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ABSTRACT

INTRODUCTION  Acute myeloid leukemia (AML) is characterized by multiple acquired genetic events,
chromosomal abnormalities such as copy number aberrations (CNAs), disease progression, and low
survival rates.

oBJECTIVES We assessed the utility of a multiplex ligation—dependent probe amplification (MLPA) as-
say in AML as well as correlations of CNAs with various biological and clinical features of patients with
AML, including somatic mutations in the FLT3, NPM1, and DNMT3A genes and survival.

PATIENTS AND METHODS  The study included 283 patients with AML. The MLPA was used for investiga-
tion of CNAs. The status of somatic mutations was analyzed in all cases.

ResuLts The presence of CNAs was associated with the adverse (high) risk category according to
the European LeukemiaNet (ELN) classification (P.,; <0.0001). The significant predictors of mortality
were age of 65 years or older (hazard ratio [HR], 2.30; 95% Cl, 1.71-3.09), ELN high-risk category (HR,
1.71; 95% Cl, 1.15-2.56), and the Eastern Cooperative Oncologic Group Scale (ECOG) performance status
grade of 3 or higher (HR, 2.43; 95% ClI, 1.80-3.30), but not the presence of CNA. An interaction between
CNAs and the ECOG performance status was shown (HR, .. . . 2.24; 95% CI, 1.09-4.57, P = 0.02).
The presence of CNAs was positively correlated with the risk of death in patients with an ECOG grade of
3 or higher (HR, 2.02; 95% Cl, 1.30-3.12), while for patients with the performance status of 2 or lower,
the presence of CNAs was a protective factor against the risk of death.

concLusions The presence of CNAs may modify the effect of the ECOG performance status on survival.
Independent predictors of mortality in patients with AML include age, ELN adverse risk category, and
the ECOG grade of at least 3.

INTRODUCTION  Acute myeloid leukemia (AML),
the most common acute leukemia in adults, is
a heterogeneous, complex, and dynamic dis-
ease, characterized by multiple somatically ac-
quired genetic events, progression over time,

and low survival rates."? Chromosomal abnor-
malities and gene mutations are important prog-
nostic factors in AML, but also in other types
of leukemia, such as chronic lymphocytic leu-
kemia (CLL).%*
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WHAT'S NEW?

This is the first study to assess the association of copy number aberrations
(CNAs) with European LeukemiaNet (ELN) adverse (high-risk) category, so-
matic mutations, biological features, and overall survival in patients with acute
myeloid leukemia (AML). The presence of CNAs is associated with the FLT3
D835 mutation, but not with other recurrent somatic mutations, age, or other
clinical features of patients with AML. The combination of CNAs and the type
of mutated status in the FLT3, NPM1, and DNMT3A gene mutations resulted
in a difference in survival rates. The presence of CNAs may modify the effect
of the Eastern Cooperative Oncologic Group Scale (ECOG) performance status
on the overall survival.

An increased number of recurrent cytogenetic
abnormalities are identified in AML, and specific
AML disease entities focusing on significant cy-
togenetic and molecular genetic subgroups were
defined by the World Health Organization (WHO)
classification of myeloid neoplasms and acute leu-
kemia.® An important part of chromosomal ab-
errations is detectable by cytogenetic analysis,
which is considered the gold standard for identi-
fying abnormalities used for risk stratification.’®®
Based on the 2017 European LeukemiaNet (ELN)
recommendations, the conventional cytogenetic
investigation is mandatory for the evaluation of
an AML patient at the time of diagnosis.! Cyto-
genetic abnormalities identified at diagnosis are
the most powerful predictor of outcome and allow
a classification of patients with AML into 3 prog-
nostic groups: favorable (low-risk), intermediate
(intermediate-risk), and adverse (high-risk).”®
Unfortunately, some patients may have meta-
phases that cannot be analyzed, or the resolution
of the chromosome banding is too low, or recur-
rent numerical and structural chromosomal ab-
normalities that are useful in risk stratification of
AML patients cannot be identified.’ In such cas-
es, it is necessary to use additional methods for
evaluation of chromosomal abnormalities, includ-
ing copy number aberrations (CNAs) of chromo-
somal regions known to have a significant diag-
nostic or prognostic role in leukemia.

Recently, new molecular methods such as a
multiplex ligation-dependent probe amplifica-
tion (MLPA) assay, array comparative genomic
hybridization, and high-resolution single nucleo-
tide polymorphism array have been proved useful
for detection of CNAs in AML,*'? acute lympho-
blastic leukemia,'®'* and CLL."® Vazquez-Reyes et
al"® reported that MLPA results correlated with
those identified by karyotype, and in some cases,
it could detect more chromosomal abnormalities
than the karyotype in acute lymphoblastic leuke-
mia. They suggested that MLPA could be an alter-
native technique for assessment of aneuploidy in
leukemia."® Recently, Marcinkowska-Swojak et al'®
developed a new MLPA-based method for a simul-
taneous detection of nucleophosmin-1 (NPM1)
gene mutations and analysis of CNAs. They con-
cluded that the MLPA-based technique is a fast,
simple, and reliable tool that allows a concomitant

identification of more CNAs and certain muta-
tions in acute leukemia. A few MLPA studies have
been performed in patients with AML, but they
included a small number of samples.'?!"16

Recurrent CNAs might represent an important
prognostic marker in AML and might guide clini-
cal decision making, especially in AML. Their iden-
tification by molecular methods could be helpful
in cases with inconclusive cytogenetic analysis.'?
Therefore, it is necessary to assess the utility of
a fast and inexpensive method as well as commer-
cially available probe technique that might be used
in combination with or instead of the conven-
tional cytogenetic analysis in patients with AML.

This study aimed to assess the usefulness of
the MLPA assay as first-tier testing in detecting
CNAs as well as its role in routine investigation of
CNAs and prognosis in AML. We attempted not
only to identify recurrent CNAs but also to corre-
late them with various biological and clinical fea-
tures of patients with AML, such as somatic mu-
tations in the FLT3, NPM1, and DNMT3A genes
as well as survival.

PATIENTS AND METHODS Patients The study in-
cluded 283 consecutive AML patients from central
and north-western regions of Romania. The sam-
ples were collected at diagnosis on admission of
patients to hematology units in Targu Mures and
Cluj-Napoca before starting chemotherapy.

The inclusion criteria were as follows: diag-
nosis of AML, age older than 18 years, and writ-
ten informed consent to participate in the study.

The mean (SD) age of patients was 56 (16.7)
years (range, 18-87 years). We enrolled 230 pa-
tients (81.3%) with de novo AML; 48 (17%), with
secondary AML; and 5 (1.8%), with therapy-
-related AML in those with prior chemotherapy.
Based on the European LeukemiaNet (ELN) risk
stratification, most of our patients were catego-
rized as intermediate risk (n = 145), followed by
high (n = 79) and favorable risk (n = 58). Accord-
ing to Eastern Cooperative Oncologic Group Scale
(ECOQG), the performance status grade 3 and 4
was observed in 60.8% of the patients (n =172),
while the grade of 2 or lower, in 39.2% (n = 111).

The samples were collected after patients pro-
vided written informed consent to participate
in the study. The study was performed in accor-
dance with the Declaration of Helsinki and was
approved by the Ethics Committee of the George
Emil Palade University of Medicine, Pharmacy,
Science and Technology of Targu Mures, Roma-
nia (no. 67; April 14, 2017).

Methods Genomic DNA (gDNA) was extracted
from fresh blood using DNA Quick-gDNA Mini-
Prep kits (Zymo Research, Irvine, California, Unit-
ed States), Wizard Genomic DNA Purification kits
(Promega, Madison, Wisconsin, United States),
and PureLink Genomic DNA Mini Kits (Ther-
moPFischer Scientific, Waltham, Massachusetts,
United States), following the manufacturers’ in-
structions. We used a multiplex polymerase chain
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reaction (PCR) method, namely, MLPA for exami-
nation of the most common CNAs (deletions and
duplications) associated with hematologic ma-
lignancies. For each MLPA reaction, 5 pl of DNA
(with a quantity of 50-100 ng) was used.

For the analysis of CNAs, different SALSA
MLPA kits were used, including P377 Hemato-
logic Malignancies, P437 Familial MDS-AML,
P202 IKZF1, P414 MDS, and P040 CLL probemix
(MRC-Holland, Amsterdam, the Netherlands). For
aneuploidy detection at diagnosis, SALSA MLPA
P070 Subtelomeres Mix 2B and P036 Subtelo-
meres Mix 1 probemix were used (MRC-Holland).

All patients were investigated using SALSA
MLPA Subtelomeres and Hematologic Malig-
nancies probemix, and all abnormalities identi-
fied by that kit were investigated using the oth-
er SALSA MLPA kits (P437 Familial MDS-AML,
P202 IKZF1 [IKAROS], P414 MDS, and P040 CLL
probemix). Data were analyzed using Coffalys-
er.Net, a free MLPA analysis software developed
by MRC-Holland. In each case, the data obtained
were normalized to reference probes and con-
trol samples.

In each run of MLPA, at least 3 reference sam-
ples were used. In the case of a run with an in-
creased number of AML samples (>21), we used
one additional reference sample for each 7 AML
samples. All control samples were obtained from
healthy adults with no acute leukemia or other
types of malignancy.

FLT3-1TD, FLT3-D835 (c.2503 G>C/A/T;
¢.2504 A>C/T; ¢.2505 T>A/G), DNMT3A
(c.2644 C>G/A/T, c.2645G>A/C/T), and NPM1
(c.860_863dupTCTG, c.862_863insCATG,
¢.863_864insCATG/CGTG/CCTG/TTTG/TAAG/
CTTG/TATG) mutational status was analyzed in
each AML case using the protocols described pre-
viously,'”"?® with minor modifications.'” NPM1
mutations were confirmed by high-resolution
melt analysis (in-house method), and NPM1
¢.860_863dupTCTG, also by competitive allele-
-specific TagMan PCR.

Statistical analysis The demographic charac-
teristics and clinical factors were presented as
mean and SD or absolute and relative frequencies.
The significant difference in age distribution be-
tween AML patients with and without CNAs was
tested by the t test for independent samples with
equal variances, while the bivariate associations
between the presence of CNAs and clinical factors
(considered as qualitative variables) were assessed
by the X? test or Fisher exact test. In the case of
a significant correlation between the presence of
CNAs and a clinical factor (defined as a nominal
variable), a post hoc analysis for pairwise com-
parisons was performed using the permutation
X’ test, and estimated significance levels (P) were
adjusted by the false discovery rate (FDR) meth-
od. The Benjamini-Hochberg procedure was used
to control the expected proportion of false dis-
coveries among the rejected hypotheses (FDR),
because together with the Benjamini-Yekutieli
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procedure, it is considered more powerful than
the other methods.?"%?

The CNAs (defined as presence or absence or as
a categorical variable with 3 groups: the absence
of CNAs, a single CNA, and more than 2 CNAs)
were tested for prognostic impact on overall sur-
vival (OS). The median OS was calculated using
the Kaplan—-Meier analysis, and the 95% CI for
the median was estimated using the log-log trans-
form method. The relationship between the com-
bination of CNAs and somatic mutations with
OS was also analyzed. For all these exploratory
analyses, log-rank tests were separately applied,
and the significance was considered at a P value
of less than 0.05.

To explore the effects of CNAs on the risk
of death in AML patients, the univariable and
multivariable Cox proportional hazards regression
analyses were used. In the univariable analysis, we
tested the potential clinical prognostic factors,and
all the factors with an estimated P value of 0.25
or less were then included in the multivariable
analysis. The multivariable analysis was conduct-
ed using 2 different models to investigate wheth-
er CNAs and clinical factors were multiplicative-
ly related to the risk of death. The models were
as follows: 1) main effect model was adjusted by
age at diagnosis (<65 years, 265 years), sex (male,
female), ELN risk (low, intermediate, and high),
AML subtypes (de novo, secondary), ECOG per-
formance status (grade <2; grade 23), and somat-
ic mutations (FLT3, NPM1, DNMT3A); and 2) in-
teraction effect model included the interaction
variable (CNAs x ECOG performance status) in
the main effect model. The effects were estimat-
ed by multivariable-adjusted hazard ratios (HRs)
with 95% Cls. Effect modification by CNAs was
assessed on a multiplicative scale using the like-
lihood ratio test of a cross-product term between
CNAs and ECOG performance status considered
as dichotomous variables.

The statistical analysis was performed using
custom-written scripts in the R software, ver-
sion 3.6.0 (R Foundation for Statistical Comput-
ing, Vienna, Austria). The libraries used in R were
survival and survminer.??

RESULTS Characterization of AML patients Clin-
ical characteristics of all studied patients as well
as separately of those with the presence or ab-
sence of CNAs are presented in TABLE 1. Among
the 283 adults evaluated for CNA presence, 90
(31.8%) had at least 1 CNA identified (64 patients,
1 CNA; 11 patients, 2 CNAs; and 15 patients, 3 or
more CNAs).

Differences in overall survival according to clinical
and biological features We observed differenc-
es in the OS curves in patients with high lactate
dehydrogenase (LDH) levels (<600 IU/]) at diag-
nosis compared with those with low LDH levels
(<600 IU/D): median OS, 11 (95% CI, 7.9-14.1)
and 5 (95% CI, 3.7-6.4), respectively (P = 0.001).
We noted that patients with WBC counts higher



TABLE 1 Characteristics of acute myeloid leukemia patients with and without copy number aberrations (continued on the next page)

Variable All AML cases AML without CNAs AML with CNAs
(n = 283) (n=193) (n =90)
Age, y
18-39 57 (20.1) 34 (17.6) 23 (25.6) 0.50
40-59 100 (35.3) 72 (37.3) 28 (31.1)
>60 126 (44.5) 87 (45.1) 39 (43.3)
<65 193 (68.2) 134 (69.4) 59 (65.6) 0.51
>65 90 (31.8) 59 (30.6) 31(34.4)
Sex
Men 150 (53) 103 (53.4) 47 (52.2) 0.97
Women 133 (47) 90 (46.6) 43 (47.8)
WBC, cells/mm?
<50000 226 (79.9) 157 (81.3) 69 (76.7) 0.42
>50000 57 (20.1) 36 (18.7) 21(23.3)
PLT, cells/mm?
<40000 130 (45.9) 84 (43.5) 46 (51.1) 0.43
>40000 153 (54.1) 109 (56.5) 44 (48.9)
Hemoglobin, g/dI
<10 208 (73.5) 136 (70.5) 72 (80.0) 0.07
>10 75 (26.5) 57 (29.5) 18 (20.0)
LDH, 1U/
<600 115 (40.6) 84 (43.5%) 31(34.4) 0.09
>600 168 (59.4) 109 (56.5%) 59 (65.6)
Blasts (in bone marrow), %
<70 177 (62.5) 121 (62.7) 56 (62.2) 0.70
>70 106 (36.5) 72 (37.3) 34 (37.8)
ECOG performance status
0 6 (2.1) 5(2.6) 1(1.1) 0.59
1 54 (19.1) 39(20.2) 15(16.7)
2 51(18.0) 37(19.2) 14 (15.6)
3 107 (37.8) 69 (35.7) 38 (42.2)
4 65 (23.0) 43 (22.3) 22 (24.4)
FLT3 mutation (ITD, D835, or both)
Positive 52 (18.4) 30 (15.5) 22 (24.4) 0.09
Negative 231 (81.6) 163 (84.5) 68 (75.6)
FLT3-ITD mutation
Positive 42 (14.8) 27 (14.0) 15 (16.7) 0.69
Negative 241 (85.2) 166 (86.0) 75 (83.3)
FLT3 D835 mutation
Positive 15(5.3) 6 (3.1) 9(10.0) 0.019
Negative 268 (94.7) 187 (96.9) 81(90.0)
DNMT3A mutation
Positive 35(12.4) 24 (12.4) 11(12.2) 0.92
Negative 248 (87.6) 169 (87.6) 79 (87.8)
NPM1 mutation
Positive 48 (17.0) 37(19.2) 11(12.2) 0.19
Negative 235 (83.0) 156 (80.8) 79 (87.8)
Response to treatment
Complete remission 43 (15.2) 32(16.6) 11(12. 6) 0.95
Partial remission 51 (18.0) 34 (17.6) 17 (18.9)
Resistance 71(25.1) 48 (24.9) 23 (26.6)
Relapse 69 (24.4) 46 (23.8) 23 (25.6)
No response/induction death 49 (17.3) 33(17.1) 16 (17.8)
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TABLE 1 Characteristics of acute myeloid leukemia patients with and without copy number aberrations (continued from the previous page)

Variable

All AML cases

AML without CNAs

AML with CNAs

ELN 2017 risk groups

(n = 283)

(n=193)

(n = 90)

Low-risk (favorable prognosis) 59 (20.5) 49 (25.4) 9(10.0) <0.001®
Intermediate-risk 145 (21.2) 115 (59.6) 30(33.3)

High-risk (adverse) 79 (27.9) 28 (14.5) 51 (56.7)

Not available 1(0.4) 1(0.5) 0(0.0)

Data are presented as number (percentage).

a P values were obtained by the 2 or Fisher exact test.

b The x?test was applied for ELN 2017 risk groups defined as low-risk, intermediate, and high-risk.

Abbreviations: AML, acute myeloid leukemia; ECOG, Eastern Cooperative Oncologic Group Scale performance status; ELN, European LeukemialNet;
LDH, lactate dehydrogenase; PLT, platelet count; WBC, white blood cell
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than 50 000 cells/mm? at diagnosis had a short-
er median OS (6 months) than those with WBC
counts of less than 50 000 cells/mm? at diagnosis
(8 months) (P =0.07). Patients with AML with he-
moglobin levels below 10 g/dl had a lower median
OS (6 moths) than those with hemoglobin level of
10 g/dl or higher (9 months) (P = 0.06). Also, there
was a smaller OS difference in patients with AML
with platelet count below 40 000 cells/mm? com-
pared with those with count of 40 000 cells/mm?
or higher, but this was not significant (P = 0.08).

Bivariate associations between copy number aber-
rations and clinical factors
observed regarding age and sex distribution be-
tween patients with and without CNAs (P = 0.51
and P = 0.85, respectively). No differences were
also observed for higher WBC count (P = 0.31),
PLT count (P = 0.23), and LDH levels (P = 0.14)
between patients with or without CNAs. Lower
hemoglobin levels were observed with a similar
frequency between patients with and without
CNAs (80.5% and 70.4%, respectively; P = 0.09).
No associations were found between the presence
of CNAs and blast percentage (P = 0.94), ECOG
performance status (P = 0.73), and AML subtype
according to the WHO classification (P = 0.70).

The presence of CNAs was associated with
the FLT3 D835 mutation (P = 0.02), with the mu-
tation being more frequent in patients with CNAs.
The FLT3ITD mutation showed no association with
the presence of CNAs (P = 0.55). Also, no differ-
ence in the frequency of NPM1 and DNMT3A mu-
tations between patients with or without CNAs
was noted (P = 0.14 and P = 0.96, respectively).

The presence of CNAs was significantly associ-
ated with ELN risk categories. The post hoc anal-
ysis (pairwise comparisons made with the per-
mutation x? test) revealed significant correla-
tion with the ELN high-risk category. Therefore,
the frequency of CNAs was different in patients
with the ELN high-risk than that in patients with
ELN low-risk and intermediate-risk categories
(Pypg <0.001). No differences were shown be-
tween patients with and without CNAs in terms
of the response to treatment (P = 0.92).

No differences were
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Effect of copy number aberrations on overall surviv-
al: a univariable analysis  Patients with CNAs had
a similar median OS as those without CNAs (me-
dian OS, 6 months [95% CI, 2.4-9.6] vs 7 months
[95% CI, 5.6-8.4; P = 0.54). No difference in
the OS was also observed regarding the pres-
ence of CNAs (defined as the absence of CNAs
or the presence of 1, 2, or 3 CNAs, P = 0.93). Pa-
tients with 2 or more CNAs had similar OS to
those without or with only 1 CNA (median OS,
4 months vs 7 months vs 8 months; P = 0.83). In
the univariable Cox regression analysis, the pres-
ence of CNAs was not a significant predictor
of death (HR, 1.09; 95% CI, 0.82-1.46), while
the significant predictors included age older than
65 years (HR, 2.30; 95% CI, 1.71-3.09), ELN high-
-risk category (HR, 1.71; 95% CI, 1.15-2.56), and
the ECOG grade of 3 or higher (HR, 2.43; 95%
CI, 1.80-3.30).

Effect of copy number aberrations on overall sur-
vival: a multivariable analysis We conducted
the multivariable Cox regression analysis to as-
sess the risk of death using 2 different Cox mod-
els (FIGURES 1 and 2). The main effect model showed
no significant effect of CNAs on death after con-
trolling for important demographic and clinical
covariates (HR, 0.89; 95% CI, 0.64-1.25).

After we defined the main model, we tested
the 2-way interactions between CNAs and each of
the variables included in the main model. The sig-
nificance was shown only for the interaction be-
tween CNAs and the ECOG performance status.
The results of the likelihood ratio test (LR x?)
comparing the 2 models were significant, indi-
cating that the addition of the interaction term
improved the goodness to fit: LR 2 = 5.23,df =1,
P =0.02. The interaction effect model showed
that CNAs significantly interacted with the ECOG
status: HR__was 2.24 (95% CI, 1.09-4.57),
P=0.02.

For patients with the ECOG grade 2 or lower,
the presence of CNAs was associated with a de-
creased risk of death (HR, 0.48; 95% CI, 0.25-
0.93), while for patients with the grade of 3 or
higher, the presence of CNAs was associated with



CNAs Absence (n = 192) Reference -

Presence (n = 90) 0.89 (0.64—1.2) L 0.5
Age <65 (n =192) Reference .

>65 (n = 90) 2.16 (1.58—-2.9) : B <0.001°
Sex F(n=133) Reference .

M (n = 149) 1.06 (0.80—1.4) - 0.68
AML types Novo type (n = 229) Reference .

Secondary type n = 53) 1.08 (0.75—1.5) — 0.68
ELN2017 risk groups Low (n = 58) Reference .

Intermediate (n = 145)  1.32 (0.86—2.0) & 0.21

High (n = 79) 2.02 (1.24-3.3) H 0.005°
ECOG <2 (n=110) Reference .

>3 (n = 172) 2.37(1.75-3.2) B <0.001°
FLT3 mutation Negative (n = 230) Reference .

Positive (n = 52) 1.27(0.88—1.8) B 02
NPM1 mutation Negative (n = 234) Reference .

Positive (n = 48) 1.37(0.90-2.1) ; B 0.15
DNMT3A mutation Negative (n = 247) Reference .

Positive (n = 35) 117 (0.77-1.8) — 046

Number of events, 210; global P value (log-rank), 4.4499e~2 1 1.5 2 25 3 35

Akaike information criterion, 1982.26; concordance index, 0.68

FIGURE 1 The main Cox proportional hazards model for the effect of copy number aberrations on mortality including known demographic and clinical
prognostic factors. Data are presented as adjusted hazard ratios for mortality with 95% Cls. P values describe statistical significance for each of

the variable included in the main model and global statistical significance of the model.

a P<0001; b P<0.01

Abbreviations: see TABLE 1

an increased risk of death (HR = 1.07 obtained
from HR, . =2.23).InFIGURE 2, we presented
HRs for death for all subgroups determined by
the presence of at least 1 out of 2 factors (ECOG,
CNAs), with patients without CNAs and ECOG
of less than 3 as the reference group (eg, patients
with CNAs and ECOG 23 had an HR of 2.2 in
comparison with patients without CNAs and
ECOG <3; patients with ECOG 23 and without
CNAs had an HR of 1.87 in comparison with pa-
tients without CNAs and ECOG <3).

mutation (the presence of D835, ITD, or both)
had a similar median OS (5 and 7 months, respec-
tively; P = 0.06). We observed a trend towards
an increased risk of death in AML patients with
the FLT3 mutation (HR, 1.38; 95% CI, 0.98-1.94).

We found no differences in the survival rate in
the subgroups of patients defined by the combi-
nation of CNAs (presence or absence) with each
somatic mutation (FLT3, NPM1, or DNMT3A).
The Kaplan-Meier curves generated using
the 3 pairs of variables were similar for patients
with CNAs (P = 0.20 for CNAs+FLT3, P = 0.5 for
CNAs+NPM1, and P = 0.4 for CNAs+DNMT3A)
to those without CNAs and the above mutations.
Similar results were obtained for patients with

Combination of copy number aberrations, somat-
ic mutations, and overall survival Patients with
AML and the FLT3 ITD mutation had a lower OS

than those with no FLT3 ITD mutation (median
08, 3 months vs 8 months; P = 0.001 in the log-
-rank test). No difference in OS was found re-
garding the presence of the FLT3 D835 muta-
tion (P = 0.59) or NPM1 and DNMT3A mutations
(P >0.05). Patients with and without the FLT3

at least 2 CNAs (P = 0.5 for FLT3, P = 0.3 for
DNMT3A, and P = 0.4 for NPM1).

We also found a significant difference in
the survival rate in the subgroups of patients
defined by the CNAs and the type of mutated sta-
tus associated with the presence of FLT3, NPM]1,
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CNAs xECOG

Age

Sex

AML types

ELN2017 risk groups

FLT3 mutation

NPM1 mutation

DNMT3A mutation

CNA absence & ECOG <2 (n = 80) Reference i
CNA absence & ECOG >3 (n = 112)  1.87 (1.31-2.69) ——— <0007
CNA presence & ECOG <2 (n = 30)  0.48 (0.25-0.93) B 0.03
CNA presence & ECOG =3 (n = 60) 2,01 (1.30-3.12) o B o002
<65 (n = 192) Reference .
>65 (n = 90) 2.23(1.63-3.06) —— <0001°
Fin=133) Reference |
M (n = 149) 1.09 (0.82—1.46) + 0.55
Novo type (n = 229) Reference !
Secondary type (n = 53) 1.12 (0.78—1.59) — 0.55
Low (n = 58) Reference .
Intermediate (n = 145) 1.29 (0.84—2.00) »—l—~ 0.25
High (n = 79) 2.09(1.28—3.43) B 0.003°
Negative (n = 230) Reference .
Positive (n = 52) 1.27 (0.88—1.84) —l— 0.2
Negative (n = 234) Reference .
Positive (n = 48) 1.37(0.90-2.10) —_ 0.14
Negative (n = 247) Reference !
Positive (n = 35) 119 (0.79—1.81) —— 041

0.2

Number of events, 210; global P value (log-rank), 1.2474e-'2
Akaike information criterion, 179.03; concordance index, 0.69

0.5 1 2

FIGURE 2 The main Cox proportional hazards model with interaction by the Eastern Cooperative Oncologic Group Scale performance status for the
effect of copy number aberrations on mortality. Data are presented as adjusted hazard ratios for mortality with 95% Cls. P values describe statistical
significance for each of the variable included in the main model and global statistical significance of the model.

a

P <0.001; b

P <0.01;

Abbreviations: see TABLE 1
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¢ P<0.05

and DNMT3A gene mutations (P = 0.03). The post
hoc analysis for comparison of the Kaplan-Mei-
er survival curves generated using 8 pairs of vari-
ables showed a difference in OS in patients with-
out CNAs and triple mutational status versus
those with no CNAs and no mutational status
(P, = 0.046).

DISCUSSION The application of MLPA in
the evaluation of acute leukemia has been de-
scribed in several studies performed in relatively
small patient cohorts.'""" We evaluated CNAs by
the MLPA method in patients with AML, provid-
ing the first such data in a representative Roma-
nian population. Of the 283 patients with AML,
the presence of CNAs was identified in 90 sam-
ples. The frequency of CNAs was lower than that
reported by Kim et al?* in a small Korean popu-
lation of patients with AML (23 patients [76.7%]
with copy number variations) but higher than
that identified in a Finnish study (15% of cases
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presented with cryptic CNAs).?® Nibourel et al'?
detected CNAs by genome-wide single nucleo-
tide polymorphism array analysis in about 50%
of the 367 patients with AML. They suggested
that the identification of CNAs at diagnosis might
have important clinical significance for risk strat-
ification in patients with AML in whom the cyto-
genetic analysis was not performed or was incon-
clusive. The difference between the presented re-
sults might be explained by the different meth-
ods used for identification of the aberrations and
by various ethnic groups included in the studies.

We also investigated the differences in the OS
according to the demographic and clinical fea-
tures, but no significant associations were ob-
served between OS and sex (P = 0.54) or AML
subtype (de novo, secondary, or therapy-related,
P =0.18). In the present study, survival was simi-
lar in patients with AML with and without CNAs,
which is in line with the findings reported by
Wang et al?® in patients with myelodysplastic



syndromes. A shorter survival was observed in
patients with the presence of all somatic muta-
tions but without CNAs. In line with our find-
ings, low complete remission rates and short-
er OS have been recently reported by El Gam-
mal et al’’ in patients with AML with the FLT3
and DNMT3A mutations. Similarly, it was report-
ed that the presence of concomitant FLT3 ITD
and DNMT3A R882 mutations in patients with
AML is an unfavorable prognostic factor.?®-*’ In
this study, we identified a significant association
of CNAs with the FLT3 D835 mutation, but not
with age, WBC and platelet counts, LDH and he-
moglobin levels, blast percentage, or the ECOG
performance status.

We observed no significant associations be-
tween the presence or an increasing number
of CNAs and the OS. This may be explained by
a relatively small size of our study sample. We
showed that the age above 65 years had a signif-
icant negative effect on the OS in patients with
AML. Our results are in line with a study by Rol-
off et al,*" who reported that age at diagnosis is
one of the most powerful predictors of survival in
patients with AML. Binescu et al*? also showed
that the age of 65 years or older had a negative
influence on the OS.*?

Our analysis of the unadjusted prognostic
impact of clinical factors on survival revealed
a significantly shorter OS in patients older than
65 years, with high LDH levels at diagnosis
(2600 IU/1), and with the FLT3 ITD mutation.
An association between the FLT3 mutation in pa-
tients with AML and shorter survival (P <0.001)
was previously reported in a smaller group of
patients.??

In our study, the univariate regression anal-
ysis showed a significant association between
ELN high-risk group and death in patients with
AML. Moreover, we found that the LDH level of
600 IU/1 or higher and the ECOG grades 3 and
4 were significantly associated with mortality.

In the multivariable Cox model including an in-
teraction between the high ECOG performance
status and the presence of CNAs, the variables
identified to be independent predictors of death
were age above 65 years, ELN high-risk category,
and the ECOG grades 3 and 4. In a study on 194
patients with newly diagnosed AML, Wass et al**
suggested that comorbidities as well as the ECOG
grade higher than 2 in addition to age had an im-
pact on survival in older patients (260 years,
P =0.042). It was reported that patients older
than 60years and with ELN high-risk catego-
ry (adverse or poor prognosis category accord-
ing to the ELN 2017 risk stratification system)
had a much shorter survival (the 3-year OS was
about 4%)."®

Our findings revealed that the effect of ECOG
performance status on the OS was modified by
the presence of CNAs: in patients without CNAs
and with the ECOG grade 3 or 4, the risk of death
was 1.87-fold higher than in patients without
CNAs and the ECOG grade of 2 or lower, while

in patients with CNAs and the ECOG grade of
at least 3, the risk of death was 4.17-fold higher
than in patients with CNAs and the ECOG grade
of 2 or lower.

Our results regarding the differences in the OS
according to the clinical and biological features
(WBC and PLT counts, hemoglobin and LDH lev-
els, blast percentage) were in line with a recent
study that showed a negative association be-
tween the OS and the ECOG grade of 2 or high-
er, PLT count lower than 40000 cells/mm?, and
LDH levels at diagnosis of 600 IU/I or higher.??
Our findings revealed an association between
the ELN risk category and OS (P = 0.02): pa-
tients in the high-risk category had the shortest
median OS (4 months), followed by those with
the intermediate-risk category (7 months) and
the low-risk category (12 months).

Recently, it has been reported that the MLPA
technique is highly specific for establish-
ing the molecular karyotype and for revealing
the gains or losses of the chromosomes, but it
requires at least 20% of cells with chromosomal
abnormalities of the total population in a sam-
ple.**3¢ Our study showed that MLPA is a useful
method for screening for recurrent CNAs, and,
as shown previously,*’ it can be used as a first-
-tier test at diagnosis in patients with AML, es-
pecially that certain CNAs may help clinicians
predict the prognosis of AML. It is also a useful
technique for unraveling cryptic and recurrent
CNAs, which are used for classification and risk
stratification of AML.

To the best of our knowledge, this is the first
study that investigated the utility of MLPA,
the frequency of CNAs, as well as the associa-
tion of CNAs with ELN high-risk category, so-
matic mutations, and other biological features in
a large number of patients with AML. However,
our study has several limitations. First, the karyo-
type was not successfully performed in all pa-
tients. Second, we were unable to perform array
comparative genomic hybridization analysis (con-
sidering that MLPA might not identify low lev-
els of cell clones and balanced rearrangements).

In conclusion, the presence of CNAs, identified
by MLPA, was associated with the FLT3 D835 mu-
tation but not with other recurrent somatic muta-
tions (FLT3 ITD, NPM1, and DNMT3A), age, or oth-
er clinical features of AML patients. Patients with
AML with CNAs and the ECOG grade of 3 or higher
have an increased risk of death, and the presence
of CNAs may modify the effect of the ECOG per-
formance status on the OS. Independent predic-
tors of mortality in patients with AML are age, ELN
high-risk category, and the ECOG grade 3 and 4.
Further studies are needed to confirm the useful-
ness of the MLPA technique for detecting CNAs as
well as their association with the FLT3 gene muta-
tion and the risk of death.
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