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N6-methyladenosine and its 
epitranscriptomic effects on hematopoietic 
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Abstract 

N6‑methyladenosine (m6A) RNA modification orchestrates cellular epitranscriptome through tuning the homeostasis 
of transcript stability, translation efficiency, and the transcript affinity toward RNA‑binding proteins (RBPs). An aberrant 
m6A deposition on RNA can lead toward oncogenic expression profile (mRNA), impaired mitochondrial metabolism 
(mtRNA), and translational suppression (rRNA) of tumor suppressor genes. In addition, non‑coding RNAs (ncRNAs), 
such as X‑inactive specific transcript (XIST), miRNAs, and α‑ketoglutarate‑centric metabolic transcripts are also regu‑
lated by the m6A epitranscriptome. Notably, recent studies had uncovered a myriad of m6A‑modified transcripts 
the center of hematopoietic stem cell (HSC) regulation, in which m6A modification act as a context dependent switch 
to the on and off of hematopoietic stem cell (HSC) maintenance, lineage commitment and terminal differentiation. 
In this review, we sequentially unfold the m6A mediated epithelial‑to‑hematopoietic transition in progenitor blood 
cell production, lymphocytic lineage expansion (T cells, B cells, NK cells, and non‑NK ILCs), and the m6A crosstalk 
with the onco‑metabolic prospects of leukemogenesis. Together, an encompassing body of evidence highlighted 
the emerging m6A significance in the regulation of HSC biology and leukemogenesis.
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Introduction
Epigenetics by its literal definition, refers to the copious 
machinery that reshapes gene expression profiles with-
out altering the genetic sequence. Among the manifold 
of epigenetic mechanisms, RNA modifications have 
emerged as a trending research prospect that parallels 
histone and DNA modifications as the key paradigm 
that dominates the cell fate decision process. Hemat-
opoiesis in particular, is a complex biology process that 
actively recruits histone, DNA and RNA modification to 
coordinate hematologic cell expansion, differentiation 
and crosstalk. In this article, we review how N6-meth-
yladenosine (m6A) participate in the regulation of 
hematopoiesis, the de-differentiation process of endothe-
lial-to-hematogenic transition (EHT), the differentiation 
of HSCs to lymphoid lineage, and the accumulative cues 
that confers leukemogenic events under the m6A epi-
transcriptomic effects.

In a step-by-step manner, we first introduce the basic 
prospects of m6A physiology, including how it is bio-
chemically installed, removed, and being bound by 
reader proteins. Moreover, we explored the up-to-date 
m6A detection methods that employs chemical or affin-
ity-based enrichment sequencing methods. Then a list of 
m6A-related players was highlighted with their particu-
lar contribution to the HSC biology. Dysregulation of 
m6A can disrupt normal hematopoiesis and lead toward 
either cytopenic or leukemic conditions. While the leu-
kemic events were often lethal and hard to treat, we in 
depth report how m6A effects confers the leukemogenic 
milieu of acute lymphoblastic leukemia, chronic lym-
phocytic leukemia, and lymphoma. Last but not least, 
we think it being interesting to point out that the m6A-
mediated aberrant immune cell activation and the m6A 
crosstalk with Xist RNA may conjointly foster an immu-
nity condition that favors autoimmune diseases such as 
systemic lupus erythematosus (SLE) and rheumatoid 
arthritis (RA). In sum, we have collected a robust body 
of real-world disease models, in which different aspects 
of evidence had confirmed that the m6A modification 
are implicated in various hematological physiologic and 
pathologic regulation.

Basic m6A regulatory machinery
Epigenetics and m6A modification
Epigenetic regulation had been previously linked toward 
HSC regulation through the well-established histone-
DNA modification apertures. The identification of his-
tone and DNA modification enzymes and epigenetic 
mark readers, had prompted pharmaceutical investments 
in targeting draggable epigenetic enzymes (Miranda Fur-
tado et al. 2019), so as to treat leukemic diseases (Dawson 
et al. 2012).

Recent studies (An and Duan 2022; Uddin et al. 2021) 
had pointed out that the RNA modification, in apart 
from the histone and DNA modification, act as a molec-
ular hinge to connect upstream signaling cues and the 
downstream cellular effects. Biochemically, the RNA 
modifications are much flexible than chromatin modi-
fications in terms of exerting transient effects or under-
taking vast and fast cellular programming (Batista et  al. 
2014; Commerford et al. 1982). And in the case of hemat-
opoiesis, the nimble RNA modification switch shut down 
gene expression through targeted transcript degradation 
and translation quenching (Wang et al. 2018a; Mapperley 
et al. 2021), these post-transcriptional activity help blood 
lineages swiftly redirect transcriptome momentum, and 
integrates endogenous programming (HSC expansion, 
lineage commitment) and exogenous signals (immu-
nity maturation, infectious stimuli) without rebooting 
the whole expression process starting from chromatin 
re-organization, polymerase assembly and transcription 
completion. Therefore, the RNA modification was an 
energy conservative mechanism that facilitates individual 
cells to cope with multifarious biological demands (Boo 
and Kim 2020; Jonkhout et al. 2017).

N6-methyladenosine (m6A) stands out as the sin-
gle most prevalent RNA modification that covers a 
wide range of RNA species (mRNA, miRNA, snRNA, 
snoRNA, rRNA, and ncRNA) in the eukaryotic transcrip-
tome (Shi et  al. 2019; Liu and Pan 2016; Delaunay and 
Frye 2019). Structurally, m6A is an adenosine molecule 
with methylated nitrogen attached to the 6th carbon of 
the adenine moiety. Approximately 0.1–0.4% of total 
adenosine molecules are modified by m6A, account-
ing for 50% of all methylated ribonucleotides, regardless 
of the type (Wei et al. 1975). m6A is typically deposited 
at RRA*CH motifs (R = A or G; H = A, C, or U), with 
the asterisk marking the primary m6A site. MeRIP-seq, 
a high throughput sequencing of the m6A signals, has 
shown that m6A signals are enriched in mRNA regions 
such as long exons, stop codon periphery, and 3’ UTRs. 
The uneven distribution of m6A nucleotides across the 
transcriptome landscape reflects its role in modulating 
region-specific functions like RNA splicing, cap-inde-
pendent translation, mRNA deadenylation, endoribo-
nucleolytic cleavage, and transcript translocation. These 
m6A events collectively orchestrate gene expression and 
modulate cell homeostasis in self-renewal, clonal expan-
sion, and lineage commitment.

Methods to study m6A modifications
To explore how m6A landscapes modify gene expres-
sion and affect cell behavior, multiple techniques have 
emerged to locate m6A sites in the transcriptome. 
These techniques can be categorized into three main 
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approaches: antibody-dependent immunoprecipitation, 
specific enzyme binding, and chemical-based detec-
tion (Fig.  1, Table  1). Methylated RNA immunoprecipi-
tation sequencing (MeRIP-seq) was the first developed 
and the most widely-used approach (Dominissini et  al. 
2012). However, it only detects m6A at a resolution of 
100–200 nucleotides. Therefore, other immunoprecipita-
tion methods such as photo-crosslinking-assisted m6A 
sequencing (PA-m6A-seq) (Chen et  al. 2015), cross-
linking immunoprecipitation sequencing (CLIP-seq) 
(Kuksa et al. 2017), m6A individual-nucleotide resolution 
cross-linking immunoprecipitation sequencing (miCLIP-
seq) (Grozhik et  al. 2017), and m6A level and isoform-
characterization sequencing (m6A-LAIC-seq) (Molinie 
et al. 2016) improved resolution. Moreover,  m6A-specific 
in  situ hybridization mediated proximity ligation assay 
(m6AISH-PLA), which utilizes m6A antibodies, can 
acquire single-cell resolution imaging of m6A-modified 
RNA (Wang et  al. 2022). However, these methods may 

have poor reproducibility due to the nonspecific binding 
of m6A antibodies. To address this, antibody-independ-
ent methods have been developed. Specific enzymes are 
applied in methods such as MAZTER-seq (Garcia-Cam-
pos et  al. 2019), diversity arrays technology sequencing 
(DART-seq) (Meyer 2019), and m6A-SEAL-seq (Wang 
et al. 2020a) to identify m6A distribution. MAZTER-seq 
utilizes bacterial MazF endoribonuclease to cleave RNA 
before “ACA” sequence but not at “m6ACA” sequences; 
m6A-SEAL-seq employs FTO-assisted selective chemical 
labeling by dithiothreitol (DTT)-mediated thiol-addition; 
also, DART-seq uses YTH-APOBEC1 fusion protein to 
locate modified adenosines and change adjacent cytosines 
into uracils. Nevertheless, these methods often depend 
on transfection efficiency or are limited to low resolution. 
Chemical-based detection methods such as SCARLET 
identify m6A locations with single nucleotide resolution 
in mRNAs or lncRNAs (Liu et al. 2013); SELECT exploits 
the ability of m6A modification in RNA to hinder the 

Fig. 1 Summary of high‑throughput methods to study m6A modifications
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elongation of DNA polymerases and nick ligation activ-
ity of ligases (Xiao et al. 2018); m6A-label-seq substitutes 
m6A with N6-allyladenosine (a6A) using allyl-SeAM 
and allyl-SAM before NGS to detect transcriptome-wide 
m6A sites (Shu et al. 2020). The m6A-ORL-seq is based 
on biotin labeling of m6A followed by strepavidin pull-
down (Xie et al. 2022). The latest chemical-based detec-
tion, GLORI-seq, imitates the principle and workflow of 
bisulfite sequence (Liu et al. 2023). GLORI-seq converts 
unmethylated adenosine residue into inosine. Thus, iden-
tified adenosine residues in sequencing are residues with 
modification. Nevertheless, this approach cannot distin-
guish m6A from other adenosine methylation types, such 
as m6Am or m1A. Researchers must further process the 
data to remove such interference based on the features 
of m6Am or m1A. Concurrently, computational models 
such as M6APred-EL (Wei et al. 2018) and m6Anet (Hen-
dra 2022) have been developed for m6A site prediction, 
identification, and quantification. These high-throughput 
sequencing methods allow for better examination of the 
chemical properties of m6A.

The m6A RNA regulatory machinery is organized 
similarly to the molecular machinery responsible for 
other epigenetic mark, such as histone and DNA modi-
fications. Namely, it includes the writers responsible for 
depositing of m6A marks (methyltransferases), readers 
that recognize m6A marks and modulate their functional 
effects, and erasers that remove the marks. Methyl-RNA 
immunoprecipitation sequencing (MeRIP-seq) also iden-
tified m6A modifications on apoptotic (TNFR2, AXIN2), 
stemness (NOTCH1A, Wnt target genes) and pro-differ-
entiation (HOXB4, MYB, MYC, BCL2, PTEN) genes. To 
better understand how the m6A regulates blood develop-
ment by targeting m6A-modified transcripts, we detailed 
the biochemical and stereochemical aspects of the m6A 
regulators.

m6A writers
m6A deposition on mRNA is catalyzed by the methyl-
transferase complex (MTC), which consists of the cata-
lytic subunit METTL3 and other accessory subunits, 
including METTL14, ZC3H13, WTAP, RBM15, VIRMA 
(also known as KIAA1429), and HAKAI. The assembly 
of MTC begins with the formation of the heterodimer 
composed of cytosolic METTL3 and METTL14, followed 
by ZC3H13mediated METTL3/14 nuclear transloca-
tion (Wen et  al. 2018a; Liu et  al. 2014). In the nucleus, 
ZC3H13 bridges the METTL3/14 enzymatic core to 
the MTC chaperone WTAP. The resultant mature com-
plexes are targeted to specific loci through the faculta-
tive RNA binding protein (RBP) partners (Wang et  al. 
2018b; Huang et al. 2019a; Patil et al. 2016). For instance, 
HAKAI mediates MTC recruitment to the 5’UTR and 

nascent transcripts near the start codon (Wen et  al. 
2018a; Liu et al. 2014), VIRMA mediates MTC tethering 
to the 3’UTR and the stop codon periphery, and RBM15 
mediates MTC binding to the U-rich motif with no 
region preferences. Together, these interchangeable RBPs 
guide the MTC to deposit m6A at specific regions under 
different cellular contexts, and thus enhance the oper-
ability and flexibility of the m6A machinery.

In addition to the METTL3/14 MTC, other functional 
complexes catalyze m6A deposition on various RNA spe-
cies. For instance, the METTL5/TRMT112 and ZCCHC4 
complexes catalyze 18S rRNA-1832m6A and 28S rRNA-
4220m6A modifications, respectively (Ma et  al. 2019); 
METTL16 catalyzes m6A modification of long non-
coding RNAs (lncRNAs) and U6 small nuclear RNA 
(U6 snRNA) (Pendleton et al. 2017). Overall, tipping the 
enzymatic balance of the MTC can result in the dysreg-
ulation of various biological processes, such as cellular 
reprogramming (Aguilo et al. 2015), embryonic develop-
ment (Wang et al. 2014a), and hematopoietic homeosta-
sis (Yao et al. 2018).

m6A erasers
Demethylation of m6A is accomplished by the demeth-
ylases FTO and ALKBH5, both of which are dependent 
on α-ketoglutarate (α-KG) and ferrous ion cofactors. 
They contain a conserved double-stranded β-helix 
(DSBH) domain that serves as the catalytic core for the 
demethylation reaction (Tsujikawa et al. 2007). Indeed, 
α-KG binds to FTO at R316 and interacts with ALKBH5 
via Mn2 + ions on H204, D205, and H266 residues (Feng 
et al. 2014; Jia et al. 2011). α-KG, a critical intermediate 
in the tricarboxylic acid (TCA) cycle and amino acid 
biosynthesis, was first linked to epigenetic mechanisms 
after being identified as a cofactor of histone and DNA 
demethylases such as the TET family and the Jumonji 
domain (JMJD)-containing histone demethylases (Fed-
eles et  al. 2015; Tran et  al. 2019). Therefore, reduced 
α-KG levels abrogate demethylase activity, leading 
toward the hypermethylated status of DNA, histones, 
or RNA (Abla et al. 2020; Raffel et al. 2017). Since it is 
widely known that altered DNA or histone methylation 
is associated with leukemia (Yang et al. 2019; Wen et al. 
2018b), it came as no surprise that α-KG was proven to 
mediate leukemia progression. For instance, mutations 
in isocitrate dehydrogenases (IDH), enzymes catalyz-
ing α-KG formation, such as cytosolic IDH1 R132H 
and mitochondrial IDH2 R172K, disrupt their interac-
tion with the isocitrate substrate and redirect them to 
the production of hydroxyglutarate (2HG) oncometab-
olite (Fig.  2) (Ward et  al. 2010). Such mutations have 
been detected in roughly 20% of acute myeloid leuke-
mia (AML) patients. Similarly, D-2-hydroxyglutarate 
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dehydrogenase (D2HGDH) and L-2-hydroxyglutarate 
dehydrogenase (L2HGDH), the enzymes converting 
2HG enantiomers into α-KG, have also been impli-
cated in leukemic transformation. The mutations of 
D2HGDH and L2HGDH impair the conversion of 2HG 
isomers into α-KG, causing the accumulation of D-2HG 
or L-2HG, which inhibits cellular demethylases such as 
FTO (Wei et al. 2020). Consequently, the accumulation 
of 2HG in cells inhibits TET2 demethylase, leading to 
DNA hypermethylation and HIF1α protein degradation 

(Raffel et  al. 2017), eventually promoting leukemogen-
esis. Interestingly, R-2HG has recently been reported to 
reduce leukemic progression by inhibiting FTO activ-
ity. FTO suppression leads to global accumulation of 
m6A, inhibiting the pro-oncogenic PFKP/LDHB and 
MYC/CEBPA signaling axes, ultimately attenuating gly-
colysis metabolism and inhibiting leukemic cell growth 
(Su et al. 2018; Qing et al. 2021) (Fig. 2). Therefore, IDH 
mutants and FTO inhibition possess potential thera-
peutic values for leukemia treatment by mediating m6A 
modifications on critical transcripts in leukemogenesis.

Fig. 2 α‑KG homeostasis and m6A regulation. In normal conditions, IDH converts isocitric acid to α‑KG, which is a cofactor of TET2 demethylase 
and m6A eraser FTO. Active TET2 participates in DNA demethylation and gene activation. IDH1 R132H and IDH2 R172K mutations produce the 2HG 
oncometabolite instead of α‑KG, which inhibits TET2 and leads to hypermethylated DNA resulting in the downregulation of tumor suppressor gene 
expression. 2HG production also leads to FTO inactivation resulting in the accumulation of m6A modification on oncogenic mRNAs, promoting 
their degradation and displaying anti‑leukemia potential. In short, 2HG can exhibit both pro‑leukemia and anti‑leukemia effects through activating 
distinct pathways
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m6A readers
There are three m6A reader families: the YT521-B 
homolog (YTH) protein family, the heterogeneous 
nuclear ribonucleoprotein (hnRNP) family, and the com-
mon m6A RNA-binding protein family. Different m6A 
readers subject RNA to enhanced translation or degrada-
tion by altering RNA secondary and tertiary structures, 
as well as by recruiting different effector enzymes.

m6A readers with m6A-recognizing YT521-B homol-
ogy (YTH) domains are classified into three classes, 
YTHDC1, YTHDC2, and the YTHDF subfamily 
(YTHDF1-3). These readers mediate mRNA alternative 
splicing, nuclear export, degradation, and translation 
(Wang et  al. 2015). Among them, YTHDF2 is the most 
well-studied, and its canonical mode of action is by selec-
tive binding and promoting mRNA decay via recruit-
ing the CCR4-NOT deadenylase complex (Wang et  al. 
2014b; Du et al. 2016). Functionally, YTHDF2 modulates 
hematopoietic development by altering the expression 
of crucial genes, including transcription factors inhibit-
ing B cell to plasma cell transition (Bach2, Pax5, Irf8, and 
Spi1) (Turner et al. 2021), cell cycle regulators in IL-7-in-
duced pro-B cell proliferation (Zfp87, Sertad3, and Trib1) 
(Zheng et al. 2020), and proinflammatory genes in HSCs 
(Stat1, Il6r, and Gadd45g) (Mapperley, et  al. 2021). In 
summary, YTHDF2 regulates hematopoiesis by facilitat-
ing the degradation of m6A-modified transcripts, thereby 
decreasing the expression of cell differentiation-related 
genes. YTHDC1 is a nuclear-residing m6A reader which 
has a potent effect on embryonic and neural develop-
ment (Hartmann et al. 1999; Yan et al. 2022). Mechanis-
tically, YTHDC1 regulates RNA alternative splicing via 
recruiting SRSF3 splicing factor while blocking SRSF10 
to promote exon inclusion in target RNAs. Function-
ally, YTHDC1 mediates the functionality of lncRNAs 
such as XIST and MALAT1 (Patil et al. 2016; Wang et al. 
2021), affecting lncRNA-mediated gene repression. 
For instance, m6A modification is required for XIST-
mediated gene suppression and MALAT1-induced cell 
migration and proliferation of esophageal squamous-cell 
carcinoma (ESCC) cells.

In addition, the hnRNP family members, such as 
hnRNPC, hnRNPK, and hnRNPA2B1, also recognize 
m6A sites. The hnRNP family members weakly bind to 
m6A-modified RNA structures but not directly to m6A 
itself (Liu et  al. 2015), which initiates alternative splic-
ing and translation of target transcripts. Phenitypically, 
hnRNPs act as adverse prognostic factors in leukemia by 
licensing oncogenic transcripts for elevated translation, 
splicing, and stability (Dreyfuss et al. 2002).

Insulin-like growth factor 2 mRNA binding proteins 
(IGF2BPs) are m6A readers categorized into common 
m6A RNA binding protein, with emerging role recently 

in multiple biological pathways, especially in cancer 
biology. IGF2BP1/2/3 are three proteins in this fam-
ily, sharing similar structural features. They contain two 
RNA-recognition motifs (RRMs) and four hnRNP-K 
homology (KH) domains (Bell et al. 2013). In most cases, 
IGF2BPs are thought to stabilize the mRNA they bind to 
and promote their expression (Huang et  al. 2018). This 
regulatory function can be oncogenic, as the expres-
sion of a large number of oncogenes in various cancers 
has been proven to be promoted by this m6A-dependent 
axis. These targets include VEGF in colon cancer (Yang 
et  al. 2020a), SOX2 in endometrial cancer (Xue et  al. 
2021), DROSHA and PD-L1 in breast cancer (Peng et al. 
2021; Wan et  al. 2022), GLUT1 in pancreatic cancer 
(Huang et al. 2019b), CDK4 in renal cell carcinoma (Gu 
et al. 2021), just to name a few.

In summary, m6A readers determine the fate of m6A-
modified RNA via diverse biological mechanisms and 
may afterward mediate cellular metabolism or cause 
tumorigenesis if dysregulated.

m6A in hematopoietic stem cell maintenance 
and biogenesis
Hematopoietic stem cells (HSCs) are the progenitors 
of all differentiated blood cell types. HSCs undergo a 
dynamic transition between symmetric and asymmetric 
division to meet the oscillating demands in peripheral 
blood lineages. Therefore, increasing HSC expansion and 
optimizing differentiation efficacy are paramount goals 
in the clinical use of HSCs for transplantation, currently 
applied to treat conditions such as bone marrow suppres-
sion, anemia, and immune deficiency.

Typically, adult HSCs are maintained in a specific envi-
ronment within the bone marrow, called the niche. The 
proliferation and maintenance of HSCs are only pos-
sible in such a microenvironment, and they lose their 
ability for self-renewal or undergo cell death outside the 
niche (Lewis et  al. 2021). While adult HSCs residing in 
the bone marrow are slowly proliferating cells, primitive 
HSCs arising at the early stages of embryonic develop-
ment are characterized by an extremely high proliferation 
rate. At the same time, they are highly resilient to leuke-
mic transformation due to unique characteristics such 
as increased expression of DNA repair and antioxidant 
genes (Manesia et al. 2015). Understanding the epigenetic 
mechanisms governing the self-renewal and proliferation 
of adult and fetal HSCs, as well as their biogenesis, are of 
crucial importance for their propagation in vitro for clini-
cal application.

m6A as a regulator of fetal hematopoiesis
During vertebrate embryogenesis, the first HSC popula-
tion originates from hemogenic endothelial cells (HECs), 
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a specialized type of endothelial cells, in the fetal aorta-
gonad-mesonephros (AGM) region and major vessels via 
a process named endothelial-to-hematopoietic transition 
(EHT) (Ottersbach 2019) (Fig.  3A). m6A modifications 
have recently been reported to regulate EHT by altering 
the expression of several genes encoding pro-hematopoi-
etic factors (GATA2, RUNX1, GFI1, GFI1B, TGFβ, and 
components of the BMP4-SMAD1/5-HDAC1-ERK axis) 
(Zhang et al. 2014; Lempereur et al. 2018; Lancrin et al. 
2012; Chen et  al. 2009), or anti-hematopoietic factors 
(SOX17 and NOTCH1) (Uenishi et al. 2018; Lizama et al. 
2015). For instance, METTL3 suppresses the EHT-inhib-
iting notch1a and rhoca mRNAs by facilitating YTHDF2-
mediated mRNA decay, which supports HSC production 
via EHT, as shown in a zebrafish model (Zhang et  al. 
2017a). Mettl3 deletion may impair EHT progression 
by reducing the expression of transcriptional repressors 
GFI1 and RUNX1, which are the transcription factors 
essential for HSC development in intra-arterial clusters 
(Chen et  al. 2009; Thambyrajah et  al. 2016). GFI1 pro-
motes EHT by binding to the regulatory regions of these 
genes and recruits LSD1, a chromatin-modifying protein 
of the CoREST repressive complex, which suppresses 

gene transcription in HECs of the AGM region during 
the intra-embryonic wave of hematopoiesis (Thamby-
rajah et  al. 2016). Additionally, RUNX1 enhances the 
transition of AGM endothelium to hematopoietic cells 
by regulating the expression of hematopoiesis-specific 
genes, such as those encoding cytokines IL-3 and GM-
CSF; cytokine receptors M-CSFR, B, and T cell receptors, 
and megakaryocyte-specific chemokine PF4 (Chen et al. 
2009; Ichikawa et  al. 2013). The HSCs derived from the 
EHT process then seed the fetal liver, where they further 
proliferate (Fig. 3B). In hepatic cells, Mettl3 deletion gen-
erates aberrant dsRNA, which activates OAS-RNase L, 
MDA5-RIG-I, and p-PKR-p-eIF2α axis, eventually lead-
ing to innate immune response and hematopoietic failure 
(Chitrakar, et al. 2021). In this mechanism, OAS detects 
dsRNA and further activates RNase L, which enhances 
IFN-β expression and IL-1β activation; RIG-I activates 
type I interferon transcription while eIF2α decreases 
global protein translation and promotes the formation 
of stress granules (Chitrakar, et  al. 2021). In summary, 
recent discoveries have elucidated the role of m6A deco-
ration on EHT-regulating transcripts, providing novel 
insights into HSC maintenance and offering potential 

Fig. 3 m6A modifications in fetal hematopoiesis and HSC maintenance. A Mammalian HSCs are first formed in the aorta‑gonad‑mesonephros 
(AGM) region from hemogenic endothelial cells (HECs) as a result of the trans‑differentiation process of endothelial‑to‑hematopoietic transition 
(EHT). Due to interactions with different readers, m6A‑modified transcripts contribute to EHT by promoting pro‑EHT, meanwhile suppressing 
anti‑EHT programs. B Nascent fetal HSCs migrate to the fetal liver, undergoing rapid and drastic proliferation. (C) Adult HSCs are maintained 
in the niche microenvironment of the bone marrow. The schematics of the principal m6A‑regulated pathways occurring at these sites are shown 
in the bottom panel
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for future stem cell-based therapies in hematopoietic 
malignancies.

The role of m6A writers in adult HSC maintenance
Limitations of pharmacology and genetic approaches 
currently constrain the implementation of HSC-based 
therapeutics. Therefore, several studies have been con-
ducted to identify whether m6A manipulation could 
generate novel therapeutic value for HSC-based treat-
ment. Single-cell RNA sequencing (scRNA-seq) of the 
bone marrow of Mettl3 conditional knockout (cKO) mice 
has revealed that m6A loss impairs symmetric HSC divi-
sion and leads to a decrease in myeloid progenitor pro-
duction. The m6A-deficient HSCs give rise to a pool of 
quiescent-free Lin-c-Kit + HSC-like population (Yao et al. 
2018) and are blocked from entering myeloid progenitor 
checkpoints. In line with this finding, another Mettl3-
deficient mice study showed reduced Nr4a2, Cdkn1a 
(p21), Bmi1, and Prdm16 expression concomitant with 
HSC accumulation (Yao et  al. 2018) (Fig.  3C). Interest-
ingly, a transgenic mice study using lineage-specific Mx1-
cre; Mettl3fl/fl (induced Mettl3 KO at HSC stage) and 
Lysm-cre; Mettl3fl/fl (induced Mettl3 KO at myeloid pro-
genitor stage) plpC induction system revealed that Mettl3 
is essential to maintain HSC properties, whereas it is 
redundant or dispensable for myeloid progenitors to gen-
erate functional macrophage phenotype. Therefore, this 
evidence strongly implies that the demand for m6A epi-
transcriptome is context-dependent and stage-specific.

Other m6A writer complex members (WTAP and 
RBM15) are also crucial for HSC differentiation. Through 
poly (I:C) inducible Wtapfl/fl-Mx1-Cre mouse model, 
Wtap deletion led to twice the average pool size of 
HSCs and LSKs, progenitor counts of HPCs, CLPs, and 
LMPPs were also expanded (Liu et  al. 2020). The dele-
tion of Wtap could reduce the expression of pluripo-
tency-associated genes such as Akt2, Fzd1/9, and Mapk3 
(Liu et  al. 2020). Also, the depletion of RBM15 affected 
downstream hematopoiesis, such as blocking B cell dif-
ferentiation (Raffel et al. 2007), and suppressing myeloid 
differentiation through the NOTCH signaling pathway 
(Raffel et  al. 2007). In short, m6A writers (including 
METTL3, METTL14, WTAP, and RBM15) regulate 
HSCs quiescence and hematopoiesis in an m6A-depend-
ent manner.

m6A reader proteins in HSC regulation
In light of the in vitro and in vivo HSC Mettl3 KO results, 
parallel experiments were repeated with the KO of m6A 
reader proteins, namely the YTH domain and IGF2BP 
m6A RBP families. While Mettl3 KO models linked 
decreased m6A deposition to HSC expansion and differ-
entiation blockade (Cheng et al. 2019), several Ythdf2 KO 

studies showed that abrogated m6A-mediated mRNA 
decay also led to phenotypic HSC expansion (Li et  al. 
2018). Wang et al. further demonstrated that Ythdf2-null 
HSCs, in comparison to wild-type HSCs, exhibited a 50% 
increment of the long-term repopulating ability in com-
petitive transplantation models (Wang et al. 2018a). On 
top of expanded HSC quantity, Ythdf2−/− HSCs showed 
no homing deficiency during the study interval and 
no defects in reconstituting multilineage hematopoie-
sis (Mapperley et  al. 2021). Moreover, the regenerative 
capacity of Ythdf2−/− HSC transplants was higher than 
that of the Ythdf2+/+ post-5-FU and radiation bone mar-
row resetting treatment. These data indicate that Ythdf2 
KO, just like the Mettl3 KO approach, can be applied to 
potentiate the resilience and robustness of the HSCs. 
Nevertheless, a longitudinal study demonstrated that 
Ythdf2-null HSCs harvested from young mice eventually 
fail throughout serial transplantations. In the late-prop-
agated generations of Ythdf2−/− HSCs(Mapperley et  al. 
2021), chronic inflammation was documented, in which 
the m6A-modified transcripts transcribed under pro-
inflammatory IFN-γ, TNF-α, STAT1, IRF7, and TLR4 
programs were accumulated, a consequence attributed to 
the absence of YTHDF2-mediated mRNA decay. There-
fore, the Ythdf2 KO seemingly causes HSC expansion at 
its imminent phase but results in an inflammatory failure 
at its delayed stage.

Ythdf3 and Ythdf1 are two conservative m6A reader 
homologs of Ythdf2. Nevertheless, only Ythdf3 KO gener-
ated a defective hemogram, whereas Ythdf1 KO resulted 
in a regular profile in HSC progenitors and differentiated 
peripheral blood cells (Zhang et  al. 2022). Furthermore, 
in the competitive transplantation assay, the Ythdf3 KO 
HSCs showed impaired reconstitution of T cell, B cell, 
and myeloid lineages as early as 3 months post-trans-
plantation (Zhang et al. 2022). In the subsequent experi-
ments, full transcriptome analysis revealed alterations 
in ribosome and protein synthesis pathways in Ythdf3 
KO cells (Zhang et  al. 2022). Through click chemistry-
based analysis of total translation, Ythdf3 KO resulted in 
a reduced flux of protein synthesis, thus linking replica-
tion stress to HSC stasis. Although the previous Ythdf2 
KO experiment identified six m6A-regulated HSC genes 
(Myc, Ccnd1, Axin2, Mcl1, Cd133, and Bcl2) in LSK cells, 
Ccnd1 (cyclin D1) was the only gene verified to be sup-
pressed in Ythdf3 KO HSCs (Wang et al. 2018a; Li et al. 
2018). Mechanistically, Ccnd1 translation was abrogated 
when Ythdf3 KO led to destabilized PABPC1-EIF4G2 
complex and disrupted its binding to Ccnd1 5’UTR, thus 
resulting in decreased translation initiation (Zhang et al. 
2022). The overall Ythdf3 KO-mediated Ccnd1 regula-
tion in HSC failure was not reproducible by Ythdf1 KO. 
From this point, we conclude that among three Ythdf 
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homologs, Ythdf1 is less contributive to HSC regulation. 
At the same time, Ythdf2 and Ythdf3 KO affect HSC biol-
ogy through transcript degradation and transcript trans-
lation (Du et al. 2016; Shi et al. 2017), respectively.

As supported by preclinical results, m6A and its reg-
ulators were proposed to be potentially used for HSC-
based therapeutic applications. For instance, it has been 
shown that YTHDF2 suppresses pro-inflammatory tran-
scripts such as Stat1, Il6ra, and Gadd45g in the HSCs 
(Mapperley, et al. 2021), thereby preventing chronic HSC 
inflammatory status. On the other hand, YTHDF2 also 
restrains the overt proliferation of HSCs by degrading 
the m6A-labeled transcripts encoding components of 
the Wnt signaling axis (Myc, Ccnd1, Axin2) (Wang et al. 
2018a), pro-survival pathways (Mcl1, Bcl2, Bax, Bad, 
and Bim) (Morales et  al. 2011), as well as Tal1, encod-
ing a critical important transcription factor for hemat-
opoiesis (Wang et al. 2018a; Li et al. 2018). Collectively, 
HSCs employ m6A RNA modifications as an epigenetic 
switch, by which the subject gene sets can be turned on 
or off through context-dependent m6A labeling. Conse-
quently, approaching transcriptome balance and HSC 
homeostasis.

The role of m6A in normal lymphoid hematopoiesis
The role of m6A in innate lymphoid cells (ILCs): natural 
killer (NK) cells, ILC1, ILC2, & ILC3
Innate lymphoid cells (ILCs) comprise ILC1/2/3, natu-
ral killer (NK) cells, and lymphoid tissue inducer (LTi) 
cells. ILCs are differentiated from the common lym-
phoid progenitors (CLPs) and participate in the immune 
responses at the epithelial barrier surface when activated 
by signals, such as cytokines, in their immediate environ-
ment (Iwafuchi et al. 2016). Although ILC1/2/3 displays 
lymphoid morphology like NK or B cells, they do not 
express T cell receptors (TCRs) or undergo genetic rear-
rangement during maturation (Mjösberg and Spits 2016; 
Morita et al. 2016). Notably, m6A regulators mediate the 
expression of critical transcription factors during ILC 
differentiation and commitment. For instance, METTL3 
promotes T-bet expression required for ILC1 develop-
ment and the RORγT/Notch signaling in ILC3 devel-
opment (Yao et  al. 2021; Possot et  al. 2011); KIAA1429 
prevents transcript decay of GATA3, a transcription fac-
tor critical for ILC2 commitment (Lan et al. 2019; Kasal 
et  al. 2021). Intriguingly, ILC behavior is also regulated 
by a crosstalk between ncRNAs and m6A: circRNA circ-
Zbtb20 facilitates ALKBH5-mediated m6A removal on 
Nr4a1 mRNA, contributing to the maintenance of ILC3 
proliferation ability through enhancing NOTCH2 signal-
ing (Liu et al. 2021a) (Fig. 4). To conclude, growing evi-
dence demonstrates a robust role of m6A in ILC behavior. 
Given that ILC functions are associated with leukemic 

progression (Trabanelli et al. 2017), further investigation 
of the role of m6A-decorated transcripts in ILC regula-
tion is required to develop promising immunotherapeu-
tic strategies targeting the tumor microenvironment.

Among ILCs, NK cells target aberrant autologous cells, 
such as virus-infected cells, and malignantly transformed 
cells by recognizing MHC class I molecules (Hansen 
and Bouvier 2009). Anti-leukemia immunity of NK cells 
is stimulated mainly through the IL-2 or IL-15-STAT5 
pathways (Szczepanski et al. 2010; Lehmann et al. 2001), 
which have recently been linked to the m6A reader 
YTHDF2. YTHDF2 forms a positive feedback loop with 
STAT5 in response to IL-15 stimulation. Such loop pro-
motes production of IFN-γ, granzyme B, and perforin, 
subsequently enhancing NK cell activation and cytotox-
icity (Ma et al. 2021). In addition, YTHDF2 was found to 
be essential for NK cell growth and activation by enhanc-
ing the degradation of Tardbp mRNA, the newly identi-
fied YTHDF2 target (Ma et al. 2021). Therefore, YTHDF2 
deficiency resulted in reduced NK cell count and abro-
gated cytotoxicity.

Similarly, METTL3 is also essential for NK cell matura-
tion and expansion via m6A decoration. A recent study 
showed that METTL3 targets and enhances the expres-
sion of SHP-2 tyrosine phosphatase (encoded by Ptpn11), 
activating the AKT-mTOR and MAPK-ERK pathways 
upon IL-15 overexpression, eventually sustaining cyto-
toxic molecules production. Moreover, in Mettl3 KO 
mice, a cell marker specific for terminally differenti-
ated NK cells termed killer cell lectin-like receptor G1 
(KLRG1), was found to be downregulated in the spleen, 
lung, liver, and bone marrow (Song et al. 2021). Overall, 
METTL3 deficiency alters the m6A landscape in criti-
cal transcripts, resulting in reduced NK cell infiltration 
in the tumor microenvironment, decreased sensitivity to 
IL-15 overexpression, and impaired clonal expansion in 
several peripheral organs.

The role of m6A in T cell biogenesis
m6A regulators regulate T cell differentiation, prolif-
eration, and activation. For instance, Mettl14 cKO was 
shown to increase the population of inflammatory T 
cells (such as Th1 and Th17) while suppressing differ-
entiation towards regulatory T cells (Tregs) (Lu et  al. 
2020). In addition, Mettl3 deficiency blocks the differ-
entiation of naive T cells into effector T progenitors in 
mice (Li et  al. 2017). m6A epitranscriptome controls 
the suppressor of cytokine signaling (SOCS) protein 
family (including SOCS1-3 and CISH) in T cell biol-
ogy via the METTL3-YTHDF2-SOCS axis, in which 
the SOCS proteins inhibit IL-7 and STAT5 and block 
T cell signaling cascade (Palmer and Restifo 2009). On 
the post-transcriptional level, SOCS transcripts can be 
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methylated by METTL3 and targeted for degradation 
by m6A-YTHDF2 binding. The m6A-mediated SOCS 
silencing was found to lead to IL-2/STAT5/FOXP3 
activation, which resulted in Treg differentiation and 
expansion (Yao et  al. 2021), while the IL-7/STAT5/
SOCS pathway facilitated naive T cell reprogramming 
and proliferation (Wu et al. 2019). In short, the SOCS 
protein family is an important m6A downstream effec-
tor in T cells.

In addition, m6A affects T follicular helper (Tfh) 
cell differentiation through the VHL/HIF-1α/GAPDH/
ICOS axis (Zhu et  al. 2019). Furthermore, METTL3 is 
indispensable for the expression of m6A-modifiable Tfh 
signature transcripts (Bcl6, Tcf7, and Cxcr5) (Yao et al. 
2021) whereas the anti-Tfh differentiation genes (Foxo1, 
Prdm1, and Tbx21) (Zhu et al. 2019) were inhibited by 
METLL3. In summary, the m6A modification network 
modulates cytokine production and transcription pro-
gramming to direct T cell fate.

The role of m6A in B cell biogenesis
B cells are responsible for the adaptive immune response, 
in which a diverse B cell receptor (BCR) repertoire is 
required to bind antigens. BCRs are generated through 
genetic recombination, diversified through class switch 
recombination (CSR) and somatic hypermutation (SHM), 
all requiring multistep coordination of transcriptome 
programming. Among them, in some incidences, the 
remodeling of B cell transcriptomes is tightly regulated 
by the m6A machinery. Hence in the following sections, 
we will summarize the crosstalk between m6A regulators 
and B cell immunity.

According to the immunoglobulin (V, D, and J seg-
ment of H chain, and V, J segment of L chain) rear-
rangement status, B cell development in bone marrow 
can be divided into four stages: pro-B cell, large pre-B 
cell, small pre-B cell, and immature B cell (Pieper et al. 
2013). In such a context, Mettl14 KO impaired IL-
7-induced pro-B cell proliferation and its maturation 

Fig. 4 Promotion of ILC3 cell proliferation in m6A‑dependent manner. Circular RNA circZbtb20 promotes m6A removal from Nr4a1 mRNA 
by recruiting m6A eraser ALKBH5. This prevents YTHDF2‑dependent degradation of Nr4a1 mRNA and thus increases the expression of NR4A1 
transcription factor. NR4A1 activates the NOTCH2 signaling pathway that promotes ILC3 cell proliferation
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into the large pre-B stage by disturbing YTHDF2-
modulated mRNA decay and causing dysregulation 
of cell cycle and BCR recombination-related genes. 
METTL14 is essential for transitioning large pre-B 
cells to small pre-B cells in the subsequent differentia-
tion stage. It mediates the appropriate transcription by 
interacting with transcription factors through the pro-
cess independent of YTHDF1/YTHDF2 (Zheng et  al. 
2020).

After leaving the bone marrow, immature B cells are 
transferred to the spleen to further mature into transi-
tional T1 and T2 B cells (Loder et al. 1999). T2 B cells 
differentiate into the follicular and marginal zone (MZ) 
B cells. Among them, follicular B cells form or enter 
the germinal center (GC) (Pieper et  al. 2013). When 
constructing and maintaining a GC, B cells require the 
m6A-binding protein IGF2BP3 to stabilize the mRNAs 
of genes responsible for the proliferation downstream 
of Myc. Besides, another m6A reader, YTHDF2, is nec-
essary to properly function the electron transport chain 
in the mitochondria of GC B cells (Grenov et al. 2021).

When B cells encounter antigens, the elevated acti-
vation-induced cytidine deaminase (AID) expression 
cooperates with activated T cells to clear antigens in 
the GCs. GCs are the structures in the B cell zone of 
lymph nodes, where B cells later undergo class switch-
ing recombination (CSR) and somatic hypermutation 
(SHM) and differentiate into antibody-secreting plasma 
cells and memory B cells (Schmidlin et al. 2009). Nas-
cent-transcribed ncRNA SμGLT forms an R-loop struc-
ture at the IgH locus, and m6A modification of SμGLT 
promotes its recognition by YTHDF1. YTHDF1 sta-
bilizes the R-loop structure and synergistically works 
with MPP6 adaptor protein to recruit AID DNA deami-
nase and RNA exosome, which CSR requires. There-
fore, inhibiting YTHDF1 or suppressing m6A leads 
to decreased DNA-RNA hybrid R-loop structure and 
decreased AID recruitment, reducing the efficiency of 
B cells conducting CSR (Nair et al. 2021).

B cells in GC can differentiate into plasma cells and 
memory cells (Klein and Dalla-Favera 2008). It was 
observed that METTL14-deficient mice are incapable 
of eliciting proper GC B cell response, including pro-
liferation and SHM deficiency. Knocking out Mettl14 
downregulates genes related to cell cycle G2/M transi-
tion regulation and GC B cell positive selection through 
YTHDF2-dependent mRNA degradation. METTL14 
can also decrease the expression of negative regula-
tors, such as Lax1 and Tipe2, in positively selected GC 
B cells (Huang et  al. 2022). In summary, m6A plays a 
vital role in crucial branching steps of B cell differentia-
tion, and how m6A acts in B cell life history is still to be 
discovered.

The role of m6A in lymphocytic hematopoietic 
malignancies
Lymphocytic hematopoietic malignancies are a group 
of neoplasms stemming from uncontrolled prolifer-
ated and aberrant differentiation of lymphoid precur-
sors, including lymphocytic leukemia and lymphoma. 
Numerous factors contribute to the initiation, pro-
gression, and prognosis of this type of malignancies, 
including damaged gene regulation, impaired cell 
metabolism, and dysregulated epigenetic networks. 
The roles of RNA methylation in lymphocytic hema-
tological cancers were found to be increasingly crucial. 
Therefore, in this section, we discuss the regulation 
of the m6A RNA methylation landscape in different 
RNAs (mRNAs, ncRNAs, and rRNAs) in lympho-
cytic leukemia and lymphoma and dissect the molec-
ular characteristics of cells with dysregulated m6A 
methylome.

Acute lymphoblastic leukemia and chronic lymphocytic 
leukemia
Acute lymphoblastic leukemia (ALL) and chronic lym-
phocytic leukemia (CLL) result from abnormal lym-
phoid differentiation. ALL blasts are transformed from 
less mature lymphoid precursors than CLL blasts, thus 
leading to more rapid progression of the former. Typi-
cally, m6A enzymes regulate the expression homeostasis 
of oncogenes and tumor suppressor genes to promote or 
inhibit leukemogenesis, while leukemia cells often display 
an altered m6A methylation landscape.

To begin with, METTL3 enhances cell survival in CLL 
by enhancing leukemic gene translation (SF3A1, SF3A2, 
SF3B1, U2AF1) (Wu et  al. 2020; Fei et  al. 2018; Zhang 
et al. 2017b; Rozovski et al. 2013). In T-cell ALL (T-ALL) 
and MLL-rearranged (MLL-r) ALL, METTL16 was 
shown to stimulate the production of MAT2A mRNA 
encoding methionine adenosyltransferase 2A (MAT2A, 
the SAM synthase) by promoting the splicing of an 
intron, which afterward enables the functions of multiple 
methyltransferases, including DOT1L and PRMT5 (Pen-
dleton et al. 2017; Secker et al. 2020), thereby provoking 
pathogenesis. Similarly, IGF2BPs were reported to pro-
mote leukemia progression by maintaining the stability 
of m6A-labeled oncogenic mRNAs encoding self-renewal 
regulators HOXB4 and MYB, aldehyde dehydrogenase 
ALDH1A1 (Elcheva et al. 2020), the stem cell reprogram-
ming factor LIN28B (which downregulates let-7 miRNA) 
(Zhou et  al. 2017), and c-MYC (Zhu et  al. 2021). Nota-
bly, the m6A-reading IGF2BP family also plays important 
roles in ALLs with distinct genetic signatures (Stoskus 
et  al. 2011). IGF2BP1 overexpression targets critical 
genes, such as the ETV6/RUNX1-RAC1-STAT3-MYC 



Page 13 of 20Chang et al. Molecular Medicine          (2024) 30:196  

axis (Stoskus et al. 2016) and the TNFα/NFκB signaling 
(IL6ST, NFAT5, CDK6, MDM2, CCND1, NGFR) (Sharma 
et  al. 2021). The process is possibly the “second hit” of 
leukemia progression after a particular chromosomal 
rearrangement, the t(12;21)(p13;q22) ETV6/RUNX1 
or the t(14;17)(q32;q21) IGH/IGF2BP1 translocation 
in childhood B-ALL (Gu et  al. 2014; Palanichamy et  al. 
2019), therefore, it enhances its cellular survival, self-
renewal, and proliferation. Correspondingly, IGF2BP3 is 
commonly overexpressed in MLL-r B-ALL and Hodgkin 
lymphoma and supports tumorigenesis via promoting 
mRNA stability of MYC and CDK6 (Palanichamy et  al. 
2016; Masoud et al. 2019). By studying different ALL pat-
terns with gene translocations, better management of the 
disease could be achieved in the future. In short, these 
m6A regulators which appear as oncogenes are often 
overexpressed during lymphoid leukemias development 
and modulate transcripts promoting cell survival and 
proliferation.

Despite the evidence for the association between m6A 
and leukemogenesis, ALLs with inheritable gene rear-
rangements demonstrated contradictory results. For 
example, lower METTL3 and METTL14 expression lev-
els were associated with the progression of pediatric 
ETV6/RUNX1-positive ALL and a higher relapse rate 
(Sun et al. 2019; Liu et al. 2021b; Luo et al. 2021). These 
results indicate that the roles of METTL3 and METTL14 
may vary in ALLs with different genetic mutation pat-
terns. Besides mRNA, m6A inhibits leukemogenesis 
by regulating rRNA as well. For instance, METTL5, the 
m6A methyltransferase of rRNA, methylates 18S rRNA 
at position 1832A, which results in the proper folding 
of the ribosome decoding center. This methylation pro-
motes the translation of tumor suppressor genes such as 
FBXW7, KLF4, SOX2, and REX1, thus antagonizing leu-
kemogenesis. Moreover, Mettl5 KO promotes leukemia 
growth by translationally inhibiting F-box and WD repeat 
domain-containing 7 (Fbxw7) (Xing et al. 2020; Yeh et al. 
2018; King et al. 2013), a c-MYC degrader and a key regu-
lator of cell differentiation. Therefore, decreased FBXW7 
leads to c-MYC accumulation and NOTCH activation 
essential for cell survival and proliferation of chronic 
myeloid leukemia (CML) and B-cell ALL (B-ALL) (Reavie 
et al. 2013).

Our current understanding of targeting m6A regu-
lators has generated potential therapeutic targets. For 
instance, FB23-2 is an FTO inhibitor developed as a can-
didate drug for treating leukemia. This compound forms 
hydrophobic interactions with FTO’s nucleotide recog-
nition lid motif of FTO and abrogates its demethylation 
function. FB23-2 treatment promotes myeloid cell differ-
entiation and primes leukemic cells for a p53-mediated 
apoptotic program by abrogating c-MYC and CEBPA 

anti-apoptotic proteins (Huang et  al. 2019c). On the 
other hand, ALKBH5 enhances enzyme expression along 
the USP1-Aurora B axis in T-ALL by demethylating 
m6As at the 3’-UTRs of target transcripts (Gong et  al. 
2021), increasing mRNA stability and promoting cancer 
progression. Therefore, shALKBH5 significantly ablates 
AML growth with little effect on normal hematopoiesis, 
suggesting potential therapeutic roles of ALKBH5 inhibi-
tors (Shen et  al. 2020; Selberg et  al. 2021). In brief, the 
m6A methylome participates in the hematopoietic pro-
cess and leukemia growth and is engaging in identifying 
novel therapeutic targets for blood cancer.

The role m6A in lymphomas
Cancer cells circulate throughout the body in lympho-
blastic leukemias, while lymphoma cells tend to aggre-
gate and form neoplasms in the bone marrow. There are 
two main subtypes of lymphoma: Hodgkin lymphoma 
(HL) and non-Hodgkin lymphoma (NHL). Diffuse large 
B-cell lymphoma (DLBCL) is the most common category 
of NHL with abnormally large B lymphocytes and fast-
growing speed. Both subtypes show aberrant m6A meth-
ylation traits. For example, METTL3 stimulates tumor 
proliferation of DLBCL through PEDF-mediated Wnt/β-
catenin apoptotic signaling repression (Cheng et al. 2020; 
Ma et al. 2017). Furthermore, WTAP also plays an onco-
genic role in DLBCL. In the presence of piRNA-30473, 
the increased WTAP level promotes the expression of the 
oncogenic HK2 gene by inducing IGF2BP-mediated tran-
script stabilization in an m6A- dependent manner (Han 
et  al. 2021). Moreover, the expression of the YTHDF2 
reader was found to be associated with poor DLBCL 
prognosis by targeting the ACER2-ceramide metabolic 
axis (Dixit et  al. 2021). Additionally, the overexpression 
of the m6A-binding protein hnRNPK improves ribo-
some loading efficiency to the Myc transcript (Evans et al. 
2003), thus increasing c-MYC protein level and causing 
DLBCL propagation (Gallardo et al. 2020).

The prognosis of DLBCL is also affected by the cross-
talk between m6A regulators and m6A-modified lncR-
NAs, including TRERNA1 and NBAT1 (Li et  al. 2022; 
Wei et  al. 2021; Song et  al. 2022). ALKBH5 upregulates 
the expression of TRERNA1 via m6A removal, thereby 
promoting the TRERNA1-EZH2 interaction and repress-
ing the CDKN1A (p21) promoter region. This inhibits 
the expression of the cell cycle inhibitor p21, eventu-
ally leading to poor prognosis in DLBCL (Song et  al. 
2022). Another lncRNA, NBAT1, blocks the interaction 
of IGF2BP1 and MYC transcripts to destabilize MYC 
mRNA, and inhibits leukemic growth (Li et al. 2022; Wei 
et  al. 2021). To conclude, multiple m6A targets cooper-
ate to regulate cell transformation and proliferation in 
lymphoma, leading to pessimistic disease outcomes. 
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These biomarkers may become predictive or diagnostic 
tools and serve as novel therapeutic targets for lymphoid 
hematological cancers in the future.

A case of lncRNA: interplay between m6A 
and global genome regulators
The functionality of eukaryotic organisms relies on the 
relatively limited number of protein-coding genes, and 
the level of complexity of such organisms does not nec-
essarily correlate with their number. On the other hand, 
the astounding complexity of higher eukaryotes’ organi-
zation relies on multiple layers and complex networks 
of epigenetic regulation that ensure highly coordinated 
expression of the protein-coding gene toolbox. m6A 
modification of mRNA represents one of such epigenetic 
layers. In this review, we summarized its role in coordi-
nating the expression of specific protein-coding genes 
in the immune cell hematopoiesis and dysregulation in 
associated malignancies on the mRNA level. However, 
different layers of epigenetic regulation are highly inter-
connected in a complex manner.

Interestingly, global epigenetic regulation of the 
genome often relies on RNA-based regulators, which can 
be the direct targets of m6A modification, thus linking 
the epitranscriptomic level with epigenetics. lncRNAs 
represent the majority of transcriptional output of the 
genome, and many of them were characterized as global 
chromatin structure regulators. X-inactive specific tran-
script (XIST) is one such global regulator lncRNAs, as it 
is essential for gene dosage compensation by silencing 
one of two X chromosomes. It has also been implicated 
in lymphoid biology in an m6A-dependent manner. Here, 
we summarize the role of m6A modifications of XIST 
lncRNA in various aspects of lymphoid biology.

XIST is a 17 kb lncRNA required for inducing X chro-
mosome inactivation in female placental mammals by 
wrapping around the entire chromosome and recruiting 
gene silencing complexes such as polycomb and NCOR/
HDAC3 (Avner and Heard 2001). This process is medi-
ated by m6A modification of XIST in a context-depend-
ent manner. The METTL14-YTHDF2 pathway initiates 
XIST degradation, while the METTL3-YTHDC1 axis 
promotes XIST-mediated transcriptional repression 
(Patil et  al. 2016; Yang et  al. 2020b). Once the adeno-
sine of AUCG tetraloop on XIST is methylated by the 
METTL3-RBM15-WTAP complex, it forms a hairpin 
structure at its A-repeat region (Patil et  al. 2016; Jones 
et al. 2022). Such folding of XIST is required to bind m6A 
reader YTHDC1, and the resultant RBP initiates X chro-
mosome condensation and gene silencing (Jones et  al. 
2022; Syrett et al. 2017).

Dysregulated m6A modifications on XIST correlate 
with autoimmune disease progression, such as systemic 

lupus erythematosus (SLE) and rheumatoid arthritis 
(RA). In the absence of XIST, multiple XIST-regulated 
immune genes (e.g., TLR7, IRAK1, XIAP, TSC22D3, 
and MMP1) are overexpressed, resulting in the forma-
tion and expansion of CD11c + atypical memory B cells 
(ABCs, a unique B cell population indicating the onset of 
aging, infection, SLE or RA) (Yu et al. 2021; Karnell et al. 
2017; Cancro 2020; Woodruff et al. 2020), B cell autoan-
tibody production (Pyfrom et al. 2021), and overexpres-
sion of XIST-regulated genes during T cell maturation 
of SLE patients and mice, eventually contributing to SLE 
pathogenesis (Syrett et al. 2019). This evidence indicates 
the critical role of m6A and XIST-related mechanisms 
in autoimmune diseases. Meanwhile, the m6A modifi-
cation of XIST also plays an oncogenic role in multiple 
solid cancers, such as colorectal and breast carcinomas. 
In summary, m6A affects the immune cell development 
status (Syrett et al. 2017), autoimmune disease pathology, 
and cancer progression by enhancing the expression of 
XIST-regulated immune genes (Fig. 5).

Conclusions
Collectively, the m6A epi-transcriptome governs the self-
renewal and lineage commitment in hematopoietic biol-
ogy. The m6A modification primes cellular events such 
as in hemogenic endothelial EHT, T cell differentiation 
skewness, B cell CSR/SHM, ILC immunity, and onco-
metabolite mediated leukemogenesis. At the transcript 
level, m6A also regulates RNA biophysical properties 
by orchestrating mRNA turnover, RNA binding pro-
tein affinity, and XIST mediated gene silencing (Fig.  6, 
Table 2). 

In leukemia, m6A demonstrate ambivalent pro-leu-
kemia or anti-leukemia effects, depending on  the m6A 
modified RNA substrate and downstream signaling path-
ways. m6A promote leukemic genes such as SF3A1/2, 
HOXB4, ALDH1A1, LIN28B, MYC, DOT1L, and HK2, 
whereby contribute to the TNFα/NFκB, PEDF/Wnt/β-
catenin and dACER2-ceramide metabolic pathways in 
favor of an oncogenic phenotypes. On the contrary, m6A 
on lncRNA NBAT1 blocks the interaction between an 
oncogene and its regulator, m6A on rRNA activates the 
ribosome and promotes tumor suppressor gene tran-
scription, and m6A on mtRNA can inhibit leukemia cell 
growth through the RMRP-YBX1-TGF-βR1-SMAD axis. 
Each m6A regulatory axis can be leveraged as a drugga-
ble fulcrum in hematological diseases.

Future research directions lie within deciphering the 
interactions between the m6A machinery and lineage-
specific regulations, developing small molecule m6A 
inhibitors to shift immune cell fate decisions, studying 
post-translational modifications (PTMs) of m6A writers, 
erasers, and readers (e.g., sumoylation of m6A readers, 
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which decreases their stability and promotes solid cancer 
progression), and exploring m6A biology effects on non-
coding RNAs.

Fig. 5 Function of m6A on XIST lncRNA. The downstream effect of m6A on Xist RNA depends on the reader protein. When YTHDF2 interacts 
with m6A‑modified XIST, it promotes its degradation; however, when the m6A/YTHDC1 axis is dominant, gene silencing machinery is turned 
on and inactive X chromosomes are produced

Fig. 6 Overview of m6A‑dependent mechanisms in lymphoid system‑related processes. From top to bottom: overview of m6A regulation 
machinery, typical substrates, and processes. Right panel: pathological events can start from mutations in m6A regulators which lead 
to transcriptome aberration and development of leukemias or lymphomas
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Table 2 Summary of the key regulators of m6A system in the hematopoiesis processes and diseases

m6A regulator Subjects Cellular effect of m6A regulator knockdown/depletion Mechanism

Differentiation Regeneration Apoptosis Others

m6A writer

 METTL3 (Lv et al. 
2018)

mHSCs ↓ EHT ↓METTL3/YTHDF2/↑notch1a

 METTL3 (Yao et al. 
2021)

mice Tfh cells ↓ ↓Mettl3/↓Tcf7, Bcl6, Icos 
and Cxcr5

 METTL3 (Li et al. 
2017)

mice T cells ↓METTL3/↑Socs1, Socs3 
and Cish/↓IL‑7–STAT5 signal‑
ing;
↑ERK & AKT signaling

 METTL3 (Nair et al. 
2021)

human B cells ↓ CSR ↓SμGLT/↓YTHDC1 & 
MPP6/↓CSR

 METTL3 (Choe et al. 
2018)

human cells (e.g. 
HEK293T and HeLa)

↓ oncogene (BRD4) 
translation

↑METTL3/elf3h/↑BRD4

 METTL3 (Lee et al. 
2019)

mHSCs ↓ ↓ ↑METTL3/↑MYC

 METTL3 (Wu et al. 
2020)

CLL ↓ ↑ ↓METTL3/↓SF3A1, SF3A2, 
SF3B1, U2AF1/↓ mTORC1

 METTL3 (Cheng 
et al. 2020)

DLBCL ↓ ↓METTL3/↓PEDF/↓Wnt 
pathway

 METTL3/14 (Yao 
et al. 2018)

HSCs ↓ ↓Mettl3/14/↓Nr4a2, p21, 
Bmi‑1, and Prdm16

 METTL3/14 (Wang 
et al. 2014a)

mESCs ↓METTL3/14/↓HuR/↓IGFBP3

 METTL5 (Xing et al. 
2020)

T‑ALL ↑ leukemia‑initiating 
cells (LICs)

↓METTL5/↓FBXW7/↑c‑Myc

 METTL16 (Pendle‑
ton et al. 2017)

MLL ↓MML progression ↓METTL16/↓MAT2A/↑DOT1L 
and PRMT5

 WTAP (Kuai et al. 
2018)

large B cell lymphoma ↓ ↑ ↓Hsp90/↓WTAP/↓BCL6

 RBM15 (Raffel et al. 
2007)

mB‑cells ↓ ↑ n/a

 RBM15 (Patil et al. 
2016)

mESCs ↓ Xist RNA ↓RBM15/↓Xist RNA/↓c‑myc

m6A eraser

 ALKBH5 (Wang 
et al. 2020b)

LSCs ↓ leukemogenesis ↓KDM4C/↓MYC/
PolII/↓ALKBH5/↓AXL

 ALKBH5 (Liu et al. 
2021a)

mice BM cells ↓ ILC3 homeostasis ↓circZbtb20/↓ALKBH5/↓Nr4a
1/↓Notch2 signaling

 ALKBH5 (Gong et al. 
2021)

T‑ALL ↓ ↑ ↓ cell invasion ↓ALKBH5/↑USP1/↑AuroraB

 FTO (ALKBH9) 
(Zhang et al. 2020)

CLL ↓ ↑ ↓FTO/↓YTHDF2/↓Bcl‑
2/↑cleaved‑PARP and BAX

m6A reader

 YTHDF2 (Wang 
et al. 2018a)

HSCs ↑ ↓YTHDF2/↑Wnt target genes

 YTHDF2 (Li et al. 
2018)

mHSCs ↑ ↓YTHDF2/↑Gata2, Etv6, 
Runx1, Stat5, and Tal1

 YTHDF2 (Mapperley 
et al. 2021)

mHSCs ↑ myeloid bias ↑ proinflammatory 
pathway

↓YTHDF2/↑pStat1, pSTAT3, 
Il6ra, and Gadd45g

 YTHDF2 (Turner 
et al. 2021)

B cells ↓ ↓YTHDF2/↑Bach2, Pax5, Irf8 
and Spi1

 YTHDF2 (Zheng 
et al. 2020)

OP9 cells stromal cells ↓ ↓YTHDF2/↑Zfp87, Sertad3, 
and Trib1

 YTHDF2 (Dixit et al. 
2021)

DLBCL cells ↓ ↓YTHDF2/↓ACER2‑ceramide 
metabolic axis
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