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Abstract

Previous studies using cloned lines of Adriamycin-sensitive and -resis

tant P3S8 murine leukemia cells have suggested that a reduction in DNA
topoisomerase Ila (topo Ila) enzyme activity and protein levels in drug-

resistant cell lines (A. M. Deffie, J. K. Batra, and G. J. Goldenberg, Cancer
Res., 49: 58-62, 1989) may be due to an allelic mutation in the topo Ila

gene (A. M. Deffie, D. J. Bosnian, and G. J. Goldenberg, Cancer Res., 49:
6879-6882, 1989). The drug-resistant cell lines P388/ADR/3 and P388/

ADR/7 express a shortened topo Ha mRNA transcript in addition to the
native transcript present in the drug-sensitive P388/4 cell line. Using
complementary DNA probes derived from the coding sequence and 3'

untranslated region of the native mouse topo Ila transcript, we have
determined that the shorter 4.5-kilobase topo Ila transcript expressed in
the drug-resistant cell lines contains only 3.5-kilobases of topo II sequence
from the 5'-terminus onwards. Using a 3'-rapid amplification of cDNA
ends strategy, we have cloned cDNAs representing the 3'-termini of both

the native and mutant transcripts from both P388/ADR/3 and P388/
ADR/7 cells. DNA sequence analysis revealed that the shorter 4.5-kilobase

transcript: (a) encodes topoisomerase Ha until nucleotide position 3494,
at which point the sequence diverges for the remaining 956 bases; (/>}
contains a polyadenylation signal distinct from the native transcript; and
(c) contains an open reading frame predicting a truncated topo Ila fusion
protein. Of great interest was the finding that the non-topo Ila 956-base

sequence in the shorter transcript encodes the promoter, exon I, and part
of the first Â¡ninniof the murine retinole acid receptor a gene locus in the
antisense orientation, suggesting that a rearrangement on chromosome 11
in the drug-resistant cells led to a gene fusion event between the loci

encoding topo Ila and retinole acid receptor a.

Introduction

DNA topo Ila3 is a common target for many antineoplastic agents,

including anthracyclines, epipodophyllotoxins, and acridines. Altered
activity and/or reduced levels of topo Ila have been associated with
cell lines selected for resistance to topo II-interactive drugs (1). In
duction of resistance by topo Il-derived genetic suppressor elements

(2) and reversion of drug resistance by transfection oiDrosophila topo
II (3) have provided direct evidence that resistance can be mediated by
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quantitative and qualitative changes in topo II enzyme activity. Sev
eral recent reports have proposed that point mutations in the topo Â¡la
gene are responsible for the appearance of drug-resistant forms of the
enzyme (1, 4). Other studies (5-8) have suggested that allelic rear

rangements in the topo Ila gene may be responsible for decreased
expression of native topo Ila or the expression of drug-resistant forms
of the enzyme. Previous studies have shown that both ADR-resistant

P388/ADR/3 and P388/ADR/7 cell lines contain reduced topo II en
zyme activity and reduced a-isoform gene product (9). ADR-resistant

P388/ADR/3 and P388/ADR/7 cell lines contain allelic rearrange
ments of the topo Â¡la gene that may be responsible for decreased
native mRNA encoding topo Ila as well as the appearance of a novel
shorter transcript in P388/ADR/3 and P388/ADR/7 cells (5). Here we
report that rearrangement of the topo Â¡Â¡aalÃelein the drug-resistant
cells occurs in the 3'-terminal portion of the gene and that the corre

sponding mutant transcript is capable of encoding a novel fusion
protein of predicted Mr 127,000 containing topo Ila amino acid se
quence from residues 1 to 1148 followed by 31 residues of novel
amino acid sequence. Of great interest was the additional finding that
the 3'-terminus of the shorter fusion mRNA was transcribed from the

promoter, exon I, and part of the first intron of the murine RARa gene
locus (10) in an antisense orientation. Taken together, these findings
suggest that a rearrangement on mouse chromosome 11 resulted in a
topo IlaIRARa gene fusion event that has disrupted one alÃeleof both
the topo Ila and RARa genes in ADR-resistant murine leukemia P388

cell lines.

Materials and Methods

Cell Lines and Cultures. Cloned cell lines of ADR-sensitive (P388/4)
and -resistant (P388/ADR/3 and P388/ADR/7) leukemia cells were maintained

as described previously (5, 9).
Cloning of cDNAs Encoding Murine Topo Ha 3'UTR. A 5'-stretch

cDNA library (Clontech, Palo Alto, CA) constructed in Ã€gtll from cDNA
derived from the B-cell lymphoblastoid cell line A-20 was screened using
standard methodologies (11); probes were derived from the 5.6-kilobase cDNA
insert from pBShTOP2 encoding a full-length cDNA of human topo Ila which

was kindly provided by Dr. J. C. Wang, Harvard University (12). Purification
of positive plaques and subsequent DNA preparation from liquid lysates as
well as restriction endonuclease and Southern blot analysis were performed
according to standard techniques (11). DNA sequencing from cDNA fragments
subcloned into pBluescript II KS+ (Stratagene, La Jolla, CA) was performed

with a Sequenase v2.0 kit (United States Biochemical, Cleveland, OH) ac
cording to the manufacturer's directions using vector-driven and sequence-

specific primers (Biotechnology Service Centre, Hospital for Sick Children,
Toronto, Canada). Sequence data was compiled and analyzed using the Uni
versity of Wisconsin Genetic Computer Group program (13).

RNA Isolation and Amplification of Topo Ha from P388/4 Cells. Poly-
(A)+ RNA was isolated using the FastTrack mRNA isolation kit (Invitrogen,

San Diego, CA) from exponentially growing drug-sensitive P388/4 cells. Mu
rine topo II cDNAs spanning the entire coding region and 3' UTR region
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were generated from P388/4 polyadenylated RNA using Superscript reverse
transcriptase (GIBCO BRL) in combination with either oligo(dT) or gene-
specific primers, followed by PCR amplification (Fig. 1ft) using Taq polym-

erase (Perkin-Elmer-Cetus, Norwalk, CT). PCR products were cloned into
pBluescript II KS+ (Stratagene) and sequenced to confirm their identity.

Northern Analysis. Between 1-2 Â¿igof poly(A)+ RNA isolated as de

scribed previously from P388/4, P388/ADR/3, and P388/ADR/7 cells was
electrophoresed in 1% formaldehyde-agarose gels and transferred onto Hy-
bond-N filters (Amersham, Arlington Heights, IL) according to the manufac
turer's instructions. RNA was fixed to the filters via UV irradiation (UV

Cross-linker; Stratagene). All filters were prehybridized and hybridized at
42Â°Cas directed by the manufacturer. Filters were washed under high strin
gency conditions, and autoradiography was performed at -70Â°C with intensi

fying screens.
Southern Analysis. Genomic DNA was extracted from cultured cells ac

cording to standard methodologies (11). Equivalent amounts of DNA (10 Â¿ig)
were digested to completion with BamHl, Pvull, or Stul and electrophoresed in
0.7% agarose gels. Southern transfer onto Hybond-N filters (Amersham),
prehybridization, hybridization at 65Â°C,and high stringency wash conditions

were performed as directed by the manufacturer.
Western Analysis. Western analysis of crude nuclear extracts or whole cell

lysates was performed as described previously (9) except that immunodetec-

tion was performed using enhanced chemiluminescence (Amersham, Arlington
Heights, IL). Monoclonal and polyclonal antibodies specific for topo Ila were
generously supplied by G. C. B. Astaldi Ricotti (18) and Fred H. Drake (19),
respectively.

3'-End Amplification and Characterization of Topo Ila cDNAs from
P388/ADR/3 and P388/ADR/7. The amplification of the 3'-termini of native

and mutant topo Ha transcripts was performed essentially as described (14),
except that reverse transcription was performed using 2 units of Superscript
reverse transcriptase (GIBCO BRL), and amplification was anchored using the
topo Ha primer 5'-CGAACGTGGACTCAGAC-3', corresponding to nucleo-

tides 2831-2847 of the mouse topolla GENBANK sequence (15). Five-ftl
aliquots of amplification products were separated by agarose gel electropho-
resis, transferred to Hybond-N (Amersham) filters, and hybridized at high
stringency as previously described using a 384-base pair Sstl fragment of
mouse topo Ila cDNA, corresponding to nucleotide positions 3120-3504 (15).

The remaining amplified DNA was then extracted using Glassmilk (BIO 101,
San Diego, CA) digested with Xba\ and dal and separated by agarose gel
electrophoresis. Regions of the gel containing PCR products of the desired
length were isolated, and the DNA was re-extracted using Glassmilk (BIO 101)
and cloned into Bluescript II KS+ vector (Stratagene). Plasmids with topo Ila

cDNA inserts were identified by colony lift hybridization (11) using the 384-

base pair cDNA probe described previously. Restriction endonuclease analysis

Fig. 1. (a) Complete cDNA sequence of the
mouse topo Ila 3'-UTR. Predicted stop codon and

polyadenylation site shown with single and double
underlining, respectively. Numbering on the right,
continuation of the current GENBANK positioning
for mouse topo Ila (15). (/>) Partial restriction map
of mouse topo Ila cDNA showing coding sequence
as while and untranslated sequence as shaded re
gion. Alignment of topo Ila PCR products I-VI
generated by RT-PCR from P388/4 RNA are de
picted underneath. (i-) Table listing postions of oli-

gonucleotide primers used to generate PCR prod
ucts from P388/4 RNA. All nucleotide positions
correspond to the GENBANK positions for the
published mouse topoisomerase cDNA sequence
(15).

S TGAGGCAGAAGAGATTGTTTTAGGGAT 4660

GGTTTTACGGAGCCAGTTTTATAGGTAGAATTCGGTCATATAGAACTGGTTAGTTCTAGT 4720

ACAGATACAGTGCTCAACCTCTGACGTGATGCATTTTGTTTAAGCCATGAGAAGTTGCTC 4780

GTACCTTTTGAACATCGGAGGCTGGAGAAAGTCACCTTGACTGTGTCTTTATGACTCAGC 4840

ACAAGCAGCAAGGTGAGGAAAGTTAGGTCAGTTACGTAGAGTACTGACTCTACTCGGGAT 4900

GCCTTCCCAACACGAGATCCCTGGGAGGAGGCAUGACTGCTCACGGTTACATCTCCAGGA 4960

TCAACCAGGAAGTGGGATCCATTGCAGATCTCCATAATTCCAACTTGTGACTTGCCAAGA 5020

CCTTCTGTGCTGTTGTCTCTTATTTAAGTGCTGTTATCAATGTCTTTTGTAAATATTTAA 5080

TATGTCTGTCTGTTCCGCTAATTCCAACTATTTTGTACTTTAATAAATCTTCTAAAC (A*â€ž) 5137
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was carried out on plasmid DNA prepared by the alkaline lysis method (11).
Mini-prep DNA was sequenced using Sequenase v2.0 (United States Bio

chemical). Sequencing was performed on DNA isolated from either individual
positive colonies or pools of up to 30 positive colonies. In order to eliminate
PCR misincorporation artifacts (16), positive clones from either the normal or
mutant transcript from each resistant cell line were combined for production of
a consensus sequence. Sequence analysis was performed as described previ
ously (13), and nucleotide sequence similarity searches were performed as
described (17) using the BLAST program and the National Center of Biotech
nology Information GENBANK database.

Results and Discussion

The recently published report of cDNAs spanning the entire coding
sequence of mouse topo Ila (15) was based on sequence data from
overlapping clones isolated from a random hexamer-primed cDNA
library, none of which contained a fully intact 3' UTR with a poly-
adenylation signal. To obtain the complete sequence of the 3' UTR for

murine topo Ila, an oligo(dT)-primed cDNA library was screened
with a full-length human topo Ila cDNA (12). Several partial cDNA

clones were isolated and characterized that contained a coding se
quence identical to the published mouse sequence (15) plus a fully
intact 3'-UTR sequence of 503 bases. PCR primers designed from the
published coding sequence and the determined 3'-UTR sequence were

used to generate overlapping cDNA clones spanning GENBANK
nucleotide positions +13 to +5107 of the mouse topo Ila from the
drug-sensitive cell line P388/4. As illustrated in Fig. 1, PCR primers

were designed such that they were located directly over or immedi
ately adjacent to convenient restriction sites to facilitate cloning. PCR
products designated IV, V, and VI were generated from cDNA reverse
transcibed from oligo(dT) primers, and PCR products I, II, and III
were generated from cDNA reverse transcribed from a gene-specific
primer corresponding to nucleotide positions 3176-3147. Sequence
analysis of all six products cloned into the pBluescript II KS+ dem

onstrated a sequence identical to the published coding sequence (15)
as well as the 3'-UTR sequence described above.

Northern and Southern analysis of drug-sensitive P388/4 and drug-

resistant P388/ADR/3 and P388/ADR/7 cells was performed using
PCR products I-VI as radiolabeled cDNA probes. All six PCR prod
ucts were labeled with [a-32P]dCTP and hybridized sequentially with
Northern blots of poly(A) + RNA from the drug-sensitive clone 4 and

drug-resistant clones 3 and 7 cell lines. Results of Northern analysis

using PCR I to PCR IV probes were identical and are represented in
Fig. 2a. A transcript of approximately 5.2 kilobases was expressed in
all three cell lines. The length of this transcript is in good agreement
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Fig. 2. Northern blot analysis of poly(A + ) RNA from the ADR-sensitive P388/4 cell
line and -resistant P388/ADR/3 and P388/ADR/7 cell lines with (a) topo Ilo PCR
products I-IV: (/>) topo Ila PCR products V-VI; (c) cDNA probe derived from non-topo
Ila sequence on mutant 4.5-kilobase transcript. ÃŸ-Actincontrol is shown immediately
below. Numbering on the righi hand siile offa)-(c), calculated size of the topo Ila mRNA
transcripts in kilobases. For figures (a) and (6), a representative Northern blot analysis is
depicted for PCR products I-IV and V-VI, respectively.

coh-S
Ã¤O

Qâ€¢Â»
<<CO

COCOBarn

HIÂ¿3

8i

o03CO

COPvullOÂ§ COâ€¢.JCO8Â£

gQ
O1

iÂ§Stul

- 23.1
- 9.4

- 6.6

- 23.1

9.4
- 6.6

Fig. 3. Southern blot analysis of genomic DNA from the ADR-sensitive P388/4 and
-resistant P388/ADR/3 and P388/ADR/7 cell lines with (a) topo Ilo PCR product I and
(/>) a 263-base pair Ncol fragment derived from PCR product III corresponding to
nucleotide positions 2320-2583. All cDNA probes mapping upstream of this Ncol frag

ment (including PCR product I) do not detect a rearrangement. Shorter restriction frag
ments are detected only in the BaniHl- and S/wI-digested DNA using this Nco\ fragment,
while cDNA probes mapping downstream detect shorter restriction fragments in all three
digests.

with the predicted length of 5137 bases plus a poly(A) tail determined
from the available cDNA sequence (15). In addition to the normal
transcript, a shorter transcript of approximately 4.5 kilobases was
detected in both resistant cell lines. A previous report (5) of Northern
analysis using human topo Ila cDNA probes described a 6.6-kilobase

normal transcript and a 5.5 kilobase mutant transcript. The transcript
lengths described here are considered more accurate since migration
of the transcripts was compared to that of an RNA Ladder (GIBCO
BRL) rather than to migration of murine 28S and 18S rRNA (5).
Results of Northern analysis using PCR V and PCR VI probes are
represented in Fig. 2b. PCR V and PCR VI probes failed to detect the
4.5-kilobase transcript present in the drug-resistant cell lines, suggest

ing that some or all of the sequence encoded by PCR V and PCR VI
(and present in the normal transcript) was not present in the mutant
transcript.

Smaller probes derived from PCR IV, PCR V, and PCR VI were
subsequently utilized for Northern analysis in order to delineate fur
ther the topo II sequence missing in the mutant transcript (data not
shown). These results indicated that only the first 3.5 kilobases of the
mutant transcript contained a topo Ila sequence, which seemed to
contradict the finding that the mutant transcript was only 0.7 kilobase
shorter than the normal transcript. A possible explanation for this
finding was that the 3'-terminal 1.7 kilobase of the normal transcript

missing in the mutant transcript is replaced by a 1.0 kilobase of
sequence other than topo II.

Southern blot analysis of P388/4, P388/ADR/3, and P388/ADR/7
DNA using equivalent probes suggested that a topo Ila alÃelein
drug-resistant clones 3 and 7 cells contained a rearrangement that

corresponded to the equivalent region missing in the mutant transcript
(Fig. 3). Shorter restriction fragments corresponding to this mutant
alÃelewere detected only with cDNA probes spanning nucleotide
positions 2320 to 5136. Taken together, these findings suggest that the
allelic rearrangement is not completely internalized in the topo Ila
gene and that the mutant transcript expressed in P388/ADR/3 and
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a

Fig. 4. (a) Alignment of 3'-RACE products rep

resenting the native (top) and mutant (bottom) tran
scripts from both P388/ADR/3 and P388/ADR/7
cell lines. Numbering either represents or is a con
tinuation of the current GENBANK nucleotide po
sitions for mouse topo Ila (15). The Xbal site used
for cloning the cDNAs is located at position 2863,
while the Cla\ site is located downstream of the
poly(A) sequence in the adaptor generated by PCR
(14). Predicted stop codons and polyadenylation
sites are shown as TAG and AATAAA, respectively.
Regions shaded in black represent topo Ila se
quence. Lightly shaded and unshaded regions rep
resent sequence from the mouse RARa locus in the
antisense orientation with /, e, and p indicating
positions of the first intron, first exon, and pro
moter, respectively, (b) Nucleotide and amino acid
sequences of the region of the mutant cDNA se
quence containing the altered open reading frame.
Region upstream of the arrowhead represents to-
poisomerase II sequence, with downstream region
representing predicted novel amino acid sequence.
Asterisk, end of predicted open reading frame (TAG
stop codon).

2863
5136

TAG AATAAA

2863 3494 4450

AATAAA

CCTTCTCGACATGCCCCTGTGGTATCTGACCAAGGAGAAGAAGGATGAGC 3470

L LDMPLWYLTKEKKDEL

TGTGCAAACAAAGAAACGAGAAGGGGGGTGCTGACTGGAGAGTTTGCAGC 352Â°

C K Q R N E KG GADWRVCS

CTTTGGGGAATCAGCTGCCATCCCCCAACATCCCCCTACCTGGAGCTGGC 3570

LWGISCHPPTSPYLELA

GAGAAGAGGGATCAGCTAGGAGGGTGGCCACTCCCACCACTGTGTGCACG 3620

R R G l S *

P388/ADR/7 cells contains a novel sequence with a polyadenylation
site different from that in the normal transcript.

In order to clarify further the nature of this allelic rearrangement at
the mRNA level, a 3'-RACE strategy (14) was used to clone cDNA

corresponding to normal and mutant transcripts from both P388/
ADR/3 and P388/ADR/7 cell lines. Southern analysis of RACE cDNA
from all three cell lines (data not shown) using the 384-base pair Sstl
cDNA probe described in "Materials and Methods" revealed the pres

ence of a 2.3-kilobase product in all three cell lines, corresponding to

the predicted length of amplification from the native transcript (2273
bases). A shorter 1.6-kilobase PCR product was detected in the RACE
cDNA from the drug-resistant cell lines. Libraries were constructed in
pBluescript II KS+ from P388/ADR/3 and P388/ADR/7 RACE cDNA

and screened with the 384-base pair Sstl cDNA probe to detect cDNA

recombinants corresponding to either normal or mutant topo Ila tran
scripts. DNA from positive recombinants (Fig. 4) was digested with
Xbal and dal and classified as either representing normal (2.3-kilo
base insert) or mutant (1.6-kilobase insert) topo Ila transcripts. Sev
eral of the 3'-RACE topo Ila cDNAs were shorter than the expected

2.3- or 1.6-kilobase length. Sequence analysis of these shorter topo
Ha clones suggested that during reverse transcription, the (dT)17-
adaptor primer had bound to an A-rich region in the coding sequence
upstream of the poly(A)+ tail, thereby generating the shorter clones

(data not shown). Preliminary restriction mapping suggested that the
1.6-kilobase cDNA clones contained a significant amount of non-topo
II sequence not present in the 2.3-kilobase cDNA clones. Because of

the higher rate of misincorporation that is introduced by the use of
multiple rounds of PCR amplification (16), consensus sequences from
both the native and mutant classes of cDNA obtained by the RACE
method were determined using mini-prep DNA pooled from 10-30

clones from each class of cDNA.
Sequence analysis of both the 2.3- and 1.6-kilobase clones from

both drug-resistant cell lines revealed that both classes of cDNA

contained the expected topo Ila sequence from position 2863 (Xbal
cloning site) to position 3494 (Fig. 4a). Downstream of this position,
however, the 956 base pairs in the 1.6-kilobase class of cDNA clones

are different from the expected topo Ila coding sequence and 3' UTR

that are found in the 2.3-kilobase class of cDNA clones. Both classes
of cDNA contained polyadenylation signals and poly(A)+ tails; how

ever, the 2.3-kilobase cDNA clones contained the expected topo Ila
polyadenylation signal, whereas the 1.6-kilobase cDNA clones con

tained a novel polyadenylation signal. The predicted open reading
frame of the mutant transcript would then contain amino acid residues
1-1148 of the topo Ila sequence, followed by a novel 31-residue

stretch of amino acids (Fig. 40).
To determine if the novel 956 bases of the mutant cDNA contained

a sequence that had been previously characterized, a BLAST similar
ity search (17) using the GENBANK database was conducted. A
dramatic finding was that the region corresponding to mutant topo Ila
nucleotide positions 3941 to 4147 was found to be approximately 99%
identical to exon 1 of the murine RARa gene (10) in the antisense
orientation. Further comparison with the known sequence of the mu
rine RARa gene (IO),4 suggested that a portion of the novel mutant

topo Ila mRNA was transcribed from a disrupted RARa locus in an
antisense direction. The novel sequence in the mutant cDNA from
nucleotide positions 3718 to 3940 and from 4148 to 4450 are 99%
identical to the known sequence of the first intron and the promoter for
RARa, respectively (Fig. 4o). Since the first intron of RARa is ap
proximately 12 kilobases in length (10), the mutant topo Ila cDNA
from position 3494 to 3717 may well correspond to a downstream
sequence from RARa intron 1 not previously characterized.

To confirm that this mutant cDNA did indeed correspond to the
4.5-kilobase topo Ila message identified in the drug-resistant cell lines

and was not a PCR artifact, a probe corresponding to nucleotide
positions 3463 to 4381 on the mutant cDNA was generated by PCR,
radiolabeled, and hybridized to a Northern blot of P388/4, P388/
ADR/3, and P388/ADR/7 RNA (Fig. 2c). A single RNA species of
approximately 4.5 kilobases was detected in both drug-resistant cell

4 P. ChambÃ³n, personal communication.
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lines but not in the drug-sensitive P388/4 line, thereby confirming that
the mutant 1.6-kilobase cDNAs correspond to the shorter 4.5-kilobase

topo Ila mRNA.
The entire mutant transcript is expected to encode a 1179 amino

acid residue fusion product corresponding to approximately M,
127,000. However, Western blot analysis of either nuclear or whole-

cell protein extracts from P388 cells using topo Ila antibodies (18,19)
with epitopes located upstream of the altered open reading frame in
the mutant cDNAs has failed to detect the expected Mr 127,000 topo
Ila polypeptide in the drug-resistant cell lines (data not shown). The

failure to detect the expected mutant polypeptide may be due to
several possibilities: (a) the 4.5-kilobase mRNA may not be trans

lated; (b) the protein product may be unstable and rapidly degraded;
and (c) another undescribed mutation upstream of the region analyzed
in P388/ADR/3 and P388/ADR/7 cells could cause a frameshift in the
open reading frame, thereby disrupting epitopes that are expected to
be present upstream on the mutant topo Ila protein.

The genes for murine topo Ila and RARa have been mapped to
chromosome 11 (20, 21). It seems likely, therefore, that a deletion or
other type of rearrangement on chromosome 11 has fused the two
genes together in P388/ADR/3 and P388/ADR/7 cells. Furthermore,
the human topo Â¡la(12) and RARa (22) genes both map to band q21
of chromosome 17, and the human topo HÃŸ(23) and RARÃŸ(24) genes
both map to band p24 of chromosome 3, indicating that both pairs of
genes are located in close genetic proximity on paralogous segments
of human chromosomes 17 and 3.

It remains to be determined what the biological consequence of the
topo Ila-RARa gene fusion event is in the drug-resistant cells and how

it may contribute to the drug resistance phenotype of these cells. It is
interesting that fusion transcripts involving a disrupted RARa gene
locus are expressed in human acute promyelocytic leukemia (25). Two
different chromosomal translocations disrupting the RARa gene at
the same location suggest a direct involvement of the RAR pathway
in normal and leukemic hematopoiesis (25). Furthermore, complete
remission of patients with acute promyelocytic leukemia can be
achieved by treatment with all-trans retinoic acid (25).

It should be emphasized that the resulting fusion protein sequences
in acute promyelocytic leukemia remain in frame with their native
counterparts (25). On the other hand, the topo Ila-RARa fusion tran
scripts identified in our ADR-resistant P388 murine leukemia cell

lines contain topo Ila and RARa sequences that are out of frame and
in an antisense orientation with respect to each other. Further studies
are under way to detect and characterize the predicted topo Ila-RARa

fusion polypeptide and to determine the biological role, if any, of this
gene fusion event.
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