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Philadelphia Chromosome-positive Chronic Myelogenous Leukemia with Deleted

Fusion of BCR and ABL Genes
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In the great majority of patients with chronic myelogenous lenkemia (CML) the reciprocal transloca-
tion between chromosomes 9 and 22, 1(9;22)(q34;q11), resulting in the Philadelphia (Ph) chromosome
produces fusion DNA sequences consisting of the 5" part of the major breakpoint cluster region-1
(M-BCR-1) and the ABL protooncogene which encodes for the P210°“**L phosphoprotein with
tyrosine kinase activity implicated in the pathogenesis of CML. Molecular analysis was performed on
25 patients with Ph-positive CML using 2 breakpoint cluster region (ber) probes within the M-BCR-
1 DNA sequences, and two of them did not contain either detectable rearranged DNA homologous to
the 5’ side ber probe or ABL-related fusion mRNA. The chromosomal in situ hybridization technique
reveated that these two Ph-positive CML cases did net carry DNAs homologous to the 5” ber or ABL
probes on the Ph chromesome. Furthermore, one of the two Ph-positive CML cases did not show
cither rearranged DNA or regions homologous to the 3' hcr probe on a 99+ chromosome, while the
other CML case showed a rearrangement detected by the 3’ ber probe and transposition of the 3° ber
homologous to the 9+ chromosome. Thus, the possibility is raised that the BCR/ABL fusion DNA
has been deleted in rare CML cases, and that the deletion possibly occurred in a stepwise manner

following the formation of the Ph chromosome at any stage of the disease.
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The Philadelphia (Ph) chromosome is a cytogenetic
hallmark of chronic myelogenous leukemia (CML),"”
and this minute chromosome which results from the
reciprocal translocation between chromosomes 9 and 22
is found in more than 90% of CML cases.”) In Ph-
positive CML, a part of the ABL protocncogene, nor-
mally located at 9934, transposes onto a limited DNA
sequence which was originally designated by Groffen et
al. as a ber,” resulting in formation of the BCR/ABL
fusion gene.*® It is known that BCR (breakpoint cluster
region) gene extends for more than 100 kb and 3 addi-
tional BCR-related genes are also located on chromo-
some 22 at band q11.”® The approximately 5.8 kb region
within the BCR in which most Ph-positive CML show
breakage, has recently been termed the major breakpoint
cluster region-1 (M-BCR-1).” Although variation in the
breakpoints within the M-BCR-1 in CML cases has been
reported,>® alternative splicing mechanisms act to form
new chimeric mRNA species (8 to 8.5 kb BCR/ABL
mRNA),*®1) encoding novel P210°“**PL with tyrosine
kinase activity that is thought to play a role in neoplastic
transformation in Ph-positive CML.? ' Therefore, the
most important genomic event in Ph-positive CML
seems to be the transposition of the ABL gene into the
broken M-BCR-1. On the other hand, a considerable
number of patients with acute lymphoblastic leukemia

! To whom correspondence should be addressed.

(ALL) also manifest the Ph-chromosome,'® and about
50% of them show breakage on chromosome 22 at the 3’
side of the first intron of the BCR gene'™'"; this region is
currently known as the minor breakpoint cluster region-
1 (m-BCR-1).¥

In the present study, we employed two different probes
derived from the M-BCR-1 and ABL regions, in order to
localize chromosome 22 breakpoint in 25 Ph-positive
CML patients. In this analysis, we demonstrate that two
CML patients do not have a rearrangement within the
M-BCR-1 and also do not express aberrant ABL-related
mRNA. In addition, these cases do not carry DNAs
homologous to the 5 bcr and ABL probes on the Ph
chromosome, yet the disease persisted as CML, and the
Ph chromosome remained.

MATERIALS AND METHODS

DNA probes The probes used in this study were a 1.1 kb
HindIIL/ EcoR] digested 3 ber probe,™ a 2.0 kb BglIII/
HindITl-digested 5’ bcr probe,*” and a 1.8 kb EcoRI-
digested ABL fragment from pc-abl 18.2,” which con-
tains a part of the kinase domain and some 3’ ABL
sequences. The 3’ and 37 ber probes used in this study
can detect rearrangement within the M-BCR-1 DNA
sequences.”*” The DNA. probes were labeled with
[P]dATPs for Southern and Northern blot analyses
and with [’H]dATPs (Amersham) for chromosomal in
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sity hybridization with a random priming method using
the Klenow (large) fragment of DNA polymerase 1.2
Unincorporated [*“P]dATPs or ['H]dATPs were re-
moved by a Sephadex G-75 column.

Southern and Northern blot analyses Cellular DNA and
RNA were extracted from heparinized bone marrow
cells obtained from 25 Ph-positive CML patients using
the urea lysis/cesium chloride method. For detection of
M-BCR-1 rearrangement, DNA was digested by restric-
tion enzymes (HindIII, BamHI, or Bglil) and elec-
trophoresed through a horizontal agarose gel (0.8%).
The electrophoresed DNA was denatured, neutralized,
and transferred to a nylon membrane (Zeta-bind, Cuno).
The filter was hybridized with the *P-labeled probe,
washed, air-dried, and then exposed to Fuji X-ray film
for various periods at —70°C with an intensifying
screen.””

For Northern blot analysis, polyadenylated [poly
(A)"] RNA was purified by oligo(dT) cellulose column.
Twenty ug of poly(A)" RNA was denatured in 1 M
glyoxal, electrophoresed in 1.49% agarose gel, transferred

to a nylon membrane, then UV-crosslinked, prehy-
bridized, and hybridized to the labeled probe. After the
hybridization, the procedure for autoradiography was
the same as for the Southern hybridization technique.
Chromosomal in situ hybridization The localizations of
DNAs homologous to the 3° ber, 57 ber, or ABL probes
were identified with a chromosomal in situ hybridization
technique, performed according to the method of Harper
and Saunders,”” with minor modifications.”® Briefly,
chromosomal DNA was treated with RNase (100 ug/ml
in 2X8SC) at 37°C for 1 h, denatured using 70%
formamide in 2X8CC at 70°C for 2 min, and then
hybridized with the random-primer-labeled probes in a
hybridization mixture (50% formamide, 109% dextran
sulfate, sonicated salmon sperm DNA, 1XDenhardt’s
solution and 2 XSSCP) at 41°C for 18 h. The processed
preparations were washed and dehydrated in an ethanol
series. The slides were exposed to Konica NR-M2 emul-
sion for 14 days at 4°C, developed, and stained using a
sequential Hoechst 33258 and quinacrine mustard (Q-
banding) method.?®

Table I. Hematologic and Clinical Findings of Ph-positive Chronic Myelogenous Leukemia without Rearranged 5° ber
and Aberrant 8.5 kb c-abl mRNA
Case 1 Case 2
Age/Sex” 24/M 61/F
Phase” chronic chronic blastic
Peripheral blood
white blood cell count (/u1} 118,800 15,100 103,700
hemoglobin {g/liter)} 113 119 74
platelet count ( X 10%/ul) 36.4 94.2 79.4
blasts (%) 0 0 53.5
stab and segmented cells (%) 45 78 0
basophils (%) 9 2 17.5
Neutrophil alkaline phosphatase score® 2 149 31
Bone marrow
nuclear cell count (X 10%/u1) 71.9 52.0 22.0
myeloid/erythroid cell ratio 24.0 11.4 123.0
blasts (%) 4.4 0 17.8
Splenomegaly (cm)? 3 6 14
Treatment? a-interferon Busulfan DCMP
Duration of chronic phase {(months) 16+ 35
Duration of blastic phase {(months) — 9
Chromosomes” 46,XY tPh 46,XX,tPh 46,XX,tPh

(25/25 cells)

(20/20 cells) (12/13 cells)
46,XX,inv(3),tPh

(1/13 cells)

a) Age/Sex: M, male; F, female.
&) Phase: chronic, chronic phase; blastic, blastic phase.

¢} Neutrophil alkaline phosphatase score: normal range 180-300.

d) Spienomegaly: centimeters below the left costal margin.

¢) Treatment: DCMP; dauncrubicin, cytosine arabinoside, 6-marcaptopurine, and prednisolone.
) Chromosomes: tPh, t{9;22)(q34;q11); inv(3), inv(3)(g21926); numbers in parentheses indicate marrow metaphase

cells.
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RESULTS

All 25 patients studied were shown to have the stan-
dard Ph translocation, t(9;22){(q34;q11), and no patient
had complex Ph translocation, unless “masked” Ph
chromosomes were present. Southern blot analysis was
carried out on 25 Ph-positive CML cases; 10 were ex-
amined during the blastic crisis, 14 during the chronic
phase, and the remaining case was examined in both the
chronic and blastic phases. Among the 25 CML patients,
rearrangements within the M-BCR-1 DNA sequences
were detected in 23 patients using the 1.1 kb 3" and 2.0 kb
5" bcr probes. The remaining two cases of Ph-positive
CML did not show rearrangement within the M-BCR-1
as detected by the 5 bcr probe. Hematological and
clinical findings of these two CML cases are shown in
Table I
BCR rearrangement and ABL gene expression In case 1,
DNA digested with Bglll, BamHI, or HindIII did not
have aberrantly sized fragments homologous to the 5" ber
probe (Fig. 1, lanes 1 (Bg/II digests) and 4 (BamHI
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Fig. 1.

Ph-+ CML without BCR/ABL Fusion

digests)). On the other hand, aberrant and germ line
fragments hybridized to the 3" bcr probe in Bg/ll digests
and BamHI digests (Fig. 1, lanes 7 ( Bg/lI digests) and 10
(BamHI digests)), suggesting that the breakage within
M-BCR-1 which was detected by the 3" ber probe was
present in this case. The breakpoint on a Ph chromosome
detected by the 3’ ber probe was mapped to within about
2.5 kb BamH1/Bglll M-BCR-1 and this breakage might
be detected by using the 5" ber probe in the Bglll-digested
DNA, though the 5° ber probe actually did not hybridize
to an abnormal fragment in BgliI digests obtained from
this case. The patient from whom the DNA was obtained
was followed in the chronic phase as an out-patient, 16
months after the diagnosis of CML was made.

In Case 2, three different restriction enzymes ( BamHI,
Bglll, or HindlIIl} digested DNA containing only germ
line fragments hybridized to the 5 bcr probes (Fig. 1,
lanes 2 (Bg/li-digested DNA at the chronic phase), 3 (at
the blastic phase), 5 (BamHlI-digested DNA at the
chronic phase), and 6 (at the blastic phase)). The 3" ber
probe also did not detect rearrangement in DNA ob-
tained from this case (Fig. 1, lanes 8§, 9, 11 and 12). The
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Southern blot analyses using a 1.1 kb HindII1/ EcoRI-digested 3’ ber probe (right side) and a 2.0 kb BgIi/

HindITI-digested 5° her probe (left side). DNA was extracted using the urea lysis/cesium chloride method, and digested
by endonucleases {lane 1, BgITI-digested DNA from Case 1; lane 2, Bgill-digested DNA from Case 2 at the chronic phase;
lane 3, Bglll-digested DNA from Case 2 at the blastic phase; lane 4, BamHI-digested DNA from Case 1; lane 5,
BamHI-digested DNA from Case 2 at the chronic phase; lane 6, BamHI-digested DNA from Case 2 at the blastic phase).
The 5° ber probe hybridized only to germ line DNA obtained from two cases (left side). The 3" ber probe detected
rearrangement in Case 1, but not in Case 2 (lane 7, Bglll-digested DNA from Case 1; lane 8, BgllI-digested DNA from
Case 2 at the chronic phase; lane 9, Bglll-digested DNA from Case 2 at the blastic phase; lane 10, BamHI-digested DNA
from Case 1; lane 11, BamHI-digested DNA from Case 2 at the chronic phase; and lane 12, BamHI-digested DNA from

Case 2 at the blastic phase).
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Table II. I situ Hybridization of 3'- and 5'-ber and c-abi Probes to Leukemia Metaphase from Two Patients with
a 1(9;22)(q34,qi1)
Total Number 24—
. number of of Normal Band 9q+ Normal Band -~
Patients Probes " olls  labeled 9 9q34 %% preakpoint 2 22q11 229~ break-
: point
analyzed sites
1 3-ber 100 114 3(2.6%) 0 13(11.4%) 12(10.5%)* 12(10.5%) 10(8.89%)* o 0
5'-ber 75 91 1(1.1%) 0 1(1.1%) 0 10¢11.0%) 9(9.9%)* 0 0
c-abl 100 133 15(11.3%) 13(9.8%)*  2(1.5%) 0 0 0 0 0
2 3'-ber 75 87 2(2.3%) 0 2(2.3%) ¢ 12(13.8%) 12(13.89%:)* 0 o
5'-ber 75 98 2(2.0%) 0 1(1.0%) 0 13¢13.39%) 12(12.2%)™* 1(1.0%) 0
c-abl 75 103 15(14.6%) 13(12.6%)™ 3(2.9%) 4] 2(1.9%) 0 0 Q

Asterisks indicate significant difference from expectation (Poission distribution) P>0.0005.
Metaphases observed were obtained at chronic phases from both patients.

DNA obtained from this patient had no rearrangement
within M-BCR-1 in either the chronic or blastic phase.
Thus, we conclude that in this patient, there was no
rearrangement within the M-BCR-1 DNA sequences,
and that this molecular feature did not change with
disease progression.

We next performed Northern hybridization on poly
(A)" RNAs obtained from these two patients. Both of
them contained 6 and 7 kb bands hybridized to the 1.8 kb
ABL probe, though no 8.5 kb BCR/ABL mRNA was
detected in either case, which was in keeping with the
results obtained by the Southern hybridization (data not
shown). On the other hand, poly(A)"™ RNA obtained
from a CML-derived cell line, K562, exhibited an aber-
rant 8.5 kb fragment which hybridized to the ABL probe.
Localization of BCR and ABL genes To determine the
breakpoint on chromosome 22 in these two cases of
Ph-positive CML, chromosome ix situ hybridization was
carried out on bone marrow cells obtained at the chronic
phase. The localizations of DNAs homologous to the 3’
and 5’ ber probes, and ABL probes are demonstrated in
Table II and Fig. 2.

Fig. 2. Schematic representation of clustered grains hybridized
to the 3" and 57 ber probes and the ABL probe. In Case 1, 9.9%
of grains hybridized to the 5” ber probe were present at 22q11 of
normal chromosome 22, 8.8% of grains hybridized to the 3" ber
probe at 22ql1! of a normal chromosome 22 and 11.4% of
grains hybridized to the 3’ ber at 9934 of a 99+ chromosome.
Further, 9.8% of grains hybridized to the ABL probe clustered
at band 9934 of a normal chromosome 9. In Case 2, 12.2% of
grains hybridized to the 5" ber probe clustered at band 22q11 of
a normal chromosome 22, 13.8% of grains hybridized to the 3
ber probe at 22q11 of a normal chromosome 22, and 12.6% of
grains hybridized to the ABL probe at 9934 of a normal
chromosome 9, indicating that transposition of these genes was
not detected in this case.
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Case 1 showed sequences homologous to the 3’ ber
probe on a normal chromosome 22 at band ql1 (8.8%),
as well as the 9q34 region of a 99+ chromosome
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(10.5% )(Figs. 2 and 3). On the other hand, the ABL and
5" ber probes did not cluster on the Ph chromosome or on
other chromosomal segments. Rather, the ABL probe
hybridized to sequences on a normal chromosome 9 at
band g34, and the 5° her was homologous to the q11 band
on a normal chromosome 22 (Table Il and Fig. 2),
indicating that the 3’ portion of M-BCR-1 was trans-
posed to the 9q+ chromosome at the g34 region, al-
though DNAs homologous to the 5° ber and ABL probe
were not present on the Ph chromosome.

Case 2 showed that the 5" ber probe was homologous
to sequences on a normal chromosome 22 at the gll
region (12.2%) and ABL on a normal chromosome 9
(12.6% ). but neither probe had homologous regions on
the Ph chromosome. The 3" ber sequences were also
clustered only on the normal chromosome 22 at band q11
(13.8%), but not on the Ph or on the 99 + chromosome
(Table II and Fig. 2).

DISCUSSION

In this study, we have encountered two CML cases
which did not have either DNA rearrangement as
detected by the 5" bcr probe nor ABL-related fusion
mRNA. The chromosome in situ hybridization results for
these two cases demonstrated that the 5" portion of the
M-BCR-1 sequences, which usually remains on chromo-
some 22 in Ph-positive CML cells, was not present either
on a Ph chromosome nor on a 9q+ chromosome, in-
dicating that the breakpoint did not occur outside the
M-BCR-1, and the 5" portion of M-BCR-1 and the ABL
genes were completely missing from the Ph chromosome.

Ph+ CML without BCR/ABL Fusion

Fig. 3. Localization of DNAs ho-
mologous to the *H-labeled 3’ ber
probe by chromosomal in situ hy-
bridization. These photographs of
Ph-positive metaphase cells obtained
from Case 1 show homology at band
34 of 9q ¢+ chromosomes. Silver
grains were identified on Q-banded
chromosomes using a double-
staining method and analyzed under
a fluorescence microscope.

The deletion of M-BCR-1 DNA sequences homolo-
gous to the 3" ber probe has been found in some Ph-posi-
tive CML cases.” **’ Popenoe et al. reported that 4 out of
14 Ph-positive CML cases did not show abnormal bands
hybridizing to the 3" bcr probe, while they did find
rearranged M-BCR-1 as detected by a 5" ber probe.””
However, they also found 4 cases in which no rearrange-
ment within the M-BCR-1 was detected, suggesting the
possibility of variable deletions in the M-BCR-1 DNA
sequences during the Ph translocation process.”” Dele-
tion of the 3’ portion of M-BCR-1 was also found in a
K562 CML-derived cell line,”" and if complete, deletion
in this region does not interfere with the production of
chimeric BCR/ABL mRNA. Furthermore, Shtalrid et
al. recently reported that there was no unique clinical or
laboratory finding in Ph-positive CML cases with a dele-
tion of the 3’ side of M-BCR-1.™

When the breakage on chromosome 22 occurs within
the 5thintron of BCR and the 3' side of the broken DNA
sequences is simultaneously deleted, Southern analysis
using the 5" and 3’ ber probes could fail to detect the
change. However, in such a case, the chromosomal in situ
hybridization technique will reveal 5" ber probe homol-
ogy to Ph chromosomal DNA. However, the Ph chromo-
some from the two CML cases presented here showed no
sequence homology to the 5" ber probe.

Selleri et al. described results similar to ours from
molecular analysis of two Ph-positive CML patients.”
They found three cases without detectable DNA rear-
rangement within the M-BCR-1 sequences, two of
which did not have a chimeric BCR/ABL mRNA, and
they postulated that the breakpoint occurred outside the
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M-BCR-1 in some Ph-positive CML cases.™ Other inves-
tigators also reported that a few Ph-positive CML cases
showed rearrangements outside the M-BCR-1,% 313339
Saglio et al. reported that seven out of 80 CML cases in
the chronic phase showed breakpoints falling outside the
M-BCR-1; two of which had breaks upstream to the
M-BCR-1,* while Shtalrid et al. found one out of 100
CML cases in which breakage on chromosome 22
occurred at the 5 side of the M-BCR-1.>* However, it is
difficult to conclude from these results whether the break
on a Ph chromosome occurred outside the M-BCR-1 or
whether the fused BCR/ABL gene was deleted, without
using chromosomal in situ hybridization techniques. The
reason for this is that if a deletion occurs after the
formation of a BCR/ABL fusion gene and the deleted
portion includes the broken 5 side of the M-BCR-1, the
results of Southern blot analysis might be mistakenly
interpreted as indicating that the break occurred outside
the M-BCR-1, When the breakage on a Ph chromosome
occurs within the lst intron of BCR, DNA homologous
to the 5 ber probe should move to a 9q+ chromosome in
Ph-positive cells. On the other hand, when DNA se-
quences on a Ph chromosome including the broken 5” ber
are deleted, DNA hybridized to the 5° ber probe might
not be present either on a 99+ chromosome or on a
Ph chromosome. Thus, at least in our two Ph-positive
CML cases, the results of Southern blot analysis, show-
ing that only germ line fragments were homologous to
the 5° ber probe, do not unequivocally indicate that the
break on a Ph chromosome occurred outside the M-
BCR-1.

The observation by chromosomal in situ hybridization
that the ABL probe did not hybridized to the Ph chromo-
some in these CML patients, strongly suggests that the
breakpoints on chromosome 22 do not occur at the first
intron of BCR. Even when a breakpoint on a chromo-
some 22 occurred upstream of M-BCR-1 as in case of
Ph-positive ALL,"™ the ABL probe should hybridize
to DNAs which remain on the Ph chromosome. As
mentioned above, rare Ph-positive CML patients who
had breakpoints located within a short distance from the
5" part of the M-BCR-1 have been described,”* but
their breakpoint locations do not occur as far upstream
as those observed in Ph-positive ALL.'""™ However,
molecular changes in the two Ph-positive CML cases
presented here are probably different from those ob-
served in Ph-positive ALL or in those rare cases of
Ph-positive CML. Furthermore, not only DNAs
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hybridized to the 5° ber probe but also the ABL gene
were simultaneously absent from the Ph chromosome in
these cases, indicating that those genes may have been
deleted after the formation of the BCR/ABL fusion
gene, rather than being deleted independently.

Recently, Bartram et al. reported a Ph-positive CML
case with a deletion of the 5 end of the rearranged
M-BCR-1 with simultaneous absence of the aberrant
ABL-related mRNA.* They demonstrated the deletion
of the fused DNA sequences which might occur follow-
ing the formation of the usnal BCR/ABL fusion using
chromosomal in situ hybridization techniques. Further-
more, Bartram et al suggested that the deletion of a
fused BCR/ABL DNA sequence might have modulating
effects on the clinical course of the disease, since the
Ph-positive CML patient presented by them survived
more than 14 months in the acute blastic phase.”® Our
Case 2 also survived the acute megakaryoblastic phase
for 9 months following a chronic phase of about 35
months (Table I),*® which is in accordance with the
description by Bartram et al.*® Thus, the cases presented
by Bartram et al. and those reported here might indicate
that deletion of the fused BCR/ABL gene in Ph-positive
CML has some effects on clinical features, especially on
prolongation of the blastic phase.

One possibility for the deletion of the 5° portion of the
M-BCR-1 sequences and the ABL gene from a Ph chro-
mosome in our two CML patients might be that the
deletion occurred subsequent to the BCR/ABL fusion.
However, the results of this study strongly suggest that
the fused DNA sequences could disappear during any
phase of Ph-positive CML. This further suggests the
possibility that the fused BCR/ABL sequences and an
aberrant ABL-related message might not be necessary
for maintenace of the disease, again supporting the obser-
vation by Bartram et al.***"
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