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Abstract

Cancer stem cells (CSCs) can regenerate all facets of a tumour as a result of their stem cell-like
capacity to self-renew, survive and become dormant in protective microenvironments. CSCs
evolve during tumour progression in a manner that conforms to Charles Darwin’s principle of
natural selection. Although somatic DNA mutations and epigenetic alterations promote evolution,
post-transcriptional RNA modifications together with RNA binding protein activity (the
‘epitranscriptome”) might also contribute to clonal evolution through dynamic determination of
RNA function and gene expression diversity in response to environmental stimuli. Deregulation of
these epitranscriptomic events contributes to CSC generation and maintenance, which governs
cancer progression and drug resistance. In this Review, we discuss the role of malignant RNA
processing in CSC generation and maintenance, including mechanisms of RNA methylation, RNA
editing and RNA splicing, and the functional consequences of their aberrant regulation in human
malignancies. Finally, we highlight the potential of these events as novel CSC biomarkers as well
as therapeutic targets.

With regard to evolution in specific ecological niches, Darwin stated that “the same species,
also, often have a somewhat monstrous character...they often differ in an extreme degree in
some one part, both when compared one with another, and more especially when compared
with all the species in nature to which they are nearest allied” (REF. 1). In a similar sense,
cancer cells that develop in specific microenvironments represent a monstrous caricature of
normal development. Cancer stem cells (CSCs) are typically rare cells within tumours that
exploit stem cell properties, thereby enabling them to become dormant, survive and
regenerate in protective microenvironments, albeit in a deregulated manner (BOX 1). These
CSCs represent a reservoir of self-sustaining cells that give rise to many types of cancer cell.
In contrast to most cells in a tumour, CSCs have the capacity to form self-renewing cells and
differentiated cells that comprise the bulk tumour population?. The prevalence of CSCs
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varies between tumour types and between individual patients3. Research efforts have
focused on identifying and understanding the key genetic and epigenetic mechanisms that
govern CSC evolution. Recent data suggest that the capacity of CSCs to respond rapidly to
environmental changes is predicated, at least in part, on changes in RNA processing. The
recently coined term “epitranscriptome’ (REF. 4) describes myriad post-transcriptional RNA
modifications that bring about functionally relevant changes to the transcriptome. Analogous
to the better-defined DNA and protein modifications collectively known as the ‘epigenome’
(REF. 5) and ‘epiproteome’ (REF. 6), epitranscriptomic modifications include several
important RNA processing events, including RNA editing, methylation and splicing (FIG.
1).

The mechanisms governing human transcriptome diversity have been fine-tuned throughout
evolution and involve various regulatory steps in RNA processing such as 5 processing
(capping), 3" processing (cleavage and polyadenylation), and RNA methylation, editing and
splicing. Although these are all important for the phenotypic variability of our species, this
Review focuses on RNA editing and splicing and RNA methylation, with an emphasis on the
crosstalk between RNA editing and these other RNA processing events. Nascent transcripts
are susceptible to RNA sequence modification by RNA editases, such as adenosine
deaminases acting on double-stranded RNA (dsRNA) (ADARs). Among these, the activity
of ADAR1 has been implicated in the oncogenic transformation of pre-malignant
progenitors that harbour clonal self-renewal and survival capacity’. As another key
mechanism in RNA processing regulation, precursor mMRNA (pre-mRNA) splicing activity
dramatically influences RNA and protein diversity in mammals. Alternative splicing occurs
in up to 95% of human multi-exon genes during development and ageing®°. Aberrant RNA
splicing has been linked to CSC generation in leukaemia and is being investigated as a
source of transcriptomic diversity in other CSC populations0. Finally, although DNA
methylation is an important epigenetic arbiter of normal tissue development, which, when
disrupted, serves as a driver of cancer evolution, emerging data suggest that methylation of
RNA at AB-methyladenosine (mBA)1112 also has a central role in stem cell fate
determination and cancer development. Understanding cell type- and context-specific
differences in RNA processing is therefore key to deciphering differences between normal
stem cell development and CSCs, which can promote therapeutic resistance and cancer
progression.

In contrast to previous reviews, which focus on somatic DNA mutations®1314 DNA-based
epigenetic modifications!® and transcriptional regulation6-18 (all of which remain crucial
areas of cancer research), this Review discusses the emerging role of the deregulation of
RNA processing in human malignancies and the importance of examining aberrant RNA
editing, methylation and splicing in the orchestration of complex CSC functions, such as
self-renewal, dormancy and survival. How these processes are regulated by intrinsic (cell-
autonomous) and extrinsic (non-cell-autonomous) factors will be addressed, and innovative
CSC eradication strategies targeting RNA processing in various human malignancies will be
proposed.
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RNA methylation in CSCs

The term epitranscriptome derives from a transcriptome-wide mapping study of the sites of
an evolutionarily conserved RNA modification, m8A, first discovered in 1974 (REFS
4,19,20) (FIG. 1). Epitranscriptomic networks have important roles in maintaining the
pluripotent state of human embryonic stem cells (hRESCs), as well as being a major player in
somatic reprogramming?1-22, However, how RNA modifications influence the balance
between pluripotent and differentiated states remains to be elucidated. Since they were first
discovered, m8A modifications have been identified in humans':12, viruses?® and micell12,
occurring in mMRNAs?4, ribosomal RNAs (rRNAs)2® and in long intergenic non-coding
RNAs (lincRNAs)26, and have been linked to several diseases, including Alzheimer
disease?’.

Adenosine methylation is catalysed by the m8A methyltransferase complex containing the
methyltransferase-like 3 (METTL3) enzyme. The formation of m®A on mRNASs is
influenced directly by micro-RNAs (miRNASs), by modulating the binding capacity of
METTL3 to the miRNA targeting sequences via a sequence pairing mechanism?28,

Given the important role of m8A in pluripotency and differentiation2?, its association with
cancer development is not surprising. Described as “An old modification with a novel
epigenetic function” (REF. 30), m8A promotes the translation of several oncogene products.
For example, a recent study showed that the m®A demethylase FTO has a crucial role in
acute myeloid leukaemia (AML) by enhancing leukaemogenesis3!. This is achieved by
reducing m®A levels in the mMRNA transcripts of targets such as ankyrin repeat and SOCS
box-containing 2 (ASB2) and retinoic acid receptor-a (RARA). In addition, this RNA
modification promotes translation of gene products important for cancer pathogenesis (such
as epidermal growth factor receptor (EGFF) and transcriptional co-activator with PDZ-
binding motif ( 74Z, also known as WWTR1)) by association with ribosomes32. More
recently, m®A modifications have been linked to breast CSC generation33-37. Conversely,
the loss of m®A can promote translation of MANOG, which in turn enables cancer cells to
revert to a primitive functional state akin to that of pluripotent stem cells3’. Therefore, m6A
methylation signatures could be tested as clinical biomarkers for CSC generation and cancer
progression.

A-to-l editing in CSCs

Comprehensive RNA sequencing has provided insights into the regulation of the human
transcriptome by RNA editing38 (FIG. 2). In the primate transcriptome, the most frequent
type of RNA editing is adenosine-to-inosine (A-to-1), which involves hydrolytic deamination
of adenosine by the ADAR family of RNA editases38 (ADAR1, ADAR2 (also known as
ADARB1) and ADAR3 (also known as ADARB?2)). The resulting inosine bases are
subsequently read as guanosines, thus inducing A-to-G post-transcriptional changes that
contribute to transcriptome diversity. Although the precise mechanisms governing RNA
editing events in cancer are currently the subject of intense investigation, copy number
amplification at chromosome 1g3° — the locus of the human ADARI gene — and
inflammation’40 are two primary mechanisms that may contribute to induction of RNA
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editing in cancer. Normally, ADARI transcription is activated by RNA viruses and
represents an essential component of the innate antiviral immune response*!. RNA editases
likely evolved to protect cells from retroviral integration by inducing an interferon response,
thereby enabling stem cells to proliferate in response to virus-induced tissue injury.
Recently, ADAR1-dependent A-to-I editing has been implicated as an essential component
of innate immunity. Specifically, in a knock-in mouse model, ADAR1 distinguishes
pathogenic dsRNA from host ‘self” dsSRNA by A-to-1 RNA editing of en dogenous dsRNA,
thus preventing recognition of endogenous transcripts by the cytosolic sensor of dsSRNA,
interferon-induced helicase C domain-containing protein 1 (IFIH1, also known as MDAS)*2,
Unedited transcripts may be sensed by IFIH1 as non-self, thereby leading to innate immune
system activation.

Of the ADAR family members, ADAR1 and ADAR2 are ubiquitously expressed in
eukaryotes and participate in various cellular functions through enzymatic RNA editing
activity, whereas ADAR3 is specifically expressed in brain tissue and its function remains
unknown. Most RNA editing sites occur in non-coding sequences, such as 5’ -
untranslated regions (UTRs) and 3'-UTRs, and intronic retrotransposable sequences,
including Alu elements (a type of short interspersed nuclear element (SINE))
and long interspersed nuclear elements (LINES). In particular, A-to-I editing
events commonly occur in close proximity to inverted Alu elements, which form extended
dsRNA structures and represent major ADAR targets. Notably, Alu elements are involved in
chromosomal translocations by double-strand or homologous recombination#3-4°, as well as
the generation of aberrant circular RNAs that can contribute to tumour formation and
therapeutic resistance®. Notably, ADAR1 depletion in hESCs abrogates pluripotency and
induces expression of transcripts that govern differentiation®’. Conversely, enforced ADAR1
expression in a human embryonic kidney cell line (HEK293T) directly regulates the
expression of more than 300 proteins involved in protein translation and cell cycle
regulation?®, Together, these studies suggest that the functional impact of changes in the
RNA editome may be far-reaching, but this requires further investigation in the context of
primary human cell types and tissue-specific stem cells.

Given the important role of RNA editing as a post-transcriptional regulatory mechanism, it is
not surprising that aberrant activation of ADAR-mediated RNA editing has emerged as a
driver of cancer progression. Cumulative whole-transcriptome RNA sequencing (RNA-seq)
analyses have uncovered inflammatory cytokine networks that activate ADARZ1 during
relapse or progression of lobular breast*%:50, hepatocellular®! and oesophageal squamous
cell®2 carcinomas and in the most highly studied myeloproliferative neoplasm (MPN),
chronic myeloid leukaemia (CML)’. Genetic ablation of ADAR1 editase activity in mice
leads to embryonic lethality owing to severe defects in erythropoiesis®3, and conditional
deletion in the haematopoietic system impairs haematopoietic stem cell (HSC)
maintenance®*, indicative of key roles for ADAR1 in both normal cell fate specification and
self-renewal. In human CML CSCs, ADARL activation promotes glycogen synthase kinase
3B (GSK3B) missplicing, which prevents degradation of p-catenin, a self-renewal
agonist’:2°. Thus, activation of ADAR1 may have a significant role in malignancies that
have acquired aberrant stem cell self-renewal capacity.
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When RNA editing occurs in coding sequences of pre-mRNA transcripts, functional changes
in the protein can promote cancer progression6. A pioneering RNA-seq study in oestrogen
receptor-a.-positive metastatic lobular breast cancer revealed that ADARZ is among the top
5% of genes expressed during molecular evolution. Specifically, ADAR1 activation was
linked to high-frequency editing of component of oligomeric Golgi complex 3 (COGJ3) and
signal recognition particle 9 (SRP9) transcripts, although the functional consequences of
RNA editing were not specifically evaluated*®. Another well-studied example of RNA
editing is the ADAR1-induced coding sequence change in antizyme inhibitor 1 (AZ/NI) in
hepatocellular carcinoma (HCC)%6. The A-to-I editing level was elevated in HCC specimens
compared with benign liver samples. Hyperediting was associated with tumour recurrence
and lower disease-free survival rates. The A-to-1 editing of AZ/NI results in a serine-to-
glycine substitution at residue 367 that induces a protein conformational change leading to
relocalization of AZIN1 from the cytoplasm to the nucleus. Notably, edited AZIN1 (AZIN1-
S367G) exhibits gain-of-function phenotypes typified by enhanced cell-invasive capacity,
proliferation and tumour initiation26.

A seminal RNA-seq study involving more than 6,000 patient samples from 17 cancer types
revealed clinically relevant differences in A-to-I RNA editing profiles between tumour and
normal control tissues®’. Both edited COG3 (COG3-1635V) and AZIN1-S367G could be
detected in multiple cancer types, including breast cancer, head and neck squamous cell
carcinoma and lung adenocarcinoma®’. Moreover, this study found that RNA editing events
can act as “driver’ mutations and contribute to therapeutic response, suggesting that ADAR
activation may be a crucial contributor to therapy-resistant CSC generation. Future studies
should focus on the functional characterization of these RNA editing-induced mutations in
primary patient CSCs, which may provide novel biomarkers as well as therapeutic targets in
CSCs.

RNA editing disrupts miRNA biogenesis in CSCs

Some of the first insights into the functional effects of A-to-I RNA editing came from early
studies demonstrating that aberrant A-to-I RNA editing in primary microRNAs (pri-
miRNAS) and precursor microRNAs (pre-miRNAS) directly interfered with RNA
interference (RNAI) pathways®8-0 (FIG. 2a). Editing of pri-miRNAs and pre-miRNAs can
impair mature miRNA biogenesis with potentially wide-ranging effects on stem cell
regulatory gene expression in hESCs and CSCs61-64, Because of dsRNA stem-loop structure
formation, both pri-miRNAs and pre-miRNAs are targets of A-to-I editing by ADAR1,
resulting in reduced production of mature miRNAs®0:65-67 The best-studied example is the
haematopoietic-specific pri-miR-142 (REF. 68). Editing of pri-miR-142 at +4 and +5 sites
by ADARs suppresses cleavage by the ribonuclease 111 DROSHA, and the edited transcripts
are degraded by staphylococcal nuclease domain-containing 1 (SND1, also known as Tudor-
SN), a ribonuclease specific to inosine-containing dsRNASC. Notably, mature miR-142 is
highly expressed in human breast CSCs, activating the canonical WNT signalling
pathway5°, Moreover, inhibition of endogenous miR-142 suppresses organoid formation and
prevents tumour initiation by breast CSCs89. Interestingly, ADARs also stimulate RNAi
machinery by interacting directly with DICER1 to promote pre-miRNA splicing®2, thereby
demonstrating that ADARSs have a profound impact on miRNA regulation.
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Altered miRNA expression is associated with CSC-specific properties of self-renewal,
metastasis and drug resistance’?. Recently, we demonstrated that the self-renewal capacity
of CSCs derived from patients with blast crisis (BC) CML is associated with impaired
biogenesis of the let-7 miRNA family owing to ADAR1 activation mediated by
inflammatory cytokine signalling and the Janus kinase 2 (JAK2)-signal transducer and
activator of transcription (STAT) pathway?. Overexpression of wild-type ADAR1 also
reduced mature let-7 family miRNA levels by promoting A-to-I editing at DROSHA
cleavage sites in pri-let-7 transcripts, which in turn increased expression of the pluripotency
gene L/NZ8B, a target of let-7 miRNA. LIN28B is an important RNA binding protein (RBP)
that promotes progression and metastasis in various human malignancies’?. Indeed, the
disruption of the let-7-LIN28B axis induced malignant self-renewal of BC CML
progenitors??. Interestingly, deregulation of miRNA expression and processing is associated
with human cancer’?, raising the interesting question of whether inflammation-induced
ADAR1 activation is linked to impaired miRNA biogenesis in a broad array of recalcitrant
malignancies, and whether this effect is therapeutically targetable.

A-to-l editing of the 3’-UTR landscape regulates gene expression

According to the DARNED human RNA editome database (see Further information),
approximately 23% of all editing events occur in 3’-UTR and 2.6% in 5"-UTR sequences’3.
This difference might be explained by the prevalence of Alu elements. Approximately 5% of
all cDNAs contain Alu elements. Although the 5”-UTR has a few Alu elements, most Alu
elements (82%) are located in 3’-UTRs’4. Although the significance of hyperediting of 3'-
UTR Alu elements remains largely unknown in cancer biology, several lines of evidence
suggest diverse roles, including nuclear retention by the inosine-specific RBP, non-POU
domain-containing, octamer binding (NONO, also known as p54™"™®)75, shortening of the 3'-
UTR by the inosine-selective nuclease SND1 (REF. 76) and interference with miRNA
accessibility’7:78,

A comparison of tumour and normal controls from lymphoma, neuroblastoma and head and
neck sarcoma showed that an estimated 2,000 genes have at least one differentially edited
site in the 3"-UTR8. Increased A-to-I changes were observed in the 3’-UTR of several
cancer-associated genes, including BRCAZ, TP53 (which encodes p53), ataxia telangiectasia
mutated (A7M) and MDM?Z. The editing events in MDMZ2 are located within miR-200b or
miR-200c binding sites, thereby disrupting miRNA-mediated repression and stabilizing
MDM2 expression, which leads to disruption of p53 (REF. 78). Conversely, hyperediting
within the 3"-UTR can create new miRNA binding sites in mRNAs’’. The dual role of 3’-
UTR editing in miRNA-mediated differential gene expression is indicative of a tightly
orchestrated and complex regulatory role of ADAR1 in CSC maintenance, which should
provoke future studies of 3’-UTR editing in CSC populations (FIG. 2c).

To add another layer of complexity, ADAR1 also interferes with the 3"-UTR shortening
process’? (FIG. 2c). Regulation of 3’-UTR length via alternative cleavage and
polyadenylation introduces shortened 3'-UTRs that are more stably expressed than their
full-length counterparts89. The loss of 3"-UTR sequences results in differential mMRNA
nuclear export and stability, and evasion of suppression by miRNAs. This epigenetic
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mechanism is often used by cancer cells to promote proto-oncogene activation, ultimately
resulting in enhanced proliferation and tumorigenesis®’. Crosslinking
immunoprecipitation (CLIP)-sequencing in human U87MG glioma cells revealed that
ADAR1 alters 3"-UTR length by RNA editing-dependent and -independent mechanisms?.
ADAR1 prohibits access of cleavage and polyadenylation factors, such as cleavage
stimulation factor subunit 2 (CSTF2), CSTF2t and cleavage and polyadenylation-specific
factor 6 (CPSF®6), to the 3’-UTR by competition for binding substrates or induction of
structural alterations by introducing A-to-1 changes’®. This interesting aspect of ADAR1-
mediated 3"-UTR control and whether it has a role in CSC generation will require further
exploration.

RBP deregulation in CSCs

RBPs are highly versatile post-transcriptional modulators involved in gene expression,
including maturation, nuclear transport, stability, degradation and translational control of
RNAs. Individual RBPs have hundreds of potential RNA targets that form complex and
dynamic ‘RNA regulons’ (REF. 81). In addition to ADAR1, many RBPs have emerged as
key pluripotency determinants in progenitor cells® and regulators of CSC generation83, In
particular, RNA binding motif protein 15 (RBM15), a spliceosomal component identified as
a5’ fusion partner of megakaryoblastic leukaemia 1 (MKL 1) in acute megakaryoblastic
leukaemia®4, is required for HSC proliferation under stress conditions®®. As noted above, the
RBPs LIN28 and LIN28B are important pluripotency factors that exhibit oncogenic effects
in human malignancies’L. Along with suppression of let-7 miRNAs, LIN28 also enhances
the post-transcriptional expression of CSC markers such as leucine-rich repeat-containing G-
protein-coupled receptor 5 (LGR5) and prominin 1 (PROM1)88. The role of LIN28 and
LIN28B in CSC maintenance was confirmed in prostate cancer, ovarian cancer, non-small-
cell lung cancer, colon cancer and CML40:86-89,

Other developmentally regulated RBPs are the Musashi (MSI) family, which were originally
discovered in 1994 as crucial determinants of cell fate in Drosophila®. Like other important
self-renewal regulators that are co-opted by CSCs, MSI proteins have been implicated in
CSC generation and progression of haematological malignancies and solid tumours®1-9°
(FIG. 3). In vertebrates, there are two highly conserved homologues of Musashi genes,
Musashi 1 (MS/1) and Musashi 2 (MS/2), which arose from a gene duplication event. The
encoded proteins appear to be functionally redundant in some cell types®6. Normally, the
main impact of MSI activity is the inhibition of protein translation by binding to mRNA. A
well-known example is the inhibition of translational control of NUMB, a repressor of the
Notch intracellular signalling pathway, which MSI inhibits by binding to the 3’-UTR of the
mRNA transcript®2:97,

The important function of MSI2 in normal haematopoiesis was demonstrated by decreased
engraftment potential following MsiZknockdown in LIN"SCAL*KIT* cells, and
increased long-term HSC proliferation and an expansion of committed progenitors driven by
ectopic Msi2 overexpression?8. In CML, progression is typified by expansion of CSCs in the
immature granulocyte-macrophage progenitor compartment®®. Notably, MSI2 is highly
expressed in these blast cells, suggesting that MSI2 may be a marker for CSC generation92,
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In cooperation with the CML oncogene BCR-ABL 1, MSI2 overexpression is associated
with progression to accelerated phase CML or BC CML%. BC transformation of
chronic phase CML is accompanied by increased MSI2 expression and decreased NUMB
expression, whereas genetic ablation of MS/2restores NUMB expression and impairs BC
CML propagation®2. In addition, high expression of MSI2 and reduced NUMB expression
were found in AML, and elevated MSI2 expression directly correlated with decreased
survival and poor prognosis in both malignancies®298. Recently, the role of MSI2 in AML
was directly linked to maintenance of mixed-lineage leukaemia (MLL, also known as
KMT2A) self-renewal programmes®*. Here, instead of suppression of translation, increased
MSI2 expression supports the translational efficiency of transcripts involved in self-renewal
such as Myc, IKAROS family zinc finger 2 (/kzf2) and homeobox A9 (Hoxa9), thus
supporting a positive feedback mechanism for efficient CSC maintenance®*. The inhibitory
effect of MSI on translation is achieved by inhibiting formation of the 80S ribosome
complex and competing with eukaryotic translation initiation factor 4 -y1 (elF4G1) for
binding to poly(A) binding protein cytoplasmic 1 (PABPC1), which is required for ribosome
recruitment and translation initiation1%C. The mechanism of enhanced translation by MSI is
not well understood, but likely occurs through interaction with other cellular components of
the translational machinery.

Taken together, these studies highlight the importance of RBP regulatory pathways such as
MSI in leukaemogenesis and identify MSI as a potential prognostic factor and therapeutic
target in human malignancies. A recent preclinical report indicates that MSI targeting with
an antisense oligonucleotide (ASO) strategy efficiently inhibits pancreatic tumour colony
formation, as well as tumour growth in patient cell line-derived xenografts of pancreatic
adenocarcinoma®3. In the future, the ASO strategy and other MSI antagonists should be
developed and examined in cancers with high MSI expression with the goal of preventing
CSC generation and cancer progression and relapse.

Splicing deregulation in CSCs

Recent whole-transcriptome analyses revealed widespread splice isoform alterations in
splicing factor-mutated and non-mutated cancers01:102 and in MPN progenitors®:103.104,
Notably, various stem cell regulatory transcripts, such as CD44 and those encoding members
of the BCL2 family of apoptosis regulatory genes, have been implicated as functionally
relevant targets displaying pro-survival pre-mRNA splicing patterns in CSCs/:10:55,103-105
For example, CD44v3, a splice variant of the cell adhesion glycoprotein CD44, which is
typically expressed in hESCs194, along with other truncated isoforms of CD44 (REF. 10)
and long, pro-survival isoforms of the BCL2 family, including BCLZ, MCL1, BCL-2-like 1
(BCL2LI1) and BFL1 (also known as BCL2A1)193, are enriched in CSCs during leukaemic
transformation. In contrast, during normal HSC and progenitor cell ageing, pro-survival
BCL2family splice isoforms are depleted’. This is consistent with the alterations observed
in ageing human bone marrow!?, typified by stem cell exhaustion and myeloid
differentiation1%6, and highlights the functional relevance of splice isoform switching in
malignant versus normal stem cell populations (FIG. 4). Furthermore, preclinical studies
support the utility of combination treatment strategies, including inhibitors of pro-survival
BCL-2 family activity, in eradicating dormant CSCs and preventing cancer relapsel93, In
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AML, whole-transcriptome-based splice isoform signatures of CSCs revealed
overexpression of several alternatively spliced signal transduction (for example, protein
tyrosine phosphatase, non-receptor type 6 (P7PNG6), protein tyrosine kinase 2p (PTKZB))
and cell adhesion (for example, integrin subunit B2 (/7GB2)) transcripts compared with
normal age-matched control progenitors!C. Other myelodysplastic syndrome (MDS)07 and
AML108 gene expression studies demonstrate differential exon usage of epigenetic modifier
(for example, enhancer of zeste 1 (EZHI)) and tumour suppressor (for example, 7P53)
transcripts, underscoring the importance of pre-mRNA splicing in the evolution of
haematopoietic malignancy. Together, these studies shed light on the key functional
networks that may be affected by alternative splicing in CSCs.

Aberrant splicing activity in CSCs as opposed to normal stem cell populations is regulated
by various cellular components and mechanisms. Selected RBPs, spliceosome-associated
transcripts and proteins, transcription factors and RNA editing activity have all been
highlighted in recent studies investigating the mechanisms governing alternative splicing
regulation in CSCs. With regard to RBP-mediated regulation of alternative splicing in CSC
generation, comparative RNA sequencing analyses of pluripotent cells, including ESCs and
induced pluripotent stem cells (iPSCs), and differentiated cells from both humans and mice
identified striking species-specific differences in alternative splicing events that govern
pluripotency%9. Dozens of alternative splicing events differed between pluripotent and
differentiated cells and this was governed, at least in part, by muscleblind-like 1 (MBNL1)
and MBNL2 splicing factors, which are expressed at very low levels in pluripotent cells and
upregulated in differentiated cells. Of 1,348 RBP genes analysed from 11 solid tumour
types, MBNL1 was shown to be the main factor controlling the altered splicing patterns; this
provides a strong correlation between reversion to pluripotency and solid tumour
progression10. Downregulation of MBNL3 promotes generation of CSCs in CML, and this
population of self-renewing cells harbours enriched ADARL1 expression and activity, similar
to hESCs and in contrast to differentiated cells'94, thus rendering CSC-specific transcripts
susceptible to an additional layer of RNA processing deregulation through aberrant RNA
editing-mediated modulation of splicing.

To date, most cancer-associated mutations affecting key spliceosome components such as
splicing factor 3B subunit 1 (SF3B1), serine/arginine-rich splicing factor 2 (SRSF2) and U2
small nuclear RNA auxiliary factor 1 (U2AF1), among others, have been identified in
haematopoietic malignancies, in particular MPNs, MDS and chronic lymphocytic leukaemia
(CLL)11-118 Although initial studies focused primarily on the presence and clinical
significance of splicing factor mutations and their correlation with disease outcome, more
recent studies have begun to elucidate the functional consequences of splicing factor
mutations in HSC maintenance and tumorigenic potentiall®. Additionally, specific
alternative splicing events can recapitulate cancer phenotypes associated with splicing factor
mutation or overexpression, and key splicing networks involving deregulation of RBPs
contribute to cancer development and progression!1?, highlighting the need to evaluate these
splicing alterations in drug-resistant CSC populations.

Interestingly, in support of a functional role for the spliceosome components SRSF2 and
SF3B1 in human leukaemia progression, preclinical studies demonstrated that small-
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molecule splicing modulator compounds reduced leukaemia cell engraftment in mouse
models of AML119, and impaired CSC self-renewal in humanized AML models? (BOX 2).
Notably, AML CSCs were exquisitely sensitive to splicing modulator treatment and short
hairpin RNA (shRNA)-mediated SF3B1 knockdown, whereas the survival and self-renewal
capacity of normal haematopoietic stem and progenitor cells were relatively unimpaired20.

In addition to the ongoing studies investigating the functional consequences of splicing
factor mutations in haematopoietic malignancies, other reports have implicated non-
mutation-driven mechanisms leading to disruption of similar components of the spliceosome
in the pathogenesis of solid tumours!10120-122 gpecifically, the spliceosome has been
implicated as a target of oncogenic stress in MY C-driven cancers23. Increased RNA
synthesis through MY C-dependent transcriptional activation of its downstream target genes
places a high burden of transcript stress on the spliceosome, the activity of which is
dependent on the spliceosome component BUD31 (REF. 123). Although this study did not
focus specifically on CSC populations, because MYC is a vital stem cell pluripotency and
reprogramming factor, these findings highlight the complex relationship that exists between
transcriptional regulation and spliceosome activity in normal as opposed to malignant stem
cells. First, monitoring splicing activity may be relevant to predicting reprogramming
efficiency during iPSC generation. Second, MY C-driven cancers are therapeutically
vulnerable to splicing modulation, thereby warranting further evaluation of this mechanism
in purified CSCs, as well as the role of hon-mutation-driven mechanisms of splicing
alteration in leukaemia. Although MYC was not differentially expressed in AML compared
with normal age-matched haematopoietic progenitors, decreased expression of tumour
suppressor genes such as 7P53and interferon regulatory factor 8 (/RF8)0 could lead to
widespread deregulation of transcription. However, the consequences of tumour suppressor
loss on spliceosome function are currently unknown. Together, these data implicate
spliceosome disruption as a therapeutic vulnerability in a growing array of human
malignancies!23-125 and in AML this may drive splicing alterations of stem cell regulatory
genes contributing to CSC generationZ?,

Splicing and RNA editing crosstalk

Deregulated RNA editing and splicing activities have the potential to synergize with each
other, thus potentially exacerbating malignant reprogramming events in human cancers
(FIG. 2b). Enzymatically active ADAR1 and ADAR?2 localize to large nuclear
ribonucleoprotein (INRNP) particles'26 that contain myriad pre-mRNA processing factors,
together known as the supraspliceosome, comprising protein splicing factors and U small
nuclear RNPs (snRNPs)127, Thus, it is likely that editing and splicing occur in close
succession or at overlapping times along single transcripts and that the local RNP landscape
has a key role in mediating RNA processing events. Additionally, RNA editing can directly
influence alternative splicing through at least two distinct mechanisms: first, in ¢/s by
directly creating or destroying splice sites128 leading to intron retention12 through a process
termed ‘exonization’ (REF. 130), and second, in trans by interfering with splicing factor
bindingBL. Intriguingly a handful of functional splicing alterations have been reported to
result from A-to-1 RNA editing events that directly target splice sites. For example, RNA
hyperediting of a putative branch site in PTPN6 leads to retention of intron 3, which is
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expressed at high levels at diagnosis in patients with AML12%, A broader analysis revealed
that A-to-I editing sites were rarely detected within canonical 5’- or 3”-splice sites®L. This is
likely related to the preference of ADAR enzymes for a G at the +1 position downstream of
the editing locus, which is not present in the human consensus branch site sequence.
Bioinformatics approaches, RNA-seq and exon-specific microarray analyses of ADARI
knockdown cells demonstrated that RNA editing events more frequently target splicing
regulatory elements (SREs) contained within exons, thus modulating frans-acting factors
involved in the splicing machinery®1.

Adding another layer of molecular complexity, RNA editing of rat Adar2 mRNAs can result
in alternative splicing of this RNA editasel?8; however, these results have yet to be
confirmed in human cells. Providing evidence that aberrant RNA editing-mediated
alternative splicing events have functional relevance to CSC maintenance, RNA editing-
induced missplicing of GSK3B promoted survival and self-renewal of dormant, therapy-
resistant CSCs’-95103.105_Conversely, RNA splicing efficiency can control the extent of
RNA editing of transcripts when editing is guided by intronic elements (for example, Alu
elements)131.132 Moreover, RBPs such as ribosomal protein S14 (RPS14), the splicing
factor SRSF9 and DEAH-box helicase 15 (DHX15) act as site-specific repressors of
ADAR2-mediated RNA editing33, highlighting the crosstalk between these essential RNA
processing pathways. In future studies, it will be important to consider RNA processing
alterations in CSCs in the broader context of all activities occurring from transcription to
translation.

Targeting RNA splicing and editing in CSCs

Fundamental differences in pre-mRNA processing between humans and mice® have
hampered efforts to develop RNA splicing and RNA editing targeted thera-piesi34. A
growing body of evidence supports the potential utility of RNA splicing modulation for the
treatment of MYC-driven solid tumours and splicing factor-deregulated haematological
malignancies!19.123.134 As shown in preclinical AML models, treatment with a small-
molecule, pladienolide-derived, splicing modulatory agent, 17 5-FD-895, significantly
impaired AML CSC survival and self-renewal at doses that spared normal HSCs19. This
favourable therapeutic index suggests that RNA splicing modulation could be used clinically
as a potent and selective method to eradicate CSCs in drug-resistant leukaemia and other
recalcitrant malignancies (BOX 2).

In addition, CSC-specific splice isoform biomarkers open up novel avenues to predict and
prevent disease relapse and monitor response to CSC-targeted and RNA splicing modulatory
therapies®. Future preclinical studies will be necessary to fully elucidate whether splicing
modulation can eradicate CSCs in other human malignancies. Because splicing is an
essential cellular function that is active in all known cell types across human tissues,
development of splicing modulators with favourable therapeutic indices will be vital for the
development of safe and effective RNA processing-targeted therapies. Sensitization of CSCs
compared with normal stem cell populations in patients who have developed therapeutic
resistance may represent one of the most compelling splicing modulator-based strategies
aimed at preventing cancer relapsel?.
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Modulation of aberrant ADAR1-mediated RNA editing of mMRNA and miRNA target
transcripts also represents a relatively unexplored avenue for CSC-directed therapeutic
strategies (BOX 2). Previously we showed in a humanized mouse model of CML that
shRNA-mediated knockdown of ADARZ inhibits serial transplantation of malignant
progenitors that promote leukaemic transformation’. This suggests that therapeutic
inhibition of ADAR1 expression or activity might reduce self-renewal of CSCs responsible
for disease relapse. Although a few studies have shown that locked nucleic acid
oligonucleotides!3® or substrate-mimic peptides'3¢ have the potential to block RNA editase
activity in a substrate-selective manner, these agents have not been investigated in a
therapeutic context, and small-molecule inhibitors of ADAR1 enzymatic activity have yet to
be identified. Thus, the molecular regulators that contribute to ADARL activation provide a
valuable means to probe the therapeutic efficacy of blocking aberrant RNA editing activity
in CSC maintenance. Consistent with a role for inflammation-associated, JAK2-driven
induction of ADARL expression and activity, treatment with a JAK2 inhibitor in
combination with a BCR-ABL 1-targeted tyrosine kinase inhibitor significantly reduces the
self-renewal capacity of BC CML CSCs*0. Moreover, in stromal co-culture CSC models, a
small-molecule tool compound interfered with the effect of ADAR1 on CSC self-renewal
and restored let-7 biogenesis*0. Together, these results suggest that therapeutic strategies
aimed at antagonizing the widespread transcriptome reprogramming effects of aberrant
ADAR1 activity may have the potential to selectively reduce the self-renewal capacity of
CSC in malignancies typified by aberrant RNA editing activity.

Conclusions and future perspectives

The discovery of widespread deregulated RNA processing events in a plethora of human
cancers indicates that transcriptome remodelling and translational deregulation are hallmarks
of malignant transformation and therapeutic resistance. Importantly, the rapidly advancing
sensitivity of sequencing technologies has facilitated the detection of rare but functionally
relevant transcripts in human primary cells. However, further improvements in sequencing
sensitivity and functional validation methods will be required to characterize the full
complement of rare edited or spliced RNA variants that contribute to human cancer initiation
and progression. Importantly, alternatively spliced isoforms and edited RNA species that are
translated into proteins may represent tumour-specific antigens and thus represent novel
potential diagnostic and immunotherapeutic targets.

In the case of RNA editing, a close examination of the human transcriptome reveals that the
efficiency of A-to-1 editing is cell type and context specificl32. Thus, additional mechanisms
may shape editome signatures in a given cell population and remain to be elucidated in
future studies. Moreover, the activation of oncoproteins such as BCR-ABL1 and MYC may
profoundly influence the RNA processing machinery in CSCs and bulk tumour cell
populations. To enhance existing transcriptome editing databases, sequential whole-genome
and whole-transcriptome sequencing of the same patients and cell types is required to
accurately identify malignant RNA editing and splicing events. RNA editing activity can
also be detected by alignment of RNA-seq data alone to existing reference genome databases
by single nucleotide comparison at known RNA edited loci or by RNA editing site-specific
quantitative PCR (RESSGPCR) in rare CSC populations3. Currently, there are two
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comprehensive RNA editing databases, DARNED?3 and RADAR138 (see Further
information), which enable identification of A-to-1 editing in particular transcripts. In
primary CSCs, detection of A-to-I editing of less abundant transcripts and transcripts subject
to degradation may require more sensitive methods such as CLIP-sequencing. Future RNA
editome and transcriptome studies to investigate the precise mechanisms by which CSCs
gain stem cell-like properties will provide key insights into biomarkers of cancer progression
and novel therapeutic targets. Because RNA processing activities are important for normal
tissue development and stem cell self-renewal, development of small-molecule inhibitors to
target CSCs will require careful examination to ensure that normal stem cell function
remains intact. Future research aimed at deciphering the malignant epitranscriptome should
pave the way for reversing the ‘monstrous’ evolutionary potential of cancer.
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5’-Untranslated regions
(UTRs). Located upstream of the translation initiation codon, the 5"-UTRs are important for
translational regulation of mMRNA transcripts.

3’-UTRs
(Untranslated regions). The 3’-UTRs have an important role in regulation of gene expression
by controlling RNA degradation, cellular localization and translation.

Alu elements

A class of SINE elements Alu elements comprise approximately 10% of the human genome,
Inverted Alu elements are favourable targets of adenosine deaminase acting on double-
stranded RNA (ADAR)-mediated RNA editing as much as 90% of adenosine-to-inosine
editing in the human transcriptome occurs within Alu elements.

Short interspersed nuclear element
(SINE). Presented at high frequency in the eukaryotic genome SINES are short (<700 bp)
non-coding DNA sequences that retrotranspose themselves by a copy and paste mechanism.

Long interspersed nuclear elements

(LINEs). Similar to SINEs, LINEs are a class of retrotransposons (~6 kb) comprising
approximately 17%. of the human genome. They consist of a 5”-untranslated region (UTR),
two open reading frames (ORF1 and ORF2) and a 3"-UTR. Misregulation of LINEs has
been linked to tumorigenesis by retrotransposition-dependent and -independent functions.

Primary microRNAs
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(Pri-miRNASs). The miRNA genes are transcribed by RNA polymerase 1l and cleaved to
large pri-miRNA transcripts that are subsequently cleaved by DROSHA to form the
precursor miRNA (pre-miRNA) transcripts.

Precursor micro RNAs
(Pre-miRNAS). Pre-miRNA transcripts are exported from the nucleus by exportin 5 (XPO5),
to be processed by DICER1 to form the mature miRNAs.

Blast crisis (BC) CML

BC CML is characterized by the elevated numbers of self-renewing cancer stem cells
residing in the granulocyte—. macrophage progenitor compartment which express higher
levels of the BCR—-ABL 1 oncogene and nuclear B-catenin. Patients with BC live an average
of 3-6 months.

Crosslinking immunoprecipitation

(CLIP). CLIP is UV crosslinking followed by immunoprecipitation to examine the
interactions between RNA transcripts and RNA binding proteins and location of RNA
modifications. The isolated RNA is reverse transcribed for PCR, microarray or sequencing
analysis.

LINTSCAL*KIT cells

These cells are lineage-negative (LINT), stem-cell antigen 1 positive (SCA1*) and KIT
positive (KIT*) and make up a population of mouse bone marrow cells (~0.5%) with long-
term multi-lineage repopulation capacity.

Accelerated phase CML

(AP CML). In this phase of chronic myeloid leukaemia (CML), the cancer stem cells often
acquire new genetic mutations, causing more severe symptoms and poor response to
treatment.

Chronic phase CML

(CP CML). The beginning phase of chronic myeloid leukaemia (CML) in which the patients
have acquired the BCR-ABL 1 oncogene, which induces abnormal production of myeloid
cells. The standard treatment for CP CML is tyrosine kinase inhibitors such as imatinib or
dasatinib. However, CP CML can progress slowly to an accelerated phase and later a blastic
phase (blast crisis) over several years.

Branch site

Also called branch point;. these occur predominantly at adenosine, highly conserved and
closely localized to the 3”-splice site of an intron. The consensus sequence for an intron
branch site (in IUPAC nucleic acid notation) is Y-U-R-A-C (20-50 nucleotides upstream of
the acceptor site). Intronic RNA editing events, point mutations in the underlying DNA or
errors during transcription have the potential to either destroy a branch site or activate a
cryptic splice site in part of the transcript that is usually not spliced.
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Box 1 | Discovery of cancer stem cells

The first evidence supporting the existence of cancer stem cells (CSCs) was reported in
acute myeloid leukaemia (AML) in 1994 (REF. 139). A population of primary patient-
derived leukaemia cells capable of initiating tumours in immunocompromised micel3®,
termed leukaemia stem cells (LSCs), were shown to possess cell surface markers
(CD34*CD38") and differentiation capacity similar to those of normal haematopoietic
stem cells (HSCs). Serial transplantation into secondary recipient mice resulted in
engraftment of human cells with similar morphology and cell surface markers to the
original leukaemia, thus establishing the gold standard test for assessing CSC self-
renewal capacity. Following the initial discovery of AML LSCs, CSCs were discovered
in various other blood cancers, such as chronic myeloid leukaemia (CML). In CML,
activation of the BCR-ABL 1 fusion oncogene-derived protein tyrosine kinase, P210, was
shown to occur at the level of HSCs whereas blast crisis transformation was fuelled by
progenitors that had co-opted stem cell self-renewal and survival properties that rendered
them impervious to tyrosine kinase inhibitors’:40:55.99.103,104 gimijlar complexity in the
CSC hierarchy was reported in solid tumours. For example, breast CSCs were found to
be enriched in the CD44*CD24~ population!40. Since then, CSC populations have been
detected in brainl41, lung142, colon143, prostatel4 and ovarian cancers4°. Whereas these
breakthrough studies identified DNA mutations and cell surface phenotypes of relatively
rare tumour-initiating cell types, recent research efforts have focused on identifying and
understanding the key epigenetic and epitranscriptomic mechanisms that govern CSC
evolution.
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Box 2 | Challenges in therapeutic targeting of cancer stem cells

Although cancer stem cells (CSCs) are typically a relatively rare subset of the entire
tumour cell population, selectively targeting CSCs on the basis of activation of specific
functional pathways is proving to have significant clinical potential'#6. Dormant CSCs
residing in fibrotic tissue or protective niches can be difficult to fully eradicate with
conventional cytotoxic treatments4’. Thus, targeting stem cell regulatory pathways such
as Notch, Hedgehog, WNT and BCL-2 (REFS 103,146) that are either inactive or less
active in non-CSC tumour cells and healthy normal stem cells provides an important
strategy to target CSCs while sparing normal healthy cell types. Demonstration of a
favourable therapeutic index against CSCs compared with normal counterpart tissue-
specific stem cells facilitates highly selective targeting of CSCs19-103, With regard to
targeting RNA processing for CSC eradication, a growing body of evidence suggests that
CSCs10 as well as bulk tumour cells in leukaemial1?, breast cancer!?3 and melanomal2
display sensitivity to splicing modulation, thus providing a potential strategy to clear
dividing malignant cells along with CSCs in various recalcitrant human cancers.
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Figure 1. Epitranscriptome regulation contributes to cancer stem cell generation
Normal haematopoietic stem cells (HSCs) accumulate genetic (DNA) and epitranscriptomic

(RNA) changes that promote the emergence of pre-leukaemic clones that have gained
survival and/or proliferative advantages. a | Deregulation of epitranscriptomic events include
post-transcriptional RNA modifications such as RNA methylation (AB-methyladenosine
(mBA) and AB-hydroxymethyladenosine (hm®A)) and adenosine-to-inosine (A-to-1) double-
stranded RNA (dsRNA) editing (for example, adenosine deaminase acting on dsRNA 1
(ADARZ1) editing of primary microRNA (pri-miRNA) and precursor miRNA (pre-miRNA)
such as let-7). Alu element-containing dsRNA is the main target of A-to-I editing, which can
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result in changes to mMRNA, secondary structure, stability and cellular localization. Splicing
and the activity of RNA binding protein splicing factors such as muscleblind-like 3
(MBNL3) are additional RNA modifications. These events add additional layers of dynamic
regulation that can all contribute to both cancer initiation and cancer progression. b |
Epigenetic DNA modifications, such as the formation of 5-methylcytosine (m°C) and 5-
hydroxymethylcytosine (hm®°C), fulfil important roles in regulating cell differentiation and
development. Genes with high levels of hm>C in their promoter regions are typically
transcriptionally silent. This addition of methyl groups onto DNA will therefore alter the
function of the DNA. For example, if a developmentally regulated gene has a high level of
hm5C it may fail to induce differentiation and can potentially contribute to cancer initiation
and progression. Histone modifications (methylation (Me) and acetylation (Ac)) are known
to have important roles in cell differentiation and development with potential carcinogenic
outcomes.
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Figure 2. Consequences of RNA editing by ADAR

a | Adenosine-to-inosine (A-to-1) editing-dependent regulation of microRNA (miRNA)
biogenesis and targeting occurs at multiple stages. Editing (depicted by red dots) of primary
miRNAs (pri-miRNASs) by adenosine deaminase acting on double-stranded RNA 1
(ADAR1) and ADAR?2 prevents processing by the microprocessor complex composed of
DROSHA and DGCRS8, which results in decreased production of mature miRNA. Similarly,
RNA editing of precursor miRNA (pre-miRNA) affects the DICERL1 cleavage process. Both
edited pri-miRNAs and edited pre-miRNAs are specifically recognized and degraded by the
ribonuclease staphylococcal nuclease domain-containing 1 (SND1). Finally, editing within
the seed region of mature miRNAs potentially changes the specific mRNA target compared
with the unedited version. b | RNA editing at alternative 3’-acceptor sites converts the
intronic AA into Al dinucleotides, which mimic the conserved AG sequences normally
found at 3”-splicing sites. This introduction of a new splicing acceptor site results in an
alternatively spliced mRNA with an insertion (light blue). The dashed line represents an
alternative splicing event generated by A-to-I editing. ¢ | ADAR1 competes with canonical
3’-untranslated region (UTR) processing factors (cleavage stimulation factor subunit 2
(CSTF2), CSTF2t and cleavage and polyadenylation-specific factor 6 (CPSF6)) by direct
binding to 3"-UTRs shortly after they are transcribed. As miRNAs predominately target
mRNA 3’-UTR sites, RNA editing changes within the miRNA target sequences may prevent
miRNA binding and therefore downregulation of the mRNA.
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a | Musashi 2 (MSI2) protein inhibits NUMB translation by binding directly to the 3’-
untranslated region (UTR) of NUMB precursor-mRNA (pre-mRNA) and also competing
with eukaryotic translation initiation factor 4 -y1 (elF4G1) for binding to poly(A) binding
protein cytoplasmic 1 (PABPC1). MSI2 also enhances the translation of crucial transcription
factor genes such as Myc, IKARQOS family zinc finger 2 (/kzf2) and homeobox A9 (Hoxa9),
by binding directly to the mRNA transcripts. The resulting NUMB inhibition and enhanced
MYC, IKZF2 and HOXAQ9 protein expression promotes Notch signalling pathway activation

and self-renewal programmes that are required for haematopoietic stem cell (HSC)

maintenance and cancer stem cell (CSC) regeneration. b | MSI2 upregulation is observed in

self-renewing normal HSCs and malignant progenitors (CSCs) of blast crisis chronic

myeloid leukaemia (CML) and acute myeloid leukaemia (AML). In cooperation with BCR-
ABL 1 oncogene activation, which induces a chronic phase-like CML phenotype, MSI2
represents a second hit required to enhance CSC self-renewal capacity. Similar to the role for

the MSI12-NUMB pathway in aggressive leukaemia, blocking MSI2 restores NUMB

expression and inhibits CSC propagation, thus preventing leukaemic initiation in CML and
AML. TSPANS3, tetraspanin-3.
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Figure 4. RNA processing in normal and malignant haematopoiesis
RNA processing alteration influence human haematopoietic stem and progenitor cell

(HSPC) development, ageing and disease. a | In human embryonic stem cells (hESCs), RNA
methylation represses pluripotency markers, promoting differentiation along distinct
lineages when coupled with derepression of pathway-specific regulatory transcripts. During
healthy human development and ageing, precise regulation of stem cell regulatory RNA
processing activities such as alternative splicing of pro-survival gene families (for example,
BCL2) and RNA binding protein activities (including splicing factors) are required to
maintain HSPC survival and self-renewal from fetal stages (cord blood (CB)) through
adulthood and ageing. b | In age-related malignancies such as chronic myeloid leukaemia
(CML) and acute myeloid leukaemia (AML), aberrant RNA editing and preferential
expression of pro-survival splice isoforms (for example, long isoforms of BCL2and
BCL2L 1 gene products) promotes malignant reprogramming of progenitors and supports
leukaemia cancer stem cell (CSC) survival and self-renewal through derepression of
developmental epitranscriptomic programmes. ADAR1, adenosine deaminase acting on
double-stranded RNA 1.
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