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cellular proteolysis.
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(Bacl(ground: DDRI1 is areceptor tyrosine kinase that signals in response to collagen and regulates cell-collagen interactions.
MT-MMPs are membrane-anchored proteases that accomplish pericellular collagenolysis.
Results: MT-MMPs cleave DDR1 and regulate collagen-induced receptor phosphorylation.
Conclusion: MT-MMPs negatively regulate DDR1 activation by promoting receptor ectodomain shedding.
Significance: Cross-talk between membrane-anchored collagenases and RTKs integrates collagen-induced signaling and peri-

J

The discoidin domain receptors (DDRs) are receptor tyrosine
kinases that upon binding to collagens undergo receptor phos-
phorylation, which in turn activates signal transduction path-
ways that regulate cell-collagen interactions. We report here
that collagen-dependent DDR1 activation is partly regulated by
the proteolytic activity of the membrane-anchored collage-
nases, MT1-, MT2-, and MT3-matrix metalloproteinase
(MMP). These collagenases cleave DDR1 and attenuate collagen
I- and IV-induced receptor phosphorylation. This effect is not
due to ligand degradation, as it proceeds even when the receptor
is stimulated with collagenase-resistant collagen I (r/r) or with a
triple-helical peptide harboring the DDR recognition motif in
collagens. Moreover, the secreted collagenases MMP-1 and
MMP-13 and the glycosylphosphatidylinositol-anchored mem-
brane-type MMPs (MT4- and MT6-MMP) have no effect on
DDRI1 cleavage or activation. N-terminal sequencing of the
MT1-MMP-mediated cleaved products and mutational analy-
ses show that cleavage of DDR1 takes place within the extracel-
lular juxtamembrane region, generating a membrane-anchored
C-terminal fragment. Metalloproteinase inhibitor studies show
that constitutive shedding of endogenous DDR1 in breast can-
cer HCC1806 cells is partly mediated by MT1-MMP, which also
regulates collagen-induced receptor activation. Taken together,
these data suggest a role for the collagenase of membrane-type
MMPs in regulation of DDR1 cleavage and activation at the cell-
matrix interface.

Tissue homeostasis is dictated in part by specific interactions
between cells and their extracellular milieu. These interactions
are essential to support normal cellular function and are usually
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disrupted during pathological processes. It is well established
that cells respond to environmental cues through specific
receptors that are activated and signal in response to extracel-
lular matrix (ECM)? proteins, in particular collagen, one of the
major ECM components. Among the various proteins that can
act as collagen receptors, the discoidin domain receptors
(DDRs) are unique because they are receptor tyrosine kinases
(RTKs) that are specifically activated in response to collagen
(1-3). The DDR family includes two members, DDR1 and
DDR2. DDR1 is activated by both fibrillar and nonfibrillar col-
lagens, whereas DDR2 is only activated by fibrillar collagens.
For instance, interstitial collagen I activates both receptors, but
basement membrane collagen IV only activates DDR1 (4, 5).
DDR?2 preferentially binds collagen II (6) and collagen X (7).
DDR1 can also bind collagen VIII (8), but it is not known
whether DDR?2 shares this property. Both DDRs only bind and
signal in response to triple-helical collagen and thus do not
recognize heat-denatured collagen (gelatin) or degraded colla-
gen (4, 9). However, triple-helical peptides containing the col-
lagen-binding motif of DDRs, GVMGFO (where O is hydroxy-
proline), which is present in fibrillar collagens I-III, are capable
of inducing receptor activation (10, 11). In response to collagen,
DDRs undergo tyrosine autophosphorylation within the intra-
cellular juxtamembrane region and the kinase domain (KD),
leading to the recruitment of adaptor proteins and activation of
downstream effectors (3, 12). However, as opposed to most
RTKs, the kinetics of DDR phosphorylation is slow and sus-
tained (4, 5), indicative of a unique activation process that
remains to be elucidated.

Structurally, the DDRs share a similar basic domain organi-
zation composed of an extracellular N-terminal discoidin
domain (DS) followed by a predicted DS-like domain (DS-like)

2The abbreviations used are: ECM, extracellular matrix; DDR, discoidin
domain receptor; MMP, matrix metalloproteinase; MT, membrane type;
CTF, C-terminal fragment; DS, discoidin; EJXM, extracellular juxtamem-
brane; KD, kinase domain; RTK, receptor tyrosine kinase; TIMP, tissue inhib-
itor of metalloproteinase; Fmoc, N-(9-fluorenyl)methoxycarbonyl.
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(13), a short extracellular juxtamembrane (EJXM) linker, a sin-
gle-span transmembrane domain, and an intracellular jux-
tamembrane domain connected to a KD (1, 3, 14, 15). For a
detailed description of DDR structure and domain organiza-
tion, see Refs. 1-3. In the case of DDRI, alternative splicing
generates five isoforms, which share a similar ectodomain orga-
nization. However, these isoforms differ in their intracellular
juxtamembrane and KD. For instance, DDR1b and DDR1c con-
tain an additional 37 residues in the intracellular juxtamem-
brane region (residues 505—541), whereas DDR1c possesses six
additional residues in the KD. Thus, these DDR1 variants are
fully functional RTKs that may activate different signaling path-
ways in response to collagen and elicit different cell functions
(1-3). In contrast to DDR1, DDR?2 is expressed as a single pro-
tein species.

A unique aspect of DDRs is the nature of their ligand, which
includes several collagen types (1). The larger supramolecular
structure of collagens does not appear to be critical for DDR
activation, as triple-helical peptides bearing the DDR-binding
motif are fully capable of inducing receptor phosphorylation.
However, collagens are known to undergo multiple structural
modifications that alter their mechanical properties, strength,
and stability, which are caused in part by the action of mem-
brane-anchored and secreted collagen-degrading proteases,
specifically the members of the matrix metalloproteinase fam-
ily of zinc-dependent endopeptidases (16). In particular, a triad
of membrane-type MMPs (MT-MMPs), MT1-(MMP-14),
MT2-(MMP-15), and MT3-(MMP-16), are known to be critical
mediators of collagenolysis at the pericellular space (17-19).
Because MT-MMPs and DDRs share a common substrate/li-
gand, we hypothesized that MT-MMPs can regulate collagen-
induced activation of DDREs. In this study, we focused on DDR1
and examined the interaction of this receptor with membrane-
anchored and secreted collagenases. Although we expected
effects on DDR1 activation mediated by collagen degradation,
we found that MT1-, MT2-, and MT3-MMP, but not the
secreted collagenases, MMP-1 and MMP-13, inhibited DDR1
activation by promoting receptor cleavage at the EJXM region.
Our results shed light on a novel interaction between surface
proteases and RTKs that integrate collagen-induced signaling
and pericellular proteolysis.

EXPERIMENTAL PROCEDURES

Cell Lines—Immortalized monkey kidney epithelial COS1
(CRL-1650) cells were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA) and cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (FBS), 2 mm L-glutamine, and antibiotics at 37 °C
in an atmosphere of 95% air and 5% CO,. Human breast cancer
T47D cells (HTB-133) were obtained from ATCC and cultured
in RPMI 1640 medium supplemented with 10% FBS, insulin,
and antibiotics. These cells were transfected to stably express
human recombinant MT1-MMP, as described previously (20).
Human breast cancer HCC1806 (CRL-2335) cells were
obtained from ATCC and cultured in RPMI 1640 medium sup-
plemented with 10% FBS and antibiotics.

Antibodies and Reagents—A rabbit polyclonal antibody
against the C-terminal region of DDR1 (sc-532) and a mouse
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monoclonal antibody (mAb) to GAPDH (sc-47724) were pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Goat polyclonal antibodies against the N-terminal region of
DDR1 (AF2396) were from R&D Systems (Minneapolis, MN).
mAbs against the catalytic domain of MT1-MMP (Lem2/15)
were a kind gift from Dr. Alicia G Arroyo (Centro Nacional de
Investigaciones Cardiovasulares, Madrid, Spain). Anti-phos-
photyrosine mAb (clone 4G10%®), referred to as anti-Tyr(P), and
mAbs against human MT2-MMP (MAB3320), MMP-1
(MAB3307), and MMP-13 (MAB3321) were purchased from
EMD Millipore (Billerica, MA). A polyclonal antibody against
MT3-MMP (polyclonal antibody 318, directed against residues
318-335 of human MT3-MMP) was produced in our labora-
tory. Rabbit monoclonal antibodies to human MT4-MMP
(EP1270Y) were purchased from Epitomics/Abcam (Burlin-
game, CA). A mouse mADb against Myc was a generous gift from
Dr. Guri Tzivion (University of Mississippi Medical Center,
Jackson, MS). Anti-FLAG M2 mAb (F1804) and anti-B-actin
mAb (A5441) were both purchased from Sigma. Anti-TIMP-1
mAb (IM32) was purchased from Calbiochem, and anti-
TIMP-2 mAb CA-101 was described previously (21). MIK-G2
(4-[4-(methanesulfonamido)phenoxy]phenylsulfonyl methyl-
thiirane) was synthesized in the Mobashery laboratory, as
described previously (22). Rat tail collagen type I (catalog no.
3440-100-01) and mouse collagen IV (catalog no. 3410-010-01)
were purchased from Trevigen (Gaithersburg, MD). Collage-
nase-resistant (r/7) and wild type mouse collagen I were gifts
from Dr. Stephen Weiss (University of Michigan, Ann Arbor,
MI). The triple-helical collagen model peptide (GPO)
GPRGQOGVMGFO(GPO),-NH,, (where O is 4-hydroxypro-
line) harboring the DDR recognition motif, GVMFO, was
assembled using Fmoc solid-phase chemistry, as described pre-
viously (23). The peptide exhibited a triple-helix melting tem-
perature (7)) of 60.8 °C. Primers for RT-PCR were purchased
from IDT (Coralville, IA), and the sequences are described in
supplemental Table 1. Human recombinant TIMP-1 and
TIMP-2 were purified to homogeneity from mammalian cells,
as described previously (24).

Reagents for peptide synthesis and purification of crude
products were purchased as follows: Fmoc-amino acids, 2-(6-
chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate, and N,N-dimethylformamide (AR
grade) were from AGTC Bioproducts (Wilmington, MA);
N-hydroxybenzotriazole'H,O was from Anaspec (Fremont,
CA); thioanisole was from Fluka; trifluoroacetic acid (TFA) was
from ThermoFisher Scientific; NovaPEG Rink amide resin
(0.49 mmol/g) was from NovaBiochem; 1,2-ethanedithiol and
piperazine were from Acros Organics; N-methylmorpholine,
acetonitrile (HPLC grade), and water (HPLC grade) were from
Sigma; and methyl tert-butyl ether was from Mallinckrodt
Baker. Human recombinant pro-MT1-MMP ectodomain was
purchased from EMD Millipore. Human recombinant pro-
MMP-1 and p-aminophenylmercuric acetate were obtained
from Calbiochem; trypsin-3 and 4-(2-aminoethyl)benzenesul-
fonyl fluoride hydrochloride were from R&D Systems.

¢DNA Constructs—All human DDR and MT-MMP c¢cDNAs
were cloned into the expression vector pcDNA3.1/myc-His(—)
A (Invitrogen) using conventional cloning approaches. The
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human DDR1aand DDR1b cDNAs were kindly provided by Dr.
Teizo Yoshimura (NCI, National Institutes of Health, Freder-
ick, MD). In the case of the DDR1 isoforms, we constructed
DDR1a or DDR1b ¢DNAs with or without a C-terminal Myc-
His tag sequence inserted immediately after Val®”® of DDR1a or
Val®*? of DDR1b to generate DDR1a/Myc and DDR1b/Myc. In
addition, we also generated DDR1a/Myc bearing an N-terminal
FLAG sequence (Asp-Tyr-Lys-Asp-Asp-Asp-Lys) inserted
between His>® and Phe’, to generate FLAG/DDR1a/Myc. The
Myc or Myc-FLAG-tagged DDR1 isoforms were phosphoryl-
ated in response to collagen I. To generate human DDR1a dele-
tion mutants at the EJXM region, we deleted residues 377-399,
394-416, or 400-416 by PCR mutagenesis to generate
DDR1aA?*773%° DDR1aA?**~*'¢, and DDR1aA*®°~*!¢, respec-
tively, all harboring a Myc tag at the C-terminal end. The
sequences of all mutant constructs were verified by DNA
sequencing.

The ¢cDNAs of human MT1-, MT2-, MT3-MT4, and MT6-
MMP were all available in our laboratory. The human MT6-
MMP cDNA construct included a FLAG tag inserted immedi-
ately after the furin motif. Also available in our laboratory were
the following MT1-MMP mutants: catalytically inactive MT1-
MMP bearing an Ala substitution at Glu®*® (referred to as
MT1-E/A); MT1-MMP*7", a deletion mutant lacking the cyto-
solic tail (Arg®®® to Val®®?); and MT1-MMPA™CT 4 deletion
mutant lacking both the transmembrane region and the cyto-
solic tail (Val®** to Val®®?), which were generated as described
previously (25, 26). The human cDNAs of MMP-1 and MMP-
13, harboring a proprotein convertase recognition motif
(RXKR) located between the pro- and the catalytic domains of
the proteases to allow activation of the zymogen prior to secre-
tion (18, 27), referred to as MMP-12¥¥R and MMP-13%*¥R and
an MT1-MMP deletion mutant lacking the hemopexin-like
domain (MT1-MMP*"P) were the generous gifts from Dr.
Stephen Weiss. The presence of active MMP-1 and MMP13 in
the media of the transfected cells was determined using specific
peptide substrates.

Transient Transfections and DDRI Stimulation—COS1 cells
were split the day before transfection to 60-70% confluence in
60-mm dishes. The next day, equal amounts of the appropriate
expression vectors were co-transfected using FuGENE 6
(Roche Applied Science) according to the manufacturer’s
instructions. For collagen I-induced DDR1 activation, COS1-
transfected cells (4 h after transfection), T47D, or HCC1806
cells were preincubated (18 h, 37 °C) in serum-free media.
Then, rat tail collagen type I (COS1, T47D, and HCC1806) or
mouse collagen IV (COS1) was added to the serum-free media
at the final concentration of 10 ug/ml for 2 h, and an equal
volume of 20 mm acetic acid (collagen I) or 50 mm HCl (collagen
IV) was added as vehicle control, as described previously (9). In
the case of collagenase-resistant (r/r) mouse collagen I and
GVMGFO triple-helical peptide, the DDR1-transfected COS1
cells were incubated (various times) with increasing concentra-
tions of these ligands to identify optimal stimulation conditions
(supplemental Figs. 4—6). After stimulation, the cells were
washed twice with cold PBS, and the cells were lysed in RIPA
buffer (50 mm Tris-HCI, pH 7.4, 150 mMm NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented
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with protease inhibitors (Roche Applied Science, complete,
Mini, EDTA-free) and 10 mM NaF and 1 mm sodium
orthovanadate. The cell lysates were cleared by centrifugation
at 14,000 X g at 4 °C for 10 min; protein concentration was
determined using the BCA kit (Pierce), and the lysates were
frozen at —80 °C until used.

The relative level of MT1-MMP expressed in COS1 and
HCC1806 cells was determined by immunoblot analyses using
the Lem?2/15 antibody and a recombinant catalytic domain of
MT1-MMP (Millipore, catalog no. 475935) as a reference. The
bands in the blot were quantified using UN-SCAN-IT gel
6.1(Silk Scientific, Orem, UT), and a standard curve was plotted
using SigmaPlot 12.0.

Detection of DDR1 Phosphorylation—To detect DDR1 phos-
phorylation, the lysates of stimulated and unstimulated COS1
cells transfected with DDR1 ¢cDNA were divided in two frac-
tions, and equal amounts of protein (usually 40 ug per lane)
from each treatment were resolved by reducing SDS-PAGE fol-
lowed by immunoblot analyses into two duplicate blots. One
blot was probed with anti-Tyr(P) mAb (clone 4G10®), as
reported (9), and the other, depending on the experiment, with
either anti-DDR1, anti-Myc, or anti-FLAG antibodies. The lat-
ter blot was also reprobed with the appropriate antibodies
against various MMPs and/or GAPDH or B-actin, in some
cases without stripping of the DDR1 antibody.

In the case of T47D and HCC1806 cells expressing endoge-
nous DDR1, receptor phosphorylation was evaluated by immu-
noprecipitation with a DDR1 antibody (sc-532) to enrich the
pool of DDRI1 followed by immunoblot analyses with anti-
Tyr(P) mAb. Briefly, serum-starved cells were treated with or
without collagen I, as described earlier, and lysed with RIPA
buffer. The lysates (~400 ug) were incubated (1 h on ice) with
0.3-0.5 pg/ml of DDR1 antibody (sc-532), and the mixtures
were incubated (overnight at 4 °C) with protein A-agarose
beads (Pierce). The beads were then washed four times with
RIPA buffer, and the captured immune complexes were
released by boiling the samples in 1X reducing Laemmli SDS-
sample buffer. After a brief centrifugation, the supernatants
were resolved by reducing SDS-PAGE, followed by immuno-
blot analyses using anti-Tyr(P) mAb. Total (pulled down)
DDR1 was determined by reprobing the blots with DDR1 anti-
body (sc-532).

Detection of Released DDRI Ectodomain in the Media—
Transfected COS1 or HCC1806 cells were washed twice with
warm PBS, and the cell monolayers were incubated (37 °C) in
serum-free media for an additional 24-h period. The conditioned
media were then collected and clarified by a brief centrifugation at
4.°C to remove cell debris. The supernatants were supplemented
with 2 mM EDTA, final concentration, before a high speed centrif-
ugation (100,000 X g, 45 min, 4 °C) to remove cell membranes and
vesicles. Two to four hundred ul of each media were then precip-
itated with trichloroacetic acid (TCA), and the resultant pellets
were washed with acetone and then resuspended in 1X reducing
Laemmli SDS-sample buffer. The samples were then resolved by
reducing SDS-PAGE and subjected to immunoblot analyses using
antibody AF2396, which is directed against the N-terminal region
of DDRI.
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Effects of Inhibitors on DDRI Shedding and Activation—
Subconfluent cultures of HCC1806 cells seeded in 6-well
plates were washed twice with warm PBS and then incubated
(22 h, 37°C) in serum-free medium supplemented with
either 100 nm TIMP-1 or TIMP-2 or 10 um MIK-G2 diluted
in PBS (TIMPs) or DMSO (MIK-G2, 0.1% final concentra-
tion). As a control, some wells received serum-free media
supplemented with PBS or 0.1% DMSO. The media and cell
lysates were then analyzed for DDR1 forms by immunoblot
analyses, as described earlier. To evaluate the effects of the
inhibitors on DDR1 phosphorylation, the cells were incu-
bated with the inhibitors as described above, and 20-h later
the cells were treated (2 h) with or without 20 pg/ml of rat
tail collagen I. The cells were then lysed with RIPA buffer
(200 pl per well), and equal amounts of protein lysates were
immunoprecipitated with DDR1 antibody sc-532 followed
by immunoblot analyses with anti-Tyr(P) mAb, as described
above.

N-terminal Sequencing—To determine the N-terminal
sequence of the C-terminal fragment of DDR1, Myc-tagged
DDR1a was transiently expressed in COS1 cells with or without
MT1-MMP, as described earlier. The cell lysates in RIPA buffer
were then immunoprecipitated using Myc mAbs coupled to
protein G-agarose beads (Pierce). After an overnight incuba-
tion (4°C), the beads were washed thoroughly with RIPA
buffer, and the bound proteins were eluted by adding 1 X reduc-
ing Laemmli SDS-sample buffer, boiled for 5 min, and resolved
by 7% SDS-PAGE followed by transfer to a PVDF membrane.
After staining with Coomassie Blue, the putative bands were
cut out of the membrane and sent to the Protein Chemistry
Laboratory (Department of Biochemistry, Texas A&M Univer-
sity, College Station, TX) for Edman protein N-terminal
sequencing.

Peptide Synthesis and Peptide Hydrolysis Assay—Peptides
derived from the EJXM region of DDR1 (Pro-Thr-Asn-Phe-
Ser-Ser-Leu-Glu-Leu-Glu-Pro-Arg-Gly-Gln-Gln-Pro-Val-
Aln-Lys-Aln-Glu-Gly-NH,) or DDR2 (Ser-Glu-Aln-Leu-Pro-
Thr-Ser-Pro-Met-Aln-Pro-Thr-Thr-Tyr-Asp-Pro-Met-Leu-
Lys-Val-Asp-Asp-NH,) were synthesized by Fmoc solid-phase
methodology using the Liberty Microwave Peptide Synthesizer
(CEM Corp., Mathews, NC). The coupling of Fmoc-amino
acids was performed with 5 eq of each amino acid, 4.9 eq of
2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-
aminium hexafluorophosphate/N-hydroxybenzotriazole, and
10 eq of N-methylmorphine. The reaction was performed for 5
min at 50 °C and 25 watts with the exception of DDR1-EJXM
GIn'®, Pro'®, val'’, Ala'®, Lyslg, and Ala?® and DDR2-EJXM
Glu?, Met®, Ala', Pro'®, Met'”, Leu'®, Lys'?, and Val*°, where
coupling was extended to 20 min. DDR1-EJXM residues Arg'?,
Pro'®, Val'”, and Ala'® and DDR2-EJXM residues Pro'®, Met'?,
and Leu'® were double-coupled. The Fmoc group was removed
with 10% piperazine in N,N-dimethylformamide. The initial
deprotection was carried out for 30 s followed by second depro-
tection for 180 s. The maximum of 75 °C with microwave power
of 35 watts was set for both deprotection steps. DDR1-EJXM
peptide was cleaved from the resin and deprotected by treat-
ment with TFA/H,O/thioanisole (92.5:5:2.5) for 3h in an argon
atmosphere. DDR2-EJXM peptide was cleaved from the resin
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and deprotected using TFA/H,O/1,2-ethanedithiol/thioani-
sole (90:5:2.5:2.5) for 3 h in an argon atmosphere. Crude pep-
tides were precipitated with cold methyl zert-butyl ether and
centrifuged, and the resulting pellets were dissolved in water
and lyophilized. Peptides were purified using reverse phase-
HPLC (Agilent 1260 Infiniti with multiwavelength detector) on
a Vydac C, 4 column (15-20 wm, 300 A, 250 X 22 mm) at a flow
rate of 15 ml/min. The elution gradient was 15—40% B over 50
min (where A was 0.1% TFA in water and B was 0.1% TFA in
acetonitrile), and detection was at A = 220 nm. HPLC fractions
were analyzed by MALDI-TOF MS (Voyager DEPro), and the
desired fractions were combined and freeze-dried.

Pro-MT1-MMP was activated by treatment with trypsin-3 at
37 °C for 1 h followed by deactivation of trypsin with 4-(2-ami-
noethyl)benzenesulfonyl fluoride hydrochloride (20 mm) for 30
min. Pro-MMP-1 was activated with p-aminophenylmercuric
acetate (2 mM) at 37 °C for 3 h. Peptides were dissolved in Tris
buffer (50 mm Tris, 100 mm NaCl, 10 mm CacCl,, 0.05% Brij-35,
0.02% NaNj,) to a final concentration of 50 um and incubated
with the individual MMPs (final enzyme concentration of 5
nMm). Hydrolysis progress was monitored at various time points
for 18 h by RP-HPLC (Agilent 1260 Infinity with DAD detector)
with detection at A = 220 nm on a Vydac C,4 column (5 um,
300 A, 150 X 4.6 mm). The analytical gradient was 2-98% B
over 20 min (where A and B are as described above) and a flow
rate of 1 ml/min. All species separated by HPLC were collected
and identified using MALDI-TOF MS.

Computational Modeling—Two peptides derived from the
regions surrounding the two cleavage sites at the DDR1 EJXM
region by MT1-MMP, Phe-Ser-Ser-Leu-Glu-Leu and GIn-Gln-
Pro-Val-Ala-Lys (underlined residues flank the cleavage sites),
were built and energy-minimized using SYBYL-X 1.3 (Tripos
International, 2011, St. Louis, MO). The two peptides have 30
and 27, respectively, rotatable bonds. To sample the many con-
formational states of these peptides, the conformational sam-
pling was enhanced by generating a conformer library for each
using the ConfGen program in Schroédinger Suite 2012. Con-
formations that were within a heavy atom root mean square
deviation of 1.0 A and those that were higher in energy by more
than 100 kJ/mol from the starting position were discarded. The
final library contained 20 distinct conformations for Phe-Ser-
Ser- Leu-Glu-Leu and 49 for Gln-GIn-Pro- Val-Ala-Lys. Dock-
ing of the two peptides was carried out using Glide 5.8
(Schrodinger LLC, 2012, New York). The MT1-MMP x-ray
crystal structure (Protein Data Bank code 3MA?2) coordinates
were used as receptor. The structure was processed using the
Protein Preparation Wizard protocol in Schrodinger Suite
2012. A constrained energy minimization using the OPLS2005
forcefield was carried out with a 0.30-A root mean square devi-
ation convergence threshold. The docking grid was calculated
for a cubic box of 30 A at the catalytic site. The pre-generated
peptide conformers were docked to the catalytic site and scored
using the GlideXP methodology. A total of 10 top-scored poses
for each of the docked conformers were retained for analysis.
Finally, a docking pose was selected based on the high docking
score, the direction of the peptide, and the positioning of the
groups at the cleavage site (28, 29).
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RESULTS

MTI1-MMP Cleaves DDRI and Inhibits Receptor Activation—
To examine the effects of MT1-MMP on DDR1 (DDRIla and
DDRI1b) collagen-dependent activation, COS1 cells were tran-
siently transfected to express human DDR1 with or without active
or catalytically inactive MT1-MMP. The cells were then exposed
to collagen I and analyzed for DDR1 phosphorylation using an
anti-Tyr(P) antibody. It should be noted that, under the experi-
mental conditions (expression of recombinant receptor), detec-
tion of phosphorylated DDR1 could be accomplished directly in
cell lysates using anti-Tyr(P) antibody, without the need of an
immunoprecipitation step, in agreement with previous studies (9).
Under these conditions, unstimulated COS1 cells exhibited back-
ground recombinant DDR1 phosphorylation, which was signifi-
cantly enhanced by exposure to collagen. To examine the effects of
MT1-MMP on endogenous DDR1, we utilized human breast can-
cer T47D cells, which express high levels of DDR1 (30). T47D cells,
however, do not express detectable levels of MT1-MMP (20) and
thus can be used to test the effects of ectopically expressed MT1-
MMP on endogenous DDR1 activation and cleavage. To this end,
the cells were stimulated with collagen I and lysed, and the lysates
were immunoprecipitated with the sc-532 antibody followed by
detection of phosphorylated receptor with the anti-Tyr(P)
antibody.

As shown in Fig. 14, collagen I treatment of COS1 cells sig-
nificantly induced the phosphorylation of an ~120-kDa protein
in cells expressing DDR1a (Fig. 14, lane 2) or DDR1b (data not
shown). This species was not detected in the absence of colla-
gen I (Fig. 14, lane 1) or in mock-transfected COS]1 cells (data
not shown), indicating that the ~120-kDa band corresponds to
phosphorylated DDR1. Co-expression of DDR1a (Fig. 14) or
DDR1b (data not shown) with wild type MT1-MMP completely
abrogated collagen I-induced receptor phosphorylation, as
determined by the absence of the ~120-kDa phosphorylated
form (Fig. 14, lane 4). In contrast, co-expression of MT1-E/A
with DDR1 did not inhibit receptor activation (Fig. 14, lane 6),
suggesting that protease activity was required for the lack of
DDR1 phosphorylation observed in the presence of MT1-
MMP, and it could not be attributed to disruption of receptor
conformation and/or trafficking. Examination of the profile of
phosphorylated proteins revealed that the anti-Tyr(P) antibody
also detected two phosphorylated proteins of ~62—65 and ~35
kDa (Fig. 1A). Although the 35-kDa protein appeared to be
nonspecific, we surmised that the ~65-kDa protein represents
a phosphorylated fragment of DDR1. This ~62-65-kDa phos-
phoprotein was detected independently of collagen stimula-
tion, but its levels increased upon expression of MT1-MMP
(Fig. 1A, lanes 3 and 4). Thus, detection of the phosphorylated
~65-kDa protein suggests that a small fraction of the DDR1
receptor pool undergoes MT1-MMP- and collagen I-indepen-
dent cleavage and phosphorylation, respectively, with the latter
possibly due to recombinant receptor expression in COS1 cells.

To establish the nature of the DDRI1 species detected in the
absence or presence of MT1-MMP and/or with or without col-
lagen I stimulation, the cell lysates were analyzed with antibody
sc-532, directed against the C-terminal end of DDRI1. Cells
expressing only DDR1a displayed two major forms of ~110 and
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FIGURE 1. MT1-MMP cleaves DDR1 and inhibits collagen I-induced recep-
tor activation. COS1 cells were transiently transfected to co-express DDR1a
without (—) or with (+) wild type (WT) or catalytically inactive (E/A) MT1-MMP
and serum-starved (18 h) before stimulation (2 h) with (+) 10 wg/ml of rat tail
collagen | (Col. I) or vehicle control (—), as described under “Experimental
Procedures.” After stimulation, the cells were lysed in RIPA buffer, and the
lysates from each experimental condition were divided in two fractions. Equal
amounts of the two fractions were then resolved by reducing 8% SDS-PAGE in
two identical separate gels followed by immunoblot analyses. One blot was
probed with Tyr(P) (a-pTyr) (4G10®) antibody (A) and the other with DDR1
antibody (sc-532) (B). The blot in B was then reprobed with antibodies to
MT1-MMP (Lem2/15) (C) or GAPDH, as loading control (D). Black arrows in A
indicate phosphorylated DDR1 forms, and white arrow in B indicates the CTF
of DDRI1. Asterisk indicates a nonspecific band.

~120 kDa and a minor species of ~62-kDa (Fig. 1B, lanes I and
2). In the presence of MT1-MMP, the lysates displayed the
~110-kDa form of DDR1a, although the ~120-kDa species was
no longer detected (Fig. 1B, lanes 3 and 4). In contrast, the levels
of the ~62-kDa form of DDR1 significantly increased, and this
increment occurred regardless of collagen I treatment (Fig. 1B,
lanes 3 and 4). Co-expression of DDR1a with MT1-E/A signif-
icantly reduced the levels of the ~62-kDa species to its consti-
tutive levels (Fig. 1B, lanes 5 and 6). The blot of Fig. 1C shows
the presence of MT1-MMP forms in this experiment. The
MT1/E/A protein (Fig. 1C, lanes 5 and 6) displays a somewhat
faster electrophoretic mobility (and reduced molecular mass), a
known characteristics of this protease mutant, which here is
emphasized by the running conditions (reducing 8%
SDS-PAGE).

Because the ~62-kDa form was recognized with the antibody
to the C terminus of DDR1, we surmised that this species rep-
resents a membrane-anchored C-terminal fragment (CTF) of
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DDR1a. Indeed, analyses of lysates of COS1 cells expressing a
DDRI1 tagged with a FLAG tag at the N terminus and a Myc tag
at the C terminus (FLAG/DDR1a/Myc) with or without MT1-
MMP revealed that the 62-kDa species was recognized by the
anti-Myc (supplemental Fig. 14) but not by the anti-FLAG M2
(supplemental Fig. 1B) antibody. The nature of the ~110-kDa
species of DDR1, detected after co-expression with MT1-MMP
(Fig. 1B, lanes 3 and 4), is unclear. However, this species may
represent a differentially glycosylated precursor form of DDR1
that is not targeted to the cell surface, and thus it remains
unchanged in the presence of MT1-MMP.

To rule outa possible effect of MT1-MMP overexpression on
DDRI cleavage and activation, we transfected COS1 cells with a
fixed amount of DDR1 ¢cDNA and increasing amounts of the
MT1-MMP-containing expression plasmid. We found that
DDRI1 cleavage and inhibition of collagen I-stimulated activa-
tion also occurred at very low levels of MT1-MMP expression
(supplemental Fig. 2). In addition, quantification of the relative
levels of recombinant MT1-MMP expressed in COS1 cells,
under the conditions used here to detect DDR1 shedding, using
a recombinant catalytic domain of MT1-MMP as a standard,
revealed comparable levels of protease in COS1 cells and
HCC1806 cells (data not shown), which express natural MT1-
MMP (supplemental Fig. 10) and shed DDR1 (shown in Fig. 8).
Thus, these data indicate that the effects of MT1-MMP on
DDR1 shedding in the COS1 cell system cannot be attributed to
protease overexpression.

We also examined whether the effects of MT1-MMP on
DDR1 phosphorylation and cleavage were also observed upon
stimulation with basement membrane collagen IV, another
DDRI1 ligand. These studies showed that although collagen IV
induces a much weaker phosphorylation of the receptor in
transfected COS1 cells, when compared with collagen I, the
presence of MT1-MMP also results in DDR1a/b cleavage and
inhibition of phosphorylation (data not shown).

Next, we investigated DDR1 activation and cleavage in T47D
cells. As shown in supplemental Fig. 34, collagen I induced the
phosphorylation of DDR1 in control T47D cells for up to 18 h
(supplemental Fig. 34, lanes 3, 5, 7, and 9). However, expression
of MT1-MMP completely blocked collagen I-induced DDR1
activation, as indicated by the lack of phosphorylated receptor
(~120 kDa; supplemental Fig. 34, lanes 4, 6, 8, and 10). The
total precipitated fraction demonstrated similar amounts of
precipitated DDR1 from each lysates (supplemental Fig. 3B).
Immunoblot analyses of the total cell lysates with the sc-532
antibody (supplemental Fig. 3C) revealed the presence of the
~62-kDa CTF of DDR1 only in T47D cells expressing MT1-
MMP (supplemental Fig. 3D, lanes 2, 4, 6, 8, and 10) but not in
the control T47D cells (supplemental Fig. 3D , lanes 1, 3, 5, 7,
and 9), similar to the results obtained in the COSI cell system.
Collectively, these data show that MT1-MMP efficiently
cleaves DDR1 independently of collagen (I and IV) stimulation
and negatively regulates its activation in cells expressing
recombinant or natural DDRI.

MTI1-MMP Enhances DDRI Ectodomain Shedding—We
next examined the conditioned media of COS1 cells for the
presence of a soluble DDR1 fragment. As shown in Fig. 24,
serum-free conditioned media derived from COS1 cells co-ex-
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FIGURE 2. MT1-MMP enhances DDR1 ectodomain shedding. COS1 cells
were transfected to co-express DDR1a without (—) or with wild type (WT) or
catalytically inactive (E/A) MT1-MMP, and the conditioned media were col-
lected, as described under “Experimental Procedures.” Equal volumes of the
conditioned media were TCA-precipitated and resolved by reducing 12%
SDS-PAGE followed by immunoblot analyses using a DDR1 antibody against
the N-terminal ectodomain from R&D Systems (AF2396). A single immunore-
active fragments of ~60 kDa was detected, indicated as soluble DDR1 (A). B
and G, cells from the same experiment were lysed in RIPA buffer, and equal
amounts of protein from each sample was resolved by reducing 7.5% SDS-
PAGE followed by immunoblot analyses. The blot was probed with DDR1
antibody (sc-532) (B). The blot in B was then reprobed with antibodies to
MT1-MMP (Lem2/15) (C) or B-actin, as loading control (D). White arrow in B
indicates the CTF of DDR1.

pressing DDR1a without or with wild type or inactive mutant
MT1-MMP, contained a major ~62-kDa protein in all condi-
tions, albeit at different levels, that was recognized by an anti-
body directed to the ectodomain of DDR1 (AF2396). In the
presence of wild type MT1-MMDP, the levels of the soluble
DDR1a fragment significantly increased (Fig. 24, lane 2), when
compared with the levels detected in the media of cells express-
ing DDR1 alone or DDR1 with MT1-E/A (Fig. 24, lanes 1 and 3,
respectively). Fig. 2, Band C, shows the lysate of the same exper-
iment, which demonstrates the cleavage of DDR1a only by wild
type MT1-MMP (Fig. 2B, lane 2), and the corresponding
expression of wild type and E/A MT1-MMP (Fig. 2C, lanes 2
and 3, respectively). These results demonstrate that in COS1
cells constitutive shedding of the DDR1a ectodomain is signif-
icantly enhanced by MT1-MMP, in a process that requires its
catalytic activity.

Involvement of MT1-MMP Domains in DDRI Cleavage—We
investigated the structural features of MT1-MMP involved in
DDR1 cleavage. To this end, various MT1-MMP deletion
mutants, MT1-MMP*“", MT1-MMP*""", and MT1-
MMPAT™/ T wvere co-expressed with DDR1a in COS1 cells,
and the cells were then examined for collagen I-induced DDR1
activation and receptor cleavage. Fig. 3 shows that DDR1a
expressed alone was activated in response to collagen I (Fig. 3,
A, lane 2, and E, lane 10). However, DDRI1 activation was inhib-
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FIGURE 3. Structural requirements for MT1-MMP-mediated cleavage of DDR1. COS1 cells were transiently transfected to express DDR1a without (—) or
with (+) wild type MT1-MMP (WT), MT1-MMPAT (ACT), MT1-MMPAHC (AHLD) (A-D), or MT1-MMPATWET (ATM/CT) (E-H). The cells were then serum-starved (18
h) before stimulation (2 h) with (+) 10 ug/ml of rat tail collagen | (Col. /) or vehicle control (—). After stimulation, the cells were lysed, and the lysates were
examined for DDR1 phosphorylation (A and E) and cleavage (B and F), as described in the legend of Fig. 1. The blot in B was then reprobed with antibodies to
MT1-MMP (Lem2/15) (D) or GAPDH, as loading control (C). The blot in F was reprobed with anti-GAPDH antibodies (G). The blot in H shows serum-free
conditioned media collected from COS1 cells expressing secreted MT1 -MMPAT™™CT (Janes 11 and 12) or vector control (lanes 9 and 10). Black arrows in A and E
indicate phosphorylated DDR1 and white arrow in B indicates the CTF of DDR1. a-pTyr, Tyr(P).

ited when the receptor was co-expressed with either wild type
MT1-MMP (Fig. 34, lane 4), MT1-MMPA“" (Fig. 34, lane 6),
or MT1-MMP*"™P (Fig. 3A, lane 8). In contrast, MT1-
MMPAT™/CT which is not retained at the plasma membrane
and is secreted, had no effect on receptor phosphorylation (Fig.
3E, lane 12). Analyses of the cell lysates revealed that wild type
MT1-MMP, MT1-MMP*“", and MT1-MMP*""" all cleaved
DDR1a generating the ~62-kDa CTF, regardless of the pres-
ence of collagen I (Fig. 3B, lanes 3—8). In contrast, MT1-
MMPAT™CT failed to cleave DDR1a (Fig. 3F, lanes 11 and 12),
consistent with the lack of effect of this deletion mutant on
receptor phosphorylation (Fig. 3E, lane 12). No cleavage prod-
ucts of DDR1a were detected in the lysates of cells expressing
receptor alone (Fig. 3B, lanes I and 2, and E, lanes 9 and 10), as
expected. All protease mutants were detected in the cell lysates
(Fig. 3, D and H). Taken together, these results suggest that
although neither the cytosolic tail nor the hemopexin-like
domain of MT1-MMP is required for MT1-MMP-mediated
DDR1 cleavage, this process requires a membrane-anchored
catalytic domain.

Differential Effects of MMPs on DDRI Activation and
Cleavage—We next examined the effects of MT2- and MT3-
MMP, the close homologues of MT1-MMP, and the secreted
collagenases MMP-1 and MMP-13 on DDRI1 activation and
cleavage. As shown in Fig. 4, MT2- and MT3-MMP, like MT1-
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MMP, inhibited collagen I-induced DDRI1 activation and
accomplished receptor cleavage, as determined by the absence
of phosphorylated DDR1 (~120 kDa) (Fig. 44, lanes 6 and 8)
and the appearance of the corresponding ~65-kDa CTF (Fig.
4B, lanes 5-8), respectively. In contrast, co-expression of
DDR1a (Fig. 4E) or DDR1b (data not shown) with either MMP-
1RER o MMP-13%¥*R had no effect on collagen I-induced
receptor activation (Fig. 4E, lanes 12 and 14), when compared
with cells expressing only DDR1 (Fig. 4E, lane 10). Moreover,
neither MMP-1***R nor MMP-13***R generated a detectable
CTF of DDRI1 (Fig. 4F). Measurement of enzymatic activity in
the media of COS1 cells expressing MMP-1***} or MMP-
13R”*KR ysing synthetic peptide substrates for these proteases
demonstrated the presence of catalytic activity, indicating that
these collagenases were activated (data not shown), as expected
(18, 27). Thus, the inability of the secreted collagenases to
cleave DDR1 could not be ascribed to a lack of activated
proteases.

We also evaluated the ability of the glycosylphosphatidyli-
nositol-anchored MT4- and MT6-MMP to cleave DDR1
and/or to affect collagen I-stimulated receptor activation in
COS1 cells co-transfected to express DDR1 with or without
these MT-MMPs. These studies showed that neither MT4- nor
MT6-MMP was able to cleave DDR1 or to alter receptor acti-
vation (data not shown). Taken together, these results demon-
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FIGURE 4. Effects of membrane-anchored and secreted collagenases on DDR1 phosphorylation and cleavage. COS1 cells were transiently transfected to
co-express DDR1a without (—) or with (+) MT1-MMP, MT2-MMP, MT3-MMP, MMP-1"® or MMP-1 "R Serum-starved cells were then stimulated (2 h) with (+)
10 wg/mlrat tail collagen | (Col. /) or vehicle control (—). After stimulation, the cells were lysed, and the lysates were examined for DDR1 phosphorylation (A and
E) and cleavage (B and F), as described in the legend of Fig. 1. The blots in B and F were then reprobed with antibodies to the respective MMPs (D and H) or
GAPDH, as loading control (C and G). Black arrows in A and E indicate phosphorylated DDR1 and white arrow in B indicates the CTF of DDR1. a-pTyr, Tyr(P).

strate that, among the members of the MMP family tested here,
the transmembrane MT-MMPs specifically promote the shed-
ding of DDR1 isoforms (a and b) and regulate collagen-evoked
receptor activation.

Role of Collagenolysis on DDRI Regulation by MTI1-MMP—
Proteolytic degradation or denaturation of collagen I has been
reported to diminish DDR1 activation (4). Therefore, because
MT1-MMP isa collagenase (17, 18), we evaluated the contribution
of collagenolysis, over receptor proteolysis, on the inhibition of
DDRI activation in the presence of MT1-MMP using a collage-
nase-resistant collagen I and a synthetic triple-helical collagen
peptide spanning the DDR1-binding site. The collagenase-resis-
tant collagen I was isolated from homozygous r/r mice (31), which
harbor a Pro substitution at both GIn””* and Ala””” in the a1(I)
chain. Thus, the resulting collagen I heterotrimer is less suscepti-
ble to cleavage by collagenases (31), including MT1-MMP (18).
The synthetic triple-helical collagen I peptide harbors the
sequence GVMGFO, which has been shown to be present in col-
lagens I, II, and III, and to constitute a major binding site for DDRs
on these fibrillar collagens (1, 11). However, this peptide is not a
substrate of MT1-MMP collagenase activity.® Preliminary time
course and dose-dependent experiments showed that mouse 7/7
collagen I stimulated DDR1 phosphorylation albeit less efficiently

3 M. Bhowmick and G. B. Fields, unpublished data.
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than mouse wild type collagen I (supplemental Figs. 4 and 5).
Moreover, although wild type collagen I elicited a sustained DDR1
phosphorylation over an 18-h time period (supplemental Fig. 54),
the 7/r collagen I-evoked DDR1 phosphorylation was short lived,
and after 4 h it was significantly diminished (supplemental Fig. 5C).
The triple-helical GVMGFO peptide also induced DDR1 phos-
phorylation. However, relatively high concentrations of peptide
were required (supplemental Fig. 6) (11). The reason(s) for the
relatively weaker phosphorylation of DDRI in response to these
ligands when compared with wild type collagen I is unknown and
remains to be further explored. Based on these results, we used the
optimal conditions to test the effects of MT1-MMP on DDRI1 acti-
vation in response to r/7 collagen I and the GVMGFO-containing
triple-helical peptide. These analyses showed that the collagenase-
resistant ligands did not rescue DDR1 phosphorylation in the pres-
ence of MT1-MMP (Fig. 5, A and C). Moreover, analyses of the cell
lysates revealed the presence of the CTF of DDR1, when the recep-
tor was co-expressed with MT1-MMP (Fig. 5, Band D), regardless
of the ligand type. These results suggest that, under the experi-
mental conditions, receptor cleavage and not ligand degradation is
the main cause for the reduction in DDR1 collagen I-induced
phosphorylation in the presence of MT1-MMP.

DDRI Is Cleaved at the Extracellular Juxtamembrane Region—
To identify the cleavage site(s) of DDR1 catalyzed by MT1-MMP,
Myc-tagged DDR1a CTF was purified from lysates of COS1 cells
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FIGURE 5. MT1-MMP dampens DDR1a phosphorylation in response to r/r
collagen | and triple-helical GVMGFO peptide. COS1 cells were transiently
transfected to co-express DDR1a without (=) or with (+) wild type (WT) or
catalytically inactive (E/A) MT1-MMP, and serum-starved (18 h) before stimu-
lation (2 h) with (+) either 20 ng/ml wild type (WT) or r/r (r/r) mouse tail type
| collagen (A and C) or with 200 ug/ml triple-helical GYMGFO peptide. After
stimulation, the cells were lysed, and the lysates were examined for DDR1
phosphorylation (A and B) and cleavage (C and D), as described in the legend
of Fig. 1. The blots in C and D were also probed with anti-GAPDH antibodies,
without stripping. Black arrows in A and Cindicate phosphorylated DDR1 and
white arrow in B and D indicate the CTF of DDR1. a-pTyr, Tyr(P).

co-expressing DDR1a with MT1-MMP, as described under
“Experimental Procedures.” The purified proteins were resolved
by SDS-PAGE and transferred to a PVDF membrane. Two bands
within the range of ~62— 65 kDa were excised from the membrane
and subjected to N-terminal sequencing by Edman degradation
(supplemental Fig. 7A). These analyses were consistent with the
upper protein displaying the N-terminal sequence Leu®*®-Gln-
Leu-Gln-Pro-Arg, whereas the lower protein, Val**®-Ala-Lys-Ala-
Glu-Gly-Ser-Pro, which corresponds to two DDR1a fragments,
one starting at Leu®”® and the other at Val**®, respectively. These
results are consistent with the presence of two cleavage sites at the
Ser®*”—Leu**® and Pro*®”—Val*® peptide bonds located within the
EJXM region of DDR1 (depicted in the schematic of Fig. 64 and in
supplemental Fig. 7B).

The ability of MT1-MMP to cleave within the EJXM region
was further investigated using a synthetic peptide from the
EJXM region of DDR1 (Pro®*>-Thr-Asn-Phe-Ser-Ser-Leu-Glu-
Leu-Glu-Pro-Arg-Gly-Gln-Gln-Pro-Val-Aln-Lys-Aln-Glu-
Gly-NH,) comprising the two cleavage sites identified by Ed-
man-based sequencing (underlined) (see supplemental Fig. 7).
The peptide was incubated with activated MT1-MMP, and the
cleaved products were identified by MALDI-TOF MS. These
analyses showed that MT1-MMP cleaved the DDR1 peptide at
the Ser®*’—Leu®?® peptide bond, as observed with the full-
length receptor. The reason for the lack of cleavage at the
Pro*®’-Val*® site in the DDR1 peptide by MT1-MMP is un-
clear. However, it is possible that access to this site is confor-
mationally dependent. In fact, as described later, a
DDR1aA37773% deletion mutant, which lacks the Ser®°”—
Leu®*® peptide bond but preserves the Pro**”—Val*®® site, gen-
erates a CTF only in the presence of MT1-MMP (Fig. 7D, lanes
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FIGURE 6. A, alignment of the EJXM region of DDR1 and DDR2. B, close-up
stereo view of the docked peptide FSSLEL (as capped sticks; nitrogen in blue,
oxygen in red, carbon in gray; hydrogens not shown) into the active site of
MT1-MMP. The protein is depicted as a translucent green Connolly surface.
The Zn?" ionis shown as a gray sphere, and the histidines coordinated to it are
shown as capped sticks. C, close-up stereo view of the docked peptide QQP-
VAK shown in the same representation as in B.

7 and 8). In addition, we found that treatment of the DDR1-
EJXM peptide with active MMP-1 resulted in no peptide hy-
drolysis, in agreement with our cell data (Fig. 4F).
Computational Analysis of the DDRI Cleavage Sites—A
recent x-ray structure of human DDR1 provides insights into
the structure of the DS and DS-like domains (residues 30 —367)
for the first time (13). However, our experiments indicate that
DDRI1 undergoes proteolytic cleavage within the EJXM region,
which is outside of the crystallized portion of the structure. An
inspection of the EJXM sequence reveals the presence of many
glycine and proline residues, which are hallmarks of flexible
mobile structural elements in proteins. Such flexible structural
elements are usually prone to proteolysis, as is documented in
this study by the existence of MT1-MMP cleavage sites within
this region. Notwithstanding this observation, our attempts to
identify any known three-dimensional structure for similar
sequences from other proteins did not bear fruit. Therefore, to
understand how the recognition by MT1-MMP takes place
within this region, it was necessary to sample all significant
conformational states for the peptides in the two cleavage sites,
Ser®’—-Leu®”® and Pro**”’—Val*®®, We used the program Conf-
Gen to allow the peptides comprising the cleavage sites, Phe-
Ser-Ser-Leu-Glu-Leu and GIn-GlIn-Pro-Val-Ala-Lys, to sample
many permissible conformational states, which our selection
criteria narrowed down to 20 and 49 energetically distinct and
significant conformers for the respective peptides. These con-
formations were docked into the active site of MT1-MMP. Suit-
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FIGURE 7. Effects of deletions at the EJXM region of DDR1 on receptor activation and cleavage. A, schematic depicting the structural domain organization
of DDR1 and the sequence of the deletions generated at the EJXM region of DDR1. B-G, COS1 cells were transiently transfected to express wild type or EJXM
deletion mutants without (—) or with (+) wild type MT1-MMP (B-E) or with wild type (WT) or catalytically inactive (E/A) MT1-MMP (F and G). Serum-starved cells
were then stimulated (2 h) with (+) 10 wg/ml rat tail collagen | (Col. /) or vehicle control (—). After stimulation, the cells were lysed, and the lysates were
examined for DDR1 cleavage (B, D, and F) and phosphorylation (C, E and G), with antibodies to DDR1 (sc-532) or Tyr(P) (a-pTyr) (4G10®). The blots in B, D, and
Fwere also reprobed with anti-GAPDH antibodies without stripping. White arrows in B, D, and F indicate the CTF of DDR1, and black arrows in C, E, and G indicate

phosphorylated DDR1.

able poses that could account for the requisite hydrolytic reac-
tion subsequent to appropriate coordination of the amide
carbonyl of the scissile bond with the zinc ion emerged from
analysis (Fig. 6, Band C). Ser**” and Pro*’” backbone carbonyls
interact with the Zn>* ion, and for both interactions the dis-
tance between Zn>" and the oxygen of the carbonyl is 2.2 A.
Ser®*” and Pro*®” side chains in these peptides are ensconced in
the S1 pocket, and the Leu®*® and Val*°® side chains are in the
S1’ pocket. These pockets are documented peptide-like sub-
strate recognition sites (32). Additionally, the Phe-Ser-Ser-Leu-
Glu-Leu peptide forms five hydrogen bonds with the protein
atoms; one is between the Lys®®® side chain and the backbone,
and the rest are among the backbone atoms. The GIn-Gln-Pro-
Val-Ala-Lys peptide also forms five hydrogen bonds; four are
among the backbone atoms, and one is between Lys*'° N{ and
a backbone carbonyl of the protein. Thus, our analyses reveal
that both of the sites identified can readily be accommodated
within the active site of MT1-MMP, en route to the hydrolytic
turnover.

The EJXM Region of DDRI Is Critical for MT1-MMP-medi-
ated Receptor Cleavage—Because inhibition of phosphoryla-
tion was a consequence of receptor cleavage, as suggested by the
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data with the collagenase-resistant ligands (Fig. 5), we hypothe-
sized that an MT1-MMP-resistant DDR1 receptor will maintain
collagen I-induced activation in the presence of MT1-MMP. To
test this hypothesis, we generated DDR1a mutants harboring dele-
tions at the EJXM linker. This approach was chosen because the
sequence of the EJXM is considered a conformationally flexible
one, and thus deletion of specific residues represents a more
advantageous approach than would be generation of point muta-
tions. Indeed, we found that double (S397T/L398H and P407V/
V408H, each) or quadruple (S397T/L398H + P407V/V408H,
each) substitutions at the two cleavage sites, chosen based on pre-
vious analyses of nonconcurring amino acids in natural MT1-
MMP substrates (33), failed to prevent DDR1a cleavage by
MT1-MMP (data not shown). Therefore, we generated three
EJXM deletion mutants of DDR1a (Fig. 7A). DDR1A*°~#1¢
lacks the Pro*®”—Val*®® site; DDR1aA37773%? lacks the Ser®°”—
Leu®*® site; and DDR1aA®**~*1¢ Jacks both sites (Fig. 7A). As
shown in Fig. 7B, lysates of cells expressing DDR1aA**°~#1¢,
which lacks the Pro*®”—Val**® site, did not display generation
of a CTF in the presence of MT1-MMP, suggesting that this
mutant is MT1-MMP-resistant. However, in spite of no evi-
dence of cleavage, DDR1aA*®°~*1® was not phosphorylated
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upon stimulation with collagen I (Fig. 7C, lane 6), when com-
pared with wild type DDR1a (Fig. 7C, lane 2). This result
suggested that the structure and/or trafficking of the
DDR1aA*%°~%1¢ deletion mutant was compromised. Indeed, a
surface biotinylation study confirmed that the DDR1aA*?°~*1¢
mutant is not detected at the cell surface (supplemental Fig. 84,
lane 4). Thus, the importance of the Pro*®’—Val**® site for
MT1-MMP cleavage could not be determined with this dele-
tion mutant. Lysates of cells expressing DDR1aA*””~*° contained
a CTF (Fig. 7D, lanes 7 and 8) similar to that detected with wild
type DDR1a (Fig. 7D, lanes 3 and 4). The CTF was detected only in
the presence of MT1-MMP, suggesting cleavage at the Pro®*’—
Val*®® site by MT1-MMP. The DDR1aA*"7~3%° mutant was also
phosphorylated in response to collagen I (Fig. 7E, lane 6), albeit
to a lower extent than the wild type receptor (Fig. 7E, lane 2),
and, in agreement, it could be detected at the cell surface (sup-
plemental Fig. 84 , lane 6). Moreover, the activation of the
DDR1aA%773%° mutant was also inhibited in the presence of
MT1-MMP (Fig. 7E, lane 8), consistent with receptor cleavage.
Thus, under these conditions, MT1-MMP-dependent ectodo-
main cleavage of DDR1a can take place in the absence of the
Ser®’—Leu®®® site, possibly through the hydrolysis of the
Pro*®”—Val*® peptide bond.

Deletion of residues 394—416 in DDR1aA3%*~%1¢ which
removes both cleavage sites, significantly reduced MT1-MMP-
dependent cleavage, as indicated by the lack of a detectable CTF
(Fig. 7F, lanes 3 and 4). Because the control (wild type DDR1
with MT1-MMP) shown in the blot of Fig. 7F (lane 8) exhibits
an unusual lower level of CTF, an additional similar experiment
is shown in supplemental Fig. 9B, which clearly demonstrates
that the DDR1aA®***~*1® mutant cannot be cleaved by MT1-
MMP to generate a CTF, when compared with wild type DDR1
(supplemental Fig. 9B, lanes 4 and 8, respectively) under equal
loading and exposure conditions.

Interestingly, stimulation with collagen I revealed that
DDR1aA>**~*'%, in contrast to wild type DDRI1a, retained
receptor phosphorylation in the presence of MT1-MMP (Fig.
7G, lanes 4 and 8, respectively, and supplemental Fig. 94 , lanes
4 and 8, respectively), consistent with its resistance to MT1-
MMP-mediated cleavage. However, under similar conditions
of collagen I stimulation, the extent of DDR1aA3*~*!¢ phos-
phorylation was consistently lower than that displayed by wild
type DDR1a (Fig. 7G and supplemental Fig. 94). Although we
cannot yet explain the reason(s) for the relatively lower activa-
tion rate of the DDR1aA®***~*!'¢ mutant when compared with
wild type DDR1, co-expression of this mutant with MT1-E/A
recovered receptor phosphorylation (Fig, 7G, lane 6, and sup-
plemental Fig. 94 , lane 6) to the extent of receptor expressed
alone (Fig. 7G, lane 2, and supplemental Fig. 94, lane 7). This
suggests that DDR1aA®>*~*'® remains partially sensitive to
MT1-MMP proteolysis. However, a detectable cleavage prod-
uct could not be detected under these conditions. It is also pos-
sible that the reduced phosphorylation of the DDR1aA3%*~*1¢
mutant is partly due to the deletion of Asn®*** which constitutes
a putative N-glycosylation site of DDR1 within the EJXM
region. However, DDR1aA®**~%'¢ was clearly detected at the
cell surface (supplemental Fig. 8, lane 8).
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Nonetheless, these studies demonstrate that DDR1aA%*~41¢,
in contrast to the wild type receptor, is able to undergo collagen
I-induced phosphorylation in the presence of MT1-MMP. Col-
lectively, these results provide further support to the notion
that cleavage of DDR1 occurs at the EJXM region and that this
proteolytic event is a major cause for the inhibition of collagen
I-induced receptor activation by MT1-MMP.

Effects of Inhibitors on DDRI Shedding and Activation—
Next, we sought to investigate the relative contribution of
MT1-MMP to DDRI1 shedding in breast cancer HCC1806 cells,
which we found to naturally express both MT1-MMP and
DDRI1 (supplemental Fig. 10). PCR analyses showed that
HCC1086 cells express the mRNA of both DDR1a and DDR1b
isoforms but not of DDR2 (supplemental Fig. 104). HCC1806
cells also express the mRNA of several secreted and membrane-
anchored collagenases, including MT1-MMP, MT2-MMP,
MMP-1, and MMP-13. In addition, we also examined the
expression of ADAM (a disintegrin and metalloproteinase) 10
and 17 mRNAs, two well studied members of the ADAM sub-
family of metalloproteinases with established sheddase activity
(34), which were also implicated in collagen I-induced shedding
of DDR1 in human embryonic kidney 293 cells transfected to
express recombinant DDR1 (35). We found that HCC1806 cells
express the mRNA of these ADAMs (supplemental Fig. 10A).
The expression of DDR1 and MT1-MMP protein was con-
firmed by immunoblot analyses of cell lysates. Two DDR1
immunoreactive proteins of ~110-120 and ~60 kDa were
detected, consistent with these forms representing the full-
length and the CTF of DDRI1 based on the recognition of anti-
body sc-532, which binds to the C terminus of the receptor
(supplemental Fig. 10B). In addition, the lysates displayed the
active form of MT1-MMP (~57 kDa) (supplemental Fig. 10C).
Analyses of the serum-free media revealed a protein of ~62
kDa, which was recognized by antibody AF2396 to the N-ter-
minal region of DDRI, indicating that HCC1806 cells display
constitutive ectodomain shedding of DDR1 (supplemental Fig.
10D). However, we also found that DDR1 shedding in
HCC1806 cells can be stimulated by exposure to either collagen
I, phorbol ester, or concanavalin A (data not shown), suggesting
a multifactorial process. Here, we have focused on constitutive
DDRI1 shedding to address our findings with the co-expression
of DDR1 and MT-MMPs in unstimulated COS1 cells.

Next, we examined the contribution of MT1-MMP to the
constitutive shedding of DDR1 in HCC1806 cells. To this end,
we used several approaches, including RNA interference and
inhibitors. Interestingly, under the conditions tested, knock-
down of MT1-MMP mRNA expression by siRNA had no effect
on DDR1 shedding despite an ~70% reduction in MT1-MMP
protein (data not shown). We interpret this finding as a result of
DDRI1 being cleaved by an alternate protease(s) in the absence
of MT1-MMP (discussed later) and/or an indication of the rel-
atively high efficiency of MT1-MMP-mediated cleavage of
DDR1, which may proceed even at reduced protease levels
(supplemental Fig. 2). Therefore, we examined the effects of
two natural and one synthetic inhibitor of metalloproteinases
as follows: TIMP-2, TIMP-1, and MIK-G2 on DDR1 shedding
in HCC1806 cells. Whereas TIMP-2 inhibits all MMPs,
TIMP-1 is a poor inhibitor of the transmembrane MT-MMPs
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FIGURE 8. TIMPs and MIK-G2 inhibit DDR1 shedding in HCC1806 cells.
HCC1806 cells seeded in 6-well plates were treated overnight without (Con-
trol) or with 100 nm of purified TIMP-1 or TIMP-2 or 10 um MIK-G2. The serum-
free media (400 ul/well) were then collected and TCA-precipitated, and the
resultant pellets were resolved by reducing 12% SDS-polyacrylamide gel fol-
lowed by immunoblot analyses. The blot was probed with N-terminal DDR1
antibody, AF2396 (A) and then reprobed with antibodies to TIMP-1 (D) and
TIMP-2 (E). For total protein analysis, 30 ng of protein from each lysate were
resolved by reducing 7.5% SDS-polyacrylamide gel followed by immunoblot
analyses. The blot was probed with anti-DDR1 antibody (sc-532) (B), and then
reprobed with antibodies to anti-B-actin antibody as loading control (C).
White arrow indicates the CTF of DDR1.
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and MMP-19. In contrast, both TIMP-2 and TIMP-1 do not
inhibit most members of the ADAM family with the exception
of ADAM10 and ADAM12, which are sensitive to TIMP-1 and
TIMP-2, respectively (36). MIK-G2 (referred to as compound 3
in the original publication and as SB-3CT pMS in commercial
sources) is a mechanism-based and selective inhibitor of the
gelatinases and MT1-MMP (22), and it does not inhibit
ADAM-mediated shedding of N-cadherin (37). As depicted in
Fig. 8, treatment (20 h) of HCC1806 cells with 100 nM of either
TIMP-1 (Fig. 84, lane 2) or TIMP-2 (Fig. 84, lane 3) inhibited
(48 and 39%, respectively, over untreated cells) the release of
the DDR1 ectodomain, as determined by the reduction in the
~62-kDa soluble form of DDR1 in the media, when compared
with media of untreated cells (Fig. 84, lane 1). Likewise, addi-
tion of MIK-G2 (10 um for 20 h) inhibited DDR1 shedding by
~50% (Fig. 84, lane 5). Analyses of the lysates revealed the
full-length and the CTF of DDR1 in all conditions (Fig. 8B, lanes
1-5). However, the relative levels of these forms did not match
the extent of inhibition of DDR1 shedding observed in the
media. This is an agreement with a previous study in which
treatment with either the metalloproteinase inhibitor TAPI or
TIMP-3 in T47D and DDR1-transfected 293 cells, respectively,
had no effect on the levels of full-length or CTF of DDRI,
despite a significant inhibition of collagen I-induced DDR1
shedding by these inhibitors (35). In our cell system, we
ascribed this paradoxical finding with the TIMPs and MIK-G2
to differences in antibody affinity (sc-532 versus AF2396), tech-
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FIGURE 9. Effects of TIMPs and MIK-G2 on collagen I-induced DDR1 acti-
vation in HCC1806 cells. HCC1806 cells were incubated with the inhibitors
as described in the legend of Fig. 8, and 20 h later the cells were treated (2 h)
with or without 20 ug/ml of rat tail collagen I. The cells were then lysed with
RIPA buffer (200 ul per well), and equal amounts of protein lysates were
immunoprecipitated with DDR1 antibody sc-532. The immunoprecipitates
were resolved by reducing 7.5% SDS-PAGE followed by immunoblot analyses
with Tyr(P) (a-pTyr) (4G10®) antibody (A). The membrane was then stripped
and probed with DDR1 (sc-532) for total DDR1 immunoprecipitated (B).
Another fraction of the lysates was subjected to immunoblot analyses for
total DDR1 expression level using DDR1 antibody (sc-532) antibody (C). The
blotin Cwas then reprobed with antibodies to B-actin, as loading control (D).
Black arrow in A indicates phosphorylated DDR1, and white arrow in C indi-
cates the CTF of DDRI1. Asterisk in B indicates the 1gG fraction.

nique sensitivity (immunoblot analyses only able to detect dras-
tic shifts in receptor pool), and/or issues of receptor turnover
(compensatory mechanisms), all of which may highlight the
complex relationship between receptor shedding and genera-
tion of degradation fragments (35).

Because of this limitation, we sought to evaluate the effects of
TIMP/MIK-G2-mediated inhibition of DDR1 shedding on
receptor phosphorylation in response to collagen I. To this end,
HCC1806 cells were treated with TIMPs or MIK-G2 in the
presence or absence of collagen I, and then examined for recep-
tor activation by immunoprecipitation followed by detection of
activated receptor with anti-Tyr(P) antibody, as described
under “Experimental Procedures.” As shown in Fig. 94, colla-
gen I induces robust DDR1 phosphorylation in serum-starved
HCC1806 cells (Fig. 94, lanes 1 versus lane 2), as expected.
Treatment with TIMP-1, TIMP-2, or MIK-G2 in the absence of
collagen I had no effect on DDR1 phosphorylation (Fig. 94,
lanes 3, 5, and 9) indicating that protease inhibition per se does
not affect DDR1 activation. In contrast, inhibitor treatment in
the presence of collagen I increased the relative levels of recep-
tor activation in response to collagen I, when compared with
the untreated cells (Fig. 94, lanes 4, 6, and 10 versus lanes 2 and
8, respectively), in two independent experiments. Collectively,
the data in the COS1 and T47D cell systems strongly indicate a
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potential role for MT1-MMP in DDR1 ectodomain shedding
and regulation of collagen-induced receptor activation,
whereas the data with the HCC1806 cell system suggests that
MT1-MMP might be only one of a number of specific DDR1
sheddases and regulators.

DISCUSSION

Many RTKs undergo proteolytic processing at their ectodo-
main in an event referred to as ectodomain shedding (38, 39).
The sheddases cleave the ectodomain, generally at the stalk/
linker region, and thus regulate the pool of active receptor avail-
able at the cell surface for ligand-induced signaling. In some
surface receptors, the released N-terminal fragment elicits bio-
logical activity of its own in the pericellular space, whereas the
remnant CTF undergoes intramembranous cleavage followed
by translocation to the nucleus where it regulates transcrip-
tional activity (40). Previous studies have shown that DDR1 is
shed from the cell surface in both constitutive (41) and colla-
gen-induced manners (35, 42), leading to the formation of two
C-terminal fragments of 58 and 62 kDa (42). Based on sensitiv-
ity to protease inhibitors, it was postulated that DDR1 cleavage
is mediated by the action of a metalloproteinase(s) (35). How-
ever, the nature of the metalloproteinase(s) was not identified.
The data presented here show for the first time that membrane-
anchored but not secreted collagenases cleave DDR1 releasing a
soluble ectodomain and, consequently, negatively regulate col-
lagen-dependent receptor phosphorylation. This effect of the
membrane-anchored collagenases on DDR1 could not be
reproduced by either MT4- or MT6-MMP further demonstrat-
ing the specificity of DDR1 as a substrate for the transmem-
brane MT-MMPs. The involvement of these MT-MMPs in
shedding of DDR1 was also demonstrated by the effects of
inhibitors, in particular TIMP-2 and MIK-G2, which are known
to target transmembrane MT-MMPs, in HCC1806 cells. These
findings establish MT-MMPs as one of the metalloproteinases
that contribute to DDR1 shedding under physiological condi-
tions. It should be noted, however, that our inhibitor and muta-
tional data also point to a complex process of DDR1 shedding
involving several proteases, including MMPs and ADAMs,
which may collaborate and/or compensate each other to
accomplish ectodomain cleavage. For instance, the partial inhi-
bition caused by TIMP-1 in HCC1086 cells (Fig. 84) may be
explained by an effect on ADAM10 activity, which is expressed
in HCC1806 cells and has been previously suggested to be a
potential DDR1 sheddase (35). Thus, we cannot rule out mem-
bers of the ADAM family of metalloproteinases as additional
and important DDR1 sheddases. Further studies are required to
identify and characterize the full spectrum of metalloproteases
that cleave DDR1 under constitutive and stimulated condi-
tions, in various cellular contexts.

Because the transmembrane MT-MMPs (MT1-, MT2-, and
MT3-MMP) are known to exhibit collagenase activity, we
thought it was important to determine whether abrogation of
collagen I-evoked DDR1 phosphorylation observed in the pres-
ence of MT-MMPs was due to receptor cleavage and/or ligand
degradation. Based on multiple lines of evidence, we conclude
that the inhibitory action of MT-MMPs on collagen-induced
DDRI1 activation, under the experimental conditions, could
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only be ascribed to ectodomain shedding and not to collag-
enolysis. This is supported by the following: (i) inhibition of
receptor activation by MT1-MMP was also observed in the
presence of two DDR1 ligands, namely r/r collagen I and the
GVMGFO-containing triple-helical peptide, which are not
MT1-MMP substrates; (ii) receptor cleavage occurred inde-
pendently of the collagen presence or collagen I-induced acti-
vation; (iii) DDR1 activation was not inhibited by MMP-1*¥<R
or MMP-13**%; and (iv) receptor phosphorylation was
retained in an MT1-MMP-resistant DDR1 deletion mutant,
DDR1A***~*1¢, Although these conclusions are based on stud-
ies conducted with MT1-MMP, we surmise that these findings
also apply to MT2- and MT3-MMP because these proteases
also accomplish cleavage of DDR1 and are close homologues of
MT1-MMP. Moreover, our data indicate that both DDR1a and
DDRI1b are equally sensitive to these MT-MMPs, both being
unable to undergo receptor phosphorylation when co-ex-
pressed with these proteases. At present, the expression and
activation of DDR1 isoforms in different cells/tissues as well as
in different physiological and pathological conditions are
unknown. Likewise, where and when they are co-expressed
with MT-MMPs within a distinct subcellular locale also
remains to be established. Nevertheless, our data suggest that
these DDR1 isoforms, which may activate different down-
stream effector (2), are equally targeted by MT-MMPs, estab-
lishing these membrane-tethered collagenases as general
DDRI regulators.

As indicated earlier, the data presented here highlight the
importance of receptor cleavage as a critical step in the regula-
tion of DDR1 activation by MT-MMPs. Cleavage of DDR1 was
independent of receptor activation, and it occurred in the
absence of ligand. Thus, MT-MMPs may act to clear DDR1
receptors from the cell surface independently of collagen stim-
ulation. However, the detection of phosphorylated CTF sug-
gests the possibility that MT-MMPs may also cleave DDR1
after activation and thus alter DDR1-initiated signaling. Con-
sidering that DDRs exhibit slow activation kinetics (4), removal
of phosphorylated DDR1 by MT-MMPs may significantly
impact the nature of the signaling networks activated in
response to DDR1 stimulation. Moreover, inhibition of metal-
loprotease activity under conditions of excess inhibitor secre-
tion at the pericellular space may also enhance collagen-evoked
DDR1 phosphorylation (Fig. 9) by increasing the pool of recep-
tor available for ligand binding. However, the outcome of
increased receptor phosphorylation in regulation of cell-colla-
gen interactions needs to be defined, as the consequences of
DDRI signaling are only partially understood. The impact of
collagenase activity should also be taken into account when
evaluating effects of MT-MMPs on DDRI1 signaling. Indeed,
previous evidence demonstrated that degradation of collagen
attenuates DDR1 phosphorylation (4). Thus, in vivo, collag-
enolysis would also compromise receptor activation by impair-
ing ligand integrity, in particular during processes of intense
remodeling of the pericellular ECM. However, limited collagen
proteolysis may preserve DDR1 activation if the MMPs were to
generate collagen fragments comprising an intact and func-
tional DDR binding motif (1, 43), such as the GVMGFO-con-
taining triple-helical peptide, as shown here. Thus, in vivo, the
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consequences of MT-MMP activity on DDR1 signaling are
likely to be complex, involving both direct and indirect effects
on receptor and ligand integrity.

We found that membrane anchoring of the catalytic domain
was essential for MT1-MMP-mediated cleavage of DDR1. This
suggests that DDR1 cleavage is strictly dependent on an
entropically favorable close interaction between the protease
and the receptor within the confines of the plasma membrane.
Consistently, a secreted variant of MT1-MMP was unable to
cleave DDR1, and consequently, receptor activation remained
unchanged. This raises the possibility that the differential
effects between membrane-anchored and secreted collage-
nases on DDR1 stem in part from their distinct tissue localiza-
tion and may be independent of their substrate profile. We
compared the structures of the catalytic sites of MMP-1, MMP-
13, and MT1-MMP to explain the selectivity of MT1-MMP for
DDRI as a substrate. We observed that all three enzymes are
almost identical in the vicinity of the catalytic Zn>" and differ-
ences start to appear beyond. The importance of potential exo-
site interactions for substrate recognition of MMPs has been
reported previously (44, 45). Thus, besides cellular localization,
it is possible that the inability of MMP-1"**R or MMP-13%**R
to cleave DDR1 has to do with these potential exosite interac-
tions, which abrogate the ability of DDRI to serve as substrate
for these enzymes. However, as discussed earlier, an effect on
DDRI1 activation by these collagenases caused by hydrolysis of
collagen cannot be ruled out and may be relevant under certain
physiological and pathological conditions involving deregu-
lated collagen degradation.

Our data highlight the EJXM linker of DDR1 as the major
proteolytic target of MT1-MMP via cleavage at the Ser*”’—
Leu?*® and Pro*®”—Val*°® peptide bonds. This was established
by N-terminal sequencing of two degradation products of
DDRI and by the data with the DDR1aA%**~*'¢ mutant, which
lacks the two cleavage sites. Although MT1-MMP cleavage site
motifs possessing Ser/Pro~Leu bonds have been reported pre-
viously based on analysis of phage display libraries (45, 46),
DDRs have not been identified as MT1-MMP substrates or
binding partners in proteomics studies (47—49). Nevertheless,
structurally, the computational analyses supported the notion
that the active site of MT1-MMP can accommodate the two
sites within the EJXM of DDR1 and serve as targets for MT1-
MMP proteolysis. However, our analyses could not predict
which of the two sites would experience hydrolysis before the
other. The disrupted trafficking of the DDR1aA**°~*'¢ deletion
mutant also precluded us to evaluate the sequence of proteo-
lytic steps that lead to DDRI1 cleavage and whether both sites
are indeed hydrolyzed by MT1-MMP alone or can be targeted
by both MT-MMPs and ADAMs cooperatively and/or inde-
pendently. We surmise that the inability to completely block
DDRI1 shedding using various inhibitors reflects the flexible
nature of the EJXM, which might have evolved to confer DDR1
with the ability to undergo ectodomain shedding, among other
functions, by various metalloproteinases (39, 50). However, the
effects of these proteases on DDR1 may be differentially regu-
lated. For instance, although early findings showed collagen-
dependent shedding of DDR1, which was ascribed to ADAM
activity (35, 42), we showed that cleavage of DDR1 by MT-
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MMPs proceeded independently of collagen exposure. In addi-
tion, although these proteases may overlap during promotion
of receptor cleavage, MMPs may provide an extra level of recep-
tor regulation by altering ligand integrity. Although the fate and
function of the soluble DDR1 ectodomain released by
MT-MMPs remains to be established, previous evidence
showed that the isolated DDR1 ectodomain maintains collagen
binding activity (9) and biological function (51, 52), including
blocking the activity of membrane-anchored receptor (53). The
role of the CTF of DDR1 is also unknown. However, as reported
for other surface receptors (54), the CTF of DDR1 may elicit
biological activity via regulation of DDR1 downstream effectors
(2, 12) and/or possibly by translocation to the nucleus. These
possibilities are currently under investigation in our laboratory.

The fact that DDR receptors exhibit structural and ligand
binding differences begs the question as to whether they are
differentially regulated by MT-MMP proteolysis. Alignment of
the EJXM regions of DDR1 (residues 368 —416) and DDR2 (res-
idues 368 —398) reveals a significant lack of sequence similarity
in this region (Fig. 64). Moreover, the EJXM of DDR2 lacks the
Ser®*’—Leu®?® site, whereas Val*®® of DDR1 is replaced with a
Met®**° residue (Fig. 64). Ongoing studies in our laboratory
indicate that DDR2, in contrast to DDRI, is not cleaved at the
EJXM region by MT1-MMP when co-expressed in COS1 cells,
and the receptor maintains collagen I-induced phosphoryla-
tion.* Moreover, a DDR2-EJXM synthetic peptide was not
hydrolyzed by MT1-MMP (data not shown). Collectively, this
evidence suggests that the EJXM region of DDRs evolved to
impart these RTKs with a differential sensitivity to MT-MMP-
mediated proteolysis, which may have profound effects on
receptor turnover and signaling. At present, the consequences
of MT-MMP activity on DDR1-mediated cell behavior are
unknown and remain to be elucidated. However, this is not a
trivial task considering the diverse and opposing biological
activities of DDR1 isoforms in different cellular backgrounds
and environments (1-3). This challenge will abate as we learn
more about the intricate biological actions of these unique
receptors. Nevertheless, the data presented here identify the
first set of metalloproteinases involved in shedding and regula-
tion of DDR1, a unique RTK activated by collagen.
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