
to reverse the inhibitory properties of the 
immunosuppressants. In the studies report- 
ed herein, the approximately tenfold lo\ver 
affinin. of 506BD fbr FKHP, relative to 
~ ~ 5 0 6  and raparnvcin, results in anrago- . . 
nism at tenfold higher concentrations than 
that required in the FK506lrapamycin an- 
tagonisn~ studies (24). The excess of FKBP 
In the cell at effecti~c drug concentrations 

L, 

also pro\,ides independent evidence that the 
~nhibition of rotanlase activi? of FKRP is 
not central to the biolog~cal actions of thesc 
dmgs. 

These studies demonstrate that inhibition 
of the rotanase activity of FKBP is insuffi- 
cicnt for mediating the biological effects of 
either FK506 or rapamycin. The ability to  
dissect the structural elements involved in 
FKBP binding by FK506 and rapamycin 
from those elements that arc essential for 
their specific biological actions supports the 
view of these drugs as dual-domain agents. 
The eff'ects of these drugs on separate T cell 
activation pathways is probably t h e  result of 
a common mode of d n ~ g  binding and subse- 
quent interactions of the resultant complex- 
es ~vi th different target molecules. The speci- 
ficity of these latter interactions is deter- 
mined by the precise geometry of the im- 
munophililddrug complexes, which in turn 
is determined by the unique effector ele- 
ments found on each of these immunosup- 
pressants. These studies suggest that versa- 
tile immunophilin binding  nodules can be 
constn~cted 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 

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)(cg34;ql l ) ,  which produces the cytogeneti- 
cally distinctive Philadelphia chromosome (Phl). 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 bcr and abl genes to detect the bcr-abl fusion in 
individual blood and bone marrow cells from six vatients. The fusion event was 
detected in all samples analyzed, of which three were cytogenetically Ph'-negative. One 
of the Phl-negative 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. 

F USION OF THE PROTO-ONCOGENE cal translocation involving chromosomes 9 
nbl from the long arm of  chromo- and 22, producing a cytogcnetically distlnct 
some 9 with d ~ e  hcr gene of chromo- small acrocentric chromosome called Ph' 

some 22 is a consistent finding in C M L  (1- (17-22). In the remaining cases the genetic 
3). This genetic change leads to  formation rearrangement is morc complex, and the 
of a bcr-ah1 transcript that is translated to  in\~ol\~ement of the hcr and abl regions of 
form a 210-kD protein present in virtually chromosomes 9 and 22 may not be apparent 
all cases of CML (4-6). This fixion can be during analysis of banded metaphasc chro- 
detected bv Southern analysis for hr r  rear- mosomes. Southern, PCR, and banding 

u 

rangements (7-9) o r  by in vitro amplifica- analysis provide complementary but incom- 
tion (PCR) of a complementary DNA plete information on CMI,. They d o  not 
(cDNA) transcript copied from CMI, 
mRNA (10-16). In approximately 95% of 
cases the fusion gene results from a recipro- 
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T A. Donlon, M.  L. C l e w ,  K. Sunranaravan, Depart- 
ment of Pathology, Stanfoid ~ n i v e i s i n ,  Stanford, CA 
94305. 

permit a genetic analysis on a ccll hy cell 
basis in a format in which thc 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- 
t y  is not possible. 

We describe here the use of nvo-color 
fluorescence in situ hybridization (FISH) 
for detection of the bcv-nhl fusion in meta- 
phase and interphase cells. The bcv-ah1 fusion 
status can be determined rapidly for each cell 
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Fig. 1. Schematic rcprcsen- 
ration of the l l , r  gene on 
chromosomc 22. ~ i 1 1  gene o n  
chromosome 9 (2; ) .  and the 
ht1.-~1/~1 fus~on gene. Exons of 
the /lit gene Arc ilcpictcd 2s 
solid boxes. I refers to the 
first cson: the nunicrals 1 to 
5 rckr to the esons Lvithin 
the breakpoint clustcr re- 
gion, here indic.~ted by the 
dashed line [map adapted 
from (_ 'X I ]  Thc approxi- 
mate location of the 18-kb 
phage PEL1 12 probe ( i l i i .  

probe) is indicated by the 
onen hor~zontal bar. Slncc 

L L  - bcr 
PEM12 '-< 

'5 8-kb breakpornt region 

I b la I I  
n// 

+-..-.-...........-, 
abl 

f 4  
- 

25 kb c-H-abi 
200-kb breakpo~nl reglon 

I la 1 1  Fusion 
/ gene - 

PEM12 L-VvV' C-H-abl ' 
25 to 225 kb 

the niajor~n of breakpoints in CXIL occur benreen esons 2 and 4, 15 kb or more of target for I'EM 12 
\\.ill remain \ \ ,~th the krslon gcnc. Exons ofthc <1i11 gene are depicted as open \mtical bars (not to scale). 
The nurncrals I,I anii Ib refer to the alternative first cxons, and I1 to the second exon [rnap adapted from 
(ZS) ] .  Eson I1 IS approxirnatcl\ 25 kb upstream ofthe end of the 28-kb cosmld c-H-(1h1 id11 probe), hll 
ChlL breakpoints occur upstream of exon 11, usually bcn\.ccn cuons Ib and Ia. \vith~n a region that is 
approx~~i~awly 200 kb in length. Thus, c-H-abl uill al\vays be 25 to 200 kb a\va\ from the fusion 
junction. Therefore, on the i ~ o - , z h l  fusion gene PEM12 \vill al\r.ays lie at the junction and c-H-oh1 \vill be 
separated from ~t b \  25 to 200 kb. 

~ I I  a population without cell culture, and the brings the b i ~ l d i ~ l g  sites of  the hcr and cihl 
genon.pc can be correlated directly ~ v i t h  cell probes t o  \vithin 2 5  t o  225  kb o f  each other 
phenonrpc. This assay uses probes for se- o n  an ab~lorrnal chrornosorne, depending o n  

hybridization to the hc-r-nhl f~rslon gene (Fi;g 
3A). The distance benvccn thc red anli 
green components of  the fusion signal is 
consistent with intcrphase mapping studies, 
which show that DNA sequences separate'd 
by less than 250  kb sho~rld be \\.itliin 1 prn 
of  each other in n\ro-dimensional in tcrphax 
nuclei (2.7). Since the positiolis o f t h e  bcr and 
nbl hybridization sites are distributed appar-- 
cntly randomly over thc t\vo-clirnension.xl 
nuclear images in normal cclls, it is t o  l-le 
expected that some nor~na l  cclls nil1 ha\.e 
red and green signals scparatcii by < 1 ~111. 

We  fou~lci such false ~os i t rvc  cclls at a frr:- 
quency of  about 1% (9 o f  750 cclls poolcd 
frorn four normal individuals). The  highest 
frequency of false positi\,c fusion sig~lals for 
an individual case \+,as 3 of 150  cells anx- 
lyzed. These rcsults set a practical limit of  
about 1% for the detectable f r cq~~cncy  of  
C M L  cells in a population with the use of  
this probe placement strategy. 

'The hybridization rcsults for tcven sarll- 
pies from six CMI, cases, along lvirh data 
from PCK, Southern, and chrornosorne 

q u u ~ c e s  that  flank the fusion irl essentially all the esact positio~ling of  the breakpoints in banding a~lalysis arc sho\v11 in Table 1 .  Pill 
cases of  CXIL (Fig .  1 ) .  O n e  probe, c-H-clbi the leukemic clone (Fig. 1 ) .  L)ual-color hy- six cases, including thrcc that wcrc found ro 
(the cibi probe), was a 35-kb cosmid bridizatio~l with 0111 and bc-r probes to  inter- be Phl-negative by banding analysis (CMT,- 
(pC\ '105) c lo~le  selected to  be telorneric t o  phase C M L  cells resulted in one red and one 4, CML-5,  and CM1.-61, sho\+,cd red-green 
the 200-kb region of ahi b e n v e e ~ ~  esons I b  green hybridization signal located at ran- hybridization signals scparatcd by <1  p m  in 
and 11, in \\rhich the breaks occur o n  chro- d o m  in the nucleus, and one red-green more than 50% of  nuclei. In most, the 
mosome 9 ( 9 ,  23) .  Hybr id iza t io~~  of  the ah1 doublet sig~lal it1 \vhich the separation be- fusion event \vas visible in alrnost c\.enr cell. 
probe t o  norrnal metaphase cells yielded ni7een the Gi.0 colors \vas < 1 i m .  In some O n e  case (CML-6)  shoxveci fusion signals in 
signals OII both chromatids of  chromosome cases, the red-green doublet appeared yellow almost e v e n  cell even though I'CR analy:jis 
9 near the telorncre of  9q .  The  second (Fig. 2 ) .  W e  ascribe the randomly located failed to  detect the presence of  a fusion 
probe, PEM 1 2  (/ICY probe), \\.as an 18-kb red and green signals to hybridization to  the m R N A  and b a ~ l d i ~ l g  a~lalysis dicl not  rcvcal 
phage clone ( in  EMBL3) that contai~ls part ah1 and brr genes o n  the normal chromo- a ~ h ' .  Hybr id i za t io~~  t o  rnctaphasc cclls was 
of, and extends centromeric to, the 5.8-kb somes, and the red-green doublet signal to perforrned in three cases (Cht1.-1, C:MI.-4, 
breakpoint cluster region o f  the bcr gene o n  
chrornosorne 22, it1 \\~hich almost all C M L  
breakpoints occur. The  bc-r probe gave hy- 
bridization sig~lals 011 the proximal long arm 
of  chrornosorne 22  i11 ~ lo rma l  metaphase 
cells. T\vo-color F ISH \+,as carried o u t  \vith 
a bioti11-labeled ill11 probe, detected xvith the 
fluorochrorne Tesas red, and a d igos igen i~~-  
labeled I!CY probe, detected with the green 
fluorochrorne fluorescein isothioqa~la te  
IFITC) (24). Hybridization of  both probes 
\+,as obsened sirn~~ltaneouslv xvith a Auores- 
cence microscope equipped \vith a double 
band-pass filter set (Omega Optical). 

' hw-co lo r  F ISH ~ v i t h  the cibl ( red)  o r  brr 
(green) probe to  norrnal G I  interphase nu- 
clei ?pically resulted in t\vo red and nvo  
green hybr idizat io~~ sig~lals that \vere \veil 
s ep~ra ted  and distributed ra~ldomly around 
the ~lucleus. A few cells sho\vcd nvo  doublet 
hybridization signals, probably a result o f  
hybridization to  both sister chromatids of  
both homologs in cells that had replicated 
this region of  DNA (those in the S o r  Gz 
phasc of cell cyclc). 

The  gcnetic rearratlgenient of  C M L  

Table 1. A sununal-). of cytogcnctic, FISH. and other analyses of b o - , ~ b l  rearrangement\ in six CAIL 
cascs. CML-I and ChlL-5 \vere bone marrolv sanlplcs from patients \t.~th chron~c phasc CMI, \ \ . l~o 
\vcrc receiving no treatment. CML-3a and ChIL-3b lvere from pcriphcral blood and hone rnarro\v. 
respccti\,cly. o fa  CML paticnt in blast crisis, \vho \vas rccci\.ing h!droxylrrca. C;L\lI.-2 u.as from bcne 
marrou in a blast crisis CML patient. CML-4 \vas bone marso\\ frorn a ChII. patlcnt in blast crisis and 
receiving no treatment. ChlL-6 \$.as from bone marro\v in a chronic pha,c ChII. paticnt receiving 
hydroa)~rrea. Hybridization to rnctaphase cclls \vas done on cascs CML- 1. (:hlL-4. and (,ML-5. CML- 
1 and ChlL-4 both shelved fusion gene signals localized near the end of A small acroccntric 
chromosomc consistcnt \vith a classic Phl resulting fro111 a reciprocal translocat~on. CX1I.-5 sho\vcd an 
interstitial fusion signal on 22q consistent \r.~th the Orv-obi fusion gcnc resulting fro111 an inscrtio!lal 
event. I.', hsion; N. normal; D, double fusion; NI, not interprctablc; and XI). not done. 

Patient Cytogcnctics Interphase 
FISH 

Other anal\.rc.s 
(reference J 

ChIL-3b 46,XY,t(9;22) (q34;ql l )  100% F 1Y.K t ( 2 9 )  

ChIL-4 47,XY,+8.de1(22)(qll) 100% t; PCR+ f 30) 

CML-5 46.XY,ins(22;9)(ql l;q34q34) 100% t; I'(~'K + (30)  

CML-6 46.XYTt(5;9)(q13;q34) 100% F l'(-,I< - f 30) 
Southern + i.11 I 
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Flg. 2. Fluorrscmcc in situ hybridhation in inter- 
phasc nudei with abl (red) and bcr (green) probes 
visualized simultaacously through a doubk band- 
pass filter. Cdls fivm a CML patient, 46,XY, 
t(9:22)(qW9qll), showing the rcd-green (yd- 
low) signals resulting fkm the hybridization to 
the bcr-abl fusion gene, and slngk rcd and green 
hybridization signals to the bcr and abl genes on 
the normal chmnmornes 22 and 9. 

and CML5). AU of these showed red and 
green hybridization signals in dose proximi- 
ty on a single s d  acmcenmc chmmo- 
some. In two cases (CML-1 and CML-4) 
scored as t(9:22)(q34:qll) by banding 
analysis, the red-green pair was in dose 
proximity to the telornere of the long arm of 
a small amcenttic chromosome as expeami 
for the Phl (Fig. 3B). One case (CMG5) 
was suspected by banding analysis to have 
an insertion of c h m m d  ma& at 
22qll. Two-color hybridization to meta- 
phascallsfiomthiscaseshowedthered- 
green pair to be centrally located in a small 
duwnosome (Fig. 3C), consistent with for- 
mation of the bn-abl fusion gene by an 

m. 3. (A) IllusPation 
showing hybridization pat- 
tans for normal and CML 
metaphase and interphase 
cdls. closed cirdcs repre- 
sent rcd signals from c-H-abl 
(abl probe) and open circles 
~prrscntgrrcnsignalsfkm 
PEM 12 (bcr probc). The 
left side ofthe 6gurc shows 
a normal metaphasc with c- 
H-ablstainingncarthecnd 
of9q and PEA412 on proxi- 
d 22q. ?he 
ipIphL -q 
tpnshowsMdanpEmnan 
ofau~&.'IheIight 
side of the figure shows a c b  
sicPhlm<IML.TLhebcr-abl 
firsionip-.by * 
setofofandgmn&m 
dmproorirnirymmmphasc 
d hmaph9c. (8) 'Ihe a61 
&iningbcalbxdtoabmPic 
rcgianofabssicPhlinacase 
of CaAL (CMGI) wirh 
4,XYA9:22)(q34,qll). (C) 

hterstitial insertion. In one case (CMGl), 
two pairs of red-green doublet signals were 
seen in 3 of 150 (2%) interphasc nuclei. 
This may indicate a double Phl (or double 
fusion gene) in those cells that was not 
detected by banding analysis, which was 
limited to 25 metaphase cells. The acquisi- 
tion o f  an additional Phl is the most fie- 
quent cytogenetic cvent accompaaying blast 
aansfbrmation, and its cytogenetic dctec- 
tion may herald disease acceleration. Sam- 
ples CMG3a and CML-3b represent analy- 
sis of peripheral blood and bone marrow, 
respectively, fiom the same patient. The 
percentage ofbcr-abl Gon-positive cells was 
higher in the bone marrow than peripheral 
blood. 

Simultaneous hybridiz;ldon with aM and 
bcrpmbestomctaph;lstcellsoftheCMG 
derived d line K-562 showed multiple red- 
green hybridization sites along both arms of  
a single acmxnmc chromosome. Hybrid- 
ization to interphase nu& showed that the 
red and green signals wen confined to the 
same +on of the nudeus (Fig. 3D). This is 
consistent with their being localized on a 
single chromosome. Eight to 16 hybridiza- 
tion pain were seen in each of 250 nuclei 
enumerated, indicating corresponding am- 
plification of the bn-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 
Southem blot data showing amplification of 
the fusion gene in this cell line (26). 

In summary, analysis of interphase cdls 

aM 

o n t h e d a i v l t i v e 2 2 d n a m s o m v i s i n g f r a n m ~ ~ i n a ~ o f ( = M L ( C M G 5 ) w i t h  
46JY,hs(22;9)(qll;q34q34). (D) Inmphasc cdls fran the K-562 cdl line shoulng abl sigoalP 
~ma~oftheintetphascnudnsThcsamstainitlgprman-srmwith~probcindicaritlg 
ff l lphscPmofthehdlfUPion~ 

fiom seven CML and four normal cell sam- 
ples by dual-color FISH with abl and bn 
probes suggests the utility of  this approach 
for routine diagnosis and clinical monitor- 
ing o f  CML. One of the advantages of this 
technique is the ability to obtain genedc 
information fiom individual interphase or 
metaphase cells in less than 24 hours. It can 
be applied to all cells of  a population, not 
just those that, formtously 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 oflin- 
eage specifiaty of cells carrying the CML 
gcnacypcaswdasasscssmntofthefre- 
quency of cells canying the abnormality. In 
addition, counting of hybridization spots 
allowed us to demmine the degree of bn-abl 
gene amplification in the K-562 cell line. 
Quantitative measurrment 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 kquency of about 
0.01 with the probe placement strategy de- 
scribed here, sets the practical limit for 
detection o f  rare CML cells in a population. 
The detection limit may be lowered in the 
future by quantitative mtasurrment of the 
separation and fluo&ce intensity of the 
hybridization signals in each nucleus, or by 
the use of dSerently placed probes. For 
example, a probe that hybridid to both 
sides of either breakpoint would produce 
two signals (or dosely spaced doublets) in 
nodcells,'but three-in-CML cells. Thus, a 
single-color hybridization could potentially 
eliminate false positives, but will give some 
false negatives. A more complete strategy 
with two-color hybridizations rmght use 
pmbes that hybridized to both sides of both 
breakpoints. 

Use of otha disease-wpecific probes 
should allow this technique to be extended 
to other mdignancics. Genetic events in- 
volving mnmgemmts, deletions, and am- 
plifications are potentially detectable in indi- 
vidual cells. 
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Molecular Cloning and Functional Expression of the 
Cardiac Sarcolemmal Na+-Ca2+ Exchanger 

The Nac-Ca2+ exchanger of the cardiac sarcolemma can rapidly transport Ca2+ durinlg 
excitation-contraction coupling. To begin molecular studies of this transporter, 
polyclonal antibodies were used to identify a complementary DNA (cDNA) clone 
encoding the Na+-Ca2+ exchanger protein. The cDNA hybridixs 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 NaC- and K+-dependent 
adenosine triphosphatase. Polyclonal antibodies to a synthetic peptide from th'e 
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 Nac-Cazc exchange activity when injected into Xenop~cs oocytes. 

T H E  NA- -CA" EXCHANGE TRANS- 

porter of cardiac sarcolemma is a 
major path~vay for transmembrane 

c a 2 -  fluxes in cardiac myocytes ( I ) .  The 
eschanger uses the energy in the Na + gradi- 
ent to  move c a 2 +  and is usually considered 
the dominant cellular Ca' + e f l ~ ~ u  niecha- 
nism. The significance of Na ' -ca2-  es- 
change in cardiac escitation-contraction 
coupling has recently attracted attention (2). 
Although both physiological and biochenii- 
cal studies have defined the rate and niagni- 
tudc of exchanger-mediated fluxes, rnolecu- 
lar studies of the Na+-Ca2- exchanger have 
lagged because of the relatively low abun- 
dance and lability of the exchanger. We have 
previously correlated sarcolemmal Na+- 

Ca'+ cxchangc activin with 70-, 120-, anit 
160-kD protcins (.j). Hcrc \vc report the 
molecular cloning, expression, deduced am I -  

no acid scqucncc, and apparcnt rnolecul2.r 
size of the canine cardiac sarcolcmmal Na ' - 
Ca' + exchange protein. 

We used a polyclonal antibody against a 
partially purified preparation of thc c>:- 
changer (3) to  scrccn an amplificd Agtll 
expression libran ( 4 ) .  A 3.2-kb clone, desig:- 
nated 114, was isolatcd from the libran fctr 
further study. Northern blot analysis of po- 
Ivadcmdated [poly(A) ' ] RNA from dog 
heart tissue probcd \vith DNA from A4 
indicated that the complcte cxchangcr tral-I- 
script is 7 kb (5 ) .  Sequencc analpis and 0L.r 
inability to  cxprcss exchange activin in oct- 
aTtes with KNA svnthesizcd from the A4 

Departments of M c d ~ c ~ n c  and Physiology and the Car- cloIlc indicated that did tor,. 
d~ovascldar Research L ~ b o r a t o n .  UCLA School of 
Mcd~clnc. Los h g c l c s .  CA 90024-1 760 tain the entire coding region for thc c?:- 

changer. 
* Present address: Institute Dr \'iolllcr, 4002 Baslc. T" obtaifl the 5 t of ctrr~iIlg rcgiorl Swit~crland. 
t T o  \vhom corrcspndcncc should be addressed. of the exchanger clone, n8c corlstructed a 
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