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LETTER

Identification of a Conserved Family of
Meisi-Related Homeobox Genes

Scott Steelman,' John ]. Moskow,' Karen Muzynski,? Charlotte North,’
Teresa Druck,’ Jeffry C. Montgomery,' Kay Huebner,' Ira O. Daar,* and
Arthur M. Buchberg'*

'Kimmel Cancer Center, Jefferson Medical College, Philadelphia, Pennsylvania 19107; ®Intramural Research
and Support Program, Science Applications International Corporation (SAIC), and >Laboratory of Leukocyte
Biology National Cancer Institute-Frederick Cancer Research and Development Center,

Frederick, Maryland 21702

The Meisi locus was isolated as a common site of viral integration involved in myeloid leukemia in BXH-2 mice.
Meisl encodes a novel homeobox protein belonging to the TALE (three amino acid loop extension) family of
homeodomain-containing proteins. The homeodomain of Meisl is the only known motif within the entire
390-amino-acid protein. Southern blot analyses using the Meisl homeodomain as a probe revealed the existence
of a family of Meisl-related genes (Mrgs) in several diverged species. In addition, the 3’ untranslated region (UTR)
of Meis! was remarkably conserved in evolution. To gain a further understanding of the role Meis/ plays in
leukemia and development, as well as to identify conserved regions of the protein that might reveal function, we
cloned and characterized Mrgs from the mouse and human genomes. We report the sequence of Mrgl and MRG2
as well as their chromosomal locations in murine and human genomes. Both Mrgs share a high degree of
sequence identity with the protein coding region of Meisl. We have also cloned the Xenopus laevis ortholog of
Meis] (XMeisl). Sequence comparison of the murine and Xenopus clones reveals that Meis/ is highly conserved
throughout its coding sequence as well as the 3’ UTR. Finally, comparison of Meis| and the closely related Mrgs
to known homeoproteins suggests that Meis/ represents a new subfamily of TALE homeobox genes.

[The sequence data described in this paper have been submitted to GenBank under accession nos. Ué8383
(Mrgla), U68384 (Mrglb), U68385 (MRG2), U68386 (XMeisi-1), Ué8387 (XMeisl-2), U68388 (XMeisi-3), and U68389

(XMeisi-4).]

Homeobox genes represent a large diverse family of
transcription factors that share a common helix-
turn-helix DNA-binding motif designated the ho-
meodomain. Homeoproteins were originally identi-
fied in Drosophila (McGinnis et al. 1984; Scott and
Weiner 1984) and have since been found in the ge-
nomes of species as evolutionarily diverse as yeast
and humans (Scott et al. 1989; Kappen et al. 1993).
The HOX genes are perhaps the most well -haracter-
ized category of homeobox genes and have been
demonstrated to show remarkable biological speci-
ficity during normal development despite the abil-
ity of individual HOX genes to bind similar DNA
consensus sequences (Desplan et al. 1988; Gehring
et al. 1994). In addition to crucial roles in normal
development, several homeoproteins are involved
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in neoplasia. Specifically, a subset of homeopro-
teins, including HoxA10 (Lawrence et al. 1995),
HoxB8 (Kongsuwan et al. 1989), PBX1 (Kamps et al.
1990; Nourse et al. 1990), and MeisI (Moskow et al.
1995; Nakamura et al. 1996), have been found to
play important roles in leukemia.

The Meis1 locus was identified as a common site
of viral integration involved in murine myeloid leu-
kemia (Moskow et al. 1995). Proviral integrations at
the Meis1 locus were found to be clustered in two
regions located ~90 kb apart (Moskow et al. 1995;
Nakamura et al. 1996). A single gene was found to
reside between these two clusters and the expression
of the Meis1 gene was shown to be altered in tumors
with viral integrations (Moskow et al. 1995). Meis1
encodes a 3.8-kb transcript with a predicted open
reading frame (ORF) that encodes a homeodomain-
containing protein. Proviral integrations in the 3'-
untranslated region (UTR) of Meisl results in the
production of a truncated transcript (Moskow et al.
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1995). Although the precise mechanism by which
these proviral integrations lead to leukemia is un-
clear, perturbation of normal Meis1 expression may
be a factor.

Comparison of the Meis1 homeodomain to
known homeobox genes identifies Meis] as having
homology with several members of the HAC-ATYP
family of homeobox genes (Burglin 1995), as well as
the homeoproteins TGIF (Bertolino et al. 1995) and
PBX1 (Kamps et al. 1990; Burglin 1995). The HAC-
ATYP family includes human, Arabidopsis thaliana,
and Caenorhabditis elegans homeobox genes that
share the common feature of an atypical homeodo-
main structure in which the homeodomain is com-
posed of 63, rather than 60, amino acids (Burglin
1995). To date, the functions of HAC-ATYP mem-
bers are largely uncharacterized (Burglin 1995).
TGIF has been demonstrated to recognize the pre-
viously characterized retinoid response motif CRB-
PII-RXRE (Mangelsdorf et al. 1991; Nakshatri and
Chambon 1994) and inhibits retinoid X receptor
(RXR)-mediated transcriptional activation by com-
peting for the CRBPII-RXRE response element (Ber-
tolino et al. 1995). PBX1 was originally identified as
a fusion protein with E2A in a t(1;19) translocation
associated with pre-B cell acute lymphoblastic leu-
kemia (pre-B ALL) (Kamps et al. 1990; Nourse et al.
1990). The E2A-PBX1 fusion has also been shown
experimentally to induce the formation of acute
myeloid leukemias (AMLs) in BALB/c mice (Kamps
and Baltimore 1993).

Southern blot analyses using the MeisI ho-
meodomain as a probe suggested the presence of a
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Figure 1 Analysis of conservation of the MeisT homeodomain (probe
P32-33; left) and 3’ UTR (probe PBc1; right). Five micrograms of ge-
nomic DNA from each of the species indicated above was digested with
EcoRl. The same Southern blot was hybridized to both probes. Molecu-

lar mass markers are given in kilobases at /eft.
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family of genes in the genomes of diverse species. In
this paper we describe the identification and clon-
ing of two such Meis1-related genes (Mrgs), Mrgl and
MRG2 in the murine and human genomes, respec-
tively. Similarly, Southern analysis using the Meis1
3’ UTR as a probe revealed that the Meis1 3" UTR is
surprisingly well conserved in mammalian species
and in Xenopus laevis. Therefore, we have also
cloned XMeis1, the X. laevis Meis1 ortholog, to iden-
tify regions that may represent conserved domains
involved in Meis1 function and/or regulation.

Based on sequence similarity, it was presumed
that Meis1 was a member of the HAC-ATYP homeo-
protein family. The identification of Mrgs and Meis1
orthologs and analysis of their homology to the in-
dividual HAC-ATYP family members, however, sug-
gests that a reorganization of the HAC-ATYP family
is necessary. We therefore propose that Meis1, Mrgs,
and certain HAC-ATYP family members represent a
novel family of homeoproteins defined by their ho-
mology to the MeisI homeodomain.

RESULTS

Evolutionary Conservation Analysis of the Meis/
Gene

Previous data from our laboratory demonstrated
that several proviral integrations occur in the Meis1
3’ UTR, suggesting that this region has an important
function in Meis1 regulation (Moskow et al. 1995).
To further address the significance of the Meis1 3’
UTR, probe PBcl was hybridized to genomic DNA
from diverse species to determine
whether the Meisl 3’ UTR was con-
served, as evolutionary conservation is
a characteristic indicative of functional
domains. Southern blot analysis using
probe PBcl detected a restriction frag-
ment in Xenopus, mouse, guinea pig,
rat, dog, monkey, and human genomic
DNAs (Fig. 1). There was no detectable
hybridization of the PBcl probe to
yeast, Drosophila, zebra fish, or chicken
genomic DNA. These results indicate
that the Meis1 3’ UTR is well conserved
throughout evolution and suggests an
important role in Meis1 expression.
Additionally, conservation of the
Meis1 homeodomain was assessed, as
the homeodomain represents the only
known functional motif within the pre-
dicted Meis1 ORF (Moskow et al. 1995).
Under relatively high stringency wash
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conditions (i.e., 65°C; 0.2x SSCP, 0.1%SDS), the
Meis1 homeodomain probe hybridized to all ge-
nomic DNAs studied, from yeast to humans (Fig. 1).
Furthermore, the Meis] homeodomain probe de-
tected at least six restriction fragments in the mouse
genome and multiple restriction fragments in the
other species examined (Fig. 1). This finding indi-
cates that the Meis] homeodomain is well con-
served and suggests that MeisI may represent a fam-
ily of Meis1-related genes (Mrgs) that share a highly
similar homeodomain.

Interestingly, although the Meis1 homeodo-
main-specific probe detects multiple restriction
fragments in all species examined, the MeisI 3' UTR
specific probe hybridized to a single restriction frag-
ment in mammalian genomes. This finding suggests
that the Meis1 3' UTR is unique in these species and
supports the hypothesis that the additional restric-
tion fragments detected using the Meis1 homeodo-
main probe represent Mrgs.

Identification and Cloning of Mrgl, a Murine
Meisi-Related Gene

To isolate Mrgs identified by Southern blot analysis,
probe P32-33, which represents the Meisl1 ho-
meodomain, was used to
screen an adult mouse kidney
cDNA library. Filters were
counterscreened with the eisla

Meis] 3’ UTR probe (PBcl) to Meislbd  ...i.ieiiiiiiinieniees

eliminate Meisl-specific
clones, increasing the likeli-  wrg1a

sented a novel sequence. The K-41 clone was there-
fore designated Mrgl, for Meis1-related gene 1

Cloning of Mrgl Alternative Transcripts

Previous studies demonstrated that two isoforms of
the Meis1 gene exist (Moskow et al. 1995) and are
defined by the presence (Meisla) or absence
(Meis1b) of a 95-bp exon (J.J. Moskow and A.M.
Buchberg, unpubl.). Inclusion of this exon in the
Meis1a isoform leads to a shortened ORF with a dis-
tinct carboxyl terminus (Fig. 2) due to an in-frame
stop codon (Moskow et al. 1995). Alternative mRNA
processing resulting in the removal of this exon
gives rise to the Meis1b isoform in which the ORF
contains an additional 75 amino acids (Fig. 2)
(Moskow et al. 1995). Sequence analysis indicated
that the Mrgl (K-41) sequence isolated was 76.3%
and 83.2% identical at the nucleotide (data not
shown) and amino acid level, respectively, to the
Meis1b isoform (Fig. 2), and has subsequently been
determined to represent the Mrg1b isoform.
Northern blot analysis indicated that Mrgl en-
codes a 3.5- to 4.0-kb mRNA; thus, K-41 represented
a partial Mrg1 transcript (see below). To clone addi-

MAQRYDDLPHYGGMDGVGIPSTMYGDPHAARSMQP VHHLNHGPPLHSHQ-Y~PHTAHTNAMPP SMGS SVNDALKRDKDAIYGHPLEPLLALI 90

Mrgla  ...... EBrivreannnnns V.aS..evune P.pIP.ecuceivnnnns at. h.gA.aP.p.V.. A .. .8 ieiirencnccannnnnanas v 33
urglo ... Bl ias e e At higA AR BV Al A 92
Meisla FEKCELATCTPREPGVAGGDVCSSESFNED IAVFAKQIRAEKPLFSSNPELDNLMIQAIQVLRF HLLELEKVHELCDNFCHRY ISCLKGKMP iai
I i,
JRPS . T 2 T LT 184

hood that the remaining posi- w1

tive clones were indeed MTgS.  weisia  IDLVIDDREGGSKSDSED-V-TRSANLTDQ-PS-WNRDHDI op JGLDNSVASPST-GDDDDEDKD 269
The first clone identified, B I3t e e tscrs s mowiot. pise s I T le e
K-41, was 1368 bp in length, e - A g T e
412 bp of which was 3’ UTR. _ RRIVOPMIDQSNRAVSQGTPYNPDGQPMGGFVMD 361
Clone K-41 was found to con- e AaLE L. ik 179
tain a predicted ORF 92% T h el 265

similar (82% identical) to
Meis1 at the amino acid level

MRG2 tep.VAF...AsV-.deFg-tkRee...L 206

(data not shown). A compari- ...,
son of the Meisl and K-41 3’

UTRs, however, revealed only  meisi pmsaumimg tgi
4

Mrglb N.gG. . aias

37% identity at the nucleotide

........... SMPGEYVARGGPMGVSMGQE SYTQAQMPPHPAQLRHGPPMHTY IPGHP HHP AVMMHGGQP -HPGMPMSASSP SVLNTGD 452

Mrglb  ........ PA....... D..8Q. ... Mg.A..... PP..t...toeieianns S.LAS......MV....p.t....t...q..TM..5.. 453

level (data not shown), indi-
cating that clone K-41 was a
Mrg. Furthermore, no signifi-
cant homologies to the K-41 3’
UTR nucleotide sequence were
detected in the GenEMBL (re-
lease 94.0) database, suggest-
ing that clone K-41 repre-
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Figure 2 Sequence alignment of Meis1, Mrgl, and MRG2. The amino acid
sequences of Meisla, Mrgla, MRG2, Meis1b, and Mrglb proteins are shown
with the homeodomain motif underlined. Identical amino acids are denoted by
dots. Similar amino acid residues are given in uppercase. Gaps within the ORF are
indicated by dashes. Dissimilar amino acids are given in lowercase. The carboxy-
terminal end of the Meisla, Mrgla, and MRG2 proteins resulting from the
inclusion of the 95 bp alternatively processed exon is double underlined. The
carboxy-terminal end of MeisT1b and Mrg1b proteins resulting from the splicing
out of the 95-bp exon is highlighted with a dotted underline.
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tional Mrgl sequence, an adult brain cDNA library
was screened with probes M8-9 and M2-5. A single
2642-bp cDNA clone that hybridized to both probes
was identified (c18-9), sequenced, and determined
to contain a predicted ORF of 394 amino acids, in-
cluding a consensus ATG start site (Kozak 1987).

Sequence analysis revealed that cl8-9 contained
a 95-bp insertion not found in Mrg1b and encoded
an ORF 86.9% and 78.5% identical at the nucleotide
(data not shown) and amino acid levels, respec-
tively, to Meisla, with a 3' UTR 100% identical to
Mrg1b. Therefore, cI8-9 was determined to represent
the Mrgla isoform (Fig. 2). Interestingly, although
there are differences between Meisla and Mrgla at
both the nucleotide and amino acid levels within
the 95-bp alternatively processed exon (Fig. 2), the
location and size of the alternatively spliced exon
within the cDNAs is identical, suggesting a similar
genomic structure despite localization to two differ-
ent chromosomes (see below).

A comparison of the Meis1 and Mrgl homeodo-
mains at the amino acid level shows that they are
98.4% identical, differing by only 1 of 63 amino
acids (Fig. 2), whereas the respective 3’ UTRs are
only 37% identical (data not shown). These data are
consistent with the Southern blot analyses (Fig. 1),
which suggested the presence of a family of genes in
mammalian genomes containing similar homeodo-
mains, but divergent 3’ UTRs.

Chromosomal Localization of Murine Mrgl

The identification of the Mrgla isoform suggests
that Meis1 and Mrg1 share a similar genomic orga-
nization, perhaps because of an evolutionary dupli-
cation of the Meis1 locus. This duplication would
presumably lead to a clustering of Mrgs around the
Meis1 locus on mouse chromosome 11 (Moskow et
al. 1995). To determine whether the Mrg1 locus was
near the Meis1 locus, the Mrgl 3’ UTR probe M2-5
was hybridized to a panel of parental AEJ/Gn and
Mus spretus genomic DNAs digested with various re-
striction endonucleases to identify an informative
polymorphism (Table 1). Probe M2-5 was then hy-
bridized to an interspecific backcross mapping
panel, and a comparison of the segregation pattern
of the M. spretus and AEJ/Gn Mrg1 alleles with the
patterns of known genes and microsatellite markers
(L.D. Siracusa and A.M. Buchberg, unpubl.) revealed
that Mrg1 resides on central mouse chromosome 2
(Fig. 3). The order of the genes typed in the cross
and the ratio of recombinants to N, mice examined
are as follows: centromere-D2Mit42-2/93-Mrgl-1/
93-D2Mit63-telomere. The genetic distances given

Mes1 FAMILY OF TALE HOMEOPROTEINS

in centiMorgans (=*s.E.) are as follows: centromere-
D2Mit42-2.2 + 1.5-Mrg1-1.1 + 1.0-D2Mit63-
telomere.

Mapping the MRGI Locus in Humans

Segregation analysis on a panel of rodent-human
somatic cell hybrids was used to localize the human
homolog of Mrgl to determine whether human
MRG1 might be associated with any known cytoge-
netic aberrations. Mrgl was shown to map to a re-
gion of mouse chromosome 2 that is syntenic to
human chromosome 7, 11, or 15 (Siracusa et al.
1996). By scanning the GenEMBL STS database (re-
lease 94.0) with the Mrgl cDNA sequence, the
D158555 (WI-1222) amplimer was identified as a
portion of human MRG1, as it was 94% identical to
a 96-bp stretch of mouse Mrgl at the nucleotide
level (100% identical across 32-amino acid resi-
dues). D155555 has been mapped to human chro-
mosome 15 but has not been regionally localized.
Two of three somatic cell hybrids retaining portions
of human chromosome 15 were positive for the
MRGT1 locus based on PCR amplification using the
WI-1222 oligonucleotides, indicating that MRG1 lo-
calizes to 15q22-q25 (Fig. 3).

Like human MEISI, which maps to human
chromosome 2p13-14 near three translocation
breakpoints involved in human leukemia (Moskow
et al. 1995), human MRGI also maps to a region of
human chromosome 15 associated with various cy-
togenetic abnormalities associated with AML,
chronic myeloid leukemia (CML), and human astro-
cytomas (Le Beau et al. 1986; Ishihara and Minami-
hisamatsu 1988; Ransom et al. 1992; Griffin et al.
1992; Willman et al. 1993).

Expression of Mrgl Is Distinct from Meis!

Previous Northern blot data has shown that Meis1
expression is ubiquitous (J.J. Moskow and A.M.
Buchberg, unpubl.). To determine whether Mrgl,
like Meis1, was expressed ubiquitously, Northern
blotting was performed. Hybridization of the Mrgl
3" UTR probe M2-5 to total RNA from various adult
mouse tissues reveals that Mrgl expression is repre-
sented as two distinct transcripts, 4.0 and 3.5 kb in
size (Fig. 4) in contrast to the single 3.8-kb Meis1
transcript (data not shown). Furthermore, as shown
in Figure 4, Mrgl expression is more restricted than
Meis1 expression. Mrg1 expression is most abundant
in adult brain, is present to lesser degrees in most
other tissues examined, including the myelomono-
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Figure3 Chromosomal localization of Mrg1 in the murine genome. (A) Haplotype analysis of 93 N, offspring from
the (AE)/Gn X M. spretus)F; X AEJ/Gn cross. () The AEJ/Gn allele; ((J) the M. spretus allele. Loci typed are to the
left. The number of N, progeny carrying each allele is given at the bottom. (B) Linkage map of the MrgT locus. The
left chromosome shows the loci typed in the backcross (Table 1), with distances between the markers used given
in centiMorgans. The right chromosome illustrates a partial consensus linkage map of mouse chromosome 2
(Siracusa et al. 1996). The maps were aligned at D2Mit63 (dotted line). Loci mapped in humans are underlined;
syntenic regions are indicated to the right. (C) A diagram of human chromosome 15 is shown at /eft. The portion
of chromosome 15 present in three of the somatic cell hybrids are shown along with a score of positive or negative
for MRGT as determined by PCR. These results indicate that MRGT maps to human chromosome 15g22-25.

cytic cell line WEHI3B, but is not detectable in tes-
tes. Additionally, Mrgl expression is undetectable
via Northern analysis in the human promyelocytic
cell line HL-60 and murine 32Dcl3 cells (data not
shown). The precise difference between the two
Mrg1 transcripts has not yet been determined, al-
though alternative use of polyadenylation signals,
alternative splicing, or cross-hybridization to a re-
lated 3’ UTR are all potential mechanisms to explain
the 500-bp size difference.

Cloning of Human Meisl-Related Genes

Southern blot analysis indicated that MeisI is well
conserved between mouse and human within the
homeodomain and 3’ UTR (Fig. 1). Additional re-
gions of evolutionary conservation within the ORF,
however, could not be determined by Southern
analysis alone. Determining additional specific re-
gions of conservation that may indicate unique mo-
tifs critical for Meis1 function and/or regulation re-

quired cloning of an evolutionarily distant Meis1
homolog. Screening of a human fibroblast cDNA
library with a pool of Meisl1 probes (P18-19 and
PBc1) led to the identification of a single clone. Se-
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Figure 4 Expression of Mrg1 in adult mouse tissues.
(A) Mrg1 expression is identified by two transcripts, 4.0
and 3.5 kb in size (arrows at /eft) and is detected in all
tissues studied, except testes. (B) Relative levels of total
RNA, as determined by hybridization to a probe for
18S RNA (American Type Culture Collection, Rockville,
MD).
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quence analysis identified this clone as being 82%
similar to both Meis1 and Mrg1 within the ORF (Fig.
2), but there is only 37% identity between the re-
spective 3’ UTRs (data not shown). Therefore, we
have designated this gene MRG2, for Meisi-related
gene 2, as it appears to represent a related gene that
is distinct from both Meis1 and Mrgl.

Chromosomal Localization of MRGZ in Human and
Murine Genomes

Segregation analysis of a panel of rodent-human so-
matic cell hybrids digested with EcoRI was per-
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Figure 5 Chromosomal localization of murine Mrg2-rs1. (A) Haplo-
type analysis of 93 N, offspring from the (AE}J/Gn x M.
spretus)F; X AE}/Gn cross. (H) The AE)/Gn allele; () the M. spretus
allele. Loci typed are to the left. The number of N, progeny carrying
each allele is given at the bottom. (B) Linkage map of the Mrg2-rs1
locus. The left chromosome shows the loci typed in the backcross
(Table 1), with distances between the markers used given in centiM-
organs. The right chromosome illustrates a partial consensus linkage
map of mouse chromosome 7 (Brilliant et al. 1996). The maps were
aligned at D7Mit21 (dotted line). Loci mapped in humans are under-

lined; syntenic regions are indicated at right.
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formed using a probe representing the 3’ UTR of
MRG2 (HF-UTR). The MRG2 3’ UTR probe, however,
was found to hybridize to three restriction frag-
ments in human genomic DNA. The two most in-
tense restriction fragments detected by Southern
analysis were localized to human chromosome 17
(data not shown). The assignment of MRG2 to hu-
man chromosome 17 was confirmed by PCR analy-
sis (data not shown). Interestingly, the third restric-
tion fragment was localized to human chromosome
19 (data not shown), suggesting the existence of an-
other human MRG with sequence similarity to the
MRG2 3' UTR.

Having observed that the Meis1 and Mrgl loci
were dispersed in the murine genome, it was of in-
terest to localize murine MRG2 as well.
Hybridization of the MRG2 3’ UTR
probe (HF-UTR) to murine genomic
DNA failed to detect any restriction
fragments by Southern analysis; there-
fore, a probe representing the entire
MRG2 cDNA (H3-4) was utilized. The
H3-4 probe, however, contains ORF se-
quence, including the homeodomain,
and was found to hybridize to two co-
segregating M. spretus restriction frag-
ments (Table 1). Because it could not be
determined definitively whether the lo-
cus mapped with the H3-4 probe was
the murine homolog of MRG2, we have
designated this locus Mrg2-rsi1, for
Meis]-related gene 2-related sequence
1. The chromosomal location of Mrg2-
rs1 was determined in the same manner
as described above for Mrgl (Table 1)
and found to reside on proximal mouse
chromosome 7 (Fig. §5) in a region syn-
tenic with human chromosome 19q13
(Brilliant et al. 1996). The lack of link-
age synteny between proximal mouse
chromomsome 7 and human chromo-
some 17, where MRG2 maps, suggests
that the Mrg2-rs1 locus is not the mu-
rine MRG2 locus but, rather, a MRG2-
related locus. The order of the genes
typed in the cross and the ratio of re-
combinants to N, mice examined are as
follows: centromere-D7Mit21-1/80-
Mrg2-rs1-0/80-Tpi-rs3-12/80-
D7Mit27-telomere. The genetic dis-
tances given in centiMorgans (z*s.E.)
are as follows: centromere-D7Mit21-
1.3 £ 1.2-(Mrg2-rs1, Tpi-rs3)~-
15.0 = 11.1-D7Mit27-telomere.
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Cloning of the Xenopus laevis Homolog of Meis/ and
Related Genes

To further identify conserved regions of MeisI that
may define additional functional domains, it was
necessary to identify Meis1 in distant species. Of the
11 species examined by Southern blot, Xenopus was
the most distant species in which hybridization to
the Meis1 3' UTR probe was detected (Fig. 1), sug-
gesting the presence of a MeisI ortholog in the Xeno-
pus genome. Using probe P8-11, which represents
the Meisla 3' UTR, screening of embryonic Xenopus
libraries led to the identification of four cDNA
clones, two of which contain the entire coding re-
gion of the Xenopus Meisla and Meis1b homologs
(XMeis1-1 and XMeis1-2, respectively). Sequence
alignment at the amino acid level indicated that
XMeis1-1 and XMeis1-2 are 95% and 90% identical
to Meisla and Meis1b, respectively (Fig. 6). The ex-
tensive evolutionary conservation throughout the
entire Meis1 ORF is surprising and suggests a funda-
mental role for the Meis1 protein in normal devel-
opment, even in evolutionarily distant species.

In addition to the extensive evolutionary con-
servation observed throughout the entire Meisl
OREF, the cloned portions of the 3" UTRs of XMeis1-1
and XMeis1-2 are ~80% and 66% identical at the
nucleic acid level, respectively, to the Meis1 3" UTR,
with distinct stretches of nucleotide identity (Fig.

Meis1 FAMILY OF TALE HOMEOPROTEINS

7). The striking homology within the 3' UTRs may
indicate an evolutionarily conserved regulatory
function for this region.

DISCUSSION

As reported here, a number of cDNA clones homolo-
gous to Meisl have been identified. Among these
clones are the Meis1-related genes Mrgl and MRG2.
Additionally, the Xenopus Meis1 homologs XMeis1-1
and XMeis1-2 have been cloned and show surpris-
ingly high sequence identity at the nucleotide and
amino acid level to Meis1 within both the ORF and
3" UTR. In fact, sequence analysis reveals that
XMeis1 is more similar to Meis1 than either Mrg1 or
MRG2, despite evolutionary distance. By cloning
Mrgs and Meisl1 orthologs, conserved regions could
be used to determine functional motifs that are es-
sential to Meis1 function and/or regulation and may
identify previously uncharacterized motifs that dis-
tinguish Mrgs from other homeobox genes.

The first Mrg identified, Mrg1, is a novel murine
homeobox gene that is highly homologous to Meis1
within the predicted ORF. Two isoforms, Mrgla and
Mrg1b, have been cloned and determined to be 83%
and 87% identical (at the amino acid level), respec-
tively, to Meisla and Meis1b. The identification of
alternatively spliced forms of Mrg1 furthers the simi-
larities between Meis1 and Mrg1,
because despite differences at

Meisla MAQRYDDLPI:IYGQDGVGII:‘STHYGDPHAARSHQPVHHH.IHGPPLHSHQ‘.!PHTAHTNAHEPSHGSSVNDALKRDKDAIY& 80

veisib | kS RSt g the nucleotide level, the location
Xmeisl-2  iieieeeeeieneenn L.uSeviieenrnans [ Pevenn - Y s... 80 and SiZe Of the Splice Within the
Yoeisa-1 A o nangyiamuims 160 CDNAs of both genes is identical,
noLo1-2 CINTIIEIIIIIDIIIDIII LI 16 suggesting a similar genomic or-
Meisla KVHELCDNFCHRYISCLKGKMP IDLVIDDREGGSKSDSEDVTRSANLTDQP KD PGP sus 200 gaNization even though the loci
wisib Bttt 2a are dispersed in the murine ge-
Xeisl-2 0 i eieeeesesirantananaaaaan Dovvinnnnn LeveePevenans Siuenn - A S 240 nome (MOSkOW et al. 1995;
Meisla GDNS SEQGDGLDNSVASP STGDDDDPDKDKKRHKKRGIFPKVATN IMRANLE OHLTHRYP SEEOKKQLAODTGLTILOVN 320 .

Ameisl-l ....eoeeee..s b S S, 320 Fig. 3).

Xnoia1-2 R R e The second Mrg identified,
Meisla NHEINARRRIVOPMIDQSNRAVSQGTP YNPDGQPMGGFVMDGOQHMG IRAPGEMSGMGMNMGMEGQWHYN 390 MRG2, was isolated from the hu-
Metetp I e cmrvarcceRevimaqesyrgag 400 Man genome, and translation of
B T Y g...s.Isps....M..A..... Ts. 400 the largest ORF in the MRGZ
Teis1-2 2 63 cDNA shows 66.5% identity to

Figure 6 Sequence alignment of the Meisla, Meis1b, XMeis1-1, and
XMeis1-2 proteins with the homeodomain motif underlined. Identical amino
acids are denoted by dots. Similar amino acid residues are given in uppercase.
Gaps within the ORF are indicated by dashes. Dissimilar amino acids are given
in lowercase. The carboxy-terminal end of the Meis1a and XMeis1-1 proteins
resulting from the inclusion of the 95-bp alternatively processed exon is
double underlined. The carboxy-terminal end of Meis1b and XMeis1-2 pro-
teins resulting from the splicing out of the 95-bp exon is highlighted with a
dotted underline. (X) Amino acid residues that cannot be determined given
the available sequence.

Meis1 across 209 amino acids.
The identification of a less-
conserved Mrg suggests that a
spectrum of Mrgs may exist. In-
terestingly, within this spec-
trum, ORF variation is con-
trasted by preservation of the
homeodomain motif (Figs. 8
and 9).

More strikingly, the Xenopus
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® t ] * * b 4 t * * b 4
Melsla CTTAAGGGAATATGCGTTG TCTACAATGG TG ~AC TGATC TCGAATCAGGTC TT TTCCTGCAAGGAC TATGGAG TTCCATTCTTGACATCT
Xmeis?-1 T.........G..A...C......GG..ACA-.AAA.AGG.A..AAC......===G...TT.A...G.... cCosTGGeeus oo o=m=m
Xmeis1-2 T.........G..A...C......GG..ACA=.AAA.AGG.A..AAC......===G,..TT.A...G.....C..TGG. crens gmm—
Xmels?!-3 T............AT.........G...ACAC.AAA..GG.A..AACT..,..==....TT.A...G.....C. +eGG.seveaoChes
Xmeisl-4 T.........G..A...C......GG..ACAA.AAA.AGG.A..AAC......—=G...TT.A...G.... «CoeTGGuvv v oy o===

* * * * * * * * *
Melsla ACTTTGGACCAAGGAGCA-TCCCTAGTTCTTCATAGGGAC= === == == === == el CTT~==AAAA~==—=TGCAGGAGA-ACCATCCGA
Xmeisl-1 ------.C.....A.AA.A-...A..AG...GCG..... ~====mcaceece=pA, G, ,~———,.. .TACAT.....A.A.C.G.C..T..
Xmeisl-2 —-——--.T.....A.AA.AC...A..AG...GCG..... ,~====mcccmccecp, G, .~=~, .. «TACAT.....A.A.C.G.C..T..
Xmeisl-3 ..ACC........A.AA,-=,T.G..AG...GC.......GTGGGGAAAAAAAAA,AAA---T.. +AACCT.....A.A.C.G.CA.T..
Xmeisl-4 ----—--,T.....A.AA.AC...A..AG...GCG....,.,~=~===m=mem—ec-ACG..AAA....TACAT.. +++A.A.C.GAT..T..

t * * * * t * * *
Meisla  AGTC--AACTCGGGGGACATGCAAAAATAAC[ATATAAGACATTAAAAGAACAAAGAGTGAAATATTGTAAATGCTATTATACTGTTATC
Xmeisl-1 A..===.AGA.C.....tCo=uTueeeeCThueeenonunnnreeBornsennranseTonnonsonseoneeBavesnennonanem,
Xmei{sl-2 .A..===.AGA.C......C.=TusescCThureruenunneeeBeunrnnnnaneeTonnnnrvnnnnneBoooomiiiiinlt
Xmeisl-3 A.TGA.GAG.=.........=.TueeeeeCAfiiierennenreeBurnnennneereTouennsonnvnoeiBovsnnonniniol
Xmeisl-4 .A..===.AGA.C......C.=.TueeeeCThuuurrnernneeeBuounnrnneeeePuoueenronnnnnsBonnnsoomnnnna,

* * * * * * * * *
Melsla CATATTACGTTGTTTCTTATAGA--TTTT TTAAAAAAAATGTGAAATT TTTCCACACTATGTGTGT TGTTTCCATAGCTGTTCACTTCCT
Xme{sl-1 D T o P e Y D,
Xmelsl-2 D T e Y o D,
Xmelsl~3 Bl T o SN o

B R P D T e T St Y .

* * * * * * * * *
Meisla CCAGAAG==~CCTC~CTTACATT, CCTTACAGTTATCCTGCARGGGACAGGAAGGTCTGATTTGCAGG-ATTTTTAGAGCATTAA
XMeisl-1 ———===—=== . TA....A.G}..ieieiiiienree=Curruee BAT. 0 oCTC. oTGTeTeCrveee e TCAue e vrens aes.C
Xmeigl=2 —m=me——mme, TA. .. AG} iiiiiniienaenee=Cuarrann AT. .+ .CTC, .TGT.T.CovseeeeTCA st veenares ol
Xmeisl-3 .......CCT...TA....A.GAL....oovvssseesesCuveee.hbATA. .. AC. . TGT.T.CorreeseTCAveveveenes..GC
Xmeisl-4 ——==-——-—=_ TA....A.G=} .i.titirriessesCCuiure BAT, .. CTC. .TOT.ToCovvwo e TCAw e v ver v vns . C

* * * * * * * * *
TCAGGCAGAAGA-ATCTTTCFTCTTGCCT \GGATTTCAGCCAT&‘GCGTGTCTCTCTCTCTCCTCTCTCTCTCTCTCTCT
soersansese s TT.Teee i b==GAT. . AL v ervennannns)e AA..
sesensessae s TT.T.ou. .} . .GAT. A AA. .
sesevessese =T Tooo} o .GAT,. A A,
sesensenese s TT.Tooo.}..GAT.. AA. .

Meisla AATAACTA~
XMeisl-1 ..G..G..T
Xmeisl-2 ..G..G..T
Xmeisl-3 ..G..T..T
Xweisl-4 ..G..G..T

* * * * t ] * * * *
Meisla CITCTCTICICTCTCTCTCTCTCTCTCTCTC TCTCTCTCTCTCCTCTCTCTCCCTCTT T === = = === - C TAGCC TGGGGCT TGAAT TTGCA
mei{sl-1 ..T.....GCAG..T.G...===CA..C.....C.CTe..=Te..GuesrvssA.G.Commmmmmmmmd, ... ..C.uu. tesasecsanne
Xmeisl-2 ..T.....GCAG..T.G......CA..C...t.C.CTee.=Tee.GurveeA.G.Commmmmmmm=s]
Xmeisl-3 ..T....
Xmeisl-4 ,.T.....GCAG..TCG......CA..C.....C.CT...=T..GG.....A.G.C.TTCTCTCTCTG 2. ..Covrronnn. cossene

ceestsCinnneniernnnes

* * * * * * * * *
Meisla TGTCTAATTCATTTACTCACCATATT TGAAT TGGCC TGAACAGATGTAAATCGGGAAGGATGGGAAAAACTGCAGTCACCAACAATGATT
Xwelsl-1 L T R I I AP TR & SR PAP PP, J, JURY
Xmeisl=2 |.....ceviiniennnnnansssntresssceBhenicccnnrccanereesTTerenonnsonseccsnntocneeTeTooenesnas A
Xmelsl-4 |..........0000... L 1 P Y JE R 1

x E ] E £ ] k] ® = L E ]
Meisla AATCAGC TG TI'GCAGGCAGTGTCT TAAGGAGACT GG~~TAGGAGGAGG ~—-CATGGAAACCCAAAGGCCG-TGTGTGTTTAGAAGCCTAA
Xmeisl=1 |.........
Xmeisl~-2 |......... Attt enieaCiiiiiiese e ™™= iieee s o MAT. L tvv oo oG AL v . == .CAATGTG. .~C.G...T. ..
Xmelisl-4 essesereosfeAicennnanns cesssersssssssAGG.. s s A==, . ...,..G.A.T.. . .-=.CAATGTG. .-C.G...T...

* * * * * * * * *
Meisla CTGTCACATC--AAGCATCATCGTCCCCATGCAACAACAACCAT CACCTTATACATCACTTCCTGT TT TATGCAGCTCAAAAAACATAGA
Xmeisl-2 T.........AG.TCAT.A..GT.......T..G.....TA, . AT.===.GGC......C.o..ACssvevsvesss-G...CG.A..CCG
Xmeisl-4 T.........AG.TCAT.A..GT.......T..Ge. .. TA..ATA===.GGC..0 .2 .Ceve.AC.vvsosvoosvesse.CG.A..CC.

i x X P * * * * *
Melisla CTGAAGATI' TATTTTT TAATATGT TGACT TTGTT TC TCAGCAAAGCATHTGGTCATGTGTGTATTT TTCCATAGTCCCACCTTGG-AGCA
Xmelsl-2 GA.G.CGM..TA........cvvensessnsAicriicnesiesaAia.fG..C.G..CA.T.T...CC..vvveuneaT A...A.C.T
Xmeisl-4 GAAG.CGA..TA.......G...........A...Touet.ou Ar..FG..C.G. .CA.T.T.CCCC.evvvvrvuee.T.A...A.C.T

i i i x
Melsla ITTTATGTAGACATT GTAAATAAAT TTTG TCCAAAAAGGACTGGAAA
Xmeisl=2 |........C.eiiiiinnncnncecsessBeCouer...A...GG.

Figure 7 Sequence alignment of Meis? and XMeis1 3’ UTRs. The 3’ UTRs of Meis1a, XMeis1-1, XMeis1-2, XMeis1-
3, and XMeis1-4 are shown. Identical nucleotides are denoted by dots. Gaps within the sequence alignment are
denoted by dashes. Regions of conservation are boxed.
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A &
— 6] o Meis] family
: W
Xmeis1-1 97 | 100 < N
XMeis1-2  [100 | 97 | 100 | &° =
Mrgl 98| 97 | 98 |100 é\qp
MRG2 97| 97| 97 | 97 |100 | ¢ & Py ‘
CoNCi0 | 95| 94 | 95 | 97 | 94 | 100 | & /%*C'ATYP family
D31072a 75| 75| 75| 75| 75| 71 [0 | & &
ceh-T28F12P] 90| 90| 90 | 90 | 88 | 86 | 71 100 &‘é’&b P TGIF family
TBT6G04 53| 53] 53] 53| s3] 525450 100]
CUP9 38| 42 | 38 [ 38 | 38 | 36 | 42 | 39 | 39 [ 100 «C§/>
TGIF 49| 49| 49 | 49 | 49 | 49 | 51 | 49 | 46 | 52100 § i
AKR 29| 49| 49 | 49 | 490 | 49 | 51 | 49 | 46 | s2|100 [ 100 Q%'*‘\
PBX1 44| 47 | 44 | 44 | 46 | 44 | 35 | 47 | 41 | 39| 38 | 38 [100 | & o
exd 43| 45| 43 | 43 | 44| 43 [ 33 | 44 | 40 | 39| 38| 38 | 95 |100 | &
ceh-20 43| 45| 43| 43| s | @1 | 42| 46| 43| 36| 40| 40 | 87 | 89 | 100
B
PBX1
ceh-20
Welsl=l  ——796 g3
MRG2 —
XMeisl-2 93, 6%
Meisl :—_—Imﬂ 96.8% 25.2%
Mrgl 94,7% 82.9%
C-ONC10 67.3%
ceh-T28F12
D31072 A28
TBT6G04 33.1%
TGIF
N -

CUP9

Figure 8 (A) Matrix showing the percent identity among the homeodomains of various homeobox genes. The
Meis1 family (red) includes Meis1, XMeis1-1, XMeis1-2, Mrg1, MRG2, c-onc10, D31072, and ceh-T28F12. The
HAC-ATYP family (blue) includes TBT6G04 and CUP9 (Burglin 1995). The TGIF family (purple) includes TGIF and
AKR. The PBC family (green) includes PBX1, exd, and ceh-20 (Burglin 1995). ®Percent identities are based on the
55-amino-acid residues of the homeodomain currently available. PPercent identities are based on the 59-amino-acid
residues of the homeodomain currently available. (B) Phylogenetic tree generated using the MacDNASIS PRO V3.6
program. Percent amino acid similarity between individual or among multiple homeodomains is given at each of the

branch points. '

Meis1 orthologs XMeis1-1 and XmeisI-2, are 95%
and 91% identical across the entire 390-amino-acid
ORF to Meisla and Meislb, respectively, and are
96.8% identical within the homeodomain. Surpris-
ingly, the XMeis1-1 and XMeis1-2 3' UTRs have been
determined to be 66% and 80% identical at the

nucleotide level, respectively, to the Meisla and
Meis1b 3' UTRs. Sequence alignment of the respec-
tive 3’ UTRs has also identified regions of conserva-
tion (Fig. 7), suggesting that these regions may play
a crucial role in Meisl function and/or regulation.
The extensive conservation among Mrgs,
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Helix 1 TALE Helix 2 Helix 3 meodomain as being most homolo-
gous with the PBX1 homeodomain
1 10 e ¥ 40 % ®  (Moskow et al. 1995; Nakamura et al.
;4:1?1 , RHKKRGIFPKVATNIMRAWLE QHLTHPYPSEEQKKQLAQDTGLTILQVNNWE INARRRIVOEM  1996), suggesting a similar protein
eisl- 1 T Y .
5 P function. Although the data pre-
Mrgl I S PP
MRG2 A O, sented here do not refute the hypoth-
Satorz  IMILIIURIIGUISIIIIEGNIENBEl gl 1l 1T esis that the Meis and PBX1 proteins
ceh-T28F12 et N q...rL...... Nuveasoossonnans KE.iererentnoenancnonnans share a functional commonality, it is
TBT6G04 AwRpq. .-L.Er.vSVL..... e.Fl....kDsd.Hm..kq....rs..5....... v.LWk.. i H
CUPY nsgR.snlL,.etvQ.Lnt..LN..Nn...Tqqe.Re.LiK.n. .kI.LS....aV...kIfsd now clear that' MelS]‘_ 1% much more
homologous with a distinct family of
TGIF KRRR..nL..esvQ.L.d..ye.r¥nA....qe.al.s.q.h.St...C......... LLpd. . .
AKR KRRR, .nL. .esvQ.L.d..ye.r¥nA....qe.al,s.q.h.St...Couruunnn. LLpd. homeoprote1ns than with PBX1 (see
PBX1 aRR..rn.n.q..e.lneyFyS..5n...... a.Ee..KKC.I.Vs..S...G.k.i.ykknI Delow).
exd aRR..rn.S.q.Se.LneyFyS..Sn...... a.Ee..rKC.I.Vs..S...G.k.i.ykknI . . .
ceh-20 aRR..rn.S.q..eVLneyFyg..Sn...... a.Ed..rqCnI.Vs..S...G.k.i.ykkn. Although Meis1 is a common site

* Complete homeodomain sequence is not available

Figure 9 Sequence alignment of the various homeodomains to the
Meis1 homeodomain. Identical residues are denoted by dots. Similar
amino acid residues are shown in uppercase. Gaps within the homeodo-
main are denoted by dashes. Dissimilar residues are shown in lowercase.
Residues comprising the TALE domain are indicated by three asterisks
(***). (X) Amino acid residues that cannot be determined given the

available sequence.

XMeis1, and Meisl outside the homeodomain sug-
gests a fundamental role for the Meis1 and Mrg pro-
teins in normal growth and development and is un-
usual for homeoproteins in general, as homology is
usually limited to small motifs, such as POU and
paired-box domains (Bopp et al. 1986; Herr et al.
1988). The only other homeoproteins identified
thus far with extensive ORF identity are the PBX
genes, which are 92%-94% identical across a 266-
amino-acid region, including the homeodomain
(Monica et al. 1991).

The PBX genes are a multigene homeobox fam-
ily consisting of PBX1, PBX2, and PBX3 (Monica et
al. 1991). The founding member of the family,
PBX1, has been shown to be involved in pre-B ALL
(Kamps et al. 1990; Nourse et al. 1990). The PBX
genes have been classified as members of the PBC
homeobox family, which includes Drosophila extra-
denticle (exd) and C. elegans ceh-20 (Burglin 1995).
The PBC family, among others, belongs to the TALE
{three amino acid loop extension) superfamily of
homeoproteins (Burglin 1995). All members of the
TALE superfamily share the common characteristic
of a 3-amino-acid insertion between helix 1 and he-
lix 2 of the helix-turn-helix homeodomain motif.
Interestingly, the PBX genes share a homeodomain
that is 97% identical at the amino acid level
(Monica et al. 1991) and is 44% identical at the
amino acid level to the MeisI homeodomain (Fig.
8). Previous reports have identified the Meisl ho-
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of viral integration (Moskow et al.
1995; Nakamura et al. 1996), integra-
tions have not been detected at the
Migl locus. Screening of BXH-2 tu-
mors with a portion of the Mrgl 3’
UTR has failed to identify rearrange-
ments indicative of a proviral inser-
tion. Because the probe used repre-
sents a small portion of the Mrgl lo-
cus, this does not necessarily preclude
the possibility that viral integrations
may be occurring within the coding region, 5’ UTR,
or extreme 3’ UTR of Mrgl. However, cytogenetic
abnormalities have been associated with the q22-25
region of human chromosome 15 where MRG1 is
located. Given the finding that Mrgl expression is
abundant in brain (Fig. 4), it is interesting to note
that human astrocytomas resulting from an addi-
tion or deletion [add(15)(q24) or del(15)(q22-26),
respectively] have been documented (Griffin et al.
1992; Ransom et al. 1992), suggesting a potential
involvement of MRGI in tumor development.

Although Mrgl may not be a common site of
viral integration, the data presented here suggest
that Meis1 and Mrgl may have similar functions.
Differences in the flanking regions of the homeodo-
main, however, may be responsible for binding
partner selection or heterodimer affinity to a DNA
consensus sequence. The complexity of such inter-
actions is furthered by the alternative splicing
events identified within the Meis1 and Mrgs (Fig. 2).

Sequence alignment has shown that MeisI and
Mrgs are similar to specific members of the HAC-
ATYP family of homeoproteins (Burglin 1995). The
HAC-ATYP family belongs to the TALE superfamily
and consists of human, Arabadopsis, Caenorhabditis,
and Saccharomyces homeobox-containing sequences
(Burglin 1995).

A comparison of the HAC-ATYP members with
Meis1, Mrgs, and Meis1 orthologs presented here in-
dicate that the creation of a separate Meisl family
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branch of the TALE superfamily is in order (Figs. 8
and 9). Specifically, sequence alignment has dem-
onstrated that the c-onc10 (GenEMBL accession no.
F05816) and D31072 (accession no. D31072) hu-
man ESTs are 95% and 75% identical at the amino
acid level to the Meis1 homeodomain, respectively
(Fig. 8). The remaining members of the HAC-ATYP
family, Arabadopsis TBT6G04 (accession no.
7235398) and Saccharomyces CUP9 (accession no.
P41817), however, are only 53% and 38% identical
to the Meis1 homeodomain, respectively (Fig. 8).
Furthermore, TBT6G04 and CUP9 are only 36% to
54% identical to either c-onc10 or D31072 (Fig. 8).
These data indicate that c-onc10 and D31072 are
more homologous to Meis1 and Mrgs than to the
remaining HAC-ATYP family members. Further-
more, Meis1, Mrgs, XMeis1, D31072, c-onc10, and C.
elegans ceh-T28F12 share a homeodomain structure
that clearly distinguishes these genes from other ho-
meoprotein families (Fig. 9). Surprisingly, in addi-
tion to the exceptional conservation of the Meisl
homeodomain between mouse and Xenopus, these
data show that the homeodomain of the C. elegans
cosmid ceh-T28F12 is 90% identical to the Meisl
homeodomain (Fig. 9). ceh-T28F12 was identified as
a homeodomain-containing gene within cosmid
T28F12 of the C. elegans sequence project using the
TBLASTN program (Devereux et al. 1984) to search
the St. Louis C. elegans BLAST server (http://
genome.wustl.edu/htbin/Blast Server) using the
Meisla cDNA as a query sequence. The assignment
of the various homeoproteins to their respective
families was confirmed using the MacDNASIS PRO
V3.6 (Hitachi Software Engineering Co., Ltd., San
Bruno, CA) program (Fig. 8B).

Therefore, we propose that Meisl represents a
novel homeoprotein family whose members to date
are Meis1, XMeis1-1, XMeis1-2, Mrg1l, MRG2, c-oncl10,
D31072, and ceh-T28F12. A summation of the per-
cent identity among various homeoproteins, their
classification into previously defined families, and
the presentation of the novel Meis1 homeobox fam-
ily is given in Figure 8. The respective amino acid
sequences are given in Figure 9.

Although the precise function of Meis1 or Mrgs
has not been defined, the data presented here
suggest a role as a specifically regulated, remark-
ably conserved family of transcription factors.
Taken together, the extensive sequence identity
within the Meis1 family (Fig. 8), the exceptional
evolutionary conservation of the Meisl protein
(Fig. 9), and the potential for Meisl, Mrgl, and
MRG?2 to act as transcriptional activators or repres-
sors, suggests an important function for the Meisl
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family of genes in normal as well as neoplastic de-
velopment.

METHODS

Probes

PBcl is a 528-bp EcoRI fragment derived from a cDNA clone
representing the Meis] 3’ UTR extending from bp 2632 to
3160 (Moskow et al. 1995). Probe P337-1 is a 890-bp Pstl frag-
ment derived from the MeisI X clone 337 (Moskow et al.
1995). Probe H3-4 is a 1.7-kb EcoRI fragment derived from the
MRG2 c¢DNA clone HF-14. Probes M8-9 and M2-5 were gen-
erated by PCR using the Mrgl cDNA clone K-41 (see below) as
a template and represent a 5’ segment of the Mrgl ORF and a
portion of the Mrgl 3' UTR, respectively. M8-9 was generated
using oligonucleotides 5'-GGAGTTAGAAAAGGTCCACG-3’
and 5'-CTTGTCTGGATCGTCGTC-3'. M2-5 was generated us-
ing oligonucleotides 5'-CAGGTTATGGACATTCATGC-3’ and
5'-AACAACACACATAGTGTGG-3'. Probes P32-33, P18-19,
and P8-11 were generated by PCR using the Meis1 cDNA clone
C-21 (Moskow et al. 1995). P32-33 is a homeodomain-specific
probe generated with oligonucleotides 5'-CCAGCACAGGT-
GACGATG-3’ and 5'-TGGCTGACTGCTCGGTTG-3'. P18-19
represents the entire MeisI ORF and was generated with oli-
gonucleotides 5'-CACTGCTGTCTTGGTGGAAC-3’ and 5'-
GGTTACATGTAGTGCCACTG-3'. P8-11 is a probe containing
the Meisla 3' UTR and was generated with oligonucleotides
5'-GCACATGGCTGAAATCC-3' and 5'-GTGATGATGCATG-
GAGGA-3'. Probe HF-UTR represents the MRG2 3’ UTR and
was generated using the MRG2 cDNA clone HF-14 as a tem-
plate with the oligos 5'-CCCAGAAGATGGCAGCTAGG-3’
and 5'-CCTACCTCAGAACTGGAG-3'. PCR conditions used
throughout this work were as previously described (Ma et al.
1993) with a thermocycling protocol consisting of an initial
denaturation at 94°C for 4 min, followed by 35 cycles of 94°C
for 30 sec, 58°C for 30 sec, and 72°C for 30 sec, unless noted
otherwise. All oligomers used were synthesized on an Applied
Biosystems model 394 DNA synthesizer.

Cloning of cDNAs

Atotal of 3 X 10° PFU of an adult mouse kidney cDNA library
(kindly provided by Dr. Franklin G. Berger, University of
South Carolina, Columbia) was screened with P32-33 using
standard techniques (Sambrook et al. 1989). The cDNA clone
K-41 was isolated from the kidney library and identified as a
Meis1-related gene (Mrgl) by sequence comparison to Meis1.
Using probes M8-9 and M2-5 to screen 3 X 10° PFU from an
adult mouse brain cDNA library (Stratagene, La Jolla, CA) with
standard techniques (Sambrook et al. 1989), a 2.6-kb cDNA
clone (c18-9) containing the entire Mrgla predicted ORF was
identified.

MRG2 cDNA was obtained by screening 5 x 10° PFU of a
human fibroblast cDNA library (Stratagene) with probes P18-
19 and P337-1 using standard techniques (Sambrook et al.
1989). Hybridizations were performed at 58°C with washes in
1x SSCP, 0.1% SDS, through 0.2x SSCP, 0.1% SDS, at 58°C.
A single 1.7-kb cDNA clone (HF-14) was isolated.

To obtain Xenopus Meis1 cDNAs, a Xenopus oocyte cDNA
library was created in lambda ZAP II vector. Recombinants
(5 x 10° PFU) were screened with the Meis1 3’ UTR probe P8-
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11. Hybridizations were conducted using the Quik-Hyb kit as
recommended by the manufacturer (Stratagene). Washes
were performed in 1x SSC, 0.1% SDS, at 50°C. A 1.3-kb
(XMeis1-3) and a 1.4-kb (Xmeis1-4) clone were identified. An
800-bp Sacl fragment containing the coding sequence of
XMeis1-3 was used to screen 5 X 10° recombinants from an-
other oocyte cDNA library (gift of Dr. Douglas Melton, Har-
vard University, Cambridge, MA) constructed in A gt10. Two
c¢DNA clones, 2.3 kKb (XMeisI-1) and 3.0 kb (XMeis1-2), were
isolated and sequenced.

Sequence analysis of all plasmid inserts was performed
on an Applied Biosystems model 373A DNA sequencing sys-
tem using the Genetics Computer Group (Madison, WI) soft-
ware package (Devereux et al. 1984).

Southern Blot Analysis

Southern blots were prepared by digesting S pg of genomic
DNA with EcoRI, followed by size fractionation on a 0.8%
agarose gel and transfer to Zetabind membranes (AMF Cuno,
Meriden, CT) using standard techniques (Sambrook et al.
1989). Southern blots were probed with [a-3?P]dCTP-labeled
PBcl or P32-33 at 65°C as described (Church and Gilbert
1984) and washed in 1x SSCP, 0.1% SDS, through
0.2 SSCP, 0.1% SDS, at 65°C.

RNA Isolation and Northern Blot Analysis

Total RNA was isolated from fresh C57BL/6] mouse tissues as
described previously using guanidinium isothiocyanate
(Chomczynski and Sacchi 1987). Fifteen micrograms of total
RNA was size fractionated on 1.0% formaldehyde agarose gel
and transferred onto Zetabind membrane (AMF Cuno) as de-
scribed (Moskow et al. 1995). Northern blots were hybridized
at 65°C as described (Church and Gilbert 1984) with
[a-32P]dCTP-labeled M2-5 to detect Mrgl and washed in
1x SSCP, 0.1% SDS through 0.2 X SSCP, 0.1% SDS at 65°C.

Genetic Mapping by Interspecific Backcross Analysis

The (AEJ/Gn-a bpffa bp™ x M. spretus)F,; X AE]J/Gn-a bp"/a
bp* interspecific backcross has been described previously (Ma-
rini et al. 1993). Five micrograms of genomic DNA from AEJ/
Gn and M. spretus was digested with a variety of restriction
endonucleases to detect informative RFLPs for mapping the
murine loci under study (see Table 1). Southern blots were
prepared by digesting genomic DNA from N, animals with
the appropriate restriction endonuclease. High molecular
weight DNA was size fractionated on a 0.8% agarose gel and
transferred onto Zetabind membranes (AMF Cuno) using
standard techniques (Sambrook et al. 1989). Blots were hy-
bridized at 65°C with [a-32P]dCTP-labeled M2-5, H3-4, or
pHTPI-5A to localize Mrg1, Mrg2-rs1, and Tpi-rs3, respectively,
and were washed in 1 X SSCP, 0.1% SDS, through 0.2 x SSCP,
0.1% SDS, at 65°C. PCR amplification was also used to detect
simple sequence length polymorphisms for the markers
D2Mit42, D2Mit63, D7Mit21, and D7Mit27 under PCR condi-
tions discussed above with an annealing temperature of 55°C.
References for each of the markers typed in the cross are given
in Table 1.

The segregation pattern of the M. spretus and AEJ/Gn
alleles for the Mrgl or Mrg2-rs1 locus were monitored in a
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random subset of 195 N, mice from the interspecific back-
cross. Linkage of each locus typed in the interspecific back-
cross was analyzed by calculating the maximum-likelihood
estimates of linkage parameters as described (Green 1981),
using the computer program Spretus Madness: Part Deux (de-
veloped by Karl Smalley, Jim Averback, Linda D. Siracusa, and
Arthur M. Buchberg, Kimmel Cancer Institute, Philadelphia,
PA).

Rodent-Human Hybrids

Rodent-human hybrid DNAs were obtained from the Na-
tional Institutes of General Medical Sciences (NIGMS) Human
Genetic Mutant Cell Repository (Camden, NJ). To localize
MRG1, PCR amplification of the hybrid template DNAs (100
ng) was performed under PCR conditions stated above. The
WI-1222 primers (S'-TGATCCGGATAAGGACAAAA-3' and 5'-
TCAAGAATAAGAAAATAGGCACC-3’; accession no. G03481,
Whitehead Institute/MIT Center for Genome Research; Ran-
dom Genome Wide STSs) were used with 55°C annealing.

Sequence Comparisons

Percent similarities and identities were determined using the
GAP program (creation penalty = 5.00; extension pen-
alty = 0.30) of the GCG (Madison, WI) software package (De-
vereux et al. 1984). All alignments shown were performed
manually. Searches for existing sequences similar to Meisl
were performed using the BLAST program of the GCG (Madi-
son, WI) software package (Devereux et al. 1984), unless
noted otherwise. To generate phylogenetic trees, the Higgins-
Sharp algorithm within the MacDNASIS V3.6 program (Hita-
chi Software Engineering Co., Ltd., San Bruno, CA) was used
with the following parameters: gap penalty = 5; number of
top diagonals = 5; fixed gap penalty = 10; K-tuple = 2; win-
dow size = S; floating gap penalty = 10.
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