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ABSTRACT A series of translocation break points found
in a subset of human acute leukemias have one of the breaks on
human chromosome 11q23. This region has recently been
cloned and a large gene, ALL-1, with homology to the Dro-
sophila trithorax gene has been identified. This paper describes
the cloning, sequencing, and mapping of the mouse homolog of
ALL-1. We have found a motif present in All-1 that shows
homology to the zinc-binding domain of DNA (cytosine-5)
methyltransferases (EC 2.1.1.63). Sequence analysis of the
murine All-1 gene has identified distinct regions of homology
with the human ALL-] gene; these highly conserved domains
may define regions of functional significance in mammals. In
addition, we have identified alternatively spliced forms of All-1
within one of the zinc-finger domains, suggesting that there
may be different targets and/or functions for All-1 proteins.
Finally, we report that All-1 resides in the proximal portion of
mouse chromosome 9 and is a candidate for a mutation that
results in skeletal transformations during embryonic develop-
ment.

The molecular basis of cancer is steadily being uncovered due
to investigations focusing on genes whose altered expression
leads to abnormal cellular differentiation and/or prolifera-
tion. Identification of the genes responsible has been possible
due to numerous chromosomal rearrangements found in
specific types of hematopoietic tumors (for review, see refs.
1 and 2). These rearrangements provide cytogenetic land-
marks to follow in studies directed at identifying and cloning
oncogenes. Chromosomal translocations play a role in tum-
origenesis by activating cellular protooncogenes or by result-
ing in the production of chimeric genes capable of transform-
ing hematopoietic cells (for review, see refs. 1 and 3).

Chromosomal rearrangements involving human chromo-
some (chr) 11q23 have been found in acute lymphocytic
leukemia, acute myeloid leukemia, and acute monoblastic
and myelomonocytic leukemia (for review, see ref. 2). Re-
ciprocal translocations have been observed in leukemic cells
between chr 11q23 and chr 1, 2, 4, 6, 9, 10, 15, 17, 19, or X.
The most common rearrangement is a reciprocal transloca-
tion between chr 4q21 and chr 11q23; it is found in =10% of
patients with acute lymphocytic leukemia, most frequently in
infants. These observations suggested that a gene at or near
the chr 1123 break point is involved in development or
differentiation of hematopoietic lineages and that altered
expression of this gene leads to leukemia.

Chr 11q23 translocation break points were determined to
lie between the CD3 and PBGD genes, based on results from
somatic-cell hybrid and fluorescent in situ hybridization
studies (4-7). Yeast artificial chromosome libraries were
screened and clones containing the CD3D and CD3G genes
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were identified (7-9). The isolated yeast artificial chromo-
some clones spanned the translocation break points, which
were clustered in a small region only a few kilobases in
length, indicating that the protooncogene being sought re-
sided at or very near the site of the break-point fusions (8, 9).
The search for the gene led to the cloning of a gene called
ALL-1(8-10), HRX (11), Htrx1 (12), or MLL (13). The ALL-1
gene was found to contain a single long open reading frame
able to code for 3962 aa (10, 11). Three regions of the ALL-1
gene demonstrated strong homology with the Drosophila
trithorax (¢rx) gene (14). These regions are cysteine-rich and
two of them contain zinc-finger-like domains (10, 11). This
homology suggests that ALL-1 is the mammalian homolog of
trx and may function as a factor that interacts with DNA or
DNA-protein complexes to govern developmental pro-
cesses. We report here the sequencing and mapping of the
murine All-I gene.t The results reveal four regions of high
homology between the mouse and human genes (indicating
four functional domains) and also identify a motif within All-1
implicated in protein~-DNA interactions that may discrimi-
nate between methylated and unmethylated DNA. Finally,
the chromosomal location of All-1 in the mouse suggests that
it may be a candidate gene for the luxoid (/u) mutation, which
affects skeletal morphology and limb development (15).

MATERIALS AND METHODS

of Libraries and Sequencing. Mouse WEHI-3 cell
line and C57BL/6 spleen and B6/CBA lung cDNA libraries
(Stratagene) were screened (16) with human cDNA clones
(V1, SKV3, V8, and V26) spanning the ALL-I gene (10). The
libraries were then rescreened with the mouse cDNA clones
as probes to generate a contig of overlapping cDNA se-
quences. Genomic clones were isolated from a 129/Sv
cosmid library (Stratagene) by using cDNA clones as probes.
Plasmid inserts were sequenced using the Applied Biosys-
tems model 373A DNA sequencing system. Sequence anal-
ysis was performed using the software package from the
Genetics Computer Group (Madison, WI) (17).

Southern Blot Analyses. The interspecific backcross of
[(AEJ/Gn X Mus spretus)F; X AEJ/Gn] mice was as de-
scribed (18). Genomic DNA extractions, restriction diges-
tions, gel electrophoresis, Southern blot transfers, and
washes were as described (19); hybridization conditions were
as described (18). The All-1 probe was 32P-labeled by random
priming; the d, Odc-rsl4, and Tpi-rs4 probes were 32P-
labeled using nick-translation (Boehringer Mannheim).

Abbreviations: cM, centimorgan(s); chr, chromosome; SSLP, sim-

ple sequence length polymorphism; MTase, methyltransferase;

GTE, glycine, threonine, and glutamic acid; RFLP, restriction

fragment length polymorphism.
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TThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. L17069).
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Conditions for PCR Analyses. DNA oligomers for sequenc-
ing and simple sequence length polymorphism (SSLP) map-
ping were made using an Applied Biosystems model 394
DNA synthesizer. To detect D9Mit2 and Cd3d, genomic
DNA from each N; progeny was amplified with primer pairs,
Taq DNA polymerase, and buffer (Boehringer Mannheim).
The thermo cycler protocol (Perkin-Elmer/Cetus) was an
initial denaturation at 94°C for 4 min, followed by 40 cycles
of 94°C for 30 sec, 54°C for 60 sec, and 72°C for 90 sec. PCR
products were visualized by ethidium bromide staining of 3%
agarose gels.

RESULTS

Sequence Analysis of the Murine All-1 Gene. Human cDNA
clones were used to probe murine cDNA libraries to identify
the murine All-I gene. We identified 22 cDNA clones that
formed a contig of 14.67 kb, spanning most of the predicted
length of the All-1 transcript. The nucleotide sequence ter-
minates in a poly(A) tract, representing the 3’ end of the
mRNA. An AATAA sequence 20 bases from the 3’ end
represents a partial consensus motif for poly(A) addition
(AATAAA) (for review, see ref. 21).

The 3’ untranslated region is 3264 nt long and contains four
repeats of ATTTA (Fig. 1B). This motif is found in mRNAs
that are degraded rapidly, including mRNAs encoding growth
factors and protooncogenes, and is believed to play a direct
role in governing mRNA turnover (22). Three of these
ATTTA motifs are conserved with the human ALL-I se-
quence, whereas the region surrounding the fourth ATTTA

A
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motif has not yet been sequenced in humans. The conserva-
tion of these motifs in the untranslated region of All-1
between mouse and humans suggests a functional importance
and indicates that All-1 mRNA may be degraded rapidly.

Characteristics of the All-1 Predicted Open Reading Frame.
The deduced amino acid sequence of All-1 is shown in Fig.
1A. The predicted mouse protein is highly conserved with the
human ALL-1 protein (see below). Consistent with the
human sequence, we find three regions exhibiting sequence
conservation with the trx protein of Drosophila (Fig. 1A and
ref. 4). These regions include two cysteine-rich regions (aa
1333-1533 and 1775-1882) in the middle of the protein
believed to be involved in the formation of DNA binding zinc
fingers (trx zinc finger), as well as the C-terminal end (aa
3655-3870), which shows high homology to the C terminus of
trx. Additionally, we find the same domains that are related
to the consensus sequence involved in binding in the minor
groove of A-T-rich DNA (23). These ‘‘A-T-hook’’ domains
are localized in the N-terminal end of All-1 (Fig. 14 see Fig.
4, region A); additionally, the first A-T hook also contains a
potential cdc2 kinase phosphorylation site (24). Unlike hu-
man ALL-1, the second potential cdc2 kinase phosphoryla-
tion site is not present in the murine All-1 protein.

All-1 Contains a Cysteine-Rich Region Conserved with
Mammalian DNA Methyltransferase (MTase). Sequence anal-
ysis of the predicted murine open reading frame revealed
another conserved sequence motif. This region is located at
aa 1053-1119 and possesses a high cysteine content (Fig. 1,
see Fig. 4, region B). This domain is homologous to a region
in the mammalian DN A MTase (Fig. 2) (25-27). Two adjacent

1 GTRPALLRVGPGFDAALQVSAAIGTNLRRFRAVFGESGGGGGSGEDEQFL GFGSDEEVRVRSPTRSPSVKASRREPRGRPRSGSDRNPAILSDPSVFSPL NKSETKSADKIKKKDSKSIEKKRGRPPTFPGVKIKITHGKDIAELTQGSK 150

151 EDSLKKVKRTPSAMFQQATKIKKLRAGKLSPLKSKFKTGKLQIGRKGVQI VRRRGRPPSTFRIKTPSGLLINSELEKPQKVRKDKEGTPPLTKEDKTVVR QSPRRIKPVRIIPSCKRTDATIAKQLLQRAKKGAQKKIEKEAAQLQGRKV 300

301 KTQVKNIRQFIMPVVSAISSRIIKTPRRFIEDEDYDPPMKIARLESTPNS RFSATSC ASQHSSQOM:

GSRATKKLPTL 450

SIDTTSDSQASEEIQAL PEERSNTPEVHTPLPISQSP! Y

451 QSAPQQKTSSSPPPPLFTPPPPLQPASGISDHTPWIMPPTIPLASPFLPA SAAPMQGKRKSILREPTFRWTSLKHSRSEPQYFSSAKYAKEGLIRKPIFD NFRPPPLTPEDVGFASGFSASGTAASARLFSPLHSGTRFDIHKRSPILRA 600

601 PRFTPSEAHSRIFESVTLPSNRT: FSPIRSEPR SP TRSGRLSTSELSPLTP LSIPVSPLAASALNPTFTFP SHSLTQSGDSTEKNQRARKQTSAPAEPFSSNSPALFPWFTPGSQTEKGRK 750
751 KDTAPEELSKDRDADKSVEKDKSRERL E )IQ SSSALYPVGRV VGT T D)SGADVAPVTL GDTTAVKAKILIKKGRGNLEKNNLDLGPAAPSLEKERTPCLSAPSSSTVK 900
901 HS' KHVYRRAAVALGRKRAVFPDDMPTLSALPWEE REKILSSMGNDDKSSVAGSEDAEPLAPPIKPIKPVTRNKAPQEPPVKKGR 1050
1051 KTTEKKESKESTSVKSPLEPAQKAAPPPRE EPAPKK PPRKP PAPAPEPKQV. SSKQV 1200
1201 PVSKQENAGTLNILNPLSNGISSKQKIPADGV HRIRVDFKEDCEAENVI .GILTSVPITPRVVCY vYc 1350
1351 QVOCEPFEKFCLEENERPLED x NSEDF 1500
1501 LALEKELQASLK QVLTALLNSRTTSHLLRYRQAAKPPDINPETEESIPSRSSPEGPDPPVLT EVSKQDEQQPLDLEGVKKRMDQGSYVSVLEFSDDIVKIIQAAINSDGGQP 1650
1651 EI FIRQMERVFPWF PNAVLP PSLDHNYAQWQEREESSHTEQPPLMKKIIPAPKPKGPGEPDSPTPLHPPT PPILSTDRSREDSPELNPPPGIDL YIGQ 1800
1801 vec ORERDLIKGEVVPENGFEVFR RVFVDFEGISLRRKFLNGLEPENIHMMIGSMTIDCLGILNDLSDCEDKLF 1950

1951 PIGYOCSRVYHS'ITDARKRCVYTCKIHECRPPWEPDINSTVEHDDNRTI AHSPSSFIDASCKDSQSTAAILSPPSPDRPHSQTSGSCYYHVISKVPRIR TPSYSPTQRSPGCRPLPSAGSPTPTTHEIVTVGDPLLSSGLRSIGSRRHS 2100
2101 TSSLSPLRSKLRIMSPVRTGSAYSRSSVSSVPSLGTATDPEASAKASDRG GLLSSSANLGHSAPPSSSSQRTVGGSKTSHLDGSSPSEVKRCSALDLVPK GSLVKGEKNRTSSSKSTDGSAHSTAYPGIPKLTPQVHNATPGELNISKIG 2250

2251 SFAEPSTVPFSSKDTVSYPQLHLRGQRSDRDQHMDPSQSVKPSPNEDGEI KTLKLPGMGHRPSILHEHIG!
2401 GQSTQ ELQAPRKCSVKVTP.

TCKE YLEP GQVTTGEEGNLKPEFADEVLTPGFLGQRPCNNVSSEKIGDKVLPLSGVPK 2400

)SKNTQKESGPGSPAHIE SVCPAEPVSASRSPGAGPGVQPSPNNTLSQDPQSNNYQNLPEQDRNIMIP DGPKPQEDGSFKRRYPRRSARARSNMFFGLTPLYGVRSYGEEDIPFYSNS 2550

2551 TGKKRGKRSAEGQVDGADDLSTSDEDDLYYYNFTRTVISSGGEERLASHN LFREEEQCDLPKISQLDGVDDGTESDTSVTAT 1P TE NLKIDRPEDAGEKEHVIKSAVGHKNEPKLDNCHSVSRVKAQGODSLEAQL 2700
2701 SSLESSRRVHTSTPSDKNLLDTYNAELLKSDSDNNNSDDCGNILPSDIMD FVLKNTPSMQALGESPESSSSELLTLGEGLGLDSNREKDIGLFEVFSQQL PATEPVDSSVSSSISAEEQFELPLELPSDLSVLTTRSPTVPSQNPSRLAV ~ 2850
2851 ISDSGEKRVTITEKSVASSEGDPALLSPGVDPAPEGHMTPDHFIQGHMDA DHISSPPCGSVEQGHGNSQDLTRNSGTPGLQVPVSPTVPVONQKYVPSST DSPGPSQISNAAVQTTPPHLKPATEKLIVVNQONMOPLYVIQTLPNGVTQK 3000
3001 IQLTSPVSSTPSVMETNTSVLGPMGSGLTLTTGLNPSLPPSPSLFPPASK GLLSVPHHQHLHSFPAAAQSSFPPNISSPPSGLLIGVQPPPDPQLLGSEA NQRTDLTTTVATPSSGLKKRPISRLHTRKNKKLAPSSAPSNIAPSDVVSN 3150
3151 MTLINFTPSQLSNHPSLLDLGSLNPSSHRTVPNIIKRSKSGIMYFEQAPL LPPQSVGGTAATAAGSSTISQDTSHLTSGPVSALASGSSVLNVVSMQTTA APTSSTSV'PGHVTLANQRLLGTPDIGSISHLLIKASHQSIGIG)QPVALP 3300

3301 PSSGMFPQLGTSQTPSAAAMTAASSICVLPSSQTAGMTAASPPGEAEEHY KLQRGNQLLAGKTGTLTSQRDRDPDSAPGTQPSIFTQTAEAPNGVSLEQN KTLPSAKPASSA

PGPTKPKPKAKRIQLPIDKGS 3450

3451 VKKHKVSHLRTSSEAHIPHRDTDPAPQPSVTRTPRANREQQDAAGVEQPS QKECGQPAGPVAALPEVQATONPANEQENAEPKAMEEEESGFSSPLMLWL QQEQKRKESITERKPKKGLVFEISSDDGFQICAESIEDAWKSLTDKVQEA 3600

3601 RSNARLKQLSFAGVNGLRMLGILHDAVVFLIEQLAGAKHCRNYKFRFHKP

3751

3750

IED IN* 3870

11612 AGCTGTTCATCTTCCTGTGATGGAGAACCAGGACCCAGGGCCACCCAAAG CCATGCTGAAGGACTTCCCAGCACCCAAGAGCTCCAAGGATTGAGCAGGC AGTTGAGGGTCCTCTGGCTGGTCCCTAGTGTCCTACATATACATCATGTG 11761
11762 ATCATAGTCTTGGAGAGAGAAGGGTCTCAAAGAAAAGATCCCCAGATGGC TTTCCCCTGGGCCCTCTTTGATTGTTGAAAAACCTGAGAAACTGGTTCCT GGGAGAATTTGCCTGCAAGGAGCATGTAGAGGGTTCCTTACAGTGGGTCT 11911
11912 GAGCATGTCCTCAGAGAGCAGTTTGTCATCCTCATCTTAGCCCTCTCCCT AAAAACGATGGGTCAGACAAGACCCCAGATACAGGGTTGGTGAGATACCT GGTAGTTTGCCAGTTAGGCCAGTCCTGTGGCCATCTGTTGAACAAACAAA 12061
12062 TGACCTAGTGGTTTTCCCTACTATCTGCCCACTTAAGAGTTCACTTTGGT TGGGAGACAGGTTTCCTAGCACCTCCGGTGTCAAAAGGCTGTCTTGGGGT TGTGCCAATTAATTACCAAACATTGAGCCTGTGGCTGTAAGTGGGAGTGT 12211
12212 TACCCTGTGAGCCTTACCGTAGCCAGTGACCTTTCTTGACGATAGGAGCG GCTCCCTCTCCATCCCTTCTCTTTACTCCCTCCTCCCCTCCTCCATCCTT CATCTGCTGCTTTCCCATTCTTTCTGGGTAGCGGGAGCTTGCCTCCCTGC — 12361
12362 TCAAGGGCACTCCCTACTTGGTATAGGAAGTGCCTACAGAAAGTCCCCCA AGCCAGTAAGCACTCCAGGTGGGGAATTGGACAGAAGCCGTTGGCCGTAA CCAGACGGAATTTGGAGATCTCATAAAGCTCCATTGAGAGTTTTAAAGAG 12511
12512 ATGTATGTAGCGAGGTTTTTTTAAACAAGAGACTAAAGATTATETAAATA GGATTTGAGTCATGCAGCAGCCTGAGTCCATAGCCAGGATATGCCCATCC CCTTCCCAGGACGTGCTTACTCTCTTTCCCCTTTCTGAAGACATAGGAAG 12661
12662 ATGAGTTTCTAAAAGGTCAGGGTCCAGCTGAAAGAACACTAATCAGATTT CAAGGCCCCAAACTTGGGGGACTAGACCACATGTGCTAAGGGACCTCTGC CACCCGTGTGCAGCCTGTGGCTGAGCAAGTTCAATGACACTACTGCCCTG — 12811
12812 GTTACTCCTTAGGGTGTGGACAGCCAGCAGCAAATGTTTCTTTCTTCCCC CAAGACAGAGTCTTGAACCTGTTAGATTAAGTCATTGGATTTTCCTCTGT TCTGTTTACAGTTTACTARTTAAGGTTTTATAATGTAAATATATTTTGTA 12961
12962 TATTTTTCTATTTGAAGCACTTCAT AGCACTTATGACGAGGCT ATTTTTAAACCGCGGTATTATCCTAATIZTAAAAGAAGATCGGTTTTTAAT GATTTTTTATTTTCATAGGATGAAGTGAGAGAAAATATTCAGCTGTCCAC 13111

13112 ACAAAGTCTGGTTTCCCTGCCCAGCTTCCCCCT A

GTACTTTTTG TTGTTCCATGTGTAGCTCGTTTGTGCCCATTGACATAAATGTTCCTTGGG TCTGCTCTTTATAGTAACTGAAAAAGAAGGTCACCCACTCCATTAGGCCA 13261

13262 CTGCCCTCCAGGGCCAAGGACTGAGGGTACAGAACCTTAGCACACCAGTG TCTCCTCCTCTTTGCTGTATTGCCCCCTCCCTCTGGATCAGCCCCAGAGT GGGAAGCAGCAGGCTCCGTTTCGCTCCCCTTTCTCTTTCTGAGTTAGCAA 13411
13412 CCAAGAAGCTGCAACTTGACATTCGCCATCACATCTGCCTCATCCATCAC CTCCTTTCCTTCTCTGCCCACCAAGTCCTTGTACCCGCAGAGAACCCACT GACCGCCTCCTGCCCTCTCGGGGCAGATTGTTGAACCTGAAGCACAGTAT 13561

13562 GACCACTCACGATCAAGCAGATCTCTGCGCCTGCCACAAGGTTTCAGGGT AGCGTAGTCCGAGT

AGGGCACCCTTTCTCTTATGGAAGTCAGC AAAGCAATATGATGCAGCCCAGAACTCTCTGCCAGGACTCGTGGCTCTGC — 13711
13712 TGTGCCTTCCATCCTGGGCTCCTTTCCTTCTGTGACCTTAAGAACTTTGT CTGGTGGCTTTGCTGGAACATTGTCACTGTTTCCACTGTGGGAAGCCCAG CACTGTGGCC.

TTTCCTTGTCATCAT AGTGCCA 13861

T
13862 GCAGGGGACTGGGGAAAAGCACTCTACCCAGACCTCACCTCCTACCCTCC TTTGCCCATGAACAAGACGCAGTGGCCCAAGGGGTTTCACTAGTGTCTGG TTTCCTTCTTATTGCACTGTGTGAGGTTTTTTTGTAAATCCTTGTATTCC 14011
14012 TAATTTTTTTTTATGAAAAAATGTAAGCTGCATTTGTTACTGAAAGATTA AATGCACTGATGGGTCATGCGTTCATCCTGAGAGACCCAAAGGCCAGTCA GAGGGTGGGGGGAACTCAGCTAACAGACCTAGTCACTGCCCTGCTAGGCC — 14161
14162 ATGCTGTACTGTGAGCCCCCTCCTCATCCTCTTCCTACAACCCCAATCCC TGAGGACGGGGGGAACCCACCTTTCCTCCTCCTCCAGCTGGTTTGCCTTG CCCTCCCACTCACTGTCAACCACAGAAACGAGAAATTCCTCTTTCAGCTC — 14311
14312 AGCCTTGAGTCCATTGCCAAAATTCAGCATACCTGCCAGCAACTTGGGGG ATAAGCCAGAGTATCCCCACAAGCGGGAGAGAAGGCAACAAAACAGAAGG CACAGCTGTCTCCAAAACACATCTGCTTTGTTTTGAAAGTGACCAAGAGA 14461
14462 ACCTCCGCACAAARAGTGCAGGTTGAGGACTTTGCGCTGGGTCATTCCCAA GAATCCCCCAAGGGGCAACCCACCGCCTCAGGAGTGACAGCTGCGGACCT CGAGGGTTCCGGCTTTGCTGCTAGAACCTGTTGTGGCTGCGTTTCCTGGT — 14611
14612 GGCAGTGACAACTGTGTAACCAGAATAGCTGCATGGCGCTGACCCTTTGG TCGGAACTTGGTCCCTGGGCTCCCTCAGTGCTGCCCATGTCCAGCACAAC CCCTCCCTGTTTTTAAACCAATCACAATTAAGGAGGAAGCCCTGGCACTT 14761
14762 CTTAGGTTTTCAACCCAAACTCCTTTTTCAGGACCCAGCTCACCTCTGTC AAACCCCGGCCAATCCRATANGCACCATGCAGCAACCTTGATIZAAAAAA AARAAAAAARARAA 14875

Fi1G. 1.

Predicted amino acid sequence of the murine All-I gene and 3’ untranslated nucleotide sequence. (A) Open reading frame. Boldface

italicized type represents regions homologous to the Drosophila trx gene. Underlined residues (aa 72-210) identify the region showing homology
to the A-T-hook motif. Boldface shaded type identifies the region showing homology to mammalian DNA MTases. (B) A single underline in the
3’ untranslated region identifies ‘‘ATTTA’’ repeats; a double underline identifies the potential poly(A) addition sequence ‘‘AATAA.”’ Additional

5’ sequences have not yet been characterized.
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Mouse All-1
Human ALL-1
Mouse MTase
Human MTase RRE
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Fi1G. 2. Alignment of All-1 with mammalian DNA MTases. The aligned regions of mouse All-1, human ALL-1, mouse DNA MTase, and
human DNA MTase are shown. The shaded areas identify regions of identity in at least three of the four aligned sequences. The region shown
from the mouse All-1 sequence is aa 1053-1119. The dots indicate gaps inserted to optimize alignment. Amino acids identical in all four proteins

are shown in uppercase type.

areas exhibit this homology: the first is the cysteine-rich
domain showing high sequence identity with the DNA MTase
(25 out of 45 aa are identical, including all the cysteine
residues) and the second, located just to the C-terminal side
of this domain, is a region rich in basic residues. These
regions are conserved in both the mouse and human All-1
genes and between the mouse and human MTases (Fig. 2).
The DNA MTases are a group of enzymes involved in
methylating cytosines in CpG sites (26, 27); the presence of
this motif in All-1 has significant implications for the pro-
posed functions of All-1 (see Discussion).

Alternative Forms of All-1 Are Due to Alternative Splicing.
We identified two All-1 cDNA clones from the spleen cDNA
library that were identical except for the presence or absence
of 9 nt. The presence of these 9 nt results in the addition of
glycine, threonine, and glutamic acid (GTE) to the protein.
The area of the sequence difference is located 3 aa from the
C-terminal end of the fourth trx zinc finger domain as
proposed by Gu et al. (10), or alternatively, within the sixth
trx zinc finger domain as proposed by Tkachuk et al. (11).
Interestingly, when comparing the sequence with the known
sequence of ALL-1, the sequence reported by Gu et al. (10)
contains the GTE tripeptide, whereas the sequence reported
by Tkachuk ez al. (11) lacks the GTE tripeptide. The results
from cloning and sequencing the mouse All-I gene suggest
that the alternative forms (with and without GTE) are a result
of alternative splicing. To confirm that the sequence differ-
ence could be attributed to alternative splicing, the genomic
region flanking the GTE tripeptide was entirely sequenced
from a murine All-1 cosmid clone (Fig. 3). The extra 9 nt are
located at the 3’ end of the exon encoding the fourth trx zinc
finger (Fig. 3). Both putative splice donor sites (with and
without GTE) conform to the consensus splice donor site (for
review, see ref. 28). Reverse transcription/PCR analysis of
total RNA from spleen confirmed that both forms of the
mRNA are present (data not shown).

Similarity of the Predicted All-1 Protein Between Mouse and
Human. Fig. 4 shows a comparison of the murine and human
All-1 proteins. Overall there is a 90.8% identity of the
predicted amino acid sequences. This homology appears to
be divided into four larger regions of higher sequence iden-
tity, disrupted by three smaller regions of lower sequence
identity (Fig. 4), suggesting the presence of four domains in
mammalian All-1. These domains include the N-terminal
region containing the AT hook and DNA MTase zinc-binding
domains (region 1, A and B), the middle region exhibiting
homology to the zinc fingers of trx (region 2, C and D), and

*

A CACTCCACGTGCGAGAGTCTCTCAGGTACAGAAGIttggagtctt . .

HisSerThrCysGluSerLeuSerGlyThrGluA

*

B CACTCCACGTGCGAGAGTCTCTCAGgt acagaaggttggagtctt. .

HisSerThrCysGluSerLeuSerA

the C-terminal domain also showing high sequence identity
with trx (region 4, E). In addition, the region between the trx
zinc fingers and C terminus also exhibits a high degree of
sequence identity between mouse and human (region 3),
suggesting the presence of a fourth structural domain impor-
tant in All-1 normal functions.

The All-1 Gene Maps to Mouse Chr 9. To further charac-
terize the All-1 locus, its murine chromosomal location was
determined using interspecific backcross analyses. Genomic
DNA from the parents of the interspecific backcross
(AEJ/Gn and M. spretus) was digested with several restric-
tion endonucleases and analyzed by Southern blot hybrid-
ization using the All-1 probe to identify restriction fragment
length polymorphisms (RFLPs) useful for establishing the
map location of All-1. The segregation pattern of the M.
spretus-specific Bcl I fragment was followed in the N, prog-
eny and compared to the segregation patterns of known loci
previously mapped using RFLPs or SSLPs (Table 1 and Fig.
5). Table 1 lists the molecular probes and PCR oligomer pairs
along with their corresponding RFLPs and SSLPs for the loci
used to position All-1 on mouse chr 9. Gene order was
resolved by minimizing the number of multiple recombinants
along the length of the chromosome. The order of the loci and
the ratio of the number of recombinants to the total number
of N, offspring examined are as follows: Odc-rs14—(10/146)-
Tpi-rs4—(4/87-DIMit2—(5/107)-[All-1, Cd3d}-(16/106)-d.
The genetic distances between the loci in centimorgans (cM
+ SE) are as follows: Odc-rs14—6.8 = 2.1 cM)-Tpi-rs4—4.6
+ 2.2 cM)-DIMir2—(4.7 + 2.0 cM)-{All-1, Cd3d1<(15.8 = 3.6
cM)—d. Placement of these genes on the linkage map of mouse
chr 9 is shown in Fig. 5. No recombinants were detected
between All-1 and Cd3d in 104 N, progeny, indicating that
these loci are tightly linked and must lie <2.9 cM apart (upper
95% confidence limit).

DISCUSSION

The murine All-1 gene has been cloned and sequenced.
Analysis of the sequence has shown that the predicted
protein is at least 3923 aa long. Comparison of the murine
All-1 gene with the human ALL-] gene identifies four distinct
domains of high (>94%) sequence identity, suggesting a
functional importance for each region.

The motif reported here in the mammalian All-I genes,
which shows homology to the DNA MTases, helps formulate
a comprehensive hypothesis concerning the functions of
mammalian All-1. The preferred substrate of the mammalian

.830 bp...tgcgttttcctagATGAGATGTATGAGATTCTIGTCC
spGluMetTyrGluIleLeuSer

.830 bp...tgcgttttcctagATGAGATGTATGAGATTCTGTCC

spGluMetTyrGluIleLeuSer

Fic.3. Exon-intron sequence in the fourth ¢rx-like zinc-finger region. Oligonucleotides derived from the cDNA sequence flanking the GTE
tripeptide were used to amplify the relevant region of the genomic clone by PCR. The nucleotide and predicted amino acid sequences around
the splice site are shown. Exon sequences are in boldface uppercase type; intron sequences are in lowercase type; most of the intron is not shown.
(A) Sequence of the spliced mRNA +GTE; underlined nucleotides and amino acids represent the region encoding the GTE. (B) Nucleotide and
amino acid sequences of the —GTE form. The starred triplet represents a coding difference between the cDNA and genomic sequences. In the
¢DNA sequence shown in Fig. 14, aa 1500 is Lys (AAG), whereas the corresponding genomic sequence encodes a Thr (ACG); this difference
may be due to a polymorphism between C57BL/6 (origin of cDNA clones) and 129/Sv (origin of genomic clones) or to Tag DNA polymerase

error during PCR amplification of the genomic sequence.
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Fi1G. 4. Comparison between mouse and human All-I-deduced protein sequences. Schematic representation of human ALL-1 (Upper) and
murine All-1 (Lower) proteins. The different shaded regions indicate the different domains identified on the basis of homology. The percent
sequence identity is shown between the two lines. The top numbers represent four domains of high sequence identity; X represents the portion
of human ALL-1 not yet analyzed in mouse. The relative position of the various motifs identified in All-1 are indicated by the enlarged boxes:
A, AT hook region; B, DNA MTase domain; C, the first trx conserved zinc-finger domain; D, the second trx conserved zinc-finger domain;
E, the C-terminal trx conserved region. Numbers beneath the mouse sequence represent the amino acid position for the border of each domain.

MTases is hemimethylated DNA; the action of these en-
zymes produces a fully methylated double-stranded DNA
molecule (25). The DNA MTase is a composite protein, with
its C-terminal 500 aa encoding the catalytic domain and has
homology with bacterial type II DNA MTases. The 1000-
residue N-terminal domain contains the cysteine-rich zinc-
binding region. Cleavage of this N-terminal domain from the
C-terminal domain results in the promiscuous methylation of
unmethylated substrates (33). These results suggest that the
N-terminal region of DNA MTase differentiates between
unmethylated and hemimethylated DNA. The DNA MTase
cysteine-rich region binds zinc and may be capable of forming
a zinc-finger-like domain (33). These observations suggest
that the putative zinc finger of DNA MTase is capable of
distinguishing hemimethylated from unmethylated CpG di-
nucleotides. It has been proposed that the N-terminal region
interacts with its substrate (hemimethylated DNA) via a
methylation-dependent alteration in the conformation of the
DNA molecule, rather than direct contact in the major groove
(33). The high degree of homology of the All-1 cysteine-rich
domain (Fig. 4, motif B) with the domain of DNA MTases
suggests that the All-1 protein has the capacity to distinguish
between methylated and unmethylated DNA.

The inclusion of the DNA MTase zinc-binding domain
(Fig. 4, motif B) with the trx conserved domains (Fig. 4,
motifs C-E) suggests that the function of All-1 has evolved to
take into consideration the presence of methylated cytosine
sequences in mammalian DNA. Thus, the state of methyl-
ation of a given target gene may influence the ability of All-1
to regulate its expression. Tissue-specific methylation of
All-1 target genes would thus provide one level of control
governing All-1 in its ability to spatially and temporally
regulate the expression of its target genes.

The initial analysis of murine All-1 revealed the presence of
alternative splicing. This alternative splicing is due to a
choice of two distinct splice donor sites, with the additional
9 nt occurring at the end of an exon. The Wilms tumor
zinc-finger protein, WT1, is a sequence-specific transcription
factor that is also subject to alternative use of splice donor
sites (34, 35). Specifically, between zinc fingers 3 and 4 of
WT1, the alternative form has an additional 3 aa. These
additional 9 nt are localized at the 3’ end of the exon,
analogous to what we have identified for murine All-1.
Moreover, it was shown that the alternative forms of WT1
result in proteins with different recognition sequences (36,
37). By analogy, these results suggest that alternative All-1
forms have distinct target specificity as well.

The alternative splicing occurs in the first zinc-finger
domain homologous to Drosophila trx. Interestingly, the
+GTE form disrupts this conserved domain. The —GTE
form is conserved between mammals and Drosophila, sug-
gesting a functional importance for this spliced form. How-
ever, the +GTE form is only conserved between mammals
(no evidence exists for its presence in Drosophila), suggest-
ing a distinct role for the + GTE form of the All-1 protein in
the mammalian lineage.

The All-1 locus was found to map near the Cd3d locus on
mouse chr 9. This finding was not unexpected, since a probe
for the human homolog of Cd3 was used to isolate a yeast
artificial chromosome clone that contained the ALL-1 gene in
humans (8, 9, 38). All-] maps near two spontaneous mouse
mutations, luxoid (/«) and rough (ruf) (15, 39). The ruf
mutation causes a rough coat and mild hyperkeratosis of the
skin (39), whereas the /u mutation results in preaxial poly-
dactyly of the hindfeet in heterozygotes and in preaxial
polydactyly of both forefeet and hindfeet as well as tibial
hemimelia and an increased number of vertebrae, ribs, and

Table 1. Listing of RFLPs and SSLPs used for mapping All- in the mouse

Size, kb
Locus Probe or primer Gene name Enzyme AEJ/Gn M. spretus  Ref.
All-1 All-1 Acute lymphocytic leukemia Bcl 1 6.0 14.5 9
d D46 Dilute coat color locus Bgl 1 15.5 13.0 29
Odc-rsl4  pCR6 Ornithine decarboxylase-related Kpnl —_ 7.1 30
sequence 14
Tpi-rs4 pHTPI-SA Triose phosphate isomerase-related  HindIII — 9.7 30
sequence 4
D9Mir2 GTGGTCTGCCCTCTTCACAT DNA segment MIT-2 180 160 . 31
CAAAGCCAGTCCAACTCCAA
Cd3d AAGAAGTTTCCATGACATCATGAA  CD3 antigen, 6 polypeptide 210 340 31

AGAAGAAAATTCTTGACAGCTCTG

Underlined fragments identify the segregating M. spretus alleles followed in the N2 progeny. The All-1 probe used was a 1-kb EcoRI fragment
derived from one end of the cos20 clone (9); the probe covers a portion of the 3’ end of intron 2 and the 5’ end of exon 3 (10). The D46 probe
contains =4.2 kb of the 3’ end of the dilute cDNA (29). In AEJ/Gn at the Odc-rs14 and Tpi-rs4 loci, multiple fragments were observed; only
the fragments identifying Odc-rs14 and Tpi-rs4 are given. Cd3d has been alternatively referred to as T3d and D9Mit23.
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F1G. 5. Chromosomal location of All-1 in the mouse. (A) Hap-
lotype analysis of 81 N> progeny from the backcross. Loci followed
are listed to the left. Each column represents the chromosome
identified in the N, offspring inherited from the (AEJ/Gn X M.
spretus)F, parent. Solid squares represent the AEJ/Gn allele; open
squares represent the M. spretus allele. The number of N, progeny
carrying each haplotype is listed at the bottom. (B) Genetic linkage
map showing the location of All-I (circled). The left chromosome
shows the loci typed in the backcross (Table 1), with distances
between loci given in cM. The right chromosome shows a partial
version of the consensus linkage map of mouse chr 9 (32). The locus
in boldface type and the dashed line shows the reference locus used
to align the maps. Loci mapped in humans are underlined; gene
locations on human chromosomes are shown in the middle.

sternebrae in homozygotes (15, 40, 41). Based on phenotype
and the sequence relationship between All-1 and the Dro-
sophila trx gene, All-1 is a reasonable candidate gene for the
lu mutation. The Drosophila trx gene is known be involved in
maintenance and possibly activation of the expression of
homeobox genes in the Antennapedia and Bithorax com-
plexes; mutations in the zrx gene can result in homeotic
transformations (42—-44). The abnormal expression of murine
Hox genes (20) and the lu mutation result in similar skeletal
defects in mice. Thus, these observations suggest that the lu
mutation may result from alterations in All-1 expression.

The predicted amino acid sequence of the ALL-1 protein
suggests that ALL-1 could represent a multifunctional pro-
tein, whose motifs suggest that it plays a role in transcrip-
tional regulation during development and that juxtaposition
of several of these domains in other contexts results in the
neoplastic transformation of hematopoietic cells. In addition,
the presence of alternatively spliced forms indicates that
different All-1 proteins may influence the expression of
distinct sets of genes. Further exploration of the end products
of the All-1 locus will provide insight into the multiple roles
this gene plays in mammalian development and tumorigen-
esis. Future studies will lead to an understanding of the
ALL-1 gene and provide mouse model systems useful for
testing therapeutic approaches for acute leukemias in hu-
mans.
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