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1. INTRODUCTION

The malignant tumor known as acute myeloid leukemia (AML) affects hemopoietic stem cells and progenitor
cells. It is typified by an irregular proliferation of primitive cells in the bone marrow and peripheral circulation.
Anaemia, bleeding, infection, and organ infiltration are among the clinical signs and symptoms of acute myeloid
leukemia. An increased frequency of AML has been seen over time, men have been more likely than women to
have AML, and the disease's incidence has been rising. Currently, the most significant predictors of AML
outcomes are still cytogenetic and molecular abnormalities. These parameters are tightly linked to clinical
characteristics such as age, white blood cell count and morphology, treatment response, recurrence rate, and
overall survival (OS). The World Health Organisation (WHQ) and European Leukaemia Net (ELN) have
developed illness prognostic classification on the strong basis of this. Currently, less than 50% of adult AML
patients will survive for five years; this percentage is much lower for older patients. According to statistics,
patients over 65 have a median overall survival of less than a year. This article outlines the molecular indicators
associated with AML and their clinical significance for early diagnosis and prognosis. Prognostic indicators can
gauge the severity of a patient's condition and forecast their long-term results, while predictive markers facilitate
the tracking of therapy response and recurrence.

1. Specific Molecules Associated with Gene mislocalizes to the cytoplasm, which is directly linked to

Mutations

1.1 Nucleophosmin 1

The most prevalent gene mutation associated with AML
is NPM1 mutation. NPM1, found on chromosome on the
long arm of chromosome 5, encodes a multipurpose
chaperone protein that travels back and forth between the
cytoplasm and nucleus. NPM1 primarily controls the
assembly and trafficking of ribosomal proteins, the
stabilization of the p53 and p19ARF tumor suppressor
pathways, the DNA repair process, the integrity of the
genome, and, in the end, DNA transcription regulation
through chromatin  structural modifications. Any
mutation that impairs its normal function as a tumor
suppressor will cause normal cells to become malignant.
Furthermore, in healthy cells, the wild-type NPM1
protein localizes to the nucleolus. Though its precise
mechanism is yet unknown, the mutant protein typically

the pathophysiology of leukemia.’! According to ELN
guidelines, patients with NPM1 mutations and an allelic
ratio (AR) < 0.5 for FMS, such as those with tyrosine
kinase 3-internal tandem replication (FLT3-1TD), have a
favorable prognosis. Following the initial complete
remission, allogeneic  hematopoietic ~ stem  cell
transplantation, or allo-HSCT, is not advised. NPM1-
mutant patients without FLT3-ITD or with FLT3-
ITDlow are placed in the good prognosis group, while
patients with NPM1-mutation and FLT3-ITDhigh are
placed in the intermediate prognosis group, per the 2021
National Comprehensive Cancer Network (NCCN)
criteria. Consequently, it is believed that leukemogenesis
is associated with other cellular and molecular genetic
alterations, such as FLT3-ITD, and is not only caused by
NPM1 mutation. It has been seen that isocitrate
dehydrogenase 1/2 (IDH1/2) and DNA methyltransferase
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3 alpha (DNMT3A) mutations, when combined with the
NPM1 mutation, resulted in a poor prognosis. It is
generally accepted that these mutations are secondary to
the NPM1 mutation. As with promyelocytic leukemia-
retinoic acid receptor a (PML-RARA) rearrangement,
NPM1 can be used as a marker for monitoring minimal
residual disease (MRD) in patients with acute myeloid
leukaemia (AML). In other words, in patients exhibiting
morphological full remission, an increase in mutant
NPML1 in peripheral blood is indicative of an impending
AML relapse. Therefore, in accordance with the NPM1
level in MRD, prompt and appropriate intervention can
be implemented. It is currently understood that the
combined administration of arsenic trioxide (ATO) and
all-trans retinoic acid (ATRA) can further trigger the
death of AML cells by degrading the mutant NPM1
protein in patients with NPM1 mutation.[” Large-scale
basic studies are still required to investigate the role and
mechanism of NPM1 in order to establish a new
theoretical foundation for the treatment of AML, as our
understanding of the mechanism of targeted therapies
based on NPML1 is still lacking.

1.2 FLT3

FLT3 belongs to the type Il receptor tyrosine kinase
(RTK) family and is situated on the long arm of
chromosome 13. It contributes to hematopoietic cell
division, proliferation, and death via the extracellular
domain that has ligand binding sites. Tyrosine kinase
domain (TKD) point mutations account for just 7% of
AML cases, while FLT3 mutations account for roughly
30% of cases. ITD accounts for approximately 25% of
AML cases. The prognosis is poor because FLT3-1TD is
typically frequent in AML with a normal karyotype.
Mutant FLT3 molecularly stimulates downstream
components of the RAS/MAPK, PI3K, and STAT5
signaling pathways. Relevant statistical data indicated
that the expression level of FLT3 was connected with
various National Comprehensive Cancer Network
(NCCN) stratifications of AML in terms of clinical
characteristics, with the M3 subtype having the lowest
level and the M5 subtype having the greatest level.
Numerous investigations have demonstrated that
individuals with FLT3 mutations primarily exhibit high
peripheral blood white blood cell counts, high myeloid
progenitor cell counts, and a poor prognosis.®*® Of
these, patients with FLT3-ITD are more likely to
experience coupled PML RARA rearrangement, a
condition that is uncommon in patients with complex
karyotypes or core binding factor (CBF)-AML. FLT-ITD
patients have a significantly worse prognosis and worse
OS and event-free survival (EFS) as compared to FLT-
TKD patients. A study revealed a strong correlation
between the expression ratio of the mutant FLT3 allele
relative to the wild-type FLT3 allele and the prognosis of
FLT3-mutant patients. The duration of remission (DOR),
OS, and EFS decrease with increasing ratio. Thus, the
relative amount of mutant alleles was measured using
DNA fragment analysis techniques, and a cutoff value
was established to differentiate between various

prognostic categories.*” Small molecule tyrosine kinase
inhibitors, such as sorafenib, sunitinib, and midostaurin,
have been used to treat AML with FLT3 mutations by
blocking the FLT3 signaling pathway and specifically
destroying leukemia cells. When compared to
conventional chemotherapy, a multitude of clinical trials
conducted in recent years have demonstrated significant
improvements in the therapeutic benefit of multitarget
small molecule tyrosine kinase inhibitors on patients
with AML. Drug resistance, however, means that the
DORs of these medications alone are still insufficient,
and the combination of these medications with other
chemotherapeutic treatments is now the recommended
course of action for treating this kind of AML.

1.3 CCAAT Enhancer Binding Protein Alpha

On chromosome 19, the long arm contains the CEBPA
gene. The leucine zipper-containing transcription factor
CEBPA protein has three structural regions: the DNA-
binding region, the transcriptionally active area at the N
terminus, and the leucine-rich dimerization functional
region at the C terminus. Out-of-frame insertions or
deletions at the N-terminus and in-frame insertions or
deletions at the C-terminus are the two different forms of
CEBPA mutations. The CEPBP mutation on both alleles
of chromosome 19 is referred to as the CEBPA double
mutation (biCEBPA). Hematopoietic myeloid cell
differentiation is significantly influenced by CEBPA.
CEBPA mutations are present in about 10% of AML
patients and 7-15% of AML patients with normal
karyotypes. The majority of them are M2 types, and they
have a typically good prognosis. In the 2016 WHO
classification of hematopoietic and lymphoid neoplasms,
a novel molecular biological feature known as "AML
with biCEBPA" was identified as a clinical subtype of
AML. The early screening of CEBPA mutations is also
advised by the ELN guidelines. BICEBPA was positively
correlated with improved prognosis, as demonstrated by
multicenter clinical data that compared with all AML
patients, it was significantly correlated with improved
EFS and OS when receiving cytarabine-based
chemotherapy, with hazard ratios (HR) of 0.41 and 0.37,
respectively. However, biCEBPA was not correlated
with consolidation strategies like HSCT. The prognosis
is relatively poor when combined with TET2
mutations."?*® It's interesting to note that sequencing
analysis of normal karyotype AML patients with CEBPA
mutations in recent years has revealed that Tet
methylcytosine dioxygenase 2 (TET2) and GATA2
mutations are more likely to occur in biCEBPA patients
(approximately 30%). On the other hand, CEBPA single
mutation (moCEBPA) patients are more likely to have
combined NPM1, FLT-ITD/TKD, and IDH2 mutations.
While CEBPA has not yet been found to be a sign of
MRD, the particular immunophenotype linked to
biCEBPA may prove to be a useful tool for monitoring
treatment outcomes and diagnosing diseases. In this case,
the GATA2 mutation deserves special attention. GATA2
might be a new gene that predisposes people to familial
AML (14). Known to be a haematopoietic "stem™ gene,
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GATAZ is highly expressed in haematopoietic stem cells
and necessary for the production of mast cells and
megakaryocytes. During myeloid development, GATA2
is down-regulated, necessitating overexpression to
prevent this differentiation. The identification of a
GATA2 mutation in the AML susceptibility family
offers a fresh approach to investigating the mechanism
by which GATAZ induces leukaemia and could elucidate
its function in preserving "stem." In cases of AML,
patients with GATA2 mutations had a dismal outcome.
Bravely, it might be appropriate to employ proactive
treatment plans for family members who have GATA2
mutations before symptoms appear.

2. The Molecules Associated with Abnormalities in
Chromosomal Position

2.1 PML RARA

A fusion gene produced by the t (14; 16) (g24; g21)
translocation codes for PML-RARA. It is a significant
molecular characteristic of APL that is seen in about
98% of individuals.*® One of PML-RARA's two main
mechanisms of action in APL is the deregulatory
regulation of transcription.*® PML is primarily engaged
in the control of signaling pathways, as well as the
stimulation of the transcription of the proapoptotic
protein Bim and the cell cycle inhibitor p27Kip. The
RARA gene, which is found on 17921, codes for a
nuclear receptor that, when its ligand, retinoic acid, is
present, stimulates transcription and causes the induction
of numerous target genes that are important in
differentiation. The heterodimer RAR-RXR, which is
made up of RARA and retinoic acid X receptor a
(RXRA), is a transcriptional activator complex that is
necessary for promyelocyte differentiation.'”! RAR-
RXR functions as a transcriptional repressor in the
absence of retinoic acid by enlisting the help of the
accessory repressors DNMT1, DNMT3A, histone
deacetylase, and histone methyltransferase as well as
taking part in chromatin remodeling. RAR-RXR
experiences a conformational shift in the presence of
retinoic acid, which causes RAR-RXR to dissociate and
activates  genes necessary for  primitive cell
differentiation. The PML and RARA proteins can fuse
together to obstruct the recruitment of coactivators and
stop the transcription of retinoic acid response
elements.'® Therefore, etiological research and patient
management optimisation both greatly benefit from
PML-RARA screening for patients with probable APL.
PML-RARA mutations can be identified through
fluorescence in situ hybridisation (FISH) or real-time
quantitative polymerase chain reaction (RT—qPCR).
These methods not only aid in diagnosis and treatment,
but also measure changes in MRD, which is crucial for
prognostic assessment, monitoring recurrence, and
figuring out when to stop taking medication. But as of
right now, over ten fusion genes containing distinct
RARA counterparts have been discovered in between 1%
and 2% of APL patients. Among these is ZBTB16-
RARA (PLZF-RARA), the most common molecular
variant associated with APLI™! the RARA gene was

rearranged with NPM1, NUMA1, STAT5B, PRKARLA,
FIP1L1, BCOR, NABP1, TBL1XR1, GTF2l, IRF2BP2,
and FNDC3B, among others; the majority of these were
not affected by ATRA or ATO.”¥ Therefore, if APL
patients have these types of fusion genes found in them,
it would seem that their chances of receiving an effective
ATRA and ATO treatment are slim.

2.2 CBF

The cytogenetically defined CBF mutations in AML are
represented by t (8; 21) or inv (16)/t (16; 16), resulting in
the production of the fusion proteins CFB b subunit-
myosin heavy chain 11 (CBFb-MYH11) or RUNX1-
RUNX1T1 (AML1 ETO), respectively.™ About 15% of
adult AML cases and 30% of paediatric AML cases are
thought to be caused by CBF mutations, making them
one of the most prevalent cytogenetic alterations in AML
patients. Relevant research has demonstrated that
leukaemia cannot be induced just by CBFb-Myh11 and
AML1-ETO mutations. The "double hit" paradigm,
which posits that AML1-ETO, CBFb-MYH11, CCND1,
and CCND2 molecular genetic changes play significant
roles in the aetiology of CBF-AML, is already entirely
accepted.!?!

Leukaemia frequently results in the t (8; 21) (q22; q22)
translocation, which produces an AML1-ETO fusion
protein. Another name for the AML1 (RUNX1) protein
family is CBFa. It is made up of a collection of
heterodimeric transcription factors, with the b subunit
(CBFb) encoded by CBFb and the a subunit (CBFa)
encoded by three distinct genes,
RUNX1/RUNX2/RUNX3. RUNX1 plays a crucial role
in the differentiation of haematopoietic cells and the
formation of myeloid cells at the molecular level, while
ETO (RUNXI1T1) mostly helps with transcriptional
repression by enlisting corepressors. As a transcriptional
repressor, AML1-ETO impedes normal haematopoietic
cell differentiation, increases leukaemia progression, and
directly prevents the transcription of AML1-dependent
tumour suppressors. Furthermore, it interferes with the
regular haematopoietic process by suppressing the
function of haematopoietic transcription factors as PU1,
GATAL, and CEBPA. Five to ten percent of all AML
cases, including seven to twelve percent of adult AML
cases, are T (8; 21)-positive. It is uncommon in the M1
and M4 subtypes but prevalent in the AML-M2 subtype.
Longer median OS, a higher remission rate, and a
generally better prognosis are the clinical characteristics.
One of the key synergistic variables in the
pathophysiology of t (8;21)-positive AML is the most
prevalent mutation in the disease, c-Kit, which accounts
for 20-25% of newly diagnosed cases. The NCCN
guidelines place CBF-AML with a c-Kit mutation in the
intermediate prognosis category. Encoding the CBFb-
MYH11 fusion protein is the fusion gene CBFb-MYH11,
which is produced by chromosome 16 inversion inv (16)
(p13; g22). CBFb-MYH11 functions as a transcriptional
repressor and collaborates with AML1 to limit the
transcription of PTEN, Bcl-2, CEBPA, ARF, and PSGL-
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1. At the RUNX binding site on DNA, CBFa and CBFb
normally form a CBFa/CBFb complex that controls gene
expression. The C-terminus of MYH11 connects with the
CBFb residue during gene rearrangement. Due to its
isomeric nature to RUNX1 (CBFa), the CBFb-MYH11
fusion protein disrupts the regular operation of the
CBFa/CBFb complex via competitive inhibition. One
important regulator of hematopoiesis is CBFa. Its normal
function will be harmed and abnormal fusion products
will inhibit hematopoietic cell differentiation. FISH and
RT-gPCR are currently sensitive and useful methods for
finding these rearrangement mutations.?*2*!

2.3 Histone lysine Methyltransferase 2A (KMT2A)

KMT2A is found on human chromosome 11's long arm,
in region 2 band 3 (11g23). It belongs to the family
known as the trithorax group (TrxG). KMT2A can be
rearranged via translocation, deletion, insertion,
inversion, and partial tandem duplication; translocation is
the most frequent rearrangement and was initially
described by Ziemin-van der Poel et al. in 1991.[%
Armstrong et al.”” discovered in 2002 that KMT2A
encodes a transcription factor that controls gene
expression in the early stages of embryonic development
and the differentiation of hematopoietic cells. The
transcription of homeotic genes (HOX) is activated by
methylating the lysine residue at histone H3's fourth
position, which is accomplished by the SET region's
methyltransferase activity. Hematopoietic cells, such as
stem cells and progenitor cells, have widespread
expression of KMT2A. It requires the fusion of several
partner genes, including AF4, AF9, ENL, AF10, and
ELL, before it exhibits leukemogenic effects.”®! MEN1
and LEDGF bind to the N-terminus of KMT2A,
activating HOXA9 and HOXA10 in the process. These
genes are typically increased in leukemias when KMT2A
mutations occur. 43-58% of instances of newborn AML,
39% of cases in children under the age of two, 8-9% of
cases in children over two, and roughly 5% of cases in
adult AML are explained by KMT2A rearrangement.?*!
KMT2A rearrangement is often less common as people
age and is roughly four times more common in children
than in adults. In 5-10% of AML cases connected to
topoisomerase Il inhibitor  therapy, @KMT2A
rearrangements are seen. Due to their high risk of
recurrence and low rate of remission, these patients
typically have a poor prognosis.®” Research indicates
that following remission, allo-HSCT may lower the
mortality risk and relapse rate in AML patients with
KMT2A rearrangement.®”  Nevertheless, there are
drawbacks to allo-HSCT, including a shortage of donors
and difficult transplanting circumstances. Scientists have
recently concentrated on investigating medications that
target fusion protein-mediated transcription. Using high-
throughput sequencing, Grembecka et al. screened two
small molecule inhibitors, MI-2 and MI-3, and
discovered that they interfered with MENZ1's binding to
KMT2A, preventing the KMT2A-AF9 fusion protein
from binding to the target gene promoter.®? It is
anticipated that the development of further medications

that target the fusion protein will offer a novel approach
to treating AML with a KMT2A mutation.

3. Non-coding RNAs represented by miRNAs

Small RNA molecules called microRNAs (miRNAS) are
made up of 17-25 nucleotides. They are primarily
engaged in the post-transcriptional regulation of mRNA
and have a significant impact on apoptosis,
differentiation, and cell proliferation. A range of
malignant tumors exhibit aberrant expression of distinct
subtypes of miRNAs, which exhibit tissue selectivity.
miRNAs are highly stable and resistant to RNase
destruction in blood. Their expression level in blood is
connected to the type, stage, grade, and prognosis of
cancers. Ma et al.®® demonstrated that cytogenetically
normal AML (CN-AML) patients with high expression
of miR-362-5p had shorter overall survival (OS)
compared to the control group, suggesting that miR-362-
5p has an oncogenic role in AML. Additionally, this
study raised the possibility that miR-362-5p functions as
a stand-alone poor prognostic factor for CN-AML.
According to Zhang et al.®*, the expression of mir-216b
dramatically decreased following chemotherapy to
achieve complete remission and significantly increased
following recurrence. It was also shown that mir 216b
overexpression was linked to poor prognosis and
chemotherapy efficacy in AML patients. Mir-3151 is
situated inside the BAALC gene's first intron.*® Only
CN-AML patients older than 60 were enrolled in the
trial, and mir-3151 had been discovered to be a separate
predictive factor.*® Diaz-Beyaet et al. study from 1956
revealed that AML patients with increased mir-3151
expression showed a greater cumulative recurrence rate
and a shorter OS. Regardless of a patient's gender,
Aleksandra et al.”! found that miR-204 expression was
dramatically downregulated in AML patients and
significantly  elevated after effective treatment
(daunorubicin + cytarabine). Following induction
chemotherapy, the CRR was greater in AML patients
with elevated miR-204. As a result, miR-204 is
anticipated to be used as a biomarker for AML
prognostic assessment.®® Hu et al.® proposed that a
positive outcome was associated with high expression of
miR-98 in individuals with AML who had only received
chemotherapy. In summary, the aforementioned findings
indicated that miRNAs are anticipated to develop into
biomarkers for the initial diagnosis, prognostic
assessment, and screening of AML; nevertheless,
numerous clinical difficulties still need to be investigated
further.
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