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ABSTRACT Two genes have been implicated in leukemias
of patients with ab l of chromosome 3, band q26:
EVII, which can be activated over long dances by chromo-
somal rearrangements involving 3q26, and EAP, a ribosomal
gene that fuses withAMLI in a therapy-related myelodysplasia
patient with a t(3;21)(q26.2;q22). AMLI was identified by its
involvement in the t(8;21)(q22;q22) of acute myelod leukemia.
Here we report the consistent identification of fusion tran-
scripts between AMLI and EAP or between AMLI and previ-
ously unidentified sequences that we named MDSI (MDS-
associated sequences) in the leukemic cells of four patients with
therapy-related myelodysplala/acute myeloid leukemia and
in one patient with chronic myelogenous leukemia in blast
crisis, all ofwhom had a t(3;21). In addition, we have identified
a third chimeric transcript,AMLI/EVI, in one ofthe therapy-
related acute myeloid leukemia patients. -field gel elec-
trophoresis established the order of the genes as EAP, the most
telomeric, and EVII, the most centromeric, gene. The results
indicate that translocations could involve multiple genes and
affect gene expression over long distances.

The molecular analysis of recurring chromosomal transloca-
tions in leukemias has led to the identification of protoonco-
genes located at the translocation breakpoint that are acti-
vated either by altered expression or by gene fusion. One of
the most common translocations in acute myeloid leukemia
is the t(8;21)(q22;q22), which has recently been shown to
involve the AMLI gene at 21q22 (1) fused to the ETO gene at
8q22 (2, 3). AMLI is identical' to the murine transcription
factor pebp2a and the DNA-binding subunit of the human
transcription core factor CBF (1, 4). The human and murine
AMLi polypeptides are 99% homologous in their first 242
residues, but they differ in overall size. pebp2a encodes a
predicted polypeptide of 452 residues containing the DNA-
binding and dimerization region encoded by the Drosophila
melanogaster runt (run) homology segment at theN terminus
(2, 5), as well as a region rich in serine, threonine, and proline,
suggestive of a transcription activation domain at the C
terminus (4). The sequence ofthe humanAMLI cDNA is 250
residues shorter than that of pebp2a and lacks the serine-,
threonine-, and proline-rich region. It probably represents a
spliced isoform of the mRNA consisting mostly of the run
homology segment.
Chromosome 21, band q22, is also involved in the

t(3;21)(q26.2;q22) in therapy-related acute myeloid leuke-
mia/myelodysplasia (t-AML/t-MDS) or chronic myeloge-
nous leukemia in blast crisis (CML-BC) (6, 7). Recent studies

have shown that this translocation involves the AMLJ gene
and a gene at 3q26, which isEAP (8, 9). EAP codes for a small
(129 amino acids) ribosomal protein, L22, and belongs to a
large family of genes. Although EAP is highly conserved and
abundantly expressed in all tissues (10, 11) and in hemato-
poietic cell lines (9), it is not known whether the allele at 3q26
is the one that is expressed. In t(3;21), the translocation
results in the fusion of all of AMLI except for the last 9
codons to the last 96 codons ofEAP, but the fusion does not
maintain the EAP reading frame, and a stop codon is intro-
duced shortly after the junction (9). Thus, the AMLJ/EAP
chimeric transcript expresses an AMLi protein that is similar
in size to that encoded by the cloned humanAMLI cDNA (1,
9), which lacks the serine-, threonine-, and proline-rich
region contained in the murine homolog pebp2a.

In some patients with a t(3;21), we have found that the
translocation ofthe 5' part ofAMLJ to chromosome 3 affects
other genes besides EAP. Here we report on the isolation of
a second chimeric transcript between AMLI and previously
unreported sequences that we named MDS1 (sequences
identified in myelodysplasia syndrome). This transcript was
isolated from the same patient's library from which we
isolated the AMLJlEAP fusion gene. In addition, we report
on the consistent detection of the same two transcripts,
AMLI1EAP andAMLI/MDSJ, in one patient with CML-BC
and in three additional patients with t-MDS/t-AML who had
t(3;21). In one of the t-AML patients, we detected a third
chimeric transcript between the same 5' region ofAMLI and
EVII, a gene whose aberrant activation has also been impli-
cated in leukemogenesis (12). By using pulsed-field gel elec-
trophoresis (PFGE) analysis, we have determined that the
three sequences are located within 400-750 kb of each other,
and that EAP is the most telomeric and EVIl is the most
centromeric of the genes.

MATERIALS AND METHODS
Cells and Cultures. Peripheral blood samples and bone

marrow aspirates were obtained from one CML-BC and four
t-AML/t-MDS patients with a t(3;21). Four different Chinese
hamster ovary (CHO)-human somatic cell hybrids were
maintained and propagated as described (9, 12): 6918, con-
taining human chromosome band 21q22 spanning the AMLI
region; UCTP2A3, containing the entire human chromosome
3; and H1O-c and H3-4, containing, respectively, the 3q+ and
the 3q- chromosomes from a t(3;3)(q21;q26) leukemic sam-
ple. The parental CHO cell line UC2 was used as a control.

Abbreviations: t-AML, therapy-related acute myeloid leukemia;
t-MDS, therapy-related myelodysplasia; CML-BC, chronic myelo-
genous leukemia in blast crisis; PFGE, pulsed-field gel electropho-
resis; RT, reverse transcription.
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DNA and RNA Isolation, Reverse Transcription (RT)-PCR,
and Standard and PFGE Southern Blots. DNA was extracted
and manipulated as described (9). Polyadenylylated RNA
was prepared from viably frozen cells from the t(3;21) pa-
tients by use of a Fast Track mRNA kit (Invitrogen) under
conditions recommended by the manufacturer. RT-PCR and
standard and PFGE Southern blots were performed as de-
scribed (9, 12). The blot containing genomic DNA isolated
from different animal species (Bios, New Haven, CT) and the
blot containing poly(A) RNAfrom human tissues (Clonetech)
were used according to the manufacturer's suggestions. The
sequences of the PCR primers 1 (upstream primer) and 2-4
(downstream primers) are as follows: 1 (AMLJ primer),
ACAAACCCACCGCAAGT; 2 (EAP primer), ACTTT-
GATCCTTTCTTG; 3 (MDS1 primer), CATCTGCATCTG-
GCATT; 4 (EVIl primer), GCAGCGATATTGCCGTT.

Construction and Screening ofthe cDNA Library. Construc-
tion of the cDNA library in A ZAP II (Stratagene) with
peripheral blood samples from a t-MDS patient with a t(3 ;21)
and the AML1 0.6-kb probe used to screen the library has
been described (9). The plasmids were rescued from the
positive phage clones by use of the in vivo excision protocol
provided by the manufacturer.
cDNA Sequencing. PCR products, after cloning in pKSII-

(+) (Stratagene), and plasmid cDNA clones were sequenced
with the Sequenase kit (United States Biochemical) accord-
ing to Sanger's method by use of vector- and sequence-
specific primers.

RESULTS
Identification and Characterization of the Second Chimeric

Transcript, AMLI/MDS. The AMLI/MDSI chimeric clone,
pMDS1, was isolated from the t(3;21) peripheral blood cell
library as described, with the AML1 0.6-kb probe (10). We
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found that pMDS1 hybridized to a 1.8-kb EcoRI restriction
fragment of placental DNA and of human-CHO somatic cell
hybrid UCTP2A3, containing only human chromosome 3, but
not to 6918 DNA, the human-CHO somatic cell hybrid con-
taining chromosome band 21q22, which spans the AMLI gene
(data not shown). pMDS1 had an insert of -2.5 kb. After
sequencing, we determined that the 5' part ofthe insert (-1 kb)
contained the same segment ofAMLI that was fused toEAP in
the AMLI/EAP fusion gene (9). However, the remaining part
of pMDS1 (=1.5 kb) diverged sharply from that of AMLI or
EAP after the breakpoint junction. The pattern obtained by
Southern blot hybridization of the placental and somatic cell
hybrid DNA with pMDS1 as a probe was different from that
obtained with an EAP probe (data not shown).

Fig. 1 shows the alignment of the predicted amino acid
sequence ofpMDS1 with those ofAML1 (1) and AML1/EAP
(9). The three sequences were identical from residues 6 to 242
of AMLi. Upstream of residue 6, the three sequences
diverged, and each encoded a short stretch of residues
representing three diverging amino ends from different
spliced forms of the mRNA. After residue 242 ofAML1, the
AML1/EAP and the AML1/MDS1 sequences diverged from
that of AMLi. Whereas the predicted AML1/EAP polypep-
tide contained 17 residues unrelated to the AMLi sequence
before a stop codon (9), the fusion between AML1 and MDS1
was in frame and added 127 residues containing a high
percentage of prolines and serines and of acidic and basic
residues, with a preponderance ofacidic residues. The coding
region ofAMLI/MDSI was followed by a stretch of 1.2 kb
of A+T-rich sequence probably representing the 3' untrans-
lated part of the chimeric cDNA.

Northern Blot Analysis. Hybridization of the MDS1-1.5
probe to a panel of poly(A)+ mRNAs isolated from adult
human tissues and cell lines revealed transcripts of 5.1 and
6.4 kb were readily detected in lung, pancreas, and kidney

FIG. 1. Amino acid alignment of AML1
and of the two chimeric polypeptides AMLi/
EAP and AML1/MDS1. Asterisks indicate
identities. The segment homologous to the D.
melanogaster segmentation protein runt is in-
dicated in italics. Single arrowhead indicates
the consistent site of the fusion with the pro-
tein ETO in the 8;21 translocation. Double
arrowhead indicates the beginning of the
AMLI intron containing the t(3;21) break-
point. In our patients with a t(3;21), cDNA
fusion junctions have been detected between
AMLI (at the site indicated with the single
arrowheadand with the double arrowhead; see
text) and EAP, MDSI, or EVIL. The region
included between the single and double arrow-
heads corresponds to exon 6 of AMLI, as
shown in Fig. 7.
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FIG. 2. Expression of MDSI in different human tissues. Lanes:
1, heart; 2, brain; 3, placenta; 4, lung; 5, liver; 6, skeletal muscle; 7,
kidney; 8, pancreas; 9, spleen; 10, thymus; 11, prostate; 12, testis; 13,
ovary; 14, small intestine; 15, colon; 16, peripheral blood leukocytes.
A, MDS1-1.5 probe; B, P-Actin probe. Numbers on left are kb.
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(Fig. 2, lanes 4, 7, and 8). The transcripts were weakly
represented in heart, placenta, and skeletal muscle (lanes 1,
3, and 6) but not in most other tissues, including the spleen,
thymus, peripheral blood, or leukocytes (lanes 9-16), or in
myeloid and T- and B-cell lines (data not shown), implying
that these messages are not normally expressed in hemato-
poietic cells. The distribution of tissue expression and the
pattern of Northern blot hybridization observed with the
MDS1 probe were completely different from those obtained
when an EAP probe was used (9), thus further confirming that
the two probes were derived from separate genes.
RT-PCR Analysis. To determine whether the formation of

two chimeric transcripts was a frequent outcome of the 3;21
translocation, we examined leukemic cells from one
CML-BC and three additional t-MDS/t-AML patients by
RT-PCR. Primers were designed from the 5' end of AMLI
and from the 3' end of EAP and MDSJ. Fig. 3 shows the
ethidium bromide-stained gel of the PCRs. The pattern of
amplification was identical for each patient and contained the
expected size of the AMLI/EAPjunction (370 bp; lanes 1-5)
or the expected size of the AMLJ/MDSJ junction (386 bp;
lanes 7-11). In addition, a smaller fragment was consistently
amplified with primers from both EAP and MDSL. The
difference between the larger and smaller bands in each pair
of bands was -190 bp. By sequencing, we determined that
the two bands were isoforms in which one exon of 190 bp of
theAMLI gene had been spliced out in the smaller fragments.
This exon ofAMLI coded for the region shown between the
single and the double arrowheads in Fig. 1, representing the
breakpoint of AMLI in t(8;21) (single arrowhead) or that in

Cr 1t Ln to rep M a _ _

FIG. 3. Ethidium bromide stain of RT-PCR products after separa-
tion on an agarose gel. Lanes: 1 and 7, t-MDS patient; 2-4 and 8-10,
three t-AML patients; 5 and 11, CML-BC patient; 6, 123-bp DNA
marker. Lanes 1-5 show the RT-PCR products with AMLJ/EAP
primers. The expected sizes ofthe bands are 370 bp for the larger band
and 180 bp for the smaller band. Lanes 7-11 show the products of the
RT-PCR with AMLI/MDSJ primers. The expected sizes of the bands
are 386 bp for the larger band and 196 bp for the smaller band.

FIG. 4. Ethidium bromide stain of RT-PCR products with EVIi
primers after separation on an agarose gel. The EVII-specific primers
used in these reactions and their sequence have been reported (12).
Two major bands of 268 and 298 bp are expected. Lanes: 1,
poly(A)RNA isolated from the CML-BC patient; 2, poly(A)RNA
isolated from the t-MDS patient; 3-5, poly(A)RNA isolated from the
three t-AML patients; 6, poly(A)RNA isolated from the peripheral
blood samples of an AML patient with a normal karyotype; M,
123-bp DNA size marker. A, EVII primers; B, P-actin primers.

t(3;21) (double arrowhead). The segments of either MDS1 or
EAP fused to AMLI remained the same, indicating that the
differential splicing affected only AMLL. Interestingly, re-
moval of this exon did not change the reading frame of the
chimeric cDNAs.

Detection ofChimeric Transcripts BetweenAMLl andEVIL.
Chromosomal band 3q26 is also the location ofEVII, whose
transcription can be activated by translocation 13-330 kb
upstream ofthe 5' end ofthe gene as well as by rearrangement
150 kb downstream of the 5' end of the gene (12). EVIl
activation has been implicated in the leukemogenesis of 7%
ofAML patients with abnormalities involving band 3q26 (12).
Only one of our t-AML patients expressed this gene (Fig. 4),
as determined by use of RT-PCR and EVII primers for
detecting the 3' end of the mRNA (12). To determine
whether, in this patient, EVIl was also expressed as a fusion
gene with AMLI, we designed primers from the published
EVIl sequence (13). One of the EVIl primers amplified four
major bands when used with the AMLI primer. The four
fragments (Fig. 5) were cloned and sequenced. The two
smaller fragments contained thejunction betweenAMLI and
either exon 2 ofEVIl or exon 3 ofEVII (data not shown). The
two larger fragments represented complex fusion clones,
including AMLI fused to MDSI, which was fused to exon 2
of EVII, and the difference between them (190 bp) corre-

I 2

FIG. 5. Ethidium bromide stain
ofRT-PCR products amplified with
AMLI and EVII primers (primers 1
and 4) after separation on an aga-
rose gel. Lane 1, 123-bp DNA size
markers; lane 2, t-AML patient's
sample (patient in lane 3 in Fig. 4).

Proc. Natl. Acad. Sci. USA 91 (1994)



Proc. Natl. Acad. Sci. USA 91 (1994) 4007

V
AMLi 151 T V FTN P PQVAT Y HRA I KITVD G PRE PR RH R

181 Q K L D D Q T K P G S L S F S E R L S E L E Q L R R T A M R

211 V S P H H P A P T P N P R A S L N H S T A F N P Q P Q S Q M
V

241 QN E C V Y G N Y P EI P L E E M P D A D G V A S T P S L N

271 0 E P C S P A T S S E A F T P K E G S P Y K A P I Y I P D

301 D I P I P A E F E L R E S N M P G A G L G I W T K R K I E V

331 G E K F G P Y V G E 0 R S N L K D P S Y G W E I L D E F Y N

361 V K F C I D A S Q R D V G S W L K Y I R F A G C Y D Q H N L

391 V A C Q I N D Q I F Y R V V A D I A P G E E L L L F M K S E

421 D T P H E T M A P D I H E E R G

FIG. 6. Predicted amino acid sequence of the
triple junction of AMLI, MDS1, and EVIL. Se-
quence shown is flanked by the AMLI upstream
primer and the EVII downstream primer used for
the RT-PCR. Numbering of amino acids is that of
the AML1 polypeptide. Region between single
and double arrowheads is spliced out in the shorter
fragment containing theAMLI/MDSJI/EVII junc-
tion. Underlined segment represents the MDS1
sequence, which is fused to AML1 at the N
terminus and to EVI1 at the C terminus. Region in
italics represents predicted translation ofexon 2 of
EVIL. Double underlined region starting with a
methionine residue shows the published beginning
of the EVII sequence at exon 3.

sponded to the alternatively spliced isoforms of the AMLI
exon. The sequence of the AML1/MDS1/EVI1 fusion pep-

tides predicted from the two larger junction fragments is
shown in Fig. 6. In all of these junctions, the AMLI reading
frame was maintained, thus presumably leading to complex
fusion peptides. A schematic representation of all of the
different junctions detected by RT-PCR and sequencing in
these patients is shown in Fig. 7.

Chrom. 21

Mapping of EAP, MDS1, and EVII by PFGE and Southern
Blot Analysis. To localize the genes, we probed filters from
pulsed-field gels. Previous studies have shown that a CpG
island exists 5' of the EVII gene, which contains sites for
BssHII, and that the next BssHII site occurs -600 kb 5' and
telomeric to the gene (12). In addition, there is an Sfi I site
-170 kb telomeric of the BssHII site in the 5' region of the
EVII gene (12). Both EAP and MDSJ sequences were
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site for BssHII (B) and Sfi I (S), and numbers below horizontal lines indicate size (kb) of restriction fragments. Dashed vertical arrow indicates
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localized on the BssHII fragment that is detected by a 5' EVIl
probe (Fig. 7). However, both probes detected the same Sfi
I fragment of =300 kb. Therefore, both EAP and MDSJ
sequences are at least 170 kb telomeric of EVIl. To localize
the genes further, we mapped them relative to the breakpoint
found in a case of AML with t(3;3)(q21;q26) for which
somatic cell hybrids existed that contained the derivative
chromosomes (12, 14). Previous studies have shown that this
breakpoint occurs within the region 400-170 kb 5' of EVII
(12). By Southern blot analysis, only the EAP-specific probe
hybridized with cells containing the 3q- derivative chromo-
some, demonstrating that EAP was telomeric of the break-
point, whereas the MDS1 probe was centromeric of the
breakpoint (Fig. 7). Thus, the order of the sequences from the
telomere is EAP-MDSI-EVII. We also used fluorescence in
situ hybridization to confirm that EVII was centromeric to
MDSJ (data not shown).

DISCUSSION
It is generally accepted that, in most translocations associ-
ated with leukemia, the genes that are fused across the
breakpoint are those directly modified in their expression or
in their molecular nature and function and thus are critically
involved in leukemogenesis. In fact, there are only a few
examples of genes that are affected at a long distance by a
translocation (15, 16), and the effect is limited to altering the
expression of the involved gene. The cases of t(3;21) that we
have investigated are unique in containing chimeric tran-
scripts between AMLI and unrelated genes located over a
region of at least 400 kb at 3q26. Although we have no direct
evidence that AMLI and the partner genes at 3q26 can be
transcribed as a single unprocessed nuclear message, the
identification of chimeric junctions containing the same ex-
ons of AMLI individually spliced to exons from the other
genes would suggest that such nuclear transcripts exist and
undergo differential splicing while 5' RACE (rapid amplifi-
cation ofcDNA ends) and S1 mapping have shown that in the
EVII locus the transcriptional start sites of EVIl are within
a few kilobases upstream of exon 1 (18), we cannot rule out
the possibility that the MDS1 sequences represent even more
5' previously unreported exon(s) of EVIL.
Although the cases we have examined contain complex

fusion transcripts, the roles of the individual transcripts in
leukemia are not known. The common occurrence of car-
boxyl truncations in AMLi in t(3;21) and t(8;21) strongly
implicates alterations in this gene as an important etiologic
component in these cases of AML. Based on insights ob-
tained from the analysis of other fusion transcripts, the
sequences that are contributed by the other fusion partner are
important in leukemogenesis. The fact that the fusions with
EAP alter the reading frame and only contribute 17 amino
acids is of unknown functional significance. Nevertheless,
when studies are designed to establish the transforming
activity ofAMLI, it will be important to consider the various
fusions that have been identified.

It is possible that, in addition to producing fusion tran-
scripts, the translocations also alter the chromosomal struc-
ture to allow the inappropriate expression of EAP, MDSI,
and EVIl. This cannot easily be assessed for EAP because a
number of highly related loci exist that cannot be easily
distinguished. In the case ofMDSJ, we have found that this
transcript is not normally expressed in myeloid cells, and
therefore it will be important to determine whether MDS1 is
expressed in other cases of AML. In the one case in which
we detected EVII transcripts, levels of transcripts detected
with internal probes were much higher than those detected
with the probes for the fusion transcript. Therefore, in the
case of the EVII gene, transcriptional activation may occur
at sites other than the AMLI promoter.

That this complex fusion event is an important component of
the leukemogenesis process is supported by the detection of
multiple fusions in all of the patients studied. How these two (or
three) genes interact to further leukemogenesis is unclear. All of
these patients had prior chemotherapy either for a previous
cancer or for CML in the chronic phase. The t(8;21) has also
been observed in AML developing in patients previously
treated for cancer. Therefore, AMLI is susceptible to mutagen-
induced translocations. The t(3;3)(q21;q26) has also been ob-
served in patients who had an occupational exposure to muta-
genic agents (17). The role of prior chemotherapy in leading to
the 3;21 translocation remains to be determined.

Note Added in Proof. After submission of this work, Mitani et al. (19)
reported that the t(3;21) generates an AMLI-EVII fusion gene in
CML-BC patients. Multiple chimeric junctions were not detected in
these patients.
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