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B-cell acute lymphoblastic leukemia (B-ALL) is the commonest childhood

cancer. High hyperdiploidy (HHD) identifies the most frequent cytogenetic

subgroup in childhood B-ALL. Although hyperdiploidy represents an

important prognostic factor in childhood B-ALL, the specific chromosome

gains with prognostic value in HHD-B-ALL remain controversial, and the

current knowledge about the hierarchy of chromosome gains, clonal

heterogeneity and chromosomal instability in HHD-B-ALL remains very

limited. We applied automated sequential-iFISH coupled with single-cell
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computational modeling to identify the specific chromosomal gains of the

eight typically gained chromosomes in a large cohort of 72 primary diag-

nostic (DX, n = 62) and matched relapse (REL, n = 10) samples from

HHD-B-ALL patients with either favorable or unfavorable clinical out-

come in order to characterize the clonal heterogeneity, specific chromosome

gains and clonal evolution. Our data show a high degree of clonal hetero-

geneity and a hierarchical order of chromosome gains in DX samples of

HHD-B-ALL. The rates of specific chromosome gains and clonal hetero-

geneity found in DX samples differ between HHD-B-ALL patients with

favorable or unfavorable clinical outcome. In fact, our comprehensive anal-

yses at DX using a computationally defined risk predictor revealed low

levels of trisomies +18+10 and low levels of clonal heterogeneity as robust

relapse risk factors in minimal residual disease (MRD)-negative childhood

HHD-B-ALL patients: relapse-free survival beyond 5 years: 22.1% versus

87.9%, P < 0.0001 and 33.3% versus 80%, P < 0.0001, respectively. More-

over, longitudinal analysis of matched DX-REL HHD-B-ALL samples

revealed distinct patterns of clonal evolution at relapse. Our study offers a

reliable prognostic sub-stratification of pediatric MRD-negative HHD-B-

ALL patients.

1. Introduction

B-cell acute lymphoblastic leukemia (B-ALL) is the

most common cancer in children, characterized by the

accumulation of B-cell progenitors in the bone marrow

(BM) [1]. Over the past 20 years, much progress has

been made in understanding the biology of the disease

providing significant progress in molecular diagnosis

and risk stratification for treatment, leading to consid-

erable improvements in disease management and clini-

cal outcome [2–4]. Despite these encouraging

advances, the outcome of patients with refractory/re-

lapsed (R/R) B-ALL remains dismal, resulting in the

most common cause of death from malignancy in chil-

dren [5–7].
Aneuploidy has long been considered a significant

prognostic factor in childhood B-ALL, with early stud-

ies suggesting that B-ALL with chromosomal gains

(hyperdiploidy) is associated with a favorable outcome

[8]. Subsequent studies refined the prognostic value of

hyperdiploid B-ALL, demonstrating that patients with

a modal chromosome number (MN) of > 50 (high

hyperdiploidy; HHD) had the most favorable outcome

[9,10]. Indeed, HHD defines the most frequent cytoge-

netic subgroup in childhood B-ALL, accounting for

~ 30% of cases, and is typically associated with favor-

able prognostic features [11]. Typically, children with

HHD-B-ALL achieve negative minimal residual dis-

ease (MRD) after induction treatment and have excel-

lent cure rates, with 5-year event-free survival (EFS)

and overall survival (OS) rates of ~ 75%, and ~ 90%,

respectively [11].

The distribution of chromosomal gains in HHD-B-

ALL is non-random, with gains of chromosomes X, 4,

6, 10, 14, 17, 18, and 21 being the most frequent [12].

Despite chromosomal gains per se being accepted as a

prognostic factor, specific trisomies have been impli-

cated as better indicators of outcome than MN. The

Pediatric Oncology Group showed that trisomies 4

and 10 were associated with a good prognosis [13].

Similarly, the Children’s Cancer Group reported that

trisomies 10 and 17 conferred a superior outcome in

HHD-B-ALL [10], while the Children’s Oncology

Group and others identified that combined trisomies 4,

10, and 17 were the strongest indicator of favorable

outcome in HHD-B-ALL [14–16]. Moreover, Moor-

man et al. showed superior outcomes for HHD-B-

ALL patients with trisomies 4, 10, or 18, with trisomy

18, together with patient age, being the strongest inde-

pendent prognostic indicator [17,18]. Overall, although
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specific trisomies have been associated with survival,

the exact combination of chromosomal gains with the

highest and most reliable predictive value remains

inconclusive.

Cytogenetic analysis of metaphase chromosomes has

been the gold standard technique used to assess the

prognostic value of chromosomal gains in HHD-B-

ALL [19,20]. However, it has several limitations ham-

pering investigation of the genomic heterogeneity and

complexity of the disease, including: (a) low number of

metaphases for analysis, due to failure of blast growth

ex vivo, (b) biased selection of clones through cell cul-

ture, and (c) poor chromosome quality, especially in

HHD-B-ALL, preventing accurate assessment of chro-

mosome number and identity due to chromosome con-

densation defects [21]. Thus, fluorescence in situ

hybridization on interphase nuclei (iFISH) in combina-

tion with conventional cytogenetics has proved to be

useful for the accurate detection of chromosomal

gains, as iFISH does not require dividing cells and it

can detect hidden clones and mosaicism within the

samples [22]. Indeed, the use of iFISH by independent

groups has revealed high levels of clonal heterogeneity

in HHD-B-ALL samples [23–25], with multiple sub-

clones containing different combinations of chromoso-

mal gains in individual cells, suggesting chromosomal

instability (CIN) within HHD-B-ALL. Notably,

sequential iFISH analysis (seq-iFISH), which permits

identification of the eight typically gained chromo-

somes in HHD-B-ALL, showed changes in chromo-

some number to be hierarchical with sequential

chromosomal gains, rather than losses, retained from

lower to higher MNs [25]. Notably, while CIN has

been proposed as an underlying mechanism in HHD-

B-ALL, its association with patient outcome has not

been investigated so far.

In this study, we sought to investigate the poten-

tial prognostic impact of clonal heterogeneity in

HHD-B-ALL. To this end, we investigated the pres-

ence of eight typically gained chromosomes in

HHD-B-ALL patients. We used automated seq-

iFISH coupled with single-cell computational model-

ing in individual cells from a large cohort of pri-

mary samples obtained at disease presentation

(diagnostic, DX). HHD-B-ALL patients were either

in complete remission (CR), disease-free and without

relapse after a minimum of 5 years after treatment,

or have relapsed (REL) within this timeframe. In

addition, we performed longitudinal analyses to

study clonal evolution during disease progression

within matched DX-REL HHD-B-ALL samples. Our

data showed a high degree of clonal heterogeneity

and hierarchical chromosomal gains in DX samples

and revealed specific chromosomal gains and clonal

heterogeneity to be potent predictors of relapse in

HHD-B-ALL patients who were MRD-negative after

induction treatment.

2. Material and methods

2.1. Patient and donor samples

B-ALL diagnosis was based on French-American-

British and World Health Organization classifications.

BM samples (n = 82) from pediatric patients with con-

firmed HHD-B-ALL were obtained from collaborating

hospitals. A number of samples (n = 32; discovery

cohort) were available for seq-iFISH and computa-

tional modeling (Table 1). Among these samples were

DX samples (n = 22) obtained at disease presentation

from patients who either remained alive in CR, with-

out relapses after a minimum of 5-year follow-up (CR,

n = 10), or who relapsed within this timeframe (except

one patient who relapsed after 7 years; REL, n = 12).

The remaining samples (n = 10) were relapse samples

with matched corresponding DX samples (Table 1,

Fig. 1). An independent cohort of 50 DX HHD-B-

ALL samples (validation cohort) was used for blind

validation of computational modeling data (Table S1).

Fetal liver (FL) CD34+ hematopoietic/stem progenitor

cells (HSPC; n = 2) and peripheral blood mononuclear

cells (PBMNC), obtained from a healthy donor, were

used as technical controls. Fetal tissue was collected

from the Medical Research Council (MRC)/Wellcome

Trust Human Developmental Biology Resource with

informed consent and approval by our local ethics

committee.

The study was approved by the Barcelona Clı́nic

Hospital Institutional-Review Ethics Board (HCB/

2014/0687). The study methodologies conformed to

the standards set by the Declaration of Helsinki. The

experiments were undertaken with the understanding

and written consent of each subject.

2.2. Sequential fluorescence in situ hybridization

Seq-iFISH analyses were performed on cell suspen-

sions from HHD-B-ALL BM samples fixed in metha-

nol : acetic acid (3 : 1). Three successive hybridization

rounds were performed on the same sample to assess

the presence of the eight chromosomes typically gained

in HHD-B-ALL (Fig. 2A,B). In the first hybridization

round, triple-color FISH was performed with cen-

tromere enumeration probes (CEP; Abbott Molecular

Inc., Des Plaines, IL, USA) for chromosomes 4 (4p11-
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q11 alpha-satellite DNA; Spectrum Green), 6 (D6Z1;

Spectrum Aqua), and 10 (10p11.1–q11.1 alpha-satellite

DNA; Spectrum Orange). In the second round, triple-

color FISH was performed with CEP probes for chro-

mosomes X (DXZ1; Spectrum Green), 17 (D17Z1;

Spectrum Orange) and 18 (D18Z1; Spectrum Aqua). In

the third round, dual-color FISH was performed with

a locus-specific probe for chromosome 21 (21q21.1,

5-Fluorescein; Empire Genomics) and a subtelomeric

probe for chromosome 14 (D14S1420; Spectrum

Orange; Abbott Molecular Inc.). Seq-iFISH was per-

formed following standard procedures [26,27]. In brief,

slides were dehydrated in an ascending ethanol series

and denatured in 70% formamide/2 × SSC at 73 °C
for 2 min. DNA probes mixed in hybridization buffer

(Abbott Molecular Inc.) were denatured at 73 °C for

5 min before hybridization in a humid chamber at

37 °C overnight. Slides were then washed twice in

0.4 × SSC containing 0.03% NP40 at 73 °C and then

in 2 × SSC at room temperature for 2 min. Slides were

mounted with 40,6-diamino-2-phenylindole (DAPI)

solution for DNA counterstaining. DNA probes were

removed between hybridization rounds by washing the

slides in 0.0625 × SSC and incubating at 73 °C for

5 min.

2.3. Fluorescence microscopy and nuclei re-

localization

Automated FISH evaluation was performed using an

Olympus BX-61 epifluorescence microscope coupled to

SPOT AX software (Applied Imaging, Newcastle, UK),

and equipped with a BX-UCB motorized stage (Olym-

pus), a 60× objective and narrow band-pass fluores-

cence filters specific for DAPI, Aqua, fluorescein

isothiocyanate (FITC), and cyanine 3 (Cy3). After the

first hybridization round, slides were scanned using

nuclei recognition morphometric parameters and FISH

signal capture [28]. Merged images (overlay of DAPI

with fluorescence signals) and the exact coordinates of

a minimum of 500 nuclei per sample were recorded

and evaluated. After the second and third hybridiza-

tion rounds, slides were evaluated by semi-automated

re-localization of previously recorded cells, overall

allowing the assessment of the ploidy status of the

eight chromosomes at a single-cell level. Cells with no

hybridization signals in one or more channels were

excluded from further study. Analysis of all nuclei was

performed using strict criteria relating to intensity,

size, and distribution of FISH signals, as previously

described by our group [28]. Only nuclei with at least

one chromosome gain (hyperdiploid blasts) were used

for further analysis. A minimum of 200 hyperdiploidT
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nuclei with informative data for all hybridization

rounds were analyzed. Cut-off levels for FISH signal

positivity were determined by Binomial distribution in

the three diploid control samples described above

using GRAPHPAD PRISM (San Diego, CA, USA). In

patient samples, aneuploidy combinations were consid-

ered relevant if each aneusomy level proved to be

beyond the assigned cut-off value.

2.4. Single-cell computational analyses

Shannon entropy indices were obtained for each DX

HHD-B-ALL sample to assess the differences between

CR and REL patients using the formula

H P1 . . .Pnð Þ ¼ ∑n
i¼1Pilog2Pi, where Pi is the probabil-

ity of value and n is the number of possible values.

The number of gains for each of the eight

chromosomes analyzed were used as subclone identi-

fiers (Subclone ID) for each individual cell. Entropy

values were calculated for each DX sample using sub-

clone formulas, as previously reported [29]. Hierarchi-

cal clustering of both cell clones and individual

chromosomes was applied to infer the ordering of

chromosomal gains throughout leukemia evolution,

based on the frequency of specific chromosomal gains.

The Euclidean method was used to compute distance

matrices and the agglomeration method was applied to

assess complete linkage [30].

For modeling the chromosomal gains in DX sam-

ples from CR and REL HHD-B-ALL patients, a Ran-

dom Forest decision tree-based approach was used to

model the relationship of chromosome gains and

response to therapy [31]. Gini importance was used to

assess which chromosomes were the most relevant for

Fig. 1. Clinical outcome and biological features of the high-hyperdiploid B-cell acute lymphoblastic leukemia (HHD-B-ALL) patients analyzed

by seq-iFISH. (A) Time of follow-up after diagnosis (DX) of the HHD-B-ALL patients analyzed by seq-iFISH. Complete remission (CR) denotes

those patients who remained disease-free after a minimum of 5 years of follow-up after treatment denoted as a dashed red line (n = 10).

Relapse (REL) denotes those patients who relapsed within this timeframe (except one patient who relapsed after 7 years; n = 12). Light

and dark gray bars represent follow-up in CR and after relapse, respectively. Arrow heads depict the time of relapse. † denotes patient’s

death. (B,C) age (B) and WBC (C) of CR and REL patients. Bars represent the mean values of each group and the error bars represent the

standard error of the mean (SEM). Each dot represents an individual patient. Two-sided unpaired t-test.
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predicting response to therapy [32]. Gini importance

measures feature the importance across all the sub-

trees that the Random Forest algorithm generates on

a leave-one-out cross-validation strategy (for each

sample, we used all the remaining samples for training

and the selected instance as test).

2.5. Stress tests for prognostic predictors

We performed a stress test for each of the three mod-

els derived by Random Forest analysis. Random devi-

ates from a uniform distribution between 0 and each

noise level are randomly added or subtracted from the

original input data 100 times and predicted again their

CR or REL condition. The real conditions were com-

pared with the predictions on the noisy data. The

robustness of each model was evaluated by assessing

the average number of patients correctly or erro-

neously predicted along the 100 repetitions and after

increasing noise levels.

2.6. Validation analyses

The prognostic predictor value obtained by computa-

tional modeling of seq-iFISH data was validated in

a blind analysis using an independent cohort of 50

BM samples obtained at disease presentation from

the corresponding number of patients with HHD-B-

ALL. Validation analysis was performed by three-

color FISH using CEP10 (Spectrum Orange), CEP18

(Spectrum Aqua), and the LSI21 (Spectrum Green)

probes, following standard FISH protocols. Nuclei

with no gains for any probed chromosome were con-

sidered normal/healthy hematopoietic cells. A mini-

mum of 200 hyperdiploid nuclei were analyzed per

sample.

2.7. Statistical analyses

R-statistics version 4.0.0 (R Foundation for Statistical

Computing, Vienna, Austria) was used to perform all

single-cell computational analyses, stress tests and mul-

tivariate analyses. Patients that remained disease-free

after a minimum of 5-year follow-up were compared

with those that relapsed within this timeframe. For

analysis of clonal evolution, DX-REL patient-matched

longitudinal HHD-ALL samples were compared.

P < 0.05 was considered statistically significant.

Relapse-free survival (RFS) was calculated from the

date of DX to the date of either REL or death, and

was estimated with the Kaplan–Meier method and

compared with the log-rank test. Univariate and multi-

variate analyses using specific chromosomal gains and

clonal heterogeneity together with other clinically rele-

vant variables including MRD status after induction

treatment, treatment protocol, gender, age and white

blood cell count (WBC) at presentation, were per-

formed using the Cox model [33].

3. Results

3.1. High degree of clonal heterogeneity in HHD-

B-ALL at DX

Retrospective DX samples from patients with HHD-B-

ALL were sub-grouped according to their clinical out-

come as (a) patients (n = 10) who remained disease-

free without relapse after > 5-year follow-up, or (b)

patients (n = 12) who relapsed (REL) within this time-

frame (average time to relapse of 3.5 years; range: 2–
7 years). Seven out of these 12 patients (60%) died

after the first or second relapse (Fig. 1A and Table 1).

No differences in gender distribution, age and WBC

were observed between CR and REL HHD-ALL

patients (Fig. 1B,C and Table 1).

To assess clonal heterogeneity in the HHD-B-ALL

DX samples, we performed seq-iFISH for single-cell

analysis of the eight chromosomes typically gained in

HHD-B-ALL (4, 6, 10, 14, 17, 18, 21, and X, Fig. 2A,

B). To first establish the cut-off levels for chromosome

gains and losses, we optimized the seq-iFISH analysis

on euploid CD34+ HSPCs (n = 2) and PBMNCs,

which showed consistent rates of chromosome gains

< 0.37% and chromosome losses < 5% (Fig. 2C–E
and Table S2). As expected, diploid clones were

observed in ~ 90% of the cells analyzed (range 88–
90.6%) with only minor (range: 0.38–5.2%) subclones

showing mainly ‘false’ chromosomal losses (Fig. 2E,F).

Remarkably, the order of hybridization steps and the

ploidy status of the analyzed chromosomes did not

affect the read-out accuracy of our experimental design

(Fig. S1). These results validate the high reliability of

our seq-iFISH analysis of clonal composition in

HHD-B-ALL. Seq-iFISH analysis of the HHD-B-ALL

samples at DX showed high levels of clonal hetero-

geneity in relation to chromosome copy-number alter-

ations, as previously observed [25], with major

subclones representing between 2.5% and 30.3% of

cells (Fig. 2G and Table 2). Notably, whereas the

major subclone observed by seq-iFISH corresponded

to that observed by conventional karyotyping analysis

in 7 of 22 HHD-B-ALL cases (32%), it was different

in most cases (15/22, 68%; Table 2). These results

revealed high clonal ‘chromosomal’ heterogeneity in

HHD-B-ALL DX samples.
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3.2. Differential rates of specific chromosome

gains and clonal heterogeneity at DX between

CR and REL HHD-B-ALL patients

Seq-iFISH analysis performed on DX samples revealed

no differences in the number of total chromosomal

gains observed in CR versus REL HHD-B-ALL

patients, with a peak between four and six chromoso-

mal gains in both groups (Fig. 3A). However, different

rates of specific chromosome gains were observed

between CR and REL HHD-B-ALL patients.

Increased rates of gains of chromosomes 17 and 18,

and moderate increased rates of gains of chromosomes

6 and 10, were found in DX samples from CR HHD-

B-ALL patients. In contrast to the increased rates of

chromosomal gains in CR HHD-B-ALL patients,

moderately higher rates of chromosome 21 gains were

found in REL HHD-B-ALL patients (Fig. 3B,C).

These chromosomal gains were mainly trisomies of all

chromosomes analyzed, except for chromosome 21,

Fig. 2. Reliability of the seq-iFISH analyses employed for detection of clonal heterogeneity in high-hyperdiploid B-cell acute lymphoblastic

leukemia (HHD-B-ALL). (A) Scheme depicting the seq-iFISH stepwise analysis. (B) Representative images of consecutive FISH rounds using

the indicated chromosomes in the same cell. Top and bottom panels show interphase and metaphase cells, respectively. Scale bar = 10 μ
m. (C) Karyotypes of the indicated control (ctrl) samples; n = 20 metaphases per sample. (D) Frequency of chromosomal gains (top) and

losses (bottom) observed for each chromosome by seq-iFISH analysis in control samples. (E) Modal number (MN) of chromosomal gains/

losses in control samples. Graphs represent the mean value of three independent experiments and error bars represent the SEM; n = 200

nuclei were analyzed per experiment. (F) Single-cell analysis showing the size of diploid and ‘false aneuploid’ clones observed in the control

samples. Subclone formulas/codes on the left indicate the number of gains (1 or 2) or losses (−1) for the chromosomes X, 4, 6, 10, 14, 17,

18, and 21, respectively; n = 150 nuclei, 265 nuclei and 191 nuclei for controls 1, 2, and 3, respectively. (G) Single-cell analysis showing the

10 major clones observed at diagnosis (DX) in all HHD-B-ALL patients; n = a minimum of 200 nuclei per sample. The size of the black circles

in (F and G) represents the proportion of cells with the indicated subclone in each sample.

Table 2. Major subclones identified by conventional cytogenetics and seq-iFISH analyses in HHD-B-ALL patients. FISH subclones depict the

number of gains observed for chromosomes X, 4, 6, 10, 14, 17, 18, and 21, respectively. Chromosomes identified by seq-iFISH are labeled

in bold. Cases with karyotypes representing the major clone observed by Seq-iFISH were labeled in blue.

HHD-B-ALL Karyotype

Seq-iFISH

Major clone %

CR01 58,XY,+X,−Y,+4,+6,+8,+10,+11,+12,+14,+17,+18,+21,+21,+22 (SNP6) 01110111 4.74

CR02 53,XX,+X,+X,+6,+14,+17,+21,+21 (SNP6) 10001102 7.95

CR03 55,XXYY,+X,+Y,+4,+6,+12,+15,+18,+21 11111111 7.12

CR04 54,XX,+X,+6,+8,+14,+17,+18,+21,+21[15] / 54,idem,−13,+mar[11]/46,XX[19] 10101102 7.39

CR05 57,XX,+X,+X,+4,+6,+8,+10,+14,+17,+18,+21,+21 (SNP6) 21111111 10.85

CR06 54,X,+X,Y,+6,+10,+14,+17,+18,+21,+mar[30] 10111111 12.95a

CR07 55,XXY,+X,+3,+4,+6,+10,+14,+18,+21,+21/46,XY 11111012 8a

CR08 60,XY,+X,+4,+6,+7,+8,+9,+14,+17,+18,+21,+21,+3mar/46,XY 11112122 3.96

CR09 57,XXY,+X,+4,+6,+8,+10,+10?,+13,+14,+17,+18,+21[14]/46,XY[16] 11121111 2.55a

CR10 54,XXX,+X,+4,+6,+8,inv(9)(p11q12),+14,+17,+18,+21[22]/46,XX,inv(9)(p11q12)[2] 11101111 7.72a

REL01 59,XY,+?X,+4,+6,+7,+8,+12,+14,+?add(17)(p1),+18,+18,+21,+der(?)t(?;5)(?;q?13),+mar[6]/63,idem,

dup(1)(q2q3),+22,inc[7]/46,XY[5]

11121121 3.61

REL02 51,XX,+X,+8,+14,+21,+21[5]/46,XX[9] 10001002 30.32a

REL03 54,XY,+X,+4,+6,+10,+14,+add(19)(p13),+20,+21[cp8] 11111102 10.36

REL04 46,XX[20]/High hyperdiploid by FISH 01112002 22.3

REL05 52-56,XY,+X,dup(1)(q25q44),+4,+8,+10,+11,+14,+18,+21,+21,+mar[cp7]/46,XY[3] 11011002 9.09

REL06 46,XY[20]/High hyperdiploid by FISH 11111111 5.83

REL07 56,XY,+X,ins(1;?),(q21.3;?),+4,+6,+14,+17,+18,+21,+21,+22,+mar[5]/46,XY[5] 11101112 12a

REL08 High hyperdiploid by FISH 10001002 11.57

REL09 51,XX,+X,+6,+14,+21,+21[16]/51,idem,add(9)(q34)[2]/46,XX[2] 10101002 10.85a

REL10 53,XX,+4,+6,+14,+17,+18,+2mar[8]/46,XX[22] 11101111 7.86

REL11 59,XXY,+X,der(1)(q?),+4,+5,+6,+8,+10,+11,+18,+18,+21,+22,mar[9]/46,XY[41] 12120022 8.45

REL12 57,XY,der(1)(p?q?),+4,10mar[56%]/46,XY[44%] 11121012 10.61

a

Major clone identified by seq-iFISH corresponds with the clone detected by conventional karyotyping.
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Fig. 3. Differential rates of specific chromosome gains and clonal heterogeneity in diagnostic (DX) samples from complete remission (CR)

and relapsed (REL) high-hyperdiploid B-cell acute lymphoblastic leukemia (HHD-B-ALL patients). (A) Number of total chromosomal gains in

DX samples from CR and REL HHD-B-ALL patients. Graphs represent the mean value and error bars represent the SEM. (B) Frequency of

chromosomal gains for the indicated chromosomes in DX samples from CR and REL HHD-B-ALL patients. Graphs represent the median val-

ues of total gains for each chromosome and dots represent the values obtained for individual patients. (C) Chromosomal gains as observed

by density values in single-cell computational analysis for the indicated chromosomes distinguishing the contribution of trisomies and

tetrasomies. Red boxes indicate the differences observed in DX samples from CR and REL HHD-B-ALL patients. (D) Box plots comparing

the frequency of cells harboring triple trisomies 4, 10, and 17 (left) and single trisomy 18 (right) between DX samples from CR and REL

HHD-B-ALL patients. (E) Box plots comparing the clonal heterogeneity as observed by Shannon entropy values of data between controls

(ctrl) and DX samples from CR and REL HHD-B-ALL patients. Boxes represent the quartiles 25–75 and horizontal lines represent the mean

value. Error bars represent the standard deviation (SD); n = 3 ctrl, n = 10 CR, and n = 12 REL HHD B-ALL patients; two-sided unpaired

t-test. *P-value < 0.05.
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which showed similar trisomy rates between groups

and higher tetrasomy rates in REL HHD-B-ALL sam-

ples (Fig. 3C).

Specific trisomies, such as triple trisomies for chro-

mosomes 4, 10, 17, and single trisomy for chromosome

18 have been reported to have prognostic value in

HHD-ALL based on conventional cytogenetics analy-

sis [14,17,34]. We next analyzed the percentage of DX

blasts bearing either trisomies 4, 10, 17, or trisomy 18

in our cohort, irrespective of other chromosomal

gains. In line with previous studies, we found that the

frequency of DX blasts bearing either trisomies 4, 10,

17 (P > 0.05), or trisomy +18 (P = 0.025) was higher

in CR than in REL HHD-B-ALL samples (Fig. 3D),

suggesting that at least trisomy 18 may have prognos-

tic value for HHD-B-ALL. Beyond specific chromoso-

mal gains, the levels of CIN have been associated with

tumor progression in different types of cancer [35–39].
To assess whether CIN levels are associated with

HHD-B-ALL outcome, we next analyzed the levels of

clonal heterogeneity in our samples, which is directly

associated with CIN [40], based on the analysis of the

entropy values obtained by computational analysis of

single-cell data [29]. We found significantly higher

levels of clonal heterogeneity in DX samples from CR

than from REL HHD-B-ALL patients, as revealed by

increased entropy values (Fig. 3E), suggesting that clo-

nal heterogeneity may also represent a favorable prog-

nostic factor in HHD-B-ALL at DX. Collectively, our

data show that HHD-B-ALL patients show a high and

variable degree of clonal heterogeneity with differential

rates of specific chromosomal gains between CR and

REL HHD-B-ALL patients. Notably, the higher levels

of clonal heterogeneity observed in DX samples from

CR HHD-B-ALL suggest its potential as a biomarker

for HHD-B-ALL outcome, suggesting that one of the

subclones present at DX emerges as the dominant

clone at REL.

3.3. HHD-B-ALL shows hierarchical chromosome

gains without specific clones associated with

REL

A sequential and ordered acquisition of chromosomal

gains has been reported in HHD-B-ALL [25,41]. To

study the potential order of chromosomal gains in DX

samples from both CR and REL HHD-B-ALL

patients, we next performed a hierarchical cluster anal-

ysis of the acquisition of chromosomes using the num-

ber of overall gains in all the cells analyzed for each

group at DX. Such hierarchical cluster analysis

revealed specific associations regarding chromosome

gains that did not substantially differ between CR and

REL HHD-B-ALL patients (Fig. 4A). Three major

clusters were distinguished in DX samples from CR

HHD-B-ALL patients at a Euclidean distance of 48.3.

Chromosome 21 lies at the base of the tree, followed

by chromosomes 14 and X that cluster separately from

the remaining chromosomes which, in turn, also form

smaller sub-clusters (Fig. 4A,B). Two major clusters

were observed in DX samples from REL HHD-B-

ALL patients with chromosomes 21 and 14 at the base

of the tree, separated from the remaining chromo-

somes by a Euclidean distance of 11.6 (Fig. 4A,B).

Hierarchical cluster analyses in individual samples

showed variability between individuals but with a

marked tendency for chromosomes 21, 14 or X to

cluster together at the base of the tree (Figs S2 and

S3). In addition, chromosomes 4 and 6 clustered

together as a unique sub-cluster separated at higher

Euclidean distances from the others, suggesting that

these chromosomes were gained later during leukemo-

genesis both in CR and REL HHD-B-ALL. Our

results confirm a hierarchical ordering in chromosomal

gains in HHD-B-ALL, with chromosomes 21, 14, and

X gained earlier and chromosomes 4 and 6 later dur-

ing leukemogenesis.

To assess whether the hierarchical order of chromo-

somal gains results in the formation of specific clones

that can be associated with REL in HHD-B-ALL, we

next performed a hierarchical cluster analysis of those

unique subclones observed at DX in each analyzed

sample. Results highlighted an extensive clonal hetero-

geneity in HHD-B-ALL DX samples with no specific

clones (clustering) associated with REL (Fig. 4C).

3.4. Computational modeling identifies trisomies

18 and 10 as a relapse predictor in MRD-negative

HHD-B-ALL

We next examined whether specific combinations of

chromosomal gains in DX samples could distinguish

MRD-negative HHD-B-ALL patients with favorable

(CR) versus unfavorable (REL) clinical outcome. We

employed a machine learning approach, which ranks

the relative contribution of each chromosome analyzed

in distinguishing between CR and REL HHD-B-ALL

[32]. This analysis highlighted trisomies 18, X, 17, 21,

and 10 as potential informative parameters classifying

samples as CR or REL (Fig. 5A). Using these data,

we next used decision trees to test which combinations

of these five chromosomal gains best classified HHD-

B-ALL patients. Among all possible permutations,

only three displayed significant predictor potential:

chromosomes 21 and 14, chromosomes 21 and 10, and

chromosomes 18 and 10 (Fig. 5B). The reliability of
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these combinations of chromosomal gains found in

DX samples in predicting favorable or unfavorable

clinical evolution of the HHD-B-ALL patients was

confirmed by ‘stressing’ the data through a gradual

increase in the percentage of noise [31,32]. Stress tests

allowed assessment of the robustness of each combina-

tion of chromosomal gains in relation to biological

and technical variability. These analyses revealed that

the predictor-3, based on trisomies 18 and 10, was the

most stable risk predictor associated with a lower rate

of misclassification events, a stable reproducibility,

even at high noise levels, and with an accuracy of 82%

(18 of 22 cases were correctly classified; Fig. 5B). We

thus established a risk predictor for HHD-B-ALL

patients based on a two-step classification using chro-

mosomes 18 and 10 trisomy rates. Patients were first

classified by the percentage of chromosome 18 gains,

with a threshold of 40%. Cases below this threshold

were accurately classified as unfavorable-risk (REL)

patients. Next, cases above this threshold were further

refined based on the percentage of chromosome 10

gains, with a threshold of 40%. Those HHD-B-ALL

patients below this second threshold were also classi-

fied as unfavorable risk and cases above were regarded

Fig. 4. High-hyperdiploid B-cell acute lymphoblastic leukemia (HHD-B-ALL) shows hierarchical chromosome gains without specific clones

associated with relapse. (A) Heatmaps depicting the acquisition of chromosomal gains in all the cells analyzed in diagnostic (DX) samples

from complete remission (CR; left; n = 2983 cells) and relapse (REL; right; n = 3142 cells) HHD-B-ALL patients who had achieved minimal

residual disease (MRD)-negativity post-induction therapy. Lines represent individual clones and columns represent individual chromosomes.

The number (value) of chromosomal gains per clone is represented as different red color intensities. (B) Summarized dendrograms using

data from (A). Euclidean distances are shown for each cluster identified. (C) Heatmap depicting the unique subclones in control (Ctrl), CR

and REL HHD-B-ALL samples. The color code represents the row Z-score for individual clones.
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as favorable prognosis (Fig. 5C). This computational

modeling-based risk predictor correctly classified in

DX samples HHD-B-ALL patients with favorable and

unfavorable outcome with a 70% and 100% accuracy,

respectively.

3.5. An independent cohort of DX samples

validates the high reliability of low levels of

trisomy +18+10 and low levels of clonal

heterogeneity as relapse predictors in MRD-

negative HHD-B-ALL

To further validate our computationally defined risk

predictor in relation to clinical outcome, we performed a

blind validation test using a larger independent cohort

of HHD-B-ALL DX samples from 50 patients (48/50

(96%) MRD-negative after induction therapy) selected

to include both favorable (remain disease-free after

5 years) and unfavorable (relapsed within 5 years) cases

(66% versus 34%, respectively; Table S1). For this vali-

dation, we analyzed the aneuploidy rates for chromo-

somes 18, 10, and 21 by three-color iFISH.

Chromosome 21 was used as a control to discriminate

hyperdiploid leukemic cells from normal hematopoietic

cells disomic for chromosomes 18 and 10. Consistent

with previous data from seq-iFISH, these validation

results showed significantly higher frequencies of both

chromosome 18 and 10 trisomies in DX samples from

those HHD-B-ALL patients who remained disease-free

as compared with those that relapsed after treatment

(Fig. 5D). Remarkably, HHD-B-ALL patient classifica-

tion at DX using the trisomies 18- and 10-based risk pre-

dictor was highly reliable, with 42/50 (84%) of the

patients correctly classified as either disease-free or

relapsed (Fig. 5E and Table S1).

To evaluate the prognostic value of this computation-

ally defined risk predictor in the outcome of HHD-B-

ALL patients (48/50 (96%) MRD-negative after induc-

tion therapy), we next performed univariate and multi-

variate statistical analyses of different clinically relevant

parameters, including age, gender, WBCs, MRD status,

treatment protocol and the trisomies 18- and 10-based

risk predictor using a Cox regression model. Of note,

both univariate and multivariate analyses showed that

the relapse predictor based on low levels (cut-off, 40%)

of trisomies 18 and 10 was the only independent risk fac-

tor associated with higher REL rates (hazard ratio =
11.1; 95% confidence interval = 3.55–34.8, P < 0.001;

Table 3). In fact, within our validation cohort, statisti-

cally significant higher relapse-free survival (RFS) rates

were observed in patients with a favorable (trisomies

+18+10 > 40%) than in patients with unfavorable (tri-

somies +18+10 < 40%) risk predictor, with a 10-year

RFS of 87.9% and 22.1%, respectively (P < 0.0001;

Fig. 5F).

Using seq-iFISH and computational modeling we

have established that HHD-B-ALL DX samples with

smaller relative representation (percentage) of the

major clone (PMC) display higher entropy, indicative

of higher clonal heterogeneity (Table 2 and Fig. 3E).

The levels of clonal heterogeneity analyzed in DX

samples were, in fact, higher in CR than REL HHD-

B-ALL patients, suggesting that the levels of clonal

heterogeneity may also predict the clinical evolution of

HHD-B-ALL patients. To assess the prognostic value

of clonal heterogeneity, we used the PMC obtained in

our three-color iFISH analyses. To obtain a cut-off

value for the PMC, we first dichotomized this variable

using maximally-selected rank statistics, finding that

the best threshold for PMC was 50%. Our results

revealed, within our cohort, a significantly higher RFS

in patients with PMC ≤ 50% (RFS beyond 5 years:

79.8% versus 33.3%, P = 0.0001, Fig. 5G), thus

demonstrating that lower levels of clonal heterogeneity

represent a risk factor associated with REL HHD-B-

ALL. Importantly, the rates of trisomies 18 and 10

were associated with the PMC, as revealed by the neg-

ative correlation between both variables for each

patient (P < 0.0001, Fig. S4), suggesting that the levels

of aneuploidy correlate with CIN in HHD-B-ALL.

These results validate our computationally defined risk

predictors in HHD-B-ALL, and demonstrate that low

rates of trisomies 18 and 10, and low levels of clonal

heterogeneity are risk factors in HHD-B-ALL.

3.6. Longitudinal analysis of matched DX-REL

HHD-B-ALL samples reveals distinct patterns of

clonal evolution at REL

We next sought to analyze the clonal evolution during

disease progression through longitudinal analyses of

available matched DX-REL samples from 10 HHD-B-

ALL patients (Table 1). Results showed no major dif-

ference in the number of total chromosomal gains

between matched DX and REL samples, peaking

between four and five chromosomal gains in both

groups (Fig. 6A). The rates of individual chromosomal

gains were consistently reduced for all chromosomes in

the REL samples compared with the matched DX

samples (Fig. 6B,C). Analysis of clonal heterogeneity

in matched DX-REL samples showed a trend towards

reduced entropy levels in REL samples (P = 0.064),

with six of 10 patients showing lower entropy levels in

the REL samples (Fig. 6D), supporting previous data

on DX samples of high levels of clonal heterogeneity

as a favorable prognostic factor in HHD-B-ALL.
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To study the clonal evolution in HHD-B-ALL dur-

ing disease progression, we next performed a hierar-

chical cluster analysis of those unique subclones

observed in matched DX-REL samples and found

that in 7/10 (70%) of the HHD-B-ALL patients the

DX-REL samples clustered together (Fig. 6E). Inter-

estingly, analyses of clonal composition in matched

DX-REL samples revealed two different patterns of

chromosomal clonal evolution: (a) a pattern where

the major leukemic clones are shared in DX and

REL (7/10 of the patients), and (b) a pattern with a

large clonal replacement from DX to REL (3/10 of

the patients; Fig. 6F and Fig. S5). Collectively, our

longitudinal analysis of matched DX-REL HHD-B-

ALL samples reveals distinct patterns of clonal evolu-

tion at REL.

4. Discussion

In this study, we took advantage of primary DX and

REL BM samples from a large cohort of patients with

HHD-B-ALL with either favorable or unfavorable

clinical outcome (after MRD negativity post-induction

treatment), in order to comprehensively characterize

clonal heterogeneity, specific chromosomal gains and

clonal evolution. An important goal was to assess the

potential prognostic impact of specific chromosomal

gains and clonal heterogeneity in HHD-B-ALL. This

study is technically sound because seq-iFISH analysis

was coupled with single-cell computational modeling

allowing for a comprehensive investigation of the eight

chromosomes typically gained in HHD-B-ALL at a

single-cell level.

Table 3. Evaluation of the FISH risk predictor as a prognostic factor in HHD-B-ALL. Univariate and multivariate analyses comparing different

clinical parameters and the chromosome 18–10 trisomies-based risk predictor prognostic value in a blind validation of an independent HHD-

B-ALL cohort (n = 50 patients). CI, 95% confidence interval; MRD, MRD-positive after induction; WBC, white blood cell count.

Variable

Univariate Multivariate

Hazard ratio CI P-val Hazard ratio CI P-val

Agea 1.47 0.52–4.2 0.47 1.16 0.48–3.98 0.5

Sex (male) 2.85 0.65–12.5 0.2 2.04 0.45–9.29 0.4

WBC 1.01 0.99–1.01 0.9 1 0.99–1.02 0.8

MRD 3.54 0.80–15.64 0.09 4.45 0.36–55.1 0.2

Unfavorable FISH risk predictor 11.9 3.82–36.9 < 0.001 11.1 3.55–34.8 < 0.001

Treat (PETHEMA) Reference Reference

Treat (SHOP) 0.74 0.15–3.67 0.7 1.73 0.24–12.3 0.6

Treat (AIEOP-BFM) 2.14 0.74–6.19 0.2 1.57 0.47–5.23 0.5

Treat (UKALL2003) 10.2 1.11–93.54 0.04 0.87 0.04–20.1 0.9

a

Per 5-year increase.

Fig. 5. Trisomies 18 and 10 and clonal heterogeneity are robust relapse risk predictors in high-hyperdiploid B-cell acute lymphoblastic leuke-

mia (HHD-B-ALL) who had achieved minimal residual disease (MRD)-negativity post-induction therapy. (A) Contribution of the indicated tri-

somies at predicting clinical outcome; complete remission (CR) versus relapse (REL). Dots represent individual patient Gini importance

values. Boxes represent the quartiles 25–75 and horizontal lines represent the mean value. Error bars represent the SD; n = 10 CR and 12

REL patient samples. (B) Stress tests on the indicated predictors for risk classification at diagnosis (DX) of HHD-B-ALL patients (n = 22).

Blue bars represent the number of patients properly classified according to disease outcome (CR versus REL) and red bars the number of

patients erroneously classified. (C) Classification based on DX samples of HHD-B-ALL patients according to risk predictor 3 as either CR (fa-

vorable, % trisomies 18 and 10 > 40%) or REL (unfavorable, % trisomies 18 and 10 < 40%) risk groups. Number and percentage of prop-

erly classified patients are indicated in the right. (D) Frequency of the indicated chromosome gains in an independent and blind validation

cohort of DX samples of favorable (CR, n = 33) and unfavorable (REL, n = 17) HHD-B-ALL patients by iFISH analysis of chromosomes 18

and 10. Graphs represent the median values and dots represent the values obtained for individual patients; n = 200 nuclei per sample. (E)

Classification of HHD-B-ALL patients as CR or REL using the chr18-chr10 risk predictor (predictor 3) after blind FISH analyses. The DX sam-

ples from the validation cohort were initially blind-grouped as favorable or unfavorable risk based on chr18–chr10 risk predictor results, and

then correlated with relapse information (No versus Yes) available from the clinic. 96% (48/50) of patients had achieved MRD negativity after

induction therapy. The total number of patients for each group is indicated outside the quadrant. Note that 84% of the 50 HHD-B-ALL

patients used in this blind and independent validation cohort were properly classified using predictor 3. (F,G) Kaplan–Meier curves for

relapse-free survival (RFS) of HHD-B-ALL patients grouped according to the chr18–chr10 risk predictor (F) and clonal heterogeneity defined

by the percentage of major clone (PMC) (G) after blind FISH analyses; n = 50 HHD-B-ALL samples collected at diagnosis (DX). Analyses for

panels (F and G) were performed with the hazard ratios obtained with cox multivariate analyses.
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Our data showed a high degree of clonal ‘chromoso-

mal’ heterogeneity in HHD-B-ALL patients at DX,

with major subclones commonly representing < 30%

of the leukemic cells. The major subclones identified

by seq-iFISH usually differed from those observed

using conventional karyotyping. Earlier studies have

reported contradictory data on the presence of clonal

heterogeneity in HHD-B-ALL which depend on the

methodology of analysis used [9,23,25,41]. Consistent

with our data, clonal heterogeneity was observed by

iFISH [23–25], spectral-karyotyping [42], single-cell

next-generation sequencing [43] and by cell division

studies directly assessing chromosome segregation in

primary leukemic blasts [21]. Our results reinforce that

conventional karyotyping fails to reflect the actual clo-

nal heterogeneity in HHD-B-ALL patients, suggesting

that clonal selection seen in conventional karyotyping

analysis likely arises from the cell culture needed for

karyotyping, which may mask the actual clonal com-

position of HHD-B-ALL samples.

Importantly, the clonal heterogeneity revealed by

our seq-iFISH analysis suggested the presence of CIN

in HHD-B-ALL. CIN has emerged as a prognostic

factor in different types of cancer, typically being asso-

ciated with unfavorable clinical outcomes [44,45].

However, there is an extensive body of evidence

suggesting that high CIN levels can also be found

associated with favorable outcomes due to a reduced

tumor-cell viability [35,46]. Indeed, increasing CIN

levels represent a strategy to selectively target cancer

cells [47]. To assess whether CIN levels are associated

with HHD-B-ALL outcome, we investigated the levels

of clonal heterogeneity based on analysis of the

entropy values obtained by computational analysis of

single-cell data [29]. Our results show variable levels of

clonal heterogeneity in DX samples of HHD-B-ALL

patients, with significantly higher levels in DX samples

from HHD-B-ALL patients showing a favorable

clinical outcome. To assess the prognostic value of clo-

nal heterogeneity, we used the PMC and confirmed in

the validation cohort a significantly higher RFS in

patients with PMC ≤ 50%, thus demonstrating that

lower levels of clonal heterogeneity represent a risk

factor associated with unfavorable outcome.

Contradictory data exist regarding the predictive

power of different chromosomal abnormalities on

HHD-B-ALL outcome [14,16–18,34]. Our results

revealed that the rates of specific chromosomal gains,

similar to the levels of clonal heterogeneity, differ

between HHD-B-ALL patients with favorable or unfa-

vorable clinical outcomes. Our results are in line with

previous data suggesting trisomy 18 as a favorable

prognostic factor in HHD-B-ALL [17], as rates of tri-

somy 18 in DX samples were significantly higher in

CR than in REL patients. Moreover, computational

modeling of seq-iFISH single-cell data allowed us to

define a risk predictor based on the rates of trisomies

18 and 10. This computationally defined risk predictor

was validated in an independent cohort of HHD-B-

ALL patients and correctly classified 84% of patients

according to clinical outcome, confirming the high reli-

ability of the trisomies 18 and 10 risk predictor. In

fact, and similar to clonal heterogeneity, univariate

and multivariate analyses revealed high levels (> 40%)

of trisomies 18 and 10 as an independent favorable

prognostic factor in childhood HHD-B-ALL with a

10-year RFS of 88% versus 22%. Importantly, the

rates of trisomies 18 and 10 were inversely correlated

with the PMC, which further suggested that the levels

of aneuploidy correlate with CIN in HHD-B-ALL. Of

note, almost all (96%) patients in the validation cohort

had reached MRD negativity after induction treat-

ment, thus highlighting the reliability of both risk pre-

dictors in stratifying those HHD-B-ALL patients who,

even having achieved MRD negativity are at risk of

progression/relapse. Furthermore, the multivariate

Fig. 6. Longitudinal analysis of matched diagnostic-relapse high-hyperdiploid B-cell acute lymphoblastic leukemia (HHD-B-ALL) samples

reveals distinct patterns of clonal evolution at REL. (A) Number of total chromosomal gains in matched diagnostic (DX) and relapse (REL)

HHD-B-ALL samples. Graphs represent the mean value and error bars represent the SEM; n = 20 samples (10 DX and 10 REL). (B) Fre-

quency of chromosomal gains for the indicated chromosomes in matched DX and REL HHD-B-ALL samples. Graphs represent the median

values and dots represent the values obtained for each single sample. (C) Number of chromosomal gains in matched DX and REL HHD-B-

ALL samples as observed by density values in single-cell computational analysis for the indicated chromosomes. (D) Box plot comparing the

clonal heterogeneity as observed by Shannon entropy values between matched DX and REL HHD-B-ALL samples. Boxes represent the

quartiles 25—75 and horizontal lines represent the mean value. Error bars represent the SD; two-sided paired t-test. (E) Heatmap depicting

the unique subclones in matched DX and REL HHD-B-ALL samples. The color code represents the row Z-score for individual clones. On the

top, dendrogram with hierarchical cluster analyses of samples regarding clonal composition similarity. (F) Single-cell analysis of the major

clones observed in matched DX and REL HHD-B-ALL samples. Representative analyses of the two different patterns of chromosomal clonal

evolution observed, with the major leukemic clones being either shared (top) or distinct (bottom) in matched DX and REL samples. The sub-

clone formulas on the left indicate the number of gains for chromosomes X, 4, 6, 10, 14, 17, 18, and 21, respectively. The size of the black

circles represents the proportion of cells showing that indicated subclone in each sample.
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analysis confirmed the power of both risk predictors in

stratifying regardless of the treatment protocol.

Single-cell computational modeling also provided

information about clonal evolution in HHD-B-ALL

samples. On one hand, and consistent with previous

data [25], our analysis revealed a high-order hierarchy

in relation to chromosomal gains in HHD-B-ALL,

with specific chromosomes being gained together at

different stages of disease initiation/evolution. A hier-

archical cluster analysis of those unique subclones

observed at DX in each analyzed sample highlighted

an extensive clonal heterogeneity in HHD-B-ALL

DX samples with no specific clones associated with

relapse, suggesting that specific chromosomal gains

rather than specific clones were associated with dis-

ease outcome in HHD-B-ALL. On the other hand,

longitudinal analyses using paired DX-REL HHD-B-

ALL samples revealed two different patterns of

chromosomal clonal composition at relapse: (a) major

leukemic clones shared in DX and REL, and (b)

large clonal replacement from DX to REL. This

latter clonal evolution pattern may reflect the emer-

gence of leukemic subclones resistant/adapted to

chemotherapy-induced clonal pressure. Although the

number of matched DX-REL samples is relatively

limited to reach definitive conclusions, it is notewor-

thy that the patients with such clonal replacement

from DX to REL had a worse outcome and they all

succumbed to the disease.

HHD-B-ALL is one of the most common malignan-

cies in children [12] and up to 20% of these patients

eventually relapse. In fact, in absolute numbers there

are more cases of relapsed HHD-B-ALL than de novo

diagnoses of other unfavorable molecular-subtypes of

B-ALL [48]. Therefore, an improved risk-stratification

of HHD-B-ALL patients is crucial to prospectively

identify those patients, who, having achieved MRD

negativity after induction treatment, remain at high

risk of progression/relapse.

5. Conclusions

Here, we report the levels of clonal heterogeneity and

the rates of trisomies 18 and 10 as robust and inde-

pendent relapse risk predictors in HHD-B-ALL. FISH

analyses are commonly used in hemato-oncology clini-

cal laboratories for B-ALL diagnosis, as a comple-

ment for refining diagnosis after karyotyping or in

cases with failed cytogenetics [49]. Our results provide

a panel of chromosomes for application of routine

FISH testing of HHD-B-ALL and offer a reliable

prognostic sub-stratification of HHD-B-ALL patients

at DX.
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