significant differences. This indicated that the 

collagen topography accounted for the increase in height observed for the bound proteins. 

Thus, the relative size of DDR2 ECD monomers or dimers did not change significantly upon 

binding to collagen I. Our results thus show, that unlike DDR1-Fc[18], the DDR2 ECD 

monomers (DDR2-V5-His) or dimers (DDR2-Fc) did not form clusters or higher-order 

oligomers post-ligand binding.

3.3 Clustering and spatial distribution of DDRs in cells post-ligand binding

To examine the effect of collagen on DDR clustering and/or distribution in cells we used 

mouse pre-osteoblasts MC3T3-E1 cells, as a model system. Morphologically, these cells 

display extensive cell spreading and a low height profile in tissue culture dishes, two features 

that make these cells well-suited for wide-field fluorescence microscopy and live cell 

imaging (Figure 4 a-g). MC3T3-E1 cells express readily detectable DDR2 but very low 

levels of DDR1, under steady-state conditions (Figure 4h). This profile of expression of 

DDRs is consistent with these cells being of mesenchymal origin.

To study DDR clustering and spatial distribution in response to collagen stimulation, 

MC3T3-E1 cells were transiently transfected with vector plasmids encoding full-length 

human DDR1b-YFP or DDR2-GFP. Receptor clustering and spatial distribution before and 

after collagen stimulation was examined by fluorescence microscopy at times indicated. As 

shown in Figure 4a and e, before collagen stimulation, both DDR1b-YFP and DDR2-GFP 

exhibited a uniform distribution of fluorescence on the cells with very few small globular 

structures present primarily in the perinuclear region. Control non-transfected cells showed 

no fluorescent signal (data not shown). When examined at 30 min after administration of 

bovine-dermal collagen I, DDR1b-YFP displayed a noticeable redistribution revealed by the 

formation of punctuate structures with a tubular ‘squiggle’ like morphology (henceforth 

called DDR1b clusters) (Figure 4b). In a sub-population of cells, these DDR1b clusters 
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persisted even after 4 hrs of collagen stimulation (Figure 4c). Quantitative analysis of 

microscopy images (Figure S1a) revealed that cells displaying DDR1b clusters were 

characterized by over three-fold increase (p<0.001) in the number of punctuate structures 

when compared to non-stimulated cells (Figure 4i). These YFP-positive DDR1b clusters 

persisted at a similar density (p>0.05) even at 4 hrs post-collagen stimulation in several 

cells. A similar spatial distribution of DDR1b-YFP was observed when cells were imaged 

after fixing them at specific time points after collagen stimulation (Figure S3b).

Interestingly, at prolonged (4 hrs) stimulation times with collagen I, a sub-population of 

DDR1b-YFP-expressing cells exhibited the formation of filamentous structures with strong 

YFP signal, which were different in morphology than the DDR1b clusters (Figure 4d). Such 

filamentous structures were found, regardless of whether the cells displayed presence of 

DDR1b clusters (as shown subsequently in Figures 6a, 9a and S3). Unlike DDR1b-YFP 

clusters which were observed as early as 30 min after collagen administration, the 

filamentous structures were only rarely observed before the 4 hr time point (Figure S3a). 

Thus, DDR1b-YFP receptors exhibited both cluster formation as well as assembly into 

filamentous structures albeit at different timepoints after collagen stimulation. DDR2-GFP, 

in contrast to DDR1b-YFP, showed no obvious signs of receptor redistribution or clustering 

in response to collagen I at the 30-min timepoint (Figure 4f) or even up to 2 hrs (Figure 

S3c). However, at 4 hrs, a subpopulation of DDR2-GFP-expressing cells demonstrated the 

presence of GFP-positive filamentous-structures, similar to those found in DDR1b-YFP-

expressing cells (Figure 4g and S3c). As was the case for DDR1b-YFP, the filamentous 

structures formed by DDR2-GFP were only rarely observed before the 4 hr time point 

(Figure S3d). Quantitative analysis of the length of filamentous structures (Figure S1b) 

revealed that their maximum un-interrupted contours were several microns in length (Figure 

4j). Interestingly, the average length of filamentous structures analyzed from n=12 cells was 

significantly higher (p-value <0.001) for DDR1b-YFP cells (16.63 12.93 μm) when 

compared to those present in DDR2-GFP (9.69 ± 6.78 μm) cells. A similar assembly of 

DDRs into filamentous structures was observed when the cells were stimulated using rat-tail 

collagen instead of bovine-dermal collagen (Figure S4). Taken together, these results show 

that: 1) DDR1b and DDR2 differ in their ability to form receptor clusters shortly after 

administration of soluble collagen, and 2) both receptors are partly localized in filamentous 

structures formed upon prolonged collagen stimulation.

3.4. Relationship of DDR clusters and filamentous structures with collagen 
fibrillogenesis

We have shown that DDRs assemble into higher order structures (clusters or filamentous 

structures) upon collagen interaction. At the same time, it is well established that collagen I 

spontaneously undergoes fibrillogenesis and assembles into fibrils. To gain insight into 

whether collagen fibrillogenesis has an impact on the receptor assembly as described above, 

we performed immunocytochemistry (ICC). MC3T3 cells expressing YFP/GFP labeled 

DDRs were stimulated with collagen and subjected to ICC using antibodies against collagen 

I. These experiments were performed with non-permeabilized cells to specifically follow the 

fibril formation of the exogenously added collagen on the cell surface. As shown in Figure 

5a, DDR1b clusters, formed in cells stimulated with bovine-dermal collagen for 30 min, 
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showed little to no co-localization with collagen antibody. We surmise that this lack of co-

localization may be due to the rapid internalization of DDR1b clusters after collagen 

stimulation[16]. However, 4 hrs after collagen stimulation, a sub-population of DDR1b 

clusters exhibited a partial co-localization (R= 0.67±0.19, Table 2) with collagen (Figure 

5b), suggesting that by this time interval a fraction of DDR1b clusters may have recycled 

back to the cell surface. It is interesting to note that the collagen associated with DDR1b 

clusters displayed a short, non-fibrillar morphology (and not several microns long collagen 

fibrils), which is characteristic of the early stages of collagen fibrillogenesis.

Next, we examined the relationship between the filamentous structures formed by DDR1b-

YFP and DDR2-GFP and the state of collagen fibrillogenesis, using ICC as performed for 

DDR1b clusters. As shown in Figure 6, immuno-stained collagen fibrils were detected on 

the cell surfaces and also found to extend into the peri- and extra-cellular space. The 

filamentous structures formed by DDR1b-YFP and DDR2-GFP exhibited a morphology that 

was very similar to that displayed by immuno-stained collagen fibrils, as resolved using our 

light microscopy-based approaches. Interestingly, staining for collagen was intermittently 

present and interspersed with the YFP/GFP positive filamentous structures indicating that 

DDR1b-YFP and DDR2-GFP were contiguous with the collagen fibrils. Segments of 

DDR1b-YFP filamentous structures also exhibited partial co-localization with the collagen 

fibrils (R=0.43±0.10, Table 2). In several instances, the filamentous structures formed by 

both DDR1b-YFP and DDR2-GFP were found to be anchoring collagen fibrils at the cell 

edges. Taken together, these results suggest that the clusters vs. filamentous structures 

formed by DDRs associate with different morphological states of collagen present at the 

early vs. late stage of collagen fibrillogenesis.

3.5. Evaluation of DDR phosphorylation and antibody specificity

DDRs undergo receptor phosphorylation upon collagen binding. Therefore, we next aimed 

to evaluate the spatial distribution of phosphorylated DDR species in MC3T3-E1 cells upon 

collagen stimulation. To this end, we took advantage of the availability of several antibodies 

directed against specific phospho-tyrosine residues in collagen-activated DDRs. We 

employed Western blotting to evaluate the specificity and cross-reactivity of the antibodies 

against total and phosphorylated receptors in lysates of both MC3T3-E1 and Cos1 cells 

transiently transfected to express DDR1b-YFP or DDR2-GFP, followed by treatment with or 

without collagen I. Figure 7a and 7b show the profile of total and phosphorylated DDRs in 

MC3T3-E1 cells before and after collagen stimulation. Without collagen, the D1G6 

antibody, an antibody to DDR1 that binds to an epitope within the C-terminal region, 

detected the full-length recombinant DDR1b-YFP (~140 kDa), as expected, but also 

detected additional weaker bands at ~120 and ~95–90 kDa (Figure 7a). The ~120-kDa 

represents endogenous DDR1 (indicated as DDR1) of MC3T3-E1 cells whereas the bands of 

~95–90 kDa (labeled as #1), are likely to represent proteolytically cleaved DDR1 receptors 

lacking the ECD but retaining a membrane-tethered species containing the intracellular 

juxtamembrane region (IJXM) and the kinase domain (KD)[31]. The D1G6 antibody also 

reacted with a non-specific band of ~85 kDa (asterisk in D1G6 panel). Upon stimulation 

with collagen I, total DDR1b-YFP levels decreased, as detected with the D1G6 antibody. 
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However, whether this decrease in total receptor levels is due to variations in transfection 

efficiency or receptor stability and/or turnover upon collagen stimulation is unclear.

DDR1b-YFP phosphorylation in response to collagen I was evaluated with DDR1-Y792 

antibody, which is directed against the phosphorylated Tyr792 residue present within the 

activation loop of the DDR1 KD. As shown in Figure 7a (lower panel), this antibody 

detected phosphorylated DDR1b-YFP (indicated as pDDR1b-YFP) in response to collagen 

stimulation. However, we also detected basal activation of DDR1b-YFP, likely due to 

collagen synthesis by these mouse pre-osteoblast cells. Under the same electrophoretic and 

exposure conditions, phosphorylation of the endogenous DDR1 was undetectable, consistent 

with the low levels of DDR1 expression in MC3T3-E1 cells (as shown in Figure 4h). Finally, 

DDR1-Y792 antibody also displayed cross-reactivity with a non-specific band of ~95 kDa 

(Figure 7a, lower panel, asterisk).

Lysates of MC3T3-E1 cells transfected with DDR2-GFP-expressing vectors revealed the 

presence of the recombinant receptor (~160 kDa), as well as the endogenous DDR2 (~120 

kDa, indicated as DDR2), as determined with the DDR2 antibody 12133 (Figure 7b, upper 

panel). Exposure to collagen I resulted in phosphorylation of both the endogenous and the 

recombinant DDR2, as determined with antibody DDR2-Y740, which recognizes a 

phosphorylated Tyr residue within the activation loop of the DDR2 KD[32] (Figure 7b, 

lower panel). The DDR2-Y740 antibody also detected a non-specific band of ~110 kDa. 

Without exogenous collagen I, we also observed basal levels of DDR2-GFP activation 

(Figure 7b), possibly due to collagen synthesis by these cells.

We also evaluated the phospho-DDR (pDDR) antibodies, namely DDR1-Y792, DDR2-Y740 

and the antibody DDR1b/c-Y513, in a time-course experiment of collagen-induced 

phosphorylation of DDR1b-YFP and DDR2-GFP in transiently transfected Cos1 monkey 

kidney fibroblast-like cells. We utilized Cos1 cells because these cells express undetectable 

endogenous levels of both DDR1 and DDR2[31] and yield robust expression of recombinant 

proteins upon transient transfection. The antibody DDR1b/c-Y513 reacts with a 

phosphorylated Tyr residue at position 513 of the IJXM of DDR1b and DDR1c isoforms[1]. 

Untransfected or transiently transfected Cos1 cells were stimulated with collagen I for 

various times. The cell lysates were then examined for DDR phosphorylation using the 

antibodies to pDDRs. As shown in Figure S5, both DDR1b-YFP (panel a) and DDR2-GFP 

(panel b) were activated in response to collagen I, which was evident as early as 30 min after 

ligand addition, and continued even after 240 min as revealed with DDR1b/c-Y513, DDR1-

Y792, and DDR2-Y740 antibodies, which detected the respective phosphorylated receptor 

species. We also found that DDR1-Y792 antibodies, as opposed to DDR1b/c-Y513 

antibodies, detected a few minor non-specific bands (Figure S5, asterisks). D1G6 antibodies 

readily reacted with full-length (~140 kDa) and (possibly) with a cleaved (~90 kDa) form of 

DDR1-YFP (indicated by #2). It also showed weak immunoreactivity with a minor non-

specific band (Figure S5a, asterisk). DDR2-Y740 antibody demonstrated strong reactivity 

with pDDR2-GFP and showed little to no immunoreactivity with other proteins, under these 

conditions (Figure S5, b). Antibody 12133 against total DDR2 recognized DDR2-GFP, as 

expected, but also displayed cross-reactivity with a species of ~80 kDa, under these 

conditions. We also noticed a slight decrease in total DDR2-GFP after collagen stimulation 
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when compared to unstimulated cells (Figure S5b, antibody 12133). However, whether this 

decrease is due the characteristic variability in transient transfection experiments or an 

inherent effect of collagen-mediated receptor stimulation on DDR2 turnover remains 

unclear.

We next evaluated the cross reactivity of these antibodies against the homologous DDR 

receptor, namely whether the pDDR1 antibodies cross reacted with pDDR2 and vice versa. 

We used lysates of untransfected and DDR1b-YFP- or DDR2-GFP-transfected Cos1 cells 

stimulated with collagen. These analyses showed that the DDR1 antibodies D1G6 and Y513 

showed high specificity towards total and phosphorylated DDR1b-YFP, respectively (Figure 

S6a). DDR1b/c-Y513 antibody also recognized a ~95-kDa species (Figure S6a), which is 

likely to represent cleaved phosphorylated DDR1b[31]. Importantly, neither DDR1b/c-Y513 

nor D1G6 antibodies showed cross-reactivity against DDR2-GFP (Figure S6,), under the 

experimental conditions. The DDR1-Y792 recognized pDDR1b-YFP (Figure S6a), as 

expected, but also displayed some cross-reactivity against pDDR2-GFP (Figure S6a), and 

against a non-specific band of ~90 kDa (Figure S6). The 12133 antibodies against total 

DDR2, strongly reacted with DDR2-GFP (Figure S6b), but showed no cross-reactivity with 

DDR1b-YFP (Figure S6b). The DDR2-Y740 antibody to pDDR2 recognized pDDR2-GFP 

(Figure S6b) but also showed clear immunoreactivity against pDDR1b-YFP (Figure S6b).

3.6. Spatial distribution of DDR phosphorylation

After verifying the expression and phosphorylation of DDR1b-YFP and DDR2-GFP in 

transiently transfected cells and the specificity of the DDR antibodies, we examined the 

spatial distribution of DDR receptor phosphorylation in MC3T3-E1 cells upon collagen 

stimulation by using ICC and fluorescence microscopy (Figures 8–10). As shown in Figure 

8a, a strong signal of YFP-positive clusters was detected at 30 min of administration of 

bovine-dermal collagen I, as described earlier (Figure 4b). However, the DDR1b/c-Y513 

antibody (Figure 8a, center panel) and DDR1-Y792 antibody (not shown) displayed little to 

no co-localization with the DDR1b clusters at the 30 min time point. After 4 hrs of collagen 

stimulation, DDR1b/c-Y513 antibody signal exhibited a high degree of co-localization with 

the YFP-positive clusters with little to no signal present in other regions of the cell 

(R=0.86±0.08, Table 2, and Figure 8b). However, even at 4 hrs after collagen stimulation, 

not all DDR1b-YFP clusters showed co-localization with Y513 signal. Interestingly, under 

the same conditions, little to no signal was observed with the DDR1-Y792 antibody (Figure 

8c). No signal with either DDR1b/c-Y513 or DDR1-Y792 antibodies was detected in 

untransfected cells regardless of collagen treatment (data not shown). Thus, we surmise that, 

at 4 hrs post-ligand administration in DDR1b-YFP-expressing MC3T3-E1 cells, the 

DDR1b/c-Y513 antibody signals represent DDR1b clusters that are particularly enriched 

with phosphorylated receptor at Y513. While we cannot rule out issues of differential 

antibody affinities and/or epitope masking, these data suggest the interesting possibility that 

the two phosphorylation sites of DDR1b, namely Y513 in the IJXM vs. Y792 in the KD, are 

differentially localized in collagen-stimulated MC3T3-E1 cells, under these conditions.

We next examined whether the DDR1b/c-Y513 and DDR1-Y792 antibody signals co-

localized with the filamentous structures observed in cells after 4 hrs of collagen I 
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stimulation (Figure 4d). As shown in Figure 9, immunostaining with DDR1b/c-Y513 or 

DDR1-Y792 antibodies revealed co-localization (R=0.82±0.03 and 0.75±0.10 respectively) 

of the fluorescent signal with segments of the filamentous structures, suggesting that these 

structures are sites containing pDDR1b. Of note, DDR1-Y792 antibody (but not DDR1b/c-

Y513) signals were also occasionally observed in segments of the filamentous structures, 

which were devoid of YFP signal. This could be due to differences in antibody affinities 

and/or cross-reactivity of DDR1-Y792 antibody with the endogenous phosphorylated DDR2 

(Figure S5, Figure 4h).

Analyses of MC3T3-E1 cells expressing DDR2-GFP showed little to no fluorescent signal 

with DDR2-Y740 antibody at the early (30 min) timepoint (Figure 10a). However, after 4 

hrs of collagen simulation, the bulk of DDR2-Y740 signal co-localized (R= 0.81±0.06, 

Table 2) with the GFP positive filamentous structures with minimal signal in other parts of 

the cell (Figure 10b). Occasionally, a weak DDR2-Y740 antibody signal was also observed 

on filamentous structures devoid of GFP signal, which likely represents endogenous pDDR2 

(inset in Figure 10b). Thus, these data suggest that pDDR2 is present within the filamentous 

structures, as we could not find such significant staining in other locations of DDR2-GFP- 

expressing cells or in non-transfected cells (data not shown). Interestingly, as observed with 

the DDR1b-YFP, not all DDR2-GFP-positive filamentous structures co-localized with the 

DDR2-Y740 antibody signal. A similar pattern of spatial distribution of antibody signals 

was observed when the cells were stimulated with rat collagen I instead of bovine-dermal 

collagen (Figure S7). These findings of YFP and GFP fluorescence co-localizing with ICC 

signals produced by antibodies recognizing pDDRs in clusters and filamentous structures (as 

detailed above) suggest that these structures represent sites of receptor phosphorylation in 

transfected MC3T3-E1 cells.

4. Discussion

DDRs are type I transmembrane proteins in which their ECD is exposed to the extracellular 

milieu, ready to interact with collagens. On the plasma membrane, DDRs are displayed as a 

mixture of monomeric and homodimeric forms, and thus they also exist as inactive 

preformed non-covalent homodimers[15]. Here we focused on the specific contribution of 

isolated ECDs of DDR2, capable of displaying monomeric, dimeric or oligomeric forms, on 

collagen binding and collagen fibrillogenesis in vitro. We found that oligomeric and dimeric 

DDR2 ECD species showed the highest affinity towards immobilized collagen I, when 

compared to the monomeric form. These results are in agreement with earlier reports 

showing that a dimeric state of DDR2 ECD is required for high affinity binding to collagen 

I[7] and oligomeric state of DDR2 ECD enhanced its binding to collagen[22]. Our results 

also help resolve the discrepancies arising from the different binding assays utilized in these 

earlier reports. Furthermore, pre-oligomerization of DDR2-Fc enhanced collagen binding in 

solid-phase binding assays in a manner similar to that observed for DDR1-Fc[18]. 

Conversely, monomeric DDR2-V5-His exhibited reduced binding, consistent with earlier 

reports using monomeric His-DS2, which comprised only of the DDR2 discoidin 

domain[7,33]. It is important to note that in an earlier study, amino-terminal tagged His-

DDR2 ECD was characterized to be a non-covalently linked dimer[7]. This difference in the 

oligomeric state of His-tagged DDR2 ECD from this earlier work vs. our current study could 
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be due to the different sites for epitope tagging and/or differences in protein purification 

protocols.

One possible explanation for differences in the binding ability of monomeric vs. dimeric 

forms of DDR2 ECD to collagen, could be that the monomeric form only binds to the 

primary GVMGFO site whereas dimeric (and oligomeric) DDR2 ECD binds to additional 

sites on the collagen triple-helical molecule. Our results from AFM imaging support this 

hypothesis because the binding events for dimeric DDR2-Fc were observed to be more 

frequent than those for monomeric DDR2-V5-His on the collagen triple-helical molecule, 

under identical experimental conditions. Our earlier AFM studies had showed the existence 

of three possible binding sites for DDR2-Fc oligomers on the collagen I triple helix[11]. 

Recent studies using col II and col III toolkit peptides have identified that besides the 

primary GVMGFO site, four additional DDR2 binding sites exist on the collagen triple 

helix[13,14]. Molecular modeling[13] and X-ray crystallographic studies[8] have provided 

insight into how the monomeric and dimeric forms of the DDR2 ECD can bind to the 

GVMGFO site, but no such studies exist for the remaining DDR2 binding sites. Although 

not discussed by the authors of these studies, it is interesting to note that in their toolkit 

studies, the various DDR2 ECD variants (including monomeric and dimeric DDR2 ECD) 

showed different relative affinities to these additional binding sites[13,14]. For instance, 

while dimeric DDR2-Fc recognized the toolkit peptide II-5[14], this site was not recognized 

by DDR2-His[13]. Thus, it is likely that binding of dimeric (and oligomeric) DDR2 ECD to 

additional sites on the collagen triple-helix could account for their stronger binding and 

inhibition of collagen fibrillogenesis when compared to the monomeric DDR2 ECD form.

It is interesting to note that our results show a very similar behavior in binding of DDR2 

ECD to immobilized a-telo (bovine-dermal) vs. telo- (rat-tail) collagen I as a function of its 

oligomeric state. Thus the telopeptide region of tropocollagen exerts little influence on 

DDR2-collagen binding, consistent with earlier findings that DDRs bind to the collagen 

triple-helix[6,34]. However, the presence of telopeptides did influence the modulation of 

collagen fibrillogenesis by DDR2 ECDs. Oligomeric and dimeric DDR2 ECD inhibited 

fibrillogenesis of the rat-tail collagen to a much lesser extent as compared to the bovine-

dermal collagen. One possible explanation for the reduced effect of DDR2 ECD on 

fibrillogenesis of telo- collagen could be the differences in the rate of fibrillogenesis vs. that 

of binding of DDR2 ECD to the collagen triple helix. As shown in our studies, the telo- rat-

tail collagen exhibited a faster rate of fibrillogenesis and an overall higher turbidity when 

compared to the a-telo bovine-dermal collagen, consistent with the important role of 

telopeptides in promoting collagen fibrillogenesis[35]. Our earlier studies using surface 

plasmon resonance have shown that binding of DDR2-Fc oligomers to immobilized collagen 

did not reach a saturation even after ~10 minutes[22]. These observations suggest that the 

binding of DDR2 ECD to the collagen triple helix may be slow in comparison to the rate of 

fibrillogenesis of telo-collagen.

A notable feature in our findings was the dissimilarity in the clustering ability of dimeric 

DDR1 ECD (DDR1-Fc) vs. that of DDR2-Fc post-ligand binding, which was evident in the 

results from our AFM experiments. While the recombinant DDR1-Fc ECD spontaneously 

clustered to form high-order structures upon collagen binding in vitro[18], no such feature 
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was observed for DDR2-Fc. Measurement of particle sizes from AFM images revealed that 

DDR2-Fc preserved its globular morphology and size post-collagen binding. Consistent with 

these in vitro observations, live-cell imaging showed that while the full-length DDR1b-YFP 

underwent a spatial re-distribution and cluster formation within minutes after collagen 

stimulation[16], DDR2-GFP maintained a homogenous distribution on the cell surface with 

no clustering at similar time points. While we cannot completely rule out potential 

contributions of the TMD or ICD domains of DDR2 in small cluster formation, which could 

not be resolved by wide-field light microscopy of cells, our results suggest that, unlike 

DDR1b, DDR2 is not able to organize into large clusters upon ligand binding. Interestingly, 

while clustering of DDR1b-YFP was observed in the MC3T3-E1 cells utilized in this study, 

clustering of DDR1 upon collagen stimulation has also been reported in other cell types e.g. 

HEK293[16], Cos-7[21] and GD25[20] by us and others, suggesting that DDR1 clustering is 

likely a ubiquitous phenomenon.

Our results suggest that formation of DDR1b clusters may be important for and precede 

receptor phosphorylation. Indeed, while DDR1b clustering was readily detected (by YFP 

signal) 30 min after collagen administration, phosphorylated DDR1 species at Y513 (present 

in the IJXM), were evident after 4 hrs of collagen stimulation. Further, the observation that 

not all DDR1b clusters were positive for Y513 signal lends support to the hypothesis that 

receptor clustering may be a prerequisite for receptor phosphorylation. Moreover our 

findings that DDR1b clusters were positive for Y513 and not Y792 (present in the KD), 

suggest that differentially phosphorylated DDR1b receptor subpopulations may be 

segregated to various subcellular sites. However, whether the stronger detection of 

DDR1b/c-Y513 vs. DDR1-Y792 signals in DDR1b clusters is due to differences in antibody 

affinity or differences in epitope availability and/or phosphorylation/dephosphorylation 

kinetics, needs to be determined.

Despite the differences in the clustering abilities of DDR1b vs. DDR2 upon ligand 

administration, we also noted striking similarities in the spatial distribution and 

phosphorylation of DDR1b-YFP and DDR2-GFP. We show for the first time that in MC3T3-

E1 cells, after 4 hrs of collagen administration, both DDR1b-YFP and DDR2-GFP assemble 

into filamentous structures. A fraction of these filamentous structures was positively 

highlighted by DDR1b/c-Y513, DDR1-Y792 and DDR2-Y740 antibodies. Our observations 

that not all filamentous structures were positive for these antibodies suggests that, like 

DDR1b clustering, the assembly of DDRs into filamentous structures may precede receptor 

phosphorylation.

Recent studies have reported the co-localization of total and pDDRs in cells with 

collagen[20,21,36]. Our results expand these observations by showing that higher-order 

assembly of DDRs into receptor clusters and/or filamentous structures may associate with 

different morphological states of collagen. While the DDR1b clusters (formed at early time 

points after collagen stimulation) associated with non-fibrillar collagen, the DDR1b/DDR2 

filamentous structures (formed after prolonged collagen stimulation) associated with 

collagen fibrils. It should be noted that in this study soluble collagen was presented to the 

cells, which could spontaneously assemble into fibrils and/or undergo a cell-mediated 

assembly into fibrils. These processes could dictate if the formation of collagen fibrils is a 
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prerequisite for, is synchronous with, or succeeds the assembly of DDRs into filamentous 

structures in cells. Our observations that the filamentous structures formed by DDRs do not 

evolve with time but only appear after prolonged collagen stimulation and are contiguous 

with collagen fibrils even in the peri-cellular regions, suggest that a fibrillar form of collagen 

may be required to assemble DDRs. Further studies using multi-modal high-resolution 

microscopy to monitor DDRs as well as collagen morphology on the cell surface at various 

time points or presenting the cells with preformed collagen fibrils instead of soluble collagen 

will be required to understand the role of collagen fibrillogenesis and the fibrillar state of 

collagen in clustering, spatio-temporal distribution and phosphorylation of DDRs. Our 

current study using soluble collagen I holds relevance primarily for extracellular matrix 

remodeling when newly synthesized soluble collagen is presented to the cells. Further 

studies are needed to fully comprehend the role of DDRs in health and disease by 

investigating how DDRs bind and respond to fibrils of collagen I as well as to other collagen 

types present in our tissues.

Besides collagen, other cytoskeletal and/or intracellular proteins could also have a putative 

role in modulating the spatial distribution and assembly of DDRs into clusters or 

filamentous structures. Our initial investigations to identify such proteins yielded limited 

success. Both DDR1b clusters as well as DDR1b and DDR2 filamentous structures did not 

co-localize with either vimentin, vinculin (Figure S8) or f-actin (Figure S9). This is 

consistent with an earlier report showing the lack of co-localization between DDR1 with 

these cytoskeletal proteins in cells cultured on immobilized collagen fibrils[20]. However, 

DDR1 has been reported to co-localize with non-muscle myosin II[20]. Along similar lines, 

we found that the filamentous structures formed by DDR1b-YFP and DDR2-GFP were 

enriched with the actin-binding protein cortactin (Figure S10). It is tempting to speculate 

that the higher-order assembly of DDRs into filamentous structures may serve as a scaffold 

for recruiting proteins like cortactin and myosin II to communicate with the cell 

cytoskeleton. In this regard it is important to note that DDRs have reported to play a role in 

cell-mediated traction forces and mechano-transduction[20] and in formation of linear 

invadosomes[37]. Further studies are required to understand how the DDR-collagen 

assembly and ensuing receptor phosphorylation may be involved in these processes.

Collectively, the results presented here provide new insights into ligand binding, clustering, 

spatial distribution and phosphorylation of DDR1b and DDR2 in response to soluble 

collagen I. As depicted in the cartoon of Scheme 1, we postulate a model in which the 

spatial distribution and assembly of DDRs is dependent on the morphological state of 

collagen and precedes receptor phosphorylation. In this model, we propose that DDR1b 

cluster formation is promoted by the presence of non-fibrillar collagen present during the 

early stages of collagen fibrillogenesis. These DDR1b clusters undergo endocytosis to early 

endosomes, within a few minutes of collagen stimulation, as shown in our earlier 

studies[16]. At later time points, a fraction of DDR1b receptor clusters may recycle back to 

the plasma membrane with their cargo. During this process of recycling, a sub-population of 

DDR1b clusters is enriched with phosphorylated receptor species at Y513. Whether these 

phosphorylated DDR1b clusters localize in the endosome or the cell-membrane cannot be 

presently deciphered. Further studies are required to dissect the molecular composition and 

sub-cellular location of DDR1b clusters, which may be responsible for specific cell-
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signaling pathways, as has been defined for other members of the RTK family[38,39]. In this 

regard, it is interesting to note that DDR1 has also been reported to co-internalize with and 

phosphorylate upon stimulation of insulin-like-growth factor I (IGF-IR) receptor, and the 

collagen-dependent phosphorylation of DDR1 was impaired in the absence of IGF-IR[40].

The close physical association of collagen fibrils with DDR1b-YFP and DDR2-GFP 

filamentous structures suggests that the formation of collagen fibrils, upon addition of 

exogenous monomeric collagen, may be important for the assembly of DDRs into 

filamentous structures. The assembly of DDRs into filamentous structures is in turna 

prerequisite for total receptor phosphorylation. The time required for collagen fibril 

formation may in part explain the delayed kinetics of DDR phosphorylation in response to 

soluble collagen. We propose that the clusters and filamentous structures of DDR1b (and 

likely DDR1c) are characterized by different phosphorylation sites: (i) DDR1b clusters are 

enriched with Y513 phosphorylation and (ii) DDR1b filamentous structures are enriched 

with tyrosine phosphorylation at both the IJXM (Y513) and KD (Y792). In the case of 

DDR2, phosphorylation within the KD (at Y740) appears to be spatially confined to 

filamentous structures. Thus, DDR1b and DDR2 may share common (filamentous 

structures) and distinct (clusters) spatial sites and supramolecular states, and 

phosphorylation profiles in response to collagen stimulation. Regardless, our studies 

highlight the complexities of factors involved in DDR receptor phosphorylation and the 

corresponding distribution of the ligand and receptor assemblies within the cellular 

environment.

Finally, it is important to emphasize the limitations and sensitivity of the techniques and 

reagents used (e.g. a limited number of anti-phosphotyrosine antibodies) here to follow the 

spatial-temporal profile of receptor phosphorylation. Another caveat in our studies was that 

only partial and/or intermittent co-localization of immuno-stained collagen was observed 

with the clusters and filamentous structures formed by DDRs. We postulate that this could 

be due to masking of antibody-recognizing epitopes on collagen as a result of DDR binding. 

Future studies using additional antibodies, fluorescently labeled collagen, submicroscopic 

high-resolution imaging of molecular complexes, laser capture-microdissection[41] and 

identification of phosphorylated receptor species by phospho-proteomics approaches at 

various time-points are warranted to elucidate the state of collagen and of these unique 

collagen receptors upon ligand interactions.
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Refer to Web version on PubMed Central for supplementary material.
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DDR1 Discoidin Domain Receptor 1

DDR2 Discoidin Domain Receptor 2

ECD Extracellular Domain

GFP Green Fluorescent Protein

ICC Immunocytochemistry

ICD Intracellular Domain

IJXM Intracellular Juxtamembrane region

KD Kinase Domain

PBS Phosphate Buffer Saline

pDDR phosphorylated Discoidin Domain Receptor

RTK Receptor Tyrosine Kinase

TMD Transmembrane Domain

YFP Yellow Fluorescent Protein
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Highlights

• Clustering, spatial distribution and phosphorylation of collagen receptor 

DDR2 is examined and compared with DDR1b

• Oligomerization of DDR2 ectodomain enhances collagen binding and 

inhibition of collagen I fibrillogenesis

• While DDR1b rapidly clusters upon interaction with non-fibrillar collagen I, 

DDR2 does not undergo ligand-induced clustering. Upon prolonged collagen 

stimulation, both DDR1b and DDR2 assemble into filamentous structures 

which are contiguous with and anchor collagen fibrils.

• Higher order assembly of DDRs into clusters and/or filamentous structures 

may be a prerequisite for receptor phosphorylation at defined Tyr residues
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Figure 1: 
(a) Schematic diagram showing the structure of full length DDR2, human DDR2-Fc and 

mouse DDR2-V5-His constructs. SS: signal sequence; DS: discoidin domain; ECD: 

extracellular domain; IJXM: intracellular juxtamembrane region; TMD: transmembrane 

domain; ICD: intracellular domain; KD: kinase domain (b) Purified recombinant DDR2-V5-

His and DDR2-Fc proteins (20 ng/lane) were resolved by SDS-PAGE under reducing 

conditions (+βME), with either 4–12% (w/v) Bis-Tris Gels (left panel) or under reducing 

and non-reducing (-βME, 100 ng/lane)) conditions with 10% SDS-PAGE (right panel). The 

separated protein was detected by immunoblotting using anti-epitope or anti-DDR2 

antibodies as indicated.
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Figure 2: 
(a) Solid phase binding of DDR2 ECD proteins to immobilized bovine-dermal collagen I as 

indicated. Binding was detected using antibodies against DDR2 ECD. (b) Inhibition of 

fibrillogenesis of bovine-dermal collagen I assessed using turbidity measurements. DDR2 

ECD proteins (40 μg/ml) as indicated were incubated with 200 μg/ml of neutralized collagen 

I in 96-well plates at 37°C.
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Figure 3: 
AFM height images of monomeric DDR2-V5-His and dimeric DDR2-Fc before and after 

binding to bovine-dermal collagen I as indicated (a-d). DDR2-V5-His and DDR2-Fc 

particles bound to collagen are indicated by black and white arrows respectively. Particle 

size distribution and average sizes are indicated in the accompanying histograms in (e) and 

(f) and in Table 1.
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Figure 4: 
Live cell imaging of DDR1b-YFP- (a-d) and DDR2-GFP- (e-g) expressing MC3T3-E1 cells 

using wide-field fluorescence microscopy, before and after addition of collagen ‘C’ as 

indicated. Insets (in a-g) show selected regions which have been magnified from the 

corresponding images to visualize receptor assemblies. The location of these selected 

regions on the cell surface is indicated by dashed boxes. Western blotting of endogenous 

DDR expression in MC3T3-E1 cells is shown in (h). Fluorescence microscopy images (a-c) 

show that DDR1b-YFP exhibits a uniform distribution on the cell surface before collagen 

stimulation and results in cluster formation upon collagen stimulation. Quantitative analysis 

(i) indicates that the number of punctuate structures in cells significantly increases upon 

collagen stimulation (*p-value <0.05) and persist at 4 hrs. After 4 hrs of collagen 

stimulation, a subpopulation of DDR1b-YFP expressing cells also exhibits the presence of 

long, filamentous structures (d). DDR2-GFP exhibits a uniform distribution on the cell 

surface before collagen stimulation (e) and does not result in cluster formation upon 

collagen stimulation (f). However, at 4 hrs post collagen administration, filamentous 

structures were also observed in DDR2-GFP-expressing cells (g). The distribution of 
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uninterrupted contour length of filamentous structures formed in DDR1b-YFP- and DDR2-

GFP- expressing cells after 4 hrs of collagen stimulation is shown in (j).
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Figure 5: 
Immunocytochemistry (ICC) performed on non-permeabilized cells for evaluating the 

association of collagen I with DDR1b-YFP clusters. Total receptor is indicated in YFP 

channel (green) while staining with collagen I antibodies is shown by TRITC (red). Co-

localization YFP and TRITC is shown in yellow. Blue represents nuclear (DAPI) staining. 

Insets (in first row of each panel) show selected regions which have been magnified form the 

corresponding images. (a) Little to no signal for collagen staining was detected on cells 

stimulated with collagen for 30 min, despite the presence of DDR1b clusters. (b) At 

prolonged collagen stimulation (4 hrs), a number of DDR1b clusters co-localized with 

signals for collagen I antibodies. The second row consists of selected regions from three 

different cells showing co-localization of DDR1b clusters and collagen signal. The collagen 

associated with DDR1b clusters was non-fibrillar in morphology.
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Figure 6: 
Immunocytochemistry (ICC) performed on non-permeabilized cells for evaluating the 

association of collagen I with filamentous structures formed in (a) DDR1b-YFP- and (b) 

DDR2-GFP- expressing cells after 4 hrs of collagen stimulation. Total receptor is indicated 

in YFP channel (green) while staining with collagen antibodies is shown by TRITC (red). 

Co-localization YFP and TRITC is shown in yellow. Blue represents nuclear (DAPI) 

staining. Insets (in first row of each panel) show selected regions which have been magnified 

from the corresponding images. Selected regions from three different cells are shown in the 
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second row in each panel. YFP/GFP positive filamentous structures had a very similar 

morphology as collagen fibrils and were observed to anchor the fibrils at cell edges. 

Collagen staining was intermittently present on or interspersed with YFP/GFP positive 

filamentous structures.
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Figure 7: 
Western blotting of DDR expression and phosphorylation in MC3T3 cells. MC3T3-E1 cells 

were transiently transfected with (a) DDR1b-YFP or (b) DDR2-GFP expression vectors and 

stimulated with 20 µg/ml collagen I (+), as described in Materials and Methods. After 4 hrs 

of collagen stimulation, the cells were lysed in RIPA buffer and equal protein concentrations 

(25 μg/lane) were resolved by reducing 7.5% SDS-PAGE followed by immunoblot analyses 

using the indicated antibodies to DDR1 or DDR2. β-actin was used as loading control. 

Number 1 in panel b indicates an additional band detected with D1G6 antibodies (discussed 

in the Results section). Asterisks (*) show non-specific bands.
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Figure 8: 
Immunocytochemistry (ICC) performed on permeabilized cells for evaluating receptor 

phosphorylation associated with DDR1b clusters by using pDDR1 antibodies Y513 and 

Y792, as indicated. Total receptor is indicated in YFP channel (green) while staining with 

Y513 or Y792 antibodies is shown by TRITC (red). Co-localization YFP and TRITC is 

shown in yellow. Blue represents nuclear (DAPI) staining. Insets (in first row in panels a and 

c) show selected regions which have been magnified from the corresponding images. (a) 

Little to no Y513 signal was detected in cells, 30 min after collagen stimulation despite the 
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presence of DDR1b clusters. (b) At prolonged collagen stimulation (4 hrs), a number of 

DDR1b clusters co-localized with antibodies to Y513. The second row consists of selected 

regions from three different cells showing co-localization of DDR1b clusters with Y513 

signal. (c) Little to no Y792 antibody signal was detected in cells even after 4 hrs of collagen 

stimulation despite the presence of DDR1b clusters. The second row consists of selected 

regions from three different cells showing the presence of DDR1b clusters with little to no 

co-localization with Y792 signal.
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Figure 9: 
Immunocytochemistry (ICC) performed on permeabilized cells for evaluating receptor 

phosphorylation associated with filamentous structures formed in DDR1b-YFP- expressing 

cells after 4 hrs of collagen stimulation, using pDDR1 antibodies (a) Y513 and (b) Y792 as 

indicated. Total receptor is indicated in YFP channel (green) while staining with Y513 and 

Y792 antibodies is shown by TRITC (red). Co-localization of YFP and TRITC is shown in 

yellow. Blue represents nuclear (DAPI) staining. Insets (in first row in each panel) show 

selected regions which have been magnified from corresponding images. A subset of 
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DDR1b filamentous structures co-localize with the pDDR1 antibodies. The second row in 

each panel consists of selected regions from three different cells showing co-localization of 

filamentous structures with signal for pDDR1 antibodies.

Yeung et al. Page 36

J Mol Biol. Author manuscript; available in PMC 2020 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10: 
Immunocytochemistry (ICC) performed on permeabilized cells for evaluating spatial 

distribution of receptor phosphorylation in DDR2-GFP- expressing cells after (a) 30 min and 

(b) 4 hours of collagen stimulation. Total receptor is indicated in GFP channel (green) while 

staining with pDDR2 (Y740) antibodies is shown by TRITC (red). Co-localization GFP and 

TRITC is shown in yellow. Blue represents nuclear (DAPI) staining. Insets (in top row in 

each panel) show selected regions, which have been magnified from corresponding images. 

Little to no co-localization signal was detected, 30 min after collagen stimulation (a). At 

prolonged collagen stimulation (4 hrs), a number of filamentous structures formed in DDR2-

GFP expressing cells co-localized with Y740 signal (b). The second row in (b) consists of 

selected regions from three different cells showing co-localization of filamentous structures 

with Y740 signal. A weak signal for Y740 (arrows) without a corresponding GFP signal can 

be observed in insets in (b, top row), which could correspond to endogenous pDDR2.
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Scheme 1: 
Postulated model for spatial distribution and phosphorylation of DDRs upon collagen 

stimulation. DDR1 and DDR2 exist as homodimers on the cell surface. (a) Upon addition of 

monomeric collagen I, DDR1 and DDR2 interact with collagen, which leads (arrow 1) to the 

assembly of the receptors into filamentous structures aligned with collagen fibrils. This 

process occurs at prolonged (~4 hrs) times after collagen I stimulation. Phosphorylation of 

both DDR1 and DDR2 (arrow 2), co-localize in these structures, as determined using Y513 

(pDDR1b) as well as Y792 (pDDR1) and Y740 (pDDR2) antibodies, indicated as black and 

green circles. (b) In another pathway, DDR1b assembles into clusters within minutes of 

collagen I stimulation (likely binding to non-fibrillar collagen present at early stages of 

fibrillogenesis) and gets endocytosed. However, phosphorylation at Y513 and Y792 is not 

detected in these clusters at the early (~30 min) time point. At later times (~4 hrs) post-

ligand administration, phosphorylation of DDR1b in its IJXM (Y513) (green circles) but not 

in its KD (Y792) is detected in the DDR1b clusters. At present it is not clear if Y513-

positive clusters are present on the cell-surface or constitute pools of endocytosed DDR1b 

receptors localizing within endosomes. Owing to the fact that DDRs contain numerous Tyr 

residues within the IJXM region and their KDs, phosphorylation at other Tyr residues 

(indicated by the red dashed circles) may also be ensuing in the structures described in (a) 

and (b) but are undetectable by the tools available at this time. It is likely that formation of 
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higher-order assemblies of DDRs may recruit additional cytosolic proteins which mediate 

specific cellular processes.
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Table 1:

Topographic height (nm) of DDR2 ECD proteins from AFM images

Relative to mica Relative to collagen p-value

−collagen (1) +collagen (2) +collagen (3) (1) vs. (2) (1) vs. (3)

DDR2-V5 0.92 ± 0.26 (71) 1.53 ± 0.25 (22) 0.97 ± 0.22 (22) <0.001* 0.462

DDR2-Fc 1.17 ± 0.40 (74) 2.15 ± 0.49 (50) 1.24 ± 0.48 (50) <0.001* 0.346

*:
statistically significant difference

Number in parenthesis indicates total number of particles measured
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Table 2:

Pearson’s correlation coefficient (R) for co-localization of YFP/GFP signal with antibody (Ab) signals in ICC 

samples processed after 4 hrs of collagen administration

Ab: Collagen I Ab: DDR1-Y792 Ab: DDR1b/c-Y513

+ − + − + −

DDR1b-YFP clusters 0.67±0.19** 0.12±0.12 ND ND 0.86±0.08** 0.22±0.16

DDR1b-YFP filaments 0.43±0.10** 0.12±0.09 0.75±0.10** 0.18 ±0.08 0.82±0.03** 0.22±0.24

Ab: Collagen I Ab: DDR2-Y740

+ − + −

DDR2-GFP filaments ND ND 0.81±0.06** 0.36 ±0.13 NA NA

**:
p<0.0001 for YFP/GFP positive ROIs with (+) versus without (−) antibody signal

NA: not applicable

ND: not determined (very few positive correlations found)
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