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Opinion statement

Acute myeloid leukemia (AML) patients with a complex karyotype (CK-AML) show at least 3
unrelated clonal cytogenetic abnormalities with notoriously poor outcome. Such cases fall
into either AML with myelodysplasia-related changes or therapy-related AML in the current
World Health Organization classification of AML. Allogeneic stem cell transplantation is
one of the only treatment modalities that can provide a long-term survival benefit and is
recommended as a consolidative treatment in patients who are able to achieve complete
remission. Unfortunately, transplantation is also associated with a higher relapse rate and
more than half of CK-AML patients relapse from disease within the first 2 years. The
probability of achieving remission with traditional induction using cytarabine and dau-
norubicin or idarubicin (“7 + 3”) is so small that investigational therapies should be
considered up front in these patients. Less intensive therapeutic backbones, typically
using one of the hypomethylating agents, azacitidine or decitabine, minimize toxicity and
show a trend toward the improved overall survival. CPX 351 (Vyxeos) is a liposomal
formulation of cytarabine and daunorubicin and this encapsulation leads to prolonged
exposure to the two drugs. This drug is approved for AML patients with MDS-related
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changes and therapy-related AML, both of which are frequently associated with complex
karyotype. Such patients show improved outcome in trials using this combination.
Combination therapy that includes venetoclax (BCL2 inhibitor) with hypomethylating
agents may also be appropriate for such patients.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous
group of diseases resulting from clonal transformation
of hematopoietic precursors through the acquisition of
chromosomal rearrangements and multiple gene muta-
tions [1]. A significant improvement has occurred over
the past 20 years in methods employed to diagnose
acute leukemias leading to improvement in diagnosis,
classification, and decisions related to the treatment of
individual patients [2, 3]. The collective study of AML
during the past 30 years has identified specific chromo-
some aberrations that are frequently found in AML [4•].
Acquired cytogenetic aberrations are detected in 50–
75% of the patients with AML [2, 5].

Diagnostic karyotype is the most powerful prognos-
tic factor that predicts for response to induction therapy
and survival in patients with AML [6]. Based on cytoge-
netic findings, patients with AML can be classified into
three major cytogenetic risk categories that include fa-
vorable, intermediate, and unfavorable. The favorable
risk group included patients with t(8;21), t(15;17),
inv.(16), or t(16;16). AML patients who are younger
than 65 years of age with a favorable karyotype when
treated with standard chemotherapy have complete re-
mission rates varying between 85 and 90% range and a

5-year overall survival of 50 to 60%. AML patients with
intermediate-risk cytogenetics have significantly worse
complete remission rates between 65 and 75%, and a 5-
year survival of 35 to 45%. The largest group is the
intermediate-risk group that accounts for up to 50% of
AML and includes normal karyotype, t(9;11), loss of the
Y chromosome, trisomy of chromosome 8, and
del(20q). The Medical Research Council (MRC) modi-
fied their cytogenetic system of classification in 2010,
and the most notable change was moving patients with
various translocations involving chromosome 11 from
the intermediate-risk group into the unfavorable group
[6, 7•].

The unfavorable AML risk group includes complex
karyotype, inv.(3) or t(3;3), t(6;9), t(6;11), t(11;19),
del(5q), and monosomy of chromosomes 5 or 7 [8, 9].
This group includes AML with complex cytogenetics and
monosomal karyotype [4•, 10••, 11]. AML patients
with unfavorable-risk cytogenetics have much lower
complete remission rates that vary between 45 and 55%
and a 5-year survival of only 10 to 20% [12, 13•].
Table 1 demonstrates common recurring cytogenetic
aberrations and prognostic risk in AML and the genes
involved in these aberrations.

Definition of complex karyotypes

Complex karyotype occurs in 10–14% of all AML patients, and up to 23%
among older AML patients [11, 46••]. The definition of complex karyotype
(CK) varies based on different classification schemes. It is usually comprised of
at least three unrelated chromosomal abnormalities as well as absence of any of
the known recurring balanced abnormalities such as t(8;21), inv.(16)/t(16;16),
and t(15;17). The Southwest Oncology Group (SWOG) showed that patients
with CK but without involvement of either chromosomes 5 or 7 had a complete
remission rate of 50% and an overall survival of 20%whereas patients who had
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complex cytogenetics and involvement of chromosomes 5 or 7 had significantly
lower rates [6]. The MRC-defined CK as having at least 5 unrelated abnormal-
ities based on their findings that each additional abnormality in a karyotype
significantly decreased rates of complete remission achievement and increased
mortality. AML patients with five or some unrelated abnormalities have a 5-year
OS significantly worse than those with three or four abnormalities [47•, 48].

Stolzel et al. (2016) redefined and validated a cutoff for karyotype complex-
ity in AML. The findings of their study revealed that patients with a pure
hyperdiploid karyotype (comprising ≥ 47 chromosomes) had an adverse risk
regardless of the number of chromosomal gains; patients with
t(9;11)(p21.3;q23.3) had an intermediate risk not dependent on the number of
additional aberrations. In this study, patients with ⩾ 4 abnormalities had an
adverse risk and patients with three aberrations in the absence of abnormalities
of strong influence had borderline intermediate/adverse risk with a reduced
overall survival when compared with patients with a normal karyotype [47•].

Breems et al. proposed the concept of monosomal karyotype (MK) as being
defined by the presence of at least two separate autosomal monosomies or one
monosomy plus one or more structural abnormality [44•]. The overall fre-
quency of MK in AML varies from 6 to 10% in prior studies but has been
reported up to 20% in AML patients over 60 years of age [49]. Weinberg et al.
found that AML with MK accounts for 13% of all AML patients and 22% of all
AML patients 60 and over and most of the patients with MK have a CK as
defined by having three or more unrelated changes. The most common chro-
mosomes lost in MK include 5 and 7 [45]. Other frequent monosomies include
chromosomes 17, 18, 16, 5, and 3 [45].

Chromosomal analysis is subjective and defining independent abnormali-
ties is sometimes difficult [47•]. CK often contain numerous chromosome
abnormalities that can only be partially or not at all interpreted using standard
cytogenetic techniques. Such abnormalities include unbalanced translocations
with chromosomal material of unknown origin, marker, or ring chromosomes,
homogeneously staining regions, or double minutes, the latter representing
cytogenetic equivalents of high-level DNA amplifications. In general, AML
patients with CK are characterized by chromosomal gains and losses, rather
than balanced translocations, suggesting distinct mechanisms in leukemogen-
esis [4•]. Trivedi et al. (2017) combined multiplex FISH with conventional
cytogenetic analysis in order to analyze complex chromosomal aberrations and
identified several rare, novel, and recurrent aberrations involving chromosomes
1, 5, 17, and 11 [9].

Prognosis of complex karyotypes

AML with unfavorable-risk cytogenetics is clinically challenging with markedly
poor outcome [6]. Structural aberrations, such as deletion 5q, deletion 7q, and
deletion 17p, or aberrations involving 3q, 11q, and 12p are known to be
associated with a poor prognosis in AML and are often seen in a CK [50, 51].
AML patients with CKwho have received chemotherapy generally have a highly
unfavorable outcome and studies indicate that CK is frequently used as an
indicator for experimental treatment approaches. Trivedi et al. (2017) suggested
that different genetic mechanisms with varying frequencies could have a role in

Curr. Treat. Options in Oncol. (2019) 20: 15 Page 5 of 13 15



the pathogenesis of AML as age increased. It is expected that a better under-
standing of genomic alterations will help researchers to identify new therapeutic
targets and improve the prognosis in patients with CK [9].

MK appears to have a worse prognosis even when compared to those
patients with CK. In a study of 733 AML patients with cytogenetic abnor-
malities, MK was shown to be a stronger prognostic predictor of poor
outcome as compared to the traditionally defined CK [44•]. Patients with
MK had a 4-year overall survival of 4%, compared with 21% in patients
with other unfavorable karyotypes but without MK. Weinberg et al. re-
ported that patients with AML-MK presented at an older age, with lower
bone marrow blasts and had morphologic multilineage dysplasia that were
predominantly subclassified as having AML with myelodysplasia-related
changes (AML-MRC). They concluded that patients with AML-MK had
significantly worse OS, DFS, and CR compared with other patients with
AML as well as within the AML-MRC group [45]. Other studies have also
confirmed that MK is an independent predictor of very poor prognosis in
the elderly [49] as well as in a cohort of patients with only unfavorable
cytogenetics [52]. The presence of MK in AML patients with CK had an
extremely poor prognosis with a 2-year leukemia transformation rate of
29.4% and a median survival of only 6 months [53]. Wierzbowska et al.
(2017) analyzed 125 AML patients with CK treated within PALG protocols
and found that the overall remission rate of 66 intensively treated patients
was 62% in CK+ MK− vs. 28% in the CK+ MK+ group. In this study,
presence of MK and higher karyotype complexity (≥ 5 chromosomal ab-
normalities) were independent prognostic factors [54]. The relationship
between MK and karyotype complexity in AML was also analyzed by
Haferlach et al. The authors reported that the difference in survival be-
tween CK+ MK+ and CK+ MK− patients depends on the definition of CK. If
CK is defined as ≥ 3 abnormalities, the median time of OS for CK+ MK−

patients is significantly longer than for CK+ MK+ ones. This difference
disappears if CK is defined as ≥ 4 abnormalities [55].

AML patients with CK treated with conventional induction and consolida-
tion chemotherapy generally have poor outcome. Among older patients (9
60 years) with 3 or more abnormalities, only 10–40% achieve complete remis-
sion and the remission rates are even lower for those with five or more abnor-
malities. Resistant disease is themain reason for failure to achieve remission and
is more common than early death. Even those AML patients with CK who
manage to achieve remission tend to relapse in median 6–8 months [4•].
Limited data suggest that prognosis of patients with a CK may also depend on
the type of detected abnormalities. Slovak et al. compared the outcome of
patients whose CK contained abnormalities of chromosomes 5 and/or 7 (-5/5q-
and/or -7/7q-) with that of patients whose CK did not include abnormalities of
these chromosomes, and observed that the CR rate was higher in the latter group
(50% vs. 37%) as was the probability of surviving 2 years (20% vs. 3%) [13•].

In studies focused exclusively on younger adults AML patients with CK, CR
rates were reported to be higher [4•]. The highest remission rates of 75 to 78%
have been reported in children, although pediatric AML patients with a CK are
limited in number. A CR rate of 67%, which is comparatively a high percentage,
was also observed in the MRC study, in which the cytogenetically complex
group comprised of young adults ages 14–65. Nonetheless, the long-term
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treatment outcome of younger patients with a CK, both for children and adults,
is still very unfavorable [56, 57].

TP53 mutations and AML with complex karyotypes

A cytogenetic analysis is a first hierarchical step in the WHO classification of
AML [2]. Recently, efforts in classification of AML have focused on identifying
molecular markers with prognostic significance. An increasingly exhaustive list
of leukemia genes has been gathered from systematic studies of the genomic
landscape of AML, such as analyses of data from the Cancer Genome Atlas, and
raises a possibility of a fully genomic AML classification scheme. Unfortunately,
a high number of genes are mutated in AML and patients typically have more
than one driver mutation andmultiple competing clones coexisting at any time
[58, 59]. Many of the clinical outcome improvements have been made in AML
in younger patients, while patients over the age of 60 years at diagnosis have
had minimal improvement in the overall dismal survival outcomes [60]. One
reason may be the underlying genetic features of AML in older adults: se-
quencing of the disease of older patients with AML shows an increased fre-
quency of complex mutation patterns and a greater proportion of unfavorable
mutations than are seen in younger patients.

There is a strong association between CK and mutation of the TP53 gene.
Several studies have shown TP53 mutations are frequently detected in patients
with AML-CK [61, 62••]. The incidences of TP53 mutation in AML-CK varied
from 53% in a British series, to 60–69% in two German studies. In contrast,
TP53 mutations rarely occurred in patients without CK (2.1%) or 17p chromo-
somal abnormality (2.8%). Hou et al. found that TP53mutation was associated
with distinct clinical features and was a poor prognostic factor in AML patients,
independent of age, WBC counts, karyotype, and other genetic markers [63].
TP53-mutated patients had a higher degree of karyotypic complexity than TP53
wild-type patients in the subgroup of patients with CK. Furthermore, TP53
mutations appear to be mutually exclusive of other mutations including NPM1,
FLT3-ITD, and DNMT3A. Papaemmanuil found that mutations in TP53 gene,
CK alterations, cytogenetically visible copy-number alterations (aneuploidies),
or a combination characterize a distinct group that accounted for 13% of the
cohort [62••]. Patients in this subgroup were older and had fewer RAS-pathway
mutations than patients in other subgroups and had dismal outcome [62••].
TP53 status may be assessed using immunohistochemistry. p53 expression may
be useful to infer TP53mutation status, CK, and/or poor prognosis in situations
where other modalities are not readily available [64].

Treatment

Current AML therapy still relies largely on intensive chemotherapy and alloge-
neic hematopoietic stem cell transplantation (HSCT), at least in younger patients
who can tolerate such intensive treatments [65]. This intensive approach has
yielded an approximately 60 to 70% chance of the overall survival across
different cooperative group protocols [66]. Traditional induction includes 3 days
of an anthracycline and 7 days of cytarabine (commonly referred to as “7 + 3”
regimens). Post-remission strategies comprise intensive chemotherapy and high-
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dose therapy followed by autologous or allogeneic transplantation. Consolida-
tion regimens include single-agent cytarabine at high doses and administration
of up to 4 cycles of high-dose cytarabine (2000–3000 mg/m2, commonly 6
doses per cycle) has been widely used [67]. At the present time, maintenance
chemotherapy is not part of standard AML treatment. Initial assessment evalu-
ates whether a patient is considered a candidate for intensive induction che-
motherapy and assessment of risk of treatment-related mortality after intensive
therapy is usually most relevant in older patients (commonly above the age of
65 years). The prognosis of patients with CK is generally very poor especially for
those treated with conventional induction and consolidation [4•].

Allogeneic stem cell transplantation is one of the only treatment modalities
that can provide long-term survival benefit for AML patients with CK and is
recommended as a consolidative treatment in these patients. Expanded use of
mismatched and unrelated donors as well as cord blood means a donor can be
found for most patients. Furthermore, non-myeloablative or reduced-intensity
conditioning regimens allow allogeneic transplantation in significantly older
patients ranging up to 75 years of age. Even so, only a minority of AML patients
undergo transplantation because of older age, comorbidities, toxicity of prior
therapy, inability to achieve a remission, and early relapse or refractory leuke-
mia [67]. Transplantation in itself is also associated with a higher relapse rate
andmore than half of CK-AML patients relapse fromdisease within first 2 years.
Presence of abnormalities of chromosomes 5 or 7 is associated with an even
higher relapse rate and worse survival benefit [68]. Umukoro (2018) reported
that relapse was the main factor responsible for the failure of treatment in
patients with AML-CK after transplantation [69]. The authors suggested that
conditioning regimens or cellular therapy that can effectively eradicate resistant
leukemic clones and prevent post-transplantation relapse are crucially needed
as to improve transplantation outcomes in AML-CK patients [69].

Less intensive therapies focus on using one of the hypomethylating agents,
specifically azacitidine or decitabine, and therefore minimize the toxicities that
are associated with standard “7 + 3” induction. A recent multicenter, random-
ized trial comparing azacitidine to conventional care regimens, including stan-
dard induction chemotherapy, low-dose Ara-c, or supportive care only, sug-
gested a trend toward improved OS for those treated with azacitidine compared
to conventional care (10.4 vs. 6.5 months, respectively, p = 0.1009) [70]. In a
study of decitabine treatment in AML patients, even those with TP53mutations
had amarked response rate. In this study, during decitabine treatment, TP53VAF
decreased rapidly to G 5% andwas accompanied bymarrow blast clearance [71].

Emerging therapies

Venetoclax is an oral inhibitor of the anti-apoptotic protein BCL-2 thought to
mediate resistance to typical AML therapy. DiNardo et al. administered venetoclax
together with either decitabine or azacytidine to 145 patients considered unfit for
standard therapy and with intermediate or adverse cytogenetics and noted a 30-
day death rate of 3%, CR rate of 35%, and a CR + CRi rate of 66%. Based on these
data, the FDA granted breakthrough therapy designation for venetoclax + either
azacytidine or decitabine or with low-dose cytarabine for patients who are ineli-
gible for intensive therapy [72]. CPX 351 is a liposomal formulation of cytarabine
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and daunorubicin at a fixed 5:1 M that was determined as optimum in preclinical
testing. The liposomal encapsulation leads to prolonged exposure to the two
drugs. This drug is approved for AML with myelodysplasia-related changes and
therapy-related AML (both of which may have CK) regardless of age even though
the trial leading to approval was conducted only in patients aged 60–75 [73]. FLT3
ITDmutations occur in about 25% of patients aged G 60 years and in about 15%
of older patients but most of these cases do not have CK. Midostaurin is an oral
multitargeted tyrosine kinase inhibitor active in patientswith a FLT3mutation and
is approved for all AML patients regardless of the age.

Conclusion

This review highlights the use of cytogenetics as a part of the regular diagnostic
examination of AML. This information provides a framework for risk stratifying
together with an increasing range of molecular markers. This is required for
both predicting the risk of relapse in those with normal karyotype and further
dissecting out groups of patients with dissimilar prognoses who share particular
cytogenetic abnormalities or fall within the same cytogenetic risk group. The
integration of pre-treatment parameters remains a central challenge and con-
tinues to be so. That integration includes cytogenetics and a number of mo-
lecular markers which are expanding exponentially, with an early evaluation of
treatment response used to develop robust algorithms that could further refine
the risk stratification of AML aimed at guiding consolidation therapy.

Genomic alterations which happen in AML patients with multiple chromo-
some aberrations are complex; however, recent use of a combination of mul-
ticolor FISH, FISH with region-specific probes, comparative genomic hybridi-
zation, and molecular genetic techniques has been successful in revealing part
of this complexity. It is expected that the biologic basis of leukemic transfor-
mation in these patients will be understood better and cytogenetic and molec-
ular subsets of patients with a CKwill be identifiedmore easily and efficiently. A
patient with AML-CK’s response to therapy may vary due to the presence or
absence of specific chromosome and/or gene alterations. If such genetic alter-
ations are characterized in more detail that would possibly lead to the devel-
opment of targeted therapeutic approaches. Such approaches, in turn, could
improve the prognosis of AML patients with a CK.
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