UNDERGRADUATE RESEARCH IN NATURAL AND CLINICAL SCIENCE AND TECHNOLOGY (URNCST) JOURNAL
Read more URNCST Journal articles and submit your own today at: https://www.urncst.com

REVIEW

OPEN ACCESS

Mechanisms of AML1-ETO Induced Transcription Factor "ﬂ) Check for updates
Dysregulation, Epigenetic Modification, and Immune
System Evasion in Pre-Leukemic Stem Cells

Karoll Kaveen Thanaraj, BMSc Student [1]*, Likitha Busanelli, BMSc Student [2]*

[1] Schulich School of Medicine & Dentistry, University of Western Ontario, London,
Ontario, Canada N6A 3K7
[2] Schulich School of Medicine & Dentistry, University of Western Ontario, London,
Ontario, Canada N6A 3K7

URNCST Journal

*Research in Earnest”

*Corresponding Authors: kthanar@uwo.ca, Ibusanel@uwo.ca

Abstract

Introduction: Acute myeloid leukemia is a cancer of the bone marrow with a low survival rate of 15% among elderly
individuals due to its rapid progression and lack of available treatment. Understanding different transcription factors that may
contribute to the progression of leukemia and leukemogenesis is crucial in developing effective treatment plans to control the
advancement of AML within patients. This paper aims to conduct a literature review where primary articles contain evidence
exhibiting a link between transcriptional dysregulation in genes that code for regulatory proteins involved in cell cycle
progression and irregularity present in pre-leukemic stem cells.

Methods: Databases Medline and Embase were searched using keywords “leukemogenesis,” “pre-leukemic,” “AMLI1”,
“Acute myeloid leukemia”, and “AML-ETO”. Only studies written in the English language that were published in peer-
reviewed journals and human post-mortem/pathophysiological studies were considered in the review. The search emphasized
studies published between 1998-2023 to include recent literature reported in the respective field.

Results: AML1 regulates the expression of cell cycle checkpoint regulating proteins and proteins involved in hematopoietic
differentiation in order to prevent asymmetric production of mutated hematopoietic stem cells (HSCs) as well as defective
cells from progressing through the cycle via apoptosis.

Chromosomal translocations allow for the AML1 gene to be fused with ETO, causing issues with transcriptional regulation,
which work to continuously repress the function of this complex, preventing the transcription of necessary proteins needed to
regulate the cell cycle.

Implications: The fusion of AML1 and ETO causes the deregulation of the transcription complex, repressing the binding of
transcription factors. This means that defective cells within hematopoiesis are not subject to apoptosis, leading to the
production of pre-leukemic stem cells, which contributes to leukemogenesis. Understanding the mechanisms leading to the
production of pre-leukemic stem cells opens up possible treatment channels from pharmacological and physiological
approaches. In addition, leukemia can be identified and diagnosed at an earlier stage by identifying AMLL1 in relation to ETO
as a precursor for AML.

Keywords: AML; NK cell surveillance; RUNX1; RUNX1T1; AML-1; ETO; CBF; GATA; COX; TGF-p signaling pathway;
hematopoiesis

Introduction

Acute myeloid leukemia (AML) is a growing concern
with an estimated number of cases at around 20 000 and
fatalities of approximately 11 000 in 2023 for both sexes in
the United States of America [1], with a shockingly low
survival rate of 15% among elderly individuals over the age
of 60 due to its rapid progression in America [2]. AML is
primarily a cancer that originates from and affects the bone
marrow. It is characterized by an abnormality in
hematopoietic stem cell (HSCs) function due to
environmental and genetic aberrations. This often leads to
development of leukemic stem cells, which proliferate and

Thanaraj et al. | URNCST Journal (2024): Volume 8, Issue 3

DOI Link: https://doi.org/10.26685/urncst.542

generate leukemic blasts [3]. There are usually a limited
number of HSCs found in the body and they are multipotent
progenitors to all red blood cells [4].

Chromosomal abnormalities are often associated with the
development of AML, with the translocation between
chromosomes 8 and 21 being especially common. This
mutation involves the gene RUNX1T1 (also known as
ETO) and results in the most common fusion gene in
relation to AML: RUNX1/RUNX1T1 or AML1/ETO [2].
AML1 specifically encodes for a transcription factor that is
a crucial regulator of physiologic hematopoietic
differentiation [3] which binds to the runt domain (known
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as the RDE) of target genes at the N terminal. AML1 is an
alpha subunit that binds to the core binding factor, CBF,
which binds to the core elements of many enhancers and
promoters, binding to RDE allows for it to recognize
specific DNA elements, resulting in an increased DNA
binding affinity [4]. This factor is mutated in many
hematopoietic malignancies and diseases. AML1 is crucial
for coordinating hematopoiesis in a spatial and temporal
manner as it has a long N terminal domain responsible for
the DNA binding of target promoters and a C terminal
transcriptional transactivation domain (TAD) that consists
of several inhibitory domains [3]. These inhibitory regions
at the C terminal influence gene expression by modulating
histone acetylation which in turn regulates the activation of
target genes, which is important in regulating
hematopoiesis [3]. It can regulate hematopoiesis by
regulating gene expression for blood cell differentiation and
integrating external signals to ensure proper blood cell
development. Dysregulation or mutations in AML1 can
disrupt this process, leading to hematopoietic disorders and
malignancies.

ETO is the protein encoded by the gene RUNX1T1
which is a transcriptional corepressor that plays a critical
role in the development of certain types of leukemia,
particularly in cases involving the chromosomal
translocation t(8;21) [3]. In other words, it suppresses the
activity of certain genes, leading to abnormal proliferation
and impaired differentiation of myeloid cells, which are
characteristic of AML. The AML1/ETO oncoprotein is
formed by the fusion of two genes, which produces a fusion
protein that acts as an aberrant transcription factor that
binds to regulatory domains of target genes, disrupting their
normal expression and contributes to transcriptional
dysregulation. This altered regulation of expression affects
critical pathways involved in cell cycle regulation,
contributing to leukemogenesis [5].

Cell cycle checkpoint regulation proteins are impacted
by the AML1/ETO fusion protein as it targets the precision
control of specific cell division steps, contributing to
compromised genomic stability. Dysregulation relating to
cell division causes uncontrolled cell proliferation, which is
an identifying feature in cancer cells, especially in AML.
Specifically, AMLL/ETO allows for the proliferation of
pre-leukemic stem cells which are cells with leukemic
potential that are prompted to develop into leukemia [6].
However, it is important to note that the AML1/ETO fusion
gene allows for many mutations to occur relating to
hematopoiesis, but those mutations on their own are not
enough to drive leukemogenesis but increase the likelihood
of it occurring [7].

AMLI1/ETO is also known for increasing CD48
expression which allows for leukemic cells to escape
immune system surveillance by Natural Killer (NK) cells,
promoting their further proliferation [8]. This mechanism is
not fully understood but it is credited to AMLL/ETO
protein acting as a transcriptional factor that binds to the
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regulatory regions of target genes [7]. In this case,
AMLI1/ETO may bind to the promoter region of the CD48
gene, allowing for increased CD48 mRNA production
leading to elevated levels of CD48 protein levels. As well,
AMLIL/ETO also influences epigenetic changes and is
commonly known for its role in histone modifications and
DNA methylation. In this case, it is known for histone
acetylation at the CD48 gene locus, promoting better
accessibility to the promoter region of this gene to
transcriptional machinery, in turn attributing to changes in
its expression [7]. Our review seeks to identify the role of
the AMLI/ETO fusion gene in the transcriptional
dysregulation of specific cell cycle checkpoint-regulating
proteins that may impact hematopoietic differentiation,
leading to the production of pre-leukemic stem cells and
contributing to leukemogenesis in acute myeloid leukemia.
This review will include the different effects AML1/ETO
protein has on co-regulatory proteins, epigenetic
modifications, and signaling pathways.

Methods

A literature search was conducted on the following
databases: PubMed, Scholars Portal Journals, Google
Scholar, Medline, and Embase on June 27, 2023. Keywords
were applied for AML and AML1/ETO combined with
keywords applicable to transcriptional dysregulation of cell
cycle checkpoint regulating proteins and hematopoietic
differentiation. Only studies written in the English language
that were published in peer-reviewed journals and human
post-mortem/pathophysiological and antemortem studies
were considered in the review. Forward and backward
citation tracking was applied to any reviews considered to
identify additional studies. The search emphasized studies
published between 1998-2023 to include recent literature
reported in the respective field.

Results

The gene AML1, also known as RUNX1 specifically
in the RUNX1-RUNX1T1 subtype that commonly presents
itself in AML, is caused by chromosomal abnormalities in
the RUNX1 gene [9]. It is associated with chromosomal
rearrangements,  specifically  translocations  between
chromosomes 8 and 21 which causes the AML gene to be
fused with ETO, which is also known as the RUNX1T1
gene. This fusion is specifically caused by the translation
being specifically involved with bands at the long arms of
chromosome 22 (q22:g22), which is the specific mutation
in the AML1 gene that this review focuses on, although
there are other common mutations in AML1 that can be
present simultaneously. For example, an inversion of
chromosome 16 or translocation within the chromosome 16
causing the AML1 gene to be fused with a CBFB gene
instead of ETO, or a translocation between chromosome 3
and 21 which causes the AML-1 gene to be fused with TEL
[12]. Of these different mutations listed that result in an
oncogenic AML-1 gene, AML-ETO tends to have the more
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predictable projection of the disease as well as being the
most frequent abnormality seen between chromosomes 8
and 21, leading to AML [10].

Transcriptional Dysreqgulation and Different Transcriptional
Effects of AMD1/ETO

When looking deeper into the transcriptional activity
surrounding the AML-1 gene, its N terminal domain and C
terminal domains are important in allowing AML1 to
interact with and control the activity of transcriptional
factors [3]. For example, the N terminus contains a DNA
binding domain and a transcriptional transactivation
domain. The DNA binding domain is responsible
for binding specific DNA sequences on the promoters of
target genes that are involved in hematopoiesis, as this
binding allows AML-1 to activate or repress other genes
that play huge roles in hematopoiesis [11]. Therefore,
mutations in this domain allow for dysfunctional
transcriptional regulation resulting in malignancies such as
leukemia. However, the C terminal domain of AML1
contains regions that are important in regulating
transcriptional activation, such as through the modulation
of histone acetylation of different genes [11]. This
transcriptional ~ transactivation domain  (TAD) is
responsible  for  recruiting  co-regulatory  proteins
influencing chromatin structure, in turn modulating the
expression of target genes involved heavily in
hematopoiesis [12]. TAD is also known for controlling
transcriptional factors that heavily impact and contribute to
cell cycle regulators and apoptosis genes which are
important for regulating the proliferation of hematopoietic
cells. AML1 gene tends to be overexpressed or
dysregulated when it is fused with ETO, to create a fusion
protein that acts as an oncogenic transcription factor,
which dysregulates the normal transcription network of
AML1 and their functions. This fusion gene trans-
dominantly inhibits the CBF complex which is a
heterodimeric transcription factor that is made up of the
AML1 and CBF beta that binds at the N terminus of the
Runt domain. This CBF complex plays a huge role in
transcriptionally regulating different genes that control
hematopoiesis. However, when the complex is inhibited, it
can contribute to leukemogenesis due to the resulting
hematopoietic dysregulation [13].

Signaling Pathways Influenced by the AML1-ETO Fusion
Gene and Their Mechanisms of Hematopoietic
Dysregulation

AMLI1-ETO impacts different signaling pathways
through inducing certain genes that lead to overexpression
which affect downstream signaling pathways. A common
example of this would be p15, when p15 is upregulated, it
becomes partially responsible for the blockage of
hematopoiesis due to how it plays a regulatory role in the
progression of various malignant tumors [14]. When AML-
1 is overexpressed, it contributes to pl5 overstimulation
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due to how AML-1 overexpression overstimulates the TGF-
B signaling pathway. The upregulation of P15, as it is a
cyclin dependent kinase inhibitor then leads to the
phosphorylation of cyclin dependent kinases in turn causing
changes to the cell cycle [15]. This tumor suppressor
inhibits the phosphorylation of CDKSs in order to control the
G1 to S transition, therefore once overexpressed, the
transition for many cells to move from G1 to S is halted,
thus impacting differentiation in hematopoiesis [16].
Another example of the effects that AML-ETO gene have
on the signaling pathways would be through the
introduction of the COX/B-catenin—dependent signaling
pathways which when upregulated, are responsible for
tumor initiation, growth, and the self-renewal of
hematopoietic cells and in human myeloid leukemia K562
cells [19]. COX enzymes, COX-1 and COX-2 are crucial in
the production of important lipid mediators like
prostaglandins and thromboxanes. These lipid mediators,
such as prostaglandin E2 (PGE2), play a massive role in the
hematopoietic stem cell renewal downstream in the -
catenin signaling pathway [17].

One of the more researched pathways related to
hematopoiesis is the thrombopoietin (THPO)/MPL
regulatory pathway [20]. THPO, specifically, is responsible
for the emergence of hemangioblasts and the migration of
hematopoietic cells. MPL mutations are prevalent in AML
making it apparent the ligand/receptor complex plays a key
role in malignant hematopoiesis [18]. Bcl-xL is upregulated
after AML1-ETO expression and it is maintained at these
levels via the THPO/MPL signaling pathway, inducing the
overexpression of MPL. In the presence of Bcl-xL, the
THPO/MPL complex is facilitates cell cycle re-entry and
the significant correlation between Bcl-xL and MPL is
indicative of an active THPO/MPL/Bcl-xL pathway in
leukemic t(8;21)—positive cells [18].

Many of the AML1-ETO leukemic stem cells (LSCs)
rely on calcium-dependent signaling therefore calcium
enriched pathways are heavily upregulated along with
phospholipase C (PLC). PLC is a membrane associated
enzyme responsible for the cleavage of phosphatidylinositol
4,5-bisphosphate (PIP2) into IP3 and diacylglycerol (DAG)
where IP3 is responsible for the release of intracellular
calcium [19]. Of all the 13 different families of PLC,
PLCG1 was the most heavily expressed in cells positive for
AMLI1-ETO LSCs. What is more interesting is that while
PLCGL1 expression is crucial for AML1-ETO LSCs, it is
not apparently necessary for calcium specific downstream
signaling in normal HSCs [20]. PLCG1 activation is
apparent in most leukemia cases and its expression has been
linked with chemotherapy resistance where 50% of cases
eventually relapse or are diagnosed with a residual disease
that affects them for years [21]. Having many signaling
pathways influenced by the AML1-ETO complex it proves
tricky when finding a general treatment but focusing on
specific pathways can allow targeted therapeutic
approaches to help alleviate some symptoms of AML.
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Epigenetic Modification Discrepancies Between Wild Type
AML1 and AML1-ETO leading to Altered Gene
Expression

AMLL1 is a transcriptional factor that plays a crucial
role in the regulation of hematopoietic differentiation, and it
does so through different mechanisms of epigenetic
modifications which are reversible modifications that are
imposed on a cell's DNA or histones and alter gene
expression without changing the initial DNA sequence of
the organism [21]. Different modes of epigenetic
modifications include DNA  methylation, histone
de/acetylation, and the activity of noncoding RNA. AML1
as a protein includes the Runt domain near the N-terminus
which is needed for DNA binding at the promoter
sequences of target genes or interacts with CBFf to
stabilize DNA binding [4]. The TAD near the C-terminus
contains activation and inhibitory domains such as the Ets
interacting domain (EID) which is responsible for the
protein-protein interactions such as histone
acetyltransferase P300 or CREBBP (CBP) [22]. These
enzymes induce a histone acetylation of lysine residues on
target genes allowing for neutralization of the charge and
separation of DNA from histones allowing it to be more
available to transcription factors [22]. This modification
allows for regular hematopoietic differentiation and
regulation.

However, when AML1 is associated with ETO in a
fusion oncoprotein, the complex interacts with NCOR and
mSin3 on the promoter region and acts as transcriptional
repressors. They recruit class 1 histone
deacetyltransferases (HDACs) 1-3, which have the
opposite effect when compared to the acetyltransferases
and close off the histones making DNA unavailable for
binding [3]. It is also shown that AML1-ETO complex
uses histone acetyltransferase P300 to acetylate lysine 43
enhancing the function of the complex and increasing the
renewal activity of hematopoietic progenitor cells, leading
to oncogenic properties [23]. AML1-ETO complex also
recruits DNA methyltransferase (DNMTSs) like DNMT1
and histone methyltransferase EZH1 to methylate lysine
43 enhancing its repressive function on tumor suppressor
genes, showing another major epigenetic modification
brought upon by the fusion gene [3]. It is important to
look at various ways AMLI1-ETO utilizes epigenetic
modifications as it allows for potential corridors for
therapeutic treatment associated with AML.

Modes of Escaping Immune System Surveillance
Furthering the Influence of AML1-ETO

AML1 is a hematopoietic transcription factor that tends
to be inactivated in different myeloblastic and B cell
lymphocytic leukemias [24]. Furthermore, it has been found
that when AML/ETO fusion protein is overexpressed, it
leads to decreased killing and cytotoxicity by natural killer
(NK) cells when targeting cells that express AML1-ETO
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compared to any other cells or cells that do not express the
fusion gene. As well, oncogenic AML1 genes allow for
decreased production of CD48 mRNA, impacting the
presence of activated T cells [25]. This is due to how CD48
plays an activating role on T cells, granulocytes, and other
antigen present cells by binding CD2 and intrinsic effects
[26]. Additionally, a recent study has shown that an
oncogenic AML1 gene, specifically one fused with ETO,
has been shown to increase CD48 expression through
acetylation mediated with P300, which is a histone
acetyltransferase. CD48 is a member of the signaling
lymphocytic activation molecule (SLAM) family, which
plays a huge role in regulating the ability of NK cells to
modulate the immune system and fight pathogens.
Therefore, by increasing CD48 expression levels, it would
lower the abilities and inhibitions of NK cells to recognize
different immune system threats, especially when it comes
to other cells expressing AML1/ETO proteins [3].

Discussion
Future Implications and Therapeutic Approaches for
RUNX1/RUNX1T1 AML Treatment

Acute myeloid leukemia is a particularly aggressive
cancer affecting the proliferation and renewal of HSCs
leading them to be classified as LSCs [2]. When focusing
particularly on the AML1-ETO fusion gene, there are many
aspects to analyze to develop a deeper understanding on
how it plays a role in initiating AML. To accomplish this
goal this literature review aimed to assess the
transcriptional dysregulation of specific cell cycle
checkpoint-regulating proteins. This is to understand how it
may impact hematopoietic differentiation leading to the
production of pre-leukemic stem cells and contributing to
leukemogenesis in AML.

It iscrucial to identify what signaling pathways are
influenced by AML1-ETO to then understand how these
different pathways lead to AML, and how the fusion gene
contributed to this. There are many signaling pathways
influenced by the fusion gene, but this review focuses on
four pathways as they explicitly show the influence of
AMLI1-ETO. The first pathway explored was the TGF-p
signaling pathway in which the activity of AML1 induces
the over expression of p15 [15]. P15 is a cyclin-dependent
kinase inhibitor, and it works through phosphorylating
CDKs causing the transition from G1 to S to be halted in
the cell cycle. This impacts hematopoiesis and blocks the
differentiation of stem and progenitor cells [16]. This in
turn leads to an outgrowth of immature cells, that will lead
to AML. The COX/B-catenin—dependent signaling pathway
is another example of how AML1-ETO induces AML [17].
The fusion gene upregulates the production of COX
enzymes which produce lipid mediators responsible for
downstream effects that support HSC self-renewal leading
to hematopoietic dysregulation and tumor initiation [17].
With the understanding that COX plays a massive role in
the formation of LSC, therapeutic approaches containing
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COX inhibitors were explored. COX inhibitors or NSAIDs,
a class of drugs with anti-inflammatory effects, that are
often used as a long-term treatment for patients with AML
and there are reports suggesting that NSAIDs reduce the
risks for COX-2-PGE2-B-catenin signaling pathway
induced cancers [27]. COX inhibition has been shown to
impede the development and progression of AML however
there are some concerns of thrombocytopenia developing
from the anti-platelet activity from the treatment. However,
this activity is more strongly associated with COX-1-
selective inhibitor (SC-560) or nonselective COX inhibitor
indomethacin (INDM) and less so with COX-2-selective
inhibitors (NS-398 and nimesulide) [28]. AML1-ETO also
affects the THPO/MPL signaling pathway through
upregulating the expression of Bcl-xL resulting in the
increase of MPL. This affects many things like cell cycle
re-entry, emergence of hemangioblasts, and the migration
of hematopoietic cells leading to AML [18]. Bcl-xL could
be a potential target for therapeutic approaches but there are
some questions about specificity and differentiating
between normal and AML states. There has also been some
research on approaches that include monoclonal antibodies,
and these antibodies work by neutralizing the interaction
between THPO and MPL [18]. There is also potential for
small molecular inhibitors and peptides as they can prevent
THPO from binding to the MPL receptor. JAK2 inhibitors
also can block downstream signaling cascades making them
another great option for treatment [18]. The final signaling
pathway explored was PLCgamma 1 (PLCG1). AML1-
ETO upregulates PLC which induces downstream effects
through the increase of intracellular Ca++ and it is evident
in a multitude of AML cases [20]. PLCG1 has been shown
to not be essential for maintenance of normal
Hematopoietic stem and progenitor cells (HSPCs). Due to
the lack of need for specificity PLCG1 can be identified as
an important target for AML treatment and it can be
predicted that it will lead to therapeutic success when
treating AML1-ETO AML [20].

It was also important to understand how epigenetic
modifications are induced by the AML1-ETO transcription
factor and how it affects histone and DNA activity leading
to AML. AML1 is a transcription factor that induces
epigenetic modification via DNA methylation and histone
modifications including de/acetylation, as discussed above
[21]. The unfused AML1 gene contains an EID domain
which  facilitates  the  recruitment  of  histone
acetyltransferase P300 or CREBBP [22]. These enzymes
work by acetylating lysine residues, loosening how tightly
the histones wrap around the DNA making it more
available for the transcription factor AMLL1 to bind. This in
turn allows for a more active regulation of hematopoiesis,
limiting the release of premature stem cells leading to AML
[23]. On the other hand, when AML1 and ETO become
fused it binds to transcriptional repressors NCOR and
mSin3, and they recruit class | HDACs 1-3 [2]. These
enzymes have the opposite effect on DNA and histones and
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close the DNA off from transcription which in turn leads to
dysregulation of hematopoiesis. AML1-ETO also recruits
DNMT1 and histone methyltransferase EZH1 to methylate
lysine on tumor suppressor genes. HDAC inhibitors and
hypomethylating agents have been tested in clinical trials
however these results proved disappointing [29] when
compared to the preclinical trials [30]. Another approach
would be to inhibit the P300 facilitated site specific
acetylation of NHR1 domain on ETO using RNA
interference or chemical inhibition. Studies
demonstrated P300 inhibition resulted in reduced levels of
effector proteins essential for cell renewal, solidifying P300
as ideal target for drugs and therapy [31].

Finally, the method that AML1-ETO escapes immune
system surveillance was investigated to identify the impacts
of the oncogenic gene on passive and adaptive immunity. It
has been found that AML1-ETO has major impacts on NK
surveillance and CD48 expression, which are both integral
to immune system stability. Studies have shown that
downregulated CD48 which is common in those with AML,
lower NK immune surveillance [7]. Since CD48 mediates
acetylation which is a form of epigenetics, it shows us that
epigenetic drugs and treatments that target epigenetics, can
provide therapeutic effects, and prevent AML immune
escape, and should therefore be an area of research that
should be researched in the future [21].

Conclusion

In conclusion, AML is a complex and highly
heterogeneous disease that is caused by the alteration of
many pathways, signals, and molecules leading to the
production of LSCs. AML1-ETO has many modes of LSC
production whether it be through dysregulation of cell cycle
checkpoint, altered signaling pathways, epigenetic
modifications or changes that allow for target gene
expression to escape immune surveillance. However,
through analyzing the multitude of ways AML1-ETO
affects the homeostasis of the body, therapeutic approaches
can be formulated to help treat AML, but future work is
suggested to further develop our understanding.
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