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Karyotype complexity and prognosis in acute myeloid

leukemia

F Stolzel®, B Mohr''®, M Kramer', U Oelschligel’, T Bochtler?, WE Berdel®, M Kaufmann® CD Baldus®, K Schafer-Eckart®,
R Stuhlmann’, H Einsele®, SW Krause®, H Serve'®, M Hanel'!, R Herbst'!, A Neubauer'?, K Sohlbach'?, J Mayer'?, JIM Middeke',
U Platzbecker', M Schaich™, A Kramer?, C Réllig', J Schetelig', M Bornh&user' and G Ehninger’

A complex aberrant karyotype consisting of multiple unrelated cytogenetic abnormalities is associated with poor prognosis in
patients with acute myeloid leukemia (AML). The European Leukemia Net classification and the UK Medical Research Council
recommendation provide prognostic categories that differ in the definition of unbalanced aberrations as well as the number
of single aberrations. The aim of this study on 3526 AML patients was to redefine and validate a cutoff for karyotype complexity
in AML with regard to adverse prognosis. Our study demonstrated that (1) patients with a pure hyperdiploid karyotype have
an adverse risk irrespective of the number of chromosomal gains, (2) patients with translocation t(9;11)(p21~22;q23) have an
intermediate risk independent of the number of additional aberrations, (3) patients with >4 abnormalities have an adverse risk
per se and (4) patients with three aberrations in the absence of abnormalities of strong influence (hyperdiploid karyotype, t(9;11)
(p21~22;923), CBF-AML, unique adverse-risk aberrations) have borderline intermediate/adverse risk with a reduced overall survival

compared with patients with a normal karyotype.

Blood Cancer Journal (2016) 6, e386; doi:10.1038/bcj.2015.114; published online 15 January 2016

INTRODUCTION

The term complex aberrant is designated to describe karyotypes
with multiple unrelated cytogenetic abnormalities. In acute
myeloid leukemia (AML), 10-14% of all AML patients, and up to
23% among older AML patients, have karyotypes with >3
aberrations.'™ These karyotypes with > 3 aberrations are classified
as adverse genetic risk according to the recommendations of the
European Leukemia Net (ELN)." However, the UK National Cancer
Research Institute Adult Leukaemia Working Group (abbreviated
as MRC for Medical Research Council) classification requires >4
abnormalities as an informative cutoff for adverse prognosis.®
Beyond the 3 vs 4 cutoff discordance, the impact of the so-called
pure hyperdiploid karyotype (HDK) without structural aberrations
or monosomies has not been addressed conclusively.®” Further
complicating, the definition of unique adverse-risk abnormalities,
which define adverse risk per se, is not fully congruent in both
classification systems, with some abnormalities conferring adverse
risk according to the ELN but not the MRC and vice versa. Given
this heterogeneity, further exploration of complexity seems
desirable for several reasons. First, it has been demonstrated that
in the adverse-risk group, some patients with certain chromoso-
mal abnormalities fare even worse than others when receiving
standard treatment regimens for adverse-risk patients.®'2 Second,
better individual risk prognostication and uniformly defined

adverse-risk group allocation are required in order to homo-
geneously compare treatment regimens at different institutions.

The aim of this study was to define the optimized cutoff of
complexity in adult AML in the context of the number of unrelated
aberrations (3 vs >4) as well as to define the impact of the pure
HDK within these groups. Therefore, we evaluated the survival of
417 intensively treated adult non-APL and non CBF-AML patients
with complex aberrant karyotypes out of 3526 AML patients who
were included in three prospective, randomized, multicenter
treatment trials of the Study Alliance Leukemia.

PATIENTS AND METHODS
Patient population

The databases of three prospective, randomized trials of the Study Alliance
Leukemia, which enrolled a total of 3526 non-APL, intensively treated AML
patients between February 1996 and November 2009, were reviewed for
patients with multiple cytogenetic aberrations (>3) as well as normal
karyotype (NK as a control group). The studies were approved by the
institutional review boards of all participating centers of the Study Alliance
Leukemia in agreement with the Declaration of Helsinki and registered
with the National Clinical Trial numbers 00180115 (AML96 trial), 00180102
(AML2003 trial) and 00180167 (AML60+ trial). Written informed consent
had been obtained from each patient.

At diagnosis, chromosome analyses were performed on bone marrow
and/or peripheral blood samples using standard techniques, including
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short-term cultures as reported recently.'® Karyotype description was
performed in accordance with the International System for Human
Cytogenetic Nomenclature criteria.'* According to the definition of the
MRC, a balanced translocation, for example, t(8;21)(q22;q22), was defined
as a single abnormality, because the two breaks and fusions lead to one
active chimeric fusion protein. A balanced translocation involving more
than two chromosomes was also regarded as a single abnormality.
Trisomies or monosomies were regarded as single abnormalities, whereas
the gain of two chromosomes, even if they were identical (e.g., tetrasomy 8),
was regarded as two abnormalities. Unbalanced translocations leading to
gain and loss of chromosomal material were counted as two abnormalities.®
For instance, a derivative chromosome der(7)t(1;7)(q21;922) is characterized
by a partial monosomy 7q as well as a partial trisomy 1q. In this manner,
an isochromosome i(17)(q10) results in two aberrations, that is, monosomy
17p and trisomy 17q. The monosomal karyotype (MK) was defined by
the presence of two or more distinct autosomal chromosome monosomies
or a single autosomal chromosome monosomy in the presence of one
or more structural chromosomal abnormalities.?

Cytogenetic definitions

Out of the 3526 patients, a total of 2007 patients with either a complex
karyotype or a normal karyotype were identified for further analyses
(n=1590 patients with NK; n=417 patients with >3 aberrations which
accounted for 30% of the patients in the AML96 trial and 29% of the
patients in the AML2003/60+ trials—referring to those patients for whom
an aberrant karyotype was diagnosed). Patient characteristics are
summarized in Tables 1A and B. The median follow-up time for all
patients was 6.2 years (interquartile range, 4.5-8 years). Core-binding
factor AML patients (CBF-AML, t(8;21)(q22;922), inv(16)(p13922), t(16;16)
(p13:922)) were excluded since additional chromosomal abnormalities
even if they resulted in complex aberrant karyotypes have no or little
impact on the outcome of patients with favorable-risk CBF-AML® and could
be confirmed with our CBF-AML patients.'"'> However, previous results
demonstrated an independent influence of the pure HDK on patients’
outcome worsening overall survival (OS) and event-free survival
significantly.’> The scoring criterion for pure HDK performed in our
analyses was defined by (i) gains of whole chromosomes (e.g., trisomies,
tetrasomies), (i) no additional structural aberrations and (iii) no
monosomies.

The following distinct cytogenetic features were included as possible
candidates of strong influence: (I) three or four unrelated aberrations,

(Il) specific adverse-risk aberrations that induce an adverse outcome per se:
unique adverse-risk aberrations defined by the ELN and the MRC were
applied in this study which were, in detail, inv(3)(q21926), t(3;3)(q21;926),
abnl(3qg) except t(3;5)(q21~25;31~@35), —5, del(5q), add(5q), —7, del
(7q), add(7q), t(6;9)(p23;q34), t(v;11)(v;q23) except t(9;11)(p21~22;q23),
-17 and abnl(17p),1'5 () AML with recurrent genetic abnormalities
according to the World Health Organization. This category includes the
recurrent abnormalities t(9;11)(p22;923), t(6;9)(p23;q34), inv(3)(q21926.2)/
t(3;3)(q21;926.2), and t(1;22)(p13;q13)."® Translocation t(6;9) and inv(3)/
t(3;3) are specific adverse-risk aberrations and therefore already included in
that category. Translocation t(1;22) is a rare aberration with n=1 patient.
Therefore, no further investigation was possible. Thus, only t(9;11)
remained as a feature of particular interest, and (IV) pure HDK with gains
of whole chromosomes (e.g., trisomies, tetrasomies), but without
additional structural aberrations or monosomies.

The distinct cytogenetic features were considered with the following
groups of complex aberrant patients: (@) HDK, (b) t(9;11), (c) complex
karyotypes with three unrelated aberrations without specific adverse-risk
aberrations, without HDK, without t(9;11) (CK3), (d) complex karyotypes with
three unrelated aberrations with at least one specific adverse-risk aberration,
without HDK, without t(9;11) (CK3+adv), (e) complex karyotypes with >4
unrelated aberrations without specific adverse-risk aberrations, without HDK,
without t(9;11) (CK4) and (f) complex karyotypes with >4 unrelated
aberrations with at least one specific adverse-risk aberration, without HDK,
without t(9;11) (CK4+adv). Comprehensive flowcharts of the distinct groups
of complex aberrant karyotypes are depicted in Figures 1a and b.

In order to investigate the influence of an MK in the complex aberrant
situation, patients were divided into (a) patients with three unrelated
aberrations without MK (CK3 —MK), (b) patients with three unrelated
aberrations with MK (CK3+MK), (c) patients with >4 unrelated aberrations
without MK (CK4 — MK) and (d) patients with >4 unrelated aberrations with
MK (CK4+MK).

Treatment protocols

Detailed treatment descriptions of the three trials were reported
previously.">'”'® In brief, the AML96 trial enrolled adult patients without
age restriction, whereas the AML2003 trial included patients up to 60 years
of age, and the AML60+ trial patients above the age of 60 years. Apart from
double induction chemotherapy administered to patients aged < 60 years,
all three protocols involved a risk-adapted consolidation strategy,
including HLA-compatible related or unrelated allogeneic hematopoietic

Table 1A. Patient characteristics
NK HDK t(9;11) CK3 CK4 CK+adv

n=1590 n=20 n=10 n=19 n=35 n=333
Median age (range) 56 (17-87) 60 (37-76) 40 (29-60) 56 (33-78) 56 (18-80) 61 (15-82)
Gender, male (%) 741 (47) 10 (50) 4 (40) 11 (58) 17 (49) 172 (52)
De novo AML (%) 1318 (83) 16 (80) 9 (90) 12 (63) 26 (74) 221 (66)
Median WBC (Gpt/l), range 16 (0.2-453) 12 (0.9-192) 24 (1-212) 10 (0.8-73) 7.5 (0.6-468) 4.1 (0.2-197)
Median LDH (U/I), range 427 (10-16 560) 513 (100-3058) 881 (276-2997) 261 (27-5489) 660 (93-7938) 362 (97-4160)

Median LDH (U/I), range

406 (135-2540)

371 (27-5489)

361 (97-7938)

Table 1B. Patient characteristics
CK3+MK CK3 - MK CK4+MK CK4 — MK
n=22 n=43 n=228 n=124
Median age (range) 63 (32-75) 62 (24-82) 61 (15-82) 58 (18-81)
Gender, male (%) 12 (54) 24 (56) 118 (52) 60 (48)
De novo AML (%) 14 (64) 30 (70) 149 (65) 91 (73)
Median WBC (Gpt/l), range 7 (0.8-98) 11 (0.6-156) 4 (0.2-468) 5 (0.4-212)

414 (93-3946)

Abbreviations: NK, normal karyotype (control group); HDK, hyperdiploid karyotype; CK3, complex aberrant patients with three unrelated abnormalities
without HDK, without t(9;11), and without adverse-risk abnormalities; CK4, complex aberrant patients with four or more unrelated abnormalities without HDK,
without t(9;11), and without adverse-risk abnormalities; CK+adv, complex aberrant patients with three or more aberrations of which at least one aberration
was at specific adverse risk per se with exclusion of patients with t(9;11) or HDK; CK3+MK, patients with MK and with three unrelated aberrations; CK3 — MK,
patients with three unrelated aberrations without MK; CK4+MK, patients with four or more unrelated aberrations with MK; CK4 — MK, patients with four or
more unrelated aberrations without MK; WBC, white blood count; LDH, lactate dehydrogenase.
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aberrations, n = 65 patients
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n = 9 HDK patients

n= 56 patients
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n= 35 patients with adverse risk abnormalities (CK3+adv)
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Complex aberrant with four or more unrelated
aberrations, n = 352 patients

l minus
n = 11 HDK patients

n = 341 patients

minus
n = 298 patients with adverse risk abnormalities (CK4+adv)
n = 8 patients with t(9;11)

CK4, n=35 patients

Figure 1. The flowcharts depicts all patients characterized by 3
(@) and >4 unrelated abnormalities (b), respectively, and end with
the groups CK3 and CK4. Patients with (i) pure hyperdiploid
karyotype (HDK), (ii) adverse-risk aberrations and (iii) t(9;11) were
removed constituting distinct groups because of their strong
specific influence on outcome per se. All of the complex aberrant
patients with adverse abnormalities per se are summarized to the CK
+adv group (n=333) resulting from n=35 CK3+adv and n=298
CK4+adv patients. CK3+adv consists of complex aberrant
karyotypes with three unrelated aberrations with at least one
specific adverse-risk aberration, without HDK, without t(9;11) and
CK4+adv consists of complex karyotypes with >4 unrelated
aberrations with at least one specific adverse-risk aberration,
without HDK, without t(9;11).

stem cell transplantation for intermediate-risk patients with a sibling donor
and adverse-risk patients with a matched donor. In the AML2003 trial,
patients were randomized up-front to undergo allogeneic hematopoietic
stem cell transplantation early after induction chemotherapy-induced
aplasia or during first remission in defined adverse-risk situations.”®

Statistical analysis

Complete remission was defined according to the standard consensus
criteria.2® OS was measured from the date of entering the study to the date
of event (death) or last follow-up and was reported for the whole cohort.
The Kaplan-Meier method was used to estimate the probability for OS.
Median OS were provided for all end points with 95% confidence intervals
(Cls). The stratified log rank test was used for univariate comparison of OS.
The stratification variable was the study generation.

To determine the prognostic influence of the distinct cytogenetic
groups independent of age, WBC, serum lactate dehydrogenase levels at
baseline, and type of AML (de novo AML, AML with preceding
myelodysplastic syndrome, therapy-related AML) as covariates, a stratified
multivariable Cox regression analysis for OS was performed. Stratification
variable again was study generation. Because of its informative character,
allogeneic hematopoietic stem cell transplantation was not censored.
All statistical analyses were performed using SPSS version 19.0.1
(SPSS Inc, Chicago, IL, USA) and the R environment for statistical
computing version 2.15.3.2'
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RESULTS

The following cytogenetic subgroups were analyzed for their
influence on OS.

Hyperdiploid karyotype

Out of 417 patients with >3 aberrations, 20 patients displayed
a pure HDK with a range of 49-80 chromosomes (median,
50 chromosomes) without other abnormalities. Nine patients with
HDK had 3 trisomies and 11 patients had > 4 trisomies. The most
frequent chromosomes involved in the formation of HDK were
chromosomes 8, 4, 13,9, 10, 21 and 22 (in decreasing frequency),
present in at least more than 20% of all patients with HDK.
Additionally, tetrasomies 4, 8, 13, 14, 20 and 21, each detected in
1-2 patients, as well as pentasomies 13, 21 and 22, each detected
in one patient, were found.

The median OS for these patients was 4.6 months (95% Cl,
0-17.4) (Figure 2a). The multivariable Cox regression including
age, WBC, lactate dehydrogenase and type of AML showed that
HDK was an independent prognostic factor for OS (HR 2.2; 95% Cl,
1.4-3.5; P=0.001). There was no influence of the number of
trisomies or tetrasomies on survival. Patients with three trisomies
and patients with four or more trisomies/tetrasomies had a similar
probabilities of OS (P=NS, data not shown). Furthermore, we
compared HDK patients with patients with cytogenetic adverse-
risk criteria according to the ELN/MRC classifications (Figure 2b).
OS did not differ significantly (HR 0.6; 95% Cl, 0.4-1.1; P=0.082).
For the adverse control group (CK+adv, n=333) no further
distinction between CK3+adv (n=35) and CK4+adv (n=298) was
performed since HDK patients with 3 or >4 aberrations had
similar survival.

Additional data resulting from univariate comparisons (log rank
test) regarding OS and data resulting from multivariable Cox
regression analysis of these patients and the patients documented
below are summarized in the supplement (Supplementary Tables
S1 and S2).

t(9;11) and other WHO recurrent cytogenetic abnormalities

The following WHO recurrent cytogenetic aberrations were
detected within the complex aberrant karyotypes of the patients
analyzed: t(9;11)(p21~22;923) (n=10 patients); t(6;9)(p23;q34)
(n =3 patients); inv(3)(q21926.2)/t(3;3)(g21;926.2) (n =9 patients)
and t(1;22)(p13;q13) (n=1 patient). Patients with t(9;11) had an
OS similar to patients with NK with a median survival of
23 months (95% Cl, 13-33.1) (Figure 2¢) Interestingly, 8 out of
the 10 patients had a karyotype grouped into the CK4 cohort
and 2 patients had additional specific adverse-risk abnormalities.

Complex karyotype with three independent aberrations (CK3) vs
complex karyotype with four or more independent aberrations (CK4)
To delineate the best cutoff of complexity, we analyzed survival
data from patients with 3 or >4 independent aberrations
(CK3, n=19 and CK4, n=35, respectively) who furthermore did
not have any of the adverse-risk cytogenetic aberrations, without
HDK, and without a t(9;11) (Figure 2d). CK4 patients without t(9;11)
and without adverse-risk criteria had a significant inferior OS
as compared with the control group. Multivariable Cox regression
analysis confirmed these observations for OS showing that CK4
(without adverse-risk abnormalities, without t(9;11) and without
HDK) is an independent adverse prognostic factor for OS
in comparison with NK (HR, 2.2; 95% Cl, 1.5-3.3; P <0.001).
Interestingly, OS of CK3 patients without t(9;11) and the adverse-
risk criteria was reduced only slightly (HR, 1.6; 95% Cl, 0.9-2.7;
P=0.078) while there was no significant effect for event-free
survival at all (data not shown).

Blood Cancer Journal

w



Karyotype complexity in AML
F Stolzel et al

=y

MK/unique adverse-risk aberrations

Many patients shared the cytogenetic features MK and specific
adverse-risk aberrations (Tables 2A and B and Figure 3). In the
group of patients with three aberrations, 34% patients (n=22) had
an MK, whereas in the group of patients with >4 aberrations, 65%
patients (n=228) had an MK, resulting in a total of 250 patients
with MK. A total of 333 patients had specific adverse-risk
aberrations (54%, n=35, in those patients with 3 aberrations
and 82%, n=298 in those patients with >4 aberrations).
The frequency of chromosome 17p abnormalities in these groups
was 11% and 38%, respectively. Of the patients belonging to the
CK3+MK group (n=22), 64% had additional specific adverse-risk
aberrations (n=14), whereas 95% (n=217) of the patients
belonging to the CK4+MK group (n=228) had additional specific
adverse-risk aberrations. Because MK is often caused by monosomy
of chromosomes 5, 7 or 17, we investigated the frequencies of these

monosomies in the MK group. A total of 45% of patients with CK3+MK
as well as 66% patients with CK4+MK harbored at least one of the
above monosomies. When investigating the influence of MK, all four

Table 2A. Karyotype details in patients with 3 or >4 aberrations
without specific consideration of other abnormalities (see also
Supplementary Figures 1A and B)

3 aberrations >4 aberrations

n=65 n=352
Hyperdiploid karyotype (%) 9 (14) 11 (3)
Adverse-risk abnormality (%) 35 (54) 298 (82)
abnl(17p) (%) 7(11) 135 (38)
Monosomal karyotype (%) 22 (34) 228 (65)

Abbreviation: abnl(17p), abnormality of chromosome 17p.

a Overall Survival b Overall Survival
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NK HDK CK+adv HDK
median OS, months (95% CI) | 21.2(18.3-24) | 4.6 (0—17.4) median OS, months (95% Cl) | 5.8 (4.9-6.7) | 4.6(0—17.4)
HR* (95% ClI) 22(14-35) HR* (95% CI) 0.6(04—1.1)
p value* 0.001 p value* 0.082

Cc Overall Survival d Overall Survival
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NK 1(9;11) NK CK3 CK4
median OS, months (95% Cl) | 21.2(18.3-24) | 23(13-33.1) median OS, months (95% CI) | 21.2(18.3-24) | 9.8 (2.8-16.7) 6.1(3.8-8.4)
HR* (95% CI) 1.5(0.7-3.1) HR* (95% CI) 16(09-27) | 22(15-33)
p value* 0.328 p value* 0.078 < 0.001

Figure 2.

(a) Overall survival (OS) of patients with normal karyotype (NK) and with pure hyperdiploid karyotype (HDK) AML from the time

of diagnosis. (b) OS of patients with HDK and with complex aberrant karyotype AML with >3 aberrations (CK+adv) of which at least one
aberration predicts an adverse risk per se, but without HDK and t(9;11) from the time of diagnosis. (c) OS of patients with NK and with complex
aberrant karyotype with t(9;11)(p21-22;q23) from the time of diagnosis. (d) OS of patients with NK, with complex aberrant karyotype with
three unrelated abnormalities but without HDK, t(9;11), and specific adverse-risk aberrations (CK3), with complex aberrant karyotype with >4
unrelated abnormalities but without HDK, t(9;11), and specific adverse-risk aberrations (CK4). Median OS is depicted in the respective table.
Cox regression (¥, hazard ratio (HR), P-value) was performed applying age, WBC, LDH and the type of AML (AML with antecedent
myelodysplastic syndrome and therapy-related AML) as co-variables. Abbreviation: LDH, lactate dehydrogenase.
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subgroups that is, CK3 — MK, CK3+MK, CK4 — MK and CK4+MK, fared
worse with regard to OS than the NK control group (Figures 4a and b).

The additional influence of specific adverse-risk aberrations on
outcome was more pronounced in patients with CK4 as compared
with patients with CK3 (CK3 vs CK3+adv and CK4 vs CK4+adv;
Supplementary Figures S1a and b). Median OS in months were 9.8
(95% Cl, 2.8-16.7) for CK3, 11 months (95% Cl, 6-16.1) for
CK3+adv, 6.1 months (95% Cl, 3.8-8.4) for CK4 and 5.4 months

Table 2B. Karyotype details in patients with 3 or >4 aberrations and
with a monosomal karyotype

CK3+MK CK4+MK

n=22 n=228
Monosomal karyotype without adverse-risk 8(36) 11 (5)
abnormality (%)
Monosomal karyotype with —5, =7 or —17 (%) 10 (45) 151 (66)

Abbreviations: CK3+MK, patients with a monosomal karyotype and a
complex karyotype with three unrelated aberrations; CK4+MK, patients
with a monosomal karyotype and a complex karyotype with >4 unrelated
aberrations.

B8 MK only
@B unique adverse-risk only

[ unique adverse-risk and MK

3 without unique adverse-risk and MK

3 aberrations 24 aberrations
n =56 n =341

Figure 3. Distribution of karyotype abnormalities in patients with
three abnormalities exclusive of an HDK and patients with >4
abnormalities exclusive of an HDK. The karyotype abnormalities in
these patients include monosomal karyotype (MK), unique adverse-
risk risk karyotype only, unique adverse-risk risk karyotype in
combination with MK, and patients without unique adverse-risk
risk karyotype and MK. Patients with pure HDK are excluded.
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(95% Cl, 4.5-6.2) for CK4+adv, respectively. The hazard ratios for
the risk of death in these groups compared with NK patients in the
multivariable analysis were 1.6 for CK3 (95% Cl, 0.9-2.7; P=0.085),
1.6 for CK3+adv (95% Cl, 1.1-2.3; P=0.010), 2.3 for CK4 (95% Cl,
1.6-3.3; P<0.001), and 3.3 for CK4+adv (95% Cl, 2.8-3.8;
P < 0.001).

DISCUSSION

Our analysis of the prognostic role of karyotype complexity
(3 vs >4) in adult AML patients demonstrates that a higher
number of patients have >4 (84%) aberrations than 3 (16%)
aberrations. Patients with >4 aberrations clearly fare worse than
NK patients, which could be demonstrated for the distinct groups
CK4, CK4+adv, CK4 — MK and CK4+MK. Of additional unfavorable
influence on OS was the existence of unique adverse-risk
aberrations (risk of death in comparison with NK patients for
CK4 HR, 2.3; 95% Cl, 1.6-3.3 vs CK4+adv HR, 3.3; 95% Cl 2.8-3.8)
or an MK (CK4 —MK HR, 2.7; 95% Cl, 2.2-3.3 vs CK4+MK HR, 3.3;
95% Cl, 2.8-3.9). Patients with three unrelated aberrations had a
worse outcome than NK patients, too. However, the effect was less
impressive than in patients with >4 aberrations.

The MRC data demonstrated that the level of karyotype
complexity has little impact on the outcome in patients already
having at least one of the independent abnormalities conferring
favorable or adverse risk. Additionally, the MRC reported that in
patients lacking any of these independent adverse-risk abnorm-
alities, the presence of >4 unrelated changes was found to
provide the most informative cutoff, predicting a significantly
inferior prognosis.”

The ELN classification scheme allocated patients with the
recurring aberration t(9;11)(p22;q23) to the intermediate-Il genetic
risk group.! Our data confirm this stratification showing that
the t(9;11)(p21-22;q23) confers an intermediate risk even with an
accompanying complex karyotype.

Our study implies that AML patients with an HDK, specifically
those without additional monosomies or structural aberrations,
should be allocated to an adverse-risk category because of the
significant influence on survival in comparison with NK patients
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Time (years) Time (years)
NK CK3-MK CK3+MK NK CK4-MK CK4+MK
median OS, months median OS, months
(95% CI) 21.2(18.3-24) | 10.5 (4.9-16.1) | 10.1 (6.1 14.1) (95% Cl) 212(18.3-24) | 6.2(4.5-7.8) | 55(44-6.7)
HR* (95% CI) 17(12-23) | 1.7(11-28) HR* (95% CI) 27(22-33) | 33(28-39)
p value* - 0.003 0.020 p value* <0.001 <0.001

Figure 4. Overall survival (OS) from the time of diagnosis of patients with normal karyotype (NK), (a) with complex aberrant karyotype with
three unrelated abnormalities but without MK (CK3 — MK), with complex aberrant karyotype with three unrelated abnormalities and MK (CK3
+MK), (b) with complex aberrant karyotype with >4 unrelated abnormalities but without MK (CK4 —MK), and with complex aberrant
karyotype with > 4 unrelated abnormalities and MK (CK4+MK). Median OS are depicted in the respective tables. Cox regression (*, hazard ratio
(HR), P-value) was performed applying age, WBC, LDH and the type of AML (AML with antecedent myelodysplastic syndrome and therapy-
related AML) as co-variables. Abbreviation: LDH, lactate dehydrogenase.
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(OS HR, 2.2; 95% Cl, 1.4-3.5; P=0.001). Recently, the impact
of hyperdiploidy in AML patients was published independently,
emphasizing the impact of this category.® Although the authors
identified a similar, obviously non-random pattern of chromoso-
mal gains comparable to our data, they applied a different
approach by also including patients with monosomies in their
HDK group with numerical changes, whereas we addressed the
impact of pure hyperdiploidy separately without including
patients with structural abnormalities and patients with loss of
chromosomes. An analysis of the French Groupe Francophone de
Cytogenetique Hematologique investigated 38 AML patients with
high HDKs restricted to karyotypes with only high hyperdiploidy
with 49 or more chromosomes.” Because of the inclusion of
children in the analysis by Luquet et al., a different methodology
and different statistical methods being applied, a direct compar-
ison with our results is not possible.

To date, it is not clear whether additional monosomies
or structural aberrations occur earlier in the development of
AML or whether one or the other abnormality acts as the driver or
the passenger aberration. Although gains of additional chromo-
somes appear to represent the result of clonal evolution caused by
the failure of the mitotic machinery rather than an initiating event
in AML, we suggest classifying patients with pure HDK as a distinct
category, excluding monosomies and structural abnormalities.

The introduction of the MK category by Breems et al. offered
the application of a further criterion in risk stratification of AML
patients showing that MK identifies a subset of patients with very
poor prognosis, which has been confirmed by other groups.>®*2
Our study, which was restricted to the distinct population of
complex aberrant patients, showed a relevant influence on
prognosis for the presence of an MK only in the CK4 situation
with an increased risk of death for patients with CK4+MK
as compared with patients with CK4—-MK. In patients with
CK3 — MK or with CK3+MK the risk of death was superimposable.
Additionally, our data confirm that distinct cytogenetic features
that accompany other abnormalities have a strong influence on
outcome and must be considered independently, for example,
patients with t(9;11) conferring intermediate risk.

A consistent definition of adverse-risk complex aberrant
karyotype AML appears to be warranted. Here, we confirm
a karyotype with >4 aberrations and a pure HDK as impressive
adverse-risk abnormalities in AML. Patients with three unrelated
aberrations fare worse than NK, too, but with an OS classifying
between the >4 patients and the intermediate NK. This is an
important finding that may help to stratify patients to individual
optimized treatment strategies and may therefore lead to
improved individual survival prognostication. Therefore, based
on our findings, we suggest the following re-classification of
cytogenetic risk: (1) favorable risk: CBF-AML; (2) intermediate risk:
normal karyotype, t(9;11); (3) adverse risk: three aberrations
without specific adverse-risk abnormalities, without HDK; (4) very
adverse risk: >4 aberrations, HDK, specific adverse-risk abnorm-
alities, as defined by the ELN and MRC.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

The contributions of all patients, nurses, lab technicians and physicians in the trials of
the SAL study group are highly appreciated.

AUTHOR CONTRIBUTIONS

GE and MB provided financial and administrative support. FS and BM designed
the study. FS, BM and MK collected the cytogenetic and clinical data. FS, BM,
MK, UO, TB, WEB, MK, CDB, KS-E, RS, HE, SK, HS, MH, RH, AN, KS, JMM, UP, MS,

Blood Cancer Journal

AK, CR, JS, MB and GE analyzed and interpreted the data. All authors
contributed to the writing process and approved the final manuscript.

REFERENCES

1 Dohner H, Estey EH, Amadori S, Appelbaum FR, Buchner T, Burnett AK et al.

Diagnosis and management of acute myeloid leukemia in adults: recommenda-

tions from an international expert panel, on behalf of the European LeukemiaNet.

Blood 2010; 115: 453-474.

Mrozek K. Cytogenetic, molecular genetic, and clinical characteristics

of acute myeloid leukemia with a complex karyotype. Semin Oncol 2008; 35:

365-377.

Mrozek K, Marcucci G, Nicolet D, Maharry KS, Becker H, Whitman SP et al.

Prognostic significance of the European LeukemiaNet standardized system for

reporting cytogenetic and molecular alterations in adults with acute myeloid

leukemia. J Clin Oncol 2012; 30: 4515-4523.

4 Rollig C, Bornhauser M, Thiede C, Taube F, Kramer M, Mohr B et al

Long-term prognosis of acute myeloid leukemia according to the new

genetic risk classification of the European LeukemiaNet

dations: evaluation of the proposed reporting system. J Clin Oncol 2011; 29:

2758-2765.

Grimwade D, Hills RK, Moorman AV, Walker H, Chatters S, Goldstone AH et al.

Refinement of cytogenetic classification in acute myeloid leukemia: determina-

tion of prognostic significance of rare recurring chromosomal abnormalities

among 5876 younger adult patients treated in the United Kingdom Medical

Research Council trials. Blood 2010; 116: 354-365.

6 Chilton L, Hills RK, Harrison CJ, Burnett AK, Grimwade D, Moorman AV.

Hyperdiploidy with 49-65 chromosomes represents a heterogeneous cytogenetic

subgroup of acute myeloid leukemia with differential outcome. Leukemia 2014;

28: 321-328.

Luquet |, Lai JL, Barin C, Baranger L, Bilhou-Nabera C, Lippert E et al. Hyperdiploid

karyotypes in acute myeloid leukemia define a novel entity: a study of 38 patients

from the Groupe Francophone de Cytogenetique Hematologique (GFCH).

Leukemia 2008; 22: 132-137.

8 Breems DA, Van Putten WL, De Greef GE, Van Zelderen-Bhola SL, Gerssen-Schoorl
KB, Mellink CH et al. Monosomal karyotype in acute myeloid leukemia: a better
indicator of poor prognosis than a complex karyotype. J Clin Oncol 2008; 26:
4791-4797.

9 Fang M, Storer B, Estey E, Othus M, Zhang L, Sandmaier BM et al.
Outcome of patients with acute myeloid leukemia with monosomal
karyotype who undergo hematopoietic cell transplantation. Blood 2011; 118:
1490-1494.

10 Middeke JM, Beelen D, Stadler M, Gohring G, Schlegelberger B, Baurmann H et al.
Outcome of high-risk acute myeloid leukemia after allogeneic hematopoietic cell
transplantation: negative impact of abnl(17p) and -5/5g. Blood 2012; 120:
2521-2528.

11 Mohr B, Schetelig J, Schafer-Eckart K, Schmitz N, Hanel M, Rosler W et al.
Impact of allogeneic haematopoietic stem cell transplantation in patients
with abnl(17p) acute myeloid leukaemia. Br J Haematol 2013; 161:
237-244.

12 Slovak ML, Kopecky KJ, Cassileth PA, Harrington DH, Theil KS, Mohamed A et al.
Karyotypic analysis predicts outcome of preremission and postremission therapy
in adult acute myeloid leukemia: a Southwest Oncology Group/Eastern Coop-
erative Oncology Group Study. Blood 2000; 96: 4075-4083.

13 Stolzel F, Pfirrmann M, Aulitzky WE, Kaufmann M, Bodenstein H, Bornhauser M
et al. Risk stratification using a new prognostic score for patients with secondary
acute myeloid leukemia: results of the prospective AML96 trial. Leukemia 2011;
25: 420-428.

14 Shaffer LG, McGowan-Jordan J, Schmid M. An International System for Human
Cytogenetic Nomenclature (ISCN) S. Karger: Basel, 2013.

15 Stolzel F, Mohr B, Kramer M, Réllig C, Bochtler T, Kramer A et al. Karyotypic
complexity in acute myeloid leukemia in the context of adverse prognosis. Blood
2013; 122: 489.

16 Vardiman JW, Thiele J, Arber DA, Brunning RD, Borowitz MJ, Porwit A et al.
The 2008 revision of the World Health Organization (WHO) classification of
myeloid neoplasms and acute leukemia: rationale and important changes. Blood
2009; 114: 937-951.

17 Rollig C, Thiede C, Gramatzki M, Aulitzky W, Bodenstein H, Bornhauser M et al.
A novel prognostic model in elderly patients with acute myeloid leukemia:
results of 909 patients entered into the prospective AML96 trial. Blood 2010; 116:
971-978.

18 Schaich M, Rollig C, Soucek S, Kramer M, Thiede C, Mohr B et al. Cytarabine dose
of 36 g/m(2) compared with 12 g/m(2) within first consolidation in acute myeloid
leukemia: results of patients enrolled onto the prospective randomized
AML96 study. J Clin Oncol 2011; 29: 2696-2702.

N

w

recommen-

v

~N



19 Schetelig J, Schaich M, Schafer-Eckart K, Hanel M, Aulitzky WE, Einsele H et al.
Hematopoietic cell transplantation in patients with intermediate and high-risk
AML: results from the randomized Study Alliance Leukemia (SAL) AML 2003 trial.
Leukemia 2015; 29: 1060-1068.

20 Cheson BD, Bennett JM, Kopecky KJ, Buchner T, Willman CL, Estey EH et al.

Revised recommendations of the International Working Group for Diagnosis,

Standardization of Response Criteria, Treatment Outcomes, and Reporting

Standards for Therapeutic Trials in Acute Myeloid Leukemia. J Clin Oncol 2003; 21:

4642-4649.

Team RCR. A Language and Environment for Statistical Computing. R Foundation

for Statistical Computing Vienna: Austria, 2012.

2

s

Karyotype complexity in AML
F Stolzel et al

22 Medeiros BC, Othus M, Fang M, Roulston D, Appelbaum FR. Prognostic impact of
monosomal karyotype in young adult and elderly acute myeloid leukemia: the
Southwest Oncology Group (SWOG) experience. Blood 2010; 116: 2224-2228.

This work is licensed under a Creative Commons Attribution 4.0

BY International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the

material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies this paper on Blood Cancer Journal website (http://www.nature.com/bcj)

Blood Cancer Journal

~


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Karyotype complexity and prognosis in acute myeloid leukemia
	Introduction
	Patients and methods
	Patient population
	Cytogenetic definitions
	Treatment protocols

	Table 1A Patient characteristics
	Table 1B Patient characteristics
	Statistical analysis

	Results
	Hyperdiploid karyotype
	t(9;11) and other WHO recurrent cytogenetic abnormalities
	Complex karyotype with three independent aberrations (CK3) vs complex karyotype with four or more independent aberrations (CK4)

	Figure 1 The flowcharts depicts all patients characterized by 3 (a) and &#x02A7E;�4 unrelated abnormalities (b), respectively, and end with the groups CK3 and CK4.
	MK/unique adverse-risk aberrations

	Figure 2  (a) Overall survival (OS) of patients with normal karyotype (NK) and with pure hyperdiploid karyotype (HDK) AML from the time of diagnosis.
	Table 2A Karyotype details in patients with 3 or &#x02A7E;�4 aberrations without specific consideration of other abnormalities (see also Supplementary Figures 1A and B)
	Discussion
	Table 2B Karyotype details in patients with 3 or &#x02A7E;�4 aberrations and with a monosomal karyotype
	Figure 3 Distribution of karyotype abnormalities in patients with three abnormalities exclusive of an HDK and patients with &#x02A7E;�4 abnormalities exclusive of an HDK.
	Figure 4 Overall survival (OS) from the time of diagnosis of patients with normal karyotype (NK), (a) with complex aberrant karyotype with three unrelated abnormalities but without MK (CK3�&#x02212;�MK), with complex aberrant karyotype with three unrelate
	The contributions of all patients, nurses, lab technicians and physicians in the trials of the SAL study group are highly appreciated.Supplementary Information accompanies this paper on Blood Cancer Journal website (http://www.nature.com/bcj)Dohner H, Est
	The contributions of all patients, nurses, lab technicians and physicians in the trials of the SAL study group are highly appreciated.Supplementary Information accompanies this paper on Blood Cancer Journal website (http://www.nature.com/bcj)Dohner H, Est
	ACKNOWLEDGEMENTS
	Dohner H, Estey EH, Amadori S, Appelbaum FR, Buchner T, Burnett AK  Diagnosis and management of acute myeloid leukemia in adults: recommendations from an international expert panel, on behalf of the European LeukemiaNet. Blood 2010; 115: 453&#x02013;474.M
	REFERENCES




