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We have previoudy identified 67 exons on a yeast artificial chromosome contig spanning 1.5 Mb
around the multidrug resistance 1 gene region of human chromosome 7g21.1. In this study,
we identified three novel cytoplasmic variants (MDC2-y, MDC2-, and MDC2-¢) of the human
metalloprotease-like disintegrin-like cysteine-rich protein 2 (MDC2) among these exons by screening
a human brain cDNA library and also by using a reverse transcription polymerase chain reaction.
Genomic sequence analysis strongly supported the idea that the variations in the cytoplasmic
domain were generated by alternative splicing. The expression of MDC2 variant forms in human
brain tissue and gliomas was examined by reverse transcription polymerase chain reaction and
RNase protection assay. MDC2-g was expressed only in the cortical and hippocampal regions in
human brain, but not in gliomas. In contrast, MDC2-y was a major form expressed in human
gliomas. Specific expression of these cytoplasmic variants of MDC2 in human brain and its malig-

nancies is discussed.
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The mammalian ADAM (a disintegrin and metallopro-
tease) family is a recently identified gene family encoding
membrane proteins, and has an extensive sequence simi-
larity to snake venom disintegrin and metalloprotease.?
Snake venom disintegrins are a family of anticoagulant
peptides with a high cysteine content.? Typical ADAMs
are cell-surface proteins that have multiple domains; pro,
metalloprotease-like, disintegrin-like, cysteine-rich, epider-
mal growth factor-like, transmembrane, and cytoplasmic
domains. The ADAM family is expected to be involved
in cell-cell interactions. For example, fertilin, the first
ADAM described, has been implicated in integrin-medi-
ated sperm-egg binding,>® and meltrin is required for myo-
tube formation.” In contrast, some members of this
ADAM protein family have metalloprotease-like domains
that are catalytically active and degrade specific substrates.
An example of this type of ADAM is human tumor
necrosis factor-a converting enzyme, which releases solu-
ble tumor necrosis factor-a by proteolysis.>® Because cell-
cell interaction and protease activity have important roles
in metastasis and invasion of cancer cells, the ADAM
family could be associated with malignant phenotype in
cancer cells.

We previously assembled a contig of 21 non-chimeric
yeast artificial chromosomes (YAC) across 1.5 Mb of the
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multidrug resistance gene (PGY1 and PGY3) region on
human chromosome 7g21.1.”7 Exon-trapping directly on
the YACs resulted in an exon collection that includes 21
exons identical to the cDNA sequences of PGY1, PGY3,
and sorcin, and 43 exons homologous or similar to human
cDNA sequences® In these 43 exons, nine exons were
homologous to a cDNA coding a human metalloprotease/
disintegrin-like cysteine-rich protein (MDC), which is a
member of the ADAM family.®>® These exons specifi-
caly detected a prominent 10 kb mRNA in the brain
among various human tissues examined.? Sagane et al.*?
reported that two novel MDC genes, MDC2 and MDC3,
are highly expressed in the brain. We observed that the
MDC2 sequence includes our nine MDC-related exons.®
In this study, we identified splicing variants of the MDC2
gene, and determined the partia exon-intron structure.
Structures of the MDC2 splicing variants are compared
with that of the MDC2 reported by Sagane et al.®Y Fur-
thermore, the expression of these splicing variants was
examined in the human brain and glioma cells.

MATERIALS AND METHODS

Materials Total RNA from the human brain cortex was
obtained from OriGene Technologies, Inc. Surgical speci-
mens of human hippocampus and tumor tissues were
obtained from patients with epilepsy and glioma. All
human samples were obtained under an Institutional
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Review Board (IRB)-approved protocol after subjects had
given informed consent. Histologic diagnosis was obtained
in al cases. According to the revised WHO classification,
the tumors included 2 pilocytic astrocytomas, 1 anaplastic
astrocytoma, 1 anaplastic oligoastrocytoma, and 3 glio-
blastomas. All glioma cell lines used in this study were
obtained and cultured as previously described.?

Isolation of MDC2 cDNA and its variant forms Short
cDNA fragments (3Y-23, 3Y-36, 3Y-248, 3Y-15, 3Y-59,
3Y-50, 3Y-69, 3Y-52 and 3Y-62), which were obtained by
exon amplification,® were used as probes to clone full-
length cDNA. The cDNA clones were obtained by screen-
ing a pPCMVSPORT human brain cDNA library (GIBCO
BRL, Rockville, MD). The largest plasmid clone, B5-2, is
thought to lack the 5" end of the coding sequence, because
this B5-2 clone does not contain the sequence included in
the clones Y 3-23 and Y 3-36. We performed PCR to isolate
the 5' part of the MDC2 clone. Primer pairs were designed
between the 5 end of the B5-2 clone 5-GGTATGTA-
CAACGGAAGCC-3' and the vector sequence 5'-GCAA-
AAAGCTATTTAGGTGAC-3'. A 1 kb fragment contain-
ing the Y3-23 and Y3-36 sequences was amplified by
PCR using the pCMV SPORT human brain cDNA library
as a template, and was subcloned into pMOSblue. To
detect splice variant forms in the cytoplasmic domain,
PCR was performed using the following primer pairs:
downstream 5'-AATGGAGTTTGCAGTAATGAGC-3 and
upstream 5'-TAGACCCAGTTTGATGAAGAAGG-3 for
MDC2-y, &, €, and downstream 5'-AATGGAGTTTGCA-
GTAATGAGC-3 and upstream 5-ACAGTTCTTTGAC-
TATACTGC-3 for MDC2-q, -B. The PCR conditions were
the same as described below in the reverse transcription-
polymerase chain reaction (RT-PCR) section.

RT-PCR Single-strand cDNA was prepared from 1 ug of
total RNA and 2.5 pmol/liter random primer (TaKaRa
Shuzo, Tokyo) in atotal volume of 20 ul containing Molo-
ney murine leukemia virus reverse transcriptase (GIBCO-
BRL) and RNase inhibitor (TaKaRa Shuzo). PCR was per-
formed in a fina volume of 5 pl containing 10 ng of total
RNA, 1 umol/liter each of the sense and antisense primers
and 1 U of Tag Gold DNA Polymerase (Perkin-Elmer,
Foster City, CA). Amplification was performed using a
DNA thermal cycler (Perkin-Elmer) according to the fol-
lowing protocol: initial denaturation for 9 min at 95°C, 45
cycles of denaturation for 30 s at 95°C, primer annealing
for 30 s at 57°C, polymerization for 30 s at 72°C, and a
final extension for 10 min. The PCR products were sepa-
rated by electrophoresis on 5% acrylamide gels, which
were then stained with ethidium bromide.

RNase protection assay We performed PCR to obtain a
fragment as a template to synthesize an antisense RNA
probe. The PCR primers were 5-AATGGAGTTTGCAG-
TAATGAGC-3' and 5-TAGACCCAGTTTGATGAAGA-
AGG-3'. The cDNA from human glioma cell line IN157
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was used as the PCR template. We obtained a 441-bp frag-
ment and subcloned it into the pPGEM-T Easy vector. The
plasmid containing the 441-bp fragment, designated RPA-
Yy, was linearized by Ncol, and an RNase protection assay
was run using a Maxiscript Kit (Ambion, Austin, TX) and
an RPA 1l kit (Ambion) according to the manufacturer’s
protocol. Fifteen micrograms of RNA was hybridized with
2x10° cpm of antisense RNA probe.

Determination of genomic organization Using an RPA-
y fragment as a probe, we screened the lambda Fix Il
human genomic library (Stratagene, La Jolla, CA). Se-
guencing analysis was performed directly from a phage
clone.

DNA sequencing DNA was sequenced using a Dye ter-
minator kit and an ABI PRISM 377 DNA sequencer (Per-
kin-Elmer).

RESULTS AND DISCUSSION

Two splicing variant forms of MDC2, MDC2-a and -3,
were previoudy reported™ (Fig. 1, A and B). We indepen-
dently isolated MDC-related fragments from the PGY1
region on human chromosome 7g21.1 by exon amplifica-
tion.? We further isolated full-length cDNA corresponding
to the MDC-related fragments as described in “Materias
and Methods.” We found that this cDNA was identical to
base pairs 1-2469 of MDC2-B cDNAWY (sequence num-
bering starts at the initiation codon ATG), and designated
the cDNA as MDC2-y. The reading frame of MDC2-3
ended at 2469 and was followed by a stop codon, TAA,
but the reading frame of MDC2-y was extended by 162 bp
(54 amino acids) (Fig. 1, A and B).

MDC2-qa, -3 and -y were dl different from each other in
their cytoplasmic domains (Fig. 1, A and B), and we
examined if further splice variant forms exist in the cyto-
plasmic domain using PCR. Transcripts MDC2-6 and -€
were thus detected as well (Fig. 1, A and B). MDC2-6 had
an 87-bp (29 amino acids) insertion at position 2468 of
MDC2-y, and MDC2-¢ had a 108-bp (36 amino acids)
insertion of the corresponding region of the MDC2-a
sequence at position 2300 of MDC2-y (Fig. 1, A and
B). We confirmed that these differences in the transcripts
were due to aternative splicing of transcripts by genome
sequence analysis. The genomic region corresponding to
positions 2400—2750 bp of the MDC2-& cDNA was exten-
sively studied. DNA sequence analysis of this region
showed the presence of 3 exons (X, X+1, X+2) (Fig. 2A).
The genome sequence following exon X was identical to
the 3' non-coding sequence of MDC2-[3, and thus MDC2-
B was expected to be produced by retaining exon X, and
MDC2-y, -&¢ were expected to lack a single exon, X+,
which was included in MDC2-3. The nucleotide sequences
at the exon-intron junctions analyzed were consistent with
the GT-AG rule, and the consensus sequence of the
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CTCATATTAG GAATAACTGC GIGGGGTTAT AAAAACTATC GAGAACAGAG‘ GTCAAATGGG 2310
CTCTCTCATT CTTGGAGTGA AAGGATTCCA GACACAAARAC ATATTTCAGA CATCTGTGAA 2370

AATGGGCGAC CTCGAAGTAA CTCTTGGCAA G‘GTAAC CTGG GAGGCAACAA AAAGAAAATC 2430

AGAGGCAAAA GATTTAGACC TCGGTCTAAT TCAACTGAGT ATTTARACCC ATGGITCAAA 2490
[y

AGAGACTATA AT TAA GT AGAR ATA AAAACACTGA AGAACCATAC 2550

T CTT TATCTCCTGC CARGTCTCCT TCITCATCAR CTGGGTCTAT TGCCTCCAGC 2610
I

AGAARATACC CTTACCCAAT GCCTCCACTT CCTGATGAGG ACAAGAAAGT GAACCGACRA 2670

AGTGCCAGG‘C TATGGGAGAC ATCCATTTAAR GATCAACTGT TTACATGIGA TACATCGAAA 2730

ACTGTTTACT TCAACTTITA 2750

MDC2-a LILGITAWGY KNYREQRQLP QGDYVKKPGD GDSFYSDIPP GVSTNSAsss 801

MDC2-B LILGITAWGY KNYREQ—~~- 767

MDC2-y LILGITAWGY KNYREQ--~- 767

MDC2-d LILGITAWGY KNYREQ---— 767

MDC2-g LILGITAWGY KNYREQROLP QGDYVKKPGD GDSFYSDIPP GVSTNSASSs 851
cytoplasmic domain

MDC2-0. KRRSNGLSHS WSERIPDTKH ISDICENGRP RSNSWQGNLG GNKKKIRGKR 851
MDC2~B --RSNGLSHS WSERIPDTKH ISDICENGRP RSNSWOGNLG GNKKKIRGKR 815
MDC2-y -~-RSNGLSHS WSERIPDTKH ISDICENGRP RSNSWQGNLG GNKKKIRGKR 815
MDC2-8 ~-~RSNGLSHS WSERIPDTKH ISDICENGRP RSNSWQGNLG GNKKKIRGKR 815
MDC2-g KKRSNGLSHS WSERIPDTKH ISDICENGRP RSNSWQGNLG GNKKKIRGKR 851

MDC2Z~0t FRPRSNSTE- ———— 860
MDC2-B FRPRSNSTE- 824
MDC2-y FRPRSNSTE- TL SPAKSPSSST gag
MDC2-9 FRPRSNSTEY LNPWFKRDYN VAKWVEDVNK NTEEPYFRTL SPAKSPSSST ggg
MDC2-¢ FRPRSNSTE- TL SPAKSPSSST g7o
MDC2—(f =~===wem—mm mmrmcme e e o

MDC2wf —mmssssmss sosmmemne e

MDC2-y GSIASSRKYP YPMPPLPDED KRVNRQSARL WETSI 871

HDC2-5 GSIASSRKYP YPMPPLPDED KKVNRQSARL WETST 900
MDC2—; GSIASSRKYP YPMPPLPDED KKVNRQSARL WETSI 907

Fig. 1. Nucleotide and amino acid sequences of MDC2 splicing
variant forms. A. Partiadl nucleotide sequences of cDNA for
MDC2 variants. Sequences in bold letters are additional cDNA
sequences to MDC2-a and -B, and underlined sequences are
deleted from MDC2-y and -€. MDC2-a and -¢ has a 108-bp (36
amino acids)®? insertion at position 2300 of MDC2-y. The
dashed underline indicates 3' non-coding sequence. Seguence
numbering starts from the start codon ATG. Arrowheads indicate
the positions split by introns. B. Deduced amino acid sequences
of cytoplasmic domain of MDC2 variants. The underlined
sequence is a putative target sequence recognized by ERK1 and
ERK?2. The dashed underline indicates a PDZ binding motif.

branching point™ 9 was also found at an appropriate posi-
tion (Fig. 2B), further confirming the generation of mMRNA
variants by alternative splicing. The nuclectide sequence
at the branching point of intron X+1 was highly homolo-
gous to the consensus sequence (Fig. 2B), in accordance
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A X3 X2 X1 exonX' X+l X+2 X+3
MDC2-a

2402 2469
MDC2-p
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2592

2402 2468 24692591 2610

MDC2-y
MDC2-5 WM
MDC2 A YU JUA Jh. T
B exon X
aaccgtctttttcagGTAAC - - - ¢ ¢ ¢ CIGAgtaagt
exon X+1
ttcagat...... cattgctttetgeagGTATT . . . . L TTAGgtattt
exon X+2
acttaat...... gtctcaacatctcagG®@CTT 0 - - - - CAGGgtatgt
Consensus sequence
ynytray...... YYYYYYYYYYYnyag gtaagt

Fig. 2. Schematic representation of genomic structures and rel-
evant nucleotide sequences around exon-intron junctions of
MDC2 variant forms. A. Shaded boxes are coding exons of
MDC2. White boxes are non-coding exons. Exon X corresponds
to positions 2402—2468 of MDC2-y. The genomic region corre-
sponding to exons X, X+1, X+2 was examined in this study, and
that corresponding to exons X-1, X-2, and X-3 has been exam-
ined.’Y B. Exon-intron junction sequences are shown. Small let-
ters indicate intron sequences, and large letters indicate exon
sequences. The consensus sequence of the branching point is also
shown.

with the presence of splicing between exon X and exon
X+2.

Our previous study showed the location of MDC2-
related exons on 7921.1, and their specific expression in
the human brain.® We examined the expression of the
MDC2 variant forms in human brain tissues, gliomas, and
human glioma cell lines by RT-PCR. We prepared primer
pairs that specifically amplified MDC2-a, - and MDC2-
Y, -0, -€, respectively. Products of 486 bp corresponding to
MDC2-3 were detected only in one glioma cell line,
IN157, and two clinical glioma samples, case 3 and case
7. Products of 594 bp corresponding to MDC2-a were hot
observed in any sample (Fig. 3A). By contrast, MDC2-y
fragments (440 bp) were expressed in all samples except
for a glioma cell line, CCF-STTG1 (Fig. 3A). MDC2-6
fragments (527 bp) were observed in some clinical glioma
samples and cell lines, but not in the cortex and the hip-
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Fig. 3. Expression of MDC2 variant forms. A. The upper panel
shows the results of a PCR analysis using MDC2-a and - spe-
cific primer pairs. Product sizes were 594 bp (MDC2-a) and 486
bp (MDC2-B). The lower panel shows the results of a PCR anal-
ysis using MDC2-y, -9, and -¢ specific primer pairs. Product sizes
were 440 bp (MDC2-y), 527 bp (MDC2-6) and 548 bp (MDC2-
€). Normal brain tissue of cortex region, brain tissue of hippo-
campus region from an epilepsy patient, glioma cell lines (NHGL,
NHG2, CCF-STTG1, IN157, IN500),*? and resected clinical
glioma samples, including pilocytic astrocytomas (cases 1, 7),
anaplastic astrocytoma (case 4), anaplastic oligoastrocytoma
(case 6), and glioblastomas (cases 2, 3, 5), were examined. B.
Expression of MDC2 variant forms analyzed by RNase protec-
tion assay. Antisense RNA probe RPA-y corresponded to posi-
tions 2073-2514 of MDC-y. Fragments and their lengths are
indicated. This probe could not distinguish MDC2-3 and MDC2-6.

pocampus. MDC2-¢ fragments (548 bp) were observed
only in the cortex and in the hippocampus. The intensities
of MDC2-y were clearly stronger than those of MDC2-6
and MDC2-¢ in epileptic hippocampal tissue with marked
gliosis, clinical glioma samples, and cell lines, suggesting
that MDC2-y might be a dominant form of MDC2. How-
ever, MDC2-¢ showed approximately the same intensity as
MDC2-y in the cortex.

To confirm quantitatively which transcript was the
major form in the central nervous system, an RNase pro-
tection assay was performed using antisense RNA probes
corresponding to MDC2-y (Fig. 3B). The probe RPA-y
detected a 441-nt fully protected fragment, and 227-nt and
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Table I. Expression of MDC2 Variants in Cortex, Epileptic
Hippocampus and Gliomas

Expression of

Human tissues Constituent cells

MDC2
Cortex Astrocytes e>y
Neurons
Epileptic hippocampus Reactive astrocytes e<y
Degenerated neurons
Gliomas Displastic astrocytes y>d

214-nt digested fragments in the RNA from the cortex
(Fig. 3B). The results of the RT-PCR showed that the 441-
nt fragment corresponded to MDC2-y, and the 227-nt and
214-nt fragments corresponded to MDC2-€. We measured
the radioactivity of these fragments and standardized their
lengths. MDC2-¢ appeared to be the major form, though
MDC2-y was expressed at one-third the level of MDC2-¢
in the human cortex. By contrast, MDC2-¢ fragments were
not observed in any glioma cdl line. A 441-nt fully pro-
tected fragment (MDC2-y) was detected in three out of
five glioma cell lines. The 406-nt fragment, which could
be generated from MDC2-3 and MDC2-d, was detected
only in IN157 cells,

Table | illustrates the differential expression of splicing
variants in human brain tissues and gliomas. Considering
that epileptic hippocampus tissue contains many reactive
astrocytes and sparse degenerated neurons,®®~2® the splice
variant MDC2-g, a mgjor form of MDC2 in the human
cortex (Fig. 3B), might be specifically expressed in neu-
rons. On the other hand, MDC2-y was expressed mainly in
human gliomas (Fig. 3, A and B), suggesting that MDC2-y
is specifically expressed in astrocytes. The expression of
MDC2-¢ and -y in the hippocampus might reflect the pres-
ence of a mixture of both reactive astrocytes and sparse
and degenerated neurons. MDC2- was only expressed in
gliomas, but not in the cortex and hippocampus, in which
the major constituents are normal astrocytes and neurons
(Fig. 3A and Table I). Glia célls consist of mainly astro-
cytes and all gliomas used in this study were generated
from astrocytes as described in “Materials and Methods.”
Although there appeared to be no correlation between the
expression of MDC2-6 and the WHO classification of
gliomas, MDC2-d could be a useful tumor marker for
gliomas. MDC, another member of the ADAM family,
appeared to be involved in the malignant phenotype of
breast cancer.? It remains unclear whether or not MDC2
plays an important role during the acquisition of malignant
phenotype in gliomas.

The metalloprotease-like domain of MDC2 lacks the
HEXXHXXGXXH amino acids for zinc binding,*» which
are critical for protease activity,’® suggesting that MDC2
may not have catalytic potential. On the other hand, the



amino acid sequence around the disintegrin-like domain of
MDC2 has a marked similarity to other ADAM genes, sug-
gesting that MDC2 selectively binds to integrin or extra-
cellular matrix via a conserved disintegrin-like domain. In
this study, we identified three splicing variant forms of
MDC2, dl in the cytoplasmic domain. Because the con-
sensus sequence of the target amino acids for MAP kinase
is P-(X)-X-S/T-P?® amino acid residues (P-A-K-S-P) in
the extra amino acid sequences specific for MDC2-y, -0
and -¢ of the cytoplasmic domain could be recognized and
phosphorylated by ERK1 and ERK2 protein kinase?® (Fig.
1B). On the other hand, the amino acid residues T-S-| at
the carboxyl terminus (Fig. 1B) are consistent with the
consensus recognition sequence of the PDZ domain (S/T-
X-V/1),2 and this motif could be recognized by proteins
containing the PDZ domain. The cytoplasmic domain of
the MDC2 protein probably interacts with other proteins
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and variations of the domain among the MDC2 variants
thus might generate biological variations through modifi-
cation of the MDC2 protein or the signal-transduction pro-
cess from the MDC2 protein. Further functional analysis
of MDC2 is required.
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