to reverse the inhibitory properties of the
immunosuppressants. In the studies report-
ed herein, the approximately tenfold lower
affinity of 506BD for FKBP, relative to
FK506 and rapamycin, results in antago-
nism at tenfold higher concentrations than
that required in the FK506/rapamycin an-
tagonism studies (24). The excess of FKBP
in the cell at effective drug concentrations
also provides independent evidence that the
inhibition of rotamase activity of FKBP is
not central to the biological actions of these
drugs.

These studies demonstrate that inhibition
of the rotamase activity of FKBP is insuffi-
cient for mediating the biological effects of
cither FK506 or rapamycin. The ability to
dissect the structural elements involved in
FKBP binding by FK506 and rapamycin
from those elements that are essential for
their specific biological actions supports the
view of these drugs as dual-domain agents.
The effects of these drugs on separate T cell
activation pathways is probably the result of
a common mode of drug binding and subse-
quent interactions of the resultant complex-
es with different target molecules. The speci-
ficity of these latter interactions is deter-
mined by the precise geometry of the im-
munophilin/drug complexes, which in turn
is determined by the unique effector cle-
ments found on each of these immunosup-
pressants. These studies suggest that versa-
tile immunophilin binding modules can be
constructed that will allow attachment of
different effector cassettes in order to inhibit
different signal transduction pathways.
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Detection of bcr-abl Fusion in Chronic Myelogeneous
Leukemia by in Situ Hybridization

D. C. TkacHUK, C. A. WESTBROOK, M. ANDREEFF, T. A. DONLON,
M. L. CLeARY, K. SURYANARAYAN, M. HOMGE, A. REDNER,

J. Gray, D. PINKEL

Chronic myelogeneous leukemia (CML) is genetically characterized by fusion of the bcr
and abl genes on chromosomes 22 and 9, respectively. In most cases, the fusion
involves a reciprocal translocation t(9;22)(q34;q11), which produces the cytogeneti-
cally distinctive Philadelphia chromosome (Ph'). Fusion can be detected by Southern
(DNA) analysis or by in vitro amplification of the messenger RNA from the fusion
gene with polymerase chain reaction (PCR). These techniques are sensitive but cannot
be applied to single cells. Two-color fluorescence in situ hybridization (FISH) was
used with probes from portions of the ber and abl genes to detect the ber-abl fusion in
individual blood and bone marrow cells from six patients. The fusion event was
detected in all samples analyzed, of which three were cytogenetically Ph'-negative. One
of the Phl-ncgativc samples was also PCR-negative. This approach is fast and sensitive,
and provides potential for determining the frequency of the abnormality in different

cell lineages.

USION OF THE PROTO-ONCOGENE

abl from the long arm of chromo-

some 9 with the ber gene of chromo-
some 22 is a consistent finding in CML (1-
3). This genetic change leads to formation
of a bcr-abl transcript that is translated to
form a 210-kD protein present in virtually
all cases of CML (4-6). This fusion can be
detected by Southern analysis for ber rear-
rangements (7-9) or by in vitro amplifica-
tion (PCR) of a complementary DNA
(cDNA) transcript copied from CML
mRNA (10-16). In approximately 95% of
cases the fusion gene results from a recipro-
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cal translocation involving chromosomes 9
and 22, producing a cytogenetically distinct
small acrocentric chromosome called Ph'
(17-22). In the remaining cases the genetic
rearrangement is morc complex, and the
involvement of the ber and abl regions of
chromosomes 9 and 22 may not be apparent
during analysis of banded metaphase chro-
mosomes. Southern, PCR, and banding
analysis provide complementary but incom-
plete information on CML. They do not
permit a genetic analysis on a cell by cell
basis in a format in which the results can be
related to cell phenotype as judged by mor-
phology or other markers. Thus, assessment
of the distribution of the CML genotype
among cells of different lineages and maturi-
ty is not possible.

We describe here the use of two-color
fluorescence in situ hybridization (FISH)
for detection of the bcr-abl fusion in meta-
phase and interphase cells. The ber-abl fusion
status can be determined rapidly for cach cell
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Fig. 1. Schematic represen- | 12345
tation of the ber gene on
chromosome 22, abl genc on
chromosome 9 (27), and the
ber-abl tusion gene. Exons of
the ber gene are depicted as
solid boxes. I refers to the

ber

PEM12 "\
hN 5.8-kb breakpoint region

Ib la I
first exon; the numerals 1 to a 0 0 A 1 abl
5 refer to the exons within T
. 25 kb -H-
the breakpoint cluster re- 200-kb breakpoint reglon/ oH-abl
gion, here indicated by the
dashed line [map adapted
from (28)]. The approxi- | 123 a I .
mate location of the 18-kb il 0 0l 0 ranoncl Fusion
N, NN i gene
plmgc PEMI12 pl’ObC (h(i’ — s
PEM12 c-H-abl

probe) is indicated by the
open horizontal bar. Since 2510 225kb

the majority of breakpoints in CML occur between exons 2 and 4, 15 kb or more of target for PEM 12
will remain with the fusion gene. Exons of the abl gene are depicted as open vertical bars (not to scale).
The numerals [a and Ib refer to the alternative first exons, and II to the second exon [map adapted from
(28)]. Exon II 1s approximately 25 kb upstream of the end of the 28-kb cosmid ¢-H-abl (abl probe). All
CML breakpoints occur upstream of exon II, usually between exons Ib and Ia, within a region that is
approxmmately 200 kb in length. Thus, ¢-H-abl will always be 25 to 200 kb away from the fusion
junction. Therefore, on the her-abl fusion gene PEM12 will always lic at the junction and ¢-H-abl will be

separated from it by 25 to 200 kb.

in a population without cell culture, and the
genotype can be correlated directly with cell
phenotvpe. This assay uses probes for se-
quences that flank the fusion in essentially all
cases of CML (Fig. 1). One probe, c-H-abl
(the ahl probe), was a 35-kb cosmid
(pCV105) clone sclected to be telomeric to
the 200-kb region of abl between exons Ib
and II, in which the breaks occur on chro-
mosome 9 (9, 23). Hybridization of the abl
probe to normal metaphase cells yielded
signals on both chromatids of chromosome
9 near the telomere of 9q. The second
probe, PEM12 (ber probe), was an 18-kb
phage clone (in EMBL3) that contains part
of, and extends centromeric to, the 5.8-kb
breakpoint cluster region of the ber gene on
chromosome 22, in which almost all CML
breakpoints occur. The ber probe gave hy-
bridization signals on the proximal long arm
of chromosome 22 in normal metaphase
cells. Two-color FISH was carried out with
a biotin-labeled abl probe, detected with the
fluorochrome Texas red, and a digoxigenin-
labeled her probe, detected with the green
fluorochrome  fluorescein  1sothiocyanate
(FITC) (24). Hybridization of both probes
was observed simultaneously with a fluores-
cence microscope equipped with a double
band-pass filter set (Omega Optical).

Two-color FISH with the abl (red) or ber
(green) probe to normal G, interphase nu-
clei tvpically resulted in two red and two
green hybridization signals that were well
separated and distributed randomly around
the nucleus. A few cells showed two doublet
hvbridization signals, probably a result of
hybridization to both sister chromatids of
both homologs in cells that had replicated
this region of DNA (those in the S or G,
phase of cell cycle).

The genetic rearrangement of CML
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brings the binding sites of the ber and abl
probes to within 25 to 225 kb of each other
on an abnormal chromosome, depending on
the exact positioning of the breakpoints in
the leukemic clone (Fig. 1). Dual-color hy-
bridization with abl and ber probes to inter-
phase CML cells resulted in one red and one
green hybridization signal located at ran-
dom in the nucleus, and one red-green
doublet signal in which the separation be-
tween the two colors was <1 um. In some
cases, the red-green doublet appeared yellow
(Fig. 2). We ascribe the randomly located
red and green signals to hybridization to the
abl and ber genes on the normal chromo-
somes, and the red-green doublet signal to

hybridization to the bcr-abl fusion gene (Fig
3A). The distance between the red and
green components of the fusion signal is
consistent with interphase mapping studics,
which show that DNA sequences separated
by less than 250 kb should be within 1 pm
of cach other in two-dimensional interphase
nuclei (25). Since the positions of the ber and
abl hybridization sites are distributed appar-
ently randomly over the two-dimensional
nuclear images in normal cells, it is to be
expected that some normal cclls will have
red and green signals separated by <<1 pm.
We found such false positive cells at a fre-
quency of about 1% (9 of 750 cclls pooled
from four normal individuals). The highest
frequency of false positive fusion signals for
an individual case was 3 of 150 cells ana-
lyzed. These results set a practical limit of
about 1% for the detectable frequency of
CML cells in a population with the use of
this probe placement strategy.

The hybridization results for seven sam-
ples from six CML cases, along with data
from PCR, Southern, and chromosome
banding analysis arc shown in Table 1. All
six cases, including three that were found to
be Ph'-negative by banding analysis (CML-
4, CML-5, and CML-6), showcd red-green
hybridization signals scparated by <1 um in
more than 50% of nuclei. In most, the
fusion event was visible in almost every cell.
One case (CML-6) showed fusion signals in
almost every cell even though PCR analysis
failed to detect the presence of a fusion
mRNA and banding analysis did not reveal
a Ph'. Hybridization to metaphase cells was
performed in three cascs (CML-1, CML-4,

Table 1. A summary of cytogenetic, FISH, and other analyses of her-abl rearrangements in six CML
cases. CML-1 and CML-5 were bone marrow samples from patients with chronic phase CML who
were receiving no treatment. CML-3a and CML-3b were from peripheral blood and bone marrow,
respectively, of a CML patient in blast crisis, who was receiving hydroxyurca. CML-2 was from bone
marrow in a blast crisis CML patient. CML-4 was bone marrow from a CML patient in blast crisis and
receiving no treatment. CML-6 was from bone marrow in a chronic phase CML patient receiving
hydroxyurea. Hybridization to metaphase cells was done on cases CML-1, CML-4, and CML-5. CML-
1 and CML-4 both showed fusion gene signals localized near the end of a small acrocentric
chromosome consistent with a classic Ph' resulting from a reciprocal translocation. CML-5 showed an
interstitial fusion signal on 22q consistent with the ber-abl fusion gene resulting from an insertional
event. F, fusion; N, normal; D, double fusion; NI, not interpretable; and ND, not donc.

. . . Interphase Orther analyscs
Patient Cytogenetics I g H (reference)
CML-1 46,XX,t(9;22)(q34:;q11) 80% F ND
2% D
18% NI
CML-2 46,XY,1(9;22)(q34:;q11) 60% F PCR+ (30)
40% NI
CML-3a 46,XY,1(9;22)(q34;q11) 75% F PCR+ (29)
25% N
CML-3b 46,XY,1(9;22)(q34;q11) 100% F PCR+ (29)
CML-4 47 XY, +8,del(22)(qll) 100% F PCR+ (30)
CML-5 46,XY,ins(22;9)(ql1;q34q34) 100% F PCR+ (30)
CML-6 46,XY,t(5;9)(ql3;q34) 100% F PCR~- (30)

Southern + (31)
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Fig. 2. Fluorescence in situ hybridization in inter-
phase nuclei with abl (red) and ber (green) probes
visualized simultaneously through a double band-
pass filter. Cells from a CML patient, 46,XY,
t(9:22)(q34;q11), showing the red-green (yel-
low) signals resulting from the hybridization to
the ber-abl fusion gene, and single red and green
hybridization signals to the bor and abl genes on
the normal chromosomes 22 and 9.

and CML-5). All of these showed red and
green hybridization signals in close proximi-
ty on a single small acrocentric chromo-
some. In two cases (CML-1 and CML-4)
scored as t(9:22)(q34:q11) by banding
analysis, the red-green pair was in close
proximity to the telomere of the long arm of
a small acrocentric chromosome as expected
for the Ph! (Fig. 3B). One case (CML-5)
was suspected by banding analysis to have
an insertion of chromosomal material at
22qll. Two-color hybridization to meta-
phase cells from this case showed the red-
green pair to be centrally located in a small
chromosome (Fig. 3C), consistent with for-
mation of the ber-abl fusion gene by an

interstitial insertion. In one case (CML-1),
two pairs of red-green doublet signals were
seen in 3 of 150 (2%) interphase nuclei.
This may indicate a double Ph' (or double
fusion gene) in those cells that was not
detected by banding analysis, which was
limited to 25 metaphase cells. The acquisi-
tion of an additional Ph! is the most fre-
quent cytogenetic event accompanying blast
transformation, and its cytogenetic detec-
tion may herald disecase acceleration. Sam-
ples CML-3a and CML-3b represent analy-
sis of peripheral blood and bone marrow,
respectively, from the same patient. The
percentage of ber-abl fusion-positive cells was
higher in the bone marrow than peripheral
blood.

Simultaneous hybridization with abl and
ber probes to metaphase cells of the CML-
derived cell line K-562 showed multiple red-
green hybridization sites along both arms of
a single acrocentric chromosome. Hybrid-
ization to interphase nuclei showed that the
red and green signals were confined to the
same region of the nucleus (Fig. 3D). This is
consistent with their being localized on a
single chromosome. Eight to 16 hybridiza-
tion pairs were seen in each of 250 nuclei
enumerated, indicating corresponding am-
plification of the ber-abl fusion gene. Fusion
gene amplification was not seen in any of the

normal controls or CML patients analyzed. -

These findings are consistent with previous
Southern blot data showing amplification of
the fusion gene in this cell line (26).

In summary, analysis of interphase cells

Fig. 3. (A) Illustration
showing hybridization pat-
terns for normal and CML
metaphase and interphase
cells. Closed circles repre-
sent red signals from c-H-abl
(abl probe) and open circles
represent green signals from
PEM 12 (ber probe). The
left side of the figure shows
a normal metaphase with c-
H-abl staining near the end
of 9q and PEM12 on proxi-
mal 22q. The corresponding

A

Metaphase

Imerphase

PEM12
der 22

(Pn')
c-H-abl

4 der 9

interphase hybridization pat-
temn shows random placement
of all four signals. The right
side of the figure shows a dlas-
sic Ph' in CML. The ber-abl
fusion is by onc
set of red and green signals in
dosc proximity in metaphase
and. interphase. (B) The abl

telomeric

arising from an insertional event in a case of CML (CML-5) with

46,XY,ms(22 9)(qll,q34q34) (D) Interphase cells from the K-562 cell line showing multiple abl signals
the interphase indicating

localized to a region of
amplification of the ber-abl fusion gene.
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nudeus. The same staining pattern was seen with ber probe

from seven CML and four normal cell sam-
ples by dual-color FISH with abl and ber
probes suggests the utility of this approach
for routine diagnosis and clinical monitor-
ing of CML. One of the advantages of this
technique is the ability to obtain genetic
information from individual interphase or
metaphase cells in less than 24 hours. It can
be applied to all cells of a population, not
just those that, fortuitously or through cul-
ture, happen to be in metaphase. The geno-
typic analysis can be associated with cell
phenotype, as judged by morphology or
other markers, which permits study of lin-
cage specificity of cells carrying the CML
genotype as well as assessment of the fre-
quency of cells carrying the abnormality. In
addition, counting of hybridization spots
allowed us to determine the degree of ber-abl
gene amplification in the K-562 cell line.
Quantitative measurement of fluorescence
intensity may assist with this analysis in the
future.

Random juxtaposition of red and green
signals in two-dimensional images of normal
cells, which occurs at a frequency of about
0.01 with the probe placement strategy de-
scribed here, sets the practical limit for
detection of rare CML cells in a population.
The detection limit may be lowered in the
future by quantitative measurement of the
separation and fluorescence intensity of the
hybridization signals in each nucleus, or by
the use of differently placed probes. For
example, a probe that hybridized to both
sides of either breakpoint would produce
two signals (or closely spaced doublets) in
normal cells, but three in CML cells. Thus, a
single-color hybridization could potentially
climinate false positives, but will give some
false negatives. A more complete strategy
with two-color hybridizations might use
probes that hybridized to both sides of both
breakpoints.

Use of other disease-locus—specific probes
should allow this technique to be extended
to other malignancies. Genetic events in-
volving rearrangements, deletions, and am-
plifications are potentially detectable in indi-
vidual cells.

—
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GGC TTC ACT CAG ACC CTG AGG-3'; probe
for the 1dentification of ber3/abl2 junction sequence
5'-GAA GGG CIT TTG AAC TCT G-3'; probe for
the 1dentfication of bcr2/abl2 junction sequence 5'-
GAA GGG CTT CIT CCT TAT-3'. Exon 3 of ber 1s
joined to abl exon 2 if a 314-bp fragment 1s ampli-
fied. Exon 2 of ber is joined to abl exon 2 1f a 239-bp
fragment 1s amplified.

31. Southern blot on casc CML-6 showed a rearranged
Bgl II band with an OSI Transprobe-1 Kit (Onco-
genc Science catalog no. TP88).

32. We thank B. Trask for expertise in hybridization
techmques, R. Seagraves and C. Dana Bangs for
technical help, and R. Wooten for art and photo-
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Molecular Cloning and Functional Expression of the
Cardiac Sarcolemmal Na*-Ca®* Exchanger

DeBORA A. NIcOLL, STEFANO LONGONI,* KENNETH D. PHILIPSONT

The Na*-Ca?* exchanger of the cardiac sarcolemma can rapidly transport Ca** during
excitation-contraction coupling. To begin molecular studies of this transporter,
polyclonal antibodies were used to identify a complementary DNA (cDNA) clone
encoding the Na*-Ca’* exchanger protein. The cDNA hybridizes with a 7-kilobase
RNA on a Northern blot and has an open reading frame of 970 amino acids.
Hydropathy analysis suggests that the protein has multiple transmembrane helices,
and a small region of the sequence is similar to that of the Na*- and K*-dependent
adenosine triphosphatase. Polyclonal antibodies to a synthetic peptide from the
deduced amino acid sequence react with sarcolemmal proteins of 70, 120, and 160
kilodaltons on immunoblots. RNA, synthesized from the ¢cDNA clone, induces
expression of Na*-Ca®* exchange activity when injected into Xenopus oocytes.

HE NA'"-CaA?' EXCHANGE TRANS-

porter of cardiac sarcolemma is a

major pathway for transmembrane
Ca?* fluxes in cardiac myocytes (1). The
exchanger uses the energy in the Na* gradi-
ent to move Ca®* and is usually considered
the dominant cellular Ca*" efflux mecha-
nism. The significance of Na'-Ca®* ex-
change in cardiac excitation-contraction
coupling has recently attracted attention (2).
Although both physiological and biochemi-
cal studies have defined the rate and magni-
tude of exchanger-mediated fluxes, molecu-
lar studies of the Na*-Ca®" exchanger have
lagged because of the relatively low abun-
dance and lability of the exchanger. We have
previously correlated sarcolemmal Na®-
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Ca®* exchange activity with 70-, 120-, and
160-kD proteins (3). Here we report the
molecular cloning, expression, deduced ami-
no acid sequence, and apparent molecular
size of the canine cardiac sarcolemmal Na -
Ca’" exchange protein.

We used a polyclonal antibody against a
partially purified preparation of the ex-
changer (3) to screen an amplified Agtll
expression library (4). A 3.2-kb clone, desig-
nated A4, was isolated from the library for
further study. Northern blot analysis of po-
lyadenylated [poly(A)*| RNA from dog
heart tissue probed with DNA from A4
indicated that the complete exchanger tran-
script is 7 kb (5). Sequence analysis and our
inability to express exchange activity in oo-
cytes with RNA synthesized from the A4
clone indicated that this clone did not con-
tain the entire coding region for the ex-
changer.

To obtain the 5’ end of the coding region
of the exchanger clone, we constructed a
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