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ABSTRACT
Acute Myeloid Leukemia is a phenotypic and genetically heterogeneous disease, categorized by numerous genetic
abnormalities, gene mutations and epigenetic changes in hematopoietic cells which affect normal processes like cell
growth, proliferation and differentiation. Insights from several gene expression studies enriched our understanding of
the genes and mechanisms that requlate these processes in normal and leukemic cells. This review highlights the gene
expression changes associated with AML with a special focus on their revelation from next-generation sequencing
technologies. Some important protein families contributing to such changes are also discussed.
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INTRODUCTION

Acute Myeloid Leukemia (AML) is a cancer of the myeloid lineage hematopoietic cells and is clonally
heterogeneous since all myeloid precursors and progenitors can undertake malignant transformation
[1,2]. It is characterized by clonal expansion of myeloid precursors with reduced capacity for
differentiation [2]. It is the most common type of leukemia among haematological malignancies in adults,
affecting ~21k people annually and around 11k deaths in United States [3]. Though there is a decrease in
mortality rates from acute and chronic leukemias by around 1% per year between 2005 and 2014, the
death rates kept on stable for AML [4]. [t accounts for 15 to 20% of acute leukemia cases in children and
80% in adults. AML is the most dominant form of leukemia in neonatal and adult ages but signifies a small
fraction of cases during infancy and adolescence [5]. AML usually starts in the bone marrow, but most
often it quickly moves into the blood, as well. It can sometimes spread to other parts of the body including
the lymph nodes, spleen, liver, central nervous system (brain and spinal cord), and testicles.

GENE EXPRESSION PROFILING (GEP)

All biological events in the cell are mainly controlled by the changes in expression of key genes.
Transcription of a gene is important in normal events such as cell division, proliferation, differentiation
and cell death. On the other hand, it assists the pathogenic process that renders the development and
progression of the disease, as well as governing response to therapy. By comparing gene expression
profiles under different conditions, individual or group of genes that plays a vital role in particular
disease etiology can be identified. Therefore research focusing on the delineation of gene expression
profiles for the identification of key genes and gene clusters which are altered in disease states
comparable with normal is found to be important [6]. GEP is the determination of gene expression
patterns at transcription level, in a specific cell or under specific conditions to give a global picture of
cellular function. It has become an important tool in the field of hematology, providing key insights in
understanding the biology of hematologic malignancies and aid in clinical inferences. Techniques to
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measure gene expression patterns include DNA microarrays which measure the relative activity of
previously recognised target genes, or sequencing technologies like RNA sequencing (RNA-Seq), which
allow profiling of all active genes.

GEP analysis successfully distinguish AML and ALL (Acute Lymphoid Leukemia) samples and established
a gene expression-based predictor which assigned new leukemia cases based on the predicted model of
each of the two leukemia types with high accuracy [7]. Advances in massive sequencing technologies have
reported several mutations associated with AML and some of such reported genes include KIT, FLT3,
NPM1, CEBPa, BAALC, WT1, RAS, ERG, MN1, DNMT, TET2, IDH, ASXL1, CBL and PTPN11 [8,9]. Among
these the genes FLT3, NPM1 and CEBPa are focussed by the World Health Organization (WHO) due to
their importance in treatment response and disease progression [10]. FLT3, a member of receptor
tyrosine kinase family is usually expressed in hematopoietic progenitor cells and is highly expressed in
most of the AML cases [11]. NPM1, a chaperone protein plays an important role in maintaining
homeostasis and any disruption of these can cause malignancy and is commonly up-regulated in various
cancers [12,13]. CEBPa is a transcriptional factor possessing key roles in tissue-specific gene expression
[14] and proliferation arrest and is over expressed during granulocyte differentiation [15]. Mutation of
these genes is common in AML and is discussed below under genetic mutations section.

RNA-SEQUENCING IN LEUKEMIA RESEARCH

After the complete tumor genome sequencing of AML in 2009 [16], numerous studies are being reported
various novel somatic mutations in AML and cancer in common, rather it's inadequate to elucidate the
leukemogenic process completely [17]. Luckily, massively parallel sequencing has been implemented to
sequence cDNA libraries obtained from reverse transcription of different RNA sources, a technique
generally denoted as RNA sequencing (RNA-Seq) [18,19]. It has become an essential tool to find disease-
associated transcriptional profiles and determine the molecular keystones of diseases. It is an important
technology behind the wide-ranging analysis of disease transcriptomes and offers great promise for
clinical applications including disease diagnosis, therapeutic selection and precision medicine approaches
[20-23]. This has been predominantly helpful in understanding the pathogenesis and classification of
leukemia [24,25]. For example, it has been utilized for the identification of a broad range of diagnostic
biomarkers [26], fusion-genes and persistent mutations [27,28], expressed variants [29], differential gene
expression among different biological conditions and alternative splicing events [30] in various leukemia
types.

With the development of sequencing techniques, targeted therapy facilitated by molecular biology and
genetics is a promising area for therapy of AML [31]. High throughput technologies such as RNA
sequencing have enabled the revelation of global transcriptomic changes in AML, especially key
molecules in the pathogenesis. Currently, studies indicated that during the pathogenesis of AML
regulation of a variety of signaling pathways were overexpressed which was caused by mutations
contributing to hematopoietic transformation in terms of transcriptional targets during pathogenesis,
such as TET2, DNMT3A, ASXL1, IDH1 and IDH2 [32].

Potential targets in AML based on whole-genome RNA-seq by analysing the transcriptomic profile during
diagnosis. They marked a change in transcriptomic profile of patients and found the novel genes namely
Rh associated glycoprotein (RHAG), succinate receptor 1 (SUCNR1), transmembrane-4 L-six family
member-1 (TM4SF1) and Adhesion G Protein-Coupled Receptor A3 (ADGRA3) which may act as potential
targets in AML [33]. AML cellular subpopulations augmented for leukemia stem cells (LSCs) possess
different gene expression pattern, which shares essential stemness landscapes with profiles of
hematopoietic stem cells (HSCs) [34]. LSC-like gene expression signature was related to cytogenetically
normal AML patients [35]. Moreover, this LSC signature was also linked with a specific microRNA
expression pattern. These findings help the LSC theory for AML pathogenesis and agree with the factual
biological features at cellular and transcriptomic stages, with precise significance to clinical outcome. An
approach for the diagnosis and genomic classification of paediatric ALL from RNA-seq data. They have
identified the IKZF1 deletions, which are usually detected by standard-off-care diagnostics, but failed to
detect by RNA-seq, due to low expression. They showed that RNA-seq can be implemented in clinical
investigation of individuals which can improve the existing risk classification in molecular diagnostics of
ALL [36].

Genetic Mutations and AML

Multiple gene mutations that affect AML process have been identified and several pieces of evidence
suggest the role of splicing events in cancer. RNA-seq profiling disclosed aberrant splicing in AML
patients during treatment, which would be an additional source for biomarkers and even therapeutic
target discovery. Moreover, this may assist the better understanding of leukemogenesis [37]. An
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approach for finding the mutations in AML cells using single-cell RNA-sequencing. They identified many
cells with tumor-specific mutations and differentiated the AML cells from normal cells to detect the
expression signatures related to subclonal mutations, cell surface markers [38]. Their approach can
connect genotype to phenotype, which can be widely used to detect any genotypically and phenotypically
heterogeneous sample. FLT3 is the most prominent genetic alteration correlated with poor prognosis in
AML patients[39]. This occurs in ~30% of all AML cases and is reported in around one-third of newly
diagnosed adults [40], with the internal tandem duplication (ITD) being the most frequent type (FLT3-
ITD) [41] and is also prevalent in pediatric AML [42]. NPM1 is another commonly mutated gene in AML
with ~20-30% of AML cases [43]. CCAAT/enhancer-binding protein o (CEBPA) mutation occurs in 5-
10% of AML cases [44]. Moreover, Schmidt et al. [45] identified MLL1 complex as a potential target in
AML with CEBPA mutations. The role of these mutations in AML is reviewed [43-46], and depicted in Fig.
1.
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Fig. 1. Mechanisms of Leukemogenesis in AML due to FLT3, NPM1 and CEBPa mutations

FLT3 mutation involves two broad categories namely Internal tandem duplications (ITD) and point
mutations in the tyrosine kinase domain (TKD). This activates other signaling pathways like PI3K,
JAK/STAT, RAS leading to cell survival. NPM1 mutations at the C-terminal domain lead to genome
instability and decrease in apoptosis, favouring cell survival (with the involvement of other genes).
CEBPa possesses N-terminal frameshift mutation and C-terminal in-frame insertions or deletions causing
impaired hematopoietic differentiation.

Genetic Aberrations in AML

Around 50-55% of AML shows specific balanced chromosomal abnormalities in fusion genes encoding
fusion proteins, possessing vital role in formation of leukemia through their impact on cell proliferation,
survival and apoptosis [47]. AML is caused by genetic aberrations which are structurally diverse and can
be detected by various diagnostic tests. Increased expression of EVI1, correlated with very poor
prognosis even without structural aberrations involving 3q26 [48].

MAJOR PROTEIN FAMILIES CONTRIBUTING AML

Bcl2 Family Members

B-cell lymphoma-2 (BCL-2) family proteins have either anti-apoptotic or pro-apoptotic roles, studied
broadly for their significance in regulating apoptosis, tumorigenesis and cellular response to anti-cancer
therapy. The proteins in BCL-2 family shares sequence homology via the presence of Bcl-2 homology (BH)
domains. Four BH domains exist in this family and each member has at least one. The family includes two
groups: one with pro-apoptotic and the other with anti-apoptotic effects. The pro-apoptotic group, which
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promotes cell death, has two subgroups: one group contains proteins such as Bax and Bak and the other
includes Noxa, PUMA, Bim and Bid. The latter group is often denoted as the BH3 only proteins, as they
share sequence similarity to the other members of the family only through their BH3 domain. The anti-
apoptotic group includes the proteins BCL-2, BCL-XL, MCL1, BCL-w and BCL-b. The Bcl-2 family plays a
prominent role in intrinsic apoptotic pathway and is essential for cell survival. Overexpression of Bcl-2
family proteins are found in many tumors including AML and causes chemotherapy resistance, which is
correlated with poor prognosis [49-51]. The expression of MCL-1, which possesses a short half-life
compared to other members of the family showed great heterogeneity in AML patients.

Expression levels of Bcl-2 family members are also found to influence by other proteins like Protein
kinase C (PKC). PKC phosphorylates Bcl-2 and Bax modulates Bcl-2 dimerization [52]. Bax and PKCa
expression levels which affect Bcl-2 function impact the prognosis of Bcl-2 [53]. Kurinna and group
correlated Bcl-2 phosphorylation and PKCa with poor prognosis in AML [54].

Protein Kinase C (PKCs)

PKC kinases are involved in multiple cellular functions such as differentiation, proliferation, survival and
motility [41]. Different types of PKCs are reported namely a) conventional or classical PKCs which include
PKCo, PKCp variants (PKCBI and PKCBII) and PKCy, b) Novel PKCs (nPKCs) holding PKC8, PKCe, PKCn and
PKC6 and c) Atypical PKCs (aPKCs) namely PKCT and PKCi(A). PKC a and B family members are over-
expressed in numerous AML studies and targeting them is cytotoxic [55,56]. PKC isoforms have also been
associated with resistance to DNA damaging agents in AML cells by affecting Bcl-2 phosphorylation [57].
Studies suggested the poor prognostic potential of PKC facilitated activation of pro-proliferative signaling
cascades in AML patients [55] and their role in promoting chemoresistance and hematopoietic stem cell
quiescence [58, 59].

CONCLUSION

The development and progression of AML usually encompass the deregulation of several genes and their
regulatory mechanisms. Several studies reported such abnormalities which enhanced our current
understanding of their role in pathogenesis and progression of disease and thereby had led to the
improvements in targeted therapies. Moreover, these studies provide insights into the divergent
mechanisms and leukemic pathways that can be exploited for enhanced diagnostic and therapeutic
strategies.
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ABBREVIATIONS
KIT: KIT Proto-Oncogene, Receptor Tyrosine Kinase, FLT3: Fms-like tyrosine kinase 3, NPM1 : Nucleophosmin,
CEBPa : CCAAT Enhancer Binding Protein Alpha, BAALC : BAALC Binder Of MAP3K1 And KLF4, WT1 : Wilms'

tumor suppressor genel, ERG: ETS Transcription Factor ERG, MN1: Meningioma 1, DNMT : DNA (cytosine-5)-
methyltransferase 1, TET2: Ten-Eleven Translocation 2, IDH: Isocitrate dehydrogenase, ASXL1 : ASXL transcriptional
regulator 1, PTPN11 : Tyrosine-protein phosphatase non-receptor type 11, IKZF1: Ikaros family zinc finger protein 1
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