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Discoidin domain receptor 1 (DDR1) is a receptor
tyrosine kinase that binds and is activated by colla-
gens. Transcriptional profiling of cirrhosis in human
liver using a DNA array and quantitative PCR detected
elevated mRNA expression of DDR1 compared with
that in nondiseased liver. The present study charac-
terized DDR1 expression in cirrhotic and nondis-
eased human liver and examined the cellular effects
of DDR1 expression. mRNA expression of all five iso-
forms of DDR1 was detected in human liver, whereas
DDR1a demonstrated differential expression in liver
with hepatitis C virus and primary biliary cirrhosis
compared with nondiseased liver. In addition, immu-
noblot analysis detected shed fragments of DDR1
more readily in cirrhotic liver than in nondiseased
liver. Inasmuch as DDR1 is subject to protease-medi-
ated cleavage after prolonged interaction with colla-
gen, this differential expression may indicate more
intense activation of DDR1 protein in cirrhotic com-
pared with nondiseased liver. In situ hybridization
and immunofluorescence localized intense DDR1
mRNA and protein expression to epithelial cells in-
cluding hepatocytes at the portal-parenchymal inter-
face and the luminal aspect of the biliary epithelium.
Overexpression of DDR1a altered hepatocyte be-
havior including increased adhesion and less mi-
gration on extracelular matrix substrates. DDR1a
regulated extracellular expression of matrix metal-
loproteinases 1 and 2. These data elucidate DDR1
function pertinent to cirrhosis and indicate the im-

portance of epithelial cell–collagen interactions in

1134
chronic liver injury. (Am J Pathol 2011, 178:1134–1144;

DOI: 10.1016/j.ajpath.2010.11.068)

Liver cirrhosis is a leading cause of death by infectious
disease worldwide. Hepatic fibrosis is a wound-healing
response to liver injury, with morphologic features of ex-
tracellular matrix (ECM) remodeling, contraction, and
“scarring.” As a response to tissue injury, activated stel-
late cells synthesize more and altered ECM.1,2 In liver
fibrosis, collagen and noncollagenous components of the
ECM are increased as much as 10-fold.3

Living cells need to sense and manage changes in
ECM components in a highly orchestrated manner to
generate appropriate cellular responses such as division,
differentiation, survival, migration, and invasion. This pro-
cess is mediated by many of the cell surface receptors of
the family of receptor tyrosine kinases.

Discoidin domain receptors DDR1 and DDR2 consti-
tute a subfamily of receptor tyrosine kinases and have
been identified as nonintegrin receptors for collagen.
DDR1 and DDR2 are differentiated from each other by
their relative affinity for different types of collagens. DDR1
is activated by both fibrillar and nonfibrillar collagens
(types I to V, VIII, and XI), whereas DDR2 is activated only
by fibrillar collagens, in particular, types I and III.4,5 With
prolonged exposure to collagen, DDR1 is processed into
a soluble 54-kDa extracellular �-subunit and a 63-kDa
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membrane-bound �-subunit containing the cytoplasmic
region.6–9 As a collagen receptor, DDR1 expression
needs to be tightly regulated. DDR1 is selectively ex-
pressed in epithelial cells, and its expression is signifi-
cantly increased in various tumors including mammary,10

ovarian,11 and esophageal12 carcinomas and in cirrhotic
liver.13

At least five isoforms (named with suffixes a to e) are
generated through alternative splicing of the kinase do-
main of the human DDR1 gene.6,7,14 Isoforms a, b, and c
are kinase-active, whereas isoforms d and e are kinase-
deficient because of frame shift and truncation (Figure 1).
A sixth isoform that lacks part of the extracellular do-
main has been described in rat testis.15 These isoforms
exhibit differences in the extent of glycosylation,16

phosphorylation,6,17 protein interactions,18,19 and ex-
pression patterns and functions.17 DDR1 regulates adhe-
sion,17,20 migration,17,21–24 proliferation and apopto-
sis,24,25 cell morphogenesis and differentiation,21,24 and
ECM remodeling.26,27 These effects of DDR1 seem to be
isoform-specific in different cell models, and have not
been characterized in liver.

Transcriptional profiling of cirrhosis in human liver us-
ing a DNA array and quantitative real-time RT-PCR have
enabled detection of elevated DDR1 mRNA expression
by more than twofold in all types of cirrhotic liver tested
(cirrhosis associated with autoimmune hepatitis [AIH],
hepatitis B virus, primary biliary cirrhosis [PBC], and pri-
mary sclerosing cholangitis) compared with nondiseased
liver using primers that bind to DDR1 isoforms a, b, and
c (n � 4 to 6).13 These novel observations of increased
DDR1 mRNA expression in cirrhotic liver suggest a po-
tential role of DDR1 in liver fibrogenesis. The present
study further characterized DDR1 expression in human
liver and investigated functional effects of increased
DDR1 expression in hepatocytes. Increased DDR1 ex-

Figure 1. Schematic representation of the five isoforms of DDR1 that have
been identified in human liver. Isoforms a, b, and c are kinase active.
Isoforms d and e are kinase deficient from truncation or frame shift, respec-
tively. On collagen-induced activation, DDR1 is cleaved at the cell surface
(arrow), generating an extracellular (�) and an intracellular (�) subunit.
pression by hepatocytes, leukocytes, and biliary epithe-
lial cells of cirrhotic liver was observed. In addition, dif-
fering forms of DDR1 protein were detected in cirrhotic
liver compared with nondiseased liver. In hepatocellular
carcinoma Huh7 cells, DDR1a overexpression resulted in
greater cell adhesion, specifically to collagen I, and less
cell migration on ECM. Actin cytoskeletal arrangement
remained unaffected by DDR1a overexpression. Extra-
cellular but not intracellular expression of MMP1 and
MMP2 were altered by DDR1a overexpression.

Materials and Methods

RNA Extraction and cDNA Synthesis from
Human Liver

Total RNA was isolated from transplant-donor liver biopsy
specimens (n � 8), end-stage Child-Pugh class C cir-
rhotic hepatitis C virus (n � 6), AIH (n � 4), and PBC (n �
6) tissue obtained at liver transplantation (Table 1), and
reverse transcribed using Superscript III (Invitrogen
Corp., Carlsbad, CA), as previously described.28 Tissue
was obtained with consent in accordance with Australian
Medical Research Council guidelines after approval by
the institutional ethics committee.

Table 1. Patient Characteristics

Identifier Status Cirrhosis Sex Age, yr

ND 1 Tx donor � Female 22
ND 2 Tx donor � Male 13
ND 3 Tx donor � NA NA
ND 4 Tx donor � NA NA
ND 5 Tx donor � Male 18
ND 6 Tx donor � NA NA
ND 7 Tx donor � NA NA
Pt 1 AIH � Female 23
Pt 2 AIH � Female 17
Pt 3 AIH � Female 32
Pt 4 AIH � Female 30
Pt 5 AIH � Female 25
Pt 6 AIH � Female 31
Pt 7 HCV � Male 44
Pt 8 HCV � Female 57
Pt 9 HCV/alcohol � Male 48
Pt 10 HCV � Female 61
Pt 11 HCV � Male 34
Pt 12 HCV � Male 48
Pt 13 HCV � Female 46
Pt 14 HCV � Male 59
Pt 15 HCV � Female 57
Pt 16 PBC � Female 66
Pt 17 PBC � Female 43
Pt 18 PBC � Male 49
Pt 19 PBC � Female 57
Pt 20 PBC � Female 61
Pt 21 PBC � Female NA
Pt 22 PSC � Male 22
Pt 23 HCC � Male 53
Pt 24 HBV � Male 50
Pt 25 Alcohol � Male 54
NA, data not available; ND, nondiseased liver; Pt, patient; Tx, trans-
plant; �, present; �, absent.
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Cell Lines

The cell lines human embryonic kidney (HEK) 293T, hu-
man ovarian carcinoma 2008, human colon cancer
HCT15, human lung adenocarcinoma A549, human
breast cancer MCF7, human hepatic stellate cell LX2,
human hepatoma Huh7, human epithelial colorectal ad-
enocarcinoma CaCO2, human squamous cell carcinoma
Colo16, human keratinocyte HaCaT, human Burkitt’s lym-
phoma Raji, and human T-cell lymphoblast-like Jurkat
were maintained in standard media with fetal calf serum.

Real-Time RT-PCR

DDR1 isoforms were detected at RT-PCR using primers
(Table 2) and AmpliTaq Gold Polymerase (Applied Bio-
systems Inc., Foster City, CA) according to the manufac-
turer’s instructions. Differential expression of DDR1a
mRNA was quantified using a modification of published
methods.28,29 All reactions were performed in duplicate
using a sequence detector (Prism, model 7700; Applied
Biosytems, Inc.), and were analyzed using sequence de-
tector software (Prism, version.1.6.3; Applied Biosys-
tems, Inc.).

Immunocytochemical Staining and in Situ
Hybridization

Immunofluorescence, immunohistochemistry, and in situ
hybridization have been described previously.28–31 Anti-
body concentration optima were CD45 (M0855, 1:100),
CK7 (M0718, 1:143), CK18 (M7010, 1:143), and CK19
(M0772, 1:143) (all from DAKO Corp., Carpinteria, CA).
Digoxigenin-labeled riboprobes were generated from a
human DDR1 566-bp fragment (nucleotides 534 to
1080; GenBank accession No. AY335786) using a
digoxigenin RNA labeling kit (Boehringer Mannheim
Corp., Indianapolis, IN). Hybridization was on paraffin
sections overnight at 42°C. Flow cytometry has been

Table 2. PCR Primers

Gene Primer name

DDR1 F1359 5=-GGTGTTG
DDR1 R1524-1A 5=-CCCACTG
DDR1 Ex9F 5=-TCATCTC
DDR1 R2055 5=-GAGCCTC
DDR1 F2156ex13 5=-GATCTCG
DDR1 R2351c6 5=-CTGGAGA
DDR1 DDR1e.R 5=-TGGCTCT
DDR1 DDR1deE.R 5=-AGGTGCA
Aldolase B Aldolase For 5=-CCTCGCT
Aldolase B Aldolase Rev 5=-TTGTAGA
DDR1 F534 5=-GCGGGTA
DDR1 R1080 5=-GCTGAAG
DDR1 DDR1.EcoRI.F 5=-ATTTATG
DDR1 DDR1.KpnI.R 5=-TATTAGG
DDR1 #2264tmt.F 5=-AGCCGGA
DDR1 #2264tmt.R 5=-GCCCTGC
DDR1 #2111.F 5=-CCCACCA
DDR1 #2111.R 5=-CACATGC
described previously.32
Western Blot Analysis

Frozen liver tissue, 0.5 g, was homogenized on ice in 2 ml
of PBS containing complete EDTA-free protease inhibitor
cocktail (Roche Molecular Systems, Inc., Branchburg,
NJ). Cell debris was spun down, and 3 ml of PBS con-
taining protease and phosphatase inhibitor cocktails
(Sigma-Aldrich, St Louis, MO) and 30 �L of �100 deoxy-
ribonuclease was added to the supernatant before cen-
trifugation at 1000 � g for 5 minutes. The supernatant
was further centrifuged at 110,000 � g for 75 minutes at
4°C. Supernatant contained total cytosolic protein, and
the pellet contained membrane-bound proteins. The cell
membrane pellet was dissolved in 1 ml of NP40 buffer (20
mmol/L Tris-HCl, pH 8.0; 137 mmol/L NaCl; 10% glycerol;
1% NP40, 2 mmol/L EDTA) with agitation for 1 hour at
4°C. Samples were run on precast 7% or 3% to 8%
gradient polyacrylamide electrophoresis gels (Invitro-
gen Corp.) and transferred to an Immobilon-PVDF
membrane (Millipore Corp., Bedford, MA). DDR1 pro-
tein expression was detected using two monoclonal
antibodies: rabbit anti-DDR1 (C-20) (1:500 dilution;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or
ab5508 (1:500 dilution; Abcam PLC, Cambridge, MA)
followed by horseradish peroxidase– conjugated goat
anti-rabbit IgG (1:1000 dilution; Dako Corp.). These
two antibodies to DDR1, C20 and ab5508, recognize
the C-terminus and the N-terminus, respectively. Visu-
alization of immune complexes after Western blot anal-
ysis has been described previously.33

Constructs and Mutagenesis

Full-length human DDR1a cDNA was inserted in-frame
upstream of C-terminal green fluorescent protein (GFP) in
the expression vector pEGFP-N1 (BD Biosciences, Clon-
tech Laboratories, Palo Alto, CA). This full-length DDR1a
insert was prepared via PCR using a full-length DDR1a

Sequence °C

GGAGCTGA-3= 64
GAGCCATT-3= 63
TGGTGAACAA-3= 63.2
GATCTTCAC-3= 63.8
GCTTCA-3= 61
GAGAAGC-3= 59
ACCTTGCT-3= 63
GCCATT-3= 63.4
GGAAAAC-3= 61.2
GCCAGGAC-3= 63.1
CTATGGCTGCCTCTGGAG-3= 78.8
CCAGGGCCCCGCAAAGA-3= 79.6
ATCAGGAGCTATGGGACCAGG-3= 73.4
ACACCGTGTTGAGTGCATCCT-3= 75.8
TTTGCTGGGGACTTTTTCCGTGTGCAGGGC-3= 89.3
GAAAAAGTCCCCAGCAAAGAGGTTCCGGCT-3= 89.3
TACCCAATGCTGCTGCATGTG-3= 83.9
CATTGGGTAGCTGATGGTGGG-3= 83.9
GAAGA
TAGGA
TGATG
GACAT
ACTCC
ACAAG
CTAGG
CCAGA
ATCCA
CAGCA
GAGCT
AGTAA
AATTC
TACCC
ACCTC
ACACG
RCAGC
cDNA (clone ID 5262509; Open Biosystems, Inc., Hunts-
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ville, AL) as the PCR template with Advantage 2 Polymer-
ase Mix (BD Biosciences, Clontech Laboratories). Cycles
were 95°C for 10 minutes (95°C for 30 seconds, 58.3°C
for 40 seconds, 68°C for 3 minutes 30 seconds) times 35,
68°C for 5 minutes, and 11°C indefinitely. To generate a
kinase-inactive mutant form of DDR1, three tyrosine
phosphorylation sites at the kinase domain (amino acid
positions 755, 759, and 760) were mutated to phenylal-
anine using point mutation primers 2264tmt.F and
2264tmt.R (Table 2). These residues are conserved res-
idues of tyrosine kinase domains of trkA, trkB, and trkC.16

In addition, Y759 (equivalent to Y798 in DDR1b) is impor-
tant for DDR1 interaction with SH2 affecting Stat3 tyrosine
phosphorylation.34 The identities of all plasmid inserts
were verified by complete sequencing.

Cell Adhesion and Migration Assays

Cell adhesion and migration assays were performed ac-
cording to published methods.32,35 For cell adhesion, 6 �
105 Huh7 cells in 1 ml were incubated for 20 minutes on
plastic coated with 10 �g/ml of rat-tail collagen I (Sigma-
Aldrich), human fibronectin (Sigma-Aldrich), or Matrigel
(BD Biosciences Discovery Labware, Bedford, MA). The
percentages of GFP-positive cells in adherent and non-
adherent populations were obtained using flow cytom-
etry.32,35

For transwell cell migration, overnight-serum-starved
Huh7 cells were placed in the upper chamber at a den-
sity of 7.5 � 105/ml, 1 ml per insert. The lower side of the
transwell filter was coated with collagen I, fibronectin, or
Matrigel. The lower chamber contained 2 ml of Huh7-
conditioned medium with 1% fresh fetal calf serum, with
or without hepatocyte growth factor at 20 ng/ml (R&D
Systems, Inc., Minneapolis, MN). Cells were allowed to
migrate for about 36 hours. The percentages of fluores-
cent cells in the upper and lower chambers were ob-

tained using flow cytometry.
Phalloidin Staining

Transfected cells were incubated overnight on 12-well
slides (Trace Biosciences, Ltd., Sydney, Australia)
coated with collagen I, fibronectin, Matrigel, or elastin.
Cells on the slide were then formalin-fixed and permeab-
ilized with 0.1% Triton X100, and treated with Phalloidin
Alexa Fluor 594 (Molecular Probes, Invitrogen Corp.) at
0.5 U per well for 20 minutes at room temperature,
washed, and mounted with DAPI. Images were acquired
using an Olympus FluoView FV 1000 confocal micro-
scope (Olympus America, Inc., Center Valley, PA).

Statistical Analysis

Each experiment was repeated three to six times. Results
are given as mean (SD). Differences between groups
were analyzed using the nonparametric test one-way
analysis of variance. P �0.05 was considered significant.

Results

Detection of All Five Isoforms of DDR1 in
Human Liver

DDR1 has five isoforms that have distinct biological roles.
RT-PCR detection of DDR1 isoforms in AIH, PBC, HCV,
and nondiseased human liver, as well as in 12 different
cell lines, are shown in Figure 2. Amplification with the
F1359-R2055 primer pair produced two bands, at 568
and 680 or 698 bp, representing isoform a and isoform b
or c (b or c or a mixture of isoforms b and c) in all but one
sample (Figure 2A). The exception was a liver with PBC in
which only isoform a at 568 bp was detected. The upper
band is likely a mixture of 680 bp and 698 bp amplicons
because this 18-bp difference was not separated in 3%
agarose gels. However, the presence of DDR1c tran-
scripts in these samples was confirmed in another RT-

Figure 2. DDR1 isoforms in human liver and
cell lines. A:, The two bands at 568 bp (a) and
680/698 bp (b) represent DDR1a and DDR1b/c,
respectively. B:, The 125-bp band (c) of isoform
c was detected in all samples except one liver
with PBC and the HEK293 cell line. C:, The
433-bp band (d) represents DDR1d. D:, DDR1e
amplicon of 176 bp (e) was detected in all samples
except one PBC sample and the HCT15 cell line.
HCV: lanes 1 to 5 represent patients 8, 10, 11, 7,
and 9, respectively. PBC: lanes 6 to 9 represent
patients 18, 17, 20, and 21, respectively. AIH: lanes
10 to 12 represent patients 4, 5, and 6, respectively.
Nondiseased liver samples in lanes 13 to 15 repre-
sent nondiseased 5, nondiseased 1, and nondis-
eased 4.
PCR reaction with a primer pair specific for DDR1c,
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F2156ex13, and R2351c6 (Figure 2C). Primer pair Ex9.F
and DDR1de.R successfully amplified isoform d in all of
the samples, and isoform e was detected by amplification
with its specific primer pair, Ex9F and DDR1e.R. Isoform
e was detected in all samples except in one liver with AIH
and the HEK293 cell line cDNA. Sequencing of bands
confirmed their identities.

Real-time RT-PCR analysis revealed that DDR1a ex-
pression was significantly greater in PBC- and HCV-in-
fected liver compared with samples of nondiseased liver
and liver with AIH (Figure 3). Previously, increased DDR1
mRNA (pool of isoforms a, b, and c) has been reported
in all cirrhotic liver tested compared with nondiseased
liver.13 In the present study, no significant increase in
DDR1a expression was detected in liver with AIH com-
pared with nondiseased liver (Figure 3), which suggests
that the expression of isoform b or c might contribute
more than isoform a to the overall increase in DDR1
expression in liver with AIH.

DDR1 mRNA Localization

To determine which intrahepatic cells express DDR1
mRNA, in situ hybridization was followed by epithelial cell
immunostaining using anti-CK18. DDR1 mRNA was ob-
served in hepatocytes at the portal-parenchymal inter-
face and in biliary epithelial cells in the septum (Figure 4).
The biliary epithelial cells included atypical reactive ductules
at the septum-parenchyma interface. Atypical reactive
ductules (also called “ductular reaction”) are characterized
by no or poorly defined lumina, lined by immature biliary
cells with a relatively large and oval nucleus.36,37 DDR1
mRNA expression was also detected in some small CK18-
negative cells in the septum (Figure 4).

DDR1 Immunolocalization

Immunohistochemistry was performed on cryosections of
nondiseased and cirrhotic human liver to compare the
level of expression of DDR1 protein and its intrahepatic

Figure 3. Human liver DDR1a mRNA. DDR1a expression was signifi-
cantly greater in PBC-infected livers (patients 16 to 19) and HCV-infected
livers (patients 11 to 14) compared with nondiseased (nondiseased 1,
nondiseased 2, nondiseased 5, and nondiseased 6) and AIH (patients 1, 2,
4, and 6) liver samples. *P � 0.05. Relative gene copies per microgram of
total RNA was measured using real-time RT-PCR, and was converted to a
DDR1–aldolase B ratio.
localization. A similar pattern of immunostaining for DDR1
was observed in HCV- (Figure 4, I and J), PBC-, HBV-, and
AIH-associated cirrhosis (data not shown). The hepatic bile
canalicular domain of hepatocytes and biliary epithelium
were immunopositive for DDR1 in both nondiseased and
HCV-associated cirrhotic liver; however, staining was more
intense in cirrhotic liver (Figure 4, I and J).

To identify DDR1 protein–expressing cells in human
cirrhotic liver (PBC, HBV, and AIH), sections were double
stained for DDR1, and the cell type specific marker pro-

Figure 4. Localization of DDR1 in cirrhotic liver sections at in situ hybrid-
ization and immunostaining. A–H: After DDR1 in situ hybridization, paraffin
sections were immunoperoxidase-stained for CK18. DDR1 mRNA was de-
tected in CK18-immunopositive epithelial cells, in particular, hepatocytes at
the edge of cirrhotic nodules and reactive bile duct cells (green arrow-
heads). Some small nonepithelial cells in the septum (black arrowheads)
demonstrated DDR1 mRNA expression. Sense DDR1 riboprobe negative
control before (G) and after (H) CK18 staining. P, parenchyma; S, septum.
I and J: Cryosections of human liver were immunoperoxidase-stained
with anti-DDR1 antibody C20. DDR1 immunostaining in HCV-associated

cirrhotic liver (J) was more intense than in nondiseased liver (I). Original
magnification: A–D and F–J, �200; E, �100.
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teins fibroblast activation protein for activated stellate
cells,38 CD45 for leukocytes, and CK19 and CK7 for
biliary epithelial cells. DDR1 expression was on fibroblast
activation protein-negative cells (Figure 5). Consistent
with DDR1 mRNA expression, intense DDR1 protein ex-
pression was detected in parenchymal hepatic cells, es-
pecially in hepatocytes at the portal-parenchymal inter-
face and in bile ductule epithelial cells. DDR1 protein was
observed on entire cell surfaces of many hepatocytes at
the portal-parenchymal interface, whereas it was de-
tected on the luminal surface of bile duct cells and the

Figure 5. Immunofluorescence localization of DDR1 protein. Human cir-
rhotic liver sections were double stained for DDR1 and fibroblast activation
protein (A and B), CD45 (C and D), CK7 (E and F), or CK19 (G and H). Left
and center panels:, Single-color images; right panel:, overlaid images.
Scale bar � 20 �mol/L. A and B:, DDR1 protein (green) was detected
primarily on epithelial cells, which are negative for fibroblast activation
protein (FAP) and include parenchymal hepatocytes at the portal-parenchy-
mal interface, bile ductules (white arrowhead), and the luminal aspect of
reactive bile duct cells (pink arrowheads). Three-color overlay with nuclei
stained blue using DAPI (patient 25). C and D:, Parenchymal and septal
CD45-positive leukocytes (green) expressed DDR1 (red; arrows; patient 19).
E and F:, Some cells in the septum were double positive for CK7 (green) and
DDR1 (red). These cells were in ductular reactions (arrows) and as single
cells near the ductular reactions (pink arrowheads). E:, Patient 15. F:,
Patient 19. G and H:, CK19 (green) and DDR1 (red) double immunostaining
occurred in many bile duct cells within the parenchyma (G) and at the
portal-parenchymal interface (H). Ductular reactions and some single cells
were positive for both DDR1 and CK19 (patient 22).
apical domain of parenchymal hepatocytes. Some leu-
kocytes were immunopositive for DDR1. DDR1 was
localized to the same cell types in each liver disease
sample examined (PBC, HCV, hepatitis B virus, and
AIH) (Figure 5, and data not shown).

Epithelial cells of reactive bile ductules in the septum,
cells in a structure that seemed to be a ductular reaction,
and occasional single cells near these ductular reactions
were immunopositive for both DDR1 and CK7 (Figure 5, E
and F). Some biliary epithelial cells in the parenchyma
septum and around the septum-parenchyma interface
were double positive for CK19 and DDR1 (Figure 5, G
and H).

Different DDR1 Protein Forms in Cirrhotic versus
Nondiseased Liver

Molecular forms of DDR1 protein in human liver were
examined using Western blot analysis. The variation in
band intensities between patients (Figures 6 and 7) was
consistent in replicate gels. The two anti-DDR1 antibod-
ies used were C20, raised against the C-terminus of
DDR1 (intracellular domain), and ab5508, which binds to
the N-terminus of DDR1 (extracellular domain) (Figure 6).
DDR1 isoforms a, b, and c can be detected using C20
antibody; however, isoforms d and e would not be rec-
ognized because of a frame shift at the tyrosine kinase
domain (Figure 1). Ab5508 antibody can detect all five
isoforms because they all have the same extracellular
domain. Immunoblot analyses of membrane preparations

Figure 6. Schema of possible cleavage points that generated DDR1 peptides
that were detected with two separate antibodies, ab5508 and C20. These
antibodies recognize the N-terminus and C-terminus of DDR1, respectively.
A:, In preparation of cell membranes, C20 antibody can detect the full-length
DDR1 of �155 kDa, [1] �-subunits or a membrane-bound DDR1 fragment of
�80 kDa [2] and further cleaved to yield membrane-bound �-subunits of �50
to 60 kDa [3 and 4]. B:, In the water-soluble cell extracts, ab5508 antibody can
detect the �-subunit and N-terminal fragment of DDR1 after cleavage (75
kDa,[5]), whereas the C20 antibody can detect �-subunits that are soluble due

to intracellular cleavage [6] and fragments of [6] that retain the C20 antibody-
binding site [7 and 8]. Such peptides could be �40 to 60 kDa.
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(Figure 7A) and soluble preparations (Figure 7B) of pro-
tein extracts from human liver stained with C20 antibody
differed.

In the membrane preparation, bands running at ap-
proximately 130 and 150 kDa were more intense in non-
diseased (lanes 6–8) compared with cirrhotic liver (Fig-
ure 7A). These bands probably represent full-length
DDR1 (150 kDa) and partially degraded DDR1 (100 and
130 kDa). DDR1 peptides of approximately 80, 60, and
40 kDa were present in cirrhotic liver but not in nondis-
eased liver. These smaller bands probably represent the
�-subunit of DDR1 and fragments of the �-subunits (Fig-
ure 6A). Despite using protease inhibitors in the prepa-
ration of protein extracts, partial degradation of DDR1

Figure 7. Different forms of DDR1 proteins detected in cirrhotic and non-
diseased liver. Membrane (A) and soluble (B and C) liver extracts underwent
immunoblot analysis using polyclonal antibody C20, which binds to the
C-terminus of DDR1. Membrane extract bands running at greater than 100
kDa (bracket) were more intense in nondiseased (lanes 6 to 8) than cirrhotic
(lanes 1 to 5) liver, and bands at �80, 60, and 50 kDa (arrows) in cirrhotic
liver were not detected in nondiseased liver. From soluble extracts (B),
intense bands at �75, 60, and 50 kDa (arrows) in cirrhotic liver were weak
or not detected in nondiseased liver. GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) was the loading control for soluble extracts (C). Lane 1,
patient 13; lane 2, patient 10; lane 3, patient 23; lane 4, patient 22; lane 5,
patient 6; lane 6, nondiseased liver 5; lane 7, nondiseased liver 2; and lane 8,
nondiseased liver 1. D:, Western blot analysis of soluble aqueous extracts of
human liver with a polyclonal rabbit DDR1 antibody raised against the
N-terminus of DDR1 (ab5580). The soluble N-terminal fragment of DDR1 (75
kDa band) was detected in all liver samples but was more intense in samples
of cirrhotic liver (lanes 5 to 13; patients 12, 6, 24, 3, 17, 5, 4, 3, and 19) than
nondiseased liver (lanes 1 to 4; patients nondiseased 4, nondiseased 1,

nondiseased 2, and nondiseased 5). E:, Equal loading of lanes is exhibited by
GAPDH immunoblot.
protein occurred. This partial degradation or fragmenta-
tion of a protein might occur during the protein extraction
procedure or as a result of intracellular proteolysis in vivo.

In the soluble extracts, the 75-, 60-, and 50-kDa bands
were readily detected using C20 antibody in cirrhotic but
not in nondiseased liver (Figure 7B). The 75-kDa band
may represent the �-subunit cleaved intracellularly in
vivo, and thereby solubilized. The 60- and 50-kDa bands
are likely remnants of �-subunits that have been further
processed intracellularly in vivo (Figure 7B).

These results suggest that DDR1 is shed more readily
in cirrhotic than in nondiseased liver. To further examine
this hypothesis, the �-subunit of DDR1 was detected in
the soluble fraction with ab5508 antibody for comparison
in cirrhotic versus nondiseased liver (Figure 7D). The
75-kDa band, representing the �-subunit, was detected
in all samples; however, this band was much weaker in
three of four nondiseased liver samples (Figure 7D, lanes
2–4) than in any of the cirrhotic liver samples tested
(Figure 7D, lanes 5–13).

Adhesion and Migration of Huh7 Cells
Overexpressing DDR1

Typically, more than 80% of Huh7 cells were detectably
transfected with GFP, and more than 30% with the DDR1-
GFP and mtDDR1-GFP constructs (see Supplemental
Figure S1 at http://ajp.amjpathol.org). Cells overexpress-

Figure 8. In vitro adhesion of DDR1 and mtDDR1-GFP ovexpressing Huh7
cells on ECM components. A:, Fluorescent cells adherent and nonadherent to
ECM substrate–coated plates were enumerated at flow cytometery. B:,
DDR1-GFP protein overexpression increased cell adhesion on collagen I
(CN-I), but decreased adhesion on fibronectin (FN) and Matrigel. Cell adhe-
sion is expressed as a ratio of the percentage of GFP-positive cells in the
adherent cell population to the percentage of GFP-positive nonadherent
cells. At least 3000 adherent cells were counted for each data point. Repre-
sentative of five experiments. *P � 0.05 compared with GFP transfection.
ing DDR1-GFP but not mtDDR1-GFP exhibited increased

http://ajp.amjpathol.org
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adhesion on plastic coated with collagen I compared with
cells expressing GFP alone (P � 0.05) (Figure 8), con-
sistent with the reported role of DDR1 as a collagen
binding receptor. Cells expressing DDR1-GFP exhibited
reduced adhesion on fibronectin and Matrigel, and cells
expressing mtDDR1-GFP also demonstrated reduced
adhesion on fibronectin- but not on Matrigel-coated plas-
tic. Huh7 cells transfected with DDR1-GFP or mtDDR1-
GFP exhibited less migration, compared with vector con-
trol, toward collagen I, fibronectin, or Matrigel with or
without HGF (Figure 9). DDR1 or mtDDR1 overexpression
did not alter actin cytoskeleton in Huh7 cells plated on
slides coated with collagen I (see Supplemental Figure
S2 at http://ajp.amjpathol.org), fibronectin, or Matrigel
(data not shown). In addition, neither DDR1 nor mtDDR1
co-localized with phalloidin-labeled actin cytoskeleton.
There was generally less mtDDR1-GFP on the cell sur-
face (Figure S1) and some mtDDR1-GFP in aggresome-
like bodies (Figure S2), which might have impaired bind-
ing by cell surface mtDDR1-GFP to collagen while
retaining effects of DDR1 on migration that are perhaps
initiated by cytoplasmic DDR1 or have a lower threshold
of action.

MMPs in Transfected Cells

Analysis of intracellular MMP1, MMP2, and MMP3 ex-
pression using flow cytometry demonstrated no differ-
ence between GFP-, DDR1-GFP–, and mtDDR-GFP–
transfected cells (see Supplemental Figure S3 at http://
ajp.amjpathol.org). However, because these MMPs are
secreted and regulated extracellularly, their expression
levels were examined in Huh7 cell culture supernatants
taken from the transfected cells (transfection efficiencies
similar to those observed in Figure S1). Because DDR1-
mediated regulation of MMPs may require DDR1 activa-
tion or interaction with collagen, the cells were treated
using collagen. At Western blot analysis, only the latent
form of MMP1 was detected (60 kDa) in all samples, but
was less intense in the culture supernatants of DDR1-

Figure 9. Decreased cell migration by DDR1 overexpressing cells. In vitro
cell migration of Huh7 cells transfected with GFP control, DDR1-GFP, or
mtDDR1-GFP across transwells toward ECM components with or without
HGF. Ratios are the percentage of fluorescent cells in the migrated cell
population to the percentage of fluorescent nonmigrated cells. This experi-
ment was repeated three times. Mean (SD) *P � 0.05 for all comparisons of
GFP with wild-type DDR1 or mutant DDR1.
GFP– and mtDDR1-GFP–transfected cells compared with
the GFP control (Figure 10A), which suggests that MMP1
expression was down-regulated by DDR1. Similarly,
MMP2 levels were greater in GFP control than in DDR1-
transfected cultures (Figure 10B). However, after pro-
longed collagen exposure, the MMP2 active form (66
kDa) was more readily detected in DDR1- than in GFP-
transfected cultures; thus, DDR1 may have caused in-
creased MMP2 activation. At 40 hours of exposure to
collagen I, the MMP2 latent form was undetectable in all
three groups, indicating either down-regulation or, more
probably, activation.

Discussion

The present study investigated DDR1, which is a nonin-
tegrin receptor for collagen and receptor tyrosine kinase,
in liver cirrhosis. Findings of in vitro and in vivo experi-
ments suggest dysregulation of DDR1 expression and
function in the processes of liver injury.

Increased DDR1 mRNA expression has been reported
in cirrhotic liver compared with nondiseased liver using
transcriptional profiling using a DNA array of human cir-
rhosis.13 That study confirmed DDR1 mRNA up-regula-
tion using a primer pair that binds to isoforms a, b, and c
and demonstrated that DDR1 transcript abundance was
greater by more than twofold in all cirrhotic liver tested
compared with nondiseased liver. In the present study,
mRNA expression of all five isoforms was detected in
human liver, and it was demonstrated that isoform a was
differentially expressed in HCV- and PBC-infected livers
compared with nondiseased livers or AIH-infected livers.
The basis of this differential expression is unknown. In-
tense DDR1 mRNA and protein expression was localized
to epithelial cells and some leukocytes. Shed fragments

Figure 10. MMP1 and MMP2 regulation by DDR1-GFP overexpression.
Transfected Huh7 cells were incubated with CN-I, 10 �g/ml, for the times
indicated. The cell culture supernatant underwent immunoblot analysis for
secreted MMP1 (A) and MMP2 (B). The latent MMP1 band at 60 kDa was
weaker from DDR1-GFP– and mtDDR-GFP–transfected cells than from the
GFP control. Both latent and active forms of MMP2 were detected at 72 and
66 kDa, respectively. In general, the latent MMP2 band was more intense
from the GFP-transfected cells than from the DDR1- and mtDDR1-GFP–
transfected cells, and the active form was more readily detected in DDR1 than

in control GFP cultures. Equal quantities of total protein, 80 �g, were loaded
into each lane. These data are representative of two experiments.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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of DDR1 protein were more abundant in cirrhotic com-
pared with nondiseased liver. DDR1a overexpression in
the Huh7 cell line increased adhesion specifically to col-
lagen I and lessened mobility on ECM.

In tumors, DDR1 is expressed in epithelial tumor cells,
whereas DDR2 expression is confined to mesenchymal
stromal cells.6 DDR2 is expressed by activated hepatic
stellate cells, the key fibrogenic mesenchymal cells in
liver, and promotes MMP2-mediated proliferation and in-
vasion by hepatic stellate cells.39,40 DDR1 was observed
in hepatic epithelial cells but not in hepatic stellate cells.
In cirrhotic human liver, hepatocytes at the portal-paren-
chymal interface are often swollen and lack polarity.41

Loss of cell polarity on some hepatocytes in cirrhotic liver,
in particular those at the portal-parenchymal interface,
seemed to result in unpolarized trafficking of DDR1, as
also occurs with the apical marker dipeptidyl peptidase
IV.42 Both DDR1 and dipeptidyl peptidase IV bind to ECM
components, which emphasizes the importance of this
function for hepatocytes.

The hepatic progenitor cell (HPC) markers CK7 and
CK19 revealed that DDR1 expression was frequently ob-
served in ductular reactions in which oval cells or HPCs
usually reside. Moreover, some individual DDR1-ex-
pressing oval cells, which are potentially HPCs, were
observed near ductular reactions. This novel localization
of DDR1 expression in cells that are probably HPCs elu-
cidates the recent detection of DDR1 mRNA in human
and rat HPCs43,44 and deserves further investigation as
to whether DDR1 expression has a role in differentiating
HPCs into hepatocytes or bile duct cells.

Some CD45-positive DDR1-positive leukocytes were
observed, consistent with other reports of DDR1 expres-
sion by leukocytes, in particular, macrophages.45 Liver
cirrhosis involves inflammation including leukocyte infil-
tration, which requires leukocyte-ECM interactions. DDR1
is important in facilitating leukocyte migration.45 Migra-
tion of leukocytes in a tissue microenvironment requires
efficient interaction of the cells with the components of
ECM. Integrins have a major role in facilitating this inter-
action; however, data from the present study together
with recent reports demonstrate the importance of DDR1
in facilitating leukocyte migration.

To our knowledge, this is the first study to report DDR1
protein size in human liver. A preponderance of smaller
molecular forms of DDR1 proteins was observed in cir-
rhotic liver samples compared with nondiseased liver,
with some individual variation between patients. From the
membrane preparations, strong bands of approximately
150, 130, and 100 kDa and less intense bands of approx-
imately 60 and 40 kDa were detected in nondiseased
liver. In contrast, the smaller forms were more readily
detected in cirrhotic liver. The 150-kDa band is probably
the full-length receptor, whereas the smaller 80-, 60-, and
40-kDa bands are likely to be �-subunits and processed
fragments of �-subunits of DDR1 (Figure 6). After pro-
longed activation of DDR1b, it becomes processed into a
soluble 54-kDa extracellular �-subunit and a 62-kDa
membrane-bound �-subunit incorporating the cytoplas-
mic region in human mammary carcinoma cells.8 The

62-kDa �-subunits are converted into smaller fragments.
Inasmuch as cell line characteristics result in differences
in molecular sizes of DDR1,7 full-length DDR1, detected
at 150 kDa in human liver, may produce 80-kDa �-sub-
units and 70-kDa �-subunits. The 60- and 40-kDa bands
detected in the cirrhotic liver samples may be mem-
brane-bound peptides of DDR1 that underwent intracel-
lular modification but retained the C20 epitope (Figure 6).
Moreover, from the soluble-protein preparation, antibody
ab5508, which binds to the extracellular domain of DDR1,
detected 70-kDa bands that are likely to be �-subunits of
DDR1. Both antibodies detected more shed forms of
DDR1 in cirrhotic than nondiseased liver. These data
likely reflect increased DDR1 activation, which can cause
shedding and increased DDR1-mediated signaling, in
cirrhotic compared with nondiseased liver. Furthermore,
depending on the rate of DDR1 dissociation from the
bound collagen and the degradation of the shed DDR1
ectodomain, it is possible that the DDR1 ectodomain
continues to exert further effects such as inhibition of the
fibrillogenesis of collagen.46 The present study is the first
to report the presence of more shed DDR1 ectodomain in
cirrhotic liver compared with nondiseased liver.

Many studies have demonstrated the involvement of
DDR1 in cell adhesion and migration; however, effects on
cell behavior of overexpression of DDR1 vary with cell
type. DDR1a overexpression in Huh7 cells resulted in
more adhesion specifically to collagen I but less migra-
tion toward collagen I, fibronectin, and Matrigel. In-
creased adhesion to collagen by DDR1-overexpressing
Huh7 cells suggests that the predominant interaction of
hepatocyte DDR1 with collagen is binding. Removing the
three known potential tyrosine phosphorylation sites of
DDR1a (mtDDR1-GFP) ablated this DDR1-dependent in-
creased cell binding to collagen but did not influence
migration, which suggests that DDR1a might act through
different mechanisms, and perhaps indirectly, to regulate
binding versus migration in the assay system used. When
hepatocytes are surrounded by excess collagen, as in
cirrhotic liver, particularly at the parenchymal-septum in-
terface, increased DDR1 expression at the cell surface of
hepatocytes would enhance DDR1-mediated cell ECM
binding to collagen I. Increased cell adhesion to collagen
and reduced cell motility may be a necessary mechanism
to compensate for the loss of cell-cell contact, which is
typically observed in damaged hepatocytes at the portal-
parenchymal interface.41 The MMP data suggest a role
for DDR1 in regulation of extracellular MMP1 and MMP2
in hepatocytes, and this role was independent of the
three mutated tyrosines of DDR1. However, the overall
effect of increased MMP2 and decreased MMP1 after
prolonged collagen exposure might not have significantly
influenced the apparent dominant effect of collagen ad-
hesion under the assay conditions.

The biological significance of increased DDR1 expres-
sion in cirrhotic liver is largely unknown. Findings of the
present study demonstrate that DDR1 is expressed by
hepatocytes, leukocytes, and biliary epithelial cells,
which may all contribute to increased DDR1 expression
in cirrhotic liver. More shed fragments of DDR1 were
detected in cirrhotic than in nondiseased liver, which

suggests increased DDR1 activation in cirrhotic liver. In-
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creased DDR1a expression affected basic cell behavior
in hepatocytes including increased adhesion and immo-
bilization of the cells on ECM substrates. These data
elucidate DDR1 function pertinent to cirrhosis and point
to the importance of epithelial cell–ECM interactions in
chronic liver injury.
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