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Abstract

Introduction

Acute myeloid leukemia (AML) is the most common acute
leukemia in adults, which is heterogeneous in terms of morphological, cytogenetic and clinical features. Cytogenetic abnormalities,
including karyotype aberrations, gene mutations and gene expression abnormalities are the most important diagnostic tools in diagnosis, classification and prognosis in acute myeloid leukemias.
Based on World Health Organization (WHO) classification, acute
myeloid leukemias can be divided to four groups. Due to the heterogeneous nature of AML and since most therapeutic protocols in AML
are based on genetic alterations, gathering further information in
the field of rare disorders as well as common cytogenetic abnormalities would be helpful in determining the prognosis and treatment in
this group of diseases. Recently, the role of microRNAs (miRNAs) in
both normal hematopoiesis and myeloid leukemic cell differentiation
in myeloid lineage has been specified. miRNAs can be used instead
of genes for AML diagnosis and classification in the future, and can
also play a decisive role in the evaluation of relapse as well as
response to treatment in the patients. Therefore, their use in clinical
trials can affect treatment protocols and play a role in therapeutic
strategies for these patients. In this review, we have examined rare
cytogenetic abnormalities in different groups of acute myeloid
leukemias according to WHO classification, and the role of miRNA
expression in classification, diagnosis and response to treatment of
these disorders has also been dealt with.

Acute myeloid leukemia (AML) is a type of myeloid lineage malignancy characterized by proliferation of blast cells in bone marrow or
peripheral blood.1 AML is the most common acute leukemia in adults,
and its incidence is increased with increase in age (mostly over 60). It
is heterogeneous in terms of morphology, immunophenotype as well
as cytogenetic, molecular genetics and clinical features.1,2 Acute
leukemias are classified in four groups based on World Health
Organization (WHO) classification: i) AML with recurrent genetic
abnormalities (AML-RGA); ii) AML with myelodysplasia-related
changes (AML-MRC); iii) therapy-related acute myeloid leukemia (tAML); iv) AML with normal or non-specific karyotype (AML-NOS).2
Cytogenetic abnormalities, including karyotype aberrations, gene
mutations and disruption of gene expression are important tools to
detect, classify and determine the prognosis of acute leukemia. These
abnormalities form the basis of targeted and appropriate treatment of
leukemia to prevent additional treatment in case of cytogenetic abnormalities with good prognosis.2,3 Overall, cytogenetic abnormalities are
grouped in three categories: i) favorable; ii) intermediate; iii) adverse.
Some of these abnormalities are common and some are rare.2,3
To date, several rare cytogenetic abnormalities have been identified
in various AML varieties. Myeloid leukemias result from a number of
genomic alterations in target genes. These somatic mutations are
often cytogenetically detectable, and take the form of balanced or
unbalanced chromosomal aberrations. Several myeloid hematologic
malignancies are associated with balanced chromosomal aberrations,
resulting in development of chimeric genes with a high genetic, diagnostic and prognostic value.4 In fact, over 200 different genes are
known to have been developed by translocations in myeloid leukemias,
including promyelocytic leukemia gene (PML), Fms-related tyrosine
kinase 3 (FLT3) and homeobox protein-A (HOXA), rearrangement of
which is responsible for various disorders in AML via development of
fusion proteins. In fact, these genes encode heterogeneous disorders
in different subtypes of myeloid leukemia.4 Given that the majority of
treatment protocols in AML are based on certain genetic alterations,
obtaining more information on rare diseases in this group of diseases
would be useful in treatment of patients.5 Only a few cases of some of
these disorders have been reported to date, and only one case has been
reported from others in different AML subgroups (Figure 1).
MicroRNAs (miRNAs) constitute a group of noncoding, small and
single stranded 18-25 nucleotide long RNAs regulating gene expression in two ways: i) mRNA targeting and its degradation; and ii) affecting post-translation mechanisms of proteins.6,7
Expression of miRNAs is altered in many human cancers, including
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acute myeloid leukemia, indicating their role in pathogenesis of this
type of leukemia. Research on the role of miRNAs in AML has been
increasing, suggesting the application of miRNA expression in classification of myeloid leukemias as well as in detection of rare diseases to
determine the appropriate therapy for these patients (Table 1).8-44
In this article, we examine rare cytogenetic abnormalities and
assess their prognosis and response to treatment in different acute
myeloid leukemia subtypes according to WHO classification as well as
the role and expression of miRNA types in classification, diagnosis and
response to treatment in this type of leukemia.

Rare cytogenetic abnormalities in acute
myeloid leukemia with recurrent genetic
aberrations
This group of leukemias includes seven neoplasms with common
cytogenetic abnormalities with at least 20% blasts in peripheral blood
or bone marrow (BM). If the blast level is lower than 20%, detection
of molecular abnormalities would be helpful in their diagnosis. Rare
cytogenetic abnormalities in this group will be discussed below.1,2,5

Figure 1. The number of cases reported in rare cytogenetic abnormalities of 4 different groups in acute myeloid leukemia (AML). The
most interesting rare cytogenetic abnormalities in each group of AML have different distribution in the world. In some of abnormalities, several cases but in others just one case has been reported. RGA, recurrent genetic abnormalities; MRC, myelodysplasia-related
changes; t-AML, therapy-related AML; NOS, non-specific karyotype; JT, jumping translocation; dic, dicentric chromosome.
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Acute promyelocytic leukemia with cryptic PML/retinoic acid receptor (PML/RARA) rearrangement in chromosomes 11,15 and 17 is a
rare cytogenetic disorder. The primary mechanism of this disorder is
addition of PML gene on chromosome 15 to RARA gene locus on chromosome 17.
The resulting PML/RARA in chromosome 17 causes cryptic
rearrangement involving t(15,17,11) by translocation and movement
on chromosome 11.8 Molecular techniques like real-time polymerase
chain reaction (RT-PCR), FISH, and DNA sequencing are useful for
understanding a range of cryptic translocations. PML/RARA has been
found to be responsible for this malignancy using the above-mentioned techniques. PML and RARA genes generate a protein and
affect DNA, causing transcription inhibition and lack of normal differentiation of myeloid cells. In general, this gene rearrangement has a
good prognosis and responds well to chemotherapy with ATRA, idarubicin and cytarabine.8,45
Cryptic insertion from chromosome 10 to chromosome 11 is another rare disorder in this group, which leads to rearrangement on 11q23
and 10p12 chromosomes and development of mixed-lineage leukemia
(MLL)/MLLTP gene, which is a complex karyotype disorder.
Evaluation of PCR products in this disorder has indicated the presence of a similar breakpoint between MLL/MLLTP, which is caused by
alternative splicing of the MLL gene.14
MLL fusion gene is seen in 95% of 11q23 rearrangements in AML.
MLL fusion proteins function as a general transcription factor capable
of activating various promoters in cellular genes such as HOX.46,47
MLL fusion gene affects HOX gene and deregulate it, inducing
leukemogenesis. HOX expression is high in stem cells, and the
expression of it should be decreased during maturation. 47
HOX gene is controlled by MLL and its fusion proteins, and is in
fact a downstream target for HOX gene. HOX proteins are the major
hematopoietic oncoproteins overexpressed in a wide range of
leukemias, and mediate their function via activating promoters of
such genes as C-myeloblastosis (C-Myb).47,48 In fact, C-Myb is a downstream target for HOX gene. HOX gene causes C-Myb overexpression,
and uses it as access point to affect the malignant cells.
Continuous HOX and HOX gene mutation inhibits the differentiation and proliferation of pre-leukemic precursors. This disorder occurs
in children, and has a poor prognosis and response to treatment.14,48
Acute megakaryoblastic leukemia with trisomy 21 is a rare disorder
in children, which creates a complex karyotype leading to acquired
chromosome t(1,21)/RBM15/EVI1. Chromosome abnormalities involving RNA binding motif protein 15 (RBM15) are associated with acute
megakaryoblastic leukemia.21 This means that RBM15 acts as an
oncogene, and the fusion protein produced from this gene disrupts
Notch and cytokine signaling in megakaryoblast lineages.
Normal expression of RBM15 results in myeloid differentiation,
and its overexpression inhibits the differentiation of hematopoietic
cells. This leads to increased Notch signaling.21,49 Notch ligands and
receptors facilitate the proliferation and survival of bone marrow
stem cells. RBM15 overexpression enhances notch signaling and
thereby stimulates the transcription activity of hes family bHLH transcription factor 1 (HES1) promoters, suppressing the activity of globin transcription factor 1 (GATA-1), which is essential for megakaryocyte lineage differentiation.49 Acute megakaryoblastic leukemia and
acute lymphoid leukemia are two common subtypes of acute leukemia
in children associated with increased copies of chromosome 21.
However, unlike trisomy 21 in acute megakaryoblastic leukemia, this
trisomy is associated with a good prognosis in acute lymphoblastic
leukemia (ALL).21,49
Trisomy 6 is a rare disorder in acute magakaryoblastic leukemia in
children. The first mechanism involved in its leukemogenesis is gene

dosage effect, leading to increased gene expression and copies. The
second mechanism is the gene mutations involved in leukemogenesis in trisomy chromosome.18,50 For example, mutation in core binding factor genes is associated with acquired chromosome 21.
Core-binding factor (CBF) complex is a transcription factor, which
plays an important role in normal hematopoiesis by expression regulation of several genes, including granulocyte-colony stimulating factor receptor and interleukin-3.51
Involvement of MLL gene in trisomy 11 has also been reported to
play a role in pathogenesis of these trisomies. Gene mutations
involved in trisomy 6 are not yet well understood, but their recognition will contribute to elucidate the role of these genes in pathogenesis of this type of leukemia. In general, this type of leukemia has a
poor prognosis and response to treatment.18,51
t(7,11)/NUP98//HOXA is a rare cytogenetic abnormality in acute
myeloid leukemias. The protein product of the involved genes causes
degradation of nuclear pore complexes and deregulation of HOXA
transcription factor.52 Overexpression and deregulation of the function of HOX gene leads to altered transcription of genes in
hematopoietic precursors, inhibition of normal cell differentiation
and leukemogenesis.
HOX overexpression is accelerated by simultaneous expression
and interaction with Meis homeobox 1 (MEIC1). MEIC1 is involved in
normal hematopoiesis, and plays a role in AML development via interaction with HOX overexpression. Moreover, generation of NUP98HOXA9 fusion gene as an initial event in development of leukemia
causes sustained tumorigenesis by activating HOX, ectopic virus integration site 1 (EVI1) and FLT3, leading to development of AML.19
This type of leukemia is often observed in young females, and is
associated with poor prognosis. No specific chemotherapy drug has
been recognized for treatment of this disorder. Treatment with high
dose daunorubicin has been associated with relapse in most patients
(80%). Relapse has been observed in 3% of patients undergoing stem
cell transplantation. Research on the role of transplantation in treatment and survival of the patients is underway.19,53
3qJT with trisomy 8 is a rare type of jumping translocations (JTs).
This disorder is caused by duplication of 3q21, production of gene
segments containing RPN1 (ribophorin I) gene in long arm of chromosome 3 as donor chromosome and its transfer to the short arm of
recipient chromosome 8. Donor breakpoint 3qJT sites are close to
RPN1 gene, and the recipient breakpoint is located in telomere
sequence.53 The telomere is short in the cells afflicted with 3qJT.
Association of this disorder with trisomy 8 causes further reduction
of the telomere length. Shortening the telomeric sequences is a multistep process that leads to genomic instability and amplification of
3q segment, which causes the stability of telomere ends after attachment to it. JTs are clonal abnormalities in which telomere repeats are
stabilized and not shortened after fusion, while telomere ends in
other chromosomes remain short during cell division. In general, this
disorder has a poor prognosis and response to treatment (Table
1).20,54 Overall, depending on chromosome abnormalities and the
involvement of respective genes, different pathways will be followed
in the cell for development of leukemia, some of which will have a
good prognosis and some poor prognosis. For example, involvement of
PML/RARA genes inhibits transcription in normal cells and converts
them to leukemic cells with a favorable prognosis and response to
treatment. RBM15 gene causes some changes in the signaling pathways, and is associated with poor prognosis and response to treatment. Involvement of MLL and NUP98 genes also leads to deregulation of the function of HOX family members, changing transcription
of the cell and its conversion to leukemic cell with unfavorable prognosis and response to treatment.

[Oncology Reviews 2015; 9:261]

[page 9]

AML-RGA

[page 10]
PML/RARA

MLL/MLLPTD
AML1/ETO

FLT3/NRAS

PML-RARA/

t(12;15;17)(q24;q24;q11)

Cryptic 10p12;11q23

t(8;21)(q22;q22)
t(8;21)(q13;q22)
t(1;8;21)(p35;q22;q22)
Trisomy 6
t(7,11)
3qJT
Trisomy 21 t(1,21)
t(16;21)(q24;q22)
t(8;17)(q23;q24.2),
t(9;22)(p24.1;q12.2)
t(7;13)(p11;q34)
t(4;12)(q12;p13)
(1;3)(p36;q21)
*i(17q) without t(15;17)
t(7;21)(p22;q22)
inv(11)(p15q22)
t(11;17)(q23;p12)
t(9;11)(p22;q23)
t(8;16)(p11;p13)
Trisomy 10
Trisomy 11

t(15;17) and t(8;21)

RUNX1/USP42
NUP98/DDX10
MLL/TOP3A
MLL/AF9
MYST3/CREBBP

NUP98/HOXA
RPN1/EVI1
RBM15/EVI1
AML1/MTG16
Unknown/
BCR/ABL
ABCA13/ITGBL1
ETV6/CHIC2

AML1/ETO

PML/RARA

Genes involved

Cryptic t(15,17,11)

WHO category Rare karyotype abnormality
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Favorable

Adverse
Adverse
Adverse
Adverse
Favorable
Favorable
Adverse
Favorable
Adverse
Favorable
Favorable

Favorable
Favorable
Favorable
Favorable
Adverse
Adverse
Adverse
Favorable
Adverse

Adverse

Favorable

Favorable

Prognosis

RUNX1/RUNX1T1, BAK1, PML-RARA

PIM1/NRAS

PBX3
PBX3
CREBBP

NOTCH1, BCL2

RUNX1/RUNX1T1

RUNX1/RUNX1T1

PBX3

PML-RARA, BAK1

PML-RARA, BAK1

Signaling pathway/mutation target

Table 1. Rare cytogenetic abnormalities in 4 different acute myeloid leukemia groups with miRNA involved.

let-7a-3; miR-378; miR-337-3p,
miR-625; miR-155; miR-181a, b, d;
miR-193a-3p; miR-411; let-7a, b, d, f, g, I
miR-30a, b, c; miR-378; let-7a-3; miR-337-3p,

miR-30a, b, c; let-7a-3; miR-196b; miR-17h, g
miR-30a, b, c; let-7a-3; miR-196b; miR-17h, g
miR-218; miR-128; miR-27b; miR-15a; miR-195

miR-449a

miR-30a, b, c; miR-378; let-7a-3

miR-378; miR-30a, b, c; let-7a-3;
miR-337-3p; miR-625; miR-218;
miR-27b; miR-625; miR-125B
miR-378; miR-30a, b, c; let-7a-3;
miR-337-3p; miR-625; miR-218;
miR-27b; miR-625; miR-125b
miR-30a, b, c; let-7a-3; miR-196b;
miR-17h, g
miR-30a, b, c; miR-378; let-7a-3; miR-223

miRNA up regulation

9-12,33

24
25
26
27
28
28
9-11,29
9-11,30
9-11,31
32
9-12,33

9-11,15
16
9-11,17
18
19
10,20
21
22
23

10,11,14

9-13

8-12
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miR-16

miR-34b

miR-210; miR-23a; miR-181b; miR-495
miR-210; miR-23a; miR-181b; miR-495

miR-210; miR-23a; miR-181b; miR-495

miRNA down regulation
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t(4;16)(q25;q23.1)

Tetrasomy 5q
dic(1;15)(p11;p11)
Trisomy 14q
t (9,22) (q34;q11.2)
(mixed phenotype)
del 7q(q22q34),
20q (q11.2q13.1),
inv(16) )(p13.1;q22)
inv(12)(p13;q13)
t(11;18)(q13;q21.1)
t(1;16)(p31;q24)
Cryptic 7q31.1
Cryptic 7q22.1

t (3, 5)

ETV6(TEL)
MLLPTD
CBFA2T3/RUNX1
DOCK4/FLT3-ITD
CUX1
NUP98/NSD1
FAM65A/CTCF
KIAA1267/ARL17
BC041636/GGCT
CRNKL1/NAA20
R3HDM2/INHBC
ABHD16A/LY6G5C
HSPA14/SUV39H2
EGF/ELOVL6

CEP1/CEP15
FLT3-ITD/KRAS

NPM1/MLF1

Adverse
Adverse
Adverse
Favorable
Favorable
Adverse
Adverse
Adverse
Adverse
Adverse
Adverse
Adverse
Adverse
Adverse

Adverse

Favorable
Adverse
Adverse
Favorable

Favorable

PIM1

PBX3

PIMI/KRAS

E2F3/KLF4, RB1CC1/MN1, CLCN3,
CRKL/IRF2, KIT/SERPINB9

miR-378; let-7a-3

miR-378; let-7a-3

miR-30a, b, c

miR-378; let-7a-3; miR-155; miR-181a, b, d; miR-193a-3p; miR-411

miR-378; let-7a-3-M; miR10a; miR15a; miR-20a; miR-29a

miR-16

miR-210; miR-23a; miR-181b; miR-495

miR-16

miR-34a

44

40
9-11,40
41
9-11,42
42
43

39,13

35
36
9-12,37
38

9-12,34

PML/RARA, promyelocytic leukemia gene/retinoic acid receptor α; BAK1, BCL2-antagonist/killer 1; MLL/MLLTPD, mixed-lineage leukemia/partial tandem duplication; PBX3, pre-B-cell leukemia homeobox 3; AML1/ETO, acute myeloid leukemia 1 protein/eight-twenty one oncoprotein; RUNX1/RUNX1T1, Runt-related transcription factor 1;
NUP98//HOXA, nucleoporin 98 gene/homeobox protein-A; RPN1/EVI1, ribophorin I/ecotropic viral integration-1; NOTCH1, Notch (Drosophila) homolog 1; BCL2, B-cell lymphoma 2; RBM15, RNA binding motif protein 15; MTG16, myeloid translocation gene 16; BCR/ABL, breakpoint cluster region/"Abelson; ABCA13/ITGBL1, ATP-binding cassette, sub-family A (ABC1)/integrin, β-like 1 (with EGF-like repeat domains); ETV6/CHIC2, Ets variant 6/cysteine-rich hydrophobic domain 2; USP42, ubiquitin specific peptidase 42; DDX10, DEAD (Asp-Glu-Ala-Asp) box polypeptide 10; TOP3A, topoisomerase (DNA) III α; AF9, ALL1-fused gene from chromosome 9; MYST3/CREBBP, MYST
histone acetyltransferase (monocytic leukemia) 3/CREB binding protein; FLT3/NRAS, Fms-related tyrosine kinase 3/neuroblastoma RAS viral (V-Ras) oncogene homolog; PIM1, Pim-1 oncogene; MLF1, myeloid leukemia factor 1; E2F3, E2F transcription factor 3; KLF4, Kruppel-like factor 4; RB1CC1, RB1-inducible coiled-coil 1; MN1,
meningioma (disrupted in balanced translocation) 1; CLCN3, chloride channel, voltage-sensitive 3; CRKL,V-Crk avian sarcoma virus CT10 oncogene homolog-like; IRF2, interferon regulatory factor 2; SERPINB9, serpin peptidase inhibitor, clade B (Ovalbumin), member 9; CEP1/CEP15, C. elegans p53-like protein 1,15; KRAS, Kirsten rat
sarcoma viral oncogene homolog; CBFA2T3, core-binding factor, runt domain, α subunit 2; DOCK4, dedicator of cytokinesis 4; cux-1, cut-like homeobox 1; NSD1, nuclear receptor binding set domain protein 1; FAM65A, family with sequence similarity 65, member A; CTCF, CCCTC-binding factor (zinc finger protein); KIAA1267, KAT8 regulatory NSL complex subunit 1; ARL17, ADP-ribosylation factor-like 17B; GGCT, γ-glutamylcyclotransferase; CRNKL1, Crooked neck pre-MRNA splicing factor 1; NAA20N(α)-acetyltransferase 20, NatB catalytic subunit; R3HDM2, R3H domain containing 2; INHBC, inhibin, β C; ABHD16A, abhydrolase domain containing 16A; LY6G5C, lymphocyte antigen 6 complex, locus G5C; HSPA14, heat shock 70kDa protein 14; SUV39H2, suppressor of variegation 3-9 homolog 2 (Drosophila); EGF, epidermal growth factor; ELOVL6, ELOVL fatty acid elongase 6; AML-RGA, acute myeloid leukemia with recurrent genetic abnormalities; AML-MRC, acute myeloid leukemia with myelodysplasia-related changes; t-AML, therapy-related acute myeloid leukemia; AML-NOS, acute myeloid leukemia with normal karyotype or nonspecific karyotype abnormalities. *Isochromosome.

AML-NOS

t-AML

AML-MRC

WHO category Rare karyotype abnorma

Table 1. Continued from previous page.
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Rare cytogenetic abnormalities in acute
myeloid leukemia with myelodysplasia-related
changes
Acute myeloid leukemia with myelodysplastic changes is a feature of
this group of leukemias. Cases with a history of myelodysplastic syndromes, cytogenetic abnormalities associated with myelodysplasia,
more than 20% myeloblasts in BM and less than 50% dysplasia in two
or three cell lines are included in this group of leukemias.2,5
AML with NPM1/MLF1/t (3, 5) is a rare balanced cytogenetic abnormality. Breakpoints are located at 3q25.1 and 5q34. NPM1/MLF1 mutation functions with NPM1 mutation similar to AML, and this can indicate signaling pathways in both leukemias.34 HOX gene is largely associated with the involvement of nucleophosmin (NPM1) gene in AML
subtypes. This gene increases the expression of HOXA and HOXB family genes and their protein binding partners like MEIS1 and PBX3,
which would lead to lack of normal differentiation in progenitor cells,
cell proliferation and leukemia. This disorder has a good prognosis and
response to treatment.34,55
In a number of tumors (e.g., colorectal cancer), it has been shown
that the ploidy leads to chromosomal abnormality, instability and karyotype changes. Such abnormalities have also been observed in AML
patients. Tetraploidy of chromosome 5 is a rare cytogenetic disorder
and an important stage in AML-MRC pathogenesis. This tetraploidy
causes chromosome instability due to loss of telomere in 5q followed by
unbalanced chromosomal translocation, which ultimately leads to a
complex karyotype.35,56 Deletion in 5q causes chromosomal translocations known as derivative chromosome involving der (5) t(5; 14). Der
(2) t(1; 2) and der (3) t(3; 13) are other karyotype changes observed in
5q deletion due to tetraploidy. This rare disorder has a good prognosis
and response to treatment.35
Dicentric chromosome (dic) is connection of two abnormal chromosome pieces, each containing one centromere with satellite DNA.
CEP1/CEP15/dic (1; 15) (p11; p11) is a rare form of these disorders,
which leads to trisomy in the long arm of chromosome 1. The genes
involved in dic (1; 15) are unknown. However, chromosomal translocations of breakpoints in this disorder occur in heterochromatin.36
Heterochromatin rearrangements (relative trisomies and monosomies) cause imbalance by gene silencing in chromosomal breakpoints, leading to displacement of heterochromatin to an ectopic location. They also provoke functional changes in genes and chromatin
coupled proteins. In general, this disorder has a poor prognosis and
response to treatment with induction chemotherapies.36,37
Trisomy in chromosome 14q is a rare acrocentric chromosomal
abnormality. It occurs due to 14q rearrangement of two homologous
long arms, and is quite heterogeneous. This trisomy is generated in the
onset of tumorigenesis process, and plays an essential role in initiation
of the neoplastic process and development of malignancy.37,58 However,
increased expression and dosage effect of oncogenes like V-Akt murine
thymoma viral oncogene homolog 1 (AKT1), FBJ murine osteosarcoma
viral oncogene homolog (FOS) and Jagged 2 (JAG2) cause proliferation
of malignant cells in this disorder and continuation of the tumorigenesis process.59,60 Mutation in proto-oncogenes like FLT3-internal tandem
duplication (FLT3-ITD) and Kirsten rat sarcoma viral oncogene
homolog (KRAS) affects the proliferation and differentiation of myeloid
cells, and their interaction with loss-of-function mutations of HOX family members causes lack of hematopoietic transcription factors for normal differentiation of the cells, resulting in increase in malignant
cells. These mutations are observed together with myelodysplastic disorders in this abnormality. This disorder has a poor prognosis and
response to treatment (Table 1).37,53,61
In general, chromosomal abnormalities in this group, which lead to
[page 12]

complex karyotype, have a better prognosis and response to treatment
in case of disruption of telomere but have a poor prognosis and
response to treatment if the heterochromatin region is disrupted.
Ploidy abnormalities that lead to involvement of NPM1, FLT3-ITD and
KRAS are at odds with the HOX family genes, and lead to failure of normal cell differentiation and leukemia.

Rare cytogenetic abnormalities in acute
myeloid leukemia with therapy-related acute
myeloid leukemia
This type of myeloid leukemia is divided into two distinct subgroups:
i) those with a history of exposure to radiation or alkaline reagents
such as melphalan and cyclophosphamide and associated with a latent
phase of 3-10 years; ii) those receiving topoisomerase II inhibitors like
etoposide and anthracyclines with a shorter latent period of 1-3
years.1,2,5 t-AML with mixed phenotype is a rare phenomenon, and only
one case of it has been reported so far. This disorder appears with (q34;
q11.2) t (9,22) translocation after chemotherapy with topoisomerase II
inhibitors and radiotherapy of the uterus cancer after a latent phase of
7 years. In bone marrow examination, there is a complex karyotype
with/47 idem, + der (22) t(9; 22) t(9; 22) (q34; q11.2), dup (1)
(q21q32). Immunophenotype of the patient indicates the involvement
of B/myeloid lineage.38 Based on WHO classification, this type of chromosomal abnormality is grouped as t-AML secondary to treatment with
a mixed phenotype; however, the biological characteristics of the disease are similar to mixed phenotype. Despite mixed phenotype and t(9,
22) translocation, the disease has a good prognosis and response to
therapy during treatment protocol with AML, including induction
chemotherapy combined with Imatinib.38,62,63
Del 7q (q22q34) del 20q (q11.2q13.1) with inv (16) (p13.1; q22) is an
extremely rare karyotype complex. It is grouped as t-AML caused by
topoisomerase II inhibitors in treatment of breast cancer after a latent
phase of 3 years, and only one case of it has been reported so far.39
Complex karyotype in this type of t-AML has been reported to be associated with deletion of chromosome 5, but deletion in chromosomes 7
and 20 is observed in this rare disorder. Chromosomal breakage due to
topoisomerase II inhibitors causes leukemogenic effects, and accounts
for chromosomal translocation and leukemia in this disorder.39,64,65 In
general, t-AML has a poor response to treatment and a short improvement course. The mentioned abnormality has a bad prognosis, and
does not respond to induction chemotherapies (Table 1).39 Overall, the
inhibitory effect of topoisomerase II inhibitors causes chromosomal
breakage, complex karyotype and leukemia in this group of disorders.
Prognosis and response to treatment is poor in this rare group of disorders, but when these disorders are associated with another disorder
with mixed phenotype, the prognosis is good, and response to therapy
is more favorable due to the use of AML treatment protocol.

Rare cytogenetic abnormalities in acute
myeloid leukemia with normal or nonspecific
karyotype
In this group of leukemias, the features related to other groups
(including dysplasia) are absent. Cytogenetic features are either nonspecific, which are not included in other AML subtypes or the patients
have a normal karyotype, in which other cytogenetic features like gene
expression would be helpful in their diagnosis.2,5
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7q31.1 is a cryptic 7q del associated with relative monoallelic deletion of dedicator of cytokinesis 4 (DOCK4) gene, and is an acute
leukemia with normal karyotype. DOCK4 is a tumor suppressor gene,
which is involved in the activity of GTPases for signal transduction
pathways such as Rho GTPase Rac1, which are essential for normal cell
proliferation, adhesion, migration and phagocytosis.42,66,67 DOCK4 is
also associated with other signaling pathways like -catenin and GSK3, and plays an important role in the regulation of cell function in
hematopoiesis through molecular interactions with these two pathways. Deletion of this gene is involved in tumorigenesis process in this
disorder, and involvement of FLT3-ITD gene contributes to the process
of tumorigenesis.42.68 This type of leukemia shows intermediate cytogenetic abnormality, so that it has a poor the prognosis, and relapse
occurs after the initial treatment. However, in later stages of treatment,
it responds well to treatment, and improvement of the patient is
observed.42 7q22.1 abnormality and cut-like homeobox 1 (CUX1) gene
mutation is another rare disorder, which shows similar characteristics
and treatment response to the previous disorder. The protein product of
CUX1 gene is a member of DNA-binding protein family, which regulates
gene expression and differentiation, and plays an important role in
normal cell cycle.42,69 Mutations in this gene cause down-regulation of
phosphoinositide-3-kinase interacting protein (PI3K-IP1) inhibitor,
which is an inhibitor of phosphoinositide-3PI3K kinase. This activates
the PI3K signaling pathway and increases the proliferation and expansion of tumor cells. PI3K consists of a family of enzymes involved in cell
growth, proliferation and differentiation, and increased expression or
mutation of it would result in development of tumor. This disorder has
an intermediate prognosis and response to therapy similar to the previous one.69,70 Identification of genetic mutations involved in
leukemias with normal karyotype contributes to their diagnosis. Recent
studies on fusion transcriptions in normal karyotype AML has shown
that some fusion genes located on the same chromosome in the human
genome are not associated with karyotype status of the AML, and can
be useful diagnostic markers in leukemias with normal karyotype.44,71
Comparing these genes with other subtypes of AML shows that they are
only observed in normal karyotype AML. These genes include seven
rare fusion genes as follows: FAM65A-CTCF, KIAA1267-ARL17,
BC041636-GGCT, CRNKL1-NAA20, INHBC-R3HDM2, ABHD16ALY6G5C, and HSPA14-SUV39H2. Some of these genes like CTCF, INHBC
and HSPA14 are involved in other malignancies such as breast and
prostate cancers as well as Wilm’s tumor. These mutations have a poor
prognosis and response to treatment.44,72,73 NUP98/NSD1 is another
rare mutation, which is more common in children. NUP98/NSD1 is a
class II oncogene. Involvement of FLT3-ITD gene with this mutation
raises a new relationship between class I and II oncogenes. The resulting NUP98-homeobox fusion can bind to DNA and recruit
CREBBP/p300, causing histone acetylation and transcription activation
of target genes. Nucleoporin 98kDa (NUP98) gene is associated with
increased expression of HOXA and HOXB family members, inhibiting
normal differentiation of cells, increasing their proliferation and causing leukemia.43,74,75 FLT3-ITD gene is a proto-oncogene, mutations of
which cause expansion of malignant cells. Due to the involvement of
class II oncogenes in pathogenesis of this disorder, it has a poor overall
prognosis, is associated with relapse and is refractory to induction
chemotherapy (Table 1).43,76 In general, involvement of DOCK4 and
CUX1 genes leads to changes in cell signaling pathways and increased
proliferation of tumor cells, which have an intermediate prognosis and
response to therapy. As stated about the involvement of AML-RGA gene
group, involvement of NUP98 gene is associated with the HOX family of
genes, and causes a poor prognosis and response to treatment in this
group. As a result, identification of genetic mutations involved in this
group is of particular importance in its diagnosis and treatment
because of the normal karyotype.

The role and alteration of microRNAs in rare
cytogenetic abnormalities in acute myeloid
leukemia
Several mechanisms have been identified about mutations, chromosomal translocations and epigenetic changes (including DNA methylation) as the first epigenetic event in AML. Recently, other epigenetic
mechanisms such as miRNA have been detected in leukemias, and their
role in normal physiology and pathogenesis has been specified by
increasing knowledge in this field.10,77,78 miRNAs play important biological roles in cell growth, differentiation, response to stress and apoptosis.
Expression evaluation of miRNA is a vastly growing research field, since
miRNAs play vital roles in normal hematopoiesis, regulation and differentiation of the myeloid lineage and their ectopic expression is associated with hematologic malignancies and leukemogenesis.13,79 The role of
miRNA in AML was for the first time determined by the studies conducted to differentiate between ALL and AML, in which the important role of
miRNA in differentiation of AML from ALL was shown.80 To date, few
studies have been performed on the role of miRNA in AML, and the
mechanisms involved in the regulatory role of miRNA are not yet fully
identified due to the high level of heterogeneity in patients with different
subtypes of AML. Nevertheless, despite these factors, the role of miRNAs
in pathogenicity and myeloid malignancies has been demonstrated.80
Research has indicated the role of a number of miRNAs in chromosomal
translocations t(8, 21), t(15, 17), inv (16) and in common molecular
abnormalities such as NPM1, CCAAT enhancer binding factor (CEBPA)
and FLT3-ITD in AML.81 In addition, several miRNA tumor suppressors,
including miR-155, miR-21 and let-7, have been recently identified in
various subgroups of AML, and this suggests that miRNA are involved in
the pathogenesis of AML, and can contribute to diagnosis of this
disease.82 Recent studies have shown that the expression of miR-10a,
miR-10b and miR-196a, which are located in internal regions of HOX
gene cluster, is associated with the expression of HOXA and HOXB in
AML, indicating the ectopic function of these miRNAs in the regulation
of proliferation and differentiation in leukemia.82 Correlation between
gene expression and miRNA expression has been detected in subtypes
with poor prognosis in patients with normal karyotype through the investigation of genes involved in the disease, indicating the malignant phenotype in them by increased or decreased expression of miRNA. A few
studies indicate the role of miRNA in response to treatment in myeloid
leukemias.83 miR-223 has an important role in myeloid differentiation
and granulopoiesis. It has been reported that some fusion proteins in
leukemias can inhibit the expression of miR-223. Silencing of miR-223
expression is associated with differentiation arrest of myeloid precursors and leukemogenesis.81 However, disrupted function of miR-223 alleles has indicated its role in granulocytopoiesis in myeloid lineage.
Therefore, in general, we can say that miRNAs play an important role
independent from gene expression in myeloid cell differentiation of AML
subtypes.81 The role of let-7c in granulocyte differentiation in several
AML cell lines has been detected. Decreased let-7 expression has been
shown in a variety of solid tumors, which indicates its role as a tumor
suppressor.12,13 Definition of AML subtypes by a finite number of known
miRNAs indicates their strong expression potential in various AML subtypes. However, the number of known human miRNA in leukemia is
increasing; therefore, detection of new miRNAs with specific expression
in AML subtypes will enable their classification by miRNA.82 miRNAs
involved in rare cytogenetic abnormalities and those effective in leukemogenesis, the involved genes as well as the signaling pathways in each
of these disorders in four AML groups according to WHO have been summarized in Table 1. In general, miRNAs can play different roles in AML
classification, prognosis and response to treatment due to several functions in myeloid lineage.
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Discussion
AML is a heterogeneous disease caused by clonal proliferation of
malignant myeloid precursors and disrupted differentiation in these
cells. Although the majority of patients with AML recover, most of them
demonstrate a poor prognosis, undergo relapse and finally succumb to
the disease. Significant changes in gene transcription leading to
relapse after chemotherapy are still unknown. Some reports indicate
that AML can be classified in different groups based on chromosomal
abnormalities, acquired somatic mutations, gene expression, miRNA
and methylation status.83 Several cytogenetic abnormalities, such as
chromosomal aberrations, gene expression and somatic mutations can
contribute to determination of AML subtypes, rare disorders as well as
favorable, intermediate and adverse phenotypes, and can be effective
in their response to treatment. Upon AML diagnosis, induction
chemotherapy of the patients using anthracyclines (daunorubicin,
idarubicin) and cytarabine is started until complete remission (CR).84
Response to treatment depends on the cytogenetic characteristics and
patient’s age. Therefore, leukemias with monosomal karyotype and
cytogenetic abnormalities associated with poor prognosis as well as
older patients show a poor response to treatment. Therefore, by targeting the specific genotypic characteristics of AML patients, they can be
treated using specific drugs.84 There are some intractable cases that
depend on the interaction of leukemic cells and the surrounding
microenvironment in the bone marrow. These cells home to microenvironment niche, and are protected against cytotoxic effects of
chemotherapy. Interaction between stromal cells and leukemia progenitor cells through adhesion molecules is the reason for this resistance
to treatment, which can affect the pathobiology and response to treatment.83,84 Studies on cell lines have shown that increased expression of
miRNAs inhibits cell differentiation, and decreased expression of them
causes differentiation in these cell lines. Many miRNAs controlling the
differentiation of myeloid lineage are not known to date. miRNAs contribute to our understanding of myeloid malignancies.12,13 In most
cases of AML, CR is associated with increased expression of miR15a/16, and it has been observed that this miRNA is decreased during
disease relapse. Evidence also suggests a link between miRNA and
patient’s prognosis. For example, increased miR-199a and miR-191 in
individuals with trisomy of chromosome 8 is associated with a poor
prognosis. Increased expression of miR-155 has also been associated
with a poor prognosis, but miR-181a is associated with a better prognosis in AML, and indicates the potential to achieve effective treatment
for these patients. Reduced expression of miR-181a, b in cytogenetically normal patients has been associated with myeloid leukemia with a
severe malignant phenotype.81,83 miR-378 and miR-let7a-3 have recently been shown to be present in most subtypes of AML, and their
increased expression is associated with a poor prognosis. Studies have
shown that CR is not significantly different in patients with or without
these miRNAs. However, the relapse rate is higher in patients with
increased expression of this miRNA, which indicates the importance of
detection of this miRNA in AML subgroups to contribute to more effective treatment in these patients.10,11
Due to the heterogeneous nature of AML, frequent mutations in its
subgroups and development of rare karyotypes in addition to common
karyotypes in this leukemia, determination of patients’ prognosis
based on cytogenetic features like gene expression and mutations can
be helpful. These features can also be good therapeutic targets for the
patients. miRNAs have been recently recognized as a new mechanism
in normal myeloid differentiation as well as leukemic cell differentiation. miRNAs can be superior to gene expression in diagnosis, classification, prognosis and as biomarkers in AML due to relationship with
signaling pathways when the cytogenetic features of the disease are
not well known. In addition, using miRNA-based therapeutic approach[page 14]

es, treatment strategies for AML can be designed by determining disease prognosis by miRNA. Moreover, response to treatment and the
likelihood of relapse in patients can be predicted. Therefore, miRNAs
present a new method of anticancer therapy, which can help obviate
the challenges in treatment of AML patients.
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