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Abstract Reports on the use of the real-time quantitative
polymerase chain reaction (RQ-PCR) for childhood acute
promyelocytic leukemia (APL) therapy are scarce. This
study describes the prognostic significance of quantifica-
tion of the PML-RARa transcript in children with APL.
Since January 2004, we have analyzed 40 children treated
with all-trans-retinoic acid =+ arsenic trioxide in induction.
Thirty-nine patients (97.5%) entered complete remission.
The 5-year rates of disease-free survival (DFS) and overall
survival in these patients were 73.1 and 91.4%, respec-
tively. By employing a standardized RQ-PCR protocol for
minimal residual disease (MRD) monitoring, we deter-
mined that less than 1 normalized copy number (NCN)
after induction indicates higher probability of a more
favorable treatment outcome. After induction therapy,
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thirteen out of 38 (34.2%) patients in hematologic remis-
sion showed a negative RQ-PCR result (less than 1 NCN),
which was correlated with the lower probability of relapse
(100 and 55.2% DFS at 5 years in the negative and positive
RQ-PCR groups, respectively; P = 0.018). PML/RARa-
based MRD monitoring by RQ-PCR may allow us to
identify subgroups of patients at low risk of relapse after
induction.

Keywords Children - RQ-PCR - PML/RARa -
Acute promyelocytic leukemia - Outcome

Introduction

Acute promyelocytic leukemia (APL), a distinct subtype of
acute myeloid leukemia (AML), is characterized by a
translocation between chromosomes 15 and 17 in leukemia
cells and the presence of a PML/RARa fusion gene prod-
uct. The introduction of all-trans-retinoic acid (ATRA),
arsenic trioxide (ATO), and high-dose cytarabine (Ara-c)
has significantly improved disease-free and overall survival
rates in APL patients. Only early death and relapse remain
major impediments in the ability to cure all patients. Cur-
rent efforts for the treatment of APL focus on reduction of
the relapse rate [1-10].

APL is rare in children, comprising only 7-10% of all
acute myeloid leukemia patients, and is characterized by a
more frequent incidence of hyperleukocytosis, the micro-
granular M3 variant (M3v), and bcr2 and ber3 isoforms of
PML/RARa rearrangement than in adults [9—11]. When
chemotherapy was the sole treatment option in APL, the
outcome in children was equal to or less favorable than in
adults because of a higher incidence of relapse in some
series. It was confirmed that first-line treatment with ATRA
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combined with chemotherapy for induction provided just
as favorable results in children with APL as in adults [9—
12].

Minimal residual disease (MRD) monitoring based on
the detection of PML/RARa transcripts employing PCR
technology has clearly demonstrated a benefit in the diag-
nosis and follow-up of APL patients. In early studies, MRD
monitoring was mainly performed utilizing the reverse
transcription polymerase chain reaction (RT-PCR) [13-
15]. Although RT-PCR assays have proved highly infor-
mative, they lack the capacity to distinguish between rising
and falling numbers of fusion transcripts. Importantly, they
also cannot reliably identify poor quality samples that
could potentially give rise to false-negative results [16].
These problems have been overcome with the advent of
real-time quantitative PCR (RQ-PCR), which facilitates the
absolute quantification of leukemic targets and endogenous
control gene transcripts, representing a significant advance
towards the realization of MRD-directed therapy [17]. So
far, RQ-PCR has been investigated to provide prognostic
indexes for APL management in many adult studies [18—
21]. However, there are still no data on the use of such
assays for child APL therapy. Considering the difference
between child and adult APL, RQ-PCR monitoring in
children should be investigated.

The current study was conducted to clarify the relation-
ship between the level and kinetics of MRD and outcome in
children with newly diagnosed PML/RARa-positive APL,
and to identify the subgroups at low risk of relapse.

Methods
Patients and samples

The diagnosis of APL was confirmed by clinical manifes-
tations, or the presence of t (15; 17) or PML/RARa gene
rearrangements in a patient’s sample, aside from the mor-
phologic results. From January 2004 to February 2010, 40
patients younger than 16 years old were consecutively
diagnosed with APL in our hospital. A total of 299 viable
samples were analyzed, and the median was 7 follow-up
MRD assessments per patient (range 1-15).

Treatment

Parents or legal guardians of all patients were informed of
the study, and they provided signed informed consent. This
study was approved by the Institutional Committee
for Medical Care and Safety. The induction treatment
regime was ATRA (20-45 mg/m?/day) alone or ATRA
(20-45 mg/m?/day) + ATO (3-10 mg/day), which was
maintained until complete remission (CR) before reaching

a maximum of 60 days. Patients with an initial WBC count
of less than 10 x 10°/L received ATRA (45 mg/m*/day) at
the beginning. If the patients complained of intolerable side
effects, such as headache or bone ache, ATRA was dis-
continued or reduced to 2025 mg/m*/day. Then, ATO was
added. All determinations were made by the chief physi-
cian in our department. Patients with an initial WBC count
of 10 x 10°/L or more were treated with ATRA and ATO
from the beginning. After achieving CR, at least two
courses of consolidation chemotherapy were given
sequentially. The treatment of consolidation chemotherapy
was daunorubicin alone (45 mg/m*/day for 3 days). In the
maintenance therapy stage, children were started on ATRA
(30 mg/m?, 14 days) and chemotherapy with mercapto-
purine (100 mg/m*day, 14 days) and methotrexate
(20 mg/m*/week, 2 times). The cycles were repeated every
month. Maintenance treatment was planned for 2 years.

Definition and study endpoints

A hematological complete remission (HCR) and hemato-
logic relapse were defined according to the report of
Cheson et al. [22]. The PML/RARa fusion gene of bone
marrow samples was tested using RT-PCR/RQ-PCR and
fluorescence in situ hybridization (FISH) at the diagnosis
and consolidation. After consolidation, bone marrow
samples were tested every 3—6 months. Molecular remis-
sion and relapse were defined by the disappearance and
reappearance of the PML/RARa fusion gene on one
occasion. Early death (ED) was defined as death within the
first 2 weeks of treatment.

Disease-free survival (DFS) was calculated from the
date of HCR achievement to that of either the last follow-
up or an event (relapse or death); the overall survival (OS)
duration was calculated from the date of diagnosis to that
of either the last follow-up or death.

RNA extraction and cDNA synthesis

Total RNA was isolated from BM samples using the acid
guanidinium tyocyanate—phenol—chloroform extraction
method [23]. Reverse transcription was performed using
1 pg total RNA according to a protocol, as previously
described [24].

RT-PCR qualitative and RQ-PCR (real-time) assays

To amplify the PML/RARa fusion gene, a two-step quali-
tative RT-PCR analysis was performed, as described pre-
viously [24].

In the RQ-PCR method, established in our laboratory,
based on cDNA, a dilution of the NB4 cell line reached a
sensitivity of 1 x 107> for PML-RARa. The Abelson
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housekeeping gene (ABL) was selected as a control gene of
RNA expression, as previously reported [25]. The different
PML-RARa transcripts were quantified using the ABI
PRISM 7500 DNA Sequence Detection System. Primers
were designed as previously reported [20]. A valid result
required an ABL Ct within a range of 22.4-28.5, with at
least 2,000 copies of the ABL gene in the sample. All
samples were tested in triplicate, and the results are
reported as the normalized copy number (NCN), derived by
multiplying the PML-RARa copy number/ABL copy
number ratio by 10,000 [26]. A result of less than 1 NCN
was reported as RQ-PCR-negative.

Statistical analyses

All statistical analyses were carried out using SPSS soft-
ware version 16. Baseline characteristics of the patients
were compared employing Fisher’s exact test for qualita-
tive variables and Student’s 7 test for quantitative variables.
DFS and OS were estimated using the Kaplan—Meier
method and, for comparison, the log-rank test. The rela-
tionships of clinical features with the outcome were ana-
lyzed using the Cox regression proportional hazard model
with a 95% CI. All P values are two-sided, with values of
0.05 or less indicating significance.

Results
Pretreatment characteristics

The pretreatment characteristics of the 40 patients are listed
in Table 1. The fusion gene PML/RARa was positive in 39
patients. The other one was confirmed by the presence of t
(15; 17). In our series, a total of 28 (71.8%) patients carried
the berl PML/RARa transcript, 3 (7.7%) patients carried
the ber2 PML/RARa transcript, and 8 (20.5%) patients
carried the bcr3 PML/RARa transcript. The clinical char-
acteristics, PML/RARa NCN, and relapse rate in the three
PML/RARa transcripts showed no significant difference.
Among the 40 patients, 39 (97.5%) children achieved
hematologic CR. The cases who failed to enter CR died of
intracerebral hemorrhage on day 1.

As,03 was administered for a median of 18 days (range
2-35) during induction. The median dose of As,O; in these
patients was 0.25 mg/kg/day (range 0.20-0.33). No dose
reduction occurred. The As,Os-related adverse reactions
included one case of nausea (1/16, 6.2%), one of gastric
pain (1/16, 6.2%), and three of infection-unrelated fever (3/
16, 18.8%). As,0O3 was discontinued (1/16, 6.2%) in one
patient because of edema (grade III according to the
National Cancer Institute’s common toxicity criteria).
There was no sudden death due to a cardiac event in this
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Table 1 Clinical characteristics of 40 children

Median Range No. %
Overall 40
Age, years 8.0 2-16
Sex
Male 33 825
Female 7 175
WBC, x 10°/L 6.96 1.07-175
<10 25 625
>10 15 375
Platelets, x 10°/L 21 2-84
Induction treatment®
ATRA 23 59.0
ATRA + ATO 16  41.0
PML/RARa at diagnosis 8,448 2,451-1,7847
(NCN)
PML/RARa isoform (NCN)
Berl 7,997 2,451-1,3514 28 718
Ber2 10,342 4,853-11,162 3 7.7
Ber3 8,621 3,899-17,847 8 205
No data 1
Relapses, no.
All 8
Hematologic 2 2.5
Molecular 6 7.5
Outcome
5-year DFS 73.1 £ 8.6%
5-year OS 914 + 6.3%

WBC white blood cell count, ATRA all-trans-retinoic acid, ATO
arsenic trioxide, PML/RAR:NCN PML/RARo normalized copy
number, DFS disease-free survival, OS overall survival

* One patent died before induction treatment

series of patients. No adverse events involving the
peripheral nervous system occurred.

The follow-up of patients was updated on April 2011
with a median of 47 months (range 0.01-88). Eight
patients experienced relapse. The 5-year probabilities of
DFS and OS were 73.1 & 8.6 and 91.4 & 6.3%, respec-
tively. No parameters had a prognostic impact on the
relapse risk. The 5-year DFS was 72.7 & 9.8% in patients
with WBC <10 x 10%/L and 76.2 + 14.8% in those with
WBC >10 x 10°/L (P =0.812). The comparison of
patients (WBC counts <10 x 10°/L) treated with ATRA or
ATRA + ATO is shown in Table 2. The initial charac-
teristics of the two groups revealed no difference except for
the platelet count. The 5-year DFS was 64.8 + 12.0%
in the ATRA group compared with 100% in the
ATRA + ATO group (P = 0.160; Fig. 1). Six patients
experienced relapse in the ATRA group compared with
none in the ATRA + ATO group. We could not study the
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Table 2 Initial characteristics

. Characteristics Overall WBC <10 x 10°/L WBC >10 x 10°/L
and outcomes of patients treated
with ATRA or ATRA + ATO ATRA ATO - ATRA P
in induction
No. of patients 40 20 5 15
Sex (male/female) 33/7 15/5 4/1 1.0 14/1
Age, years 0.728
Median 8 9.5 10 7.0
Range 2-16 2-16 6-15 1.5-16
WBC count, 10°/L 0.880
Median 6.96 3.6 1.92 45.1
Range 1.07-175 1.17-7.80 1.07-8.33 12.2-175
Hemoglobin, g/L 0.460
Median 63.5 64.5 58.0 63
Range 20-107 32-107 20-99 40-107
Platelet count, 10°/L 0.029
Median 21.5 25.5 14 23
Range 2-84 3-82 12-26 2-84
Relapses, no.
Hematologic 6 4 0 2
WBC white blood cell count, Molecular 2 2 0
ATRA all-trans-retinoic acid, Outcome
ATO arsenic trioxide, DFS DFS 73.01 £ 8.6% 648 + 12.0%  100% 0.160 762 + 14.8%
disease-free survival
1.0 4 10 — — - —_—
@ | B ATRACATO group (n=5) DFS 100% I o Negative RQ-PCR group (n=13) DFS 100%
> 081 g 08+ ”L
t e . E ",
a ettt @ Yot e e,
o 061 ATRA group {n=20) DFS 64.8% o 06 :
] o bt sRC R
& & Positive RQ-PCR group (n=25) DFS 55.2%
§ 04 E 0.4
@ [+
2 2
Q 02 P=0.160 L 0.2 P=0.018
0'00 00 20.00 40.00 60.00 80.00 100.00 i J ; J Y J
/ : : / ! ! 0.00 20.00 4000 60.00 80.00 100.00
Months Months

Fig. 1 The 5-year disease-free survival of patients with WBC
<10 x 109/L treated with ATRA or ATRA + ATO in induction

benefit of ATO in the patients with WBC
counts > 10 x 10°/L due to their small numbers.

RQ-PCR in different phases of treatment and influence
on survival

At diagnosis, 39 samples showed >2,000 NCN (median
8,448, range 2,451-17,847) by RQ-PCR. After induction
therapy, the PML/RARa NCN decreased significantly
(median 17, range 0-4,068). No significant difference was
observed in the NCN by RQ-PCR between patients in

Fig. 2 The 5-year disease-free survival of patients with a different
PML/RARa normalized copy number by RQ-PCR after induction

continuous complete remission and those who relapsed
(neither at diagnosis nor after induction).

After induction therapy, thirteen out of 38 (34.2%)
patients in hematologic remission displayed a negative RQ-
PCR result, which was correlated with a lower probability
of relapse (100 and 55.2% DFS at 5 years in the negative
and positive RQ-PCR groups, respectively; P = 0.018;
Fig. 2). Also of note, in the positive RQ-PCR group, the
patients treated with ATRA 4 ATO in induction had a
lower relapse rate when compared with those treated with
ATRA alone (P = 0.03).
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In addition, the kinetics of tumor burden reduction (log
reduction in NCN between diagnosis and post-induction)
were evaluated. Two cutoff points (2- and 3-log reduction)
were evaluated to determine the prognostic value of the
NCN on DFS. Indeed, no relationship between a PML/
RARa NCN 2-log reduction after induction and the relapse
risk was observed. However, a PML/RARa NCN 3-log
reduction after induction indicated a better outcome
(P = 0.047). In summary, there were 13 patients with
negative RQ-PCR results and 25 patients with positive
results after induction. Within the latter group, 21 patients
showed a PML/RARa NCN reduction of less than 3-log,
and the remaining 4 showed a reduction of more than
3-log. The DFS at 5 years was 100, 53.5, and 75% for the
NCN-negative group (group-1), NCN reduction < 3 log
group (group-2), and NCN reduction >3 log but not neg-
ative group (group-3), respectively. There was no differ-
ence between group-2 and group-3 (P = 0.908). Similarly,
there was no difference between group-1 and group-3
(P = 0.071). However, the difference between group-1 and
group-2 was significant (P = 0.018).

In addition, in those with WBC <10 x 10°L, 20
patients were treated with ATRA alone in induction. After
induction therapy, 8 out of 20 (40.0%) patients in hema-
tologic remission displayed a negative RQ-PCR result,
which was correlated with a lower probability of relapse
(100 and 45.5% DFS at 5 years in the negative and positive
RQ-PCR groups, respectively; P = 0.010). At the end of
the third consolidation course, no patient was RQ-PCR-
positive except for one who relapsed.

RQ-PCR monitoring in relapsed children

Eight patients relapsed during follow-up at a median time of
25.5 months (range 3-55). The characteristics of relapsed
children are described in Table 3. One patient relapsed 3
times and died. The delivery of pre-emptive therapy with
ATRA + ATO was successful in 2 of 8 patients, in whom
MRD monitoring revealed molecular relapse at 10 and
29 months, respectively. The other five patients failed to be
treated pre-emptively. Two patients showed molecular
relapse and progressed to hematologic relapse 2 and
5 months later, respectively. Both of them failed to be
treated pre-emptively because of a delay in returning to
hospital. In three patients, the hematologic relapse was not
predicted by molecular techniques (neither RQ-PCR nor
RT-PCR). The final molecular analysis was performed 6, 7,
and 32 months before relapse occurred, respectively.

Univariate analysis of prognostic factors

We conducted univariate analysis first, using the prognostic
factors including the days needed to achieve CR, leukocyte
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count at present, different treatment, and PCR status after
induction.

Patients who achieved CR at less than 42 days were
considered as quick responders. Otherwise, they were slow
responders. The median days to achieve CR was 30 days
(range 28-41) in quick responders. The median days to
achieve CR was 49 days (range 42-60) in slow responders.
The 5-year estimate of DFS between quick and slow
responders showed no difference (P = 0.208). The 5-year
DFS of patients treated with ATRA alone was 64.5 £
11.2%, and 90.9 £ 8.7% in patients treated with ATRA +
ATO (P = 0.138). The 5-year DFS was 72.7 £+ 9.8% in
patients with WBC <10 x 10°/L, and 76.2 &+ 14.8% in
patients with WBC > 10 x 10°/L (P = 0.812). In addition,
the 5-year DFS was 100% in patients who were PCR-neg-
ative after induction, and 55.2 + 13.4% in patients who
were PCR-positive (P = 0.018).

Multivariate analysis

Multivariate analysis was performed to identify prognostic
factors, including the WBC count, initial count of blasts in
the marrow, induction treatment, and the status of RQ-PCR
after induction, using Cox regression. Our multivariate
study showed that only the negative status of RQ-PCR after
induction was associated with DFS (P = 0.019) and no
factors were associated with OS.

Discussion

In the present study, we analyzed the prognostic value of
the standardized PML/RARa RQ-PCR assay in children
with newly diagnosed APL. Our results indicated that
patients with a negative RQ-PCR result after induction
were correlated with a lower probability of relapse.

Over the last decade, relapse in APL has markedly
reduced following the introduction of ATRA, ATO, and
high-dose Ara-C into treatment. Furthermore, among
patients who show relapse, a second CR (molecular) is
achieved in almost 90% with ATO [1-5, 9]. Thus, Tallman
MS questioned how important MRD was to detect relapse
early, especially in the ATO era [6]. Molecular monitoring
in APL may have become less important for the majority of
patients. Therefore, the question of which subgroups are
appropriate to restrict MRD assessment remains open.

The lack of a predictive value of the RT-PCR status
post-induction is recognized in the International APL
Guideline, which recommends that treatment is not modi-
fied on the basis of laboratory findings at this timepoint,
because being PCR-positive in this early period may sim-
ply reflect delayed maturation instead of resistance [1].
However, the relationship between PCR negativity after
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induction and the relapse risk was not discussed. The
detection of APL fusion transcripts after consolidation
predicted an increased relapse risk [16]. However, the
achievement of PCR negativity after consolidation com-
pletion does not represent a guaranteed cure because
90-95% of patients are PCR-negative at this stage.

Lee et al. [19] suggested, after the first consolidation,
that patients with an MRD of less than 107> showed a
better outcome. Then, patients at a high risk of relapse can
be identified earlier during treatment. In our study, we
observed a significant correlation between the MRD status
after induction and outcome when PML/RARa NCN-neg-
ative and -positive results were considered. None of the 13
patients with a negative RQ-PCR result after induction
relapsed, whereas 8 of the 25 patients with a positive RQ-
PCR result underwent relapse (P = 0.034). However, our
results contrast with those of Santamaria and Grimwade
et al. [18, 20]. Such differences could be explained in part
by the differences of induction therapy and ages of the
patients. We suggest that PML/RARa NCN negativity after
induction may reflect the sensitivity of leukemic clones to
treatment and, thus, MRD monitoring by RQ-PCR might
allow us to identify subgroups of patients at low risk of
relapse earlier after induction in children. For such patients,
MRD monitoring could be performed less frequently.
However, for patients with a positive RQ-PCR result,
especially those with a PML/RARa NCN reduction of less
than 3-log, PML/RARa NCN should be monitored more
frequently so as to modify treatment early to improve the
outcome. Although the small sample and retrospective
analysis may not have sufficient power to lead to a con-
clusion, further clinical research with large numbers of
patients should be conducted.

In addition, if ATO were to be added to induction, the
outcome would be improved, although PML/RARa NCN
was positive (P = 0.03). Also of note, in patients with
WBC <10 x 10%/L, there was a 35% higher DFS rate for
the ATRA 4+ ATO group than ATRA group (P = 0.160).
We confirmed that ATRA + ATO in induction was helpful
to improve the outcome.

Recently, Grimwade and Tallman [6] suggested that
monitoring MRD with a high-risk disease seemed reason-
able, and monitoring MRD with a low- and intermediate-
risk disease could be discontinued at the post-consolidation
timepoint if the patient had achieved molecular remission.
However, this notion could not be applied to our series. In
our patients with WBC counts <10 x 10°/L, the 5-year
DFS was only 64.8% when ATRA was used alone in
induction. In addition, there were 6 patients (6/16, 37.5%)
who relapsed when PML/RARa was positive after induc-
tion. This discrepancy might be related to differences in the
treatment protocols. We suggest that valuable subgroups
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for MRD monitoring might vary for different treatment
protocols.

A key aim of MRD monitoring was to start pre-emptive
therapy ahead of clinical relapse. However, this was not
achieved in 5 of 8 patients. In two patients, the final
molecular analysis was consistently performed 6 and
7 months before hematologic relapse occurred. It is
regretful, we did not detect these patients every month, so
we could not decide on the relationship between the PML/
RARa NCN change and outcome. Also of note, their DFS
was 26 and 27 months, respectively. This indicates that
those patients should be monitored more frequently. The
optimal schedule for detecting patients presenting with
valuable subgroups for MRD monitoring should be the
subject of further research.

Douer et al. [27] suggested that, in patients from Latin
American, the rate of bcrl PML/RARa subtype mRNA is
significantly higher than the bcrl rate reported in the lit-
erature among non-Latinos from the USA and Europe.
Interestingly, in a small cohort of Chinese APL patients
and in a Japanese group, the berl or berl 4+ ber?2 rates were
similar to the Latin American patients [28, 29]. They
speculate that a non-European genetic factor might have
migrated from East Asia through the Bering Straits into
America approximately 12,000 years ago [27]. In Europe,
de Botton et al. [12] reported that ber2 and ber3 isoforms
were more frequently found in children (25 and 37.5%,
respectively) than in adults (12 and 25%, respectively), but
the difference was not significant (P = 0.09). However, in
our patients, the berl rate was higher than in those pediatric
reports, and was similar to that which Douer et al. reported.
Our series validated what Douer et al. speculated. In our
study, we found no correlation between the ber subtybe and
clinical characteristics and PML/RARa NCN at diagnosis,
although the small sample may not have sufficient power to
detect such a relationship. Because of the small number of
patients and differences in treatment, we could not inves-
tigate the association between the bcr subtypes and
outcome.

Disadvantages of our study are the small number of
patients and its retrospective nature, with patients not
treated according to the same protocol. It is well known
that APL is very rare in children. In addition, the recom-
mendation for induction therapy in newly diagnosed APL
remained the standard approach with ATRA in 2004, and
we only added ATO to induction in patients with WBC
counts > 10 x 10°/L or those who could not tolerate the
side effects of ATRA in patients with WBC counts <10 x
10°/L. Notwithstanding, in patients with WBC <10 x 10°/L
treated with ATRA alone in induction, a negative RQ-PCR
result was still correlated with a lower probability of
relapse (P = 0.010). Since February 2010, a prospective
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study has been performed in our study. More data will be
available in the future.

In conclusion, PML/RARa-based MRD monitoring by
RQ-PCR might allow us to identify subgroups of patients
at low risk of relapse after induction, at least in the patients
with similar regimens. The optimal schedule for MRD
monitoring by RQ-PCR in child APL should be the subject
of further research.
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