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A nonrandom chromosomal translocation breakpoint, t(15;17)(q22;q21), is found in almost all patients with
acute promyelocytic leukemia (APL). Most of these breakpoints occur within the second intron of the retinoic
acid receptor-alpha (RARA) gene. We screened a cDNA library of APL and have identified and sequenced a
cDNA transcribed from the t(15;17) translocation breakpoint. The 5' end of cDNA p1715 consists of 503 bp of
the RARA exon II sequence. A 1.76-kb cDNA without homology to any known gene available in GenBank was
found truncated downstream. This cDNA sequence was assigned to chromosome 15 by dot blot hybridization
of the flow cytometry-sorted chromosomes. We designate this fusion cDNA RARA/myl, which is different from
myl/RARA reported by de The et al. (H. de The, C. Chomienne, M. Lanotte, L. Degos, and A. Dejean, Nature
(London) 347:558-561, 1990). This result demonstrates that the two different types of hybrid mRNA can be
transcribed from this breakpoint. We screened a non-APL cDNA library and identified a 2.8-kb myl cDNA.
This cDNA is able to encode a polypeptide with a molecular weight of 78,450. Alternative splicing of the myl
gene which resulted in myl proteins with different C terminals was found. Southern blot analysis of the genomic
DNA isolated from 17 APL patients by using the myl DNA probe demonstrated that the myl gene in 12 samples
was rearranged. Northern (RNA) blot analysis of RARA gene expression in two APL RNA samples showed
abnormal mRNA species of 4.2 and 3.2 kb in one patient and of 4.8 and 3.8 kb in another patient; these were
in addition to the normal mRNA species of 3.7 and 2.7-kb. The myl DNA probe detected a 2.6-kb abnormal
mRNA in addition to the normal mRNA species of 3.2, 4.2, and 5.5 kb. Using the polymerase chain reaction,
we demonstrated that both RARAImyl and mylIRARA were coexpressed in samples from three different APL
patients. From this study, we conclude that the t(15;17) translocation breakpoint results in the transcription of
two different fusion transcripts which are expected to be translated into fusion proteins.

Acute promyelocytic leukemia (APL) is a clonal prolifer-
ation of abnormal promyelocytes. A nonrandom chromo-
somal translocation breakpoint, t(15;17)(q22;q21), occurs in
almost all patients with APL (39). A significant number of
these patients achieve complete clinical remission after
all-trans retinoic acid treatment (9, 12, 26). Since the retinoic
acid receptor-alpha (RARA) gene has been localized to
chromosome 17q21, in proximity to the breakpoint of APL
(33), this gene was thought to play a critical role in the
pathogenesis of APL. Indeed, Borrow et al. (3), de The et al.
(15), and our studies (10) have shown that the RARA gene is
involved in the t(15;17) chromosomal abnormality that re-
sults in transcription of abnormal mRNAs. It was thought
that the majority of the breakpoints were in the first intron of
the RARA gene. However, when Brand et al. (5) character-
ized the promoter region of the RARA gene, an additional
exon was found 12 kb further upstream of exon I. Therefore,
it is now clear that most APL breakpoints occur within the
second intron of the RARA gene.
The retinoic acid receptor (RAR) is a member of a nuclear

receptor superfamily that includes the thyroid and steroid
hormone receptors. Four different forms of the human RAR
have been identified, and its cDNA has been cloned and
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characterized (6, 22, 30, 32, 37). Retinoic acid (RA) can
induce differentiation of a number of cell lines (29, 38, 44,
46), including the human leukemia cell line HL-60. RA is a
morphogen, as has been demonstrated in chick limb exper-
iments (7). Recent evidence indicates that purified RAR
protein can interact directly with RA without cellular RA-
binding protein (42). Therefore, RAR may be directly in-
volved in mediating the RA concentration in the nucleus.
Since the translocation breakpoint occurs within the RARA
gene in APL, this may partially impair the normal function of
RA and result in disruption of normal differentiation. In
addition, chromosome translocations can produce poten-
tially oncogenic fusion proteins (8, 25).
We report the characterization of a cDNA transcribed

from the t(15;17) breakpoint region. This hybrid cDNA
consists of exon II of the RARA gene and is truncated
downstream by an unknown sequence from chromosome 15
(the myl gene). This hybrid cDNA (RARA/myl) differs from
the myl/RARA fusion gene reported by de The et al. (15) in
that the arrangement of the two genes involved in the
breakpoint is reversed. Therefore, this finding demonstrates
that the nonrandom translocation breakpoint in APL can
result in the transcription of two different types of hybrid
mRNAs, as shown by the transcription activities of the
RARA and myl genes. We have also identified and charac-
terized the myl cDNA.
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MATERIALS AND METHODS

Construction of a cDNA library from poly(A) RNA of an
APL patient and screening for the hybrid mRNA. Total RNA
was isolated from leukemic promyelocytes of an APL pa-
tient by using guanidinium isothiocyanate as described pre-
viously (11). Poly(A) RNA was selected by the method of
Aviv and Leder (1). Ten micrograms of poly(A) RNA was
used to synthesize cDNA by the method of Gubler and
Hoffman (23); the cDNA was ligated into a lambda Zap II
vector (Stratagene, La Jolla, Calif.). The library was
screened by using an exon II probe (10) of RARA cDNA in
accordance with established procedures (41). Dideoxy-DNA
sequencing of a plasmid subclone was performed by the
method of Zagursky et al. (48). DNA sequence analysis and
comparison with the GenBank sequences were performed by
using MicroGenie software (Beckman Instruments, Inc.,
Fullerton, Calif.).

Southern and Northern (RNA) blot analysis. Genomic
DNA was isolated from human leukemic cells by an estab-
lished method (10). Ten micrograms of total genomic DNA
was restriction digested to completion and electrophoresed
on a 0.75% agarose gel. DNA samples were transferred to a
Nytran membrane in accordance with the manufacturer's
instructions (Schleicher & Schuell, Inc., Keene, N.H.).
Poly(A) RNA from patient samples was selected as de-
scribed above. Two micrograms of the poly(A) RNA was
denatured by glyoxalation, electrophoresed on a 1.2% agar-
ose gel, and transferred to a Nytran membrane. The filters
were hybridized to 32P-labeled probes (109 cpm/,Lg of DNA),
washed, and exposed to Kodak XAR-5 film.
Chromosomal assignment. Chromosomes from diploid hu-

man lymphoblastoid cells (GM-130A) or rodent-human hy-
brid cell lines (35) were sorted in an EPICS V flow cytometer
and spotted onto nitrocellulose filters. Each spot contained
30,000 chromosomes, except the 9-12 spot from GM 130A,
which contained 120,000 chromosomes. Chromosomes 9,
10, 11, and 12 were also sorted individually from hybrid cell
lines. The chromosome-specific DNA on the filters was
denatured and hybridized as previously described (14). A
polymerase chain reaction (PCR)-amplified, 1.2-kb cDNA
fragment isolated from the unknown portion of p1715 (nu-
cleotides 504 to 1704 [see Fig. 2]) and not including the
RARA sequence was 32p labeled to 109 cpm/,Ig ofDNA and
hybridized to the filters as described previously (19). Filters
were washed and exposed to Kodak X-ray film. Since the
Southern blot analysis described above indicated that both
EcoRI and BglII digestions yield a single hybridizing band,
this unknown gene was likely a single human gene. There-
fore, cross-hybridization to DNA sequences from other
chromosomes was not expected.
PCR. Synthesis of cDNA and PCR amplification of total

RNA were performed as previously described (17, 28), with
some modifications. A 20-,u reverse transcriptase reaction
mixture contained 1 mM of deoxynucleoside triphosphates
(dNTP), 20 U of RNasin (Promega Corporation, Madison,
Wis.), 20 ng of primer, 5 ,g of total RNA, and 1 x PCR buffer
(Perkin Elmer-Cetus). The reaction was started by adding
200 U of Moloney murine leukemia virus reverse tran-
scriptase (Gibco-BRL, Gaithersburg, Md.). After incubation
at room temperature for 10 min, the reaction mixture was
transferred to 42°C for 60 min, boiled for 5 min, and quick
chilled on ice. An 80-pI PCR reaction mixture was added (0.3
mM dNTP, 2.5 mM MgSO4, 0.2 ,ug of each of the two
primers, 50 mM KCI, 20 mM Tris-HCl, pH 8.4, and 1 mg of
nuclease-free bovine serum albumin). The mixture was

overlaid with mineral oil, and PCR was performed for 35
cycles in a thermal cycler (Perkin Elmer-Cetus). Each cycle
was carried out at 94°C for 1 min, 60°C for 1 min, and 72°C
for 1 min.

Sequencing of the PCR-amplified DNA fragments. DNA
fragments were first purified by passing them through a
Centricon-100 (Amicon, Beverly, Mass.) to remove primers.
Approximately 0.1 pLg of the purified DNA was used in a
25-cycle PCR using a single primer (24). After PCR was
performed, the single-stranded DNA was purified by using a
Centricon-100 and used directly in the DNA-sequencing
reaction. DNA sequencing was performed in the presence of
about 0.5 ,ug of single-stranded DNA and 20 ng of internal
primer (Rl or R4) by using the DNA-sequencing kit obtained
from the United States Biochemical Corporation (Cleveland,
Ohio).

Nucleotide sequence accession number. The nucleotide
sequences of p1715 and pMYL211 have been submitted to
GenBank and have been assigned the accession numbers
M73958 and M73840, respectively.

RESULTS

Identification and characterization of the fusion cDNA
RARAImyl encoded from the t(15;17)(q22;q21) breakpoint of
APL. The cDNA library constructed from poly(A) RNA
isolated from the promyelocytes of an APL patient (see Fig.
7, lane 6) was screened with the RARA second-exon probe
(10). Several cDNA clones were obtained. A brief restriction
map of each clone was determined to further identify clones
that were different from the RARA cDNA. One of the
clones, p1715, had a restriction pattern different from that of
RARA (Fig. 1). This clone was further characterized by
DNA sequence analysis. Results revealed that the 503-bp
DNA sequence on the 5' end of p1715 matched exactly the
second exon of the RARA cDNA sequence. However, DNA
sequence homology stopped once it passed the second
exon/intron splice junction (Fig. 1B).

Figure 2 shows the nucleotide sequence of p1715, with the
junction of the exon II/intron II splice site (31) indicated by
an arrowhead. The 1.75 kb of the cDNA sequence truncated
downstream of the RARA second exon is unrelated to the
RARA gene. This cDNA sequence was compared with the
GenBank sequences, and no homology to any gene sequence
was identified. Intron II of the RARA gene splits the ACC
codon of amino acid 60 into exon II and exon III after
translocation. The first nucleotide of the amino acid codon
AAT is derived from the RARA cDNA. According to our
DNA sequence analysis, the hybrid mRNA can encode a
polypeptide of 178 amino acids, with a predicted molecular
weight of 18,500. The other two reading frames of the myl
cDNA fail to translate a long polypeptide. At least 1.5 kb of
the DNA sequence remains beyond the stop codon. In order
to understand whether the correct reading frame of the myl
mRNA is retained after the translocation, it was necessary to
characterize the normal myl cDNA.

isolation and characterization of the normal cDNA of the
myl gene. A cDNA library was constructed from poly(A)
RNA isolated from an AML blast sample without the t(15;
17) translocation and with high-level expression of myl
mRNA. The cDNA library was screened with the myl cDNA
probe (a 1.2-kb PCR-amplified DNA fragment of plasmid
p1715 nucleotides 504 to 1704 [Fig. 2]). A 2.8-kb cDNA
clone, pMYL211, was identified and completely sequenced.
This cDNA clone may be close to full length, since the major
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CTGGGT6GACTCTCCCCGCCAG6CGCTCTGACCACTCTCCAGCACCAGCTTCCAGTTAGT -RARA

CTGGGTGGACTCTCCCCGCCAGGCGCTCTGACCACTCTCCAGCACCAGCTTCCArTTAsT -P1715

GGATATAGCACACCATCCCCAGCCA CCA TTGAGACCCAGAGCAGCAGTTCTGAAGAG
It I: 11 111 II:

GGATATAGCACACCATCCCCAGCCAATGCAGCTGTATCCAAGAAAGCCAGCCCAGAGGCT

FIG. 1. Restriction map of RARA and p1715 cDNAs and DNA
sequencing strategy of p1715. (A) The restriction map of RARA was
derived from the report of Giguere et al. (22). pRAl is a RARA
cDNA clone of 2.1 kb. A poly(A) tail was found 850 bp upstream of
the reported RARA cDNA (22). DNA sequencing of p1715 was

performed by dideoxy sequencing of the plasmid DNA by using the
Sequenase sequencing kit obtained from United States Biochemical.
Restriction endonuclease sites indicated are abbreviated as follows:
Kp, KpnI; P1, PstI; S1, Sacl; Sm, SmaI; Bm, BamHI; B2, BglII;
P2, PvuII. The open box region represents the gene sequence
derived from chromosome 15. (B) DNA sequences of RARA and
p1715 cDNAs indicating the region of sequence homology between
the two sequences. Homology stops after the exonlI/exonlll splice
junction. The inverted triangle indicates the RARA exon II/exon III
splice site, which was determined as described by the report of
Leroy et al. (31).

band of the myl mRNA was 3.2 kb according to the Northern
blot analysis (see below).

Figure 3 shows the DNA sequence and the predicted
amino acid sequence of the pMYL211 cDNA. This cDNA is
able to translate a polypeptide of 713 amino acids with a
predicted molecular weight of 78,450. The solid vertical
arrow at nucleotide 1042 indicates the fusion junction of the
RARA/myl cDNA, as shown in Fig. 2. The amino acid
sequences predicted from the cDNA sequences ofpMYL211
and p1715 downstream of the fusion junction are identical.
This demonstrates that the correct amino acid-coding frame
of the myl mRNA was utilized by the fusion transcript.
However, as shown in Fig. 2, a termination codon (TGA)
which is not found in the myl cDNA (Fig. 3) was found at
nucleotides 856 to 858 of p1715. DNA sequence comparison
between pMYL211 and p1715 at this region indicates an 8-bp
insert in the p1715 cDNA (nucleotide 832 to 840 [Fig. 2])
which is not present in the pMYL211 cDNA. The presence
of this additional DNA fragment alters the amino acid-coding
frame. To determine whether this 8-bp insert is the result of
cloning artifact, a set of oligonucleotide primers (RAR1,
nucleotides 441 to 460, and mylD6, nucleotides 1142 to 1167
[Fig. 2]) was designed for PCR amplification by using total
RNA isolated from the APL patient. The PCR-amplified
DNA fragment was subcloned into pUC18 and sequenced.
The result of this experiment demonstrated that the 8-bp
insert is not a result of a cloning artifact, since cDNA
sequences with and without the 8-bp sequence were found
(data not shown). These same oligonucleotide primers were
used to amplify the genomic DNA of the APL patient and of
an acute myelogenous leukemia patient without the t(15;17)
breakpoint. A DNA fragment of about 1.5 kb was amplified.

This PCR-amplified DNA fragment was subcloned into
pUC18. DNA sequences from both ends of the DNA frag-
ment were determined. As shown in Fig. 4, line 3, the 8-bp
insert was derived from the intron immediately adjacent to
the intron/exon splice junction. Interestingly, a sequence
that agreed with the splice donor consensus in seven of nine
places was found at the 5' end of the 8-bp DNA fragment.
This result suggests that alternative splicing is responsible
for generating different myl mRNAs with or without the eight
additional bases. This differential splicing could result in the
translation of different myl proteins with considerably dif-
ferent C terminals.
By comparing the cDNA sequences of pMYL211 and

p1715, we have also found a 144-bp DNA sequence between
nucleotides 1113 and 1257 of pMYL211 (Fig. 3) which is not
found in p1715. This DNA fragment encodes a short poly-
peptide of 48 amino acids and does not affect the open
reading frame of the myl mRNA. According to the Southern
blot analysis shown in Fig. 6, a single band was detected by
the myl probe with BglII and HindIll digestion. This sug-
gests that the myl gene represents a single gene in the human
haploid genome. It is likely that this 144-bp additional DNA
sequence is also the result of alternative splicing. Differences
in the nucleotide sequences of the cDNAs of p1715 and
pMYL211 were also found at the 3' ends. The polyadenyla-
tion signal AATAAA was found 16 bp upstream of the
poly(A) tail of the pMYL211 cDNA. However, the 3' end of
the p1715 cDNA extended 160 bp further downstream of the
poly(A) tail of pMYL211. Interestingly, the last 22 nucleo-
tides upstream of the poly(A) tail of pMYL211 (Fig. 3),
including the polyadenylation signal AATAAA, did not
match the 3' end sequence of p1715 (Fig. 2). It is possible
that the mismatched portion of p1715 is the result of a
cloning artifact. An oligonucleotide primer set was synthe-
sized in accordance with the DNA sequences of nucleotides
1868 to 1888 and 2230 to 2250 (antisense) of p1715 (Fig. 2).
PCR amplification of the genomic DNA resulted in a DNA
fragment of 380 bp. Sequence analysis of the DNA fragment
demonstrated that the genomic DNA fragment exactly
matched the p1715 sequence. Furthermore, the 22-bp nucle-
otide sequence present in the myl cDNA was not found
within this exon. It is possible that this 22-bp sequence is the
result of alternative splicing. We are currently in the process
of studying the genomic organization of the myl gene.
Information obtained from this study should help us to
understand the mechanism of alternative splicing occurring
within the myl gene.
RARA/myl is transcribed from the t(15;17) breakpoint of

APL. Since the RARA gene has been assigned to chromo-
some 17 (33), if the cDNA clone p1715 is a hybrid transcript
encoded from the t(15 ;17) translocation breakpoint, the
DNA fragment downstream of the RARA gene should be
localized to chromosome 15. Figure 5 shows the dot blot
hybridizations of the flow cytometry-sorted chromosomes.
The 1.2-kb DNA sequence derived from the unknown por-
tion of p1715 clearly hybridizes to the chromosome 15 spot.
Two separate sets of dot blot filters were used in the
experiment, and similar hybridization signals to chromo-
some 15 were observed for each. This demonstrates that the
unknown cDNA truncated downstream of the RARA gene
exon II is derived from chromosome 15. Therefore, the
cDNA of p1715 is transcribed from the t(15;17) translocation
breakpoint of the APL patient.
Rearrangement of the myl gene in acute promyelocytic

leukemia. Southern blot analysis of 17 DNA samples isolated
from APL patients with the t(15;17)(q22;q21) chromosomal
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10 20 30 40 50 60 70 80 90 100 110 120
GCCCATCTAGGA1T0 0CATCTTTTTT168TGCCCTGAA0GCCA0CTCTC1020TTCCCA23A0A2GTGCCA4CTCACAC40ACTGCTTGACCAA6*CCGGCTCTTGAGACATCCCCCAAC

130 140 150 160 170 180 190 200 210 220 230 240
CCACCTGGCCCCCAGCTAGGGiTGGG4GGTCCAGGAG*CTBAGATTABCCTG3CCCTCTTTG6ACASCASrTCCABGACAGGC968WGTGBGCTGACCACCCAAACCCCATCTBGBCCCAGGCC

250 260 270 280 290 300 310 320 330 340 350 360
CCATGCCCC tGeTGGTCTGiAAGCCCACCA/BCCCCTGCCAiACTGTCTGCCTCCCTTCTBACTGTG6CCGCTTG43CATB13CCAGCAACAGCAGCTCCTCCAACTG6G

MetAl aSerAsnS.rS.rSerCysProThrProGl y 12

370 380 390 400 410 420 430 440 450 460 470 480
613CGGliCACCTCAATGGGTACCCG6TG3CCTCCCTAClCTTCTTCTTCCCCCCTATGCT1-31TBT3ACTCTCCCECCTACTBCACTCTCC43AA6ClTTCCA6TTAG3T6GA
61 yGl yHi LsuAsnGlyTyrProValProProTyrAl aPh.hiPh.ProProMetLuGl y9 yL.uSerProProGl yAl aLuThrThrLmu8l nHi sGInLeuProVal 6rGl y S2

RARA MYL
490 500 510 520 530 540 550 560 570 v 590 590 600

TATAGCACACCATCCCCA TCCA8CTTTATCCA CACCCCAGA6BCTOCCAOCACTCCCA3GBACCCTATT6ACOTTGACCTOGATGTCTCCAATbACAACABCCCAB
TyrS.rThrProSrProAlaAsnAlaAlaValSerLysLysAlaSerProGluAlaAl SerThrProArgAspProl1AspValAspLeuAspValS.rAsnThrThrThrAl-Gln92

610 620 630 640 650 660 670 .690 690 700 710 720
AAGAGGAAGT6CABCCA6ACCCABTCCCCAGSAA6BSTCATCAA8AT68A6TCTG AA AGGCAA sTTGGTCOBAOCT TCCAAG
LysArgLysCysSurGlnThrGlnCysProArgLysValIluLysMetGluSerGluGlu8lyLysGluAlaArgL uAl Arg9.rS.rProGluGlnProArgProS9rThrS.rLysl32

730 740 750 760 770 790 790 8o0 S10 820 830 940
GCAGTCTCACCACCCCACCTGBAT6GACC8CCT TCATA88AA8TGAGGTCTTCCTGCCCAACAGCAACCAC T88CCA8T TA_____
Al aVal SurProProli LuAsp61 yProProSerProArg96rProVal l11.1 yS9rluVal PhuLuuProAsnS&rAsnHi sVYaA1aSerGl yAl aG1 y61 uAl *G1 yArglTu 172

850 860 870 8a0 890 900 910 920 930 940 950 960
A8GAACBCGTT6TGGTGATCA6CAGCT T AABACTCA6AT9CC8AAAACTCBTCATACAT CTCCTCCTCCT
ArgAsnAl aLeuTrpEnd 177

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
CGCCAGCCCACTCCTC CATCCAGTCTCTBCTAGAOCACAGGACCTCCABCCTBCCTGT "CACATACCACCCCCCAGCTT TCCACCACCUC=DTEAECA TGCCA

1090 1100 1110 1120 1130 1140 1150 1160 1170 1190 1190 1200
CCCCCG3ATGCT G413CCTCACA BCGA13CCTCCTGATCACC87SOCCSCTGCCCBTCGGT T>TACCTTTACGTACACAACCATCCGCCTTCOCCATCrrTCC

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
GCTTG.ACCCTCAATTOMCATOCECCC STATTC GCACTTGOTCTr"4-TTOTT ABBCACTCCTOCCTCACAEECCCCTCAACCATCCTGCCAATCCCAACATCCTO

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
CCCAGCT E TCAGCCCACCCGGACOTACA -CTGTBCATCC -MXTCECA>TcCCGb TCCTCCCATTTATCCAOTOOCTCACAATTTTTT CCTCC

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
CCTTCTCCTCCATG8CTTCCCA8CTTGACATGTCTTCCST68T TCTTEGAECA8TT6TTCCCCCT8S-!ACTCT8TCA8A88CTCCAT6GA88

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
CCTCTCAAGTCCAATGTCCTCTBGAABCCTCTCCAATTACATTCCCACCACCCTeTRrrCASAAA cCCsCCATCABSCCAGTCCrteCA SCeCCTC4WM3CABBCCTCTeAeBTGCT

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
ACCCTTCTCTTGTAACCTTGcAGccAACAcCCCTecCcARrccCTGAGCTGCCTCCTCocAScATeCTCTTAcAGGccCTeCACA6ATAWcACTCATTAATTCTTOOTTAAG6AATOA

181o 1820 1830 1840 1850 1860 1970 188O 1890 1900 1910 1920
ATCAAcGAATGAATGBCTATGCATGOACCTCTEiCAcoo9AoACCTeGWTCTTCTCTOBCT=:ABcAc:nsAACTAAGecATeeCTeAeATTCAooCCACCATTCCAGGccTCTTTbuc

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
AA 222AGAAACTTCTGTCACCCTT0CACTCTCCT2T2TTCT91TCCCTGGccAATACACA2CCTTCCATCCCC0211ACCCC6C0AACCTCTCCACTAGeCCTCTOCCAGATCTA

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
AGCCCATGAGCACAG C%CTGGCTATCCCAAGACCTGGCAGATGT BTGCTCC ASAGTCCTCAAATGTAiGATATATTTTTTCTCTTTCTACCATGA6 _SASAAA

2170 2180 2190 2200 2210 2220 2230 2240 2250
GAAAAAGCATTCTAAACAAAATGGTTTTGTAAATAAGAAACCATATTTTCAGT688ACA8AGTTCCATCTTTAACA88TTC

FIG. 2. Nucleotide sequence of p1715. The DNA-sequencing strategy of p1715 is outlined in Fig. 1. The fusion junction of the hybrid
message is located between nucleotides 503 and 504, as indicated by the arrow. MYL and RARA designate the cDNA regions derived from
chromosome 15 and chromosome 17, respectively. The two arrowheads indicate sites of alternative splicing.

abnormality was performed to determine whether there was This result suggests that the rearrangement is not a result of
rearrangement of the unknown gene sequence. A PCR- restriction fragment length polymorphism.
amplified 1.2-kb DNA fragment (nucleotides 504 to 1704 Expression of the myl gene sequence in human leukemia
[Fig. 2]) was used as the probe for hybridization. As shown samples. The myl cDNA was used to hybridize to the
in Fig. 6A and B, 12 of the 17 APL DNA samples show Northern blots of RNA samples of different leukemia pa-
rearranged bands. DNAs from HL-60 cells and patients tients. As shown in Fig. 7A, mRNA species of 5.5, 4.2, and
without the t(15;17) translocation breakpoint did not show 3.2 kb were detected. In one APL patient, an additional
rearranged bands. This result indicates that translocation mRNA of 2.6 kb (lane 6) was also detected. The myl cDNA
breakpoints in chromosome 15 cluster within the same gene. appears to be expressed at high levels in all leukemic cell
In addition, samples from patients 9 and 10 (Fig. 6B) types. The 3.2-kb mRNA is the predominant band and
represent DNAs isolated from the same patient in acute appeared in all samples tested. No additional bands were
phase and in remission. A rearranged band was found in the observed in the other APL RNA sample (lane 7). Since the
acute-phase DNA sample but not in the remission sample. additional band in lane 6 did not appear to be a sharp band,
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10 20 30 40 50 60 70 9o 90 100 110 120
GCGGAGGAGGiAGTTCCAGTTTCTGCOCTGCCA.ATGCCAGGCGGAAGCCAAGTGCCCGAAGCTGCTGCCTTGTCTGCACACGCTGTGCTCAC,ATGCCTSOGGGCGTCGGGzATGCA
Al aGl uGluBl uPh-GI nPh-L uArqCys9l nGl nCysGl nAl 61 uAl aLysCysProLysLwuLeuProCysLeuHi sThrL.uCysSerGl yCysLuGI uAla9rGlMytl n 40

130 140 150 160 170 18O 190 200 210 220 230 240
TGCCCCATCTBCCAGBCGCCCTG,GCCCCTABGTSCAGACACACCCOCCCTGGATAAC6TCTTTTTCB - TCTGCA4;CGGC6CCTGTCSGTGTACCGGCAGaTTGTG6ATGCGCAGGACT
CysProl 1*Cys-B nAl aProTrpProLwuGl yAl aAspThrProAl aLuAspAmnV-l Ph-Ph8luSorLuuGl nArgArgLuuS.rValTyrArgGlnI leVal AspAl aG1 nAla 80

250 260 270 280 290 300 310 320 330 340 350 360
GTGTGCACCCGCT13C GAGTCGBCCGACTTCTGGTGCTTTGA(3T6C6AGCAGCTCCTCT CCAABTGCTTCArGCAACZCA TGTTCCTCAASC AGCCCOCCCCTAGCA
ValCysThrArgCysLysGluS rAlaAspPh.TrpCysPhsGluCysGluGlnLsuLuuCysAlaLysCysPheGluAlaHi s6nTrpPhuL.uLysHis91uAlaArgProLeuAla120

370 380 390 400 410 420 430 440 450 460 470 490
GAOCGCTBCACACCABTCGBTGCGTGAGTTCCTOGAC a^twa,rACA4CTTCT6CTee4 4FSCACCCCTACGCTGACCAGCATCTACTBCCGAGGATGT
61uL.uArgAsnBlnSwrValArgGluPhwLuuAspGl yThrArgLysThrAsnAsnIl PhsCy-S rAsnProAsnHi-ArgThrProThrLuuThrSerIleTyrCysArg6lyCys160

490 500 510 520 530 540 550 560 570 590 590 600
TCCAAGCCGCTGTBCTG3CTCGTGCCGCGTCCTTGACABCAOCCACAGTGABCTC^AATGGAorATCAGCOCAGAGATCCAOCafaAGGSCbEAGfECTGGAC6CCATBAC6CAe66cGcTB
S6rLysProLduCysCysSerCysAlaLeuLuuAspS rS6rHisSur6luLmuLysCysAspI1-SerAlaul 1BsGlnG6nArgGlnGluGluLsuAspAl.etThr8lnAlaLeu200

610 620 630 640 650 660 670 690 690 700 710 720
CABGABCA6BATABTGCCTTT<<C -GGTTCACGCz3CAGAT ----C BCBTCBGCCA13CTGGGCCCGC13GCBTeCWCCGAbCSABAGCTGATCCECGSTCOCCABSiTGOTA
G1 nOl u6lnAspSsrAl aPheGl yAlaVal Hi sAl GInMutHi sAl A1 aValGl ylnLeuOryArgAl ArgAl 91 uThr8lu6luLuuI 1 eArgOl uArgValArgGlnVa1 Vsl 240

730 740 750 760 770 780 790 800 810 820 830 840
GCTCACGTBCCSCTCAGGSBCAGCTGCTBABCGTBACTTTBaCATCG >TACTAbAGTTCXCATB"COTGCTACCTOGTBCTGTCTOCABATCCB3C
AlaHi sValArgAl 91 nGluArg61 uLsuLeuGi uAl aValAspAl ArgTyr9lnArgAspTyr8l uBluMetAl aSrArgLuuGl yArgLuuAspAl aValL-uBlnArgIlArq 280

850 860 870 99o 990 900 910 920 930 940 950 960
ACGS311CABCCOTBTGCABABeT CBBAeTGCTACCGCTTTECTTeACATT13CBTTTCCTOCCAB T TOCOCTBCGCCATe:CG=A6ABCT8
ThrBl ySrAl aLuVl9G1nArgMstLysCysTyrAl a8rAspGlnGluValL.uAspMstHi B1 yPhuLuuArgBlnAl LuuCysArgLeuArgBlnGluBluProGlnS&rLuu 320

970 980 990 1000 1010 1020 1030 1040 v 1050 1060 1070 1080
CAABCT13CCGTIDCGCACCGATGBCTTCGAC3MTTCAABBT CTBCABBACCTCAIICTCTTGCATC TOA3CTBTATCCAAAAC UT43ZAACTC
GInAl aAl aVal ArgThrAspBlyPheAsp8l uPh.LysVa1 ArgL uGlnAspLsuSmrS9rCysIlThrBlnGl yLysAspAl A1 aVal SrLysLy-Al aSerProOl uAl Al*360

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
AG3CACTCCCrASSMCCTATACTT6ACCTTCCBACCTA,CACA6A4BT6AA4 ATTCABCCGBCT61iTGCTGAAGCCCtCTATb;T1TGTTACABTCABTGCCC
9.rThrProArgAspProl 1 AspVlAspL.uProGluGluuAl .B1uArgValLysAl aG1nV.G11 nAl aL.uBlyLuuAl*1 uA1Gl nProlItAl*V-1V-1GBnSinrValPro 400

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
G88ACACCCBTTBACTGTACTCCTTCTCCATCAAOCCTCTTSOGGTCC ATTCTCCAATAt TOC tCA3CCABT6MCCACrAA

91 yAl aHi sProValProVal TyrAl aPheSer l LySl yProSsrTyrBl y81 uAspValSurAsnThrThrThrAl .91 nLysArgLysCys.r91 nThrGlnCysProArgLys 440

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
9TCATCAA9AT9 TCT TTBCTCGACTACCTCCAA9CA9TCTCACCAACCCACCT9AT9ACC6CCTA6C
V-1Ia LysMtBluSmrBl uGluBl yLysGluAl aArgLsuAl aArgS9rSwrProBluBInProArgProSrThrS9rLysAlaV-lSurProProHisLsuAspBl yProPro8w 480

1450 1460 1470 1480 1490 1500 1510 P520 1530 1540 1550 1560
CCCA99A6CCCC8TCATA99AA9T6A88TCTTCCTC- CACACC TBCCA9T99C9C TT9T99TGATCACTACTC69AACTCA9AT9CC
ProArg9urProVal 11.61 yS r91 uVal PhsLouProAsnssrAsnHi sValA1.9r91 yAl .91 y8luAl aBlu61uArgVa ValVal I1eSurS rSerGluAspS.rAspAla S20

SpSP 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1660
CAAATCBT8 TOACCC9AT13A3ACCCAWCATCATCCTCA TCCTCWCACCATCCTa9tCCAGCCCTCCTCZ3CCABTCCA BTCTCT8COAACACA
BluAsnSsrCysMttluProMetGluThrAl.BluProGi n9.rSrProAlaHis9ur9urProAl aHisSrSrProAl Hi sSrSrProVal9lnSrLLuLnuArgAlIain 560

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 l900
ICCGTCC13CCTBCCTGTl#CACATACACC4CCCCACTTBCTCTCCCCACACC9CT4AOACTTABCCATCWCCCCBTTlCTTACAACGGC4TCCTCCTAT GA
GlyAla9SrgerLsuProCys8lyThrTyrHisProProAlaTrpProProHis91nProAlaBlu91nAlaAlaThrProAspAlaluProHi s&rGluProProAspHisGInsiu 600

1810 1920 1830 1940 1950 1960 1870 1980 1990 1900 1910 1920
C9CCCT9CC6TCCAcCCT999ATCC9CTACCT9TT9T T TTCW.CATB TCCCCTTOCACCCTCAATTBCATCCCCCTATTC6eACTTBBTCT
ArgProAl aVa-HisArgel yIl1ArgTyrL.uL uTyrArgAl aSInArgAl *l11ArgLuuArgHi sAl aLuArgLuHi sProSInLeuHi sArgAl aProl leArgThrTrpSr 640

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
CCCCATBT6BTCCA CCACCTCCTCATCA3CAOCCCTCAACCATCCTOCCAAT--- GeicTCCTGCCBCTrCAAGSCAT 36A ACC6TCABG61
ProHisVl V-alBlnAl SerThrProAl. 1leThr8lyProLAuAsnHi sProAlaAsnAl .91 n9luHi sProAl aGBnLouGlnArg9ly llSerHi sProThr9l yTyrGi uGIy680

2050 2060 2070 2090 2090 2100 2110 2120 2130 2140 2150 2160
CT3TSCATCCCWAGCGTCCTC03t3@ECTCCTCCCATTTATCCA4Tl"CTCAAAACTTTTTTzTCCCCTP-TTCTCCTCCATO#3TTCCACTTZ3ACATlBTCTTCCliTGBTGGG
LsuCysAspProAl aAl aAlaProProOl yLuuLeuProPhellProValAla6In9lnLsuPhuCysProProLduLsuLsuHisSl yPhProAl aEnd 713

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
_TCTTG6^CTCAGTTTTTCCCCT16ATCTTCTBCTCCAT TCTCAATCCATCCTCTATCTCCAATTTTCCC

2290 2300 2310 2320 2330 2340 2350 2360 2370 2360 2390 2400
CCACCCTTB -----TCCCATrr8CTTlTCTACCCTTCTCTTB TAACCTT ACCCCTBCCCGB CCCCTGA

2410 2420 2430 2440 2450 2460 2470 2490 2490 2500 2510 2520
GCTBCCTCCTCCA CCCCAT BCTCTTA6ACCCT6CCAASTA ACTCATTAA TTCTTOOTTAAS AATeSTAACAA eAATGB CTAT 6CATCoACTCT _TO

2530 2540 2550 2560 2570 2590 2590 2600 2610 2620 2630 2640
98TCTTCTCTCTASA :TAACATS9CT9A9ATTCAA9CCACCATTCA9CcTCTTTT TTCTTCACCCTTBCACTCTCCT9T8T rCTeA9TCC

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
CTG6CCAATAC CCTTCCATCCCCCCACCAA3CTCTCCACTAB eCCTCTC TCTAA CTBA 6CA CTCT CACCT6G CAGATGTGI

2770 2780 2790 2800 2810
CTBCTCBTL9CACTTGTT8AACCATC--_

FIG. 3. Nucleotide sequence of the myl cDNA pMYL211. Numbers on top of each line indicate nucleotide positions. Numbers on the right
indicate positions of the last amino acid on each line. The polyadenylation site AATAAA is underlined. Sp indicates the position of alternative
splicing. The underlined region from nucleotides 1114 to 1257 is not found in p1715.
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to GGCGCCGGGGAGGCAGGTAGGGAGAGGAACGCG

2. GGCGCCGGGGAGGCAGAGGAACGCG

3' GGCGCCGGGGAGGCAGGTAGGGAGGTGGGTAGGGCAG---
----1e5KB----CCCCTTCCCCGTTTCAGAGGAACGCG

FIG. 4. The additional 8-bp DNA sequence found in the cDNA
of p1715 is a result of alternative splicing. Line 1 shows the DNA
sequences of p1715 between nucleotides 817 and 849 (Fig. 2). Line
2 shows the homologous DNA sequence from pMYL211, between
nucleotides 1501 and 1525 (Fig. 3). Line 3 shows the genomic DNA
sequence of the intron/exon junctions within this region. The 8 bp
involved in the alternative splicing are underlined.

the Northern blot was repeated (Fig. 7C). An abnormal band
of 2.6 kb was then clearly visible (lane 3). The Northern blot
in Fig. 7A was stripped and rehybridized to the 32P-labeled
probe of pRAl (Fig. 7B). The two RARA mRNA species of
2.7 and 3.7 kb were detected in all samples tested. In lane 6,
containing a sample from an APL patient, two abnormal
mRNA species of 4.2 and 3.2 kb were found. Since the pRAl
cDNA consists of about 520 bp of exon 2 of the RARA gene,
a 2.6-kb abnormal mRNA should be detectable. However,
failure to identify it may be explained by its comigration with
the 2.7-kb normal RARA mRNA. In a second APL patient
(lane 7), two abnormal mRNAs of 4.8 and 3.8 kb (slightly
overlapped with the 3.7-kb normal band) were found. Sam-
ples from both APL patients tested in this Northern blot were
analyzed for RARA gene rearrangement. The breakpoint for
both patients was localized to intron 2 (data not shown). This
observation indicates that the difference in the sizes of the
abnormal mRNAs from the two APL patients was the result
of different breakpoint sites on chromosome 15.

Since the myl cDNA probe isolated from p1715 did not
hybridize to any of the abnormal mRNA species detected by
the RARA cDNA (Fig. 7A through C), the 4.2- and 3.2-kb
mRNAs detected in lane 6 and the 4.8- and 3.8-kb mRNAs
detected in lane 7 may represent hybrid myl/RARA mRNA
rather than RARA/myl RNA. In addition, the size difference
of the two abnormal mRNAs from the two APL patients was
1 kb, similar to the size difference of the two normal RARA
mRNAs (3.7 and 2.7 kb). Our sequence analysis ofpRAl (Fig.
1) at the 3' end indicates that a second polyadenylation site is
used by the RARA gene, in contrast to what was previously
reported for cDNA sequences (22, 37). Recently, it was
reported that a single transcription start site is used by the
RARA gene (5). Therefore, different polyadenylation sites
may have resulted in the two different RARA mRNA species.

Detection of the two different fusion transcripts RARA/myl
and myl/RARA in APL. To conclusively prove that both
fusion transcripts RARA/myl and myl/RARA are expressed
in the same APL patient, two sets of oligonucleotide primers
were designed to amplify the fusion junction of the hybrid
mRNA by PCR. RNAs from three APL patients were
analyzed. As shown in Fig. 8A, primer set R5/D4 amplified
an expected DNA fragment of 760 and 620 bp in three APL
samples. Sequence analysis of the amplified DNA fragments
confirmed that these DNA fragments were derived from the
fusion junction of the RARA/myl mRNA (Fig. 8B). The two
amplified DNA fragments differed by approximately 140 bp;
this is the result of alternative splicing (Fig. 3, nucleotides
1114 to 1257). Sequence analysis of RARA/myl mRNA as

1 4 6
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10 11 12
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FIG. 5. Chromosome assignment of the myl gene sequence of
p1715. A 1.2-kb cDNA fragment obtained from PCR amplification
(nucleotides 504 to 1704 of p1715) was oligolabeled to 109 cpm/Ipg
DNA and hybridized to the chromosome-specific DNA dot blot as
described in Materials and Methods. (A) Positions of chromosome
spots of each filter disc. (B) X-ray autoradiograph of hybridized
filters. Arrow indicates the specific hybridization of the unknown gene
sequence to the chromosome 15 spot. An additional signal fell outside
the chromosome 3 or 4 spot and is thus not a hybridization signal.

shown in Fig. 8B indicates a clear sequencing tract in all four
lanes. However, the sequencing tracts beyond nucleotide
1113 (Fig. 3) become unreadable, presumably due to the
overlapping of two different sequences (data not shown).
Primer set R2/1SU1 amplified aDNA fragment of 1.2 kb in all
three APL RNA samples. DNA sequence analysis confirmed
that the PCR amplified a DNA fragment derived from the
hybrid mRNA of myl/RARA (Fig. 8B). Our results conclu-
sively prove that both RARA/myl and myl/RARA mRNAs
were coexpressed in all three APL patients.

It appears that, in APL, translocation breakpoints result in
two different hybrid gene structures. A scheme which illus-
trates the expression of normal and fusion transcripts of the
RARA and myl genes in APL is outlined in Fig. 9. In one, the
RARA gene promoter is upstream of the myl gene. Tran-
scriptional control by the RARA promoter element results in
a hybrid mRNA consisting of exons 1 and 2 of the RARA
gene, which is truncated downstream by the myl gene
(RARA/myl or p1715 in this report). In the other, the myl
gene promoter is upstream of the RARA gene. Transcrip-
tional control of the myl gene results in a hybrid mRNA
consisting of the 5' portion of the myl gene truncated
downstream by exons 3 to 9 of the RARA gene. In this
instance, the use of the two polyadenylation sites should not
be affected by the translocation (the 4.2- and 3.2-kb or the
4.8- and 3.8-kb abnormal mRNAs found in Fig. 7, lanes 6 and
7, in this report or the fusion gene as reported by de The et
al. [15]). Both the RARA and myl genes are expressed at
high levels in hematopoietic cells, and both promoter ele-
ments apparently remain active after translocation.

DISCUSSION

The translocation breakpoint t(15;17) of APL transcribes
two different types of hybrid mRNA. We have identified and

VOL. 12, 1992



806 CHANG ET AL.

B2
4 5 6 7 8 9H 1

Bm
2 34 56 7

_-

S.~~~~~~~~~~~~~~~~~~~~:.

w ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.k;.

.11m 4.

. .~~~~~~~~~~~~'

-16.0

- 8.4

4L- - 5.3
- 4.2

- 2.7

B Bm Rl
1098109 8

23.0-

9.7.

6.6

4.3-
*X*S~~~- OX-.

4..

7 6 5 4 3 2 1
Bm H3 BmH3 I31H3 BmH3 Bm H3 BmH3 BmH3

-,,A _ o_ -23.0

_ 6.6
low -: ..f' mw lo

- 4.3

2.3-
2.0-

- 2.3
- 2.0

VW :@*. P.

* 0* *

FIG. 6. Southern blot analysis of 17 APL DNA samples with myl gene probe. Ten micrograms of each DNA sample was restriction
digested with BgII (B2), BamHI (Bm), HindlIl (H3), or EcoRI (R1), electrophoresed on a 0.75% agarose gel, transferred to a Nytran
membrane, and hybridized to an oligolabeled 1.2-kb probe as described for Fig. 5. (A) Samples 1 to 7 and 9 are from APL with the t(15;17)
breakpoint, and sample 8 is from APL with a 17q- abnormality; H represents DNA isolated from human leukemia cell line HL-60. (B) DNA
samples 1 through 9 were obtained from t(15;17)-positive APL. Sample 10 is the remission sample of patient 9. Rearranged bands are indicated
by arrows.

characterized a cDNA (RARA/myl) encoded from the non-
random translocation breakpoint t(15;17)(q22;q21) of APL.
This cDNA represents the hybrid mRNA regulated by the
promoter element of the RARA gene, which is different from
the myl/RARA fusion gene reported by de The et al. (15). We

have demonstrated that both RARA/myl and myl/RARA
fusion transcripts are coexpressed in three different APL
patients. This suggests that two different types of hybrid
messages are transcribed following the t(15;17) transloca-
tion, one from each of the reciprocal translocations. This

A
1 2 3 8 9H

Kb
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A B C
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FIG. 7. Northern blot analysis of poly(A) RNA isolated from different leukemia patients. In panels A and B, lanes 2 through 10 contain
RNAs isolated from acute myelogenous leukemia (AML) samples. Lanes: 1, HL-60 RNA; 2, chronic lymphocytic leukemia; 3, acute
lymphoblastic leukemia; 4, acute monoblastic leukemia (AML-M5); 5, acute myelomonocytic leukemia (AML-M4); 6 and 7, APL (AML-M3);
8, AML with maturation (M2); 9, AML without maturation (Ml); 10, acute undifferentiated leukemia (AML-MO). Designations of different
AML are according to the FAB (French-American-British) classification (2). Panel A shows hybridization to the 32P-labeled PCR-amplified
1.2-kb probe of myl cDNA, and panel B shows hybridization to the pRAl cDNA probe. Panel C is a repeated Northern blot of panel A.
Samples 1, 2, 3, and 4 are the same samples as 10, 9. 6, and 5, respectively. The upper parts of each panel show the same filter hybridized
to a 0-2 microglobulin cDNA probe (47).

finding differs from those of previous studies on other
translocation breakpoints related to hematologic neoplasia,
where only one of the translocated genes was transcription-
ally active and only one type of hybrid mRNA was found
encoded from the breakpoint region (18, 21, 25, 40, 45).

Molecular pathogenesis of t(15;17) translocation breakpoint
in APL. RA is a morphogen, as demonstrated in chick limb
experiments (7). Since RA can interact directly with RARA
(42), RARA may be the key element in regulating RA
concentration in the nucleus to achieve differentiation and
development. In APL, the translocation breakpoint splits
exons I and II from exons III to IX of the RARA gene.
The fusion cDNA RARA/myl consists of the first and

second exons of the RARA gene. Recently, alternative
splicing of the mouse RARA gene has been found, and
several different cDNA molecules with different 5' end
(exons I and II) sequences have been isolated (31). This
finding indicates that exons I and II of RARA are important
for a specific function. The first 59 amino acids of the
predicted fusion protein were derived from the RARA exon
II. This portion of the protein is believed to be involved in
transactivation and target gene specificity (43). The finding
of an additional 8-bp sequence in the p1715 cDNA as a result
of alternative splicing is particularly interesting. We have
shown that RARA/myl fusion transcripts with and without
the 8-bp sequence exist in the APL RNA sample. Thus,
RARA/myl with the eight additional nucleotides will be
translated into a short fusion protein with a molecular weight
of 18,500 due to a switch of the reading frame. RARA/myl
without the 8-bp sequence would be able to encode a
polypeptide of 382 amino acids with a molecular weight of
about 40,000. Recently, we have identified two different myl
cDNAs with additional 29- and 640-bp sequences (unpub-
lished data) at nucleotide 1568 (Fig. 3). These additional
sequences also result in an early translation stop of the myl
mRNA. Alternative splicing of the myl gene appears to be a

complicated process. We have now identified 20 cDNA
clones of myl. Characterization of these clones and the myl
genomic DNA will help us understand the mechanisms of
alternative splicing of the myl gene. We found several
cysteine-rich regions between amino acids 10 and 44, 82 and
105, and 142 and 180 (Fig. 3) which resemble a zinc finger
motif found in a new family of DNA-binding proteins (20). In
addition, a putative leucine zipper sequence was found
between amino acids 164 and 200 (Fig. 3). On the basis of
these findings, it was postulated that myl may be a transcrip-
tion factor (16, 27). The biological function of myl is cur-
rently unknown; however, the extensive alternative splicing
mechanisms suggest an important functional gene.
The hybrid myl/RARA mRNA detected in this report and

by others (13, 15, 34) consists of exons III to IX of the RARA
gene and contains the complete DNA- and RA-binding
domains (22, 37). The fusion transcript myl/RARA can be
translated into a polypeptide with a molecular weight of
about 83,000. Approximately 200 amino acids on the NH2-
terminal end are derived from the myl protein. Since the
DNA- and RA-binding domains remained intact, replacing
the NH2 terminal of RARA with a much larger peptide may
have altered the properties of RAR function and may result
in its becoming oncogenic. The tumorigenic potential of the
myl/RARA cDNA will be investigated in the future to
elucidate this possibility.
The most important issue is the pathogenic events that

lead to the leukemogenesis of APL. APL is a clonal prolif-
eration of promyelocytes, and the t(15;17) translocation is a
consistent feature of this disease. Recently, all-trans RA has
proved capable of producing complete remission in a signif-
icant number of APL patients (9, 12, 26). The interpretation
of this clinical observation could be explained if the t(15;17)
translocation breakpoint in APL partially impairs the normal
function of RARA, because translocation results in the
production of a nonfunctional RARA. When APL patients
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FIG. 8. Detection of fusion transcripts RARA/myl and myll
RARA in APL. Primers R5 and D4 (nucleotides 258 to 278 and 869
to 887 [Fig. 2]) are designed to preferentially amplify the RARA/myl
mRNA. Primers 15U1 (nucleotides 894 to 912 [Fig. 3]) and R2
(nucleotides 1288 to 1308 of RARA [22]) are designed to preferen-
tially amplify the myl/RARA mRNA. The fusion transcripts were
amplified by reverse transcriptase-PCR as described in Materials
and Methods. (A) Two DNA fragments of 770 and 630 bp (0.77 and
0.63 bands) were amplified in all three APL samples by using
primers set R5/D4. A single band of 1.2 kb (1.20) was amplified in the
three APL samples by using primer set 15U1/R2. M, HindIlI-
digested lambda DNA size marker. (B) Sequence analysis of the
PCR-amplified DNA fragments. Internal primers Rl (nucleotides
443 to 467 [Fig. 2]) and R4 (nucleotides 446 to 465 of RARA [22])
were used to sequence the fusion junctions of RARA/myl and
myl/RARA, respectively. The exact sites of the fusion junctions are
indicated by arrows. As indicated, RARA/myl was sequenced from
5'-*3' and myl/RARA was sequenced from 3'-*5'.

are treated with all-trans RA, high concentrations ofRA may
overcome the RARA deficiency, possibly by saturating the
RARA-binding sites and enabling the delivery of a higher
concentration of RA into the nucleus. Recently it was
demonstrated that cellular retinoic acid binding protein
(CRABP) plays a role in mediating the RA concentration in
cells (4). All-trans RA treatment of APL may have abol-
ished the normal function of cellular RA-binding protein
allowing an uncontrolled level of RA to be available in the
nucleus. Differentiation of the proliferative promyelocytes in
APL can then be achieved. Recently it was reported that the
myl/RARA fusion protein can act as an RA-inducible tran-
scription factor with transactivating properties different from
those of RARA (16, 27, 36). From these studies, it was
postulated that myllRARA is a dominant negative oncogene
product which inhibits expression of RA-responsive genes,
thus interfering with promyelocyte differentiation in APL

RARA/MYL, p
2.6kb

4.2kb L _
MYL/RARA

3.2kb

FIG. 9. Schematic representation of the expression of genes
involved in the translocation breakpoint t(15;17) in APL. Solid
boxes indicate the DNA- and RA-binding domains of the RARA
gene. Solid inverted arrowheads indicate the locations of the break-
point sites of the RARA and myl cDNAs. Locations of the DNA-
and RA-binding domains were determined as reported by Giguere et
al. (22).

(16, 27). However, experimental data supporting this hy-
pothesis is currently unavailable.
Our results demonstrate that two different types of hybrid

mRNA are transcribed from the t(15;17) translocation break-
point. Although the hybrid mRNAs transcribed from trans-
location breakpoints have been shown to have oncogenic
potential (8, 25), we do not yet have any information on the
oncogenic potential of the hybrid messages in APL. We have
shown that the myl gene is expressed in all leukemia cells
tested, and it has been proposed to encode a transcription
factor (16, 17). It can be hypothesized that partial inactiva-
tion of this gene as a result of the translocation could also
have deleterious effects on cell differentiation. Future stud-
ies on the functional role and the genomic organization of the
myl gene along with its involvement with the RARA gene in
the t(15;17) translocation breakpoint will contribute to our
understanding of APL pathogenesis.

ADDENDUM

After submission of this manuscript, Pandolfi et al. (36),
Kakizuka et al. (27), and de The et al. (16) reported the
characterization of the myl/RARA (or PML/RARA) fusion
transcript and of the normal myl (or PML) cDNA.
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