
Expression of discoidin domain receptor 1 tyrosine kinase on the
human bronchial epithelium

O. Sakamoto*, M. Suga*, T. Suda#, M. Ando*

Expression of discoidin domain receptor 1 tyrosine kinase on the human bronchial
epithelium. O. Sakamoto, M. Suga, T. Suda, M. Ando. #ERS Journals Ltd 2001.
ABSTRACT: Discoidin domain receptor 1 (DDR1) tyrosine kinases constitute a novel
family of receptors characterized by a unique structure in the ectodomain (discoidin-I
domain). The DDR1 ligand is the extracellular matrix protein collagen.

To identify receptor tyrosine kinases (RTKs) involved in control of growth and
differentiation of human bronchial epithelial (HBE) cells, a polymerase chain reaction-
based search for RTKs in HBE cells was performed. DDR1 was the most abundant
clone identified. Northern analysis detected a 3.6 kb DDR1 messenger ribonucleic acid
(mRNA) expressed in HBE cells and transformed HBE lines, BET-1A and BEAS-2B.
In addition, fluorescence-activated cell sorter (FACS) analyses using an anti-DDR1
antibody showed that DDR1 was expressed on HBE cells and two HBE lines.

Immunohistochemical staining using human bronchial tissue demonstrated that
DDR1 was mainly expressed at the basolateral cell surface of the bronchial epithelium.
Furthermore, immunostaining of type IV collagen, a major component of the basement
membrane, clearly showed that the basement membrane was closely attached to the
basal surface of the bronchial epithelium.

Since collagen binds to and activates discoidin domain receptor 1 tyrosine kinase,
colocalization of discoidin domain receptor 1 and its ligand type IV collagen
demonstrates a potential interaction of discoidin domain receptor 1 on the bronchial
epithelium with type IV collagen. Further study of this interaction may define the
functional significance of the collagen-discoidin domain receptor 1 signalling pathway in
health and in disease.
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Receptor tyrosine kinases (RTKs) play a critical role
in pleiotropic cell functions as components of signal-
transduction pathways [1 – 3]. For example, many
growth factor receptors are RTKs. After ligand
binding, RTKs dimerize, leading to activation of
intrinsic tyrosine kinase (TK) activity and auto-
phosphorylation [2, 4]. In the airway epithelium,
some RTKs have been shown to be involved in
growth and differentiation. For example, both the
epidermal growth factor receptor (EGFR) and hepa-
tocyte growth factor receptor (HGFR) mediate growth
signals [5, 6], and the RON TK promotes ciliary
motility in response to its ligand, macrophage-stimulat-
ing protein [7]. However, how RTKs control cellular
events in the airway epithelium is not understood.

To identify RTKs involved in various functions of
airway epithelium, ribonucleic acid (RNA) from
human bronchial epithelial (HBE) cells was prepared
for polymerase chain reaction (PCR)-based cloning of
protein tyrosine kinase (PTK)-related complementary
deoxyribonucleic acid (cDNA) sequences. Sequencing
of the cDNAs isolated showed that the discoidin
domain receptor 1 (DDR1) TK was abundantly
expressed on HBE cells. DDR1, which was recently
identified by several investigators [8 – 14], possesses a

motif in its extracellular domain, homologous to the
slime mold Dictyostelium discoideum protein discoidin-I.
Discoidin-I is a carbohydrate-binding lectin essential
for D. discoideum cell aggregation [15]. In addition,
discoidin-I domains are homologous to the constant
regions of blood coagulation cofactors V and VIII [16]
and to neuropilins and neurexins, which are involved in
the development of the nervous system [17, 18].
Recently, the extracellular matrix protein collagen
was shown to be a ligand that binds to and activates
DDR1 [19 – 22]. However, the biological significance of
this signalling pathway is not known.

To explore the functions of collagen-DDR1 signal-
ling pathway in the airway epithelium, it was deter-
mined which cell types express DDR1. It was also
questioned whether collagen is expressed in close
proximity to cells expressing DDR1. This study has
shown that DDR1 is predominantly expressed on the
basolateral cell surface of human bronchial epithelium.
In addition, it is shown that type IV collagen of the
basement membrane is closely attached to the basal
surface of human bronchial epithelium. This study
identifies a potential functional interaction of DDR1
on the bronchial epithelium with its ligand type IV
collagen within basement membranes.
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Materials and methods

Reagents

A synthetic polypeptide corresponding to the
C-terminal 20 amino acids of human DDR1 (amino
acid residues 894 – 913) and a rabbit polyclonal
antibody against this synthetic polypeptide were
obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). A mouse monoclonal anticollagen
type IV antibody (clone CIV22) was obtained from
DAKO (Glostrup, Denmark). Donkey antirabbit
immunoglobulin-G (IgG) conjugated with horseradish
peroxidase (HRP) and sheep antimouse IgG con-
jugated with HRP, were obtained from Amersham
International (Amersham, UK). Goat antirabbit IgG
conjugated with fluorescence isothiocyanate (FITC)
was obtained from GIBCO BRL (Grand Island, NY,
USA).

Cells and cell cultures

HBE cells were purchased from Clonetics (San
Diego, CA, USA). Transformed HBE cell lines,
BET-1A and BEAS-2B [23] were obtained from
American Type Culture Collection (ATCC; Rockville,
MD, USA). These cells were cultured at 37uC in serum-
free bronchial epithelial cell growth medium (BE-GM;
SankoJunyaku, Tokyo, Japan) supplemented with
growth factors according to the manufacturer9s
instructions. HBE cell lines were derived from trans-
formed HBE cells and have been shown to be cultured
in serum-free medium [23]. Since transforming growth
factor-b (TGF-b) in serum induces squamous differ-
entiation of HBE cells [24], both primary HBE cells
and HBE cell lines were cultured in serum-free BE-
GM. The surface of the culture dishes was coated with
human placental collagen (Sigma, St. Louis, MO,
USA) as described [25]. Third or fourth passage HBE
cells were used.

Preparation of degenerate oligonucleotide primers

Two sets of degenerate oligonucleotide primers
corresponding to the consensus sequences of kinase
domains (sense primer, subdomain VI; antisense
primer, subdomain IX) were synthesized. One set was
directed to the sequence IHRDL (PTKI) and
DVWSFG (PTKII), as described by WILKS [26],
and the other was directed to the sequence HRDLA
(TKI), HRDLAAR (TKII), and DVWSF/YG (TKIII).
TKI-III primers were more degenerate than PTKI and
II. The sequences of the primers are as follows: PTKI,
59-CGGATCCAC(A/C)GNGA(C/T)(C/T)T-39 ;
PTKII, 39-CT(A/G)CA(C/G)ACCAGGA(A/T)
ACCTTAAGG-59; TKI, 59-TAGTCGACA(C/T)(A/C)
G(A/G)GA(C/T)(C/T)T(A/C/G)GC-39; TKII, 59-
TTGTCGACAC(A/C)G(A/G)GA(C/T)(C/T)T(C/G)
GCNGCN(A/C)G-39; TKIII, 39-CT(A/G)CA(C/G)
ACC(A/T)(C/G)(A/G)A(A/T)ACCTTAAGGT-59.

Reverse transcriptase-polymerase chain reaction ampli-
fication of protein tyrosine kinase-related sequences

Poly(A)z RNA was obtained from HBE cells using
a Micro-Fast Track Kit (Invitrogen Corporation,
Carlsbad, CA, USA). The first-strand cDNA was
synthesized from 1 mg poly(A)z RNA using the
SUPERSCRIPT Preamplification System (GIBCO
BRL). Two microlitres of the cDNA were used as the
template for amplification. The cycling parameters
were 1 min at 94uC, 2 min at 37uC and 3 min at 72uC.
In the first experiment, cDNA was primed with
random hexamers and the amplification proceeded
for 40 cycles with 1 mg each of TKI and TKIII
primers. The second experiment included a two-step
amplification. The first amplification was performed
for 20 cycles with 1 mg each of PTKI and PTKII
primers or TKI and TKIII primers. After the PCR
products were purified using a CHROMA SPIN
column (Clontech, Palo Alto, CA, USA), an additional
20 cycles of amplification were performed with 1 mg
each of TKII and TKIII primers. Amplified cDNA of
y210 bp was subcloned into the Bluescript vector
(Stratagene, La Jolla, CA). Inserts of 70 randomly
selected clones were sequenced by dideoxynucleotide
chain termination, using an AutoRead sequence kit
and the Automated Laser Fluorescent ALF DNA
Sequencer (Pharmacia, Uppsala, Sweden).

Northern blot analysis

Poly(A)z RNA was isolated from HBE, BET-1A,
and BEAS-2B cells by a Micro-Fast Track Kit
(Invitrogen Corporation). Two micrograms of
poly(A)z RNA was run on a formaldehyde gel, and
Northern blots were prepared as described [27] using a
Zeta-Probe membrane (Bio-Rad Lab., Richmond, CA,
USA). Hybridization and washes were done according
to the manufacturer9s instructions. A human DDR1
cDNA probe corresponding to nucleotides 682 – 1,712
of the published sequence [8] was [a-32Phosphorus]-
labelled and hybridized to the blot.

Fluorescence-activated cell sorter analysis of human
bronchial epithelial cells and human bronchial epithe-
lial cell lines

HBE cells and HBE cell lines (BET-1A and BEAS-
2B) were detached from culture dishes with 5 mM
ethylenediamine tetraacetic acid (EDTA)/phosphate-
buffered saline (PBS) (pH 7.4) and analysed by
fluorescence-activated cell sorter (FACS). Briefly, the
detached cells were washed with PBS and incubated
with 70% ethanol on ice for 1 h to permeabilize and fix.
After washing with staining medium containing 5%
foetal bovine serum (FBS) and 0.01% sodium azide in
PBS, the cells were stained with anti-DDR1
(2 mg?mL-1), followed by FITC-conjugated antirabbit
IgG. The cells were washed and suspended in staining
medium containing propidium iodide. Stained cells
were analysed by FACScan (Becton Dickinson
Immunocytometry Systems, San Jose, CA, USA).
Specific staining for DDR1 was confirmed by antigen-
peptide blocking.

970 O. SAKAMOTO ET AL.



Immunohistochemistry

Human bronchial tissues were obtained from five
patients (two males, three females; two smokers, three
nonsmokers) undergoing surgery for lung cancer. Ten
subsegmental bronchi (diameter 3 – 6 mm), which were
macroscopically normal, were used in this study. It was
confirmed that these bronchi were also microscopically
normal by haematoxylin-eosin staining. These studies
were approved by the Institutional Review Board of
Kumamoto University. Immediately after the tissues
were obtained, they were mounted in OCT 4583
embedding compound (Miles Inc., Elkhart, IN, USA)
and frozen in liquid nitrogen. Serial cryostat sections
(6 mm thick) cut in a MICROM cryomicrotome were
air dried and fixed in acetone for 10 min at 4uC. After
washing with PBS three times, cryostat sections were
treated with 5 mM orthoperiodic acid solution for
10 min as described [28] to block endogenous peroxid-
ase activity. Sections stained with a rabbit polyclonal
antibody against DDR1 (1 mg?mL-1) were analysed by
the indirect immunoperoxidase method using HRP-
conjugated antirabbit IgG. Those stained with a mouse
monoclonal anticollagen type IV antibody (clone
CIV22, 1:100 dilution) were analysed by the same
method using HRP-conjugated antimouse IgG.
Peroxidase activity was visualized using 3,39-diamino-
benzidine (Dojindo, Kumamoto, Japan) as a substrate.
To confirm the specific reactivity of anti-DDR1 with
the DDR1 protein, one of the serial sections was
incubated with a mixture of anti-DDR1 antibody and
an excess molar ratio of antigen peptide and processed
as described previously.

Results

Polymerase chain reaction amplification of tyrosine
kinase-related complementary deoxyribonucleic acid

To identify RTKs involved in airway epithelial cell
function, the strategy of PCR amplification described
by WILKS [26] was used. In addition to the primers
cited therein (PTKI and PTKII), more degenerate
oligonucleotide primers (TKI-III) corresponding to the
amino acid sequences HRDLAAR (subdomain VI)
and DVWS(F/Y)G (subdomain IX) were prepared.
The sense primers TKI and TKII were designed to
preferentially clone RTK genes (HRDLAAR).

Random sequence analyses of PCR-amplified cDNA
clones identified 13 distinct kinase-related genes, includ-
ing nine RTKs and four nonreceptor PTKs (table 1).
The profile of identified cDNAs differed according to the
primers; more degenerate primers [TKII-III: sense
primer, HRDLAAR; antisense primer, DVWS(F/Y)G]
amplified a more extended family of kinase-related
genes. Among RTKs identified in HBE cells, the
incidence of DDR1 tyrosine kinase was highest (table 1).

Expression of discoidin domain receptor 1 in human
bronchial epithelial cells and human bronchial epithe-
lial cell lines

Based on the PCR results, expression of DDR1
tyrosine kinase in HBE cells and HBE cell lines

(BET-1A and BEAS-2B) was examined by Northern
blot analysis. As shown in figure 1, a 3.6-kb DDR1
transcript was detected in HBE cells and HBE cell lines.
To examine expression of DDR1 protein in these cells,
FACS analyses were performed using an anti-DDR1
antibody. As shown in figure 2, FACS analyses show
that HBE cells and HBE cell lines (BET-1A and BEAS-
2B) are uniformly positive for DDR1. The specificity of
DDR1 staining was confirmed by the observation that
the histogram of positive staining completely shifted to
a basal level following peptide blocking.

Predominant expression of discoidin domain receptor
1 on the basolateral cell membrane of the bronchial
epithelium

To identify specific cell types expressing DDR1 in the
bronchial epithelium, immunohistochemical staining of
normal human bronchial tissues was performed using
an anti-DDR1 antibody. In the bronchial epithelium,
DDR1 was mainly expressed at the basolateral cell
surface, suggesting predominant expression of DDR1
on the basolateral cell membrane of the bronchial
epithelium (figure 3). Positive staining was completely
blocked by an excess molar ratio of antigen peptide
(figure 3), confirming the specific reactivity of anti-
DDR1 antibody with DDR1. There was no difference
in DDR1 expression between smokers and nonsmokers
(data not shown).

Close attachment of discoidin domain receptor 1 and
type IV collagen

Because DDR1 was predominantly expressed on the
basolateral surface of the bronchial epithelium, the
authors focused interaction of DDR1 on the bronchial

Table 1. – Profile of protein tyrosine kinases (PTKs)
isolated by polymerase chain reaction-based cloning

PTK Sense Primer

HRDLA HRDLAAR

DDR1* 8 14
EGFR* 3 1
IGF1R* 4
HGFR* 1 2
FGFR3* 1 5
Tyro-3* 6
ECK* 4
RYK* 1 1
EPH* 2
JAK1 4 3
BRK 1 5
c-ABL 3
CSK 1
Total 21 49

*: Receptor PTKs. DDR1: discoidin domain receptor 1;
EGFR: epidermal growth factor receptor; IGF1R: insulin-
like growth factor receptor 1; HGFR: hepatocyte growth
factor receptor; FGFR3: fibroblast growth factor receptor 3;
ECK: epithelial cell kinase; RYK: related to tyrosine kinase;
JAK1: janus kinase 1; BRK: breast tumour kinase; CSK:
C-terminal Src kinase.
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epithelium and basement membrane. As shown in
figure 3, immunostaining of type IV collagen, which is
a major component of the basement membrane,
showed that type IV collagen of the basement
membrane is closely attached to the basal surface of
the bronchial epithelium.

Discussion

To identify RTKs involved in control of cellular
responses of the airway epithelium, PCR-based cloning
from HBE cells was performed. As shown in table 1,
nine RTKs were identified in the study. Of these, the
EGFR, insulin-like growth factor-1 receptor, and
HGFR have been shown to be expressed in human
bronchial epithelium where they transmit growth
signals upon ligand stimulation [5, 6, 29]. In some
epithelial cells, expression of fibroblast growth factor
receptor-3, epithelial cell kinase, related to tyrosine
kinase (RYK), and EPH has been reported [30 – 33].
These RTKs were identified in HBE cells in the screen;
however, the function of these kinases in the bronchial
epithelium has not been determined.

It was found that the incidence of DDR1 was highest
among the RTKs identified. DDR1 was identified
during a search for tyrosine kinase proteins expressed
in breast carcinoma cells [8]. This RTK is distinct from
other members of the large RTK group because it
contains a domain homologous to discoidin, a lectin
expressed during the aggregation process of the slime
mold D. discoideum [15]. cDNAs encoding proteins
homologous to DDR1 have been independently cloned
from human, mouse, and rat sources by several
laboratories [8 – 14]. DDR1 messenger (RNA mRNA)
is expressed in epithelial cells in the brain, gastro-
intestinal tract, lung, and kidney [8 – 14].

By Northern analysis, it was shown that DDR1
mRNA is also expressed in HBE cells and two HBE
cell lines, BET-1A and BEAS-2B. These lines have been
shown to have similar biological properties as HBE

BEAS-2B
 cells

BET-1A
cells

HBE
cells

DDR1 (3.6 kb)

β-actin

Fig. 1. – Northern blot of discoidin domain receptor 1 (DDR1)
messenger ribonucleic acid (mRNA) in human bronchial epithe-
lial (HBE) cells and HBE cell lines. The blot was hybridized
with an [a-32 Phosphorous]-labelled DDR1 complementary de-
oxyribonucleic acid probe and exposed to film for 3 days.
Expression of DDR1 mRNA was detected as a 3.6-kb band.
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Fig. 2. – Fluorescence-activated cell sorter analyses of discoidin
domain receptor 1 (DDR1) expression on human bronchial
epithelial (HBE) cells and HBE cell lines with anti-DDR1.
Stippled histograms show analyses of a) HBE cells, b) BET-1A
cells and c) BEAS-2B cells stained with anti-DDR1. The open
histogram shows antigen-peptide blocking.
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cells [34, 35]. In addition, FACS analyses showed that
DDR1 protein is expressed in HBE cells and HBE cell
lines. Furthermore, immunohistochemical studies
demonstrated that DDR1 is predominantly expressed
on the basolateral surface of the bronchial epithelium.
These findings suggest that DDR1 is involved in a
cellular function specific to those cells.

Recently, various types of collagen have been
identified as ligands for the "orphan" receptor DDR1
[19, 20]. Binding of collagen to DDR1 results in
delayed, but sustained, tyrosine kinase activation and
autophosphorylation. Based on these observations, it is
hypothesized that there is a functional interaction
between the basement membrane and DDR1 expressed
on bronchial epithelial cells. The basement membrane
is a meshwork of type IV collagen, glycoproteins such
as laminin and entactin, and heparin sulphate proteo-
glycans [36]. Type IV collagen is the structural back-
bone of the basement membrane. Immunostaining of
type IV collagen in bronchial tissues demonstrated that
basement membranes are closely attached to the basal
surface of the bronchial epithelium, supporting a
possible interaction between type IV collagen and
DDR1 expressed on the bronchial epithelium. Alves et
al. [14] showed that DDR1 RNA is expressed in the
outer epithelial layer of the lung, kidney, and colon in
close proximity to the basement membrane, an
observation similar to the present findings. The
localization of DDR1 to specific subregions of the
cell surface may be regulated to mediate collagen
signals. To date, however, the biological significance of
the interaction of collagen with DDR1 is unknown.

Interestingly, DDR1 is overexpressed in mammary
[37], ovarian [13], and oesophageal carcinomas [38].
More importantly, mutually exclusive expression of
DDR1 and the closely related receptor DDR2 has been
demonstrated in ovarian and lung carcinomas [14].
DDR1 expression is restricted to epithelial tumour
cells, whereas DDR2 mRNA is detected only in the
surrounding stromal cells, suggesting that these recep-
tors are involved in tumourigenesis of epithelial
carcinomas. Moreover, Vogel et al. [19] have shown

that collagen-induced expression of matrix metallopro-
teinase-1 (MMP-1), an enzyme that specifically cleaves
native fibrillar collagen, is mediated by DDR2. These
results suggest that overexpression of DDR1 in breast,
ovarian, and other epithelial tumours, along with
DDR2 expression in the surrounding connective
tissues, may be responsible for overexpression of
MMP1 in the tumour, which in turn degrades collagen
surrounding the tumour and promotes metastasis. The
function of DDR1 activation in bronchial epithelial
cells is currently under investigation.

In conclusion, it has been shown that a receptor
tyrosine kinase, discoidin domain receptor 1, is
predominantly expressed on the basolateral surface of
human bronchial epithelium and is colocalized with its
ligand type IV collagen. Discoidin domain receptor 1
signalling in bronchial epithelial cells might be essential
for differentiation of the cells.
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