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Protein-coding and noncoding RNAs can be decorated
with a wealth of chemical modifications, and such mod-
ifications coordinately orchestrate gene expression
during normal hematopoietic differentiation and devel-
opment. Aberrant expression and/or dysfunction of the
relevant RNA modification modulators/regulators
("writers,"” "erasers,” and “readers”) drive the initiation
and progression of hematopoietic malignancies;
targeting these dysregulated modulators holds potent

therapeutic potential for the treatment of hematopoi-
etic malignancies. In this review, we summarize current
progress in the understanding of the biological func-
tions and underlying mechanisms of RNA modifications
in normal and malignant hematopoiesis, with a focus on
the N®-methyladenosine modification, as well as discuss
the therapeutic potential of targeting RNA modifica-
tions for the treatment of hematopoietic malignancies,
especially acute myeloid leukemia.

Introduction

Based on the central dogma, gene expression is a multilayered
process that begins with the transcription of DNA into intermediate
carrier messenger RNAs (MRNAs), followed by the transfer of mMRNA
sequence information to proteins that execute the biological func-
tions. The modification of chromosomes without changes in DNA
sequences is an important regulatory mechanism for gene expres-
sion that is termed “epigenetics.” Likewise, similar “epigenetic”
modifications have been observed in RNAs, including ribosomal
RNA, transfer RNA, small nuclear RNA, and mRNA, designated as
“epitranscriptomics.” ' Since the discovery of the first RNA modifica-
tion pseudouridine (the so-called “fifth nucleotide”) in 1957,2>170
types of chemical modifications have been reported in protein-
coding and noncoding RNA transcripts.>” Although many of these
modifications have been identified for decades, only a few have
been validated because of technical limitations, and RNA decora-
tions were generally recognized as irreversible. Thus, related studies
focusing on epitranscriptomics have largely lagged behind epige-
netic studies focusing on DNA and histone modifications. The
RNA epitranscriptomic landscape has been greatly stimulated in
recent years, primarily as a result of the discovery of enzyme FTO
(the fat mass and obesity-associated protein), which is capable of
reversing N-methyladenosine (m®A) to adenosine.®'° Also, thanks
to high-throughput next-generation sequencing and the highly sen-
sitive mass spectrometry method for precise quantification, a set of
RNA modifications has been well characterized, mapped, and inves-
tigated at the transcriptomic and global levels."'?°

Recent studies on many RNA modifications indicate that they are

dynamically regulated in diverse physiological and pathological
settings (eg, in normal development and malignant
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transformation).>”?' In particular, evidence is emerging that

RNA modifications play important roles in normal hematopoiesis
(especially myelopoiesis) and leukemogenesis.®”'%%2-2* Among
all RNA modifications, m®A represents 1 of the most prevalent
and well-studied posttranscriptional modifications in mRNA, and
other modifications, such as adenosine to inosine (A-to-l) editing,
5-methylcytosine (m°C), 5-hydroxymethylcytosine (hm>C), and
pseudouridine, have also been reported for their functions in nor-
mal hematopoiesis and/or leukemogenesis.*7% The correct
deposition of these modifications is essential to guarantee normal
hematopoiesis and prevent differentiation blockage or leukemo-
genesis.>” 192224 Dysreqgulation of RNA modification machineries
has been reported in leukemia, and their abnormal expression
contributes to the initiation, progression, and drug resistance of
leukemia. Thus, targeting the RNA modiification regulatory path-
ways provides an attractive avenue to develop novel therapeutic
strategies for the treatment of hematopoietic malignancies.
Here, we highlight recent advances in our understanding of the
roles and underlying mechanisms of RNA modifications (especially
the m®A modification) in regulating gene expression during nor-
mal hematopoiesis and leukemogenesis and discuss the therapeu-
tic potential of targeting such dysregulated epitranscriptomic
regulations in treating hematopoietic malignancies.

m®A modification and the modulators

Being the most abundant internal modification of eukaryotic
mRNAs, m®A mark is also present in noncoding RNAs, such as
long noncoding RNAs and microRNAs.® Based on ultrahigh-
performance liquid chromatography coupled with triple-
quadrupole tandem mass spectrometry analysis, the m®A/A ratios
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Figure 1. Deposition, removal, and recognition of m®A modification. The m°A modification is deposited by “writers” that function as a complex or as a single protein
(METTL16). The MTC consists of 3 key components (METTL3, METTL14, and WTAP) and several auxiliary subunits (including RBM15/15B, KIAA1429, and ZC3H13). Two méA deme-
thylases, FTO and ALKBHS, serve as “erasers” and can reverse m°A to A in an a-ketoglutarate (a-KG)-dependent way. Notably, R-2-hydroxyglutarate (R-2HG), a metabolite pro-
duced by mutant isocitrate dehydrogenase, is reported to competitively suppress the demethylase activity of FTO as a result of its similar structure to a-KG. The broad biological
functions of m°A are mediated by “readers” that are able to recognize the methyl group or m®A-induced structural changes (“the m®A switch”) to regulate gene expression of
downstream targets. Currently known readers include the YTH family (YTHDF1/2/3 and YTHDC1/2), the IGF2BP family IGF2BP1/2/3), and other proteins (eg, hnRNPA2B1, hnRNPC,

and hnRNPG) that recognize mPA switches.

range from 0.2% to 0.5% in poly(A)" RNAs of eukaryotes, support-
ing the ubiquity of m°A decorations.?*?” Transcriptome-wide
mapping studies of m°A modification identified >12000 m°A
peaks in >7000 transcripts, with the m®A-modified sites distrib-
uted across entire transcripts but being especially enriched
around stop codons; many m°A sites are highly conserved
between humans and mice."®?" Another study revealed a total
of 9754 m®A peaks in 5578 transcripts (average, 2 peaks per tran-
script), including 5461 mRNAs (of 9923 mRNAs) and 117 noncod-
ing RNAs.?® Collectively, m°A decoration is ubiquitous in
mammalian cells, with ~1 m®A peak per 2000 nucleotides or ~2
peaks per transcript on average. The m®A content is highly vari-
able across different tissues and cell types, indicating its dynamic
nature.?! Like other epigenetic marks, such as DNA methylation
and histone modifications, m°A is deposited by “writer” proteins
(methyltransferases), removed by “eraser” proteins (demethy-
lases), and recognized and bound by “reader” proteins (m®A-
binding proteins) to exert its biological functions (Figure 1).47*

It is now clear that m®A is deposited in mRNA cotranscriptionally
primarily by the methyltransferase complex (MTC), which consists
of 3 major subunits: METTL3 (methyltransferase-like 3), METTL14,
and WTAP (Wilms tumor suppressor 1-associated protein).®”2"??
METTL3 is responsible for installing m®A using its catalytic subunit,
and METTL14 forms a stable heterodimer with METTL3 to alloste-
rically activate METTL3 and determine the methylation sites;
WTAP directly binds to METTL3/14 and is indispensable for opti-
mal substrate recruitment and localization of METTL3/14.2¢-3%-3¢
METTL14 was also reported to be able to recognize histone H3
lysine 36 trimethylation modification and, thereby, selectively facil-
itate m°A deposition in MRNA cotranscriptionally.?*° Other
accessory subunits in the complex, including KIAA1429 (also
named VIRMA), RBM15/RBM15B, and ZC3H13, assist in anchor-
ing the complex to nuclear speckles and recognizing particular
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mRNA binding sites.?¥%2 Recent studies also show that
METTL16, a METTL3 homolog, is capable of depositing méA in
U6 small nuclear RNA, MALATT long noncoding RNA, and
MAT2A mRNA on its own.****®> The méA decoration can be selec-
tively reversed to A by the demethylases FTO and ALKBH5 (AlkB
homolog 5), which enable intricate and dynamic control of m®A in
awealth of physiological and pathological cellular processes.®4¢ A
number of m®A-binding proteins are recruited by the m®A modi-
fication and mediate the broad impact of m®A on gene expression
during myriad bioprocesses, such as m®A-dependent regulation
of mRNA stability, translation initiation, mRNA splicing, mRNA
nuclear export, and mRNA structure.®’"%4”>% Currently known
m®A readers primarily include 2 families: the YT521-B homology
(YTH) domain family and the insulin-like growth factor 2 mRNA-
binding protein (IGF2BP) family. The YTH family includes 5 mem-
bers: YTHDF1/2/3 and YTHDC1/2, which are reported to play
different roles in mMRNA degradation (YTHDF2/3 and YTHDC2),
splicing (YTHDC1), translation (YTHDF1/3 and YTHDC2), and
structure modulation (YTHDC2).4748:50:53.55 nlike the YTH family
members (ie, YTHDF2/3 and YTHDC2), which promote decay of
target MRNAs, the recently identified IGF2BP reader family mem-
bers (including IGF2BP1/2/3) enhance the stability of target
mRNAs and facilitate their translation.>® In addition, a few other
mPA readers that recognize m®A-induced RNA structural remodel-
ing (“the méA switch”), such as hnRNPA2B1, hnRNPC, and
hnRNPG, have been reported.>*>?

Normal hematopoiesis is coordinated by

m°A regulation

Hematopoietic stem cells (HSCs) are fundamentally characterized
by their ability to generate new HSCs (termed “self-renewal”) and
produce a spectrum of blood lineages and mature blood cells.

QING et al

20z aunr g0 uo jsenb Aq Jpd'0£9Z¥006 1 0ZPIAPO0IA/SZ06Z81/LE9/8/8E | /iPd-ajo1e/po0|q/Aeu"suoleDlgndyse//:djy woly papeojumog



Writer

(P Notch o enr
METTL3 *"C\

METTL14 we {

RBM15

WTAP.

Erythrocytes

METTL3/14

\

&

Normal hematopoiesis

HEC

_ mycMYB ¥ ec

=0T\

‘g@ Myeloblast

S =3
N / \ Thrombocytes

Macrophage Dendritic cell

Reader

Whnt signaling

TAL1/GATA2/

RUNX1/STATS YTHDF2

Megakaryocyte

&

Figure 2. Roles of m®A in normal hematopoiesis. In the process of normal hematopoiesis, m°A regulators can play promoting (green arrows) or inhibitory (red bars) roles
at various stages. Specifically, METTL3 promotes the generation of HSCs, and METTL3 and METTL14 promote the self-renewal activity of HSCs. Another component of the
mPA writer complex, RBM15, suppresses the transition of long-term HSCs to short-term HSCs. The 3 key subunits of the mPA writer complex, METTL3, METTL14, and WTAP,
promote erythroid differentiation. In contrast, METTL3, METTL14, and RBM15 inhibit the myeloid differentiation of HSCs in normal hematopoiesis. The m®A reader YTHDF2
suppresses the self-renewal activity of HSCs. The identified downstream effectors (signaling pathways and target proteins) or mediator proteins that are critical for the func-
tion of m®A regulators are listed (in italics). CMP, common myeloid progenitor; HEC, hemogenic endothelial cell.

During this normal hematopoiesis, the gene expression is highly
orchestrated and fine-tuned at the DNA and mRNA levels 5%’
To form the blood system, hematopoiesis is organized as a cellular
hierarchy, where HSCs generate a variety of multilineage progen-
itor cells that subsequently differentiate into precursors commit-
ted to individual lineages and, eventually, mature blood cells.®’
Particularly, the multipotential HSCs give rise to the oligopotential
common myeloid progenitors, which next mature into
megakaryocyte-erythrocyte  progenitors and  granulocyte-
monocyte progenitors and, ultimately, functional myeloid cells
(including erythrocytes, megakaryocytes, granulocytes, mono-
cytes, macrophages, and myeloid dendritic cells).®?

In this developmental progression, m°A was found to be impli-
cated at multiple stages as early as the emergence of hematopoi-
etic stem and progenitor cells (HSPCs) during embryogenesis
(Figure 2).63%% HSPCs are specified from hemogenic endothelial
cells through the endothelial-to-hematopoietic transition (EHT),
and depletion of mettl3 in zebrafish and mouse embryos resulted
in a significant decrease in m®A levels, as well as a blockage in the
generation of the earliest HSPCs.**%* In mett/3-null embryos, the
reduced m®A modification in the arterial endothelial genes
notchla and rhoca resulted in a delay of YTHDF2-mediated
mRNA decay and, subsequently the continuous activation of
Notch signaling in arterial endothelial cells and blockage of
EHT; as a result, the homozygous zebrafish mutants died 10
days postfertilization as a result of severe hematopoietic defects.®*
Forced expression of mettl3 in endothelial cells, but not in fast-
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twitch muscle cells, rescued the HSPC defects in mett/3-null
embryos, suggesting that HSPC formation is specifically regulated
by m®A modifications in endothelial cells.** Additionally, although
deletion of Mettl3 in endothelial cells attenuated HSPC develop-
ment and function in mouse embryos, silencing of Mettl3 at later
stages in hematopoietic cells did not induce obvious changes in
HSPCs, implying that the regulation of HSPCs by Mettl3 in mice
primarily occurs in EHT during embryogenesis.® In the adult
murine hematopoietic system, deletion of Mett!3 blocks differen-
tiation and markedly reduces reconstitution potential in HSCs, and
causes the accumulation of impaired HSCs in bone marrow.®>¢®
Kharas and colleagues further revealed that Mettl3-mediated
m®A methylation maintains HSC identity and permits its symmetric
commitment division (in contrast to symmetric renewal or asym-
metric cell division) by targeting Myc, underscoring the important
role of RNA methylation in murine HSCs' differentiation fate
choice.®® In contrast, small hairpin RNA-mediated knockdown
(KD) of METTL3 in human HSPCs reduces global m®A levels, pro-
motes myeloid differentiation after 7 days, and inhibits cell growth
while not inducing notable apoptosis in METTL3-depleted cells.®’
Consistently, forced expression of wild-type, but not catalytic-
dead, METTL3 in human HSPCs increases proliferation and inhib-
its myeloid differentiation, indicating the requirement of METTL3
enzymatic activity for regulating human HSPC myeloid
differentiation.®”

The 3 major components of MTC (METTL3, METTL14, and WTAP)
have also been reported to promote erythroid differentiation.®® By
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installing m®A marks into a set of target transcripts, the m®A writ-
ers promote the translation of these targets in an m®A-dependent
way.® The target genes primarily include 3 distinct groups: genes
involved in the H3K4 methyltransferase network, ribosome/
poly(A)™ RNA binding proteins, and genes with causal roles in
erythropoiesis.®® Particularly, the MTC-mediated deposition of
m®A modification stimulates the translation of H3K4me3 methyl-
transferases SETD1A and SETD1B, thereby facilitating the mainte-
nance of H3K4me3 transcriptional activation marks and the
binding of KLF1 (a master transcriptional regulator of erythropoie-
sis) to erythroid gene promoters and, eventually, driving human
erythroid lineage specification.®

Durable self-renewal is another defining characteristic of HSCs,
and it is required for lifelong blood production.®® Our recent study
shows that METTL14 is expressed at high levels in HSPCs and is
progressively downregulated during normal hematopoiesis;
silencing of METTL14 partially inhibits the self-renewal activity of
HSCs and induces myeloid differentiation.®” Similarly, 2 indepen-
dent studies on METTL3 demonstrated that Mett/3 depletion in
mouse HSCs leads to the exit of quiescence and a defect in
long-term hematopoietic reconstitution capacity.®®”°

RBM15 (RNA binding motif protein 15), originally known as the
fusion partner of the MKL1 gene in the t(1;22)(p13;q13) transloca-
tion of acute megakaryoblastic leukemia, has recently been recog-
nized as an auxiliary component in m®A MTC.**427! Multiple
previous studies have revealed the function of RBM15 in normal
hematopoiesis.”*”* Rbm15 is expressed at high levels in murine
HSCs but at moderate levels during hematopoietic development;
conditional knockout (KO) of Rbm15 in mice leads to a block in
pro/pre-B differentiation but an expansion of megakaryocytic
and myeloid cells; depletion of Rbm15 causes a preference for
granulocytic maturation.”* Another independent study demon-
strated the high expression of Rbm15 in lineage-depleted bone
marrow cells and the lower expression in differentiated macro-
phages and megakaryocytes; forced expression of Rbm15 attenu-
ates myeloid differentiation.”> Mechanistically, Rbm15 activates
Notch-induced HES1 transcription in hematopoietic cells to sup-
press myeloid differentiation.”® It has also been reported that
Rbm15 KO blocks long-term HSCs to short-term HSC differentia-
tion and causes increased, but abnormal, megakaryocyte devel-
opment in mice.”® Such effects of Rbm15 on hematopoiesis are
mediated, at least partially, through regulation of c-Myc levels.
However, whether the loss-of-function phenotypes of RBM15
are directly attributable to alterations in m®A marks of its target
RNAs has yet to be elucidated and requires further investigation.

The function of ALKBH5, a major m®A eraser, in normal hemato-
poiesis has also been studied. Two independent studies sug-
gested that Alkbh5 is dispensable for normal hematopoiesis,
because Alkbh5 depletion exhibited little effect on normal hema-
topoiesis, HSPC homeostasis, or normal HSPC self-renewal/recon-
stitution in physiological and hematopoietic stress conditions.”*”%
The role of FTO, the other major m®A eraser, in normal hemato-
poiesis has yet to be investigated.

The importance of m®A readers in the regulation of myelopoiesis
has been suggested by the studies of YTHDF2, an m®A reader
protein that promotes degradation of its target transcripts.*’
Ythdf2 deficiency in mice led to the expansion of functional
HSCs under physiological conditions and hematopoietic stress,
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without causing abnormal lineage differentiation or hematopoietic
malignancies.”””® Ythdf2-KO murine HSPCs did not show defects
in their functionality and exhibited improved repopulating and
regeneration capacity as a result of the activation of Wnt signaling
following deletion of Ythdf2.”® Additionally, YTHDF2 suppresses
HSC self-renewal by promoting the decay of a set of critical
HSC self-renewal-related transcription factor genes, including
TAL1, GATA2, RUNX1, and STAT5.”” Moreover, Li et al further
showed that YTHDF2 KD dramatically increased the ex vivo
expansion of human umbilical cord blood HSCs, providing a
promising approach to expand these cells before their transplan-
tation.”” Despite the fact that several key findings have been
made with regard to the functions of m®A in the regulation of nor-
mal hematopoiesis, more studies are needed to fully elucidate the
roles of other m®A regulators during this process and to guide
investigations of the molecular mechanisms underlying these
developmental transitions.

The development and maintenance of
myeloid malignancies are facilitated by
m°A dysregulation

Abnormal or blocked differentiation, dysregulated self-renewal,
and excessive proliferation of HSCs and/or myeloid progenitor
cells are common features of myeloid malignancies, a spectrum
of clonal hematopoietic disorders consisting of acute myeloid leu-
kemia (AML), myelodysplastic syndrome (MDS), and myeloprolif-
erative neoplasm (MPN). AML is 1 of the most common types of
leukemia and has a very poor prognosis in general, with a
S-year survival rate of only 20% to 30%.”%%? MDS is characterized
by the pathological feature of cytological dysplasia, whereas MPN
is characterized by abnormal clonal myeloproliferation without
dysplasia (dyserythropoiesis or dysgranulopoiesis).*#> MDS and
MPN have preleukemic features and can frequently evolve to sec-
ondary AML. Over the past 4 decades, promising and encourag-
ing improvement has been seen in the treatment of younger AML
patients, especially with the development of a number of targeted
therapies in the past few years, and >50% of these patients can
achieve complete remission.2¢®” However, more than half of
new AML cases are diagnosed in older adults (>65 years old),
and progress in the treatment of older patients has been much
less conspicuous than that seen in younger ones. More impor-
tantly, drug toxicity, drug resistance, and relapses are still chal-
lenging issues for current therapeutic agents.®® Therefore, there
is still an urgent unmet medical need for the identification of
new therapeutic targets and the development of combinatorial
treatment strategies to provide durable remissions with low toxic-
ity to AML patients, especially for the treatment of older AML
patients, as well as refractory/relapsed younger AML patients.
Recent studies revealing the close association between m°A dys-
regulation and the pathogenesis of myeloid malignancies provide
novel insights into the mechanisms underlying AML pathogenesis
and drug resistance that will ultimately lead to the development of
improved new therapies by targeting m®A-related pathways to
treat AML (Figure 3).

The m®A modification was first linked with myeloid leukemia in the
study reporting the oncogenic role of FTO in AML.8? Analysis of a
microarray dataset of >100 human AML patient samples revealed
that FTO is aberrantly upregulated in t(11923)/MLL-rearranged
AML, t(15;17)/PML-RARA AML, and normal karyotype AML with
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Figure 3. Roles of m®A in myeloid leukemogenesis. In the process of myeloid leukemogenesis, multiple m°A regulators play oncogenic roles (green arrows) at different
stages of leukemogenesis. METTL3 and METTL14 promote the self-renewal/proliferation of leukemia stem cells/leukemia-initiating cells (LSCs/LICs) and the proliferation/
survival of leukemia cells. The RBM15-MKL1 fusion protein plays a role in acute megakaryoblastic leukemia, facilitating the transformation of megakaryocytes and inducing a
differentiation bias toward the megakaryocytic lineage. WTAP promotes the proliferation of leukemia cells. FTO and ALKBH5 promote the transformation of HSCs to LSCs/
LICs, maintain the self-renewal capacity of LSCs/LICs, and are required for the survival/proliferation of leukemia cells. YTHDF2 is essential for leukemia initiation and the
functional integrity of LSCs/LICs. The identified downstream effectors (signaling pathways and target proteins) or mediator proteins that are critical for the function of

méA regulators are listed (in italics).

FLT3-ITD and/or NPM1 mutations. Furthermore, these leukemia
fusion genes and/or mutant oncogenes, including MLL-AF9
(MA9), PML-RARA, FLT3ITD, and NPM1 mutation, promote
expression of FTO. Overexpression of wild-type, but not
catalytic-dead, FTO significantly promotes leukemia cell growth/
proliferation in vitro and accelerates MLL-AF9—induced leukemo-
genesis in vivo, whereas FTO depletion suppresses leukemia
cell growth/proliferation and delays leukemogenesis.®” Impor-
tantly, FTO exerts its biological function as an m°A demethylase:
it removes m®A modifications from its targets, including ASB2 and
RARA, to downregulate their expression (which indicates that
these transcripts may be recognized by m®A readers that promote
stability of their target mRNAs [eg, IGF2BPs)). This signaling path-
way is also responsible for the all-trans retinoic acid-induced
differentiation of acute promyelocytic leukemia cells where FTO
is significantly downregulated upon all-trans retinoic acid
treatment.®’

There have been some arguments that FTO also recognizes
and demethylates N®2-O-dimethyladenosine (m°®A,,), with
the same chemical structure in the base moiety as m®A and a
higher reaction efficacy than m®A.7>?" However, unlike m°A,
m®A,,, primarily locates immediately downstream of the 5’
cap, and its presence only accounts for 1/20th to 1/30th of
that of m®A in AML cells.?” A recent comprehensive evaluation
of FTO enzymatic activity and function demonstrates that the
transcript levels of mRNAs possessing m°A are affected by
FTO-mediated demethylation to a much greater extent than
are the ones with m®A.,,.”? In addition, all of the reported func-
tionally important target transcripts of FTO, including ASB2,
RARA, MYC, and CEBPA, contain m®A modifications but not
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m®AL.2787 Thus, all of the available evidence suggests that
the oncogenic function of FTO in AML is attributed to its
mCA (rather than m®A.,) demethylase activity.

The m®A demethylase activity of FTO requires the presence of its
cofactor a-ketoglutarate (a-KG), and this activity can be competi-
tively inhibited by the metabolite R-2-hydroxyglutarate (R-2HG) as
a result of its similar structure to a-KG (Figure 1). R-2HG is pro-
duced at high levels by mutant isocitrate dehydrogenase 1/2,
which can be found in 10% to 20% of AML patients.”>”® Although
R-2HG was previously considered an oncometabolite,”’"'% sur-
prisingly, we found that it actually exhibits a broad antitumor activ-
ity in leukemia and glioma by targeting the FTO/m®A/MYC/
CEBPA axis.?” At physiologically relevant levels, R-2HG signifi-
cantly inhibited cell proliferation and viability in a time- and
dose-dependent manner in the vast majority of the 27 leukemia
cell lines that we tested, and it significantly delayed leukemogen-
esis in xenotransplantation mouse models. R-2HG also synergizes
with first-line chemotherapy drugs, including hypomethylating
agents (eg, 5-azacytidine and decitabine), to inhibit AML cell sur-
vival/proliferation in vitro and in vivo.?’ These findings highlight
the therapeutic potential of targeting FTO in the treatment of
AML.

Indeed, by developing selective FTO inhibitors (FB23 and FB23-
2), we provided proof-of-concept evidence that pharmacological
inhibition of FTO could significantly inhibit AML growth in vitro
and in vivo.'®" In a subsequent study, we identified 2 more effec-
tive FTO inhibitors (ie, CS1 and CS2) with 50% inhibitory concen-
tration values in the low nanomolar range that are 10 times more
effective than previously developed FTO inhibitors."® CS1 and
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CS2 showed potent antileukemia efficacy in a series of preclinical
animal models, including patient-derived xenotransplantation
models in which primary AML cells collected from relapsed AML
patients were used as donor cells; treatment with CS1 or CS2
alone often resulted in doubled overall survival in treated mice
compared with control mice.'” Furthermore, we found that
FTO is particularly highly expressed in leukemia stem cells/leuke-
mia-initiating cells (LSCs/LICs), and CS1/CS2 treatment signifi-
cantly attenuates the self-renewal capacity of LSCs/LICs."®?
Moreover, pharmacological inhibition of FTO by CS1 or CS2
also downregulates the expression of immune checkpoint genes,
especially LILRB4, which is expressed at levels that are 40- to
50-fold higher than PD-L1 and PD-L2 in AML, sensitizing AML cells
to T-cell cytotoxicity and HMAs by overcoming immune eva-
sion.’% Overall, these results demonstrate the critical role of
FTO as a major m°A eraser in AML development/maintenance,
LSC/LIC self-renewal, and immune evasion and suggest that phar-
macological inhibition of FTO with effective inhibitors, alone or in
combination with other therapeutics (eg, chemotherapy, targeted
therapy, and immunotherapy), represents an effective novel ther-
apeutic strategy to treat AML. In addition, we found that FTO
plays a critical role in various types of solid tumors, and FTO inhib-
itors show potent antitumor efficacy in treating multiple types of
solid tumors, highlighting the broad therapeutic potential of tar-
geting FTO in treating various types of cancers.'%? Interestingly,
CS1  (NSC337766, also named bisantrene) and CS2
(NSC368390, also named brequinar) have been introduced into
clinical trials as an anthracene compound and an inhibitor of dihy-
droorotate dehydrogenase, respectively; most patients tolerate
both drugs well.'""5 Thus, CS1 and CS2 could be readily
applied in the clinic, alone or in combination with other therapeu-
tic agents, to treat FTO-overexpressing cancers, such as AML, in
the near future.

Two recent independent studies found that the other m®A eraser,
ALKBHS, is also essential for AML development/maintenance and
LSC/LIC self-renewal, while being dispensable for normal hemato-
poiesis and normal HSPC self-renewal.”>”® Similar to FTO,
ALKBHS5 is overexpressed in AML patient samples, especially in
LSCs/LICs, compared with healthy controls. Notably, the
increased expression of ALKBH5 is correlated with a poor progno-
sis in AML patients.”> The expression of ALKBHS5 is regulated by
KDMA4C, a histone demethylase that increases the chromatin
accessibility of the ALKBH5 locus via removal of repressive
H3K9me3 marks and, thereby, enhances binding of transcriptional
factors and RNA polymerase II.”¢ Although ALKBHS5 and FTO play
oncogenic roles in AML as m®A demethylases, they appear to tar-
get largely distinct transcripts in many shared pathways.”> Two
functionally important targets of ALKBH5 have been identified:
TACC3 and AXL. ALKBH5 regulates the mRNA stability of
TACC3 and AXL in an m®A-dependent manner, and both targets
can mediate, at least in part, the overall function of ALKBH5 in
AML.”>7¢ Thus, these findings highlight the therapeutic potential
of targeting ALKBHS5 in the treatment of AML.”>7¢"% [t is very
important to develop potent small molecule inhibitors targeting
ALKBH5 as effective and safe novel therapeutics to cure AML
by selectively eliminating LSCs/LICs while sparing normal
hematopoiesis.

In addition to m®A erasers, multiple components from the writer

complex have been implicated in myeloid malignancies, including
METTL3, METTL14, WTAP, and RBM15.67:¢77/1 117120 Regyits
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from 2 independent studies support the oncogenic role of
METTL3 in AML4”"""® Human AML cells express higher levels of
METTL3 than do healthy HSPCs.%” Ablation of METTL3 in human
and mouse AML cells inhibits cell growth/proliferation, induces
cell cycle arrest and apoptosis, and reverses the myeloid differen-
tiation block, consistent with the proliferation-promoting and
differentiation-inhibitory ~ effects of METTL3 on normal
HSPCs.4”:"8 Furthermore, loss of METTL3 delays in vivo develop-
ment of AML in a xenotransplantation mouse model.#""®
METTL3 has been shown to exert an oncogenic role by promoting
the translation of its targets, such as MYC, BCL2, and PTEN.®7 In
addition, guided by CEBPZ, METTL3 can be recruited to the tran-
scriptional start sites of its target genes SP1 and SP2, and it depos-
its m®A modifications on the target transcripts to increase their
expression, which, in turn, leads to enhanced activity of the down-
stream MYC pathways.""®

Similarly, METTL14, another key component of the writer com-
plex, is detected at higher levels in AML cells than in normal
mononuclear cells, and exerts an oncogenic role in AML.?
METTL14 KD in vitro leads to inhibition of cell growth and induc-
tion of differentiation and apoptosis, whereas disruption of
METTL14 in vivo significantly delays AML onset and prolongs sur-
vival in allotransplantation and xenotransplantation mouse mod-
els.®” METTL14 positively regulates the expression of MYB and
MYC via an méA—dependent mechanism and, thereby, enhances
the self-renewal/proliferation of LSCs/LICs to facilitate AML initia-
tion and maintenance.®’ Notably, although KD of METTL14
showed minimal effect on the survival/proliferation of human nor-
mal HSPCs,® KD of METTL3 significantly inhibited growth/prolif-
eration of human normal HSPCs.%% Such a discrepancy might be
attributed to METTL3's additional function in mRNA translation
in cytosol that is independent from METTL14, whereas METTL14
exerts its function solely through its interaction with METTL3 for
m®A deposition in the nucleus.?63"343¢.1211123 Thys, targeting
METTL3 alone may cause evident side effects because it is also
required for the maintenance and proliferation of human normal
HSPCs. These data provide a strong rationale for the develop-
ment of pharmacological approaches to inhibit the METTL3 and
METTL14 interaction and, thereby, suppress their m®A deposition
activity as novel therapeutic strategies for AML treatment.

Two other components of the writer complex, WTAP and RBM15,
have also been recognized as oncogenic proteins in AML, either
on its own (WTAP) or as part of a fusion protein (RBM15-
MKL1).7T 117119120 However, these findings were made before
their identification as part of the m®A installing machinery,**3
and it remains to be elucidated whether their effects in AML are
attributed to their regulation of m®A modifications. The newly dis-
covered méA writer, METTL16, has also been shown to be essen-
tial for leukemia cell growth in 2 CRISPR-Cas9 screens,**4>1"8 yet
further studies are needed to better understand its role in hema-
topoietic malignancies.

Intriguingly, both m®A writers (METTL3 and METTL14) and erasers
(FTO and ALKBHS) are oncogenic in AML. One possible explana-
tion for this seemingly paradoxical phenomenon is that the writers
and erasers may regulate different sets of target genes, which
leads to somewhat similar downstream biological effects.”® The
MTC (containing METTL3, METTL14, WTAP, and RBM15) is
responsible for the installation of m®A into thousands of transcripts
in a given cell type, whereas FTO and ALKBHS only target a
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Figure 4. Roles of other RNA modifications in normal and malignant hematopoiesis. In addition to m®A, other RNA modifications, such as A-to-| editing, m*C, and
pseudouridine (), are implicated in normal and malignant hematopoiesis. Specifically, ¥ synthase is essential for efficient HSC differentiation, and s is highly excreted
in urine in AML and chronic myeloid leukemia (CML). Increased levels of m°C and its writers confer chemoresistance to MDS/AML cells, m®C writers are positively associated
with MDS/AML progression, and m°C eraser TET2 promotes infection-induced myelopoiesis. The writer for A-to-I editing is required for maintenance of HSCs and survival of
hematopoietic progenitor cell (HPCs), whereas the same writer promotes transformation of myeloid progenitors into LSCs/LICs and enhances LSC/LIC self-renewal activity.

The level of A-to-I editing is positively correlated with CML progression.

relatively small portion of all m®A-modified transcripts.®*¢?% Thus,
MTC disruption is presumed to exert more dramatic effects than
FTO or ALKBHS disruption, because many more transcripts will
be affected in the former situation; this is in agreement with the
aforementioned observations that murine normal hematopoiesis
is significantly affected by depletion of METTL3 or METTL14 but
not ALKBH5. Moreover, the fact that MYC mRNA stability is pro-
moted by METTL14 (via regulation of m°A on the 3'-terminal
exon of MYC) and FTO (via regulation of m®A on the 5'-terminal
and internal exons of MYC) provides an additional explanation:
the same target transcript may be recognized by different readers
on different regions, which, in tumn, results in distinct RNA fates.?”¢?
Collectively, 1 inspiration from current evidence is that perturbation
of RNA m®A methylation homeostasis by dysregulation of writers or
erasers could induce imbalanced gene expression and facilitate the
development and maintenance of myeloid malignancies.

The association between the m°A reader, YTHDF2, and myeloid
malignancies has also been established recently.'*

RNA MODIFICATIONS IN HEMATOPOIETIC MALIGNANCIES

Overexpression of YTHDF2 is observed in a broad spectrum of
AML subtypes, and YTHDF2 protects the functional integrity of
LSCs/LICs to allow AML initiation and propagation in humans
and mice. It is noteworthy that YTHDF2 deficiency, like ALKBH5
depletion, selectively compromises the survival and engraftment
capacity of human AML cells, whereas normal HSC activity is
enhanced by loss of YTHDF2, indicating that YTHDF2 appears
to be a feasible novel target for AML therapeutics.”””®'2* None-
theless, further studies are required for the development and
assessment of specific small molecule inhibitors against YTHDF2.

Other RNA modifications in normal and

malignant hematopoiesis

To date, >170 chemical modifications have been described in
coding and noncoding RNAs,**” although the majority of such
modifications have not been validated, and the prevalence of
many modifications in RNAs could be very low. In comparison
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with m®A, our understanding of the biological functions of other
RNA modifications in normal and malignant hematopoiesis
remains very limited, but it is beginning to consolidate with the
development of high-throughput sequencing technologies that
enable transcriptome-wide mapping of specific RNA modifica-
tions (Figure 4)11141620 Here we discuss the roles of several
other well-validated RNA modifications (including A-to-l editing,
m°C, hm°C, and pseudouridine) in normal and malignant
hematopoiesis.

Site-selective editing of adenosine to inosine (“A-to-l editing”) is
mediated by the ADAR (adenosine deaminases acting on RNA)
family, which includes ADAR1 (ADAR), ADAR2 (ADARB1), and
ADAR3 (ADARB2).">> ADAR1 is required for the maintenance of
HSCs and the survival of differentiating hematopoietic progenitor
cells.’*'?7 Within the myeloid lineage, myeloid progenitors
express ADART at low levels, whereas mature granulocytes exhibit
much higher ADAR1 expression, which correlates with a global
increase in A-to-l editing during myeloid leukemia cell matura-
tion."?2'%? However, erythroid- and myeloid-restricted depletion
of Adar? in mouse models suggests that ADAR1 is dispensable
for normal myelopoiesis, although it is essential for normal eryth-
ropoiesis.'?139 |n chronic myeloid leukemia (CML), a subcategory
of MPN, the level of A-to-I editing is increased in parallel with dis-
ease progression.”® ADAR1 activation promotes malignant
reprogramming of myeloid progenitors into LSCs/LICs, enhances
LSC/LIC self-renewal, and promotes CML progenitor propagation
through hyperediting of cell cycle regulatory and tumor suppres-
sor RNAs."3""33 Because m®A and A-to-I editing both occurs on
adenosines, there is a possibility that m®A writers and ADARs com-
pete for the same adenosines, with the fate of the modified tran-
scripts  determined by the intricate regulation of both
modifications. Indeed, Yang and colleagues found a negative cor-
relation between m°A and A-to-l editing using a genome-wide
analysis of A-to-l editing abundance in m®A* and m°A™ tran-
scripts.”** Suppression of m®A writers (METTL3/METTL14) and
m®A erasers (FTO) resulted in an increase and decrease in global
A-to-| editing ratios, respectively, without altering ADAR expres-
sion. The m®A-modified transcripts have lower binding affinities
to ADAR1 for further A-to-l editing, which accounts, at least in
part, for the negative modulation of A-to-| editing by m®A."3*

The methylation of carbon 5 in cytosine (m°C) in RNA is catalyzed
by the NOL1/NOP2/SUN domain (NSUN) family of methyltrans-
ferases or DNMT2 and m°C is subject to oxidation by TET proteins
to generate hm°C and other oxidative metabolites.”*>"% The
m°C marks and its methyltransferases NSUNs/DMNT2 are mark-
edly increased in hypomethylating agent-resistant MDS/AML
cells.”®® The mechanistic study revealed that NSUNs/DNMT2
directly interact with hnRNPK to recruit RNA-polymerase I/
CTD9 and erythroid/myeloid lineage-determining transcription
factors GATAT and SPI1/PU.1 to nascent RNAs to form a drug-
responsive active chromatin structures to confer chemoresistance
to MDS/AML cells.”*® Consistently, the expression of m°C methyl-
transferases and hnRNPK is positively correlated with MDS/AML
progression.’®® By contrast, the m°C eraser TET2 is reported to
promote infection-induced myelopoiesis by oxidizing the m>C
modifications in SOCS3 mRNAs, which subsequently allows the
binding of ADART to unmethylated SOCS3 mRNA to repress
SOCS3 expression in an RNA editing-independent manner.'3?
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Pseudouridylation of ribosomal RNA, first discovered in 1957, is
catalyzed by dyskerin and guided by the H/ACA box small nucle-
olar RNAs.?'9 During the past 6 decades, some clues have been
provided by previous studies about the involvement of pseudour-
idine in normal and malignant myelopoiesis. The urinary excretion
of pseudouridine was elevated in >80% of cases of untreated
AML and CML."*" Additionally, the pseudouridine synthase activ-
ity of dyskerin is required for efficient differentiation of HSCs."*°
However, the clinical implications and the underlying mechanisms
for dysregulation of pseudouridine in myeloid malignancies have
yet to be elucidated.

Conclusions

RNA modifications are essential players in cell fate decision during
hematopoietic development, and our knowledge of the roles of
RNA modifications in various biological processes is growing rap-
idly as a result of improved detection methods, especially next-
generation sequencing to map RNA marks at the transcriptome
level. Recent discoveries have positioned these modifications (pri-
marily m®A) as key regulatory mechanisms in normal and malig-
nant hematopoiesis. Aberrant expression of m®A modulators
(writers, erasers, and readers) has been described and investi-
gated for most aspects of leukemogenesis; their pharmacological
inhibition, especially the m®A eraser FTO, has achieved promising
antileukemic effects and represents novel therapeutic strategies
for AML. Targeting dysregulated m®A machinery with effective
inhibitors, alone or in combination with other therapeutics, repre-
sents an attractive novel approach to treat leukemia patients,
especially refractory/relapsed patients who are resistant to avail-
able therapies.

Most recent m®A modification studies in hematopoietic malig-
nancies have focused on AML. The functions and underlying
molecular mechanisms of m®A modification and the associ-
ated machinery in other types of hematopoietic malignancies,
such as acute lymphoblastic leukemia, chronical lymphocytic
leukemia, CML, MDS, and MPN, have yet to be investigated.
It would be interesting to determine whether a given m®A
modulator plays distinct roles and regulates largely different
sets of targets across different types of hematopoietic
malignancies.

Unlike m®A decoration, the investigation of the roles of many
other modifications, such as N*-acetylcytidine, N'-methyla-
denosine, m°C, and hm>C, is still restricted by the sensitivity
and precision of current detection techniques. Their impact
on normal hematopoiesis and leukemogenesis, their abun-
dance in leukemia patients in contrast to healthy controls,
and their biological functions in determining RNA fate
remain to be investigated. Therefore, it is imperative to
develop more advanced detection methods and tools for
the identification and quantification of genuine RNA modifi-
cations with higher sensitivity, precision, and resolution.
From a clinical perspective, such knowledge is essential to
reveal their biological functions during the different steps
of hematopoiesis and leukemogenesis and is critical for the
identification and characterization of novel potent bio-
markers and druggable targets for the treatment of hemato-
poietic malignancies.
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