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Abstract

Background/Objectives: Intrachromosomal amplification of chromosome 21 (iAMP21)
represents a rare and heterogeneous distinct cytogenetic subgroup of B-cell precursor
acute lymphoblastic leukemia (ALL) initially associated with a poor prognosis. Treatment
intensification with additional doses of methotrexate and asparaginase was associated with
better treatment outcomes. Methods: In this retrospective single-center study, we evaluated
the impact of iAMP21 on treatment outcome in a cohort of pediatric patients treated with an
intensified asparaginase regimen and describe the genomic landscape of four patients with
iAMP21. Results: Four out of 89 patients > 1 year old were classified as iAMP21 positive.
Five-year event-free survival (EFS) was inferior in the iAMP21-positive group: 25% versus
85.6% (p = 0.001). The cumulative incidence of relapse and treatment-related mortality
were 50% vs. 9.9% and 0% vs. 2.38%, respectively, in the iAMP21-positive and non-iAMP21
groups (p = 0.02 and 0.76, respectively). These results did not translate into a significant
difference in overall survival: 100% vs. 93.7% (p = 0.6). The presence of iAMP21 (HR 7.68,
95% CI 2.04–29.05; p = 0.002) and a measurable residual disease ≥1% after induction on
day +33 (HR 8.82, 95% CI 2.6–29.91; p = 0.001) retained significant negative impact on EFS
in multivariate analysis. Conclusions: We found an independent significant prognostic
impact of iAMP21 on EFS among pediatric patients with ALL, and clinical presentation and
early treatment response did not classify these patients as HR. Diverse genetic backgrounds
among iAMP21-positive patients might influence the treatment response and outcome of
this heterogeneous disease.

Keywords: children; acute lymphoblastic leukemia; intrachromosomal amplification of
chromosome 21; iAMP21
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1. Introduction
Acute lymphoblastic leukemia (ALL) is the most common malignant disease in chil-

dren, and 85% of cases are from B-cell precursor (BCP) origin [1]. Patient stratification in
different risk groups with diverse treatment intensity has largely contributed to the im-
provement of treatment outcomes of childhood ALL during last decades [2,3]. Patient age,
white blood cell count (WBC) at presentation, leukemia immunophenotype, certain disease
genetic determinants of outcome, and early response to treatment are factors considered
for stratification in different protocols [2,4–6]. Reverse transcriptase polymerase chain
reaction (PCR), conventional cytogenetics, and fluorescence in situ hybridization (FISH)
are considered appropriate techniques for the identification of these genetic abnormalities.
Additionally, flow cytometry (FC) for determination of the DNA index is applied for the
detection of changes in chromosome numbers [2]. Early treatment response assessment
through evaluation of measurable residual disease (MRD) allowed the improvement of
results by the adaptation of treatment intensity according the quantification of MRD at
different time-points [7–10].

Intrachromosomal amplification of chromosome 21 (iAMP21) represents a rare genetic
alteration recognized as a distinct cytogenetic subgroup of BCP ALL since 2003 [11]. The
diagnosis of iAMP21 has largely relied upon the demonstration of multiple signals of
the RUNX1 gene on chromosome 21 using FISH [2,3,12,13]. Diverse secondary genetic
abnormalities that differ from other BCP ALL subtypes are frequently described in iAMP21-
positive ALL cases, defining a high heterogenous disease [3,6,14–16].

Early studies associated the presence of iAMP21 with a poor prognosis, with relapse
being the most prevalent event [4,5,12,13]. However, treatment intensification with the
administration of additional doses of methotrexate and asparaginase was associated with
better treatment outcomes [5,6,12,13]. After relapse, iAMP21 has been considered as a
high-risk cytogenetic feature by some but not all study groups [17].

We evaluated the impact of iAMP21 on treatment outcome in a cohort of pediatric
patients treated with an intensified asparaginase regimen. iAMP21 had a significant impact
on event-free survival (EFS) but did not affect overall survival (OS), and all patients who
experienced an event could be rescued with second-line treatment.

We further describe the genomic landscape of four patients with this rare genetic
ALL subtype.

2. Materials and Methods
In this retrospective single-center study, we aimed to analyze the impact of iAMP21 in

the clinical outcome of pediatric patients diagnosed with ALL who underwent treatment
according to the Spanish “LAL/SEHOP-PETEHEMA 2013” guidelines regimen. These
recommendation guidelines were launched by the Leukemia Working Group of the Spanish
Society of Pediatric Hematology and Oncology (SEHOP) and were approved by our local
institutional review board in December 2013. Written informed consent before registra-
tion and treatment was provided by all patients or legal guardians including consent for
subsequent analyses of stored biological samples.

In these guidelines, patients are stratified into three different risk groups, i.e., standard-
(SR), intermediate- (IR) and high-risk (HR), according to patient age, WBC, leukemia
immunophenotype, central nervous system (CNS) and/or testicular involvement, cytoge-
netics, and early treatment response (Supplementary Table S1).

Patients younger than 1 year were treated differently and were excluded from
this analysis.

Considering results from leukemia immunophenotype and DNA index results pro-
vided by FC, conventional cytogenetics, FISH, and PCR analysis, all other patients (≥1 year



Hemato 2025, 6, 19 3 of 17

old) were classified into 10 different biological subtypes according to the World Health
Organization (WHO) 2008 classification (Table 1) [18].

Table 1. Biological classification of patients at primary diagnosis.

Biologic Subtype Diagnostic Method Comment

BCR/ABL1 FISH and/or PCR Identification of translocation t(9; 22)(q34; q11.2)
with FISH and/or BCR/ABL1 fusion with PCR

KMT2A-r FISH and/or PCR Identification of any translocation t(v; 11q23) with
FISH and/or any KMT2A-r with PCR

ETV6/RUNX1 FISH and/or PCR Identification of translocation t(12; 21)(q13; q22)
with FISH and/or ETV6/RUNX1 fusion with PCR

TCF3 (E2A)/PBX1 FISH and/or PCR
Identification of translocation t(1; 19)(q23; p13.3)
with FISH and/or TCF3 (E2A)/PBX1 fusion
with PCR

High hyperdiploidy Conventional cytogenetics and/or
DNA index by FC

51 to 67 chromosomes and/or DNI index 1.1 to
1.44 by FC

Low hypodiploidy Conventional cytogenetics and/or
DNA index by FC <44 chromosomes and/or a DNA index <0.81

iAMP21 FISH Identification of ≥5 copies of RUNX1 in interphase

B-other FC, FISH and PCR B-cell precursor immunophenotype and negative
results from all previous diagnostic markers

T-immunophenotype FC According to EGIL criteria (see Bene et al.,
Leukemia-1995, reference number [19])

Unclassifiable All previous diagnostic methods Insufficient results available
Abbreviations; FC, flow cytometry; FISH, fluorescence in situ hybridization; iAMP21, intrachromosomal amplifi-
cation of chromosome 21; KMT2A-r, KMT2A rearrangement; PCR, polymerase chain reaction.

The definition of iAMP21-positive cases was based on the identification of ≥5 copies
of RUNX1 in an interphase FISH study [3,11,12,14].

In this protocol, the presence of iAMP21 preludes the stratification of patients into
the SR group but does not represent a HR criterion itself. Patients with Philadelphia
chromosome-positive ALL (BCR/ABL1 rearrangement) were allowed to participate and
receive the HR regimen in combination with imatinib (300 mg/m2/day) from day +15 until
the end of treatment.

The “LAL/SEHOP-PETHEMA 2013” treatment details are described in the Supplemen-
tary Material (Supplementary Tables S2 and S3). In brief, all patients receive a 4-week induc-
tion regimen with 4 drugs (induction “IA”) followed by an early intensification (induction
“IB”). SR and IR patients are then scheduled to receive the same 8-week extra-compartment
chemotherapy consolidation followed by a reinduction phase before maintenance, and IR
patients receive an asparaginase-intensified protocol with 10 additional doses of pegylated
(PEG-) asparaginase (1000 U/m2 every 2 weeks) during the first 20 weeks of maintenance.
HR patients receive three chemotherapy intensification blocks before intensified reinduc-
tion chemotherapy and maintenance. Criteria for allogeneic stem cell transplantation (SCT)
are restricted to HR patients and poor early MRD response (Supplementary Tables S1–S3).

Early treatment response was evaluated based on morphological assessment of cir-
culating blast count at day +8 and morphological evaluation as well as FC assessment of
MRD in bone marrow (BM) at days +15, +33, and +78. HR patients had an additional BM
evaluation after the third consolidation block. The indications for SCT in the HR group are
provided in Supplementary Table S3.
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Our primary objective was to compare the outcome of patients with iAMP21 versus
all other patients. We also aimed to analyze and compare clinical presentation as well as
early treatment response in these two different groups and to analyze the impact on EFS of
the following variables: presence of iAMP21, sex, age and ethnic group, WBC at primary
diagnosis, National Cancer Institute (NCI) risk score, CNS involvement, kinetics of early
MRD response, as well as initial and final risk-group category.

The Kaplan–Meier method and the log-rank test were used to generate and compare
OS and EFS curves. Cumulative incidence of treatment-related mortality (TRM) and
relapse (CIR) were compared using the Fine and Grey test. For multivariate analysis, the
Cox proportional hazard regression model with estimate of hazard ratios was applied
considering any individual risk factors identified in the univariate analysis. Refractoriness
to induction was censored as an event at day zero. For other comparisons the Fisher’s exact,
Student’s t, or Mann–Whitney tests were applied as appropriate. RStudio version 4.2.2 was
used for all statistical analyses.

In order to try to gain insights into possible biological findings affecting outcomes, we
retrospectively analyzed stored BM samples from primary diagnosis from four patients
with iAMP21-positive ALL using multiplex ligation-dependent probe amplification (MLPA)
and next-generation sequencing (NGS).

3. Results
3.1. Patient Characteristics, Risk-Group Assignment, and Early Treatment Response Evaluation

We collected data from 89 pediatric patients diagnosed with ALL at our institu-
tion from 27 June 2013 to 21 December 2023, who were included in the “LAL/SEHOP-
PETEHEMA 2013” registry. Median age at diagnosis was 7 years (range 1 to 16). Four pa-
tients (1 male and 3 females) were classified as iAMP21-positive ALL according FISH
analysis (Figure 1), and 85 were classified as non-iAMP21 patients. Table 2 includes clinical
characteristics of patients at primary diagnosis, NCI risk stratification, and initial risk-group
assignment according to the “LAL/SEHOP-PETHEMA 2013” protocol.

Figure 1. Bone marrow FISH analysis from four patients diagnosed with iAMP21-positive ALL
showing >5 signals of RUNX1 (red). Three nuclei from each patient are presented with upper rows
showing both RUNX1 (red) and ETV6 (green) signals and bottom rows depicting only RUNX1 signals.



Hemato 2025, 6, 19 5 of 17

Table 2. Clinical and biological characteristics of patients and early treatment response evalu-
ation results.

iAMP21-Positive
Patients

Non-iAMP21
Patients p

Total n = 4 % n = 85 %

Sex
Male 1 25 49 57.6 0.31

Female 3 75 36 42.4

Age (years) 1
<10 3 75 61 71.7 1

≥10 1 25 24 28.3

Ethnic group

Caucasian 3 75 64 75.3 1

Hispanic 1 25 15 17.6

Other 0 0 6 7.1

WBC (×109/L) 2
<50 4 100 67 78.8 0.58

≥50 0 0 18 21.2

Immunophenotype
BCP 4 100 70 82.4 0.43

T 0 0 15 17.6

CNS involvement 3

CNS1 4 100 78 91.8 1

CNS2 0 0 3 3.5

CNS3 0 0 4 4.7

NCI risk group 4
Standard 3 75 48 56.5 0.63

High 1 25 37 43.5

Initial risk group 5

Standard 0 0 22 25.9 0.67

Intermediate 4 100 57 67

High 0 0 6 7.1

Day +8 blast count on PB
<1 × 109/L 4 100 79 92.9 1

≥1 × 109/L 0 0 6 7.1

Day +15 BM blasts

<25% 3 75 71 83.5 0.55

≥25% 1 25 9 10.6

NA 0 0 5 5.9

Day +15 MRD
<10% 3 75 70 82.4 0.55

≥10% 1 25 15 17.6

Day +15 MRD
<0.1% 3 75 51 60 1

≥0.1% 1 25 34 40

Day +33 BM blasts

<5% 3 75 80 94.1 0.17

≥5% 1 25 3 3.5

NA 0 0 2 2.4

Day +33 MRD

<1% 3 75 78 91.8 0.28

≥1% 1 25 6 7

NA 0 0 1 1.2



Hemato 2025, 6, 19 6 of 17

Table 2. Cont.

iAMP21-Positive
Patients

Non-iAMP21
Patients p

Day +78 MRD 5

<0.1% 3 100 76 89.4 1

≥0.1% 0 0 3 3.5

NA 1 - 6 7.1

Final risk-group 6

Standard 0 0 14 16.5 1

Intermediate 3 75 52 61.2

High 0 0 19 22.3

Induction
failure 1 25 0

1 Median age was 8 years (range 7–13) in the iAMP21-positive group and 6 years (1–16) in the non-iAMP21 group
(patients < 1 year old at primary diagnosis were not included). 2 Median WBC 2.49 × 109/L (range 1.6–6.7) and
8.51 × 109/L (0.5–614.3) in the iAMP21-positive and non-iAMP21, respectively (p = 0.046). 3 CNS1, no evidence of
leukemic cells on CSF cytological evaluation; CNS2, identifiable leukemic cells with ≤5 WBC/µL or traumatic
lumbar puncture (>10 erythrocytes/µL or macroscopically contaminated with blood) with circulating blasts;
SNC3, identifiable leukemic cells with >5 WBC/µL and/or cranial nerve palsy and/or brain or meningeal tumor
mass/meningeal enhancement on MRI. 4 NCI standard risks are <10 years old and have WBC <50 × 109/L at
primary diagnosis; all others are NCI high risk. 5 One patient in the iAMP21-positive refractory to induction
(>25% blasts in BM at day +33) left the protocol and was not evaluable at day +78. 6 According to “LAL/SEHOP-
PETHEMA 2013” guidelines (Supplementary Table S1). Abbreviations; BCP, B-cell precursor; BM, bone marrow;
CNS, central nervous system; CSF, cerebrospinal fluid; iAMP21, intrachromosomal amplification of chromosome
21; MRD, measurable residual disease by flow cytometry; MRI, magnetic resonance imaging; NA, not available or
not applicable; NCI, National Cancer Institute; PB, peripheral blood; WBC, white blood cell count.

Although median WBC was significantly lower in the iAMP21-positive group
(2.49 × 109/L versus 8.51 × 109/L; p = 0.046), the proportion of high-risk patients ac-
cording to NCI criteria was not significantly different. The leukemia immunophenotype
was common (B-II) in three iAMP21-positive patients and pre-B (B-III) in 1 patient. There
were 15 cases (17.6%) of T-lineage immunophenotype in the non-iAMP21 group [19]. CNS
involvement did not affect iAMP21-positive patients and was present (CNS3) in four (4.7%)
non-iAMP21 patients.

Conventional cytogenetics was non-informative (no available metaphases) in
two AMP21-positive cases; however, flow cytometry study informed a DNA index of 1 in
all four patients. Three iAMP21-positive patients had additional findings on FISH study,
such as CDKN2A deletion, monosomy 11q, and tri-/tetrasomy 4 (Supplementary Table S4).

All patients with iAMP21 were initially stratified within the IR group. According
to protocol specifications, all received an intensified PEG-asparaginase schedule with
10 additional doses every 2 week during the first 20 weeks of maintenance. Six out of
85 with non-iAMP21 ALL were stratified within the HR group (Supplementary Table S1).

Results from early treatment response evaluations are presented in Table 2. All four
patients with iAMP21-positive ALL had <1 × 109/L circulating blasts in peripheral blood
at day +8; however, one patient was refractory to induction chemotherapy (>25% blasts
in BM at day +33). The remaining three patients had good early response to treatment
with <5% blasts in BM at days +15 and +33 as well as BM MRD < 0.1% at day +15 and at
subsequent scheduled evaluations. Accordingly, these three patients remained within the
IR group at final stratification. In contrast, 13 patients in the non-iAMP21 group moved
from the SR and IR to the HR group after early response evaluation.

3.2. Outcome and Prognostic Factors

One patient in the iAMP21-positive group was refractory to induction chemotherapy
and left the protocol. She achieved complete remission (CR) after one cycle of rescue
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chemotherapy with fludarabine, cytarabine, and idarubicin (“FLAG-Ida”). Then, she re-
ceived one “extra-compartment” chemotherapy intensification block before SCT from a
matched unrelated donor and was alive in remission 59 months after primary diagnosis
(Table 3). Two additional patients in the iAMP21-positive group who achieved CR experi-
enced an isolated BM relapse 54 and 24 months after primary diagnosis, respectively. The
first one achieved a second CR (CR2) with MRD below 0.1% after standard “ALL REZ BFM
2002” re-induction. A TP53 deletion was later informed to be present at relapse, and he
received two consolidation chemotherapy courses followed by one cycle of blinatumomab
before SCT and was alive in remission at last contact 89 months after primary diagnosis
(35 months after relapse). One patient who relapsed 24 months after primary diagnosis
achieved CR2 after one cycle of inotuzumab ozogamycin. The patient then received one
chemotherapy consolidation course and one cycle of blinatumomab before SCT and was
alive in remission at last contact 33 months after primary diagnosis (9 months after relapse).

Table 3. Outcome and additional biological information from four iAMP21-positive patients.

Pt MLPA 1 NGS-CNAs 1 NGS-SNVs/
INDELS 1 Event Time to

Event (m)

Tt.
After
Event

Response Subsequent
Treatment

Outcome
(m)

1

CDKN2A,
CDKN2B, JAK2,
and PAX5
deletions

CDKN2A, JAK2,
PAX5, CSMD1,
KMT2A, ATM, CBL,
SH2B3, RTEL1,
GNAS, U2AF1, and
BRCC3 losses;
RUNX1 gain

FANCA, NRAS,
SRP72 2 Ref. 0 FLAG-Ida CR1 SCT AIR

(59)

2

CDKN2A,
CDKN2B, and
PAX5
deletions

CDKN2A and PAX5
losses, SH2B,
RUNX1, and
U2AF1 gains

CEBPA, NRAS,
PAX5, SH2B3,
IKZF1, CALR,
CTCF, RAF1 3

Rel. 54 CT CR2 Blina +
SCT

AIR
(89)

3 PAX5
deletion

PAX5, SH2B,
KMT2D, NOTCH1,
and GATA2 losses;
RUNX1 and
U2AF1 gains

NRAS, PAX5,
SH2B3, KMT2D 4 Rel. 24 InO CR2

HR +
Blina +
SCT

AIR
(33)

4

BTG1
Deletion;
CRLF2,
CSF2RA,
IL3RA, P2RY8
and SHOX
(PAR1
region)
duplications

GNAS and U2AF1
losses; RUNX1,
BCORL1, BRCC3,
GATA1, ZRSR2,
STAG2, PHF6,
KDM6A, ATRX,
SMC1A, PIGA, and
BCOR gains

FLT3 5 No
event NA NA NA NA AIR

(111)

1 These results were provided by retrospective MLPA, CNAs, as well as NGS evaluation from stored primary
diagnostic samples. 2 FANCA frameshift pathogenic variant c.1115_1118del; p.(Val372Alafs*42) (VAF 46%); NRAS
missense pathogenic variant c.38G > A; p.(Gly13Asp) (VAF 42%); SRP72 frameshift likely pathogenic variant
c.25dup; p.(Val9Glyfs*9) (VAF 44%). 3 CEBPA uncertain significance variant c.584_589dup; p.(His195_Pro196dup)
(VAF 47%); NRAS missense pathogenic variant c.35G > A; p.(Gly12Asp) (VAF 38%); PAX5 missense likely
pathogenic variant c.224C > T; p.(Thr75Ile) (VAF 32%); SH2B3 nonsense pathogenic variant.596_597insGGGGTTA;
p.(Tyr199*) (VAF 71%); IKZF1 missense likely pathogenic variant c.472G > A; p.(Gly158Ser) (VAF 6%); CALR
pathogenic variant c.397 + 2T > C; p.(?) (VAF 7%); CTCF uncertain significance variant c.102 + 1055_224-
70delinsCAAGG (VAF 7%); RAF1 missense pathogenic variant c.1837C > G; p.(Leu613Val) (VAF 40%).
4 NRAS missense pathogenic variant c.38G > A; p.(Gly13Asp) (VAF 37%); PAX5 missense pathogenic variant
c.77T > G; p.(Val26Gly) (VAF 74%); SH2B3 frameshift likely pathogenic variant c.248delinsGG (VAF 18%); KMT2D
frameshift likely pathogenic variant c.12015_12034delinsCCTCTTAGA; p.(Gln4007Leufs*29) (VAF 36.5%). 5 FLT3
missense likely pathogenic variant c.2506A > C (p.Ile836Leu) (VAF 27%). Abbreviations; AIR, alive in remission;
Blina, blinatumomab; CNAs, copy number alterations; CR1, first complete remission; CR2, second complete
remission; CT, chemotherapy according to “ALL REZ BFM 2002” protocol; FLAG-Ida, fludarabine, cytarabine
plus idarrubicin; HR, high-risk chemotherapy block; InO, inotuzumab ozogamycin; INDELs, insertion/deletions:
m, months since primary diagnosis; MLPA, multiple ligation-dependent probe; NA, not applicable; NGS, next-
generation sequencing; Pt, patient; Ref., refractory to primary induction; Rel., relapse; SCT, allogeneic stem cell
transplantation; SNVs, single-nucleotide variants; Tt., treatment; VAF, variant allele frequency.
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Two out of 89 patients with non-iAMP21 ALL died without disease (TRM), and
9 relapsed, yielding a total of 11 events in this group.

After a median follow up of 57 months (range, 1–132 months), 5-year EFS was inferior
in the iAMP21-positive group at 25% (95% CI 4.5–100%) versus 85.6% (95% CI 78–93.9%)
in the non-iAMP21 group (p = 0.001). CIR was 50% (95% CI 2.3–88.1%) in the iAMP21-
positive group and 9.9% (95% CI 4.3–18.3%) in the non-iAMP21 (p = 0.02), and there was
no difference in TRM at 0% versus 2.38%, respectively (95% CI 0.5–7.5%) (p = 0.76). These
results did not translate into a significant difference in OS: 100% in the iAMP21-positive
group versus 93.7% (95% CI 88.5–99.2%) in the no-iAMP21 group (p = 0.6) (Figure 2).

Event-free survival Overall survival

Cumulative incidence of relapse Treatment-related mortality

̶̶ non-iAMP21
--- iAMP21

̶̶ non-iAMP21
--- iAMP21

̶̶ non-iAMP21
--- iAMP21

̶̶ non-iAMP21
--- iAMP21

A B

C D

P
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b
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P
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b
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ty

P
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b
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P
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b
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Time (days)

Time (days)

Time (days)

Time (days)

Figure 2. (A) Five-year event-free survival (25% vs. 85.6%; p = 0.001), (B) overall survival
(100% vs. 93.7%; p = 0.6), (C) cumulative incidence of relapse (50% vs. 9.9%; p = 0.02), and
(D) treatment-related mortality (0% vs. 2.38%; p = 0.76) among patients with iAMP21-positive
(red lines) and non-iAMP21 (blue lines) acute lymphoblastic leukemia.

Apart from the presence of iAMP21, the following factors had a significant negative
impact on EFS: Hispanic ethnic group (p = 0.006), ≥5% BM bone marrow blasts on day
+15 and +33 evaluations (p = 0.02 and <0.001, respectively), and MRD ≥ 1% on day +33
(p = <0.001; Table 4).

Table 4. Factors influencing event-free survival: univariate analysis.

5-Year EFS (%) 95% CI p

iAMP21
Positive 25 4.5–100

0.001
Negative 85.6 78–93.9

Sex
Male 85.3 74.7–97.4

0.3
Female 77.1 64.3–92.5

Age
<10 years 83.2 74.2–93.3

0.8≥10 years 78 60–100

Ethnic group

Caucasian 86.2 77.6–95.8

0.006Hispanic 53.9 32.3–90.1

Other 100 -
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Table 4. Cont.

5-Year EFS (%) 95% CI p

WBC (×109/L)
<20 81.8 <20

0.9≥20 82.3 ≥20

WBC (×109/L)
<50 83.4 <50

0.4≥50 75.9 ≥50

NCI risk score
Standard 83.2 73.1–94.6

0.9
High 79.7 65.6–96.8

CNS involvement 1

CNS1 82.8 74.2–92.4

0.6CNS2 66.7 30–100

CNS3 75 42.6–100

Initial risk-group 2

Standard 90.9 79.7–100

0.6Intermediate 78.1 67.2–90.9

High 80 51.6–100

Day +8 blast count on PB (×109/L)
<1 83.2 74.7–92.6

0.1≥1 62.5 32–100

Day +15 BM blasts
<25% 83.9 75–93.8

0.1≥25% 68.6 44.5–100

Day +15 BM blasts
<5% 85.4 76.3–95.5

0.02≥5% 65.5 44.9–95.4

Day +15 MRD
<10% 83.6 74.6–93.7

0.2≥10% 74.5 55.7–99.6

Day +15 MRD
<0.1% 84.1 73.9–95.9

0.3≥0.1% 79.1 66.4–94.2

Day +33 BM blasts
<5% 86.7 78.8–95.4

<0.001≥5% 0 -

Day +33 MRD
<1% 86.4 78.4–95.3

<0.001≥1% 42.9 18.2–100

Day +78 MRD
<0.1% 87.6 79.8–96.5

0.2≥0.1% 66.7 30–100

Final risk-group 2

Standard 100 -

0.1Intermediate 79.4 68–92.8

High 73 55.3–96.4
1 See definitions in Table 2. 2 According to “LAL/SEHOP-PETHEMA 2013” guidelines (Supplementary Table S1).
Abbreviations; BM, bone marrow; CNS, central nervous system; EFS, event-free survival; iAMP21, intrachro-
mosomal amplification of chromosome 21; CI, confidence interval; MRD, measurable residual disease by flow
cytometry; NCI, National Cancer Institute; PB, peripheral blood; WBC, white blood cell count.

In multivariate analysis, the presence of iAMP21 (HR 7.68, 95% CI 2.04–29.05; p = 0.002)
and an MRD ≥ 1% after induction on day +33 (HR 8.82, 95% CI 2.6–29.91; p = 0.001) had a
significant negative impact on EFS.

All three iAMP21-positive patients who experienced an event had PAX5 deletion/loss
on MLPA evaluation. Furthermore, NRAS pathogenic variants were identified in these
three patients with >35% variant allele frequencies (VAF) and two patients who relapsed
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after achieving CR harbored PAX5 and SH2B3 pathogenic or likely pathogenic variants
on primary ALL diagnostic samples. None of these alterations were present in the only
one case of iAMP21-positive ALL who did not experience any event (Table 3 and Figure 3).

Figure 3. Genetic alterations in four patients with iAMP21-positive ALL (affected genes are presented
in alphabetical order). MLPA: Salmon color, heterozygous deletion; blue, heterozygous duplication.
CNAs: Salmon color: copy number < 2 (deletion/loss); blue color: copy number > 2 (amplification).
NGS (gene variants): Salmon color, pathogenic or likely pathogenic variants (% VAF); grey, uncertain
significance variant (% VAF). Abbreviations; ALL, acute lymphoblastic leukemia; CNAs, copy number
alterations; MLPA, multiple ligation probe assay, NGS, next-generation sequencing; VAF, variant
allelic frequency.

4. Discussion
Intrachromosomal amplification of chromosome 21 (iAMP21) is currently well recog-

nized as a distinct BCP ALL subtype [18,20]. It is estimated to occur in 1% to 3% of cases of
ALL during childhood [5,6,11–13].

The presence of iAMP21 is generally exclusive of other primary cytogenetical alter-
ations and is considered a leukemia initiating event. However, a few cases carry other alter-
ations, such as ETV6::RUNX1, high hyperdiploidy, BCR::ABL1, and DUX4-rearrangement,
which are currently considered subtype-defining alterations [3,6,15,20,21].

We found the presence of iAMP21 in 4.5% of cases in a series of 89 pediatric ALL
patients, excluding those <1 year old at diagnosis. The diagnosis of iAMP21 ALL was
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based upon FISH analysis results, with ≥5 copies of RUNX1 in interphase. FISH analy-
sis using an ETV6::RUNX1 probe set is considered the standard method for detection of
iAMP21 in most reported studies. However, other approaches such as single-nucleotide
polymorphism array may be appropriate as well [3,5,13–15]. RUNX1 (previously AML1)
is commonly amplified in leukemic blasts of iAMP21 ALL. The presence of ≥5 copies
of RUNX1 in an interphase FISH study or ≥3 additional copies on a single abnormal
chromosome 21 defines the diagnosis of iAMP21 [3,5,6,11–13,15,21,22]. The identification
of multiple copies of RUNX1 within one metaphase nuclei is also applicable for the defi-
nition of iAMP21 [3,5,15,23]. However, extra RUNX1 signals may be found in interphase
as the result of additional chromosome 21 in hyperdiploid cases [3]. Moreover, RUNX1
is not always included in the variable region of copy number gain within chromosome
21, amplification of RUNX1 may occur outside chromosome 21 in cases with rearrange-
ments of 21, and these unusual cases of iAMP21-positive ALL would not be detected by
FISH [21,22,24]. The definition of iAMP21 will probably be revised according to recent
results from gene expression profiles able to recognize variant cases. Copy number profiling
(single-nucleotide polymorphism array or whole genome sequencing) has been recom-
mended for adequate diagnosis of these atypical cases [3,15,21]. In a recent comprehensive
genomic study from 124 patients with grossly abnormal chromosome 21 in the karyotype
and/or ≥5 RUNX1 signals by FISH, the diagnosis of iAMP21 was verified by results from
copy number profiles [21].

Children with iAMP21 ALL are frequently diagnosed at older age than non-iAMP21
ALL cases; they commonly present at age older than 10 years, with pre-B or common ALL
and WBC below 50,000/µL [4–6,12–15,21,24]. It is reported to be more prevalent among
female patients than other cytogenetic subtypes of ALL in children [5,6,12,13,15,21]. In our
series, median age was non-significantly higher in the iAMP21-positive group. In addition,
three out of four patients were females, and all had WBC below 50,000/µL. Moreover,
only one met the NCI high-risk criteria, and none had CNS involvement. None of these
presenting findings represented a HR criterion in our protocol.

Early studies associated the presence of iAMP21 with a poor prognosis [4,12,13].
Among 28 patients with iAMP21 ALL collected within the UK Medical Research Council
(MRC) ALL97 and ALL97/99 trials, 17 (61%) relapsed, and the 5-year EFS was 29%, which
was below that obtained in other poor-risk cytogenetic groups. As non-iAMP21 ALL
patients, most relapses (71%) were isolated BM, and almost half of them occurred before
the end of first-line treatment. However, an unusual pattern of relapse was observed which
appeared constant over time instead of reaching a plateau after 2 years of follow-up. The
presence of iAMP21 was an independent prognostic factor for EFS and OS. However, some
patients could be rescued after relapse, yielding an OS up to 71%. Only six of these 28 pa-
tients were classified and treated as HR according to other risk factors. As a consequence of
these results, in the subsequent UK ALL2003 trial, all patients with iAMP21 were stratified
and treated as HR patients, they were not randomly allocated to an intensified chemother-
apy schedule (“regimen C”) with additional doses of PEG-asparaginase and two courses of
escalating doses of methotrexate (Capizzi interim maintenance), and SCT was considered
for those with slow early response. CR was achieved in all patients after induction. Half of
patients with iAMP21 ALL had an MRD-positive response after induction (≥0.01%), which
was not different form the entire cohort, and there was no clear correlation between MRD
status after induction and final outcome. Treatment outcome of patients with iAMP21 ALL
was significantly better in the UKALL2003 trial compared to that of the previous ALL97/99
trial. Five out of six relapses were classified as late [6,12].

Attarbaschi and colleagues reported a series of 29 patients included in the ALL-
BFM 86, 90, 95 and 20 trials. All of them achieved CR after induction. Only one out of
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24 patients with available MRD evaluation results by a PCR-based technology (4%) had
MRD ≥ 5 × 10−4 at the end of induction. Eleven patients (38%) with iAMP21 relapsed, and
the median time to relapse was 2.59 years (3 relapses occurred before the end of front-line
therapy). In this series, treatment intensification according to prednisone response and early
MRD response seemed to benefit patients with iAMP21. In total 23% of patients allocated
to the IR group did relapse, and this proportion increased to 50% among patients with
iAMP21-positive ALL. The authors concluded that patients with iAMP21 ALL allocated to
the IR group according to early response should receive intensified post-induction therapy
as HR patients. After relapse, only five patients survived after a median follow-up of
4.95 years, and four survived after SCT [13].

In the COG studies AALL0331 and AALL0232, patients with iAMP21 had inferior EFS
and OS compared with those without iAMP21. In these studies, patients were classified as
SR or HR according to other cytogenetic findings and according to early treatment response
measured by FC at the end of induction. MRD positivity (≥0.01%) after induction was
more frequent among patients with iAMP21. The impact of iAMP21 on treatment outcome
significantly affected SR with negative MRD but not HR patients who received intensified
post-induction therapy. Accordingly, the presence of iAMP21 affected outcome in patients
who received less intensive therapy after induction, and the authors concluded that, in
these patients, treatment should be intensified regardless of early response. Subsequent
COG trials allocated all iAMP21 ALL patients to HR treatment arms [5].

The introduction of additional doses of PEG-asparaginase and escalating doses of
methotrexate in the UK ALL2003 trial were considered as a possible explanation for the
better results obtained in this study compared to those reported by previous BFM and COG
studies. In the BFM2000 protocol, patients received a high dose of methotrexate but not the
escalating (Capizzi) schedule and did not receive PEG-asparaginase. Patients with iAMP21
ALL obtained better results when treated with the AALL0232 instead of the AALL0331
COG regimen, and this different outcome might be explained by the administration of
additional doses of methotrexate and asparaginase [5,6,12,13].

The Ponte di Legno International Childhood ALL Group retrospectively analyzed data
from 530 pediatric patients with iAMP21-positive ALL from 18 international study groups.
Five-year EFS and OS from 283 patients with adequate follow-up time were of 58% and
82%, respectively, and a significant improved outcome was obtained when patients were
treated with HR instead of non-HR protocols. However, there was no difference in OS,
which indicates that a high proportion could be salvaged after second-line treatment. In
the series reported by the Ponte di Legno Childhood ALL Group, only 1% of patients
were classified as non-remitters [15]. MRD response might not be able to identify those
who benefit from treatment intensification, and, according to the results presented by the
Ponte di Legno Childhood ALL Group, all patients with iAMP21-positive ALL should be
allocated to HR regimens [5,15].

The following conclusions can be taken from the aforementioned studies: (i) iAMP21
had a significant prognostic impact on treatment outcome that seemed to be independent
of early treatment response; (ii) treatment intensification attenuates the negative prognos-
tic impact of this cytogenetic abnormality which should be considered as a HR feature
for patient stratification; (iii) PEG-asparaginase intensification and escalating doses of
methotrexate might improve treatment outcome; and (iv) early and late relapses were the
most prevalent events. In addition, isolated bone marrow was the main site of relapse, but
induction failure was also found in some patients.

However, the presence of iAMP21 has not been considered as a HR factor indepen-
dently from early MRD response by all study groups [3,25]. This is the case of our Spanish
“SEHOP-PETHEMA 2013” protocol. In our cohort, apart from one patient who was re-
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fractory to induction, the remaining three cases had good early response. Cytological as
well as MRD FC evaluations at different early time points did not allow the allocation
of these three patients in the HR group; all three were allocated into de IR group and
received a PEG-asparaginase-intensified regimen but not escalating doses of methotrexate.
In our single-center experience with this regimen, the identification of iAMP21 had an in-
dependent significant impact on EFS (25% versus 85.6% in non-iAMP21 patients; p = 0.001).
Three out of four patients (75%) experienced an event, including one refractoriness to induc-
tion and two isolated BM relapses occurring at 24 and 54 months after primary diagnosis,
respectively. iAMP21 and the persistence of ≥1% MRD in BM at day +33 were the only
two variables analyzed that retained an independent significantly negative impact on EFS
in multivariate analysis.

Since asparaginase activity monitoring was not routinely carried out at our institution
until recent years, occult silent inactivation might have contributed to the occurrence of
events. This represents a significant drawback of this study since suboptimal exposure
to asparaginase has been related to an increased risk of relapse and, as mentioned, as-
paraginase seems to play an important role in treatment response of iAMP21-positive
patients [26]. However, our two patients with iAMP21 who relapsed had asparaginase
activity monitoring during second-line treatment without evidence of silent inactivation.

A substantial number of patients with iAMP21-positive ALL can be rescued after
relapse [3,4,12]. In the present study, all three patients who failed after frontline therapy
achieved CR with second-line treatment, which included conventional chemotherapy, ino-
tuzumab ozogamycin in one patient, blinatumomab in two patients, and SCT in all three
patients. All of them were alive in remission 9, 35, and 59 months after the event, respec-
tively. Thus, novel immunotherapy approaches seem to improve outcome of pediatric
patients with iAMP21 after relapse.

This is a complex genetic alteration that arises from at least one breakage-fusion-
bridge cycle and chromothripsis of chromosome 21 in most cases [14,21]. Overexpression of
multiple genes within a common large size region of amplification spanning 5.1 Mb (from
32.8 to 37.9–40.6 Mb) in chromosome 21 occurs, and this remains constant at relapse [3,14,21].
However, one of the four cases presented here was previously reported to show a decreased
copy number state of iAMP21 at relapse with only three copies of RUNX1 using FISH.
However, SNP array at primary diagnosis and relapse showed similar abnormalities but a
reduced copy number in the amplification region of chromosome 21 and the addition of
further alterations (including TP53 mutation) at relapse [27].

Certain genes implicated in the pathogenesis of leukemia, such as CHAF1B, DYRK1A,
ERG, HMGN1, and RUNX1, are included in this region and are frequently differentially ex-
pressed in iAMP21-positive cases [21]. RIPPLY3 has been suggested to be implicated in the
pathophysiology of iAMP21 [24]. Secondary genetic abnormalities are frequently described
in iAMP21 ALL cases. These include gain of chromosomes X, 10, and 14; monosomy 7 or
7q and 11q deletions; IKZF1, ETV6, RB1, and CDKN2A/B deletions; and P2RY8-CRLF2
rearrangement. These differ from other pre-B ALL subtypes [3,6,14,15]. Alterations of ETV6
and activating mutations of JAK-STAT and the RAS signaling pathway, including SH2B3
and FLT3 aberrations, are particularly frequent in iAMP21 ALL cases, which might offer
an opportunity to explore the role of targeted therapy with JAK/STAT inhibitors such as
gilterinib and ruxolitinib or MEK inhibitors [16,21,24]. The occurrence of RAS pathway
alterations might be related to a higher incidence of relapse through the generation of resis-
tance to chemotherapy [16]. We also found alterations of genes involved in the JAK-STAT
signaling pathway (SH2B3, CRLF2, JAK2), RAS signaling (NRAS), B-cell differentiation
(PAX5), transcriptional regulation (BTG1), apoptosis (CDKN2A, CDKN2B), and epigenomic
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signaling (KMT2D, KMT2A, ATM). However, RAS pathway mutations are often described
among other BCP ALL subtypes such as high hypediploidy and B-other ALL [16].

Intriguingly, NRAS pathogenic variants were present in all our three patients suffering
an event and were absent in the only patient without any event. Moreover, the genomic
landscape of this later patient seems to differ from the others (Table 3 and Figure 3). We have
not found any previously reported correlation between any particular genetic background
and treatment response among patients with iAMP21. The identification of patients with
a lower risk of relapse might avoid unnecessary exposure to highly intensive and toxic
therapy [14].

We found a pathogenic FANCA gene variant with an allele frequency of 46% in patient
1, which was considered a somatic variant or a possible heterozygous germline alteration
provided that there were no clinical findings suggestive of a Fanconi anemia phenotype.
This finding did not influence the treatment plan, including the conditioning regimen
before stem cell transplantation.

Apart from the lack of data regarding asparaginase activity monitoring during treat-
ment, the retrospective single-center design and the low numbers of patients included in
this study are important limitations; however, the comparison of treatment outcome among
patients with and without this rare cytogenetic ALL subgroup of homogeneously treated
patients may serve to emphasize the need to include it as a HR diagnostic feature.

5. Conclusions
In conclusion, we found an independent significant prognostic impact of iAMP21

on EFS among pediatric patients with ALL. Clinical presentation and early treatment
response evaluation did not allow the classification of these patients as HR. Diverse genetic
landscapes among iAMP21-positive patients might influence the treatment response and
outcome of this heterogeneous disease.
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BCP B-cell precursor
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CIR Cumulative incidence of relapse
CNS Central nervous system
CR Complete remission
CR2 Second complete remission
EFS Event-free survival
FISH Fluorescence in situ hybridization
FLAG-Ida Fludarabine, cytarabine, and idarubicin
FC Flow cytometry
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iAMP21 Intrachromosomal amplification of chromosome 21
IR Intermediate risk
NCI National Cancer Institute
MRD Measurable residual disease
MLPA Multiplex ligation-dependent probe amplification
MRD Measurable residual disease
OS Overall survival
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NCI National Cancer Institute
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