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Expression of a Distinctive BCR-ABL Oncogene in
Ph'-Positive Acute Lymphocytic Leukemia (ALL)

STEVEN S. CLARK, JAMI MCLAUGHLIN, MICHAEL TIMMONS, ANN
MARIE PENDERGAST, YINON BEN-NERIAH, Lois W. Dow, WILLIAM
CRisT, GIOVANNI ROVERA, STEPHEN D. SMITH, OWEN N. WITTE*

The Philadelphia chromosome (Ph') is a translocation between chromosomes 9 and 22
that is found in chronic myelogenous leukemia (CML) and a subset of acute
lymphocytic leukemia patients (ALL). In CML, this results in the expression of a
chimeric 8.5-kilobase BCR-ABL transcript that encodes the P210BCRABL tyrosine
kinase. The Ph! chromosome in ALL expresses a distinct ABL-derived 7-kilobase
messenger RNA that encodes the P185A-ABL protein. Since the expression of
different oncogene products may play a role in the distinctive presentation of Ph!-
positive ALL versus CML, it is necessary to understand the molecular basis for the
expression of P185AL1-ABL, Both P210BCR-ABL and P185ALL-ABL are recognized by an
antiserum directed to BCR determinants in the amino-terminal region of both
proteins. Antisera to BCR determinants proximal to the BCR-ABL junction in CML
immunoprecipitated P210%®-ABL but not P185ALL-ABL, Nucleotide sequence analysis
of complementary DNA clones made from RNA from the Ph!-positive ALL SUP-B15
cell line, and S1 nuclease protection analysis confirmed the presence of BCR-ABL
chimeric transcripts in Ph'-positive ALL cells. In Ph'-positive ALL, ABL sequences
were joined to BCR sequences approximately 1.5 kilobases 5’ of the CML junction.
P185ALL-ABL represents the product of a BCR-ABL fusion gene in Ph!-positive ALL that
is distinct from the BCR-ABL fusion gene of CML.

THB LEUKEMIC CELLS OF MORE
than 95% of CML patients (1) and
of 5 to 20% of ALL patients (2, 3)
carry the t(9;22)(q34;qll) translocation
known as the Philadelphia chromosome
(Ph') (4). In CML, the C-ABL gene on
chromosome 9 is translocated into the mid-
dle of the BCR gene on chromosome 22 (5).
Although the breakpoint on chromosome
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22 is variable, it occurs within a defined 5.8-
kb region of the BCR gene known as the
breakpoint cluster region, or ber (6). RNA
splicing generates an 8.5-kb BCR-ABL chi-
meric transcript that is larger than the
normal 6- and 7-kb C-ABL transcripts
(7, 8). This results in the expression of the
P210BR-ABL protein (9) in which NH,-
terminal C-ABL sequences are replaced by
sequences from the BCR gene (10).

Despite the fact that the Ph' chromo-
somes of CML and ALL are indistinguish-
able by cytogenetic analysis, cells from most
Ph!-positive ALL patients express ABL-de-
rived protein and RNA species that are
distinct from the BCR-ABL products of
CML (11, 12). Ph'-positive ALL cells dis-
play a high level of ABL-related tyrosine
kinase activity in proteins of 180 and 185
kD, referred to collectively as P185ALL-ABL
(11). Comparison of tryptic phosghopcp—
tide maps between DP210BCRABL “apq
P185ALL-ABL revealed similar, but notidenti-

cal, phosphorylation patterns suggesting
some structural similarities (11, 13). The
appearance of P185AL-ABL correlates with
the expression of a 6.5- to 7.0-kb ABL
messenger RNA (mRNA) (11-13) in con-
trast to the 8.5-kb BCR-ABL transcript in
CML cells. Genomic DNA analysis (11-15)
and in situ hybridization studies (15) of the
Ph' chromosome from ALL cells suggested
that the breakpoint on chromosome 22 may
not be in the ber region as' in the Ph'
chromosome of CML. It is possible that a
breakpoint elsewhere in the BCR gene, or
within another gene on chromosome 22,
could generate the altered ABL products in
Ph'-positive ALL. Alternatively, unusual
RNA splicing within the ABL fusion partner
may also account for the expression of
P185ALL-ABL'

To determine whether P1854LL-4BL cop.
tains BCR sequences, we compared the im-
munoreactivity of P185AM-ABL - 3nd
P210BCR-ABL with a panel of site-directed
BCR antisera. Normal rabbit sera (NRS)
did not recognize either protein (Fig. 1),
while antisera directed against NH,-termi-
nal BCR sequences (antisera A) immunopre-

NRS A B C
: j 2 1R
L1
—P210
'. ® ==P185
[

Fig. 1. P185ALL-ABL displays BCR homology
limited to the NH,-terminal region of BCR.
K562 cells (23) (lanes 1) or the Ph'-positive ALL
cell line, ALL-1 (lanes 2) (15, 24) were immuno-
precipitated with either normal rabbit serum
(NRS) or with a panel of rabbit antisera raised
against specific BCR determinants as illustrated in
Fig. 2. Antiserum A was raised by immunizing
rabbits with a #7pE-BCR fusion protein expressed
in the pATH-11 expression vector as described
(26). Antigenic BCR sequences were encoded by
a 1.4-kb Bam HI fragment (8). Antiserum B
corresponds to the BCR 558 antiserum as report-
ed (10). Rabbit antiserum C (27) was raised
against a peptide sequence, IKSDIQREKRAN-
KGSY, bcgmmntg 134 amino acids and 403 base
pairs upstream of the BCR-ABL junction of K562
cells. The COOH-terminal tyrosine is not found
in this position in the BCR sequence. Cell lysates
were immunoprecipitated with the indicated anti-
sera and prepared for the autokinase labeling
reaction as described (11). The proteins were then
reprecipitated with the same antisera used for the
first cycle immunoprecipitation, separated by 8%
SDS~polyacrylamide gel electrophoresis, and de-
tected by autoradiography.
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cipitated P210B“R-4BL from K562 cells and
P185ALL-ABL from the Ph'-positive ALL cell
line ALL-1 (Fig. 1A). This antiserum has
also been shown to immunoprecipitate a
185-kD protein from three independent
Ph'-positive ALL patients and from the
Ph'-positive ALL cell line SUP-B13 that co-
migrates with P185ALL-ABL  precipitated
with anti-ABL sera (13). BCR antisera A
does not recognize P145ABL or P160¥2"!
proteins (13), indicating that it does not
cross-react with ABL antigenic determi-
nants. Faint phosphoproteins of about 150
to 160 kD are detectable in K562 (Fig. 1,
lanes 1) but not in ALL-1 lysates (Fig. 1,
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CML BCR-ABL 5
P
BCR ABL

0—‘\/1-'

e |
A BC

ALL BCR-ABL

BCR antisera

Fig. 2. Nucleotide and amino acid sequence (top)
is shown for the 491-bp insert from recombinant
phage clone A27. Numbering of the nucleotide
sequence begins with the first 5’ nucleotide not
part of the M13 sequence and proceeds through
the 3’ end of the cloned fragment. In comparison
to the published BCR-ABL sequence from CML
(21), position number 1 shown here corresponds
to nucleotide 1335 as previously published, and
the BCR-ABL junction shown at nucleotide 415
corresponds to BCR position 1749 in CML. The
two bases that are different from the previously
reported sequence for K562 (21) occur at nucleo-
tides 33 and 34, and involve a change from GC to
CG (shown as **). The amino acid sequence,
shown beneath the nucleotide sequence, is identi-
cal to that previously reported from K562 cells
with two exceptions which are listed under the
sequence we report for the SUP-B15 cell line. A
comparison of the CML and ALL BCR-ABL
transcripts is shown in the lower panel (the
portion of the figure that is 5' of the CML
junction is drawn to scale). The positions of the
antigenic determinants recognized by site-specific
BCR antisera A, B, and C are also shown drawn to
scale.
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lanes 2) precipitated with the BCR antisera.
This may represent the C-BCR gene prod-
uct, which is reported to co-precipitate with
a serine-threonine—specific kinase activity
(16). The fact that this phosphoprotein is
not observed in ALL-1 cells suggests that it
is not expressed at detectable levels in these
cells.

In contrast to the data obtained with BCR
antisera A, antisera B and C, directed against
BCR determinants closer to the BCR-ABL
junction in K562 cells (see lower panel of
Fig. 2), recognized P210BR-4BL byt not
P185ALL-ABL (Eig 1, B and C). Together,
these data demonstrate that the
P185ALL-ABL brotein retains antigenic de-
terminants that are cross-reactive with the
BCR NH,-terminal determinants of
P210BCR-ABL However, P185ALL-ABL does
not share cross-reactive BCR antigenic de-
terminants near the BCR-ABL junction of
the P210BCRABL orotein (Fig. 2, lower
panel). It is possible that the two proteins
share NH,-terminal homology, but express
divergent sequences near the breakpoint.
Alternatively, P185AL-ABL may represent a
fusion protein in which only a limited NH,-
terminal portion of BCR, or a BCR-like
gene, is spliced to C-ABL exon 2. Either
possibility is consistent with the difference
in apparent molecular weight between the
two proteins.

To confirm that P185AML-ABL is 3 BCR-
ABL fusion product, we examined the mo-
lecular structure of the P185AML-ABL trap.

A B
oropen U k23,4567 1 8 910
robe — ' -
BCR-ABL— ggqﬂ B —506 gmem
C-BCR- a0s W=
—344
_ —208
% 2
B ™

Fig. 3. (A) S1 nuclease protection of the A27
cloned BCR-ABL fragment with RNA from Ph'-
positive ALL cell lines SUP-B13 (18 19) (la.m: 135
ALL-1 (15, 24) (lane 2); from Ph'-negative cell

script. Clones from a Agt10 complementary
DNA (cDNA) library made from polyaden-
ylated RNA (17) from the Ph'-positive ALL
SUP-B15 cell line (18, 19) were screened
with human C-ABL and BCR oligonucleo-
tide probes. We selected two recombinant
phage clones that hybridized to a fragment
20 nucleotides long (20mer) corresponding
to a C-ABL exon 2 scaucncc found near
the junction in P210BCR-ABL mRNA, and
which failed to hybridize to two BCR oligo-
nucleotides (30mer and 31mer) also found
near the BCR-ABL junction in K562 cells
(8). Sequence analysis (17) of both phage
inserts revealed that the same 5’ BCR se-
quences are joined to C-ABL exon 2 se-
quences. The sequence of the longer clone,
A27 (Fig. 2), shows that the 416 bases from
BCR that join to C-ABL exon 2 are nearly
identical to BCR sequences 5’ of nucleotide
1749 from the BCR sequence reported by
Mes-Masson et al. (8). The divergence of
this sequence from the reported BCR se-
quence occurs at nucleotides 33 and 34 in
Fig. 2 [or nucleotides 1366 and 1367 in
Mes-Masson ez al. (8)]. The previously re-
ported sequence for these bases is GC, while
we report the sequence as CG. This change
occurs in the last two bases of a codon and
results in the change of a serine for a threo-
nine. This may represent a polymorphic site
in BCR.

We used S1 nuclease protection to con-
firm the expression of BCR-ABL transcripts
in the steady-state RNA pools from Ph'-

ALL BCR-ABL RNA CML BCR-ABL RNA

thm%

491 bp 491 bp
C-BCR ANA Probe
N BCR ABL
s v RS M13
416 0p
564 bp

lines L697 (lane 3), SMS-SB (lane 4), HL60 (lane 5); and from Ph'-positive CML cells K562 (lane 6),
and Bv173 (lane 7). U, undigested; t, transfer RNA; §, standards. The probe was made by primer
extension from the universal primer of M13mp19 containing the A27-positive strand and contained all
491 nucleotides of the BCR-ABL insert as well as 73 nucleotides from M13. Total RNA (25 pg) was
heated at 80°C for 3 minutes and allowed to anneal with the probe at 57°C overnight. S1 nuclease (50
units) was used to digest each sample for 1 hour at 37°C. The digested samples were then separated on a
5% urea-polyacrylamide sequencing gel with size standards from Hinf I-digested pBR322 labeled with
Klenow polymerase. Controls included undigested probe and probe mixed with yeast transfer RNA
prior to digestion. The C-BCR transcript protects a 416-bp fragment in all cells. A putative 75-bp
$mcnt which could be protected by C-ABL mRNA was run off the gel and not detected. Both the
h’-positive ALL 7.0-kb BCR-ABL transcript as well as the CML 8.5-kb transcript can protect the full-
Icngth 491-bp fragment as described in the text. (B) S1 nuclease protection of the A27 clone was done
with BCR-ABL RNA generated in vitro from the CML-specific 8.5-kb BCR-ABL ¢cDNA 172/215 (28)
cloned into the Eco RI site of pT7-1 containing the T7 RNA polymerase promoter (29) (U.S.
Biochemicals). The plasmid was linearized and RNA was generated from 3 g of DNA with T7
polymerase (U.S. Biochemicals). DNA was digested with ribonuclease-free deoxyribonuclease and
serial tenfold dilutions of RNA (lanes 8, 9, and 10) were used in an S1 protection assay as described
above. BCR-ABL RNA that had been generated in vitro protected both the 491-bp full-length fragment
and the 416-bp BCR fragment as noted in the text. (C) Diagrammatic representation of S1 nuclease

protection model.
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positive ALL cell lines. Total RNA was
used to protect a 564-bp single-stranded
M13mp19 fragment containing the 491-bp
BCR-ABL insert of clone A27. RNAs from
all cell lines tested protect a common 416-bp
fragment representing C-BCR mRNA (Fig.
3A, lanes 1 to 7). With RNA from two Ph'-
positive ALL cell lines, we observed protec-
tion of a full length 491-bp fragment (Fig.
3A, lanes 1 and 2), which is consistent with
the presence of BCR-ABL transcripts in
which C-ABL exon 2 sequences are contigu-
ous with BCR sequences 5’ of nucleotide
1749. Both Ph'-positive ALL cell lines ex-
pressed the 7.0-kb BCR-ABL transcript, but
not the 8.5-kb BCR-ABL message (13). We
also observed a similar 491-bp ?rotccted
fragment with RNA from two Ph'-positive
CML cell lines (Fig. 3, lanes 6 and 7), both
of which made the 8.5-kb BCR-ABL mes-
sage but not the 7.0-kb BCR-ABL transcript
(13). In the 8.5-kb transcripts, BCR se-
quences upstream of nucleotide 1749 are
brought adjacent to ABL sequences while
BCR sequences that are not included within
the probe (between position 1749 and the
junction) would be looped out (20) (Fig.
3C), explaining why we see protection of
the full-length 491-bp probe.

The full 491-bp BCR-ABL probe is also
protected by in vitro transcribed RNA gen-
erated with T7 polymerase from an 8.5-kb
clone of the CML BCR-ABL message (13)
(Fig. 3B, lanes 8 to 10). In addition, some
hybrids are formed between the in vitro
transcribed RNA and M13 probe which
stably protect only the BCR segment (band
size of 416). We believe this may account
for the increased protection of this fragment
when natural mRNA preparations from
Ph'-positive CML lines like K562 and
Bv173 (Fig. 3A, lanes 6 and 7) are com-
pared to Ph'-negative lines like SMS-SB and
HL60 (Fig. 3A, lanes 4 and 5).

Sequence analysis of two Ph'-positive
ALL c¢DNA clones demonstrates that C-
ABL exon 2 sequences are joined to BCR
sequences upstream of position 1749, and
S1 nuclease protection confirms the expres-
sion of BCR-ABL chimeric mRNA in Ph!-
positive ALL cells. A breakpoint in this
region of BCR would occur within the
region against which BCR antiserum A was
made and would occur upstream of the
regions recognized by anti-BCR sera B and
C (Fig. 2, lower panel). Thus, the molecular
data are consistent with the serological re-
sults. Since the BCR-ABL junction in K562
cells occurs at BCR position 3252 (21) and
this junction in Ph'-positive ALL cells oc-
curs at BCR position 1749, it is predicted
that Ph'-positive ALL BCR-ABL mRNA
would lack about 1.5 kb of coding se-
quences relative to CML BCR-ABL mRNA.
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This is consistent with the presence of a 7.0-
kb BCR-ABL transcript in Ph'-positive ALL
which is about 1.5 kb smaller than the 8.5-
kb BCR-ALL transcript in CML.

In Ph'-positive CML and ALL, expres-
sion of different BCR-ABL gene products
correlates with the presence of Ph! chromo-
somes that are indistinguishable by cytoge-
netic analysis (3). Molecular analysis of the
genomic structure of the BCR gene in Ph!-
positive CML reveals consistent rearrange-
ment within the 5.8-kb ber region (6). In
Ph'-positive ALL, however, this region is
not rearranged (11-15); rather, in situ hy-
bridization (I5) reveals that the transloca-
tion breakpoint occurs 5’ (centromeric) of
the ber. After submission of this manuscript,
serological (22) and molecular (23) studies
reported that the unique BCR-ABL fusion
in Ph'-positive ALL cells is similar to that
described here. These observations suggest
that similar mechanisms are responsible for
the formation of the P1854M-ABL and
P210BR-ABL products. That is, chromo-
somal translocation joins C-ABL with differ-
ent regions of the BCR gene in Ph!-positive
ALL and CML. RNA splicing then is re-
sponsible for the expression of BCR-ABL
chimeric messages in which BCR coding
sequences 5’ of the BCR breakpoint are
joined in frame with C-ABL exon 2 sc-
quences. Thus, different breakpoints within
the same gene on chromosome 22 result in
the expression of distinctive BCR-ABL gene
products.

In different leukemias, chromosomal
translocation creates Ph'! chromosomes with
reproducible differences in structure. The
precise mechanisms that give rise to the two
Ph! chromosomes are not known, but we
speculate that the resultant distinctive onco-
gene products may relate to the specific
pathologies of Ph'-positive CML and ALL.

REFERENCES AND NOTES

1. J. D. Rowley, Nature (London) 243, 290 (1973).

2. Third International Workshop on Chromosomes in
Leukemia, Cancer Genet. Cytogenet. 4, 95 (1981).

3. D. Catoski, Br. J. Haematol. 42, 493 (1979).

4. P. C. Nowell and D. A. Hungerford, Science 132,
1974 (1960).

5. C. R. Bartram et al., Nature (London) 306, 277
(1983); A. deKlein ez al., ibid. 300, 765 (1982); N.
Heisterkamp ez al., ibid. 306, 239 (1983); N.
Heisterkamp, K. Stam, J. Groften, A. deKlein, G.
Grosveld, ibid. 315, 758 (1985).

6. J. Groffen et al., Cell 36, 93 (1984); D. Leibowitz,
K. Schaefer-Rego, D. Popenoe, J. Mears, A. Bank,
Blood 66, 243 (1985).

7. G. Grosveld et al., Mol. Cell. Biol. 6, 607 (1986); E.
B. Shtivelman, B. Lifshitz, R. P. Gale, E. Canaani,
Nature (London) 315, 550 (1985); S. J. Collins, I.
Kubonishi, I. Miyoshi, M. T. Groudine, Science
225, 72 (1984); E. Canaani ez al., Lancer 1984-1,
593 (1984); R. P. Gale and E. Canaani, Proc. Natl.
Acad. Sci. US.A. 81, 5648 (1984); D. Leibowitz,
R. Cubbon, A. Bank, Blood 65, 526 (1985).

8. A.-M. Mes-Masson, J. McLaughlin, G. Q. Daley,
M. Paskind, O. N. Witte, Proc. Natl. Acad. Sci.

10.
11.
12.
13.
14.

15.
16.
17.

18.

19.
20.
21.

22.
23.
24.
25.

26.
27.

28.
29.
30.

U.S.A. 83, 9768 (1986).

. J. B. Konopka, S. M. Watanabe, O. N. Witte, Cell

37, 1035 (1984); W. Kloetzer ez al., Virology 140,
230 (1985); S. Maxwell ez al., Cancer Res. 47,1731
(1985).

Y. Ben-Neriah, G. Q. Daley, A.-M. Mes-Masson, O.
N. Witte, D. Baltimore, Science 233, 212 (1986).
S. 8. Clark, J. McLaughlin, W. M. Crist, R. Cham-
plin, O. N. Witte, ibid. 235, 85 (1987).

R. Kurzrock et al., Nature (London) 325, 631
(1987); L. C. Chan et al., ibid., p. 635.

S. S. Clark and O. N. Witte, unpublished observa-
tions.

S. Rodenhuis et al., N. Engl. J. Med. 313, 51
(1985); C. G. Westbrook ez al., J. Cell Biochem.
Suppl. 11a, 200 (1987).

J. Erikson et al., Proc. Natl. Acad. Sci. U.S.A. 83,
1807 (1986).

K. Stam, N. Heisterkamp, F. Reynolds, Jr., J.
Groffen, Mol. Cell. Biol. 7, 1955 (1987).

The cDNA cloning was as previously reported (8).
Briefly, polyadenylated RNA was obtained from the
SUP-B15 Ph'-positive ALL cell line (18, 19). First-
strand synthesis was primed simultaneously with a
C-ABL 2lmer (8), a C-ABL exon 2 27mer (5'-
AGCGAGAAGGTTTTCCTTGGAGTTCCA-3"),
as well as oligo(dT). After second-strand synthesis,
the cDNA was methylated at internal Eco RI sites
and ligated with Eco RI linkers. Double-stranded
cDNA was ligated to the Eco RI cloned arms of A
gtl0 (Vector Cloning Systems) and packaged in
vitro. From a library of approximately 10® recombi-
nant phage we selected two clones that hybridized
with a 20mer from C-ABL exon 2 (5'-TGAGGCT-
CAAAGTCAGATGC-3') and not with a 30mer or
31mer from BCR sequences near the cDNA junc-
tion in K562 cells (8). The inserts were recloned
into M13mp18 and M13mp1l9 and sequencing was
done by the dideoxy chain termination method
(Sequenase Kit, U.S. Biochemicals). The reaction
was primed with either the C-ABL exon 2 20mer or
M13 universal primers.

SUP-B13 was isolated from a Ph'-positive ALL
patient at diagnosis, SUP-B15 from the same patient
at relapse (19). Both cell lines carry the t(9;22)
(q34;q11) (19) and express the P185AML-ABL pro-
tein (13).

L. Naumovski, R. Morgan, F. Hecht, M. P. Link, B.
E. Glader, S. D. Smith, in preparation.

A. J. Berk and P. A. Sharp, Proc. Natl. Acad. Sci.
US.A. 75, 1274 (1978).

The entire K562 BCR-ABL coding sequence was
compiled from Mes-Masson et al. (8) and from
Heisterkamp ez al. (5) with the numbering system of
Mes-Masson et al.

L. C. Walker et al., Nature (London) 329, 851
(1987).

E. Fainstein et al., ibid. 330, 386 (1987); A. Her-
mans et al., Cell 51, 33 (1987).

C. B. Lozzio and B. B. Lozzio, Blood 45, 321
(1975).

B. Lange et al., ibid. 70, 192 (1987).

J. B. Konopka et al., J. Virol. 51, 223 (1984).

A. M. Pendergast, Y. Ben-Neriah, A.-M. Mes-Mas-
son, D. Baltimore, O. N. Witte, unpublished data. I,
Ile; K, Lys; S, Ser; D, Asp; Q, Gln; R, Arg; E, Glu;
A, Ala; N, Asn; G, Gly; Y, Tyr.

J. McLaughlin, E. Chianese, O. Witte, Proc. Natl.
Acad. Sci. U.S.A. 84, 6558 (1987).

M. Chamberlin and J. Ring, J. Biol. Chem. 248,
2235 (1973).

We thank E. Chianese, P. McFall, C. Crookshank,
and B. Mueller for technical and editorial assistance;
S. Raimondi for expert cytogenetic analysis; Chris
Denny for advice on sequencing and S1 strategies;
and A. Muller for provision of and advice regarding
the BCR-ABL clone in the T7 polymerase expres-
sion vector. Supported in part by NCI grants to
O.N.W,, by NCI grants CA-20180 and CA-21765
to L.W.D. and W.M.C., by NCI grant CA-34233 to
$.D.S., and by the American, Lebanese, and Syrian
Associated Charities to St. Jude Children’s Research
Hospital. $.D.S. is a scholar of the Leukemia Society
of America, S.S.C. is a Special Fellow of the Leuke-
mia Society of America, and O.N.W. is an Investiga-
tor of the Howard Hughes Medical Institute.

30 September 1987; accepted 23 December 1987

REPORTS 777





