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LETTER

The Genomic Structure of Discoidin Receptor
Tyrosine Kinase

Martin P. Playford, Robin }. Butler, Xiao Cun Wang, Roy M. Katso,
Inez E. Cooke, and Trivadi S. Ganesan'

Imperial Cancer Research Fund Molecular Oncology Laboratories, Institute of Molecular Medicine, John
Radcliffe Hospital, Headington, Oxford OX3 9DU, UK

The discoidin domain receptor (DDR) is a new class of receptor tyrosine kinase that is distinguished by a
unique extracellular domain homologous to the lectin Discoidin | found Dictyostelium discoideum. A cosmid was
isolated from a human chromosome 6 cosmid library containing the DDR gene. A complete genomic contig
of the DDR gene was constructed from seven subclones of the cosmid. The cosmid fragments were analyzed
by PCR, sequencing, and comparison of genomic/cDNA sequence. The DDR gene is composed of 17 exons,
ranging in size from 96 to 1014 bp, distributed along ~12 kb of genomic DNA. The extracellular domain is
encoded by 8 exons of which three code for the discoidin domain. The transmembrane domain is encoded by
1 exon, the juxtamembrane domain by 3 exons, and the catalytic domain by 5 exons. The generation of the
two splice variants of DDR, EDDR1 and EDDR2 are explained by the genomic structure. Exon 11 (Il bp in the
juxtamembrane domain) is present in DDR and absent in the splice variant EDDRI. An inverted repeat of 20
bp was identified at the 3’ exon-intron junction of exon 1I, which results in a lariat loop-like secondary
structure. EDDR2 is generated because of a cryptic splice acceptor site that results in an extra 18 bp (6 amino
acids) inserted 5’ of exon 14 in the catalytic domain. A polymorphic (GT),; repeat was identified in intron 5
with a hererozygosity of 0.71. The exon-intron structure of the DDR gene will be helpful in further

understanding of its function and explains the possible structural basis for the two splice variants.

Receptor tyrosine kinases (RTKs) play an impor-
tant role in cellular metabolism as key compo-
nents of signal transduction pathways (Hunter
1987). They are composed of a unique extracel-
lular domain, transmembrane domain, and a
highly conserved catalytic domain (Hanks et al.
1988). In general subclasses of RTKs have been
classified by the structure of the extracellular do-
mains. These structural motifs vary between im-
munoglobulin-like domains, fibronectin do-
mains, and cysteine-rich domains. RTKs are in-
volved in cellular growth, differentiation, and
development. Specific cognate ligands transmit
signals through the receptor to the interior of the
cell through defined pathways (Schlessinger and
Ullrich 1992; Heldin 1995; Pawson 1995)
Recently, a new family of RTKs have been
discovered, comprising of discoidin domain re-
ceptor (DDR), EDDR1 (also called cak, TrkE) (Di-
marco et al. 1993; Johnson et al. 1993; Laval et al.
1994), and TKT (tyro 10) (Karn et al. 1993; Lai
and Lemke 1994). They all share a unique extra-
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cellular region, which is homologous to a re-
peated domain found in factor VIII, factor V,
milk fat globule membrane protein, and AS anti-
gen (Laval et al. 1994). This domain has similar-
ity (49%) to a lectin called Discoidin I, found in
Dictyostelium discoideum (Poole et al. 1981). The
exact function of this protein is still unknown
although it was initially suggested that it plays a
role in cell adhesion because of its ability to ag-
glutinate red blood cells in vitro (Rosen et al.
1973). This lectin was then shown to be an im-
portant protein involved in cell aggregation, cell-
cell contact, and the promotion of cellular migra-
tion in D. discoideum on the basis of a minor ho-
mology to fibronectin (Springer et al. 1984).
More recently this function has been questioned
and instead it is thought that the protein is im-
portant in maintenance of morphology, cyto-
skeletal organization, and the ability to align
with other cells during aggregation (Alexander et
al. 1992). In analogy, the function of this dis-
coidin family of RTKs is thought to be in cell-cell
contact signaling pathways. This domain has also
been shown to be important in the interaction of
factor VIII with phospholipid and may have a
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similar role in the milk fat globule membrane
proteins (Arai et al. 1989; Stubbs et al. 1990). The
receptor is expressed ubiquitously in all tissues,
maximally in brain. Both DDR and EDDR1 recep-
tors are expressed in epithelial cells, whereas TKT
is expressed also in the stroma. DDR and EDDR1
are expressed as 116-kD proteins in intact cells,
which are phosphorylated on tyrosine. Prelimi-
nary analysis of its expression at RNA level sug-
gest that it is increased in malignant ovarian tu-
mors and metastatic breast cancer (Laval et al.
1994; Alves et al. 1995; Barker et al. 1995).

DDR and EDDRI are identical in all respects
except for the presence of an additional exon
(111 bp) in the juxtamembrane domain of DDR
(Laval et al. 1994). An additional splice varaint
(18 bp) of DDR was also reported (Alves et al.
19935). To understand the structural basis of these
splice variants, the exon-intron structure of the
entire gene was determined. Two mechanisms of
splicing result in the production of the two vari-
ants EDDR1 and EDDR2. In addition, an intra-
genic polymorphic GT repeat was also indenti-
fied. The genomic structure of the DDR gene will
be helpful in the further understanding of the
normal function of this receptor family and its
role in the pathogenesis of cancer.

RESULTS
Isolation of Cosmids

The entire cDNA of EDDR1 was used to probe a

Tkb |

~a—discoidin domain —
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flow-sorted human chromosome 6 cosmid li-
brary, and three overlapping cosmids were iden-
tified. Cosmid 1 was shown to contain the entire
c¢DNA by PCR using 5'- and 3’-specific primers,
Southern blotting, and hybridization (Shelling et
al. 1995). The entire cosmid was digested with
restriction enzymes and subcloned into pBlue-
script for further analysis. Individual cosmid sub-
clones containing the DDR gene were identified
by restriction mapping, hybridization, and se-
quencing. Seven cosmid subclones encompassed
the entire gene (Fig. 1).

Intron-Exon Structure

The entire DDR gene is spread over ~12 kb and
comprises 17 exons (Table 1). The 5’ and 3’
boundaries of each exon were identified by de-
signing exon-specific primers (Table 2) and se-
quencing of cosmid subclones. The intron size
was estimated by comparing size of PCR products
using exon-specific primers on DDR ¢cDNA and
cosmid subclones (Table 1; Fig. 2). The entire ex-
tracellular domain was encoded by exons 1-8 of
which 3 exons are coded for the discoidin do-
main. The transmembrane domain was encoded
by a single exon (9). The juxtamembrane do-
main, which is unusually long, was encoded by 3
exons (10-12). The catalytic domain was en-
coded predominantly by 5 exons (13-17). The
GT/AG rule was observed by all exons. The size of
the exons varied from 96 to 1014 bp. The tran-

o . £ .
) <«—— extracellular region ———— >+~ <@——— juxtamembrane domain —#&— catalytic domain—# 3'UTR
T T T

aataaa

cos1xho4.2

cos1xho3.2

cos1ril.3 cos1psta2

cos1pstS

cos1pste9 coslpst14

Figure 1 Schematic diagram showing the domains of the receptor, the exon distribution, and the cosmid
subclones. Exons are represented in boxes of three shades: Black, where the exon begins from the first base of
the codon (phase 0); dark gray, from the second base (phase 1), and light gray, from the third base of the codon
(phase 2). (GT),;, indicates the position of the polymorphic repeat. (SP) Signal peptide. The alternative splicing
of exon 11 leading to EDDR1 is indicated above exons 10-12.
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Table 1. Exon Structure of the DDR Gene
Exon No. Exon Exon* Intron §' intron/exon start sequence 3' exon/intron end sequence
size (bp) | location | size (bp)
1 127 295 93 tecectgeagAGATGC ATCCTGgtgaggagac
2 103 422 190 ttttactcagCCAAGT CAGCAGgtacttggea
3 229 525 1560 teaccctcagGTTGGA CAGGAGgtgagactgg
4 148 754 284 tggecetcagGTGATC GGAGGGgtgagaggcet
5 100 902 537 cctgeecccagATGGAC GGGCGGgtgtaagaaa
6 187 1002 103 tettcteccagACTGCA ATGCAGgtgagtgagt
7 247 1189 498 ttecccccagGTCCAC TCTCTGgtaagcectg
8 96 1436 90 cttctcccagATGTGG GCTTGGgtgagcaatct
9 152 1532 1200 cctccaccagAGCTGG AGCAAGgtgggcacag
10 166 1684 600 ctatgacaagGCTGAA GCTCTGgtaagacctt
11 111 1850 950 ctecegacagCGTTGC CCCAGGgtaagccect
12 245 1951 126 acccctgeagCCTACA GGGGAGgtaaggagg
13 128 2206 238 ctettetcagGTGCAC TGCCAGgtgaggacca
14 219 2334 450 tgttctccagGAATGA CATCAGgtacctgett
15 235 2553 450 cccttectcagCTACCC CTCATGgtgagcagee
16 150 2788 110 tgcatcccagGGGAAG CGGCAGgtcagagtgg
17 1014 2938 cacaatgcagGTGTAC ACGGTG/3'UTR
(*) The exon location is from the EDDR1 sequence Z29093.

scriptional start site for the gene has not been
determined, so there may be additional exons 5’
of exon 1. Introns ranged in size from 93 bp to
~1200 bp. There was no significant difference be-
tween the frequency of different phases in the
splicing of exons.

Splicing

The variant EDDR1 cDNA is produced as a result
of alternative splicing of exon 10 to 12, resulting
in deletion of exon 11. The preferred use of the
splice acceptor site on the intron/exon boundary
of exon 12 is possibly explained by the presence
of an inverted repeat of 20 bp at the 3’ end of
exon 11 (Fig. 3a). The predicted secondary struc-
ture of the pre-mRNA using the modeling pro-
gram MFold (Jaeger et al. 1989; Zuker 1989) sug-
gests a possible hairpin loop (lariat-like structure)
because of the inverted repeat. On careful exami-
nation of the 5’ intron/exon boundary sequence
of exon 14, it was apparent that there were two
possible splice acceptor sites (Fig. 4). The use of
the proximal 5’ acceptor site would result in the
production of a cDNA with an extra 18 bp (cod-
ing for an extra 6 amino acids, FSLFSR) without
disruption of the open reading frame (EDDR2).

622 @ GENOME RESEARCH

The use of the alternative cryptic splice site re-
sults in the substitution of the last amino acid
serine by arginine in exon 13 of DDR. The pre-
dicted secondary structure of the pre-mRNA us-
ing the program MFold (Jaeger et al. 1989; Zuker
1989), corresponding to intron 13 and exon 14,
demonstrated a long stable hairpin loop between
the 5’ and 3’ sequence of intron 13 (Fig. 3b).

Polymorphic CA Repeat

A polymorphic dinucleotide GT repeat was iden-
tified on sequencing of cosmid subclone
coslxho4.2 in intron 5. This has 17 GT repeats,
and four alleles of 158 bp (25%), 160 bp (47%),
162 bp (3%), and 174 bp (25%) were identified in
normal genomic DNA when amplified by PCR
using flanking primers. The polymorphic repeat
is heterozygous (71%) when examined on 18 un-
related individuals and is inherited in a Mende-
lian fashion when analyzed on three reference
Centre d’Etudes du Polymorphisme Humain
(CEPH) families (Gyapay et al. 1994).

DISCUSSION

DDR was isolated from a number of sources, in-
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Table 2. Primer Sequences

Sense primer (5'-3")

for 5' intron / exon boundary

Antisense primer (5'-3")

for 3' exon / intron boundary

312ccttaggeccgagggateag

geagagatgtcactgtctgg483

312ccttaggeccgagggatcag gagaactccttgeccagg681

603ggatctacaacgactgcace gtagaagcgaaccagtc 838
764gcaatgaggaccctgag cgeccacggtatgtec1001
958gtgtacctcaacgacte ctggagaagctgtggttgc1230

1060aggaagagtcaggagcetgeg

agcaggagceaggatgatg1632

1414agcgaaatctccttcatctetg

agcaggagcaggatgatgl1632

1436atgtggtgaacaattccte

agcaggagcaggatgatgl1632

1436atgtggtgaacaattcecte

gttgttgatgaggatagtgtc1759

1740cactatcctcatcaacaaceg

cctgggtgttogtagatttg1961

1850cgttgetgetetecaatecagectac

gggacgetgttetggggagg2037

2133gccccccagagtggatt

ctggttgaggtegeegttctc2470

2218gaggtcgacagccctcaa

ctggttgaggtegeegttctc2470

2429gcatgattactgactac

gtacaaagttgagtgtggc2627

2582agatcgectecggeatgeg

tegteggtgagetgeccaaa2889

2789ggaagttcacgactgega

ttgttttagtgtcactgg3143

The position of the first nucleotide of each primer is shown in boldface type
and numbered according to the EDDR1 sequence Z29093.

1 2 3 4 5 6
—,a,b,ab a b ab abab,

00bp marker
AHindlll

800

— 2322
— 2027

13 14 15 16 17
,a,b,ab ab abab,
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cluding placenta, metastatic breast can-
cer lymph nodes, breast cancer cell line
MCE-7, and HelLa cell line (Johnson et
al. 1993; Perez et al. 1994; Alves et al.
1995; Barker et al. 1995). The splice
variant EDDR1 was isolated from at
least two sources, an ovarian cancer cell
line SKOV-3 and human keratinocytes
(Dimarco et al. 1993; Laval et al. 1994).
A third cDNA variant isolated from a
human fetal brain library was reported
(MCK-10c) recently (Alves et al. 1995).
DDR and EDDRI1 are identical except
for an insertion of 37 amino acids in
DDR in the juxtamembrane domain as
reported previously (Laval et al. 1994).
A possible mechanism for production
of EDDRI1 as a splice variant maybe ex-
plained by the identification of an in-
verted repeat at the 3’ end of the exon
11/intron boundary (Fig. 1). RNA sec-
ondary structure modeling using the
program MFold (Jaeger et al. 1989;
Zuker 1989) demonstrates a hairpin
structure attributable to this repeat (Fig.
3a). Such a hairpin structure has been
shown to be important in exon selec-
tion (Balvay et al. 1993). It is possible to
speculate that although there are no
such repeats at the 5’ end of exon 11,
the presence of this repeat at the 3’ end
explains the production of the alterna-
tively spliced transcript EDDR1. This
exon contains several motifs such
as the NPXY sequence, the phos-
photyrosine binding (PTB) domain,
and SH3-domain protein binding
motifs. The NPXY motif has been
suggested as an important require-

AHindlll

800

100

ment for internalization in coated
pits and is observed in the human
= lipoprotein receptor and in other
| receptor tyrosine kinases (Chen et
al. 1990; Bansal and Gierasch
1991). However, in RTKs it may not

1004

Figure 2 Ethidium bromide-stained photograph of agarose gel (1%)
showing separation of PCR-amplified products. The markers are a 100-
bp ladder and \ Hindlll digest; (a) PCR product from EDDR1/DDR cDNA;
(b) PCR product from genomic cosmid clones using the same primer
pair. (Lanes 1-6, 13-17) The amplified products for each corresponding
primer pair on cDNA and genomic cosmid subclones, delineating the
intron size between each exon, which is the difference between the two
products. Primer pairs were chosen from the DDR cDNA.

be important for ligand-dependent
internalization of receptor. Phos-
phorylation of the tyrosine in the
NPXY motif is not important for
the internalization of the insulin re-
ceptor, whereas it is necessary in
the platelet-derived growth factor
(PDGF) receptor (MacLeod et al.
1991; Kaburagi et al. 1993; Mori et
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Figure 3 Diagram showing squiggle plot of RNA secondary structure using the program MFold and PlotFold.
(a) The displayed structure is from the nucleotide of exon 11 to the subsequent intron sequence (nucleotide
1944 of DDR on the diagram). (b) The displayed structure is of intron 13 from nucleotide 32 up to the
intron/exon boundary of exon 14 showing the hairpin structure. The arrow points to the cryptic splice site.

al. 1993). Recently, it has been shown that the
consensus PTB motif of the SH2 adaptor protein
Shc is NXXY and the asparagine is an essential
requirement (Kavanaugh et al. 1995; Laminet et
al. 1996). This might be a universal mechanism
by which proteins with a PTB domain bind to
phosphorylated tyrosine residues. Motifs that
recognize SH2 domain proteins are normally
found outside the juxtamembrane region,
whereas in DDR this might serve an analogous
function as the carboxy-terminal tail in other
RTKs. In addition, there is a putative binding mo-
tif for SH3 domain proteins within exon 11,
PGPPTP, that has been described for non-RTKs.
The presence of these important motifs in the
alternatively spliced exon 11 suggests different
functional roles for these two proteins, DDR and
EDDR1. Previously, it was shown that at the RNA
level the expression of these two isoforms is simi-
lar in a panel of cell lines and tissues (Laval et al.
1994), but the pattern of expression is different at
a protein level (X.C. Wang, M.P. Playford, and
T.S. Ganesan, unpubl.).

The second splice variant (EDDR2) uses a
cryptic splice site 5’ of the preferred splice site in

624 @ GENOME RESEARCH

exon 14 (Fig. 4). This results in the addition of 18
bp (6 amino acids) to exon 14. Interestingly,
modeling of intron 13 using the program MFold
(Jaeger et al. 1989; Zuker 1989) shows that there
is a long inverted repeat bringing together in ap-
position the 5' end of intron 13 with the 3’ end
with a long stem (48 nucleotides). The choice of
3’ splice sites is believed to be determined by the
position of branch formation, the first encoun-
tered AG being selected by a 5’ —» 3’ molecular
scanning mechanism (Smith et al. 1989). Second-
ary structure around the first encountered splice
site (CAG) can result in the second one chosen
normally as was shown for the actin gene of Klu-
veromyces lactis (Deshler and Rossi 1991). Thus, in
general transcription favors the natural splice
site, and perhaps occasionally the cryptic splice
site. This splice variant is normally associated
with the DDR variant rather than EDDR1 (M.P.
Playford and T.S. Ganesan, unpubl.). Thus, it is
possible to speculate that production of both
splice variants DDR may be explained by RNA
folding and secondary structure. The accuracy of
the predicted RNA secondary structure using
MFold was shown to be 49% on average (Zuker
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Ao by one exon as in others. There is no
. kinase insert in the catalytic domain
intron 13 a of DDR, which is encoded by only 5
. exons unlike other RTKs of class III.
t ; In general, the exon-intron structure
3 ; s e of this novel RTK is similar to that of
K I other tyrosine kinases. Splicing is a
g s Tt common mechanism for production
Z of proteins with different functions.
g It remains to be ascertained whether
; such is the case for splice variants of
exonl4a
¢ DDR.
a
g
: METHODS
Vj_/‘ Isolation and Characterization of
- Cosmids
E The entire EDDR1 ¢DNA was used to probe a
exon14 a flow-sorted chromosome 6 library, and 3
f cosmids were isolated. Cosmid 1 was shown
a to contain the gene by PCR and hybridiza-
a tion (Shelling et al. 1995). The cosmid was
y? digested with several restriction enzymes
(Xhol, Pstl, etc.) and cloned in pBluescript
SKIL
EXON 13 EXON 143 EXON 14
PCR
GCCACCAAGAATGCCAG |gtgagg.... ... ctcttcag |cttctecttgttctecag | GAATGATTTCCTGAAA
A T K N A SR FSLFESR NDF LK PCR was performed using a denaturation

temperature of 94°C (90 sec), annealing

Figure 4 Sequencing gel photograph (6%) demonstrating the se- ~ temperature of 60°C (1 min), and extension
quence of the 5’ boundary for exon 14 determined using an exon &t 72°C (2 min) using Taq polymerase,

14-specific reverse primer and containing the two splice acceptor sites.
The schematic diagram illustrates the extra exon 14a from the proxi-
mal splice acceptor site. Amino acids are shown in single-letter codes.

dNTPs, and magnesium under standard re-
action conditions. Primers were used to am-
plify the ¢cDNA and genomic clones, and
products were separated on agarose gel elec-

Bases shown in lowercase and boldface letters represent the splice trophoresis (19%) to compare sizes and esti-
acceptor sites. The two possible amino acids are shown in boldface  mate introns (Fig. 2; Table 2). The sequences

type.

and Jacobson 1995); therefore, site-directed mu-
tagenesis of appropriate nucleotides that abolish
the secondary structures are required to demon-
strate formally that such a mechanism operates
in vivo.

The identification of an intragenic polymor-
phic repeat that is heterozygous (71%) will be
useful in genetic linkage analysis as the gene is
mapped to 6q16.3, a region where several disease
genes have been mapped. The exon-intron struc-
ture of only a few RTKs [epidermal growth factor
(EGF) receptot, fibroblast growth factor (FGF) re-
ceptor, PDGF receptor, fins, c-kit, FLT3, and Ret]
have been determined (Agnes et al. 1994; Kwok et
al. 1993). The transmembrane domain is encoded

of the primers were chosen from the DDR

and EDDR1 c¢DNA using the program Am-

plify 1.2 (Table 2). The conditions for the

primers to amplify the GT repeat were iden-
tical as above except for a concentration of 3.5 mm of
MgCl,. The forward primer was 5'-TTTGGGGTGGGAG-
GAGGAC-3’; the reverse prim-er was 5'-TGGTCAC-
CCTAGTGCTACCC-3'".

Sequencing

Sequencing was performed using the Sequenase 2.0 (U.S.
Biochemical) and Sequencing Pro (Cambridge Biosciences)
kits, and gene specific/vector specific primers. Intron/exon
boundaries were determined by comparison of cDNA and
genomic sequences.
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