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RNA binding proteins (RBPs) have recently emerged as important post-transcriptional gene expression regulators in
both normal development and disease. RBPs influence the fate of mRNAs through multiple mechanisms of action
such as RNA modifications, alternative splicing, and miR-mediated regulation. This complex and, often, combinatorial
regulation by RBPs critically impacts the expression of oncogenic transcripts and, thus, the activation of pathways that
drive oncogenesis. Here, we focus on the major features of RBPs, their mechanisms of action, and discuss the current
progress in investigating the function of important RBPs in MLL-rearranged leukemia.

Background

Gene expression can be controlled transcriptionally and
post-transcriptionally, and dysregulated gene expres-
sion is central in many disease states. Transcriptional
regulation of normal development and disease has been
extensively studied. Recently, evidence for RNA binding
proteins (RBPs) as important post-transcriptional regu-
lators of gene expression has emerged. By virtue of their
role in post-transcriptional gene regulation, RBPs are
likely to play important roles in development and disease.
However, the biological roles and exact mechanisms of
action of RBPs in oncogenesis remain to be uncovered.
Understanding the complexity and dynamic nature of
post-transcriptional gene expression regulation by RBPs
in hematologic malignancies has been a major focus of
research by several groups in recent years. Amongst the
hematologic malignancies, MLL-rearranged acute leuke-
mia, including MLL-rearranged acute lymphoblastic leu-
kemia (ALL) and acute myeloid leukemia (AML), remain
both a significant clinical problem and a pathogenetic
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enigma. Here, we describe recent advances in under-
standing the role of RBPs in MLL-rearranged leukemia.
RBPs have been shown to be aberrantly expressed in
MLL-rearranged leukemia, with both upregulation and
downregulation observed. To our knowledge, there is
no current review with a global overview of the patho-
physiology of MLL-rearranged leukemia and the underly-
ing RBP mechanisms that are intimately connected to its
pathogenesis. We believe this is timely and important as
RBPs represent novel therapeutic targets in patients with
MLL-rearranged leukemia, who have a poor prognosis,
high risk of relapse, and show resistance to advanced tar-
geted therapies. We begin with a brief introduction to
acute leukemia with MLL translocations. Next, we dis-
cuss the major characteristics of RBPs, including canoni-
cal structural features and multiple mechanisms of action
that impact gene expression. Lastly, we focus on the
current progress of investigating key RBPs in MLL-rear-
ranged leukemogenesis and their potential as therapeutic
targets.

MLL-rearranged acute leukemia

Classically, acute leukemia has been thought of as acute
lymphoblastic leukemia (ALL) and acute myeloid leu-
kemia (AML), based on morphology and immunophe-
notype, with ALL further subcategorized as B-ALL and
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T-ALL. However, we now know that immunophenotypic
categorization is insufficient to entirely explain variabil-
ity in prognosis and therapeutic response, with recurrent
chromosomal alterations and mutations playing a highly
significant role. Chromosomal rearrangements of the
mixed-lineage leukemia (MLL, also known as KMT2A)
gene were originally discovered in mixed phenotype
acute leukemia (MPAL, formerly known as mixed-lin-
eage leukemias). It is now recognized that MLL-rear-
ranged (MLL-r) leukemias comprise approximately 10%
of all human leukemias and mostly manifest as B-cell
ALL, AML, and acute leukemia of ambiguous lineage [1,
2]. Greater than 70% infant ALL, at least 35% of infant
AML, and approximately 10% of adult AML are MLL-r
[1, 2]. Despite recent advances in therapeutic approaches,
patients with MLL-r leukemia have very poor outcomes,
a high risk of relapse, and show resistance to immune
targeted therapies [3, 4]. In MLL-r B-ALL, outcomes in
both the pediatric and adult populations remain mark-
edly inferior to B-ALL overall [5, 6]. Furthermore,
MLL-r B-ALL can develop resistance to second line
immunotherapeutic approaches, presumably due to line-
age plasticity and infidelity [7]. Similarly, MLL-r AML is
an aggressive subtype of AML, with a poor prognosis and
worse overall survival, which may be related to increased
rates of relapse [8]. This is thought to be due to the per-
sistence of leukemic stem cells, also known as leukemia-
initiating cells (LICs), which evade chemotherapy, have
the capability to self-renew, and produce downstream
“bulk” leukemia cells [9]. Thus, although significant pro-
gress has been made, MLL-r leukemias still pose a par-
ticular challenge and improved therapeutic approaches
are needed.

Mixed-lineage leukemia 1 (MLL/KMT2A)

MLL/KMT2A is the human homolog of the Drosophila
melanogaster trithorax protein, which is known to regu-
late embryogenesis and homeotic gene expression (10).
Several groups have shown that homozygous deletion of
MIl in mice is embryonic lethal while heterozygous MI!
mice display abnormal body patterning and defects in
hematopoiesis [11]. MLL has been shown to be required
for hematopoietic stem cell (HSC) development during
both embryonic and adult hematopoiesis [12, 13]. More-
over, Mll is required for adult hematopoietic stem and
progenitor cell maintenance [13]. The human MLL gene
is located at the 11q23 locus. The N-terminal portion
of MLL has a Menin-binding domain, AT-hook motifs,
speckled nuclear localization domains (SNL-1 and SNL-
2), and two repression domains (RDI1, with a CxxC
domain, and RD2) [10, 14, 15]. The center of the MLL
protein contains four plant homeodomain (PHD) fingers
and a bromodomain while the C-terminal end of MLL
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contains a SET (Su(var)3-9, enhancer of zeste, trithorax)
domain and transcriptional activation domain [10, 16].
The SET domain of MLL is a histone H3 lysine 4 (H3K4)
methyltransferase, whose activity may contribute to but
may not be necessary for homeobox (Hox) gene (Hoxa9,
Hoxa7, Hoxal0) activation [17, 18], which are known to
have important roles in body patterning and hematopoi-
etic development.

Common MLL fusion partners

Wild-type MLL is cleaved into an N-terminal fragment
(MLL-N) and a C-terminal fragment (MLL-C) by pro-
teolysis. While MLL-N and MLL-C normally interact in
a larger gene regulatory complex, the leukemia associ-
ated MLL fusion proteins typically only have the N-ter-
minal portion of MLL and no longer have the capability
to interact with MLL-C [19, 20]. The C-terminal and the
middle portions of MLL are not usually retained in the
majority of MLL fusion proteins. While this loss of inter-
action would normally lead to the destabilization of
MLL-N, in-frame MLL fusion to numerous partner genes
likely re-stabilizes the protein [19]. Many MLL fusion
partners participate in the recruitment of the super elon-
gation complex (SEC), which includes RNA polymerase
I ELL proteins, P-TEFb, and other frequent fusion part-
ner genes including AF4 (AFF1), AF9 (MLLT3), AF10
(MLLT10) and ENL (MLLT1), and the H3K79 histone
methyltransferase DOT1L complex [1]. The recruitment
of these complexes to MLL fusion protein target genes is
thought to result in the enhancement of H3K79 methyla-
tion and the upregulation of transcription of these target
genes [21, 22]. These targets include important tran-
scriptional regulators in the hematopoietic system, such
as those in the HOX gene family, thereby amplifying and
perpetuating an aberrant, leukemogenic transcriptional
gene expression program. This aberrant gene expression
dysregulation drives leukemogenesis at the transcrip-
tional level (Fig. 1). However, it should be noted that
other MLL fusion partners have been reported, which
may entail distinct mechanisms of transformation (e.g.,
AF6 or AFDN). Here, we discuss the two most common
MLL fusion partners: AF4 and AF9.

MLL-AF4 t(4;11)(q21;923)

The translocation t(4;11)(q21;q23) of MLL with AF4
results in an in-frame fusion chimeric MLL-AF4 pro-
tein. Of more than 90 translocation fusion partner
genes, MLL-AF4 (KMT2A-AFFI) is the most common
MLL fusion protein in patients, occurring in approxi-
mately 50% of infant and 75% adult MLL-r ALL cases
[23]. Clinically, outcomes for MLL-r B-ALL patients
are poor; specifically, for MLL-AF4 B-ALL the 5-year
event-free survival was 13% in the UKALL XI study. A
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Fig. 1 MLL mechanism of transformation. Wild-type (WT) MLL
targets important transcriptional regulators of the hematopoietic
system. Normal homeotic gene expression depends on the tightly
regulated pause and release of RNA Polymerase Il (RNA Pol Il) on
these MLL target genes. Many leukemia associated MLL fusion
proteins such as MLL-AF4 recruit the super elongation complex (SEC).
This recruitment leads to the premature release of paused RNA Pol I
and activation of transcriptional elongation, leading to the aberrant
gene expression of MLL target genes that drive leukemogenesis

particularly difficult clinical issue is that MLL-r B-ALL
retains lineage plasticity and infidelity—following treat-
ment with CD19 CAR T-cell therapy or monoclonal
antibodies MLL-AF4 ALL can undergo a lineage switch
[7]. Relapses with AML, which no longer responds to
these surface antigen-targeted treatments, have been
reported. Interestingly, in MLL-AF4 leukemia patients,
leukemia initiating clones are likely derived from early
non-lymphoid committed progenitors, and perhaps a
fetal derived cell [24]. However, detailed experimental
exploration of such a target cell have been met with
limited success, and hence needs further examination.
The AF4/AFF1 gene is located at the 4q21 locus. In
the hematopoietic system, AF4 has shown differential
expression in both hematopoietic and nonhematopoi-
etic human cells, with expression particularly high in
placental tissues [25]. In mice, deletion of Af4 resulted
in defects in B and T-cell development [26]. AF4 has
been shown to interact with proteins involved in the
recruitment of the SEC, pTEFb and the histone H3K79
methyltransferase DOT1L, and is a positive regula-
tor of transcriptional elongation [27, 28]. In line with
this, MLL-AF4-driven leukemia is a distinct entity, with
a unique gene expression profile showing significant
overlap with stem cell programs and enhanced H3K79
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methylation at known stem-cell associated genes such
as HOXA9, MEIS], and FLT3 [21, 29].

MLL-AF9 t(9;11)(p22;923)

The translocation t(9;11)(p22;q23) results in the MLL-
AF9 fusion protein and is predominantly associated
with myeloid malignancies. It is the most common MLL
fusion protein in AML; accounting for nearly 50% of
pediatric MLL-r AML and over 25% in adult MLL-r AML
[23]. MLL-AF9 AML confers an intermediate prognosis
in children and adults [8]. However, it should be noted
that AML in general has a worse prognosis than B-ALL,
and hence the actual prognosis appears to be similar
between MLL-r AML and MLL-r B-ALL [3, 6, 8, 30]. This
suggests a common underlying biology leading to similar
clinical behavior.

AF9/MLLT3 is located at the 9p22 locus and is a
nuclear protein containing sequences associated with
transcriptional activator activity. AF9 has extensive
homology with another MLL fusion partner gene, ENL,
containing a YEATS domain with H1 and H3 acetylation
reader capability that plays a critical role in the recruit-
ment of the DOT1L complex for H3K79 methylation and
transcriptional elongation [31]. In addition, AF9 and ENL
interact with the polycomb repressive complex 1 (PRC1)
and the transcriptional repressor BCOR [32, 33]. Similar
to MIl in embryonic development, mice with homozy-
gous Af9 deficiency display abnormal body patterning
and postnatal lethality [34]. In hematopoiesis, AF9 is a
regulator of early erythroid and megakaryocytic cell dif-
ferentiation [35].

MLL-AF9 AML demonstrates a clear clonal hierarchy
of leukemia-initiating cells (LICs) or leukemia stem cells
[36]. In murine MLL-AF9 acute myeloid leukemia, these
LICs are found at a high frequency and demonstrate
expression of mature myeloid lineage-restricted cell
markers (CD11b and Gr1) with c¢-Kit [36]. Like MLL-AF4
ALL, MLL-AF9 AML also displays lineage plasticity and
MLL-AF9 LICs display a gene expression profile show-
ing extensive overlap with embryonic stem cell programs.
Hence, epigenetic and transcriptional mechanisms for
gene expression regulation for these leukemogenic stem
cell-related programs are being investigated to exploit for
effective targeted therapies.

MLL fusion genes and their downstream effectors have
been studied for many years now, resulting in targeted
therapies intended to disrupt complexes that promote
aberrant transcriptional regulation [22, 27, 37—-39]. While
these inhibitors have displayed promising results, excess
toxicity remains an issue and their therapeutic value is
still being evaluated in clinical trials. This highlights the
need to further understand mechanisms of leukemogen-
esis, and post-transcriptional gene regulation by RBPs
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and other elements of gene regulation is an area of active
investigation.

RBP mechanisms of action

Regulation of gene expression can occur at the epigenetic,
transcriptional, post-transcriptional, and post-trans-
lational levels. For the past 20 years, many groups have
made incredible progress in understanding epigenetic
and transcriptional gene expression regulation, especially
in the context of MLL-r leukemia. More recently, post-
transcriptional regulation by microRNAs (miRs), long
noncoding RNAs (IncRNAs), and RNA binding proteins
(RBPs) has been shown to be an equally important com-
ponent of gene regulation in many developmental and
disease processes. Of these, RBPs are, as a class, diverse
in their function, and appear to be crucial regulators of
the processing and fate of mRNAs (Fig. 2).

RBP structural features

RBPs are highly conserved proteins, with expression
distributed across a wide array of tissue types. Often,
they are thought to have “housekeeping” functions by
binding to a myriad of RNA targets [40]. Recent stud-
ies with crosslinking immunoprecipitation (CLIP) and
RNA sequencing have found RBP binding sites to be
distributed across the 3’ untranslated region (UTR),
coding sequence (CDS), and 5" UTR of many RNA tar-
gets [41]. The location of these binding sites may further
explain their function in gene regulation—for example,
the 3'UTR contains many regulatory sequences [42].
RBPs regulate RNA in numerous processes, including
transcription, splicing, localization, translation, and deg-
radation, by forming dynamic ribonucleoprotein com-
plexes (RNPs) (Fig. 3). RNPs can have discrete functions
based on their composition. So-called ‘classic’ RBPs are
characterized by containing one or more RNA binding
domains (RBDs) that bind to specific RNA sequences and
structural motifs. The most well-defined and prevalent
RBDs are the RNA recognition motif (RRM), hnRNP K
homology (KH), DEAD/DEAH helicase, and zinc-finger
domains [43].

Despite their expression in a wide array of tissues and
housekeeping roles, many RBPs have been shown to
cause tissue-specific effects. Underlying this is the idea
that RBPs regulate particular sets of mRNAs as cell-
type specific “regulons” [42, 44]. This specificity may
be explained by the following combination of features:
(i) RNA targets of RBPs have cell-type-specific expres-
sion; (ii) regulatory RNP complexes depend on the stoi-
chiometry of RBPs, specific interacting proteins and
coding/non-coding RNAs; and (iii) post-translational
modification of proteins, e.g., signaling networks, that
can influence the formation of RNP complexes [45].
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In addition to active translational machinery and the
spliceosome, which have been reviewed elsewhere,
RBP action can be related to their roles in processing
(P) bodies and stress granules, as well as in microRNA-
mediated and epitranscriptomic regulation.

Post-transcriptional gene expression regulation by RBPs
Emerging evidence has shown RBPs to be important
post-transcriptional regulators that can drive oncogen-
esis. The best understood class of RBPs, splicing factors,
which are recurrently mutated in many types of hema-
tologic malignancy, have been reviewed elsewhere [46].
Importantly, recurrently mutated splicing factors are
less common in in MLL-r acute leukemia [47]. Rather,
dysregulation of non-splice factor RBPs have been asso-
ciated with poor clinical outcomes and may be mark-
ers of disease aggressiveness. Many of these studies
have determined that the high expression and aberrant
activity of RBPs has a critical role in driving leukemia
progression and aggressiveness through the regulation
of alternatively spliced, modified, and stabilized mRNA
leukemogenic transcripts. However, the biological role
and exact mechanism of action of many RBPs in leu-
kemogenesis remains to be uncovered, particularly in
appropriate in vivo models. Understanding the complex
and dynamic post-transcriptional gene expression reg-
ulation by RBPs will give insight to potential targeted
therapies. Here, we will examine these mechanisms
with examples of RBPs that have been specifically char-
acterized in MLL-r leukemia (Fig. 4; Table 1).

RNA modifications

Until quite recently, most known RNA modifica-
tions were mainly identified on transfer RNA (tRNA)
and ribosomal RNA (rRNA). Now, numerous groups
have shown that RNA modifications occur on mRNA
as well as non-coding RNA and can have profound
impacts on gene expression. These RNA modifications
include but are not limited to N6-methyladenosine
(m°A), 5-methylcytosine (m°C), N1-methyladenosine
(m'A), 7-Methylguanosine (m’G) capping, pseudou-
ridine, and adenosine-to-inosine (A-to-I) editing [48].
All these modifications can critically change the sec-
ondary structure and folding of RNA and, thus, its
interactions with other RNA and proteins. These RNA
modifications have been excellently reviewed elsewhere
by many groups and, thus, will be briefly discussed
here. As the most directly characterized mRNA modi-
fication in MLL-r leukemia, we will focus the majority
of our discussion on the m®A modification and its RNA
modifiers.
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Fig. 2 Post-transcriptional gene expression regulation by RBPs. RBPs are responsible for the regulation of the processing and fate of mRNAs. RBPs
influence the localization, stability, degradation, and translation of MRNAs through multiple mechanisms of action. RBPs have been shown to have
roles in RNA modifications, alternative splicing, the formation of ribonucleoprotein complexes (RNPs), microRNA (miR) mediated regulation of
transcripts and miR biogenesis through association with the RNA induced silencing complex (RISC)

meA

The most prevalent eukaryotic mRNA modification is
methylation of adenosine at position 6, m®A, which has
been a recent major interest in cancer. The deposition

of m°A is catalyzed by so-called m®A writers. The cen-
tral m®A writer complex consists of the main cata-
lytic methyltransferase-like 3 (METTL3) subunit,
METTL14, which recognizes the substrate as the RNA
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and localization of MRNA through messenger ribonucleoprotein
(MRNP) complexes, (P) bodies, and stress granules. (3) Stability and
translation of mMRNA through mRNP complexes, stress granules,
RNA modifications, RNA editing, and binding at the 5" untranslated
region (UTR), coding sequence (CDS), and 3’ UTR. (4) Decay of mRNA
through RNA modifications, P-bodies, and miR-mediated regulation
and the interaction of the RNA induced silencing complex (RISC).
(5) Multiple functions including any of the previously mentioned
mechanisms in 1-4. All of these functions critically impact mRNA

isoform expression, structure, stability, translation, and decay

binding scaffold, and other cofactors including WTAP
and RBM15. Notably, the deposition of m6A can occur
as a co-transcriptional event guided by histone H3 tri-
methylation at lysine 36 (H3K36me3), a transcriptional
elongation marker, which is recognized and bound by
METTLI14 [49]. This results in the recruitment of the
remaining components of the m°A writer complex
to mediate the deposition of m®A. The m®A modified
mRNAs are then recognized by m°A readers, such as
the YTHDEF, hnRNP and IGF2BP family of RBPs, which
regulate the localization, stability, and translation of
these mRNAs. Finally, the m°A modification is removed
by m®A erasers, FTO and ALKBHS5 [50].

mOA writers

Of the proteins involved in RNA modification, the
m®A METTL3-METTL14 writer complex, m®A reader
YTHDF2, and m®A eraser FTO and ALKBH5 have
all been shown to play a role in MLL-r leukemia. AML
cells show high expression of METTL3 compared to
other cancer types and human cord blood CD34 + cells
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[51, 52]. Through a CRISPR dropout screen on murine
Cas9 hematopoietic stem and progenitor cells (HSPCs)
with enforced expression of MLL-AF9 and Fit3 inter-
nal tandem duplication (ITD), METTL3 was identified
to be required for the growth of AML cells. METTL3
deficiency led to cell cycle arrest, leukemic cell differen-
tiation, and the inability to initiate leukemia in immuno-
deficient mice [51]. Supporting this, shRNA-mediated
knockdown of METTL3 in the MLL-AF9 expressing
human AML cell line, MOLM-13, led to apoptosis, dif-
ferentiation, and a delay in leukemia development in
recipient mice [52]. Bone marrow mononuclear cells
from primary AML patients showed the highest expres-
sion of METTL14 in MLL-r samples, METTL14 expres-
sion was induced by MLL-AF9 expression, and depletion
led to apoptosis, leukemic cell differentiation, and a dimi-
nution of in vivo leukemogenesis using both shRNA and
conditional genetic murine models [53]. Mechanistically,
these studies attribute the function of METTL3 in MLL-
AF9 AML to be due to the deposition of m°A on known
oncogenic targets such as SP1, MYC, MYB, and BCL2
resulting in translation promotion [51-53].

mOA erasers

FTO and ALKBH5 have both been demonstrated to be
highly expressed in MLL-r AML patient samples [54—56].
In an MLL-AF9 mouse model, Fto deficiency resulted in
a significant delay in leukemogenesis due to the regula-
tion of its targets, ASB2 and RARA, by decreasing the
mPA levels of these transcripts [54]. ALKBH5 expression
has been determined to be significantly overexpressed
in both MLL-AF9 and MLL-AF4 AML cell lines and to
be correlated with poor prognosis [55, 56]. In MLL-AF9
transformed AlkbhS deficient HSPCs, Alkbh5 was found
to be required for leukemogenesis as well as the develop-
ment and self-renewal capacity of LICs [55]. In parallel,
a significant delay in leukemogenesis was observed in an
AlkbhS conditional knockout MLL-AF9 model [56]. The
authors also found that AlkbhS is required for LIC main-
tenance and the ability to reconstitute MLL-AF9 sec-
ondary transplanted mice [56]. Furthermore, in human
MLL-AF9 and MLL-AF4 translocated AML cell lines,
shRNA-mediated knockdown of Alkbh5 significantly
increased the survival of xenograft mice and the latency
of AML [55]. The authors attribute the oncogenic func-
tion of ALKBHS5 to be from the targeting of and regulat-
ing the mRNA stability of TACC3 and AXL, respectively
[55, 56].

m°®A readers
Akin to METTL3 and METTL14, the m®A reader
YTHDF2 was also found to be highly expressed in
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MLL-AF9 AML cells compared to control cells. In a
conditional Y#hdf2 mouse model, deletion of Ythdf2 sig-
nificantly increased the latency of disease, decreased the
number of LICs and decreased the ability of these LICs
to reconstitute mice [57]. YTHDF2 was found to target
m®A modified mRNAs, such as Tufrsf1b for decay [57]. In
addition, we recently implicated the m®A reader IGF2BP3
in MLL-Af4 driven acute leukemia in a murine model
[58], although it is not yet clear if the preferential mecha-
nism is via a modulation of m®A modified transcripts.

m’G

A second mRNA modification, namely 7-methylguano-
sine (m’G) modification, occurs at the initial stages of
transcription and is distributed at the 5’ cap region of
mRNA and internally within tRNA and rRNA [59]. The
m’G modification on tRNA is catalyzed by the METTL1/
WDR4 heterodimeric complex and is recognized by
eukaryotic translation initiation factor 4E (eIF4E), which
is indispensable for cap-dependent translation initiation
[60, 61]. eIF4E has been shown to be overexpressed in
many human tumors and to contribute to cancer pro-
gression, tumorigenesis, and metastasis [62]. In AML
patient samples, METTL1 and WDR4 expression are ele-
vated at both the mRNA and protein level [63]. Further-
more, METTL1 was shown to be differentially expressed
in an MLL-AF9/FIt3"™* primary murine AML model.
Deletion of METTL1 in this model led to the inhibition
of AML cell growth and significantly reduced colony
formation of LICs [63]. In an MLL-AF9 AML xenograft
mouse model, METTL1-knockout led to an increase in
overall survival and reduction in tumor burden. Enforced
expression of METTLI in the human MLL-AF9 express-
ing cell lines MOLM-13 and THP-1 led to an increase in
proliferation. The underlying mechanism was observed
to be from an increase in m’G modifications on tRNA
mediated by the METTL1/WDR4 complex leading to
the reduction of ribosome pause efficacy on mRNAs
enriched with AGA codons, influencing the transla-
tion of transcripts important to cell cycle progression
[63]. Lastly, when comparing m’G methylation peaks of
mRNA in AML cells with drug-resistant AML cells, one
recent study found a significant difference in the level
and distribution of m’G methylation [64]. This suggests
that m’G methylation may have an important role in the
regulation of drug resistance in AML, but the functional
implications on specific methylated leukemogenic genes
remains to be determined.

A-to-l editing

A-to-I editing occurs by site-selective editing of adeno-
sine to inosine mediated by the family of adenosine
deaminases acting on RNA (ADAR) enzymes, which
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are double-stranded RNA binding proteins that include
ADARI1, ADAR2, and ADAR3 [65, 66]. It is the most
common type of RNA editing in mammals, with millions
of editing sites detected in humans due to the improve-
ment of accurate computational detection and techni-
cal high-throughput sequencing methods. ADARI has
been best characterized in chronic myeloid leukemia
(CML), where it has been shown to promote the malig-
nant reprogramming of myeloid progenitors to LICs,
LIC self-renewal, and the propagation of malignant pro-
genitors [67—-69]. Elevated expression of ADARI is seen
in pediatric B-ALL and adult AML, although expression
within specific subtypes, such as in MLL-r leukemia is
unclear [70, 71]. In the human MLL-AF9 AML cell line
THP-1, differentiation by phorbol-myristate acetate led
to an increase in expression of ADAR1 and ADAR?2, with
a corresponding increase in A-to-I editing [72]. Lastly, in
a murine MLL-AF9 model, tamoxifen induced ADAR1
deletion led to a significant increase in survival of the
mice and increase in apoptosis of the MLL-AF9 HSPCs
[73]. With proposed roles in LIC self-renewal and main-
tenance as well as the likely combinatorial regulatory
mechanisms with miRs and m®A writers on target tran-
scripts, further investigation on the role of ADARs spe-
cifically in MLL-r leukemia is needed to understand the
functional importance and implications of A-to-I editing
by ADARs in the context of this disease.

Other RNA modifications: m*C, m'A and pseudouridine
Other RNA modifications exist and have been described
in other physiological and pathological contexts, but not
in MLL-r leukemia, to our knowledge. The m°C modifi-
cation occurs by the methylation of carbon 5 in cytosine
in RNA, which is catalyzed by the NOL1/NOP2/SUN
(NSUN) methyltransferases family or DNMT2 [74]. In
AML cells resistant to azacitidine, a DNA hypomethyl-
ating agent, it was determined that m°C modifications
along with NSUNs and DNMT2 were increased [75].
m'A modifications occur on the nitrogen in the first posi-
tion on adenine. Found in tRNA, rRNA, and, to a lesser
extent compared to m®A, in mRNA, it has been found
to be enriched near the start codon upstream of the first
splice site [76]. Pseudouridine was the first RNA modifi-
cation discovered and, overall, the most abundant RNA
modification, particularly in rRNA and tRNA. While it is
found in mRNA to a lesser extent, this modification has
been shown to impact translation rate and accuracy [77].
The significance of m°C, m'A, and pseudouridine modi-
fications in post-transcriptional gene regulation in MLL-r
leukemia remains to be determined.
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Alternative splicing

Alternative splicing results in multiple mRNA isoforms
from one gene and is a fundamental process of gene
expression regulation. In cancer, cells frequently express
aberrantly spliced isoforms that provide a proliferative or
survival advantage [78]. A large RNP complex, known as
the spliceosome, is responsible for splicing and includes
the subunits U1, U2, U4, U5, and U6 small nuclear RNPs
along with several other factors, described below [79].
Splice site (ss) recognition is regulated by both cis-act-
ing splicing regulatory elements, such as enhancers and
silencers, and trans-acting splicing factors such as the
RBPs SF3B1, U2AF1, RBM39, and SRSF2. These splicing
factors mediate the recruitment and positioning of spli-
ceosome components to pre-mRNA and are commonly
mutated in numerous cancer types, including leukemia
[80]. Although mutation of splicing factors is relatively
uncommon in MLL-r acute leukemia, alternative splicing
changes appear to be widespread, as in other leukemia
subtypes [46, 80]. Alternative splicing can result in sev-
eral different changes to the mature mRNA molecule. Of
these, intron retention has recently been reported to be a
mechanism of transcriptome diversification and tumor-
suppressor gene inactivation in cancer and, specifically,
in leukemia [81, 82].

RBPs involved in alternative splicing
A recent publication highlighted the importance of this
mechanism in MLL-r acute leukemia. RBM39 is a splic-
ing factor that is known to interact with SF3B1 and
U2AF65 splicing factors [83]. In the MLL-AF9 Nras®?P
mouse model, sgRNAs against the RRM domains of
Rbm39, initially identified in a CRISPR screen, led to
a significant increase in leukemia latency [81]. Fur-
thermore, they found that deletion of RBM39 led to
an increase in apoptosis and decrease in the growth
of human MLL-AF9 AML cell lines. Mechanistically,
RBM39 was shown to target known HOXA9 targets and
promote intron retention. Furthermore, the authors uti-
lized the small molecule inhibitor, indisulam (E7070),
which selectively degrades RBM39, on human MLL-AF9
AML cell lines and observed dose-dependent decreases
in the expression of RBM39 and HOXAY targets as well
as increased apoptosis. In vivo, indisulam treatment of
AML transplanted mice resulted in a significant decrease
in leukemia burden. Interestingly and perhaps not sur-
prisingly, the authors observed preferential sensitivity of
human AML cell lines with spliceosomal mutations to
sulfonamides.

Through a genome-wide CRISPR/Cas9 screen in MLL-
AF9 primary murine cells, DCPS, a mRNA 5’ cap bind-
ing enzyme shown to have a role in mRNA decay, was
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identified to be significantly depleted and critical for
AML survival [84]. Furthermore, the authors found that
DCPS interacts with pre-mRNA processing machinery
including spliceosomes and Nucleosome Remodeling
Deacetylase (NuRD) subunits. In addition, they deter-
mined that treatment with the DCPS inhibitor, RG3039,
resulted in decreased proliferation in human MLL-r cell
lines and PDX models, as well as increased apoptosis and
increased differentiation. RNA-seq on treated cell lines
revealed pre-mRNA mis-splicing from DCPS depletion.

MBNL1 is an RNA binding protein that has been char-
acterized to have a role in regulating alternative splicing
and mediating mRNA decay [85]. Furthermore, it has
been shown to be a direct MLL-AF4 target in human
ALL cell lines and a murine MLL-Af4 model [86, 87].
Mbnll deficiency in MLL-AF9 transformed murine
HSPCs significantly increased the survival and the
latency of disease of transplanted mice [87]. In addition,
a MBNLI1-specific inhibitor showed selective activity in
human MLL-AF9 and MLL-AF4 AML cell lines, albeit
at high concentrations. The authors showed that MBNL1
regulates alternative splicing, mostly associated with
intron exclusion, in known leukemogenic genes such as
DOTI1L and SETD1A.

With the prevalence of alternative splicing muta-
tions and the critical regulatory functions of these splic-
ing factors on leukemogenic genes, this aspect of gene
expression regulation seems to be promising for novel
therapeutic strategies. The results from these studies uti-
lizing specific inhibitors are encouraging. More clinical
evaluation is needed, however, to assess the true thera-
peutic value of these inhibitors.

P-bodies and stress granules

In eukaryotic cells, mnRNAs undergoing active translation
are generally protected from degradation, and the two
processes—translation and degradation—generally are
in competition with each other. mRNAs can be thought
of existing in a translating and a non-translating pool. It
was discovered that the non-translating mRNA pool can
be sequestered in the cytoplasm in two types of gran-
ules: P-bodies and stress granules, which additionally are
composed of specific RBPs. P-bodies are dynamic, cyto-
plasmic RNP complexes that are highly dependent on
the pool of non-translating mRNAs present for assem-
bly. P-bodies contain RBPs involved in mRNA decay
and translation repression, as well as components of the
nonsense-mediated decay pathway (NMD), and com-
ponents of the miRNA machinery [88]. Stress granules
and P-bodies may have common constituents, but stress
granules also contain translation initiation factors such
as the elF4F complex of RBP proteins including elF4E,
poly-A binding proteins (PABP), and the 40S ribosomal
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subunit as well as other translational regulatory factors.
While stress granules can be induced during stress con-
ditions, they also appear during other cellular states in
which translation initiation is stopped [88]. MLL-r leu-
kemia was recently shown to have fewer P-bodies than
non-MLL-r leukemia [89], suggesting that MLL-r leuke-
mia has a smaller pool of non-translating mRNAs. More
generally, post-transcriptional gene regulation depends
on RBPs, miRNAs and possibly other non-coding RNA
molecules, although it is not clear if these interactions
occur in specific cytoplasmic compartments, such as the
P-body or stress granule.

mRNA stability and 3’UTR-binding RBPs
The 3'UTR of mRNA has been shown to play a critical
role in regulating transcript stability and translation. Per-
haps the best elucidated mechanism is that of microR-
NAs (miRs), which are small non-coding RNAs that bind
to target sequences in the 3’'UTR of mRNAs. Primary
miRs (pri-miRs) undergo processing by a microproces-
sor complex that contains the ribonuclease Drosha and
several other factors including DiGeorge critical region
8 (DGCRS) in the nucleus [90]. These shortened hair-
pin structures known as pre-miRs are then translocated
to the cytoplasm and cleaved by another type III RNAse,
Dicer, to produce mature miRs [91]. Mature miRs form a
ribonucleoprotein complex, known as RISC, with Argo-
naute (Ago) proteins, Dicer, and the HIV transactivating
response RNA-binding protein (TRBP), which influence
the fate of mRNAs through mRNA cleavage or transla-
tional repression [92-94]. While miRs themselves have
been shown to be aberrantly expressed in numerous can-
cers, including hematologic malignancies, the investiga-
tion into the dysregulation of these major proteins within
the miR biosynthetic pathway is limited. Interestingly,
Drosha has been shown to be recruited by MLL-AF4 and
MLL-AF9 fusion proteins to target genes encoding miRs
[95]. DROSHA has also been shown to localize within
the cytoplasm to mediate the maturation of miR-155, a
BIC-155 long noncoding (Inc) RNA-hosted oncogenic
miRNA, in FLT3-ITD AML leukemic blasts, a MIIPT°™/
Fl1t3"™PITP mouse model, and MV4-11 cells [96]. Notably,
Ago2 contains nuclease activity and has been shown to
have a key role in slicer-independent miR biogenesis in
B lymphoid and erythroid cell development and function
[97, 98]. In AML, Ago2 was shown to modulate the gene
expression program that drives human monocytic cell
fate determination [99]. Ago-RNA complexes have regu-
latory roles in transcription, splicing, and genome main-
tenance [100].

Binding sites for miRs are mostly located in the 3'UTR,
which also contains regulatory elements bound by RBPs,
such as AU-rich elements (AREs) recognized by ARE
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RBPs like HUuR/ELAVL1 and AUF1 [42]. Although RBPs
can bind to different motifs within the 3'UTR of a miR
target, many RBPs often compete to bind to the same
motif within the 3'UTR. Taken with the finding that miRs
and mRNAs have been shown to differentially and pref-
erentially bind to Ago proteins in a cell context-specific
manner in AML, this highlights a multifaceted regulatory
network [101]. This combinatorial regulation can lead to
often highly complex patterns—RBPs have been shown
to have cooperative interactions with miRs and, con-
versely, to act as “safe houses” for target mRNAs against
miR-mediated decay [102—104]. Similarly, combinatorial
interactions occur at other cis-regulatory sites within the
3'UTR, such as AU-rich elements (ARE), where a host of
competitive and cooperative RBP interactions can occur
[42].

Perhaps the one of the most characterized RBPs is
HuR, which belongs to the ELAV family of proteins. In
the hematopoietic system, HuR has been shown to be
essential for hematopoietic progenitor cell maintenance
and the B-cell antibody response [105, 106]. Although the
function of HuR has not been directly assessed in MLL-
r leukemia, it has been shown to regulate and associate
with other ARE RBPs that have been shown to be aber-
rantly expressed in MLL-r leukemia such as EIF4E, NCL,
and ZFP36L1 [107, 108]. Furthermore, numerous studies
have shown HuR to have a critical functional role in regu-
lating the fate of important leukemogenic transcripts,
such as BCL-2 and MYC, through its interactions with
the RISC complex to modulate miR-mediated repres-
sion [109, 110]. HuR can function to both cooperate with
miRs, such as the case with let-7 in the promotion of
miR-mediated repression of MYC, and to compete with
miRs to protect the mRNA from decay, such as with NCL
[110, 111].

NCL, nucleolin, has numerous cellular functions
including regulation of RNA polymerase I transcription,
processing of pre-ribosomal RNA and ribosome assem-
bly, and nucleo-cytoplasmic transport. NCL binds to an
ARE in the antiapoptotic Bcl-2 3'UTR and protects the
transcript from exosomal decay from another ARE RBP,
AUF1, suggesting that NCL and AUF1 compete to bind
Bcl-2 in opposing roles in regulating its stability [108].
In MLL-AF9 AML, NCL is required for the proper pro-
cessing of the pri-miRNA precursor of miR-15a/16 and
its expression is directly correlated to the expression of
miR-15a/16 [112]. Finally, high NCL expression corre-
lated with DNA methyltransferase (DNMT) upregula-
tion and shorter survival in AML patients. In functional
experiments, the authors found that NCL1 played an
oncogenic role in AML and was inversely correlated
with DNMT expression [113]. Inhibition of NCL with
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the anti-nucleolin aptamer AS1411 led to a significant
decrease in colony formation and DNA hypomethylation
in MV4-11 cells.

ZFP36L1 is an ARE RBP that belongs to the zinc fin-
ger protein homolog 36 family. It is important in the
regulation of various lymphoid subsets, including mar-
ginal zone B-cells and in thymopoiesis. In MLL-r AML
patients, ZFP36L1 was significantly downregulated com-
pared to normal control samples [114]. Furthermore,
shRNA-mediated knockdown of ZFP36L1 in THP-1
cells and CD34+HSPCs significantly impaired mono-
cytic and macrophage differentiation. Mechanistically,
ZFP36L1 directly targeted the 3’'UTR of CDKS6, a cell
cycle regulator required in MLL-r AML and downregu-
lated its expression [114].

The above studies show a role for several RBPs target-
ing cis-regulatory elements within the 3’'UTR of onco-
genic and tumor suppressive mRNA transcripts. In
addition, competition and cooperative interactions occur
in binding, with downstream impacts on gene expression.
It is likely these combinatorial regulatory complexes are
critically important in perpetuating an oncogenic gene
expression program and may be exploited for potential
targeted therapies. While combinatorial post-transcrip-
tional regulation by RBPs and miRs have been shown in
a range of cancer types, less is known about these mecha-
nisms in MLL-r leukemia. An important area for further
work remains to elucidate the basis of the cis-regulatory
elements—sequence as well as structural elements and
covalent modifications in the target mRNA—is an impor-
tant area for further work.

LIN28 RBPs: impacts on miR biogenesis

In addition to the convergence of post-transcriptional
gene regulation on regulatory elements in the 3'UTR,
recent work has identified that specific RBPs play impor-
tant roles in miR biogenesis. miRNAs are encoded in
cellular genes, and the primary transcript undergoes pro-
cessing by endoribonucleases DROSHA, DGCR8 and
DICER, amongst others. The processing steps are regu-
lated by several factors [115], amongst which the LIN28
RBPs feature prominently. The LIN28 family of RBPs con-
sists of two paralogs, LIN28A and LIN28B. LIN28A and
LIN28B are upregulated in approximately 15% of human
tumors and cancer cell lines, with activation associated
with poor prognosis and advanced malignancy [116].
They both have been shown to have important roles in
numerous developmental processes including embryonic
stem cell pluripotency and self-renewal as well as fetal
lymphopoiesis [117, 118]. LIN28B is an oncofetal RBP,
with high expression during early embryogenesis, low
expression in differentiation and adult tissues, and over-
expression in cancer cells [116]. In fetal lymphopoiesis,
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Lin28b and Igf2bp3, another oncofetal RBP discussed
below, directly interacted and together mediate the fetal—
adult hematopoietic switch in B lymphopoiesis through
the activation of the fetal transcription program [119].

LIN28 has been shown to be multifunctional: it local-
izes in P-bodies and stress granules and associates with
polysomes and mRNP complexes. However, a large body
of evidence points to its role in regulating miR biogene-
sis: LIN28 binds to let-7 miR precursors, inhibiting Dicer
processing and thereby regulating miR-mediated gene
expression repression [117-119]. In the human MLL-
AF9 AML cell line THP-1, LIN28B knockdown resulted
in a significant reduction in tumor burden in an AML
xenograft model, resulting from de-repression of let-7,
which in turn regulated another RBP, IGF2BP1 [120]. In
a further interconnection between LIN28 and miR func-
tion in MLL-r AML, miR-150 processing was also con-
trolled by LIN28 [121]. This resulted in downregulation
of miR-150 in patient AML samples and in murine exper-
imental models, and in turn, de-repression of miR-150
targets MYB and FLT3. Importantly, restoring miR-150
expression inhibited the growth of MLL-AF9 leukemia.
Hence, inhibiting this leukemogenic pathway of miRNA
processing became a priority for several groups, with the
eventual identification of a small molecule inhibitor of
LIN28 [122], with others reported subsequently. This is
an exciting development, given that RBPs were tradition-
ally thought to be “undruggable” Nonetheless, further
investigation is needed in testing these inhibitors specifi-
cally in MLL-r leukemia, and in defining the specificity of
regulated miR biogenesis.

Circular RNAs

RBPs have also been shown to bind to some circular
RNAs (circRNAs), which are generated by back-splicing
of pre-mRNA transcripts, in a cell-type specific manner
[123, 124]. Briefly, it has been shown that circRNAs have
impacts on gene expression regulation by their poten-
tial functions as miR sponges, as competing endogenous
RNAs for both miRs and RBPs, and in a cis-regulatory
role for transcription [125-127]. The interaction with
RBPs form distinct circRNA-protein complexes (circ-
RNPs), such as with IGF2BP3 [128]. These interactions
have been shown to be critical for circRNA biogenesis,
regulated by RBPs such as ADAR1, MBL, and QKI, and
cellular processes such as cell cycle progression with the
circ-Foxo3-p21-CDK2 ternary complex [125, 129-131].
Transcribed exons from chimeric genes from chromo-
somal translocations, such as MLL-AF4 and MLL-AF9,
can lead to aberrant fusion-circRNAs (f-circRNAs), such
as circ4 and f-circM9, respectively [132, 133]. Both f-cir-
cRNAs have been shown to contribute to leukemogen-
esis and required for leukemic cell survival. In FLT3-ITD
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AML, circMYBL2 was found to regulate FLT3 transla-
tion through the recruitment of the RBP PTBP1 to bind
its mRNA, thereby promoting disease progression [134].
More work is needed to functionally assess and under-
stand the clinical implications of the molecular interac-
tions between circRNAs and RBPs in leukemogenesis,
especially in MLL-r subtypes, in which both circRNAs
and RBPs are aberrantly expressed.

RBPs with other mechanisms of action

Here, we will discuss RBPs in MLL-r leukemia that show
multiple roles in RNA homeostasis, including those in
RNA modifications, alternative splicing, and miR-medi-
ated regulation/RISC association. The Musashi family
of RBPs, including MSI1 and MSI2, have been shown to
play critical roles in MLL-r leukemia. MSI2, in particu-
lar, is required for the self-renewal and pluripotency of
embryonic stem cells, regulates the hematopoietic stem
cell compartment, and is overexpressed in AML where
it is associated with poor survival [135, 136]. Utilizing
an MLL-AF9 AML Msi2 conditional knockout model,
Michael Kharas’ group determined that Msi2 deficiency
led to a significant delay in leukemia development,
decrease in leukemic cell infiltration, and a significant
decrease in LICs (CD11b+Kit+) [137]. The authors
attributed this striking phenotype to the function of
MSI2 in maintaining the LIC self-renewal gene expres-
sion program by targeting leukemogenic MLL target
transcripts Hoxa9, Myc, and Ikzf2. The Kharas group sub-
sequently determined that depletion of SYNCRIP, a novel
MSI2 interacting protein resulted in increased apoptosis,
decreased proliferation, and increased differentiation in
human MLL-AF9 AML cell lines and inhibited leukemia
progression in an in vivo murine model [138]. Similar to
MSI2, SYNCRIP was required for leukemia progression
by utilizing an MLL-AF9 AML Syncrip knockout mouse
model [138]. Mechanistically, SYNCRIP appeared to act
on the same transcripts as MSI2 and led to the stabiliza-
tion of translation of selected targets such as HOXA9.
The exact molecular mechanism of translational repres-
sion by MSI2/SYNCRIP remains elusive; as MSI2 has
been shown to bind to the 3’'UTR of mRNAs but may
also have some role in regulating alternative splicing. In
a promising development, a small molecule inhibitor of
MSI2, Ro 08-2750, was identified by the same group and
shows anti-leukemic activity in vitro and downstream
impacts on gene expression [139].

The Insulin like growth factor 2 mRNA binding pro-
tein (IGF2BP) family consists of three functionally and
structurally related paralogs: IGF2BP1, IGF2BP2, and
IGF2BP3. The IGF2BPs have been implicated in having
numerous critical cellular functions including cell migra-
tion, survival, differentiation, and stem cell renewal [119,
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140]. IGF2BP1 and IGF2BP3 have both been character-
ized as oncofetal RBPs that are highly expressed during
embryogenesis, lowly expressed in healthy adult tissues,
and strongly re-expressed in malignant tissues [140].
Both of these RBPs contain classic RBDs including four
KH domains and two RRM domains [140]. Mechanisti-
cally, both have been shown to have multiple mechanisms
of action on the localization, stability, and translation of
mRNA transcripts including direct regulation in mRNPs
and stress granules, miR-mediated regulation, in RNA
modifications as m°A readers, and, potentially, in alter-
native splicing (particularly for IGF2BP3) [104, 141, 142]
(Fig. 4).

IGF2BP1 has been shown to have an important role in
tumorigenesis in many different cancers and correlated
with a poor prognosis. Multiple studies, including our
own, have determined that IGF2BP1 is specifically highly
expressed in ETV-RUNX1 translocated B-ALL and lowly
expressed in MLL-r B-ALL patient samples [143-145].
Here, we will focus on IGF2BP3, which is specifically
overexpressed in MLL-r leukemia.

In the hematopoietic system, immunohistochemical
studies demonstrate that IGF2BP3 is highly expressed in
various mature B-cell neoplasms and differential regu-
lation of this protein has been observed in B-ALL [144,
146]. As in other cancer types, IGF2BP3 overexpression
was found to be associated with aggressive behavior
in B-ALL. Mechanistically, akin to IGF2BP1, IGF2BP3
protects let-7 target transcripts, including HMGA?2 and
LIN28B, by disrupting RISC association and upregulat-
ing expression in development and cancer [102, 104].
With its recently reported function as an m°A reader,
many studies have sought to understand how RNA modi-
fications in turn regulate the mechanism of IGF2BP3 in
both development and cancer. Interestingly, while bind-
ing to m®A RNA has been established in a range of can-
cer types, the contribution of IGF2BP3 to the stability of
these transcripts has not been fully elucidated. IGF2BP3
appears to stabilize m°A modified transcripts by binding
to them, akin to other readers such as YTHDF1-3.

Our group identified IGF2BP3 to be specifically over-
expressed in MLL-r B-ALL patient samples and is
an important regulator of gene expression in MLL-r
B-ALL [143]. We determined that enforced expres-
sion of IGF2BP3 in the bone marrow of mice leads to a
pathologic expansion of HSPCs, in a manner dependent
on RNA binding. Mechanistically, we determined that
IGF2BP3 interacts primarily with the 3'UTR of its tar-
get leukemogenic transcripts, such as MYC and CDKB6,
resulting in an upregulation of transcript and protein
[143]. Furthermore, IGF2BP3 binding to CDK6 and MYC
led to pathologic HSPC expansion in vivo.



Tran and Rao Experimental Hematology & Oncology (2022) 11:80

We further explicitly tested the requirement for Igf2bp3
in a bona-fide in vivo model of MLL-Af4 driven leuke-
mogenesis [58, 86]. Utilizing an Ig2bp3 knockout MLL-
Af4 driven leukemia mouse model, we determined that
Igf2bp3 deficiency significantly increased the survival of
MLL-Af4 transplanted mice and decreased the numbers
and self-renewal capacity of MLL-Af4 LICs. Interestingly,
we determined that IGF2BP3 binding sites were not only
in the 3'UTR as previously discovered but also in intronic
regions and 5’ and 3’ ss of its target transcripts. We found
that IGF2BP3 targets and modulates the expression of
MLL target transcripts within the Hoxa locus as well as
components of the Ras signaling pathway, both key regu-
lators of leukemogenesis, through multiple post-tran-
scriptional mechanisms including alternative splicing.
Together, our findings have shown IGF2BP3 is a critical
post-transcriptional gene expression regulator of MLL-
AF4 mediated leukemogenesis [58].

Conclusions and future directions
In summary, RBPs have been shown to be important
post-transcriptional gene expression regulators in both
normal development and cancer. Mechanistically, they
are a diverse group of proteins, acting in different cellular
compartments, at different stages of the gene expression
paradigm, and in the regulation of specific transcripts.
Using high-throughput sequencing methods, a great
deal of progress has been made in improving our under-
standing of which transcripts are bound and where in the
transcript the binding event happens. However, the cis-
regulatory basis of mRNA binding appears to be more
complex than a simple linear mRNA sequence; coop-
erative binding of multiple short sequences with spac-
ing rules and structural constraints are likely the rule for
many of these RNA binding proteins. Technologies that
can profile RNA secondary structure, such as SHAPE-
seq and others, may help us better understand the spatial
relationships between the target mRNA molecules and
the bound RBPs [147, 148]. Additionally, the develop-
ment of native RNA sequencing technologies may help
us better define chemical modifications on specific nucle-
otides in combination with immunoprecipitation tech-
niques to define the specificity of RNP complexes [149].
While infrequently mutated, the aberrant expression
of RBPs is highly associated with disease aggressive-
ness, poor prognosis, therapy resistance, and relapse in
MLL-r leukemia. Although the mechanisms are highly
complex, the convergence of regulation by several RBPs
onto common pathways suggests their central impor-
tance. Many groups have made progress in identify-
ing small molecule inhibitors for these RBPs, some of
which were discussed here, but toxicity remains an
issue, given that many RBPs are ubiquitously expressed
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in normal tissues and perform globally important func-
tions. However, oncofetal RBPs such as LIN28B and
IGF2BP3 allow specific targeting in MLL-r leukemia
cells and, thus, could be particularly valuable thera-
peutically. Interestingly, the differential expression of
the IGF2BP family of RBPs highlight the potential for
a common post-transcriptional, oncogenic function
by different members of the same family of RBPs in
unique molecular subtypes of disease. Further investi-
gation into the RBP families mentioned in this review
will help further elucidate such specific post-transcrip-
tional functions, which may be leveraged in the future
as therapeutic strategies. Furthermore, combinato-
rial therapeutic approaches—adding RBP inhibition to
upstream, MLL-targeted transcriptional inhibition or
to downstream CDK4/6 inhibition—may yield more
efficacious approaches. Hence, the careful and detailed
study of pathogenetic mechanisms of post-transcrip-
tional regulation by RBPs in MLL-r leukemia will yield
new and important therapeutic options in this difficult-
to-treat disease.
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