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To isolate genes responsible for some features of Down syndrome, we performed exon trapping experi-
ments using a series of cosmid clones derived from ‘‘the Down syndrome critical region’’ of chromosome
21 and isolated six exons which are highly homologous to the sequence of Drosophila minibrain (mnb)
gene. The Drosophila mnb gene encodes a serine/threonine protein kinase that is required in distinct
neuroblast proliferation centers during postembryonic neurogenesis. Using one of these six exons as a
probe, we isolated cDNA clones for human homolog of Drosophila mnb gene (MNB) from a fetal brain
cDNA library. Human MNB cDNA encodes a protein of 754 amino acids with a nuclear targeting sequence
and a catalytic domain common to the serine/threonine-specific protein kinase. The human MNB protein
strikingly resembles the recently discovered rat Dyrk protein kinase with a dual specificity. The MNB
mRNA is expressed in various tissues including fetal and adult brains. The remarkable similarity of human
MNB protein to Drosophila mnb and rat Dyrk proteins implies that human MNB protein may play a
significant rolein asignaling pathway regulating nuclear functions of neuronal cell proliferation, contributing
to certain features of Down syndrome.  © 1996 Academic Press, Inc.

Down syndrome (Trisomy 21) is the most frequent birth defect and is a major cause of
mental retardation and congenital heart disease (1). Besides a characteristic set of facial and
physical features, Down syndrome is associated with defects of the immune and endocrine
systems, an increased rate of leukemia and early onset Alzheimer disease (1). Although little
is known about the mechanism by which trisomy 21 interferes with normal development, the
increased dosage of the chromosomal elements clearly implicates altered levels of gene expres-
sion as a causative factor, but individual genes whose over-expression is particularly important
have not been identified.

Studies of cases with partial trisomy of chromosome 21 have suggested that the 2-Mb region
around locus D21S55 which is located between loci CBR and ERG is particularly important
in the etiology of Down syndrome (2-4). Therefore, we have chosen to focus on this ‘*Down
syndrome critical region’’ and performed exon trapping experiments using a series of cosmid
clones isolated from this chromosomal region (5, unpublished results). We isolated over 160
exons with unigque sequences and the database search showed that six exons are highly homol o-
gous to Drosophila minibrain (mnb) gene.

Drosophila mnb gene encodes a serine/threonine protein kinase that is essential for the
proliferation of distinct neuronal cell types during postembryonic neurogenesis (6). The muta-
tions of mnb gene cause the size reduction of the adult optic lobes and central brain hemispheres

! The nuclectide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide
sequence databases with the accession number D85759.
2 To whom correspondence should be addressed. Fax: 81-3-3351-2370. E-mail: shimizu@dmb.med.keio.ac.jp.

92

0006-291X/96 $18.00
Copyright © 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.



Vol. 225, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

in comparison with wild-type flies (7). Since the mnb protein shares sequence similarities with
protein kinases involved in the regulation of cell division, it has been suggested that the mnb
kinase would be related to proper proliferation of neuronal progeny on optic lobes and central
brain hemispheres during postembryonic neurogenesis (6).

We report here the isolation and characterization of the human homolog of Drosophila mnb
gene which is designated MNB. Moreover, we show the expression pattern of MNB gene in
various human tissues and discuss the possible involvement in the pathogenesis of Down
syndrome.

MATERIALS AND METHODS

Exon trapping. A series of cosmid clones were isolated from chromosome 21-specific KU21D cosmid library using
a set of ordered YAC clones (8) which covered ‘‘the Down syndrome critical region” (D21S17-D21S396-D21S55-
ERG-ETS2) as hybridization probes (Kudoh et al., in preparation). Among these cosmids, 884 clones were assigned
to 19 subregions. Approximately 500 cosmids from subregions 7 to 18 (D21S396-D21S55-ERG) were used for exon
trapping experiments essentially as described previously (9; Gibco/BRL manual 18449-017). The nucleotide sequencing
of trapped putative exons was carried out by the dye terminator method using AmpliTag DNA polymerase and
analyzed on a DNA sequencer (Applied Biosystems, 373A). Nucleotide and predicted amino acid homologies were
analyzed with FASTA, BLASTN and BLASTX searches against the non-redundant sequence database.

cDNA isolation and sequencing. One exon, 17B04, was used to screen a \gt10 cDNA library prepared from human
fetal brain (Clontech). DNA sequencing was carried out by primer walking for the PCR products amplified from
isolated single plaques by the dye terminator method and analyzed as described above.

Northern blot analysis of MNB. Human multiple tissue Northern blots (Clontech) containing 2ug poly(A)* mRNA
from various adult and fetal tissues were hybridized with probes according to the recommended protocol. A 583-bp
fragment (nt 410-992 in Fig. 3) was amplified by PCR using a pair of primers 17B04F (5'-GGGAGACGATTCTAG-
TCATA-3’; nt 410-429) and 26CO1R (5'-CCTCTGCCCCAACTGACAAG-3'; nt 992-973) from the cDNA clone
MNB32. The amplified DNA was used as a probe after labeling with [a-*P]dCTP by random priming (10). These
Northern blots were reprobed with a control 2.0-kb human g-actin cDNA.

RESULTS

Isolation of exons and cDNA clones. We have isolated over 160 putative exons from ‘‘the
Down syndrome critical region’” of human chromosome 21 by exon trapping method. Homol-
ogy search of these exons using public nucleotide sequence database and FASTA program
revealed that four exons (17B04, m1618-42, 26C01 and m1618-05) have striking nucleoctide
sequence homology (65.5% to 75.1% identity) with the Drosophila minibrain (mnb) gene (6)
(Fig. 1A). Furthermore, homology search using BLASTX program indicated two additional
exons (17B07 and m1618-38) have significant amino acid sequence homology (77.4% and
62.5% identity) with the Drosophila mnb protein (Fig. 1B). Homologous region between six
trapped exons of human MNB and Drosophila mnb protein correspond to amino acid residues
from 18 to 354 in Drosophila mnb protein (Fig. 2). These results indicated that we found
human homolog of Drosophila mnb gene.

Using one of these exons, 17B04, as a probe, we screened a Agt10 cDNA library prepared
from human fetal brain and isolated one cDNA clone (designated MNB32) containing a 1.9-
kb insert from 6 X 10° plaques. The sequence analysis of MNB32 cDNA clone revealed it
contains all the six exons but lacks 3’-termina portion of coding region (Fig. 2). Then, we
used MNB32 cDNA clone as a probe for secondary screening and obtained additional twelve
cDNA clones from 6 x 10° plagues. The sequence analysis revealed that the clone MNB38
contains a 1.3-kb insert extending 0.9 kb from the 3’-terminus of MNB32 (Fig. 2). These
cDNA sequence information allowed us to identify an additional exon (m1618-07) which
showed no homology with Drosophila mnb gene from the initial 160 putative exons (Fig. 2).

Analysis of the nucleotide and amino acid sequence. The nucleotide sequence and the
deduced amino acid sequence of MNB are shown in Fig. 3. The open reading frame of MNB
is 2262-bp long beginning at nucleotide 69 and ending at nucleotide 2330, and encodes a
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FIG. 1. Nucleotide and predicted amino acid sequence homology of the six trapped human exons to the Drosophila
mnb gene. (A) Nucleotide sequences of the four human exons (17B04, m1618-42, 26C01 and m1618-05) and those
of the Drosophila mnb gene (accession number X70794; 6) are shown in upper and lower lines, respectively. Predicted
amino acid sequences of these four exons showed identities (78%—93%) with those of the Drosophila mnb protein
kinase (Fig.5). (B) Predicted amino acid sequences of the two human exons (17B07 and m1618-38) and those of the
Drosophila mnb protein are shown in upper and lower lines, respectively. Identical amino acids and conservative
changes (+) are shown in middle line.

polypeptide of 754 amino acids with calculated molecular weight of 84,552. Fig. 4 illustrates
a schematic comparison of the amino acid sequence of human MNB with Drosophila mnb
protein which has been identified as three different forms due to alternative splicing (6). Human
MNB protein has all conserved regions (subdomains I-X1) of the catalytic domain (amino
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FIG. 2. Human MNB cDNA clones. The open bar represents the translated portion of the cDNA. Hatched boxes
represent the four human MNB exons (17B04, m1618-42, 26C01 and m1618-05) which showed nucleotide sequence
similarity to the Drosophila mnb gene (Fig. 1A). Two stippled exons (17B07 and m1618-38) showed predicted amino
acid sequence similarity to the Drosophila mnb protein (Fig. 1B). Amino acid sequences encoded by six trapped
exons of human MNB correspond to amino acid residues from 18 to 354 in Drosophila mnb protein in which distinct
structural motifs are noted, including the potential nuclear targeting sequence (NTS), kinase catalytic domain, and a
GAS domain which is rich in glycine, alanine and serine. Nucleotide sequences of six trapped exons were found in
human MNB cDNA sequence at position 276 to 1280 (Fig. 3). Another exon m1618-07 was found to be unique to
human MNB gene and has no similarity with Drosophila mnb gene.
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FIG. 3. Nucleotide sequence of the human MNB cDNA and deduced amino acid sequence. The nucleotide and
deduced amino acid sequences of the human MNB cDNA coding strand are both numbered at the first residue. Borders
of the seven trapped exons are indicated by arrows. The open reading frame consisting of 754 amino acid residues
starts at nucleotide 69 and terminates at nucleotide 2330. Potential nuclear targeting sequence (underline), serine/
threonine-rich regions (dashed underline) and histidine repeats (double underline) are indicated. Four amino acid
residues replaced in rat Dyrk (accession number X79769; 18) are shown in boldface under human MNB amino acid

sequence.

acids 150-470) of protein kinase (11) which shows 84% identity in 321 amino acids with
Drosophila mnb protein (Figs. 4 and 5). The region (amino acids 69-149) of MNB protein
flanking the N-terminus of its catalytic domain aso shows high similarity (80% identical
amino acids) with Drosophila mnb protein (Figs. 4 and 5). Within this conserved region, we

found a nuclear targeting sequence (12), KKKRR (amino acids 105-109) (Figs. 3 and

5).

Although amino acids 108-124 aso match to a bipartite nuclear targeting sequence (13),

. 8888 g8 $ 238 8 B
L [ ]
e ——
i 80% | 84% ;S’T
=85 3 T
[ 1 )
Dromnb B | [
NTS catalytic domain
Dromnb C Y ; §
H 1
Dro mnb A A o R

GAS domain

FIG. 4. Schematic comparison of human MNB and Drosophila mnb proteins. Distinct structural motifs are noted,
including the potential nuclear targeting sequence (NTS), kinase catalytic domain, serine/threonine-rich region (S/T),
histidine repeats (H). There are three different forms (A, B and C) of Drosophila mnb proteins which are generated

by aternative splicing (6). In this case, a GAS domain which is rich in glycine, alanine and serine is noted.
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*

FIG. 5. Alignment of the amino acid sequence of the homologous regions of human MNB and Drosophila mnb
proteins. The homology alignments shows the identical amino acids (:) and the conserved amino acids (+). Amino
acid sequences encoded by six trapped exons of human MNB homolog correspond to amino acid boundaries of [18—
48], [49-112], [113-162/], [/162—-257], [258—306], and [307—-354] of the Drosophila mnb protein, respectively.
Positions of these human exon boundaries are indicated by arrows. The kinase subdomains (I-XI) according to the
classification of Hanks (11) are shown on the top. Asteristics indicate highly conserved amino acids in the catalytic
domain (indicated by brackets) of serine/threonine kinase (11). Potential nuclear targeting sequence is underlined.

RR(X)10HKKER, Drosophila mnb protein (amino acids 56-73) has a longer spacer in corre-
sponding sequence, RR(X):.NKKER.

The C-terminus portion of human MNB protein has no homology with Drosophila mnb
protein (Fig. 4). In Drosophila mnb protein, the C-terminus region is known as a GAS domain
which isrich in glycine, aanine and serine (Fig. 4). Instead, the C-terminus region of human
MNB protein is highly rich in serine and threonine (28% of 284 amino acid residues), and
particularly there are two serine/threonine-rich domains (Thr-478 to Ser-515 and Ser-626 to
Thr-663) containing 63% (24/38) and 66% (25/38) serine/threonine, respectively (Figs. 3 and
4). Moreover, there are two histidine repeats (His-590 to His-593 and His-598 to His-610)
between two serine/threonine-rich domains (Figs. 3 and 4).

Expression of the MNB gene. An MNB cDNA fragment was used as a probe for Northern
blot analysis of RNAs from various human tissues (Fig. 6). We detected two transcripts
of approximately 6.0 kb and 7.5 kb in size. The expression of 6.0-kb transcript was detected
in all tissues examined including heart, brain, placenta, lung, liver, skeletal muscle, kidney,
pancreas, spleen, thymus, prostate, testis, ovary, small intestine, colon, peripheral blood
leukocyte, stomach, thyroid, spinal cord, lymph node, trachea, adrenal gland and bone
marrow. In the adult tissues, the highest level of expression was detected in skeletal muscle
and testis, and the lower level of expression was found in lung, liver and kidney (Fig. 6A).
In contrast, relatively higher level of expression was detected in fetal lung and fetal kidney
(Fig. 6B). In the brain, 6.0-kb mMRNA was expressed ubiquitously (Fig. 6C). A second
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FIG. 6. Northern blot analysis of human MNB expression in various tissues. Upper panels show hybridizations
with the 583-bp PCR fragment of the human MNB cDNA. Lower panels show control hybridizations with a 2.0-kb
human g-actin cDNA probe. (A) Northern blot analysis of human adult mRNAs from a number of different tissues.
(B) Northern blot analysis of human fetal mRNAs from 4 tissues. (C) Northern blot analysis of mRNAs from a
number of different tissues of human brain.

transcript of about 7.5 kb was weakly expressed but obvious in the adult heart, placenta,
spleen and testis (Fig. 6A).

DISCUSSION

We have isolated cDNAs for the human homolog of Drosophila mnb gene by screening a
human fetal brain cDNA library with a putative exon which was isolated using exon trapping
method. Drosophila mnb mutant was identified with a reduced brain volume and characterized
by a reduction in the number of neuronal cells in the optic lobes and the central brain hemi-
spheres (6,7). This specific loss of neurons might be expected to cause behavioral abnormality
that exhibited absence of olfactory learning, aberrant visual fixation and decreased locomotor
activity of freely walking (14,15). Drosophila mnb gene encodes a serine/threonine protein
kinase which is expressed in the neuroblast proliferation centers during postembryonic neuro-
genesis (6). The catalytic domain of mnb protein kinase shares a sequence similarity to the
kinases involved in the regulation of cell growth and cell cycle. Therefore, it is suggested that
the mnb protein kinase may control the cell cycle events which are required for the regulation
of the number of neuronal cells in optic lobes (6).

The catalytic domain of human MNB protein is highly conserved with mnb protein at amino
acid level, while outside the catal ytic domain shows no homology except for the region flanking
the N-terminus of the catalytic domain which contains a potential nuclear targeting sequence
(Figs. 4 and 5). The C-terminus portion of the MNB protein has a unique structure with two
serine/threonine-rich domains and histidine repeats whose functions are as yet unknown. In
addition, database search showed that several protein kinases share high sequence similarity
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with a catalytic domain of MNB. These protein kinases include yeast Yakl protein kinase
(38% identity in 338 amino acids overlap), mammalian CLK protein kinase (32% identity in
339 amino acids overlap) that are involved in the regulation of the cell cycle (16,17). Recently,
cDNA of Dyrk (Dua-specificity Yakl-related kinase) was cloned from a rat brain cDNA
library (18). The amino acid sequence of Dyrk is amost the same as MNB, except that four
amino acid residues Gly-32, Asn-395, Thr-534 and Gly-704 in MNB were replaced with Ala-
32, Ser-404, Ala-543 and Ala-713 in Dyrk (accession number X79769), respectively (Fig. 3).
Alignment of the nucleotide sequences of MNB and Dyrk revealed that Dyrk has an insertion
of 27 bp encoding 9 amino acids VMPDIVMLQ which was reported as an aternatively spliced
segment in Dyrk (18). Position of this insertion, between GIn-69 and Arg-70 of MNB, just fit
to 5'-border of exon 17B07. The high similarity in the overall nucleotide sequence (93.7%
identity in 2747 nt overlap) as well as in the coding region (99.5% identical amino acids and
94.1% identical nucleotides) between MNB and Dyrk suggests that Dyrk is a rat homolog of
MNB. Dyrk was reported as a novel dual specificity protein kinase, phosphorylating both
tyrosine and serine/threonine residues in its sequence (autophosphorylation) and in exogenous
substrate (18). Its kinase activity depends on the presence of tyrosine residues (Tyr-310 and
Tyr-312 in MNB) between subdomains VII and VIII (activating loop) and it was supposed
that the activation of Dyrk depends on the phosphorylation of one or both of these tyrosines
(18). They speculated that Dyrk is a component of a signaling pathway, possibly mediating
the specific phosphorylation of transcription factors within the nucleus, because al other
kinases that are regulated by tyrosine phosphorylation between subdomains VII and VIII,
e.g. MAPK/ERK, JNK, and GSK34, are components of signaling pathways that transduce
extracellular signals to a nuclear phosphorylation of transcription factors (18). It is highly
likely that MNB, human homolog of rat Dyrk, has the same characteristics as Dyrk.

Two MNB mRNAs with approximate size of 6.0 kb and 7.5 kb were detected on Northern
blots. A 6.0-kb mRNA was expressed in all the tissues examined, while the expression of 7.5-
kb mRNA was restricted in some tissues. In addition, we have performed Northern blot analysis
for mouse embryos at age of 7, 11, 15 and 17 days, and detected two transcripts of 4.0 kb
and 6.0 kb in al the developing embryos (data not shown). This observation indicates that
MNB gene is expressed during the mammalian embryogenesis.

MNB cDNA was isolated using one of the exons trapped from *‘the Down syndrome critical
region’’ located between two loci LA68 and ERG on chromosome 21. In order to determine
the precise location of MNB gene within this region, we performed hybridization of the MNB
cDNA clones to the EcoRI fragments of cosmid/PAC clones which were aligned in *‘the Down
syndrome critical region’’ with a high-resolution physical map (19). The most 5'-portion of
cDNA hybridized to a cosmid clone D73H11 and the most 3’-portion hybridized to a cosmid
clone D104C9 (data not shown; refer to Fig. 5 of reference 19). This result together with
published (20-22) and our unpublished results indicated that MNB gene locates to a region
between maker D21S394 and D21S55 within the Down syndrome region in the order of (cen)-
CBR-SIM2-HCS-TPRD-MNB-KCNJ6 (also known as KCNJ7 or GIRK2)-ERG-ETS2. The
mouse homolog of mnb (Mnb) has recently been mapped between Chr and Pcp-4 within the
syntenic region between mouse chromosome 16 and human chromosome 21 (23).

The remarkable similarity of human MNB protein to Drosophila mnb and rat Dyrk proteins
implicates that human MNB protein may play a significant role in asignaling pathway regul at-
ing nuclear functions of cell proliferation. It is possible to suppose that increased amount of
MNB protein caused by trisomy 21 may show pleiotropic effects in many tissues becauce
MNB gene is ubiquitously expressed. It is also possible to suppose that apparent features may
be seen in only restricted tissues, especially in neuronal cells by analogy with Drosophila mnb
mutant.

It has been suggested that there are certain parallels between major phenotypes of mouse
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trisomy 16 and those of human trisomy 21 (24,25). Therefore, the studies using knockout
mouse and/or trisomy mouse of MNB gene will provide a clue to understand the involvement
of MNB gene in the normal brain development and the pathogenesis of Down syndrome.
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