
Ch ronic myel oid leu kemia is a disease
ch a racteri zed by the pro l i fera ti on of a
cl one of myel oid prec u rs ors en dowed

with growth advantages with respect to normal
h em a topoi etic cells. The neop l a s tic cl on e
retains the abi l i ty to ach i eve terminal matu ra-
ti on for a va ri a ble time. The natu ral co u rse of
the disease leads to a form of ac ute leu kem i a
ref ractory to all ch em o t h era peutic regi m en s .1

No t withstanding the undo u bted su ccess of

IFN-a therapy,2 allogeneic bone marrow trans-
p l a n t a ti on (all o - B M T) should sti ll be con s i d-
ered the def i n i tive tre a tm ent for ch ron i c
myel oid leu kemia (CML).3 , 4 Nevert h eless, even
after allo-BMT, relapse rates reach 9-24%.5 The
u n i que molecular marker pre s ent in CML,
namely the presence of the bcr/abl fusion tran-
script,6 renders minimal residual disease detec-
tion a relatively simple task, especially with the
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ABSTRACT
Background. Chronic myeloid leukemia (CML) is a disease characterized by the presence of a

unique molecular marker, i.e. the fusion gene bcr-abl and its mRNA and protein products. This
marker permits minimal residual disease follow-up after bone marrow transplantation (BMT)
through cytogenetic or molecular analysis. Although the reverse transcriptase polymerase chain
reaction ( RT-PCR) method is largely employed, the clinical value and impact of a positive RT-PCR
as a herald of hematological relapse has not yet been definitively ascertained.

Methods. In order to verify the frequency of bcr-abl positivity in CML patients who underwent
alloBMT, we performed serial two-step RT-PCR on 63 peripheral blood and bone marrow specimens
obtained at different times after non T-cell-depleted BMT from 16 CML patients treated in our
Institution. After amplification, RT-PCR products were always checked by liquid hybridization with
a specific probe. Median molecular follow-up after BMT was 38 months ( range 2-144 months). 

Results. None of the patients studied presented clinical hematological relapse after BMT. Six out of
sixteen patients were found to be positive for bcr-abl. PCR positivity appeared in 4/6 patients more
than one year post-BMT and in 2/6 patients within one year post BMT. In both instances PCR was an
isolated finding in 5/6 patients and reverted to negativity in subsequent analysis; only one case was
PCR positive twice. It is noteworthy that RT-PCR positivity appeared in five patients presenting
acute or chronic graft versus host disease (GVHD) and in one patient who had received MUD-BMT.

Conclusions. In our cohort of patients, transient bcr-abl positivity had no clinical relevance and
was also found in MUD-BMT without heralding hematological relapse. Our observations further
stress the importance of applying only quantitative PCR methods during the post BMT follow-up of
CML patients.
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RT-PCR tech n i qu e .7 It sti ll must be noted that
the reappearance or persistence of bcr/abl tran-
scripts after allo-BMT is an observation whose
clinical significance as an early sign of relapse is
still under careful evaluation. The experience of
therapy with donor lymphocyte transfusions in
the pre s en ce of cytogen etic or molecular evi-
den ce of rel a p s e ,8 before frank hem a to l ogi c a l
relapse, again raises this biological and clinical
problem. We present here the results of a mole-
cular follow-up of 16 CML patients who under-
went allo-BMT. In all cases nested RT-PCR was
perform ed at several time intervals after BMT.
To assess the natu re of the band vi su a l i zed on
a ga rose gels in PCR- po s i tive cases, the PCR
produ ct was hybri d i zed with two spec i f i c
o l i gonu cl eo ti de probes and the hybri d i z a ti on
was eva lu a ted by the devel opm ent of a co l or
re acti on qu a n ti f i a ble by spectroph o tom etri c
analysis.9

Materials and Methods

Patients
The stu dy inclu ded 16 Ph1-po s i tive CML

p a ti ents who underwent allo-BMT (all ogen eic =
12; MUD = 4) in our In s ti tuti on. The cl i n i c a l
ch a racteri s tics of the pati ents are su m m a ri zed in
Ta ble 1. None of them received T- cell dep l eted
m a rrow. The con d i ti oning regi m en inclu ded
bu sulfan 16 mg/m2 and cycl oph o s ph a m i de 120
mg/kg for 7 pts; bu sulfan, cycl oph o s ph a m i de
and vepe s i de 25 mg/kg for 2 others and cycl o-
ph o s ph a m i de and total body irrad i a ti on (T B I )
for the remaining 7. Pa ti ents received BMT
bet ween Novem ber 1983 and Ma rch 1995, and
the molecular stu dy was term i n a ted on Septem-
ber 9t h, 1995.

PCR Procedure
Total RNA was ex tracted from peri ph era l

bl ood or bone marrow at va rious intervals po s t -
B M T, according to the met h od of Ch om c z y n s k i
and Sacch i .1 0 c D NA gen era ti on and the nested
RT-PCR procedu re were perform ed accord i n g
to Gu errasio et al.7 At the end of the two PCR
s teps, 10 uL of the mixtu re were run on 2%
a ga rose gel for ultravi o l et analysis, giving a fra g-
m ent of 198 bp (b2a2) or 273 bp (b3a2).

PCR procedure check-outs
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Table 1.  Clinical characteristics of the 16 CML patients studied.

Case n. Age/sex Stage Molecular Lapse diagn./BMT BMT GVHD Conditions Current clinical
rearrang. acute/chronic status

1 52/M CP1 b3a2 8 mos MSD none/exten. Bu/Cy CR (+2 yrs)
2 31/F AP b2a2 1 yr MSD none/exten. Bu/VP/Cy CR (+5 yrs)
3 41/M CP2 b2a2 6 mos MUD III/none Cy/TBI CR (+60 days)
4 15/M AP Ph pos. 1 yr MSD none TBI/CCNU/Cy CR (+11 yrs)
5 41/M CP1 b2a2 7 mos MUD I/none Cy/TBI Deceased (+80 days)
6 27/M CP1 b3a2 1 yr MSD none Bu/Cy CR (+3 yrs)
7 45/M CP1 b2a2 1 yr MSD none Bu/Cy CR (+6 yrs)
8 42/M CP2 b2a2 1 yr MSD none Bu/VP/Cy CR (+5 yrs)
9 51/F CP1 b2a2 1 yr MSD none/exten. Bu/Cy CR (+3 yrs)
10 51/M CP1 b2a2 1 yr MSD none Bu/Cy CR (+4 yrs)
11 32/F CP1 b2a2 1 yr MSD none Bu/Cy CR (+4 yrs)
12 25/M CP3 b3a2 1 yr MSD IV lethal Bu/VP/Cy Deceased (+62 days)
13 24/M CP1 b2a2 7 mos MSD none Bu/Cy CR (+2 yrs)
14 46/F CP1 b3a2 7 mos MSD none Bu/Cy CR (+2 yrs)
15 35/F CP1 b3a2 1 yr MUD I/limited Cy/TBI CR (+2 yrs)
16 35/F CP1 b2a2 7 yrs MUD I/limited Cy/TBI CR (+2 yrs)

Age refers to last clinical evaluation. Abbreviations: CP1&CP2: first and second chronic phase CML; AP: accelerated phase CML; MSD: marrow sibling donor; MUD: marrow unrelated
donor; CR: complete clinical remission; Exten.: extensive chronic GVHD.
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In order to avoid con t a m i n a ti on manipulati on
of samples, RNA ex tracti on and reverse tra n-
s c ri pti on were carri ed out in different room s .
The pre-PCR room was ro uti n ely illu m i n a ted
overn i ght with U. V. rays and ch eck - o uts of re ac-
ti ons were perform ed as recom m en ded by Kwo k
and Hi g u s h i .1 1 In ad d i ti on, a po s i tive (K562,
R NA ex tracted with a different set of pipet te s
and in wood) and a nega tive (re a gents wi t h o ut
c D NA tem p l a te) con trol were alw ays inclu ded
in the re acti ons. Am p l i f i c a ti on re acti on data
were discarded wh en con trols were not givi n g
the ex pected re su l t s .

Hybridization 
Ul travi o l et - po s i tive PCR produ cts were fur-

t h er ch ecked with a co l ori m etric assay9 ( c T RA K ,
Ra ggio It a l gene, Pomezia, It a ly). In bri ef, after
a m p l i f i c a ti on of a tra n s l oc a ted sequ en ce, the
re acti on mixtu re was diluted, den a tu red and
a ll owed to hybri d i ze with a set of deriva ti zed
o l i gonu cl eo ti des com p l em en t a ry ei t h er to the
bc r / a bl ju n cti on regi on or to the abl regi on .
These deriva ti zed oligonu cl eo ti des are intern a l
( n e s ted) to the pri m ers used for the amplific a-
ti on steps, and are referred to as c a ptu re probe s

and repo rter probes (see Figure 1). The captu re
probes are con ju ga ted to flu ore s cein isothio-
c ya n a te (FITC) and are used to sep a ra te bo u n d
s pec i fic target from unbound sequ en ces by the
use of an anti - F I TC anti body coa ted on para-
m a gn etic be ads. The reporter probes are con ju-
ga ted to the en z yme alkaline ph o s phatase (ALP)
and all ow vi su a l i z a ti on of the pre s en ce of the
t a r get sequ en ce by using the appropri a te su b-
s tra te for ALP. Only wh en the amplified
s equ en ce (b2a2 or b3a2) was pre s ent in the re ac-
ti on mixtu re could both the captu re and the
reporter oligonu cl eo ti des bind to the same tar-
get sequ en ce and hen ce be bri d ged toget h er.
Fo ll owing the re acti on with the para m a gn eti c
be ads coa ted to the anti - F I TC anti body and
c ycles of magn etic sed i m en t a ti on and washing,
com p l ete isolati on of target bound to the solid
phase was ach i eved. A ch rom ogenic su b s tra te
for the en z yme was then ad ded to the magn eti c
p a rti cle su s pen s i on and a vi s i ble signal gen era t-
ed. The absorb a n ce of the soluti on was mea-
su red by means of a spectroph o tom eter at 550
nm. A po s i tive test re sult was indicated by an
a b s orb a n ce va lue sign i fic a n t ly high er than that
of nega tive con trols (see Ta ble 2). The sen s i tivi ty

bcr region abl region

capture probe 
FITC

reporter probe 

PCR AMPLIFIED 
TARGET DNA

ALP

PMP

P (A 550)

magnet

paramagnetic bead

anti-FITC Ab

Figure 1. Schematic representation of the
principle of the c-trak t(9,22) translocation
analysis system. After amplification, the tar-
get DNA was diluted, denatured and allowed
to hybridize with oligonucleotides comple-
mentary either to the bcr-abl junction region
or to the abl region. These derivatized
oligonucleotides are internal (nested) with
respect to the primers used for the amplific a-
tion steps and are referred to as c a p t u r e a n d
r e p o r t e r probes. Capture probes are conjugat-
ed to fluorescein isothiocyanate (FITC) and
are used to separate bound specific targets
from unbound  (irrelevant) sequences by
means of an anti-FITC antibody coated on
paramagnetic beads. The reporter probes are
conjugated to the enzyme alkaline phos-
phatase (ALP) and allow visualization of the
target sequence by using the appropriate
chromogenic substrate for ALP. The
absorbance (A 550) of the solution can be
measured with a spectrophotometer at 550
nm and will be proportional to the amount of
a m p l i fied target present in the reaction mix-
t u r e .
Other abbreviations used: PMP = phenolph-
thalein monophosphate; P=
p h e n o l p h t h a l e i n .
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of the met h od was assessed by diluting cell s
f rom the K 562 (b3a2 po s i tive) and BV 173
(b2a2 po s i tive) cell lines with lym ph oc ytes from
h e a l t hy bl ood don ors and su bm i t ting them to
the RT-PCR procedu re de s c ri bed by the manu-
f actu rer (non nested PCR pri m ers ) .9 The re su l t s
s h owed a sen s i tivi ty beyond 1:50,000. 

Results

RT-PCR and clinical follow-up
B c r- a bl fusion tra n s c ri pts were pre s ent in 6

o ut of the 16 cases after BMT (Figure 2). Of
these, 5 had a b3a2 bre a k point and on ly one a
b2a2. In 5 out of these 6 cases RT-PCR po s i tivi ty
was a single event du ring the molecular fo ll ow -
u p. Median du ra ti on of the molecular fo ll ow - u p
was 38 (2-144) months. Th ere were 7 po s i tive
PCR re acti ons out of a total of 63; each case had
a minimum of three and a maximum of six
samples con s ec utively stu d i ed. We perform ed
PCR on 37 bone marrow samples, and of these 6
were found to be po s i tive for bc r- a bl, wh ere a s
on ly one out of the 26 peri ph eral bl ood samples
was po s i tive. PCR po s i tivi ty appe a red more than
a year after BMT in 4/6 cases, among wh i ch was
the one with the b2a2 bre a k point. In these
p a ti ents PCR re sults reverted to nega tivi ty in the
fo ll owing analysis. On the other hand, in two

cases (#12 and #14) PCR po s i tivi ty appe a red
within one year after BMT, but here too we
ob s erved revers i on to nega tivi ty. None of the
p a ti ents inclu ded in our stu dy showed any sign
of hem a to l ogical relapse. Pa ti ent #14, de s p i te
t wo con s ec utive po s i tive PCR of BM samples,
n ever rel a p s ed and the five su b s equ ent analys e s
c a rri ed out from BM and PB samples were
a lw ays nega tive (see Figure 2). We never
ob s erved altern a ting po s i tive and nega tive

V. Santini et al.

Table 2. Absorbance values of RT-PCR products.

Diagnosis I pos. PCR II pos. PCR Neg. PCR Case #

2.76 8.34 (b3a2) 9.33 (b3a2) 0.090 14

ND 5.323 (b3a2) — 0.049 12

ND 4.939 (b3a2) — 0.026 1
5.751 (b2a2)

ND 8.368 (b2a2) — 0.085 9

2.76 1.525 (b3a2) — 0.022 6

2.74 7.940 (b3a2) — 0.041 15

0.017 (b2a2) Neg. control

0.091 (b3a2)

2.731 (b2a2) Pos. control

2.140 (b3a2)

After RT-PCR, an aliquot of the reaction was hybridized with two complementary
oligonucleotides (capture and reporter). The development of a color reaction was
measured by a spectrophotometer at 550 nm. Positive samples showed significantly
higher absorbance values than negative controls.

Figure 2. Molecular follow-up with RT-
PCR of 16 CML patients after allo-BMT.
(m) PCR positive for the bcr-abl
rearrangement; (l) bcr-abl negative
PCR; = deceased.
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re sults or a second retu rn to po s i tivi ty in any of
the pati ents. In pati ent #15, RT-PCR reverted to
po s i tivi ty more than 12 months after MUD-
B M T. 

All but one of the pati ents with the bc r- a bl
f u s i on tra n s c ri pt devel oped a graft versus host
re acti on, ei t h er ac ute (cases #5, 12, 15, 16) or
ch ronic. Pa ti ent #9, who devel oped ex ten s ive
ch ronic GVHD, con tem pora ri ly reverted to
PCR nega tivi ty from 25 to 40 months after
B M T. The on ly lon g - term rem i s s i on and su r-
vival pati ent (#4) was con s t a n t ly nega tive .
Po s i t ive PCR post-BMT occ u rred in three
female and three male pati en t s .

Breakpoint analysis
In 15 out of the 16 pati ents, pre - tra n s p l a n t

samples were ava i l a ble and RT-PCR was per-
form ed. In ten cases the ju n cti on was bet ween
exon 2 of the bre a k point clu s ter regi on and abl
exon 2 (b2a2), in five bet ween bcr regi on exon 3
and abl exon 2 (b3a2). Samples analy zed po s t -
BMT and showing PCR po s i tivi ty carri ed the
same bre a k points as pre - B M T. 

All b3a2 pre s en ting-cases had at least one po s-
i tive PCR after BMT, wh ereas on ly 1 out of 10
b2a2 was PCR- po s i tive in hem a to l ogical CR. In
p a ti ents #1 and #5 both fusion produ cts, i.e.
b2a2 and b3a2 (although the latter with a fainter
band at U. V. detecti on), were pre s ent in pre -
BMT samples. No po s i tive PCR was detected
a f ter BMT (MUD) for pati ent #5, wh ereas case
#1 had a po s i tive PCR 24 months after BMT,
s ti ll with the pre s en ce of both tra n s c ri pt s .

Hybridization
Po s i tive PCR after BMT were all analy zed for

s pec i f i c i ty by soluti on hybri d i z a ti on, magn eti c
s ep a ra ti on and su b s equ ent vi su a l i z a ti on of the
b ound en z ym e - l i n ked reporter by the ad d i ti on of
a ch rom ogenic su b s tra te (see Met h od s). Ab s or-
b a n ce va lues are shown in Ta ble 3. 

It is clear that po s i tive RT-PCR have a sign i fi-
c a n t ly high er absorb a n ce va lue than con trols. It
is also app a rent that there is a wi de va ri a bi l i ty in
these va lues. In deed we did not en co u n ter false
po s i tive re sults, that is the lack of con cord a n ce
a m ong et h i d ium brom i de stained, UV vi s i bl e
bands and absorb a n ce va lues after spec i fic probe

hybri d i z a ti on. Nor did we detect false nega tive
samples wh en we ra n dom ly ch ecked nega tive
P C R .

Discussion
We stu d i ed the pattern of bc r- a bl ex pre s s i on

in 16 CML pati ents who underwent all o - B M T
by two - s tep nested RT-PCR, fo ll owed by hybri d-
i z a ti on with probes internal to the tra n s c ri pt
and vi su a l i z a ti on with a co l ori m etric re acti on
eva lu a ble by spectroph o tom etric analysis. Th i s
s tu dy gives furt h er su pport to the noti on that it
is essen tial to carry out RT-PCR analysis at sev-
eral time points du ring post-BMT fo ll ow-up of
CML pati ents, in order to caref u lly eva lu a te the
pers i s ten ce of bc r- a bl tra n s c ri pts. 

No t withstanding the finding of po s i tive PCR,
n one of the CML pati ents inclu ded in our stu dy
s h owed any sign of hem a to l ogical relapse. It
should be stre s s ed that all but one of the pati en t s
reverted to PCR nega tivi ty in the fo ll owi n g
a n a lysis, indicating on ly a tra n s i ent pre s en ce of
detect a ble minimal re s i dual disease. The most
i n tere s ting data we ga t h ered seem to be the con-
stant finding of at least one po s i tive PCR po s t -
BMT in all cases be a ring a b3a2 tra n s l oc a ti on (n
= 6). This ob s erva ti on can on ly lead to a cau-
tious con clu s i on because of the small nu m ber of
p a ti ents stu d i ed. It has been wi dely discussed
wh et h er the differen ce in the bre a k point and
t hus in the fusion gene ex pre s s ed could have
s ome clinical sign i f i c a n ce .1 2 , 1 3 Al t h o u gh later
s tudies have not con firm ed it com p l etely,1 4 , 1 5 t h e
( d a ted) ob s erva ti on that the b3a2 tra n s l oc a ti on
was correl a ted with a poorer prognosis, even
a f ter BMT,1 6 su pports our hypo t h e s i s .

F ive of the 16 pati ents su f fered GVHD. Quite
su rpri s i n gly, this important immu n o l ogi c a l
re acti on did not seem to influ en ce the po s s i bi l i-
ty of detecting po s i tive bc r- a bl PCR samples.
This fin d i n g, although on ly in a few pati ents, is
in con trast to what has been ob s erved
el s ewh ere ,1 7 but it does not exclu de the role of
don or cells in arre s ting the ex p a n s i on of the
l eu kemic cl one pre s ent in the ch i m eric bon e
m a rrow. In fact, pati ent #9, who had ex ten s ive
ch ronic GVHD, reverted from po s i tive PCR to
n ega tivi ty. Ac ute GVHD I was pre s ent in the
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o t h er cases (#5, #15, #16) that swi tch ed to PCR
po s i tivi ty one year after BMT. In these latter
cases one can hypo t h e s i ze that the early
a n ti l eu kemic ef fect of the don or cells could have
been ex h a u s ted at the time of revers i on .
In tere s ti n gly, among these cases, case #15 was an
u n rel a ted don or BMT. MUD-BMT are bu r-
den ed with a high mort a l i ty ra te because of
G V H D - rel a ted com p l i c a ti ons. Any w ay, bec a u s e
of GVHD one would ex pect a com p l ete absen ce
of minimal re s i dual disease in long su rvivors in
su ch cases. App a ren t ly this is not the case, and
MUD-BMT does not appear to be com p l etely
ef fective in erad i c a ting CML. On the other
hand, the re a ppe a ra n ce of po s i tive RT-PCR on e
year after MUD-BMT may be ex p l a i n ed by the
a ggre s s ive immu n o su ppre s s ive tre a tm en t
a pp l i ed. Fu rt h er studies foc u s ed on this qu e s ti on
a re of co u rse requ i red. All the amplified samples
in wh i ch the bc r- a bl sequ en ce could be detected
were furt h er analy zed by hybri d i z a ti on in solu-
ti on with specific c a ptu re and repo rter probe s
that devel oped a co l or wh i ch was measu ra ble by
s pectroph o tom etric absorb a n ce. The absorb a n ce
va lues of samples in wh i ch bc r- a bl tra n s c ri pt s
were detected on aga rose gels were sign i fic a n t ly
h i gh er than nega tive con trols su pp l i ed by the
m a nu f actu rer, and sign i fic a n t ly (p <0.05) high er
than the absorb a n ce va lues of RT- P C R- n ega tive
samples obt a i n ed from the same pati ent. In fact ,
ba ck ground a b s orb a n ce was not rel evant (see
Ta ble 2). The import a n ce of this procedu re lies
in the fact that it is po s s i ble to em p l oy non
rad i oactive probes en dowed with a high spec i-
fic i ty and sen s i tivi ty. 

Po s s i bly, our ob s erva ti ons may indicate that
the casual finding of one po s i tive PCR post BMT
does not nece s s a ri ly herald hem a to l ogi c a l
relapse, nor does it exclu de later revers i on to
n ega tivi ty. Con n ecti ons bet ween the re a ppe a r-
a n ce of the molecular marker and cl i n i c a l
relapse can prob a bly be drawn on ly after caref u l
eva lu a ti on of the qu a n ti t a tive flu ctu a ti ons in the
tra n s c ri pt levels. In fact, there is a gen eral con-
s en sus in ju d ging the su ccess of therapies for
CML (wh et h er BMT rel a ted or not) on the
grounds of mere qu a n ti t a ti on of re s i dual bc r / a bl
tra n s c ri pt s .1 8 - 2 1 These eva lu a ti ons are parti c u l a rly
i m portant at a mom ent wh en one has to dec i de

wh et h er to risk GVHD in performing prophy-
l actic thera py with all o - lym ph oc ytes or to
em p l oy classic IFN a- t h era py.2 2
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