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Recent improvements in the management
of acute promyelocytic leukemia (APL)
have increased long-lasting complete

remissions and apparent cure rates to approxi-
mately 70%.1-5 However, a proportion of
patients continue to die eventually as a result of
disease recurrence. Although a number of pre-
treatment characteristics have been identified
that are correlated with an increased risk of
relapse,3,6,7 there is great expectation that mini-
mal residual disease (MRD) monitoring will
enable more precise identification of patients
who will undergo relapse. Using conventional
reverse transcription-polymerase chain reac-
tion (RT-PCR) assays, it was evident that PCR
positivity after consolidation completion is a
strong predictor of subsequent hematologic
relapse.7-13 However, the attainment of PCR
negativity does not represent a guaranteed cure
because 90% to 95% of patients are PCR-neg-
ative at this stage.2,3,6,12,13 In addition, a number
of different approaches (eg, modified RT-PCR,
amplification of the reciprocal RARα-PML
transcript) did not improve the predictive value
of PCR positivity detected at a single point of
time after consolidation completion.3,14 These
considerations indicate the need for prospec-
tive MRD monitoring during the entire treat-
ment course. According to some reports,15,16

real-time quantitative PCR (RQ-PCR) assays
allow efficient, accurate MRD quantification in
APL. We undertook a prospective study to clar-
ify the significance of the level and kinetics of
MRD over the entire treatment course by RQ-
PCR in adults with newly diagnosed PML-
RARα-positive APL.

Design and Methods

Between January 2000 and December 2003,
73 of 76 consecutive adults with APL were con-
sidered for this study. Of these, 70 who com-
pleted induction therapy,2 achieved hematolog-

ic complete remission and intended to undergo
consolidation and maintenance schedules were
enrolled in this study. Six patients were exclud-
ed because of old age (n=1), refusal (n=2), or
death during induction (n=3). All patients pro-
vided written informed consent, and the study
protocol was approved by the institutional
review board of The Catholic University of
Korea. Patients received three consolidation
courses consisting of the following: course 1,
idarubicin (5 mg/m2, days 1-4); course 2, mitox-
antrone (10 mg/m2, days 1-5); and course 3,
idarubicin (12 mg/m2, day 1). After completion
of consolidation, patients received mainte-
nance therapy for 2 years with 6-mercaptop-
urine (50 mg/m2/day), methotrexate (15
mg/m2/week), and all-trans retinoic acid
(ATRA; 45 mg/m2/day for 15 days every 3
months).4 For MRD monitoring, 762 bone mar-
row samples were analyzed by RQ-PCR.
Samples were collected at diagnosis, after
induction, after each course of consolidation,
and then at 3, 6, 9, 12, 18, 24, and 36 months
after starting maintenance therapy. Total RNA
was extracted using an RNAqueous kit
(Ambion, Austin, TX, USA), and reverse tran-
scription was performed using 1 µg RNA.
Plasmid standard titrations with the defined
copy numbers for PML-RARα and reference
ABL were performed at the same time as
patients’ bone marrow samples were tested.
Based on our previous experience,17,18 we
designed one set of primers for each type of
PML-RARα transcript, forward (5’-GTCTTC-
CTGCCCAACAGCAACC-3’) and reverse (5’-
CTCACAGGCGCTGACCCCATAGT-3’) for
bcr1 (190 bp), as well as forward (5’-
AGCTCTTGCATCACCCAGGGGA-3’) and
reverse (5’-CTCACAGGCGCTGACCC-
CATAGT-3’) for bcr3 (165 bp). One set of
primers was also designed for ABL (forward: 5’-
GCCTCAGGGTCTGAGTGAAG-3’, reverse:
5’-ACACCATTCCCCATTGTGAT-3’). The
TaqMan probes for PML-RARα (5’-
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TATCTCTTCAGAACTGCTGCTCTGGGTCTC-3’) and
ABL (5’-AGAGTGTTATCTCCACTGGCCACAAAAT-
CA-3’) transcripts were designed to hybridize to the
reverse strands of each sequence. RQ-PCR was performed
in triplicate using iCycler software 2.1 (Bio-Rad, Hercules,
CA, USA) with standard conditions (95°C for 10 min, 60
cycles at 95°C for 15 sec, and 60°C for 1 min). The 50-µL
PCR reaction mix contained 5 µL 10×PCR buffer (4.5 mM
MgCl2, 0.2 mM deoxyribonucleoside triphosphate, 0.4 µM
primer, 140 nM TaqMan probe, 1.25 U AmpliTaq gold
DNA polymerase, and 4 µL target cDNA). The quantity of
PML-RARα transcript was normalized for ABL expression
(sensitivity, 10-4). 

The hematologic and molecular responses were defined
using standard criteria.7,19 Survival duration was calculated
from the date of starting induction until death or the last
date the patient was known to be alive. When calculating
disease-free survival, both hematologic relapses and deaths
in complete remission were counted as adverse events. The
cumulative relapse rate was calculated using the same type
of analysis as used for disease-free survival, except for
patients who died in complete remission, who were cen-
sored at the time of death. Survival curves were plotted
using the Kaplan-Meier method and compared using the
log-rank test. The prognostic significances of variables a p
value less than 0.20 in univariate analysis were determined
using the Cox proportional hazard model.20

Results and Discussion

The main characteristics of the 70 patients are summa-
rized in Table 1. After induction, MRD assessment was
performed in 69 patients; one patient who had bcr2 tran-
scripts was not evaluable because of poor quality RNA. Of
these 69 patients, 34 patients (49.3%) achieved molecular
complete remission. No correlation was found between
PCR positivity after induction and outcome. Our results
are similar to those obtained by the GIMEMA2 and
PETHEMA5 groups. In these studies, molecular complete
remission rates after induction were 60.5% and 51.3%,
respectively. They observed no influence of PCR positivi-
ty after induction on treatment outcome. Sixty-nine of the
70 patients completed their three courses of consolidation
and proceeded to maintenance therapy as scheduled. One
patient who was PCR-negative died of a fungal infection
during second consolidation. After first consolidation, 23
of the 35 patients who were PCR-positive after induction
became PCR-negative (Figure 1A). In the remaining 12
patients, the median PML-RARα/ABL ratio was 1.13×10-3

(range, 1.35×10-4-7.86×10-2); and the median PML-
RARα/ABL ratio decreased by 1.28 (0.32-2.63) log, com-
pared with levels after induction (Figure 1B). After second
consolidation, 10 of the 12 patients who were PCR-posi-
tive after first consolidation showed a further reduction in
MRD to an undetectable level. After third consolidation,

Table 1. Presenting characteristics and potential variables in relation to relapse and survival.

Variables No. (%) Relapse p DFS p OS p
(% at 5 y) Univ. Multiv. (% at 5 y) Univ. Multiv. (% at 5 y) Univ. Multiv.

Follow-up, mo., 44 (20-68+) 70 17.3±5.4 81.5±5.4 88.0±4.8
median (range)
Age, y, median (range) 37 (18-59)

≤40 46 (65.7) 18.5±6.9 0.845 NT 81.5±6.9 0.804 NT 93.6±4.4 0.109 0.053
>40 24 (34.3) 15.6±8.5 80.9±8.8 77.6±10.6

Sex Male 27 (38.6) 20.8±9.5 0.654 NT 76.2±9.6 0.408 NT 80.1±9.3 0.167 0.828
Female 43 (61.4) 15.0±6.3 85.0±6.3 94.1±4.1

Hb, g/dL, 7.5 (3.3-13.0)
median (range) ≤80 41 (58.6) 22.0±7.5 0.295 NT 78.0±7.5 0.540 NT 85.3±7.0 0.744 NT

>8.0 29 (41.1) 9.6±6.7 87.3±7.2 93.1±4.7
WBC,×109/L, 2.1 (0.3-51.3)
median (range) ≤10 63 (90.0) 13.4±5.2 0.002 0.238 86.6±5.2 <0.001 0.068 94.2±4.1 <0.001 0.031

>10 7 (10.0) 55.6±22.2 38.1±19.9 38.1±19.9
Platelet, ×109/L, 27.5 (4.0-149.0)
median (range) ≤40 46 (65.7) 17.6±6.7 0.959 NT 82.4±6.7 0.696 NT 94.1±4.2 0.096 0.051

>40 24 (34.3) 16.7±9.0 79.8±9.3 77.6±10.3
Fibrinogen, g/L, 1.4 (0.2-7.2)
median (range) ≤17 40 (57.1) 21.6±8.2 0.331 NT 76.4±8.2 0.232 NT 77.1±9.0 0.017 0.280

>1.7 30 (42.9) 12.3±6.7 87.7±6.7 100
Karyotype t(15;17)/normal 50/2 (74.3) 14.2±6.0 0.211 NT 84.2±6.1 0.317 NT 89.2±5.4 0.697 NT

Additional 18 (25.7) 26.0±11.3 74.0±11.3 85.6±9.7
PML-RARα isoform bcr1/bcr2 44/1 (64.3) 9.4±5.2 0.023 0.305 88.6±5.5 0.057 0.465 94.6±3.8 0.063 0.214

bcr3 25 (35.7) 33.8±12.3 66.2±12.3 67.1±16.6
MRD level at diagnosis, 2.83×101

median (range) (3.96×10-1-8.30×102)
<101 24 (34.3) 5.9±5.7 0.162 0.932 94.1±5.7 0.120 0.651 100 0.075 0.392
≥101 46 (65.7) 22.7±7.2 75.6±7.3 82.0±7.2

MRD level after induction* Undetectable 34 (49.3) 9.2±6.2 90.8±6.2 100
<10-2 47 (68.1) 5.8±4.0 0.001 0.628 94.2±4.0 <0.001 0.177 100 <0.001 0.115
≥10-2 22 (31.9) 44.1±13.2 53.4±12.8 60.0±14.4

MRD level after C1* Undetectable 57 (82.6) 7.9±4.4 90.5±4.6 98.2±1.7
<10-3 62 (89.9) 7.3±4.1 <0.001 <0.001 91.2±4.3 <0.001 <0.001 98.4±1.6 <0.001 0.003
≥10-3 7 (10.1) 85.7±13.2 14.3±13.2 0

Mo: months; y: year; Hb: hemoglobin; WBC: white blood cell count; MRD: minimal residual disease; C1: first consolidation; univ.: univariate; multiv.: multivariate; NT:
not tested; DFS: disease-free survival; OS: overall survival. MRD could not be assessed in one patient who had bcr2 transcripts because of poor quality RNA.  
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one patient still had detectable MRD. To date, nine
patients (12.9%) relapsed at a median interval of 29
months (range, 11-39 months). Of these, four patients
(nos. 34, 40, 44, and 60) showed molecular relapse or an
increase in MRD followed by hematologic relapse at 2 to
18 months from first molecular events (Figure 1C), where-
as five (nos. 16, 20, 33, 37, and 48) who tested persistent-
ly PCR-negative failed to show molecular events preced-
ing hematologic relapse (Figure 1D). This may be due to
our pre-established MRD assessment schedule, which
involved testing at 6 or 12-month intervals from 1 year

after the initiation of maintenance. Indeed, the latter five
relapses occurred after durable first complete remission
(range, 25-39 months). According to the GIMEMA group,13

20 of 21 patients who converted from PCR-negative to
PCR-positive after consolidation completion underwent
hematologic relapse at a median of 3 months (range, 1-14
months) after their first PCR-positive result, whereas eight
(5.6%) of 142 patients who tested persistently PCR-nega-
tive relapsed after a median follow-up of 18 months
(range, 6-38 months). The Memorial Sloan-Kettering
group6 also reported that three (7%) of 41 patients who

Figure 1. Kinetics of PML-RARα transcripts and their clinical correlations. A. Plot showing quantitative MRD levels for 23 patients who became
PCR-negative after first consolidation. B. Plot showing quantitative MRD levels for 12 patients who had detectable MRD after first consolida-
tion. C. Plot showing quantitative MRD levels for four relapsed patients who showed molecular relapse or an increase in MRD followed by hema-
tologic relapse. D. Plot showing quantitative MRD levels for five relapsed patients who failed to show any evidence of molecular events preced-
ing hematologic relapse. Arrow indicates starting point of salvage treatment (chemotherapy±stem cell transplantation). p: post (ie, after); Ind:
induction; M: maintenance; UD: undetectable; TRM: treatment-related mortality; PD: disease progression.
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Figure 2. Probabilities of relapse (A)
and disease-free survival (B) accord-
ing to MRD level after first consoli-
dation. Patients with an MRD of
greater than 10-3 after first consoli-
dation had a poorer outcome in
terms of relapse and disease-free
survival than those with MRD of less
than 10-3. The dotted line indicates
patients with an MRD of greater
than 10-3 after first consolidation;
the solid line indicates patients with
MRD of less than 10-3.
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had PCR-negative results after consolidation completion
relapsed without any preceding molecular events, where-
as four patients (100%) who had PCR-positive results
relapsed 1 to 9 months later. These results indicate that
serial MRD monitoring is required on a 3-monthly basis
until the completion of the maintenance schedule.
Recently, the Intergroup16 reported that RQ-PCR based on
peripheral blood samples is as informative as that on bone
marrow (p<0.001). If confirmed, this would greatly facili-
tate clinicians’ compliance with MRD monitoring require-
ments. The 5-year probabilities of relapse and disease-free
survival were 17.3±5.4% and 81.5±5.4%, respectively
(Table 1). To analyze the prognostic factors, we selected
the MRD cut-off value showing the highest statistical sig-
nificance (10-2 after induction, 10-3 after first consolidation).
Interestingly, a significant correlation was found between
MRD level after first consolidation and outcome. Six of the
seven patients with an MRD of greater than 10-3 after first
consolidation eventually relapsed, whereas only three of
the 62 patients with an MRD of less than 10-3 underwent
relapse. This translated into a better outcome in terms of
the probabilities of relapse (85.7±13.2% versus 7.3±4.1%,
p<0.001) and disease-free survival  (14.3±13.2% versus
91.2±4.3%, p<0.001) (Figure 2). We suggest that the MRD
level after first consolidation may reflect the presence of
resistant leukemic clones and,  thus, that the magnitude of
MRD reduction at this stage is related to clinical outcome.
Only limited information has been available concerning
the significance of MRD level between consolidation
courses. Our findings appear to be at variance with those
of the MRC group,3 which reported that PCR-positivity at
any stage following induction is associated with an

increased risk of relapse. This trend was found to be most
useful following the third course of chemotherapy, when
patients remaining PCR-positive had an increased risk of
relapse compared to that of PCR-negative patients (57%
versus 27%, p=0.006). In their study, some patients allo-
cated to the short ATRA arm may have contributed to
delayed leukemic cell clearance. This hypothesis is sup-
ported by the findings of the Intergroup study,16 which
showed that MRD level is lower in ATRA-induced com-
plete remission than in chemotherapy-induced complete
remission (p=0.018). In addition, the MRC group3 deter-
mined PCR positivity using PML-RARα and RARα-PML
assays with a sensitivity of 10-5, which may also account
for the discrepancy between their results and ours. 

In summary, prospective MRD monitoring by RQ-PCR
may allow us to identify subgroups of patients at high risk
of relapse earlier during treatment. Further large series,
studied with a prospective long-term follow-up and a stan-
dardized RQ-PCR protocol, are needed to validate our
results.

SL was the main investigator involved in the design of the study,
analysis of the data, interpretation of the results, and writing of the
manuscript. Y-JK, K-SE, and C-KM performed the molecular labo-
ratory work and contributed to drafting the paper. H-JK and S-GC
contributed to the collection and analysis of the clinical data and to
drafting the paper. J-WL, W-SM, and CCK supervised the study
and critically reviewed the manuscript. The authors declare that they
have no potential conflicts of interest. We thank the nurses dedicated
to our chemotherapy and stem cell transplantation program, our fel-
lows, house-staff, and medical technicians for their continued assis-
tance. This work was supported by a Korea Research Foundation
Grant (KRF-2004-013-E00011). Manuscript received October 7,
2005. Accepted February 17, 2006.

References
1. Tallman MS, Andersen JW, Schiffer CA,

Appelbaum FR, Feusner JH, Ogden A, et al.
All-trans-retinoic acid in acute promyelocyt-
ic leukemia. N Engl J Med 1997;337:1021-8.

2. Mandelli F, Diverio D, Avvisati G, Luciano A,
Barbui T, Bernasconi C, et al. Molecular
remission in PML/RARα-positive acute
promyelocytic leukemia by combined all-
trans retinoic acid and idarubicin (AIDA)
therapy. Blood 1997;90:1014-21.

3. Burnett AK, Grimwade D, Solomon E,
Wheatley K, Goldstone AH. Presenting
white blood cell count and kinetics of molec-
ular remission predict prognosis in acute
promyelocytic leukemia treated with all-
trans retinoic acid: result of the randomized
MRC trial. Blood 1999;93:4131-43.

4. Fenaux P, Chastang C, Chevret S, Sanz M,
Dombret H, Archimbaud E, et al. A random-
ized comparison of all transretinoic acid
(ATRA) followed by chemotherapy and
ATRA plus chemotherapy and the role of
maintenance therapy in newly diagnosed
acute promyelocytic leukemia. Blood 1999;
94:1192-200.

5. Sanz MA, Martín G, González M, León A,
Rayón C, Rivas C, et al. Risk-adapted treat-
ment of acute promyelocytic leukemia with
all-trans-retinoic acid and anthracycline
monochemotherapy: a multicenter study by
the PETHEMA group. Blood 2004;103:1237-
43.

6. Jurcic JG, Nimer SD, Scheinberg DA,
DeBlasio T, Warrell RP Jr, Miller WH Jr.
Prognostic significance of minimal residual
disease detection and PML/RAR-α isoform
type: long-term follow-up in acute promye-
locytic leukemia. Blood 2001;98:2651-6.

7. Sanz MA, Lo Coco F, Martín G, Avvisati G,
Rayón C, Barbui T, et al. Definition of

relapse risk and role of nonanthracycline
drugs for consolidation in patients with
acute promyelocytic leukemia: a joint study
of the PETHEMA and GIMEMA cooperative
groups. Blood 2000;96:1247-53.

8. Lo Coco F, Diverio D, Pandolfi PP, Biondi A,
Rossi V, Avvisati G, et al. Molecular evalua-
tion of residual disease as a predictor of
relapse in acute promyelocytic leukemia.
Lancet 1992; 340:1437-8.

9. Miller WH Jr, Levine K, DeBlasio A, Frankel
SR, Dmitrovsky E, Warrell RP Jr. Detection of
minimal residual disease in acute promyelo-
cytic leukemia by a reverse transcription
polymerase chain reaction assay for the
PML/RAR-α fusion mRNA. Blood 1993;
82:1689-94.

10. Diverio D, Pandolfi PP, Biondi A, Avvisati G,
Petti MC, Mandelli F, et al. Absence of
reverse transcription-polymerase chain reac-
tion detectable residual disease in patients
with acute promyelocytic leukemia in long-
term remission. Blood 1993;85:3556-9.

11. Martinelli G, Remiddi C, Visani G,
Farabegoli P, Testoni N, Zaccaria A, et al.
Molecular analysis of PML-RAR· fusion
mRNA detected by reverse transcription-
polymerase chain reaction assay in long-term
disease-free acute promyelocytic leukaemia
patients. Br J Haematol 1995;90:966-8.

12. Grimwade D, Howe K, Langabeer S, Burnett
A, Goldstone A, Solomon E. Minimal resid-
ual disease detection in acute promyelocytic
leukemia by reverse-transcriptase PCR: eval-
uation of PML-RARα and RARα-PML assess-
ment in patients who ultimately relapse.
Leukemia 1996;10:61-6.

13. Diverio D, Rossi V, Avvisati G, De Santis S,
Pistilli A, Pane F, et al. Early detection of
relapse by prospective reverse transcriptase-
polymerase chain reaction analysis of the
PML/RARα fusion gene in patients with
acute promyelocytic leukemia enrolled in the
GIMEMA-AIEOP multicenter “AIDA” trial.

Blood 1998;92:784-9.
14. Tobal K, Liu Yin JA. RT-PCR method with

increased sensitivity shows persistence of
PML-RARα fusion transcripts in patients in
long-term remission of APL. Leukemia 1998;
12:1349-54.

15. Cassinat B, Zassadowski F, Balitrand N,
Barbey C, Rain JD, Fenaux P, et al.
Quantitation of minimal residual disease in
acute promyelocytic leukemia patients with
t(15;17) translocation using real-time RT-
PCR. Leukemia 2000;14:324-8.

16. Gallagher RE, Yeap BY, Bi W, Livak KJ,
Beaubier N, Rao S, et al. Quantitative real-
time RT-PCR analysis of PML-RAR· mRNA
in acute promyelocytic leukemia: assessment
of prognostic significance in adult patients
from intergroup protocol 0129. Blood 2003;
101:2521-8.

17. Lee S, Kim DW, Cho B, Kim YJ, Kim YL,
Hwang JY, et al. Risk factors for adults with
Philadelphia-chromosome-positive acute
lymphoblastic leukaemia in remission treat-
ed with allogeneic bone marrow transplanta-
tion: the potential of real-time quantitative
reverse-transcription polymerase chain reac-
tion. Br J Haematol 2003;120:145-53.

18. Lee S, Kim YJ, Min CK, Kim HJ, Eom KS,
Kim DW, et al. The effect of first-line ima-
tinib interim therapy on the outcome of allo-
geneic stem cell transplantation in adults
with newly diagnosed Philadelphia chromo-
some-positive acute lymphoblastic
leukemia. Blood 2005;105:3449-57.

19. Cheson BD, Cassileth PA, Head DR, Schiffer
CA, Bennett JM, Bloomfield CD, et al.
Report of the National Cancer Institute-
sponsored workshop on definitions of diag-
nosis and response in acute myeloid
leukemia. J Clin Oncol 1990;8:813-9.

20. Cox DR. Regression models and life tables
(with discussion). J R Stat Soc B 1972;34:187-
220.




