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Abstract

Over 170 chemical modifications have been identified in protein-coding
and noncoding RNAs and shown to exhibit broad impacts on gene
expression. Dysregulation of RNA modifications caused by aberrant
expression of or mutations in RNA modifiers aberrantly reprograms the
epitranscriptome and skews global gene expression, which in turn leads
to tumorigenesis and drug resistance. Here we review current knowledge
of the functions and underlying mechanisms of aberrant RNA modifica-
tions in human cancers, particularly several common RNA modifications,
including N®-methyladenosine (m®A), A-to-I editing, pseudouridine
(), S-methylcytosine (m’C), 5-hydroxymethylcytosine (hm’C), N'-
methyladenosine (m!A), and N*-acetylcytidine (ac4C), providing insights
into therapeutic implications of targeting RNA modifications and the
associated machineries for cancer therapy.

221


mailto:jianchen@coh.org
https://doi.org/10.1146/annurev-cancerbio-030419-033357
https://www.annualreviews.org/doi/full/10.1146/annurev-cancerbio-030419-033357
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

222

1. INTRODUCTION

The research on RNA modifications began in the 1950s with the discovery of pseudouridine (1,
also known as the fifth RNA nucleotide) (Davis & Allen 1957). So far, over 170 types of modi-
fied nucleotides have been identified from three kingdoms of life, expanding the diversity of RNA
(Boccaletto et al. 2018, Frye et al. 2018, Xuan et al. 2018). However, the study on RNA modi-
fications was limited in past decades owing to the lack of high-throughput techniques for RNA
modification mapping and the misconception that RNA modifications are static and likely not
functionally important. This field was revived by the discovery of FTO as the first RNA demethy-
lase (Jia et al. 2011), which suggests that RNA modification is reversible, dynamic, and thereby
very likely functionally essential. Since 2012, numerous next-generation sequencing (NGS) meth-
ods have been developed for the transcriptome-wide detection of widespread and conserved
RNA modifications in messenger RNAs (mRNAs), including N®-methyladenosine (m°A)
(Dominissini et al. 2012, Linder et al. 2015, Meyer et al. 2012), N®, 2'-O-dimethyladenosine
(m°A,) (Linder et al. 2015), 5-methylcytosine (m’C) (Hussain et al. 2013, Khoddami &
Cairns 2013, Squires et al. 2012), 5-hydroxymethylcytosine (hm*C) (Delatte et al. 2016), N'-
methyladenosine (m'A) (Dominissini et al. 2016, Li et al. 2016), inosine (Suzuki et al. 2015),
Nt-acetyleytidine (ac4C) (Arango et al. 2018), and { (Carlile et al. 2014, Schwartz et al. 2014a)
(Figure 1). Such profiling studies showed that RNA modifications could be cell context specific
and dynamically fine-tuned during physiological processes, while many modifications sites are
evolutionarily conserved. Thus far, accuamulating evidences indicate that RNA modifications play
important roles in virtually all normal bioprocesses and tissue development as well as in disease
progression. Exploration of the links between RNA modifications and human cancer in the hope
of developing effective epigenetic therapies represents one of the new frontiers in cancer research.

2. ABERRANT M°A MODIFICATIONS IN HUMAN CANCERS

As the most pervasive internal modification on mRNAs and long noncoding RNAs (IncRNAs)
first identified in the 1970s (Desrosiers et al. 1974, Perry & Kelley 1974), m®A represents one
of the best studied RNA modifications. NGS methods, including MeRIP-seq (methylated RNA
immunoprecipitation sequencing, also known as m%A-seq) and the single-nucleotide-resolution
miCLIP-seq (m°A individual-nucleotide-resolution cross-linking and immunoprecipitation
sequencing), have been widely used for transcriptome-wide m®A mapping, which characterized
10,000-30,000 m°A modification sites/peaks in the transcripts of more than 7,000 human or
mouse genes. Such transcriptome-wide profiling enables the identification of the DRACH (D =
G,A,or U;R=Gor A; H= A, C, or U) consensus sequence of m®A modification and reveals the
enrichment of these modifications in the coding region [or coding sequence (CDS)] and 3’ un-
translated region (3'UTR), particularly around stop codons (Dominissini et al. 2012, Meyer et al.
2012).1tis now known that m®A methylation is mainly catalyzed by the methyltransferase complex
(MTC, also known as writers) in which METTL3 is the catalytic unit while METTL14 is essential
for stabilizing the complex, binding RNA substrates, and deciding the methylation site (H. Huang
etal. 2019, Liuetal. 2014, Sledz & Jinek 2016, P. Wang et al. 2016, X. Wang et al. 2016). Additional
regulatory components of MTC, including WTAP and its cofactors KIAA1429, ZC3H13, and
RBM15/RBM15B, contribute to anchoring MTC in nucleus speckles and U-rich regions adjacent
to m9A sites in mRNAs (Knuckles et al. 2018, Patil et al. 2016, Ping et al. 2014, Schwartz et al.
2014b, Wen et al. 2018, Yue et al. 2018). It is also reported that METTL16 alone could catalyze
mSA in U6 small nuclear RNA (snRNA) and Ué6-like hairpins in MAT24A mRNA (Pendleton et al.
2017). The methyl group can be selectively removed from m®A-modified RNAs by demethylases
(also known as erasers) FTO and ALKBHS (Jia et al. 2011, Zheng et al. 2013), which enables the
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Figure 1

Existence, regulation, and detection of common chemical modifications found across eukaryotic mRNA transcripts. The chemical
structures are shown on top, and the reported writers, erasers, and readers, as well as the NGS methods for mapping the
epitranscriptome, are summarized below the corresponding modifications. Abbreviations: ac4C, N*-acetylcytidine; hm’C,
5-hydroxymethylcytosine; I, inosine; m! A, N'-methyladenosine; m°C, 5-methylcytosine; mSA, N° -methyladenosine; méApn,, NS,
2'-O-dimethyladenosine; m’ G, 7-methylguanosine; mRNA, messenger RNA; NGS, next-generation sequencing; , pseudouridine.

reversible regulation of m°A under certain physiological or pathological conditions. The impacts
of m®A on mRNA fate determination are broad and rely on the existence of specific m°A-binding
proteins (also known as m®A readers). Members of the YT'521-B homology (YTH) domain family
of proteins, including YTHDF1, YTHDF2, YTHDEF3, YTHDCI, and YTHDC2, are among the
earliest-identified mSA readers, which exhibit different functions in mediating mRNA splicing (by
YTHDCI1),decay (by YTHDF2, YTHDEF3, and YTHDC2), translation (by YTHDF1,YTHDEF3,
and YTHDC2), or modulating RNA structures (by YTHDC2) (Hsu et al. 2017; A. Li et al. 2017;
Shi et al. 2017; Wang et al. 2014, 2015; Wojtas et al. 2017; Xiao et al. 2016). In contrast to the
function of YTH family proteins in mRNA decay, a recently identified family of m°A-binding
proteins, including IGF2BP1 (IGF2 mRNA-binding protein 1), IGF2BP2, and IGF2BP3,
protects m®A-modified transcripts from degradation and facilitates their translation (Huang et al.
2018). hnRNPC and hnRNPA2BI1 were considered as comprising another type of m°A readers
that bind to unfolded RNA via an m°A structural switch mechanism, in which the presence of
m°A reduces the ability of RNA to form secondary structures due to the weaker base pairing of
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Aberrant m®A RNA modifications in human cancers. Aberrant mSA methylations caused by overexpression (red) or downregulation
(blue) of mSA modifiers in different types of human cancers exert various functions in cancer development and progression. Although
the influence seems to be transcriptome wide, the regulation of critical m®A-containing transcripts (italics) with oncogenic or
tumor-suppressive functions plays a major role in tumorigenesis. Abbreviations: AML, acute myeloid leukemia; CSC, cancer stem cell;
EMT, epithelial-mesenchymal transition; GBM, glioblastoma multiforme; HCC, hepatocellular carcinoma; LSC, leukemia stem cell.
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mSA-U than of A-U, thus allowing for greater access of these RNA-binding proteins to RNA
(Alarcon et al. 2015, Liu et al. 2015, Wu et al. 2018). Additionally, m°A modification of mRINA
promotes cap-dependent or -independent translation through METTL3-elF3 or elF3a (Choe
etal. 2018, Lin et al. 2016, Meyer et al. 2015). Numerous data have shown that m®A modification
in mRNAs or IncRNAs plays important roles in virtually all normal bioprocesses (see the review
by Roundtree et al. 2017). More recently, evidence is emerging that aberrant deposition, removal,
and recognition of m%A modification are closely associated with diverse human cancers (Figure 2).

2.1. Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a common hematopoietic malignancy in adults and children
characterized by abnormal accumulation of immature blast cells in the bone marrow and periph-
eral blood, owing to the gain of stem cell-like renewal capacity and the blockage of normal differ-
entiation (Thomas & Majeti 2017). More than 70% of AML patients cannot survive over five years
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with contemporary treatment. Tightly controlled m°A modification is important for hematopoi-
etic homeostasis (Vu et al. 2017, Weng et al. 2018, C. Zhang et al. 2017), and dysregulation of
mSA by aberrant expression of either demethylase or methyltransferase can lead to differentiation
blockage and leukemogenesis (see the review by Deng et al. 2018a). The first link between m®A
modification and leukemia pathogenesis came from the study of FTO. We found that FTO was
highly expressed in certain subtypes of AML, including those carrying t(11q23)/MLL rearrange-
ments, t(15;17)/PML-RARA, FLT3-ITD (internal tandem duplication), or NPM1 mutations and
played an oncogenic role in these AML subtypes as an m°A demethylase by posttranscriptionally
regulating expression of important transcripts such as ASB2 and RARA (Z. Li et al. 2017).
Subsequently, FTO was identified as a direct target of R-2-hydroxyglutarate (R-2HG) and
mediated the intrinsic and broad antileukemia activity of R-2HG through an FTO/m*A/MYC-
CEBPA axis, which further demonstrated the critical oncogenic role of FTO in leukemia
(Su et al. 2018).

Meanwhile, the association of the m®A installing machinery with leukemia was also established.
METTL3 and METTLI14, two major components of m®A MTC, are important for the self-
renewal of hematopoietic stem cells (HSCs). Depletion of METTL3 or METTL14 in human
cord blood CD34* hematopoietic stem/progenitor cells promoted myeloid differentiation (Vu
et al. 2017, Weng et al. 2018). Consistently, conditional deletion of Mettl3 or Mettl14 impaired
HSC self-renewal activity in vitro and in mice (Weng et al. 2018, Yao et al. 2018). Given that
abnormal myeloid differentiation is closely associated with AML, the general high expression of
METTL3 and METTLI14 in AML suggests their potential oncogenic function (Vu et al. 2017,
Weng et al. 2018). Indeed, we found that METTL14 was critical for AML initiation and mainte-
nance, as well as for the self-renewal of leukemia stem cells (LSCs) and drug response of AML cells,
by regulating its important target transcripts such as MYB and MYC in an m%A-dependent manner
(Weng etal. 2018). The oncogenic role of METTL3 in AML was demonstrated by two groups in-
dependently. Vu et al. (2017) showed that METTL3 promoted cell growth and suppressed apop-
tosis and differentiation in vitro, as well as affected the survival of bone marrow—transplanted
mice, by promoting translation of its RINA targets such as MYC, BCL-2, and PTEN. Barbieri et al.
(2017) found that both METTL3 and METTL14 could bind to certain regions in chromatin, with
around 120 peaks/binding sites identified for each protein. They further showed that METTL3
was recruited by CEBPZ to the transcriptional start sites of SP1 and SP2 to introduce m®A mod-
ifications to their coding regions; the resulting enhanced translation efficiency of SPI and SP2 in
turn led to enhanced MYC signaling and leukemia progression (Barbieri et al. 2017).

In addition to METTL3 and METTL14, other components of MTC such as WTAP, RBM15,
and ZC3H13 have been implicated in leukemogenesis (Bansal et al. 2014, Duhoux et al. 2012, Ma
et al. 2001). METTLI16 was also potentially implicated in AML by a genome-wide screening
(Barbieri et al. 2017). It is reasonable to speculate that roles of these proteins in leukemogenesis
are possibly related to mSA modification, for which further studies are warranted.

It is interesting that elevated expression of either an MTC component (e.g., METTL3 or
METTL14) or a demethylase (e.g., FTO) contributes to the development of AML. They may
regulate distinct cohorts of target genes with similar biological functions and thereby display
oncogenic roles in the same cancer cell context; nonetheless, they may also target some shared
genes (e.g., MYC) and cause similar biological consequences through different mechanisms (Deng
et al. 2018b). Analogous to RNA m®A modification, imbalance of DNA methylation caused by
loss-of-function mutations of either DNMT3A, a DNA methyltransferase, or TET2, a DNA
demethylase, is also associated with AML development and progression, highlighting the impact
of epigenetic imbalance in the pathogenesis of leukemia (Deng et al. 2018a,b).
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2.2. Glioblastoma

Glioblastoma (GBM) is the most aggressive cancer that occurs in the brain and spinal cord, with
an average survival time of 12-18 months. The cause of GBM is largely unknown and thus results
in a lack of prevention methods and satisfied treatment. Recently, several studies indicated that
mSA RNA methylation is important for tumorigenesis, maintenance of self-renewal, and therapy
resistance in GBM. As a poor clinical outcome factor, ALKBHS is highly expressed in patient-
derived GBM cells and enriched at the GBM stem cell (GSC) niches of patient samples (S. Zhang
etal. 2017). Silencing of ALKBHS5 in GSC inhibited proliferation and tumorigenesis and induced
astrocytic or neuronal commitment by impairing self-renewal. FOXM1 mRINA was identified as
a direct target of ALKBHS and became unstable upon m®A removal, while FOXM1-AS facilitates
the interaction between ALKBHS5 and FOXM1 precursor mRINA. Similarly, FTO also displayed
an oncogenic role in GMB (Cui et al. 2017, Su et al. 2018), and pharmacological inhibition of
FTO by a chemical inhibitor, MA2, suppressed tumor progression in GSC-grafted mice (Cui
etal.2017).

Cui et al. (2017) also found that METTL3 and METTLI14 function as tumor suppressors in
GBM by regulating m°A modification and the mRNA level of target genes (e.g., ADAM19). In
contrast, Visvanathan et al. (2018) reported that METTL3 was upregulated in GBM and played
a critical oncogenic role by positively regulating the stability and expression of SOX2. The differ-
ent roles of METTL3 reported in GBM could be owing to the distinct cell types used and the
genetic heterogeneity in GBM. Other m°A regulators such as WTAP and IGF2 mRNA-binding
proteins (IGF2BPs) are highly expressed in GBM and play a role during GBM development and
progression (Bell et al. 2013, Jin et al. 2012).

2.3. Lung Cancer

Lung cancer, also known as lung carcinoma, is the leading cause of cancer-related death world-
wide. The expression of METTL3 is significantly increased in lung adenocarcinoma and colon
adenocarcinoma compared to normal tissues (Lin et al. 2016). Consistently, the level of METTL3
was also elevated in a panel of lung adenocarcinoma cancer cell lines and correlates with tumor
stages in primary lung adenocarcinoma samples (Choe et al. 2018, Lin et al. 2016). Surprisingly, al-
though circulating tumor cells from lung cancer patients were characterized with a higher level of
RNA m°A modification (Huang et al. 2016), recent studies have suggested that the oncogenic role
of METTL3 is independent of its catalytic activity but rather relies on its translation-promoting
ability (Choe et al. 2018, Lin et al. 2016). In these studies, METTL3 recognized m®A-modified
mRNA and enhanced mRNA translation by recruiting eIF3 to the translation-initiation machin-
ery. A follow-up study showed that circularization of mRNA was mediated by interaction between
the eIF3h subunit at the 5 cap of the mRNA and METTLS3 at the 3'UTR near the stop codon,
and that hundreds of genes, enriched for oncogenes associated with tumor progression and apop-
tosis (e.g., EGFR, TAZ, MAPK2, DNMT3A, and BRD4), were regulated by MET TL3-mediated
translation control (Choe et al. 2018). As a result, METTL3 plays an oncogenic role in promoting
lung cancer cell growth, survival, invasion, and transformation.

Besides METTL3, FTO also functions as an oncogene in lung cancer. High FTO expression
was significantly associated with poor prognosis in 488 lung squamous cell carcinoma patients
in a TCGA (The Cancer Genome Atlas) cohort (Liu et al. 2018b). Modulation of FTO expres-
sion affected cell proliferation, apoptosis, and invasion by regulating MZFI in an m®A-dependent
manner.

In addition, IGF2BP1,IGF2BP2, and IGF2BP3 were found to be highly expressed and acted as
oncogenes in lung cancer, especially in non-small-cell lung cancer (NSCLC), likely through their
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interactions with KRAS, TP53, and EIF4E-BP2 mRNAs and LIN28B-ASI IncRNA (Bell et al.
2013). However, whether these interactions are regulated by m®A modification remains unclear.

2.4. Hepatocellular Carcinoma

The most common type of primary liver cancer, hepatocellular carcinoma (HCC), occurs predom-
inantly in patients with chronic liver diseases, such as cirrhosis caused by hepatitis B or C virus
infection. Aberrant expression and function of m®A regulators were observed in the development
and progression of HCC. Ma et al. (2017) found that m°A levels of poly(A) RNAs were decreased
in HCC tissues largely due to downregulation of METTL14, which was associated with metasta-
sis and prognosis in HCC; METTL14-dependent m°A methylation modulated the processing of
primary miR126 to produce mature miR126 with a metastasis-suppressive function. In contrast,
METTL3 was shown to be significantly upregulated in HCC and associated with poor progno-
sis, and it played a critical oncogenic role in HCC by negatively regulating expression of SOCS2
through a YTHDF2-dependent mechanism (Chen et al. 2018).

Nonetheless, controversial functions have been reported in HCC for YTHDEF?2 itself. Zhong
et al. (2019) reported that YTHDF2 was specifically inhibited by the hypoxia environment of
HCC, and its forced expression suppressed cell proliferation and tumor growth by destabiliz-
ing EGFR mRNA. In contrast, Z. Yang et al. (2017) found that the expression of YTHDF2 was
negatively regulated by miR145 in HCC, in which YTHDEF2 plays an oncogenic role. Similarly,
YTHDF1 was significantly upregulated in HCC and positively correlated with pathological stages
and poor survival in HCC patents (Zhao et al. 2018).

IGF2BPs are highly expressed in HCC cells and patient samples, are positively correlated with
prognosis, and play oncogenic roles in HCC (Gutschner et al. 2014, Huang et al. 2018). Although
it was not realized in early studies that IGF2BPs recognize most of their target mRNAs in an
mSA-dependent manner, the transcripts of some well-known oncogenes (e.g., MYC and Ki67) had
been identified as canonical targets of IGF2BPs (Gutschner et al. 2014). We recently identified
IGF2BPs as m°A readers and showed that they could recognize and bind to the coding region
instability determinant of M¥C mRNA in an m°A-dependent manner, leading to the increased
expression of MYC (Huang et al. 2018). SRF (serum response factor) is another well-studied func-
tional target of IGF2BP1 in HCC (Muller et al. 2019).

2.5. Breast Cancer

Breast cancer is the most commonly diagnosed cancer and the leading cause of cancer death among
women. Exposure of breast cancer cells to hypoxia, a critical feature of the tumor microenviron-
ment, induced m®A hypomethylation and increased stabilization of NANOG and KLF4 mRNAs,
which led to the enhanced breast cancer stem cell phenotype (Zhang et al. 2016a); at the same
time, the deposition of m*A on mRNAs was suppressed by ZNF217 (Zhang et al. 2016b), which
interacted with METTL3 and abrogated METTL3-mediated m®A methylation (Aguilo et al.
2015). The expression of both ALKBHS5 and ZNF217 was induced by HIF-1a or HIF-2a un-
der hypoxia (Zhang et al. 2016a,b). Another study showed that ALKBHS and METTL14 con-
stituted a positive feedback loop with RNA stability factor HuR to regulate the stability of key
epithelial-mesenchymal transition (EMT) and angiogenesis-associated transcripts in breast can-
cer cells (Panneerdoss et al. 2018).

As obesity is strongly associated with higher incidence and worse disease outcome of breast
cancer, the upregulation or single-nucleotide polymorphisms of FTO, a genetic factor of obesity,
were frequently found in breast cancer patients (Kaklamani et al. 2011, Tan et al. 2015). It was
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also reported that FTO influences the energy metabolism of breast cancer via the PI3K/AKT
signaling pathway (Liu et al. 2017); however, whether this is related to its demethylase activity has
yet to be investigated.

2.6. Other Cancers

Endometrial cancer and cervical cancer are two common gynecologic cancers in which aberrant
mSA modification also plays a role. It has been reported that 70% of endometrial tumors exhibit
a reduction in m®A methylation, probably due to the R298P mutation of METTL14 or reduced
expression of METTL3 (Liu et al. 2018a). Arg 298 in METTL14 is critical for RNA substrate
recognition of the MTC (P. Wang et al. 2016, X. Wang et al. 2016) and is frequently mutated in
endometrial tumors (Kandoth et al. 2013). Reduced m®A methylation promoted proliferation and
tumorigenicity of endometrial cancer cells through activation of the AKT pathway by controlling
the expression of two key AKT regulators, PHLPP2 and mTORC2 (Liu et al. 2018a). In cervical
squamous cell carcinoma (CSCC), the mRNA level of FTO was more elevated in tumor tissues
than in adjacent normal tissues, and FTO enhances the resistance of CSCC to chemo-radiotherapy
via demethylation of the B-catenin mRNA (Zhou et al. 2018). IGF2BPs were also shown by our
group to play oncogenic roles in cervical cancer cells by stabilizing MYC mRNA (Huang et al.
2018).

Bladder cancer (BCa) is the fourth-most-common malignancy in men, for which most cases are
diagnosed in advanced stages and cannot get curative surgery or satisfied chemotherapy. METTL3
was significantly upregulated in human BCa and promoted BCa cell proliferation, invasion, and
survival in vitro and tumorigenicity in vivo, likely by regulating the expression of AFF4, IKBKB,
RELA, MYC, and CDCPI in an m®A-dependent manner (Cheng et al. 2019, Yang et al. 2019).

As one of the most aggressive types of cancer, pancreatic cancer develops with local invasiveness
or metastases to distant sites in its early stages. ALKBHS was downregulated in pancreatic cancer
cells and mediated the m®A demethylation and downregulation of an IncRNA, KCNK15-AS1;
their forced expression could inhibit cell migration and invasion by affecting EMT (He et al.
2018).

Overall, the m®A machinery is deregulated in various human cancers and functions as either
oncogenes or tumor suppressors, suggesting a widespread interaction between m®A modification
and human cancers. Nonetheless, in many reports, a direct link has yet to be fully established
between these oncogenic or tumor-suppressive functions and the changes of m%A modification,
especially in critical cancer-associated transcripts.

3. ABERRANT A-TO-I EDITING IN HUMAN CANCERS

RNA editing of adenosine into inosine (A-to-I) by the family of adenosine deaminases acting on
RNA (ADARs) (Figure 1) is a common posttranscriptional gene regulatory mechanism for both
coding and noncoding RINAs that contributes to RNA and protein diversity by affecting Watson-
Crick and wobble base pairing. ADARI induces malignant reprogramming of myeloid progenitors
and LSC self-renewal in chronic myeloid leukemia by regulating the expression of hematopoietic
transcription factor PU.1 and GATA1 (Jiang et al. 2013). In contrast, a global hypoediting by
ADARI1 downregulation has been observed in solid tumors (Paz et al. 2007), reflecting the com-
plicated roles of ADARI in different types of cancers.

Inosine, which is usually interpreted as guanosine and sometimes as adenosine or uracil, could
induce context-dependent recoding and translation stalling when present in the codon (Licht et al.
2019). Editing-caused protein recoding could introduce missense mutations in proto-oncogenes.
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In liver cancer, A-to-I editing of AZIN was more frequently found in HCC tissues than in normal
liver tissues, leading to a serine-to-glycine substitution at residue 367 and a cytoplasm-to-nuclear
translocation of AZIN (Chen et al. 2013). Edited AZIN augments its tumor-initiating potential by
increasing its affinity to antizyme and reducing antizyme-mediated degradation of ornithine de-
carboxylase and cyclin D1 (Chen et al. 2013). In pancreatic, esophageal, and colon cancers, RNA
editing of PROX1 caused tumor-associated missense mutations including E328G, R334G, and
H536R (Takahashi et al. 2006). RNA editing—mediated N136S amino acid substitution of RHOQ
increases RHOQ activity and the invasion potential of colorectal cancer (Han et al. 2014). In
familial esophageal squamous cell carcinoma (ESCC), A-to-I RNA editing—mediated downreg-
ulation of SLC22A3 is almost exclusively present in cancer tissues and may serve as a potential
biomarker for familial ESCC patients (Fu et al. 2017).

In contrast, recoding RNA editing can also make a negative contribution via suppression of
tumorigenesis and metastasis. For instance, an A-to-I-edited form of GABRA3 could only be de-
tected in noninvasive breast cancers and suppressed breast cancer cell invasion and metastasis via
inhibition of the AKT signaling pathway (Gumireddy et al. 2016). ADAR2-mediated Q/R site
editing of G/uR-B is essential for the normal development of mice but is markedly reduced in
malignant gliomas (Maas et al. 2001).

As inosine is converted to guanosine by reverse transcription, comparison of deep sequenc-
ing results generated from cDNA with the corresponding genomic sequence enables mapping
of A-to-I editing sites throughout the transcriptome. The first transcriptome-wide RNA editing
analysis in cancer identified a significant reduction of A-to-I editing of Alu repetitive elements
in brain, prostate, lung, kidney, and testis tumors, which was linked to the reduced expression
of ADAR1 or ADAR? (Paz et al. 2007). Later on, a transcriptome-wide landscape of A-to-I RNA
editing was revealed by systematic analysis of 6,236 patient samples in 17 cancer types from TCGA
(Han et al. 2015). Although the editing levels at most sites remained similar, the RNA editing pat-
tern was diverse across cancer types: Overediting patterns were observed in head and neck squa-
mous cell carcinoma, breast cancer, thyroid carcinoma, and lung adenocarcinoma tumors, while
underediting patterns were common in kidney chromophobe and kidney renal papillary cell car-
cinoma tumors (Han et al. 2015). More recently, an integrated study of TCGA genomic data and
CPTAC (Clinical Proteomic Tumor Analysis Consortium) proteomic data showed that A-to-I
editing events are manifested at proteomic levels and are a source of cancer protein heterogene-
ity (Peng et al. 2018). Interestingly, in addition to affecting the coding function of mRNA, RNA
editing occurring in 3"UTR regions perturbed microRNA (miRNA)-mediated regulation of onco-
genes and tumor suppressors (L. Zhang et al. 2016).

A-to-I editing also occurs in noncoding RNAs, such as miRNAs. When editing takes place
in primary transcript miRNA (pri-miRNA) or precursor miRNA (pre-miRNA), especially at the
recognition or cleavage sites of processing enzymes, the biogenesis of miRNA could be affected
(Yang et al. 2006). RNA editing of pri-miR455 and pre-miR222/221 impaired the biogenesis of
miR455 and miR222/221, respectively, the wild-type forms of which promoted cell growth and
metastasis in melanoma and GBM (Shoshan et al. 2015, Tomaselli et al. 2015). ADAR1-mediated
miRNA editing could also regulate let-7 biogenesis and enhance self-renewal of LSCs, which
could be antagonized by a small inhibitor of ADAR1, 8-AZA (Zipeto et al. 2016). If the editing
takes place in the mature miRINA, especially at the seed region of position 2-8, the interaction be-
tween miRNA and the 3'UTR of target mRNAs could be disrupted and therefore relieve miRNA-
mediated inhibition. Such editing events impaired the inhibition of P4AP24 mRINA by miR376a,
of CPEBI by miR-455-5p, and of ZEB1/ZEB2 by miR200b in different cancers (Choudhury et al.
2012, Shoshan et al. 2015, Wang et al. 2017). A systematic analysis characterized numerous A-to-I
RINA editing events in miRNAs across 20 cancer types, with 15 editing hotspots (Wang et al. 2017).
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Together, these results indicate that dysregulation of A-to-I RNA editing on either mRNAs or
miRNAs could make a notable contribution to the malignant phenotype.

4. ABERRANT PSEUDOURIDINE MODIFICATIONS
IN HUMAN CANCERS

As the first discovered and a pervasive modified nucleotide, ¥ was identified as the so-called fifth
RNA nucleotide (Figure 1). The presence of ¥ was first reported in ribosomal RNA (rRNA) and
transfer RNA (tRNA) (Davis & Allen 1957) and subsequently in snRNAs (Reddy et al. 1972).
More recently, a series of NGS methods, including Pseudo-seq, ¥-seq, PSI-seq, and CeU-seq,
have been developed and identified a tremendous amount of ¥ modifications in most classes of
coding and noncoding RNAs from yeast to human, including rRNAs, tRNAs, snRNAs, small
nucleolar RNAs (snoRNAs), small Cajal body-specific RNAs, miRNAs, mitochondrial RNAs,
IncRNAs, and mRNAs (Carlile et al. 2014, Li et al. 2015, Lovejoy et al. 2014, Schwartz et al.
2014a). ¥ is derived from the C-N to C-C glycosidic isomerization of uridine, which brings an
extra hydrogen bond donor at its non-Watson-Crick edge and can therefore change RNA sec-
ondary structure, facilitate translation, or mediate recoding when present in RNAs (Karijolich
et al. 2015). The incorporation of W is catalyzed by either stand-alone ¥ synthases (PUS1-9) or
snoRNA-guided ¥ synthases (Dyskerin/DKC1) (Figure 1). Although the conversion of U to ¥
is considered irreversible, cellular ¥ modification could be induced by stress (Wu et al. 2011).

It is believed that the urinary and plasma W levels can reflect the physiological and patholog-
ical state of the organism. Indeed, ¥ level in urinary excretion is often higher in patients with
leukemia or solid tumors (Gehrke et al. 1979, Nielsen et al. 1974, Weissman et al. 1963) and is
eliminated after effective chemotherapy (Gehrke et al. 1979). The overproduction of ¥ could also
be detected from the blood of mice or humans with malignant proliferative diseases. In inbred
mice with high incidence of spontaneous lymphoma (AKR mice), ¥ in serum is significantly in-
creased in the period preceding the development of lymphoma (Russo et al. 1984). Elevated ¥
could also be detected in the blood plasma of human patients with chronic lymphocytic leukemia,
multiple myeloma, adenocarcinomas of the large intestine, and advanced-stage lung cancer (Motyl
et al. 1993). With these findings, the evaluation of ¥ in biological fluids has been proposed
as a potential tumor marker but has not yet been included in routine diagnostics (Penzo et al.
2017).

DKC1 binds to the box H/ACA snoRNAs and the RNA component of telomerase. Defects
of DKC1 could cause the dysregulation of snoRNA and telomerase function, as well as related
diseases. Dyskeratosis congenita (DC) is a rare progressive congenital disorder with increased tu-
mor susceptibility caused by mutations of DKC1. DCK1-mediated ¥ sites in rRINA are important
for rRNA and mRNA binding; therefore, the reduction in rRNA ¥ modification could result in
inefficient translation of tumor suppressors, such as BCL-XL, XTAP, p27, and p53 (Bellodi et al.
2010, Yoon et al. 2006). In contrast to the defects of DCKI1 and ¥ modification in DC patients,
the expression of DCK1 and W levels was frequently elevated in human cancers, such as breast
and prostate cancers, and correlated with tumor progression and poor prognosis (Montanaro
et al. 2006, Sieron et al. 2009). Notably, DCKI is a direct and conserved transcriptional target of
¢-MYC (Alawi & Lee 2007). Nevertheless, the underlying mechanisms of DCK1 overexpression
in cancers have yet to be elucidated.

Box H/ACA snoRNAs are associated with DKC1 and core proteins NOP10, NHP2, and GAR1
to guide ¥ modification at specific sites on rRNA and target molecules. Recent studies have in-
dicated that the expression of a subset of H/ACA snoRNAs is altered in human cancers, particu-
larly in hematological malignancies, such as leukemia, lymphoma, and multiple myeloma (Gong
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et al. 2017; Ronchetti et al. 2012; Valleron et al. 2012a,b). For instance, SNORA31, SNORAG6,
SNORAG62,and SNORA71C are downregulated in chronic lymphocytic leukemia (Ronchetti etal.
2013). Noticeably, although most of the H/ACA snoRNAs appear to be decreased in diseases, high
expression of SNORA42 was found in NSCLC and colorectal cancer and correlated with poor
survival (Mei et al. 2012, Okugawa et al. 2017).

5. OTHER RNA MODIFICATIONS AND HUMAN CANCERS

"Two of the best-studied epigenetic marks on DNA, m’C and hm’C, have been identified in RNA
as well (Figure 1). m’C was detected in rRNA and tRNA and recently was found to be prevalent in
mRNA by multiple NGS methods, including biosulfite-seq, MeRIP-seq, miCLIP-seq, and Aza-
seq. In HeLa and mouse cells, m’ C modifications were found to be enriched in 5" and 3’'UTRs in a
GC-rich context, particularly around the translational start codon (Amortetal. 2017, Squires et al.
2012,X. Yang et al. 2017). Methylated cytosine could recruit nuclear factor ALYREF and facilitate
the exportation of m’ C-modified mRNA (X. Yang et al. 2017). An elevated RNA m’C level could
be detected in the circulating tumor cells from lung cancer patients compared to whole blood
cells (Huang et al. 2016). There are some links between the RNA cytosine methyltransferases
NSUN and DNMT?2 and tumorigenesis; however their exact roles remain not fully understood.
NSUN?2 (also known as Misu) was first found as a direct target of MYC that mediated MYC-
induced proliferation and was upregulated in benign and malignant skin tumors (Frye & Watt
2006). Knockdown of NSUN?2 inhibits growth of human squamous cell carcinoma xenografts in
nude mice. NSUN2 was also overexpressed in ovarian cancer and breast cancer and was associated
with tumor prognosis and metastasis (J.C. Yang etal. 2017, Yi etal. 2017). With variable expression
in human cancer cell lines, the association between DNMT2 and human cancers remains unknown
(Schaefer et al. 2009). Treatment of human cancer cells with methylation inhibitor azacytidine
could specifically inhibit RNA methylation at DNMT?2 target sites, but not at the target sites of
other RNA methyltransferases, linking the drug effect of azacytidine to DNMT?2-regulated RNA
metabolism (Schaefer et al. 2009).

m!A involves the methylation of adenosine at the N1 site (Figure 1), which for decades was
thought to mainly occur in noncoding RNAs but now has been identified in thousands of mRNA
transcripts (Dominissini et al. 2016). In human and mouse transcriptomes, m'A is enriched around
the start codon upstream of the first splice site and correlates positively with protein production.
m'A is a dynamic modification in response to physiological conditions (i.e., glucose or amino acid
starvation, heat shock, or serum starvation) with a well-identified demethylase, ALKBH3. As a
clinical marker of prostate cancer, ALKBH3 showed oncogenic roles in many human cancers,
including prostate cancer, renal cell carcinoma, NSCLC, breast cancer, and HCC (Chen et al.
2019, Hotta et al. 2015, Konishi et al. 2005, Tasaki et al. 2011). Recent research has revealed
that the mRNA stability of CSF-1 was regulated by ALKBH3-induced m'A demethylation in the
S'UTR of CSF-1, which contributed to the invasion of breast and ovarian cancers, providing the
first link between the oncogenic function of ALKBH3 and m'A demethylation of mRNA (Woo
& Chambers 2019). However, the global function of m'A and its regulation during tumorigenesis
are currently unknown.

Most recently, the profiling of ac4C was pinpointed in the human transcriptome, leading to
the finding that ac4C is widely distributed in the transcriptome with a majority of sites occurring
within the CDS of mRNAs (Arango et al. 2018). Acetylation of cytidine in wobble sites promotes
translation efficiency. As the only known RNA acetyltransferase, NAT'10 catalyzes ac4C in a broad
range of mRNAs (Figure 1) (Arango etal. 2018). The expression of NAT'10 is enhanced in several
cancers, such as HCC, colon cancer, and lung cancer (Xu et al. 2012, Zhang et al. 2015). Notably,
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while NAT10 mainly localizes in the nucleus in normal tissues, it is aberrantly exported from the
nucleus to the cytoplasm or membrane in HCC and colorectal cancer (Tan et al. 2018, Zhang et al.
2014). The potential oncogenic function of NAT'10 in cancers suggests that RNA acetylation may
also play a role in tumorigenesis.

6. INSIGHT OF CANCER DIAGNOSIS AND THERAPEUTICS
6.1. Epigenetic Markers for Diagnosis and Prognosis

Specific genetic and epigenetic alterations could be detected in plasma, serum, and urine cell-free
DNA and RNA as valuable biomarkers for noninvasive diagnosis for human diseases. Epigenetic
markers are innovative and effective cancer screening tools because of their stability, frequency,
reversibility, and accessibility. For instance, m* C and hm’ C in cell-free DNA could serve as parallel
biomarkers for human cancers (W. Li et al. 2017, Song et al. 2017). As described above, the level
of certain RNA modification (e.g., m°A, m*C, and V) is also accessible in biological fluids (e.g.,
blood and urine) and displayed a specific elevating pattern in certain types of cancers, which makes
them promising diagnostic biomarkers for human cancers (Figure 3) (Gehrke et al. 1979, Huang
etal. 2016, Motyl et al. 1993, Nielsen et al. 1974, Weissman et al. 1963).

Furthermore, it has been indicated that RNA modifications are associated with drug response
and chemoresistance. Both 5-AZA-resistant leukemia cell lines and primary specimens have a
significant increase in RNA m’C methylation and NSUN1-/BRD4-associated active chromatin,
suggesting a link between RNA m’C and drug resistance (Cheng et al. 2018). An association
has also been found between tyrosine kinase inhibitor (TKI) resistance and m®A modification.
Leukemia cells with hypomethylation of m°A demonstrated more TKI tolerance and growth
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advantage owing to enhanced mRNA stability and protein production of proliferation-and-
survival-related transcripts (Yan et al. 2018). These findings suggest that RNA modification sig-
natures may serve as predictive markers for personalized leukemia treatment.

6.2. Epigenetic Therapy

Unlike genetic changes, epigenetic modifications are reversible, making them druggable for tar-
geted therapies (Figure 3). Since the discovery of FTO as an m%A RNA demethylase (Jia et al.
2011), efforts have been made to identify selective small-molecule inhibitors targeting the enzy-
matic activity of FTO. FTO belongs to the family of Fe’*- and 2-oxoglutarate-dependent AlkB
dioxygenases, whose demethylase activity largely relies on the presence of Fe?+ and 2-oxoglutarate.
Natural compounds with structures similar to 2-oxoglutarate, such as Rhein, were identified as the
competitive inhibitor of FTO and could significantly inhibit the activity of FTO in vitro and inside
cells (Chen et al. 2012). However, the lack of selectivity among members of the AlkB family lim-
ited its application in cancer therapy. Compared to Rhein, meclofenamic acid (MA), an FDA (US
Food and Drug Administration)-approved nonsteroidal anti-inflammatory drug, exhibited better
selectivity for FTO over ALKBHS5 (Huang et al. 2015) and showed significant therapeutic effi-
cacy in treating GSC-induced tumors in mice (Cui et al. 2017). Our group found that R-2HG, an
analog of 2-oxoglutarate, exhibited broad antitumor effects in vitro and in vivo by targeting FTO
(Su et al. 2018). Most recently, Y. Huang et al. (2019) developed a more effective FTO-specific
inhibitor, FB23-2, on the basis of MA, which showed improved therapeutic efficacy over MA in
treating AML.

Priming T cells against tumor neoantigens is crucial for spontaneous antitumor immune re-
sponses and the clinical efficacy of immunotherapies. However, the mechanisms by which tumors
evade neoantigen recognition remain elusive. Very recently, Han et al. (2019) showed that durable
neoantigen-specific immunity is regulated by mRNA m®A methylation through the m®A-binding
protein YTHDF1. YthdfI-deficient mouse dendritic cells augmented the cross-presentation of
tumor antigens and the priming of CD8" T cells in vivo. These findings identified epigenetic
regulators as key mediators of tumor immune evasion and potential therapeutic targets to syner-
gize with the immune checkpoint blockade to drive a potent antitumor response (Figure 3).

7. SUMMARY AND FUTURE PERSPECTIVES

Evidence is emerging that RNA modifications play important oncogenic or tumor-suppressor
roles in the initiation, progression, metastasis, or drug resistance of various types of cancers. How-
ever, we are just beginning to understand the functions and underlying molecular mechanisms of
RNA modifications in cancers. There are numerous questions to be answered. For instance, why
do some writer and eraser genes play similar functions in the same cancer types? How do different
components of a given RNA modification machinery orchestrate the regulation of the epitran-
scriptome in cancers? Moreover, current knowledge of RNA modification is mainly restricted to
a few of the most common modifications, while the vast majority of RNA modifications remain
hard to detect and thus their functional study has been scarce. More advanced novel sequencing
methodologies with high resolution, precision, and sensitivity will lead to rapid and sustainable de-
velopments in this field, which is important for fully understanding of the roles of RNA modifica-
tions in cancers and identifying novel targets for cancer therapy. The development of effective and
selective inhibitors targeting cancer-associated RNA modification machinery components holds
great potential in cancer therapy. Such inhibitors can be applied alone or in combination with
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chemotherapy, targeted therapy (e.g., TKIs), or immune therapy (e.g., anti-PD-1/PD-L1 agents),
which may transform our treatments of various types of cancers.
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