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ABSTRACT

Acute myeloid leukemia (AML) is a very heterogeneous type of blood cancer, which presents
with a high rate of mortality especially in elderly patients. Better understanding of critical play-
ers, such as molecules with tumor suppressive properties, may help to fine-tune disease classifi-
cation and thereby treatment modalities for this detrimental disease. Here, we summarize well-
known and established tumor suppressors as well as emerging tumor suppressors, including
transcription factors (TCFs) and other transcriptional regulators, such as epigenetic modulators.
In addition, we look into the versatile field of miRNAs also interfering with tumorigenesis and
progression, which offer new possibilities in AML diagnosis, prognosis, and therapy.

Introduction and classification of AML

Acute myeloid leukemia (AML) is the most common
acute leukemia in adults, with a higher prevalence in
older patients (>65 years). It is a complex and hetero-
geneous malignancy, characterized by the clonal
expansion of immature myeloid stem cells with abnor-
mal proliferation and differentiation, resulting in
impaired hematopoiesis, and bone marrow failure [1].
AML has long been associated with chromosomal
rearrangements like translocations [1], chromosomal
aneuploidies with deletions [2,3], monosomies [4], and
polysomies [4-6] of chromosomes, but over the last
decade, it was determined that beside cytogenetic
abnormalities gene mutations play also a prominent
role in tumorigenesis [7]. Only 3% of patients with
AML do not harbor a known driver mutation [8].
Moreover, individual leukemias harbor multiple muta-
tions with even more diverse mutationally composed
subclones, rendering each patient's AML genetically
unique [9].

A first attempt to distinguish AML subtypes was
established in 1976 with the French-American-British
(FAB) classification system [10], which was comple-
mented by the World Health Organization (WHO) clas-
sification in 2008 [11]. The 2016 revision of the WHO
classification of myeloid neoplasms and acute leuke-
mias attempts to include the advancements in clinical,
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prognostic, morphologic, immunophenotypic, and
genetic research to define new entities of clinical sig-
nificance [12]. So far, there are four WHO subclasses
for AML defined: AML with recurrent genetic abnor-
malities (AML-RGA), AML with myelodysplasia-related
changes (MDS-AML), therapy-related myeloid neo-
plasms (tAML), and AML not otherwise specified (AML-
NOS) (Figure 1).

Recently, Song et al. have conducted a retrospect-
ive study of the United States National Cancer
Institute Surveillance, Epidemiology, and End Result
(SEER) database that covers approximately 29% of the
US population to determine the distribution of AML
subtypes [13]. The lowest incidence with 0.2% refers
to therapy-related AML, followed by 6.4% MDS-AML
(Figure 1). A higher percentage of AML cases (12.4%
of reported cases) were associated with WHO classifi-
cation AML-RGA. Surprisingly, by far the largest group
was AML-NOS with over 80%, including 50.9% of
patients diagnosed with AML that were not associated
with WHO classification and therefore included in the
AML-NOS group.

Although the focus still lies on specifying significant
cytogenic and genetic subgroups to further define
AML disease entities, such as AML harboring BCR-ABLT
fusion gene or mutated runt-related transcription fac-
tor 1 (RUNXT), which are provisionally included since
2016, the update of classification systems is slower
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Figure 1. Distribution of AML WHO subtypes in SEER database
between year 2001 and 2013 (based on data from [13]). AML-
NOS: acute myeloid leukemia not otherwise specified; MDS-
AML: AML myelodysplasia-related changes; tAML: therapy-
related myeloid neoplasms; AML-RGA: AML with recurrent
genetic abnormalities; percentages indicate the prevalence.

than desired. Obviously more than 50% of diagnosed
AML cases in the SEER database were not classified
according to WHO. In addition, the European
LeukemiaNet (ELN) published recommendations for
diagnosis and management of AML in 2010 [14] and
updated these in 2017 [7]. Three disease classes have
emerged in ELN compared with WHO: AML with chro-
matin and RNA-splicing regulator mutations, AML with
TP53 mutations and/or chromosomal aneuploidies,
and AML with IDH2"'”? mutations [7].

The Cancer Genome Atlas Research Network 2013
and recently Grimwade and colleagues have described
nine categories of genes that are frequently mutated
in AML patients and influence core cellular processes.
In average the number of mutated genes per patient
was 13, with the highest frequency of mutations in
genes contributing to signaling activation pathways
(Figure 2) [9,15].

For further classification of the various genetic
mutations resulting in AML a two-hit model of leu-
kemogenesis was proposed [16], where class | muta-
tions activate pro-proliferative  pathways and
simultaneously class Il mutations affect transcription
factors (TCFs) impairing normal hematopoietic differ-
entiation and apoptosis [17,18]. Mutations in Fms-
related tyrosine kinase 3 (FLT3) [19], TP53 [20], proto-
oncogene c-Kit [21], and Janus kinase 2 (JAK2) [22] are
well-described class | mutations resulting in worse
prognosis and survival in AML patients. Classical class
Il mutations include chromosomal aberrations which
generate fusion transcripts (e.g. RUNX1/RUNXITI and
CBFbeta/MYH11) and mutations in TCFs like CCAAT/
enhancer-binding  protein alpha (C/EBPA) and
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Figure 2. Categories of genetic mutations and their frequency
of occurrence (modified from [15]). As in most cases of AML
patients at least two genes are genetically mutated the num-
ber in % indicates the prevalence of occurrence.

nucleophosmin (NPM1) [15]. Advances in research over
the last decade have given rise to a third class of
mutations that involve epigenetic regulators, e.g. the
DNA-methylation-related genes ten-eleven transloca-
tion 2 (TET2), DNA methyltransferase 3A (DNMT3A),
and isocitrate dehydrogenase 1 and 2 (IDH7 and
IDH2) [8,23,24].

Although there has been great progress in cytogen-
etic, karyotypic, and genetic classification over the last
decades, the underlying molecular mechanisms of
occurrence and development of AML are still incom-
pletely understood. Many of the mutated genes used
by WHO and ELN for classification of AML are tumor
suppressors. Classical tumor suppressors are proteins,
which negatively regulate cell growth, and loss-of-
function mutations in their genes result in uncon-
trolled proliferation of cells representing the function
of a main driver in oncogenesis. Thus, this review will
focus on the role of tumor suppressors in disease pro-
gression and prognosis of AML and additionally high-
light newly emerging tumor suppressor classes
like microRNAs.

Tumor suppressors used for AML classification

P53 is a well-defined and deeply studied tumor sup-
pressor in AML (reviewed by [20]) and mutations of
TP53 are already used for classification of AML
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Table 1. Tumor suppressors in AML and their role in risk stratification and prognosis.

Risk group stratification

Favorable Intermediate Adverse Prognosis References
Classification of AML
PML [ ] [26,27]
RUNX1 [ J [ J Shorter OS [28-30]
TP53 [ ] Absence of clinical remission, poor OS, and poor DFS; [20,25]
Transcription factors
C/EBPdelta [ J [31]
FOXN3 Lower complete remission (CR) rate and shorter OS [32]
KLF5 Poor 0OS [33]
NR4A Poor OS [34,35]
STAT3 High STAT3B/STAT3a. mRNA ratio correlates with better OS and DFS [36]
TCF21 [ J [37]
WT1 Poor OS [38,39]
Epigenetic modulators
ASXL1/2 [ ] Poor 0S [24,25,40]
DNMT3A [ J Resistance to chemotherapy and disease relapse [24,30]
TET2 [ ] Poor 0S [25]
miRNAs
miR-155 Poor OS [41,42]
miR-206 [ J [43]
miR-29b Poor OS [43,44]
miR-3151 Shorter OS and DFS [45]

0S: overall survival; DFS: disease-free survival.

according to ELN guidelines. In general, dysregulation
of the p53 pathway leads to altered cell cycle arrest,
apoptosis, senescence, DNA repair, metabolism, and
autophagy. According to the two-hit model, Ohgami
et al. recently showed that TP53 mutations are associ-
ated with a complex karyotype in AML and may repre-
sent prognostic significance with worse overall
survival (OS) and disease-free survival (DFS) [25] (Table
1). Such mutations are common with therapy-related
AML or AML with myelodysplastic-related changes.
Also, AML patients who carry intact TP53 alleles may
exhibit decreased p53 activity due to inactivating
processes in the p53 pathway like Mdm2 overexpres-
sion, or miR-3151 and miR-125b overexpression [45].
Therefore, small-molecule activators were developed
that reactivate p53 and harness its physiological tumor
suppressive function. Targeting upstream molecules
like HDM2 and WIP1/PPM1D or altering post-transla-
tional modification like acetylation and phosphoryl-
ation of p53 is another approach to enhance
therapeutic intervention success (reviewed by [26]).

The promyelocytic leukemia (PML) gene has also
been described as a tumor suppressor, which is
involved in cell cycle regulation, growth inhibition,
and apoptosis; it was also reported to be responsible
for the acetylation of p53 [46]. In line, PML can sup-
press the transcription of anti-apoptotic proteins.
When fused with retinoic acid receptor alpha (RAR)
due to chromosomal translocation it inhibits differenti-
ation of hematopoietic cells. The PML-RARA fusion
protein can be detected in 97% of APL patients and is
therefore used for diagnosis and WHO classifica-
tion [47].

RUNX1 is a TCF mainly involved in proliferation,
hematopoietic stem cell differentiation, and apoptosis
(reviewed by [48]). Various frameshift and missense
mutations have been identified in the RUNXT gene,
and the RUNX family exhibits a dual role acting as
oncogenes or tumor suppressors. Mutated RUNXT is
reported in about 10% of de novo AML, frequently
occurring in the intermediate cytogenetic risk group,
and resulting in shorter OS and chemoresistance to
standard therapy [28-30]. Of note, mutated RUNX1 has
been a provisional entity in the WHO AML classifica-
tion system since 2016.

In line, identification of novel tumor suppressors in
AML could provide additional tools to classify this het-
erogeneous disease and thereby improve thera-
peutic approaches.

Transcription factors as tumor suppressors in AML

There are several key TCFs besides RUNX1 that have
been found to be inactivated or deleted in AML and
are thus considered important tumor suppressors for
this type of leukemia [49]. One example is NR4A3
(NOR-1), a direct target gene of RUNXT. A reduction of
NR4A3 expression correlated with increased prolifer-
ation and clonogenic potential in hematopoietic stem
cells [50]. NR4A3, as well as its highly homologous
NR4A family member NR4A1 (Nur77), are nuclear
orphan receptors acting as intracellular TCFs that were
previously described as tumor suppressors in AML.
The deletion or silencing of both NR4A factors results
in rapid development of AML in mice and mutations
are also commonly found in AML patients showing
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poorer OS [34,3551,52]. Functionally, NR4A1 and
NR4A3 suppress hyperproliferation and DNA damage
in hematopoietic stem cells through direct activation
of C/EBPA and suppression of NFkB activation [53].
NR4A factors can furthermore repress ¢c-MYC and c-
MYC-target gene transcription in AML cells [54].

Another transcriptional regulator inhibiting NFkB
signaling is promyelocytic leukemia protein 4 (PMLA4).
PML4 is one isoform of PML (see also previous chap-
ter) that was reported to influence several apoptosis
and cell cycle pathways including downregulation of
survivin  and  destabilization of c¢-MYC [55,56].
Additionally, PML4 plays an important role in hemato-
poietic differentiation and is implicated as a tumor
suppressor in leukemia [27]. The Krueppel-like tran-
scription factors (KLF) were previously described to be
involved in cellular differentiation as well [57]. KLF
expression levels are low in cells derived from AML
patients compared to differentiated myeloid cells [58].
KLF5 in particular is considered a tumor suppressor in
AML and was found to be significantly reduced in
AML patients [33]. It is involved in myeloid differenti-
ation as well as hematopoiesis and hematopoietic
stem cell proliferation and localization [59]. In
addition, Forkhead box protein N3 (FOXN3) plays a
key role in cell cycle regulation and FOXN3 expression
levels have been shown to negatively correlate with
leukocyte numbers in AML patients. In line, FOXN3
levels are frequently decreased in AML patients and
cell lines [32,60].

Constitutively active signal transducer and activator
of transcription 3 (STAT3) was reported to have an
oncogenic role in AML patients by increasing prolifer-
ation and protecting against apoptosis [61,62].
However, it was recently shown that the alternatively
spliced STAT3p isoform has a tumor-suppressive role
[36]. Furthermore, a higher mRNA ratio STAT3f to
STAT3ua correlates with favorable prognosis and a bet-
ter OS in AML patients (Table 1). Another TCF with dif-
ferent isoforms involved in the regulation of cell
survival, proliferation, and differentiation is Wilms
tumor 1 (WT1). It was shown that it is overexpressed
in the majority of AML patients, thereby associated
with resistance to therapy and a poor OS [38]. Also,
several mutations of WT1 have been identified.
However, the different roles of the four isoforms are
not completely understood, but seem to have onco-
genic, as well as tumor-suppressive functions [39].

Somatic mutations of PHF6, a member of the plant
homeodomain (PHD)-like finger (PHF) family, have also
been reported to frequently occur in myeloid malig-
nancies such as MDS and AML [63,64]. Such PHF6

mutations are usually found in more aggressive types
of myeloid malignancies and are often linked with
mutations of RUNXT or IDH1 [65].

Many TCFs like C/EBPdelta, chromodomain helicase
DNA binding protein 5 (CHD5), or B-cell factor 3
(EBF3) are tumor suppressors that are influenced by
epigenetic modulation like hypermethylation of pro-
moter regions. In contrast to other C/EBP family mem-
bers, C/EBPdelta expression is diminished in more
than 35% of AML patients due to hypermethylation of
its promoter regions. Based on those findings, the
authors concluded that C/EBPdelta is a novel tumor
suppressor in AML [31]. However, a correlation
between disease stage and C/EBPdelta methylation/
silencing could not be demonstrated [66]. In addition,
CHDS5 is frequently found to be silenced by promoter
methylation in AML. Similar to its described role in
other cancers, CHD5 controls cell proliferation and
suppresses leukemogenesis in AML [67]. In pediatric
AML patients, early EBF3 is repressed by promoter
hypermethylation based on its role in apoptosis regu-
lation, which renders also EBF3 tumor suppressor in
AML [68].

Transcription factor 21 (TCF21) is another TCF,
which is epigenetically inactivated in a variety of
human cancers, including AML, and therefore, pro-
posed as a candidate tumor suppressor gene in MDS
and AML. TCF21 hypermethylation is associated with
adverse risk karyotype in AML and might be used as a
potential biomarker for risk stratification [37].

Many TCFs and their reduced expression in AML
seem to correlate with an adverse disease outcome.
Therefore, the reactivation of their TCF function or the
activation/repression of their downstream targets may
be a beneficial therapeutic approach.

Epigenetic modulators involved in AML

The tumor-suppressive role of many TCFs is influenced
by epigenetic modulation, but there are also epigen-
etic regulators acting as tumor suppressors in AML.
Epigenetic regulation involves factors impacting DNA
cytosine modifications and those mediating posttrans-
lational modifications of histones. One representative
of the former group is DNMT3A, which is one of the
most frequently mutated genes in AML (accounting
for about 23% of all AML patients and up to 36% of
cytogenetically normal AML patients) [69]. DNMT3A
mutations are linked to chemotherapy resistance, dis-
ease relapse and to adverse risk mainly in FLT3-ITD
mutant intermediate-risk AML patients (classified
according to their karyotype) [24,30]. Mutations in



DNMT3A represent nonsense, frameshift, or missense
alterations; of those a single recurrent mutation at
Arginine 882 accounts for approximately half of all
DNMT3A mutations [70,71]. While mutations of the
DNMT3A gene in general seem to be loss-of-function
mutations, the effect of the heterozygous Arg882
mutation is unclear [24].

Another gene that is affected by loss-of-function
mutations, but also copy-number loss, is TET2. The
methylcytosine dioxygenase TET2 plays a key role in
DNA demethylation and its loss/loss-of-function muta-
tion has been associated with poor overall prognosis
of patients with AML [72]. The frequency of such
mutations in AML is enriched in patients over 60 years
of age relative to younger patients [24]. Similar to
DNMT3A mutations, mutations in TET2 are associated
with adverse OS in patients with intermediate-risk
AML or CN-AML, with 18-23% mutational frequency.
However, in contrast to DNMT3A, the effect of TET2
mutations is independent of a FLT3-ITD mutation in
the subgroup of intermediate-risk AML. Interestingly,
loss of Tet2 alone does not result in AML in mice [24].

Another group of epigenetic regulators that
includes tumor suppressors in AML comprises poly-
comb group family members, which modulate histone
posttranslational modifications. The best studied in
the context of AML is additional sex combs-like 1
(ASXL1), which regulates histone H3 lysine 27 methyla-
tion. This polycomb group gene was found to be fre-
quently somatically deleted or point-mutated in the
entire spectrum of myeloid malignancies. In AML this
refers to loss-of-function mutations and copy number
loss [24]. More specifically, the leukemia-associated
mutations in ASXLT most frequently are nonsense as
well as frameshift mutations in the 5 end of the last
exon [40]. The incidence of these mutations positively
correlates with advancing age [24]. ASXLT mutation
appears to be a novel biomarker of adverse OS in
patients with MDS and AML [40]. An enrichment of
ASXL1 mutations in patients with AML having a history
of MDS was observed [73]. Interestingly, ASXL1 loss
was shown to cooperate with oncogenic mutated
NRas (NRasG12D) [40].

Moreover, the related transcriptional regulator
additional sex combs-like protein 2 (ASXL2) has been
demonstrated to be also crucial during hematopoietic
stem cell self-renewal and its loss can promote leu-
kemogenesis. Thus, ASXL2 can also be considered as a
tumor suppressor in AML [74]. ASXL2 was reported to
be frequently mutated in RUNXT-RUNXIT1 AML
patients [75,76].
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The most frequently mutated epigenetic regulator
in MDS and AML is UTX (KDM6A). Recurrent presence
of mutations, which result in the loss of H3K27me3 in
myeloid malignancies (including ASXL1, EZH2, SUZ12,
and EED deletions and somatic mutations) suggest a
rationale for inhibiting demethylation of H3K27 in
these disorders [24]. Preclinical studies have evaluated
therapeutic potential of an UTX/JMJD3 inhibitor [77],
however, so far this inhibitor has not reached clinical
application. Interestingly, although UTX was originally
identified as cancer driver gene (via TCGA analysis),
more recently it was also described to have tumor-
suppressive function, as loss of UTX occurs in different
cancer types. It represses genes by increasing the lev-
els of H3K27me3 marks, thereby enhancing prolifer-
ation, clonogenicity, adhesion, and tumorigenicity in
myeloid among other tumors [78]. In line, the majority
of myeloid-specific Utx knock-out mice developed
AML as well [79].

Mutations in epigenetic regulators mainly result in
adverse risk and poor OS in AML patients. Thus, better
understanding of epigenetic abnormalities in AML
might also provide novel therapeutic targets.

MicroRNAs as an emerging class of tumor
suppressors

MicroRNAs (miRNAs, miRs) are small single-stranded
non-coding RNAs of 19-25 nucleotides that can act
tumor suppressive (also called anti-oncomiRs) or
tumor inducive (oncomiRs) by altering expression or
MRNA degradation of target genes. Their roles are
complex, as one miRNA may target many different
mRNAs, and in turn also various miRNAs can affect the
same mRNA [80]. Over the last years, a variety of
miRNAs has been associated with AML pathogenesis.
On the one hand increased expression of oncomiRs
like miR-9, miR-17-92 cluster, miR-22, miR-125b, miR-
126, miR-155, and miR-196b were shown to be
involved in AML disease progression [43], whereas on
the other hand downregulation of anti-oncomiRs and
therefore overexpression of their target genes also
influences AML progression by epigenetic modifica-
tions, cell proliferation, growth, differentiation, and
apoptosis (Figure 3) [81].

Aberrant epigenetic modifications are recognized in
acute leukemias and these include also deregulation
of miRNAs [82]. In addition, miRNAs like the miR-29
family are involved in epigenetic regulation and DNA
methylation. miR-29b regulates the balance of DNA
methylation and demethylation by repressing the
activities of DNA methyltransferases (DNMTs) like the
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previously discussed DNMT3 and DNA demethylases. It
was shown that its expression is suppressed in several
cancers including AML by c-Myc, NFkB, and transform-
ing growth factor-beta (TGF-f) signaling [43,44].
Decreased miR-29b levels are associated with poor OS
[43]. NFkB signaling is involved in proliferation, sur-
vival and apoptosis, and its activation can lead to
malignancies like AML [83]. Both miR-145 and miR-
146a were shown to be negative regulators of the
NFkB pathway by inhibiting the activator protein
interleukin-1 receptor-associated kinase 1 (IRAK1), and
TNF receptor-associated factor 6 (TRAF6). Thus, they
act as tumor suppressors, and their decreased expres-
sion could be detected in AML [84].

The expression of the tumor-suppressive STAT3 tar-
get miR-146b was also found to be decreased in tumor
cells [85,86], whereas the STAT3 upstream miRNA-17
and miRNA-20a both inhibit the expression of STAT3 at
the post-transcriptional level leading to impaired
apoptosis and thereby inducing leukemogenesis [87].

One miRNA, which plays a crucial role in anti-
tumorigenesis, is miR-628. It could be shown recently
that there is an inverse correlation of decreased miR-
628 levels with the increased expression of insulin-like
growth factor receptor (IGF-1R) in AML patients, sug-
gesting that the tumor-suppressive effect of miR-628

in AML is mediated by regulating the PI3K/AKT path-
way [88]. Downregulation of miR-34a was also
reported to be common in AML patients resulting
in diminished cell apoptosis and suppressed
autophagy [89].

In some reports, miRNAs are related to therapy and
mainly cytarabine sensitivity in AML cell lines and OS
of patients [90]. For example, miRNA-25 was correlated
with an improved response rate in AML patients [90].
But besides their tumor suppressive and oncogenic
role or their influence on therapy response, miRNAs
are more frequently used as biomarkers for the diag-
nosis and prognosis of different malignancies includ-
ing AML. Quirico et al. have recently summarized that
miR-155-3p, miR-181-5p, miR-150, miR-342, miR-10-5p,
miR-210, miR-155, miR-10b, and miR-203 could be
used as diagnostic or prognostic markers [41], whereas
especially miR-155 is associated with poor OS in AML
patients [42]. For many more miRNAs like miR-92a,
miR-143, miR-193b, and miR-342 a reduced expression
could be associated with AML, indicating a tumor-sup-
pressive role, but their mechanism of action as well as
up-stream regulators and/or down-stream targets are
not identified yet [91,92].

A lot of research is ongoing in the field of
microRNAs and AML, but due to their complexity (and



the promiscuity in targets) they require thorough
understanding before using them in AML therapy.
However, the most important potential application of
miRNAs for AML in the clinics is rather their usage as
biomarkers [43].

Tumor suppressors in AML and their (potential)
implications for diagnosis, risk stratification,
prognosis, and treatment

By definition the expression or functionality of tumor
suppressors is reduced in malignant diseases.
Therefore, tumor suppressors mostly are not directly
targeted by treatment, but their mutation and hence
presence or absence is rather used for diagnosis, risk
stratification, and/or prognosis of cancer (sub)types.

Three widely accepted and established risk catego-
ries - favorable, intermediate, and adverse - for
patients diagnosed with AML were defined in 2017 by
ELN [7]. The genetic background of disease is basis for
this classification, however, additional prognostic
markers are strongly required for further risk stratifica-
tion. Therefore, multiple studies aim to identify differ-
entially expressed proteins to predict the outcome of
0S, DFS and complete remission in AML patients
[93,94]. Table 1 summarizes the tumor suppressors dis-
cussed here serving to optimize assignments to risk
groups and prediction of overall prognosis within
AML patients.

Altered expression or mutation of tumor suppres-
sors is also known to influence therapeutic efficacy.
Mutations of DNMT3A and RUNX1 for instance correl-
ate with resistance to chemotherapy and disease
relapse [30]. Regarding epigenetic modulators, nonse-
lective DNMT-inhibitors, such as azacitidine and decita-
bine have been in the clinic for a long time, leading
to clinical response primarily in hematopoietic cancers
(MDS and AML). Besides them, specific targeting of
epigenetic regulators in cancer therapy is widely inves-
tigated, but focusing on tumor drivers [95].

As the expression of tumor suppressors is fre-
quently reduced or even lost in AML patients, efforts
are undertaken to reactivate them, or to use tumor
suppressor mimics as therapeutics. It was recently
shown that miRNA-29b and miRNA-206 mimics in
such context could positively influence the outcome
of AML models in vitro and in vivo [43]. But these
promising molecules need further validation in
pre-clinical and clinical studies. By contrast, a phase |
clinical trial was successfully assessed for the first
tumor-targeted miRNA-34 mimic MRX34. It reactivates
the synergistic effect with the tumor suppressor p53.

TUMOR SUPPRESSORS ACUTE MYELOID LEUKEMIA 7

Other small molecule wild-type p53 activators have
been investigated since decades. One example is the
selective  MDM2:p53 inhibitor RG7338 (idasanutlin)
already in clinical phase Il study [96]. Additionally,
extensive effort is undertaken to find small molecules
targeting and reactivating mutant p53, with the chal-
lenge to target a variety of mutations [96].

A new aspect in AML therapy may be opened by
recently published large prospective cohort studies
that arose dealing with early identification of clonal
hematopoiesis of indeterminate potential (CHIP) asso-
ciated with malignant diseases including AML [97].
Abelson et al. could show that putative driver muta-
tions in tumor suppressors, including DNMT3A, TET2,
ASXL1, TP53, and RUNX1 (in descending order), were
more common in individuals subsequently developing
AML compared with matched controls [98]. Also, the
simultaneous number of these mutations was strongly
associated with the risk of progression to AML [98].
Comparable results were published by Desai et al,
who found a correlation of individuals developing
AML within a median of 9.6 years with already existing
mutations in the tumor suppressors DNMT3A, TET2,
TP53, and ASXL1 [99]. These studies show that early
mutations, inter alia in tumor suppressors, are associ-
ated with subsequent AML progression and that indi-
viduals at high risk to develop AML could be
identified years before they are actually diagnosed
with the disease. This could be a starting point for
early preventive treatment concepts using, e.g. tumor
suppressor mimics. However, these highly interesting
findings need to be more thoroughly investigated and
validated in further prospective cohorts as well as in
pre-clinical and clinical studies. These strategies hold
promise to be of use in the near future for improved
disease diagnosis, prognosis, and/or treatment, maybe
even before AML manifestation.

Conclusion

AML is a complex and heterogeneous human malig-
nancy characterized by cytogenetic, karyotypic, and
genetic variations. This review focused on genetic
mutations in tumor suppressors as well as epigenetic
modulators and miRNAs with tumor-suppressive func-
tion in AML (Figure 3). Mutations in tumor suppressors
might be of predictive but also therapeutic value.
Such alterations have been intensely studied over the
last decades and resulted in great progress of under-
standing the deeply interwoven molecular mecha-
nisms of occurrence, development, progression, and
potential therapeutic targets of AML. However, further
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studies are still required in this field to elucidate the
exact roles of tumor suppressors in these processes
which could allow improved prediction and novel per-
sonalized treatment options in AML.
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