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ABSTRACT The Philadelphia chromosome is present in
more than 95% of chronic myeloid leukemia patients and 13%
of acute lymphocytic leukemia patients. The Philadelphia
translocation, t(9;22), fuses the BCR and ABL genes resulting
in the expression of leukemia-specific, chimeric BCR-ABL
messenger RNAs. To facilitate diagnosis of these leukemias, we
have developed a method of amplifying and detecting only the
unique mRNA sequences, using an extension of the polymerase
chain reaction technique. Diagnosis of chronic myeloid and
acute lymphocytic leukemias by this procedure is rapid, much
more sensitive than existing protocols, and independent of the
presence or absence of an identifiable Philadelphia chromo-
some.

Chronic myeloid leukemia (CML) was the first disease shown
to be consistently associated with a cytogenetic abnormality
now known as the Philadelphia (Ph1) chromosome (1). The
abnormality usually involves a reciprocal translocation of
chromosomes 9 and 22 (2), and more than 95% of CML
patients have this defect. The translocation involves the
movement of most of the ABL protooncogene (3, 4) on
chromosome 9 to the BCR or "breakpoint cluster region"
gene on chromosome 22 (5). Expression of the fused genes
results in a chimeric 8.5-kilobase (kb) mRNA transcript (6)
and a large 210-kDa translation product, P210, with increased
tyrosine kinase activity relative to the normal ABL protein
(7).
The chromosomal abnormalities in acute lymphocytic

leukemia (ALL) are more heterogeneous in nature than those
found in CML, but a significant proportion of ALL patients
carry Ph' chromosomes in their leukemic cells. For example,
some 6% of children with ALL are Ph' chromosome positive
(8, 9), and it is the most common chromosomal abnormality
in adult ALL, with an incidence of 17-25% (10, 11). Ph'
chromosomes of CML and ALL patients are indistinguish-
able by cytogenetics (12). Although studies have shown that
the chromosomal breakpoints inALL can lie outside the BCR
gene (13, 14), recent complementary DNA cloning results
(15-17) indicate that in many cases a more 5' BCR exon is
used in the formation of the BCR-ABL mRNA, while the
downstream ABL sequence remains the same as in CML.
With the latest ALL findings, there are now known to exist
at least three distinct BCR-ABL mRNAs, two of which are
derived from variants of CML and one from ALL. These
mRNAs contain one ofthree differentBCR exons fused to the
same ABL exon.

Present means of diagnosing CML and ALL may include
some combination of morphological, cytochemical, cytoge-
netic, immunological, and molecular analyses. Each method

has its merits but may be difficult to carry out if only limited
clinical samples are available and/or only a small proportion
of the cells are leukemic. A more sensitive method would be
useful in following the course of disease in patients after bone
marrow transplants or in patients in remission or in early
stages of relapse. Recently a procedure was described for the
enzymatic amplification of genomic DNA sequences in vitro
(18). We have extended and modified that method to include
RNA as the starting template. For CML and ALL diagnosis,
a complementary DNA (cDNA) copy of the mRNA from
patient blood or bone marrow cells is first synthesized,
followed by polymerase chain reaction (PCR) amplification
of only the diagnostic BCR-ABL chimeric cDNA sequences.
Products of the PCR reaction are then analyzed by hybrid-
ization with probes specific for the three known BCR-ABL
fusion sequences. This new procedure complements existing
diagnostic protocols, is much more sensitive, and provides
information about the nature of the molecular defect without
requiring large clinical samples or resorting to molecular
cloning.

MATERIALS AND METHODS
Cells. Peripheral blood was drawn from patients after

informed consent and fractionated on Ficoll gradients. K562
is a Ph'-chromosome-positive cell line (19) and HL-60 is a
Ph'-chromosome-negative myeloid line (20). SUP-B15 is a
Ph'-chromosome-positive line derived from an ALL patient
(21), and Jurkat is a Ph'-chromosome-negative T-cell leuke-
mia line (22).
Immunotype and Karyotype Analysis. Immunotype analy-

sis of BCR and ABL proteins was done by using ABL-
specific antisera (23, 24). The antisera used were: normal
rabbit antiserum; rabbit anti-pEX2 antiserum specific for the
ABL protein kinase domain; and rabbit anti-pEX5 antiserum
specific for the carboxyl-terminal region ofABL. Labeling of
proteins was done by the in vivo ortho[2P]phosphate method
(23) or in the in vitro kinase assay (24). Samples were
analyzed by NaDodSO4/PAGE on 8% gels followed by
autoradiography. Determination of karyotypes was done at
the University of California, Los Angeles, cytogenetics
laboratory.
RNA Isolation. RNA was isolated from cell lines as de-

scribed (25, 26). Total cellularRNA was isolated from clinical
samples by a guanidinium isothiocyanate solubilization/LiCl
precipitation procedure (27). One microgram of cell line RNA
was used as template for the amplification reactions (see
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below), and 1/10th of the total sample (5 ,ul of 50) was used
from the clinical samples.
RNA from the clinical samples (=107 cells) was not

quantitated because analysis by gel electrophoresis indicated
that the samples were contaminated with nuclear DNA.

Oligonucleotides Used for Amplification and Detection of
BCR-ABL mRNAs. Oligonucleotides were synthesized on a
Biosearch (San Rafael, CA) DNA synthesizer, and their
sequences are given below. DNA sequences used for the
CML studies are found in refs. 28-30. The sequences for
ALL DNA are found in refs. 15-17. Fig. 2 shows the
approximate location of the oligonucleotides in the three
forms of BCR-ABL mRNAs.
CML oligonucleotides were:

CML A, 5'-GGAGCTGCAGATGCTGACCAAC-3';
CML B, 5'-TCAGACCCTGAGGCTCAAAGTC-3';
CML C, 5'-GCTGAAGGGCTT^TTGAACTCTGCTTA-3'; and
CML D, 5'-GCTGAAGGGCTFFCTTCCTTATTGATG-3'.

ALL oligonucleotides were:

ALL E, 5'-CGCATGTTCCGGGACAAAAGC-3';
ALL F, 5'-GGTCATTTTCACTGGGTCCAGC-3'; and
ALL G, 5'-GCTGAAGGGCTFCTGCGTCTCCAT-3'.

CML A is the 5' (homologous to the BCR sequence) PCR
primer, and CML B (homologous to ABL) is the 3' PCR
primer (see refs. 18, 31, and 32 for details on amplification
methods). CML C is the probe that identifies BCR exon
3/ABL exon II junction sequences, and CML D will hybrid-
ize only to BCR exon 2-ABL exon II fusions. Enumeration of
BCR and ABL exons is from Refs. 16 and 6, respectively. The
junction probes are complementary to the coding sequences;
the arrows denote thejunction between BCR and ABL exons.
When BCR exon 3 is present in the chimeric mRNA, a
200-base-pair (bp) fragment is amplified. A 125-bp fragment
is expected when exon 2 of BCR is joined to ABL exon II.
Similarly, ALL E is the 5' BCR PCR primer and ALL F is the
3' ABL primer. ALL G is the junction probe. Amplification
of the ALL sequence yields a 307-bp product.

Amplification Method. cDNA was synthesized by using
murine leukemia virus reverse transcriptase (Bethesda Re-
search Laboratories) according to the manufacturer's proto-
col. The 20-A1l reaction mixture contained the enzyme buffer
as supplied by Bethesda Research Laboratories, various
RNA samples, 1 unit of RNasin (Promega Biotec, Madison,
WI) per ,ul, 10 pmol of 3' PCR primer (see Fig. 2 and above),
1 mM (each) deoxynucleoside triphosphate, and 200 units of
reverse transcriptase. The reaction mixture was incubated
for 30 min at 37°C. The reaction mixture was then diluted with
80 Al of PCR buffer (50 mM KCI/50 mM Tris chloride/2.5
mM MgCI2/100 ,tg of bovine serum albumin per ml, pH 8.4),
followed by addition of 40 pmol of the 3' primer, 50 pmol of
the 5' primer and 1 unit of thermostable DNA polymerase
from Thermus aquaticus, Taq polymerase (32, 33). To pre-
vent evaporation, 150 ,ul of mineral oil was added, and the
reaction was started by denaturing the RNA cDNA hybrid by
heat (95°C) for 20 sec, annealing the primers for 15 sec at
55°C, and then extending the primers at 72°C for 1 min. Heat
denaturation started the cycle over again and was repeated
40-50 times by using a programmable heat block designed
and manufactured by Cetus (Emeryville, CA). After the final
cycle, the temperature was held at 72°C for 10 min to allow
reannealing of the amplified products and then was chilled.

Analysis of PCR-Amplified Products. Ten microliters of
each reaction mixture was run on composite gels containing
3% NuSieve/1% SeaKem agaroses (FMC, Rockland, ME) in
Tris/borate/EDTA (TBE) buffer. Gels were stained with
ethidium bromide, photographed, and transferred onto Zeta-

Probe membranes (Bio-Rad) by using an alkaline transfer
protocol (34) or onto nitrocellulose by the method of South-
ern (35). The membranes were prehybridized for 1 hr at 60'C
in 0.75 M NaCl/0.075 M sodium citrate, pH 7.0/20 mM
sodium phosphate, pH 7.0/5 mM EDTA, 200 tig of yeast
RNA per ml/1% sarkosyl (Sigma). The buffer was removed
and replaced with the same containing 1-2 x 106 cpm of
5'-end 32P-labeled oligonucleotides per ml. Hybridization
was for 5-6 hr at 60'C, and washing was done at 60'C in 0.75
M NaCl/0.075 M sodium citrate/0.1% NaDodSO4. Blots
were autoradiographed by using Kodak XAR film and Du-
Pont Quanta III intensifier screens at - 70'C. For a size
marker, the 123-bp ladder from Bethesda Research Labora-
tories was used. Note that during the course of this study we
found that alkaline transfer onto Zeta-Probe using NuSieve
agarose is unreliable.

RESULTS
Immunotype and Karyotype Analyses of Clinical Samples.

Leukocytes isolated from four clinical peripheral blood
samples were used to evaluate the expression of BCR-ABL
mRNA in leukemic cells with the PCR method. Protein and
cytogenetic data of three of the patients are shown in Fig. 1.
Patient 1 (Fig. 1B) was diagnosed as Ph' chromosome negative
with a myeloproliferative syndrome. Patient 2 (Fig. 1D) and
patient 3 (Fig. 1E) were Ph' chromosome positive in an
accelerated stage of CML. Patient 4, whose data are not
shown, was previously diagnosed as Ph' chromosome positive
in a chronic stage ofCML; protein data could not be obtained
because of the poor quality of the cells. Leukemic cells from
patients 2, 3, and 4 contained both Ph'- and 9q-positive
chromosomes, suggesting the presence of the usual t(9;22)
reciprocal translocation. Patients 2 and 3 (Fig. 1 D and E)
showed the characteristic 210-kDa BCR-ABL fusion protein,
while patient 1 (Fig. 1B) showed only the normal P145 ABL
polypeptide. Fig. 1 A and C show K562 cell controls that
synthesize both P210 and P145 proteins.
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FIG. 1. Immunotype and karyotype analysis of clinical samples.

(A) K562 cell control. (B) Patient 1. (C) K562 control. (D) Patient 2.
(E) Patient 3. Antiserum in lanes: 1, normal rabbit; 2, rabbit
anti-pEX5 (23); 3, rabbit anti-pEX2 (23). The data in A and B were
obtained by immunoprecipitation of samples labeled in vivo with
ortho[2P]phosphate (23). The data in C-E were obtained by using the
in vitro kinase assay (24). Samples were analyzed by NaDodSO4/
PAGE on 8% gels followed by autoradiography. K562 and patients
2 and 3 are Ph' chromosome positive, while patient 1 is Ph'
chromosome negative. Ph' chromosome diagnosis is indicated as +
or -. Protein analysis on another sample, from patient 4, was not
done because of the poor quality of the cells; this patient was
previously karyotyped as Ph' chromosome positive.
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FIG. 2. CML and ALL mRNA structure and location of diagnostic oligonucleotides. A and B represent PCR primers used for amplifying
the two known CML BCR/ABL junction sequences. C and D are CML probes specific for BCR exon 3/ABL exon II and BCR exon 2/ABL
exon II junction sequences, respectively. E and F are primers that amplify the ALL BCR/ABL junction sequence, and G is the probe specific
for the ALL junction. The arrows point to the junction between the BCR and ABL exons. No number as yet has been assigned to the ALL BCR
exon. The figure is not drawn to scale.

Polymerase Chain Reaction (PCR) Analysis of Clinical
Samples. The four clinical samples were analyzed "blind" by
the PCR method. BCR-ABL RNA sequences from the four
samples were PCR-amplified by using the CML-specific
amplification primers CML A and CML B (see Fig. 2 and
Materials and Methods for details on PCR primers and
probes). The PCR products were analyzed by Southern blot
(Fig. 3 Left) with oligonucleotide CML C, which hybridizes
only to BCR exon 3/ABL exon II junctions. The amplified
DNA from patient 3 (Fig. 3 Left, lane 3) and the positive
control K562 hybridized to the probe, showing that their
BCR/ABL junctions are the same. The Ph1-chromosome-
negative HL-60 sample, which did not hybridize to CML C,
contains only normal BCR and ABL sequences and was used

as a negative control. The same blot was then stripped of the
CML C probe and rehybridized with CML D, which is
specific for BCR exon 2/ABL exon II junctions. Clinical
samples 2 and 4 (Fig. 3 Right, lanes 2 and 4) both hybridized
strongly to this probe, showing that theirBCR/ABLjunctions
are the same but are different from those of patient 3 and
K562 mRNAs. The sample from patient 1 (lane 1) hybridized
to neither probe, consistent with the Ph'-chromosome-
negative cytogenetic diagnosis and the lack of P210 BCR-
ABL protein.

Sensitivity of the PCR Assay. To determine the sensitivity
of the assay, a dilution experiment was conducted. K562
cytoplasmic RNA was diluted in steps from 1 to 6 orders of
magnitude by using 10 ,g of yeast RNA per ml as the diluent
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FIG. 3. PCR analysis of clinical samples. (Left) Blot probed with CML C, the BCR exon 3/ABL exon I1-junction probe (see Fig. 2). (Right)
Same blot stripped of probe and reprobed with CML D, the BCR exon 2/ABL exon II-junction probe. Lanes: K562, the Ph1-chromosome-
positive cell control; HL-60, Ph'-chromosome-negative cell control; 1-4, samples from patients 1-4. Patients 2-4 were cytogenetically diagnosed
as Ph' chromosome positive, whereas patient 1 was Ph' negative. Samples were amplified by using CML A and B, and 1/10th of the amplification
products were analyzed on agarose gels, transferred to nylon membranes, and probed. K562 and HL-60 RNAs (1 ,ug) were used as templates,
and 5 ,ul from 50-,ul patient samples was used for the clinical samples. The marker is a 123-bp DNA ladder from Bethesda Research Laboratories.
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FIG. 4. Sensitivity of PCR assay. Slots: 1, K562 RNA; 2-7,
dilutions of K562 RNA by 1-6 orders of magnitude, respectively; 8
and 9, buffer and Jurkat mRNA-negative controls, respectively. One
microgram of K562 total cytoplasmic RNA was used as the initial
sample (slot 1); consecutive 1:9 dilutions were made with yeast RNA
at 10 ,ug/ml as diluent. Samples were amplified by using primers
CML A and B as described in Fig. 3. One-tenth of the reaction
mixture was bound to nitrocellulose by using a Schleicher & Schuell
slot-blot apparatus. Probing was done with CML C as in Fig. 3.
Jurkat is a Ph1-chromosome-negative T-cell control RNA.

and carrier for the reverse transcriptase-PCR reaction. The
PCR products were analyzed (Fig. 4) in a slot-blot format by
probing with the CML A oligonucleotide, which is specific
for the BCR exon 3/ABL exon II junction sequence. Slots 2
through 7 in Fig. 4 are order-of-magnitude dilutions of PCR
products in slot 1. Slots 8 and 9 are negative controls
consisting of yeast RNA diluent and Jurkat cell mRNA,
respectively. With the undiluted RNA sample being 1 jig (slot
1), the final dilution represents 1 pg of K562 RNA (slot 7). A
positive hybridization signal was easily detectable at the
5-order-of-magnitude dilution (slot 6). There was 10 pg of
K562 RNA at this dilution, but since only 1/10th of the
reaction mixture was actually analyzed, the signal was
derived from the amplified product of 1 pg of total cytoplas-
mic RNA.
PCR Analysis ofa Ph'-Chromosome-Positive ALL Cell Line.

To test the PCR amplification method in the case of ALL,
RNA was isolated from SUP-B15, a cell line derived from a
Ph'-chromosome-positive ALL patient (21). This cell line has
been shown to express a P185 BCR-ABL protein and a 7-kb
BCR-ABL transcript (15, 24). ALL-specific BCR-ABL RNA
sequences were amplified with PCR oligonucleotide primers
ALL E and F (see Fig. 2 and Materials and Methods), and the
products were analyzed by probing a Southern gel with the
ALL G oligonucleotide (Fig. 5). The same downstream
oligonucleotide used for CML (CML B) could have been used
forALL, but a different one was used in ALL to make a larger
PCR product; also this keeps the CML primers separate from
ALL primers, which helps to prevent cross-contamination.
In this case, K562 and patients 1 through 4 were used as
negative controls. Only the amplification reaction from
SUP-B15 RNA gave a strong hybridization signal in this
experiment, demonstrating that Ph1-chromosome-positive
ALL BCR-ABL mRNA sequences can easily be distin-
guished from Ph1-chromosome-positive CML BCR-ABL
mRNA by this method.

DISCUSSION
The advent ofPCR technology (18, 32) has greatly facilitated
the analysis of small nucleic acid samples. As little as 1 ng of
human genomic DNA can be used to amplify and detect
allelic sequence variations (36). We have modified this
approach to include mRNA as the initial template in the
amplification scheme. The mRNA is first converted to
single-stranded cDNA, which can then be used for enzymatic
amplification of sequences between specific primers by using
a thermostable DNA polymerase (32, 33). Diagnostic PCR
products are then easily detected by hybridization to ampli-
fication-specific oligonucleotides. By this approach we have
successfully analyzed four clinical samples (Fig. 3), three of
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FIG. 5. PCR analysis ofALL RNA. Samples in lanes: K562, the
negative control; SUP-B15, the ALL Ph'-chromosome-positive cell
line (21); 1-4, patients 1-4. One microgram of K562 and SUP-B15
RNAs were used in the PCR reactions. Five micrograms of 50-pg
clinical samples was used. PCR primers ALL E and ALL F were
used for amplification, and ALL G was used for hybridization
analysis. Patients 1-4 are the same as in Fig. 3. Other details are as
in Fig. 3.

which were previously diagnosed as Ph'-chromosome-
positive CML. Besides concurring with the earlier diagnoses,
the analysis provided information that was not known prior
to this study. Two of the patients (patients 2 and 4) expressed
BCR-ABL mRNA resulting from a fusion ofBCR exon 2 with
ABL exon II, while patient 3 had the product resulting from
the fusion of BCR exon 3 with ABL exon II. Normal
diagnostic procedures cannot distinguish between these two
types ofBCR-ABL mRNA structures. While the influence of
the two BCR exons on the progression or severity ofCML is
not known, routine use of the RNA-PCR technique should
make any such difference far easier to detect.
We also have shown that this amplification protocol can be

used to distinguish between the BCR-ABL transcripts pres-
ent in Ph1-chromosome-positive ALL cells versus CML cells
(Fig. 5). Since the treatment and prognosis of ALL are
somewhat dependent on the type of chromosomal abnormal-
ity present (9), a facile method of diagnosis would help greatly
in this area.
The sensitivity of this method is higher than existing

protocols for CML diagnosis. A 1: 105 dilution of 1 ,g ofRNA
from the Ph'-positive K562 cell line still provided an easily
detectable signal in this assay (Fig. 4, slot 6). One microgram
ofRNA is roughly equivalent to the amount contained in the
cytoplasm of 100,000 K562 cells (10 pg of cytoplasmic RNA
per cell). Thus, the 1:105 dilution contains the RNA from
about one K562 cell. Since just 1/10th of the reaction mixture
was used for analysis, the positive signal represents the
amplified product of less than one cell equivalent. This result
demonstrates that diagnosis is feasible even when the leuke-
mic cells are present in extremely small numbers. A similar
finding was reported for amplification studies of human DNA
from follicular lymphoma cells (37). The sensitivity of this
method was further demonstrated when we were able to
correctly identify BCR-ABL messages in a CML sample
(patient 4, Fig. 3 Right) that proved refractile to the in vitro
kinase assay (24). To estimate the limits of detection of the
kinase assay, K562 cells were serially diluted with Ph'-
chromosome-negative HL-60 cells and tested for kinase
activity. In this mixing experiment, detection of the P210
BCR-ABL-encoded kinase enzyme required the presence of
about 104 K562 cells (S.S.C. and O.N.W., unpublished
observations). As described above, the P210 BCR-ABL
mRNA can be detected by amplifying the RNA from the
equivalent of one cell. Thus, the RNA-PCR method is more

Medical Sciences: Kawasaki et al.
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than 103 times more sensitive than the kinase assay in
detecting the expression of the BCR-ABL gene.
The diagnosis of CML and ALL by amplification and

detection of leukemia-specific mRNA sequences has some
advantages over other molecular methods. (i) Standard
Southern gel analysis requires about 5% of the cells to be
leukemic for the detection of deletions and/or translocations
in genomic DNA (38). (it) PCR amplification of coding
sequences in genomic DNA requires knowledge of the exon-
intron structure of the gene, since interruptions of the coding
sequence with large introns can make amplification difficult
or impossible. In the case ofCML and ALL, not only is there
a problem of intron sequences, but there is also the added
difficulty imposed by the variable BCR-ABL gene structure
found from patient to patient. In addition, the breakpoints
that occur in the first intron of the ABL gene can arise in a
region of up to 200 kb in length (39). Thus, use of amplifi-
cation methods to analyze Ph1-chromosome-type transloca-
tions in these leukemias requires that mRNA be used as the
starting template. (iii) In a sense, the RNA template is already
amplified because expression of most genes results in many
copies of their mRNAs per cell. The BCR-ABL mRNA can
be identified without amplification by using a sensitive RNase
A assay (40), but large numbers of leukemic cells are required
for this method and, thus, will not be easy to use routinely.
(iv) Finally, the PCR method is applicable to the study of any
type of RNA found in the cell, whether it is of normal or
abnormal origin. Its use will most certainly include the
diagnosis of other cancers and many infectious diseases as
well as general studies of the molecular biology of the cell. As
proof, while this manuscript was in preparation, two studies
were reported in which amplification ofRNA sequences was
used (i) to determine the mechanism for tissue-specific
processing of an apolipoprotein mRNA (41) and (ii) to
facilitate cloning of HLA-DQ sequences (42).
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