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ABSTRACT

Collectively referred to as the epitranscriptome, RNA
modifications play important roles in gene expres-
sion control regulating relevant cellular processes. In
the last few decades, growing numbers of RNA mod-
ifications have been identified not only in abundant
ribosomal (rRNA) and transfer RNA (tRNA) but also in
messenger RNA (mRNA). In addition, many writers,
erasers and readers that dynamically regulate the
chemical marks have also been characterized. Cor-
rect deposition of RNA modifications is prerequisite
for cellular homeostasis, and its alteration results in
aberrant transcriptional programs that dictate human
disease, including breast cancer, the most frequent
female malignancy, and the leading cause of cancer-
related death in women. In this review, we empha-
size the major RNA modifications that are present in
tRNA, rRNA and mRNA. We have categorized breast
cancer-associated chemical marks and summarize
their contribution to breast tumorigenesis. In addi-
tion, we describe less abundant tRNA modifications
with related pathways implicated in breast cancer.
Finally, we discuss current limitations and perspec-
tives on epitranscriptomics for use in therapeutic
strategies against breast and other cancers.

GRAPHICAL ABSTRACT

INTRODUCTION

RNA modifications, collectively termed the epitranscrip-
tome, are crucial regulators of temporal and spatial gene
expression programs. Currently, over 170 RNA modifica-
tions decorating all RNA species and in all three kingdoms
of life have been described (1,2). Although modification to
RNA has been documented for over 50 years, the functions
of most of these modifications are largely unknown. Recent
development of more sensitive and specific technologies,
such as high-throughput sequencing and improved mass
spectrometry, shed light on to the exciting new field of RNA
epitranscriptomics.

In general, the fate of modified RNAs is determined by
the coordinated actions of writers, erasers and readers that
impose, remove and recognize the chemical mark. Some of
the writers are stand-alone enzymes, whereas others act as
multiprotein writer complexes that also comprise accessory
subunits. In addition, some of the RNA modifications are
reversible i.e. removed by the erasers, whereas others are ir-
reversible. Most of the known RNA modifications map to
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abundant RNAs such as transfer RNA (tRNA) and riboso-
mal RNA (rRNA), tRNA being the most extensively mod-
ified RNA type in the cell (3) (Figure 1).

In eukaryotes, the nuclear-encoded tRNAs contain on
average 11–13 modifications per molecule whereas mito-
chondrial tRNAs are modified to a lesser extent, with an
average of 5 modifications per molecule (4). The molec-
ular consequence of the modification depends on the
type of chemical modification and the location within a
tRNA. Hence, modifications occurring at the wobble po-
sition (position 34) and to the residue adjacent to the
anticodon loop (position 37) are highly conserved and
lead to the strongest effects in optimization of codon
usage, regulating translational efficiency and fidelity (5–
7). However, modifications along the whole L-shape af-
fect tRNA stability, localization and functional folding
(8,9). Such modifications include but are not limited to 5-
methylcytosine (m5C), N1-methyladenosine (m1A), pseu-
douridine (�), 5-methyluridine (m5U), 1-methylguanosine
and 7-methylguanosine (m1G and m7G, respectively), and
inosine (I), and complex multistep chemical modifica-
tions, such as N6-threonylcarbamoyladenosine (t6A) and
5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U) (10)
(Figure 2).

Human ribosomes contain four rRNA types, i.e. 28S,
5S and 5.8S rRNAs in the 60S subunit, and 18S rRNA
in the 40S subunit. In each subunit, the rRNAs form the
core of the translation machinery whereas ribosomal pro-
teins stabilize the structure and fine-tune the function of
the ribosome (11,12). During ribosome biogenesis, rRNAs
are extensively modified, expanding the topological prop-
erties of RNAs and optimizing the ribosome functionality
(13). Recently, >130 individual rRNA modifications have
been visualized in the three-dimensional structure of the
human ribosome, being several of the modifications asso-
ciated with degenerate states in cancer (14). In eukaryotic
ribosomes, the most abundant rRNA modifications are ri-
bose 2′-O-methylation (2′O-Me or Nm) and � catalyzed
by box C/D and box H/ACA ribonucleoprotein (RNP)
enzymes, respectively, using small nucleolar RNAs (snoR-
NAs) for the recognition of specific rRNA target sites (15–
17). Conversely, base modifications, such as methylations
and acetylations, are catalyzed by conventional protein en-
zymes, most of which have only recently been identified (18–
21), and thereby, their function is largely unknown (22).

Shortly after the discovery of the 5′ cap and 3′ polyadeny-
lation, N6-methyladenosine (m6A) was identified in mRNA
(18–21). m6A is the most abundant internal mRNA modifi-
cation with on average 3–5 adenines methylated per mRNA
(23,24). Other less abundant modifications within eu-
karyotic mRNA include m1A, N6,2′-O-dimethyladenosine
(m6Am), m5C, 5-hydroxymethylcytosine (hm5C) and �
(Figure 3) (3). These modifications are not randomly dis-
tributed in the mRNA, and depending on the modification
type and the deposition site, they can virtually affect all as-
pects of RNA fate including RNA processing, RNA export,
mRNA translation and degradation. All these molecular
events shape the transcriptome in a spatiotemporal manner
to tightly regulate gene expression programs (25).

The deposition of chemical modifications into RNA is
dynamic allowing the rapid adaptation to changing envi-

ronmental cues and to various stresses. Such adaptation
is crucial for cellular homeostasis. Hence, alterations in
the expression levels of RNA modifiers and thereby, dys-
regulated RNA modification pathways, have been linked
to tumorigenesis as well as other human diseases (26).
In this review, we describe the current understanding on
how these epitranscriptomic marks are implicated in breast
tumorigenesis, the most prevalent cancer among women
worldwide. Specifically, we highlight several critical mod-
ifications, namely m6A, m1A, m5C, 2′O-Me, RNA edit-
ing and � (Table 1). We describe which RNA species they
have been identified in, their molecular and cellular func-
tions (where known) and the evidence linking them to
the development, maintenance and progression of breast
cancer.

Breast cancer

According to a global cancer statistics study, breast can-
cer is the most commonly diagnosed cancer in women and
among the leading cause of cancer-related death in females
(27) (Figure 4). Although there is an evident increase in
breast cancer incidence and mortality among pre- and post-
menopausal women, females of younger age are also at risk
every year, with higher emphasis in developing countries
(28). Hence, although advanced therapies and early detec-
tion have improved the survival rate (29), the causal factors
of breast carcinoma still remain elusive.

The clinical behavior and the treatment outcomes in
breast cancer are highly influenced by tumor heterogene-
ity consisting in increased morphological variability and
fluctuating therapy response (30). Based on the expression
of the hormone receptors (estrogen (ER) and progesterone
(PR)) and the human epidermal growth factor receptor 2
(HER2), there are four molecular subtypes of breast cancer,
namely luminal A, luminal B, HER2 positive and basal-like
or triple-negative (TNBC) (31). Although both luminal A
and B are ER and PR positive, the later one has a worst
prognosis and is either HER positive or negative with high
levels of the proliferation marker Ki-67 (30,32). The HER2
subtype is ER and PR negative but positive for HER2
and the TNBC presents a triple negative immunophenotype
(ER, PR and HER2 negative), increased proliferation rate
and the highest incidence of relapse (30,33,34). Hence, in
addition to providing prognostic information, the molec-
ular subtypes can be used to evaluate clinical behaviors
and response to treatments. However, the intrinsic hetero-
geneity of breast cancer impedes the full characterization
based on the aforementioned histopathologic parameters.
Thus, recent evidence supports the presence of multiple sub-
types within a tumor (32) and the existence of even more
than four subtypes (30), manifesting the complex molecu-
lar landscape of breast cancer cells. In addition, it has been
shown that the microenvironment can dictate plasticity of
breast cancer cells (35). For instance, the mammary stroma
can induce basal differentiation in MCF7 cells, a luminal
cellular model, and the site of injection of these cells into
mice models can confer different tumor phenotypes, with
injection in the milk ducts leading to an increased mimicry
of the original tumor compared with the injection into the
fat pads (35). Therefore, finding an effective cure for this het-



NAR Cancer, 2021, Vol. 3, No. 3 3

Table 1. List of RNA modifications in breast cancer. RNA modifications, enzymes and associated effect in breast cancer

Type of RNA Enzymes Function in breast cancer Ref

m6A
mRNA ALKBH5, IGF2BP1 Promoted BCSC phenotype (69,70,73)
mRNA METTL3 Promoted BCSC phenotype, induces metastasis (201)
mRNA IGF2BP2 Promoted BCSC phenotype (72)
mRNA METTL3, METTL14, WTAP, FTO,

ALKBH5
Inhibited colony formation and migration (202)

mRNA YTHDF3 Promoted breast cancer, induces brain metastasis
and angiogenesis

(203)

mRNA METTL14, ALKBH5, YTHDF3 Promoted growth, proliferation and angiogenesis (56)
mRNA METTL14, ZC3H13 Correlation with unfavorable prognosis in breast

cancer patients
(49)

mRNA METTL3 Increased cell proliferation and tumor progression (57)
mRNA METTL3 Increased proliferation and decreased apoptosis in

breast cancer cells in vitro and in vivo
(58)

mRNA METTL3, FTO, IGF2BP1, YTHDF1 Promoted lung metastasis and clinical progression in
breast cancer, induction of EMT

(59)

mRNA METTL3 Inhibited migration and invasive capacities of the
cells in TNBC

(60)

mRNA METTL14 Promoted breast cancer initiation and progression (62)
mRNA FTO Promoted cell proliferation, colony formation, tumor

growth and metastasis
(63)

mRNA METTL3 Enhanced expression of oncogenes, induces acquired
chemoresistance

(74)

mRNA METTL3 Induced breast cancer cell proliferation, associated
with drug sensitivity

(76)

mRNA YTHDF2 Promoted breast cancer progression (204)
mRNA ALKBH3 Increased breast cancer cell invasiveness (83)
miRNA METTL14 Promoted migration and invasion in breast cancer

cells
(50)

miRNA FTO Promoted cell invasion and migration (52)
miRNA METTL3 Associated with acquired chemoresistance (75)
circRNA METTL3 Promoted cell proliferation (61)
rRNA METTL5 p70-S6K activation and translation initiation,

increased breast cancer cell growth
(77)

m5C
Type of RNA Enzymes Function in breast cancer Ref
mRNA NSUN2-NSUN7, DNMT1, DNMT3A,

DNMT3B, ALYREF TET2
Affected tumor development, tumor immune
microenvironment and potential markers for TNBC
patients

(110)

2’-O-Me
Type of RNA Enzymes Function in breast cancer Ref
rRNA Fibrillarin Promoted BCSC phenotype (128)
rRNA Undefined Associated with breast cancer subtypes and tumor

grade, linked with overall patient survival
(127)

�
Type of RNA Enzymes Function in breast cancer Ref
rRNA DKC1 Telomerase activity, linked with better clinical

outcome
(143)

A-to-I
Type of RNA Enzymes Function in breast cancer Ref
mRNA ADAR Resistance to methotrexate (167)
mRNA ADAR Cell viability, drug sensitivity clinically relevant

editing events in breast tumors than normal tissues
(161)

mRNA ADAR1 Cell cycle control, DNA damage response, increased
breast cancer cell progression

(163)

mRNA ADAR1 DNA damage, immunity, DNA replication,
increased breast cancer cell progression

(159)

mRNA ADAR1p110 Increased proliferation and breast cancer metastasis (164)
C-to-U
Type of RNA Enzymes Function in breast cancer Ref
mRNA APOBEC3 Improved breast cancer survival (173)
mRNA Apobec-1 complementation factor

(A1CF)
Increased breast cancer progression (174)
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Figure 1. Chemical structures of common RNA modifications known to have a role in breast cancer. The modified groups are highlighted in red. The type
of RNA in which the modification is detected is indicated using the symbols of rRNA, tRNA and mRNA.

erogeneous and multifactorial disease is still a major chal-
lenge.

Such complexity and heterogeneity of breast cancer cells
can be better understood through integration of multi-
omics approaches that provide resourceful information
of the different layers of gene expression regulation. Al-
though genomic, epigenomic and transcriptomic datasets
have added new insights into the true biological landscape
of breast cancer, epitranscriptomic analysis are still in their
infancy. Given that many of the RNA modifications are
dysregulated in human cancers, the epitranscriptome rep-
resents a hot-spot of interest in the quest of elucidating
the transition from a normal physiological to a patholog-
ical state, hoping that its study will enable the development
of more efficient and effective therapies against cancer. For
breast cancer, recognition of the function of RNA modifica-
tions in its development may represent the missing piece of
the puzzle in deciphering the complex pathogenesis of these
tumors.

N6-methyladenosine

m6A is the most studied and abundant internal modification
on eukaryotic mRNA. It also appears on tRNAs and other
non-coding RNAs (ncRNAs) and more recently, it has been
found on rRNA (2,36,37). Due to its large impact on RNA
metabolism at multiple levels i.e. splicing, nuclear export,

mRNA stability, translation and even RNA and protein in-
teractions, it plays a critical role not only in proper function-
ing of all sorts of biological processes but also in acquired
pathologies such as cancer (26,38,39).

m6A is co-transcriptionally deposited on mRNA by a sta-
ble methyltransferase complex consisting of two core com-
ponents, i.e. methyltransferase-like 3 (METTL3) and 14
(METTL14), and other proteins that ensure m6A specificity
(40,41). The demethylases include fat mass and obesity-
associated protein (FTO) and �-ketoglutarate dependent
dioxygenase alk B homolog 5 (ALKBH5) (42,43). The most
representative readers are members of the YTH domain-
containing protein family (YTHDF1/2/3 and YTHDC1)
(44,45).

In recent years, the expression of m6A regulators has been
correlated with hallmarks of cancer and it was shown that
breast cancer cells exhibited higher m6A methylation lev-
els compared to healthy mammary epithelial cells (Table
1) (46,47). However, most of the studies seem controver-
sial as a defined gene expression pattern of writers, erasers
and readers is missing, reflecting the complexity and het-
erogeneity of breast pathogenesis. For instance the writer
METTL14 was downregulated in TNBC, with METTL14
expression being correlated with favorable outcomes (48).
Similarly, Gong et al. reported that low expression levels of
METTL14 led to poor prognosis and tumor progression in
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Figure 2. tRNA modifications. Clover leaf model representing the structure of a human tRNA. Nucleotides that undergo modification are shown in
pink. Distinct chemical modifications are represented in different colors. The enzymes known to mediate tRNA modifications linked to breast cancer are
capitalized and highlighted in blue.

TNBC (49). On the contrary, overexpression of METTL14
was observed in studies that compared breast cancer pa-
tients with healthy controls, METTL14 acting as an onco-
gene that promoted invading and migrating capacities of the
cells (46,50). Dong et al. have attributed METTL14 overex-
pression to luminal A and B subtypes, being negatively cor-
related with tumor grade and not exerting influence over
prognosis (51). In addition, the expression of the erasers
of m6A has also been shown to be dysregulated in breast
cancer patients, being the increased expression of ALKBH5
correlated with poor prognosis in TNBC (47), whereas the
expression of the demethylase FTO appeared to be de-
creased in breast cancer patients compared to normal con-
trols (47). However, Xu et al. observed upregulation of FTO
in HER2+ subtype and a strong connection with unfavor-
able prognosis in this subtype (52). The expression of read-
ers correlated as well with different outcomes. For instance,
increased expression of YTHDF3 was linked with unfavor-
able survival, nodal metastasis and poor prognosis in breast
cancer patients (53,54). Other readers such as YTHDF1
and YTHDF1 displayed increased expression in various
analyses of breast cancer patient samples (48,54,55), while
YTHDC1 and YTHDC2 were shown to be downregulated

in TNBC (48). These studies reflect that the same writer
protein, for example METTL14, can display distinct expres-
sion patters depending on the breast cancer subtype. They
also show how the expression of distinct erasers or readers
can follow opposite patterns of gene expression. Therefore,
dysregulated expression of m6A writer, eraser and reader,
either high or low, might lead to aberrant gene expression
programs that promote breast tumorigenesis. Indeed, it has
been shown that the interplay among m6A regulators deter-
mines the m6A levels and, consequently, the stability of sev-
eral transcripts that are known to play a critical role in cell
cycle, epithelial–mesenchymal transition (EMT) and angio-
genesis in breast cancer (56).

Several mechanisms involving METTL3 in breast can-
cer progression have been described (Figure 5). METTL3
was found to participate in a feedback loop with Hep-
atitis B virus X-interacting protein (HBXIP) and the mi-
croRNA (miRNA) let-7g, in which METTL3 expression
was positively regulated by HBXIP through inhibiting let-
7g miRNA, while HBXIP expression was increased by
METTL3. This positive feedback loop resulted in increased
cell proliferation and, ultimately, in cancer progression (57).
In addition, METTL3-mediated increased methylation lev-
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Figure 3. Internal mRNA modifications. Schematic representation of internal mRNA modifications and the predicted location on the mRNA are shown.
The main writers of the respective modifications and their functions in breast cancer are depicted.
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Figure 4. Global cancer statistics. Pie chart depicting the percentage of new cases in each tumor type in 2020 for women globally. The data used to prepare
the chart were taken from GLOBOCAN 2020 (27).

els promoted the translation of Bcl-2, a major regulator of
cell death modulating cellular proliferation and apoptosis
of cancerous cells (58). Furthermore, it has been shown that
m6A can induce breast cancer lung metastasis by increas-
ing the stability of a mRNA duplex formed from the ker-
atin 7 (KRT7) transcript, encoding a regulator of EMT, cy-
toskeleton programming and cellular transformation, and
its antisense long noncoding RNA (lncRNA) KRT7-AS
(59). On the contrary, in TNBC cell lines, METTL3 halts
metastatic progression by hypermethylation of the Colla-
gen Type III Alpha 1 Chain (COL3A1) transcript which
trigger its degradation (60). Recently, it was shown that
METTL3 is the host gene of a circRNA, so called cir-
cMETTL3 whose expression was regulated via a m6A-
dependent mechanism (61). This circRNA was upregulated
and impacted cell proliferation, migration and invasion in
breast cancer through upregulation of cyclin-dependent ki-
nases (CDK1), recently identified as a breast cancer prog-
nosis indicator (61). Moreover, METTL14 was reported
to enhance cell proliferation by facilitating the deposition
of m6A on the transcripts of the oncogenes CXCR4 and
CYP1B1 (62). Mechanisms showing the implications of
FTO in cell proliferation, colony formation and metastasis
of breast cancer both in vitro and in vivo were also described.
Hence, FTO-mediated demethylation of Bcl-2/adenovirus
E1B mRNA (BNIP3), a pro-apoptotic tumor suppressor
gene, favored tumor progression (63). Recently, the reader
of m6A YTHDF2 was found to sustain MYC-driven cell
growth and survival in TNBC cell lines by facilitating the
turnover of mRNAs belonging to MAPK/ERK signaling
pathways. Hence, YTHDF2 was limiting the endoplasmic
reticulum stress response and therefore contributed to EMT
and breast tumorigenesis (64).

Another way by which the m6A machinery can contribute
to breast cancer formation and development is through its
roles in miRNA biogenesis. METTL3 has been shown to

deposit m6A on primary miRNAs (pri-miRNAs) enabling
their recognition by the RNA binding protein DGCR8
and thereby facilitating miRNAs biogenesis (65). Particu-
larly, in breast cancer, METTL14 reshaped the miRNA pro-
file (50). Modulation of the expression of miR-146a-5p by
METTL14 promoted cell migration and invasion underly-
ing the predominant control that m6A may have over multi-
ple aspects of breast tumorigenicity. In addition, inhibition
of miR-181b-3p by FTO resulted in upregulation of ADP
ribosylation factor like GTPase 5B (ARL5B) (52). ARL5B
is responsible for promoting lysosome motility facilitating
cell migration. Therefore, through this mechanism FTO en-
hanced the invasive and migratory capabilities of the breast
cancer cells (52). Considering the data obtained in studying
other cancer types, further studies will most certainly reveal
an even higher impact of m6A on miRNA in breast carcino-
genesis.

m6A plays a significant role in the formation of cancer
stem cells (CSCs), tumorigenic cells with stem cell prop-
erties, which are known for their capabilities of facilitat-
ing the carcinogenic process and the resistance to therapy
(66). Hypoxic environments, through the action of hypoxia-
inducible factors (HIF), have been linked with EMT and
thus with acquisition of stem cell-like properties that fa-
vor migration and invasion in breast cancer (67,68). Ex-
pression levels of ALKBH5 and the oncogenic factor Zinc-
Finger Protein 217 (ZNF217) are increased in these en-
vironments (69,70). Notably, the mouse ortholog ZFP217
has been shown to interact with METTL3 and restrict
the m6A deposition on pluripotency factors (71), increas-
ing their mRNA stability. Thus, ZNF217- and ALKBH5-
mediated demethylation of pluripotency factors, i.e. Nanog
and KLF4, induced the acquisition of stem cell-like prop-
erties and therefore, BCSC specification (69,70). IGF2BP2,
a reader of m6A, was also linked to mechanisms enhanc-
ing BCSC by stabilization of the mRNA of two oncogenes,
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Figure 5. Functions of m6A in breast cancer. m6A modification is dynamically regulated by its writers (METTL3, METTL14, WTAP, HAKAI and
VIRMA) erasers (FTO and ALKBH5) and readers (YTHDFC3 and IGF2BP2). Only enzymes with reported function in breast cancer are depicted for
simplicity. Deposition of m6A on distinct transcripts can enhance (HBXIP, p21, CXCR4, CDK1, CYP1B1, KRT7, Bcl2; red) or diminish (COL3A1; green)
breast cancer initiation and progression and affect therapy outcome (AK4; blue). Demethylation of BNIP3 also enhances breast cancer (red) whereas
demethylation of Nanog, KLF4 and Sox2 promotes the breast cancer stem cell phenotype. Similarly, recognition of m6A-modified DROSHA and c-Myc
mRNAs leads to the acquisition of breast cancer stem cell characteristics. YTHDFC3 binds to ST6GALNAC5, EGFR and GJA1 to induce breast cancer
metastasis. YTHDF2 recognizes mRNAs involved in MAPK/ERK signaling. Deposition of m6A on pri-miRNA allows DGCR8 recognition and further
processing. Increased expression of METTL14, FTO and METTL3 alters the expression of miRNA, enhancing the breast cancer phenotype (red) or
induces drug resistance (blue) in breast cancer cells. Enhanced METTL5 mediated methylation at adenosine 1832 of mammalian 18S rRNA promotes
p70-S6K activation and an increased translation initiation thus stimulating breast cancer cell growth.

namely DROSHA and c-Myc (72,73). All these results point
toward a significant role of this mark in elucidating means
that can provide new therapeutic strategies in both drug re-
sistant and refractory hypoxic breast tumors.

Recent evidence indicates that m6A also plays important
roles in treatment outcomes, being either a vector of ac-
quired resistance or a perfect target for more efficient ther-
apies. On one hand, resistance to tamoxifen and doxoru-
bicin were modulated by METTL3 through methylation of
adenylate kinase 4 (AK4) transcripts, and miRNA-221–3p,
respectively (74,75). AK4 is a mitochondrial matrix pro-
tein involved in energy metabolism homeostasis whose ex-
pression is linked to the progression of multiple cancers. In
tamoxifen resistant MCF-7 cells, m6A deposition on AK4
mRNA led to increased expression which in turn resulted
in higher reactive oxygen species and p38 levels while deple-
tion of METTL3 and AK4 resensitized the cells to tamox-
ifen (74). METTL3 regulation of miRNA-221–3p through

methylation of pri-miRNA-221–3p resulted in chemoresis-
tance to doxorubicin in breast cancer cells, due to the sup-
pression of the tumor suppressor HIPK2 that led to over-
expression of Che-1, a transcription regulator known for its
role in development of anticancer drug resistance (75). On
the other hand, metformin, a drug used in the treatment of
type 2 diabetes mellitus, has been shown to suppress m6A
through downregulation of METTL3 (76). Metformin in-
hibited METTL3 and thus the m6A deposition on p21 (also
known as cyclin-dependent kinase inhibitor 1 (CDKN1A))
exhibiting an antiproliferative effect in breast cancer cells
(76).

Lastly, m6A on 18S rRNA at position 1832 has also been
linked to breast cancer cell growth. This modification is cat-
alyzed by METTL5 which must form a heterodimeric com-
plex with TRMT112 to perform its methyltransferase activ-
ity (77). METTL5-mediated 1832 methylation at 18S rRNA
fine-tuned the conformation of the ribosome decoding cen-
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ter, increasing its interaction with mRNAs (78). METTL5
has been shown to be overexpressed in breast cancer sam-
ples and its loss led to a reduction in proliferation of differ-
ent breast cancer cell lines and of the S6K phosphorylation
needed for the cells to initiate translation and to undergo
growth (42). Similarly, enhanced expression of ZCCHC4,
which catalyzes the m6A deposition of human 28S rRNA
at position A4220 (79), is also evidenced in breast tumor
tissues although the function of this modification in breast
tumorigenesis is yet to be investigated (47). Taken together,
this research topic is still in its infancy and more studies are
needed to contour a better picture of the role of m6A on
rRNA in breast cancer.

N1-methyladenosine

Methylation of adenosine at position N1 or m1A has the ca-
pacity to disrupt the Watson–Crick base-pairing specificity
affecting RNA structure and protein–RNA interaction (80–
82). It was originally discovered in tRNA and rRNA, and
later studies detected its presence in mRNA although its
ubiquity is still controversial. Hence, whereas original stud-
ies suggested that thousands of mRNAs showed m1A en-
richment in the 5′UTR, usually in GC-rich regions and that
m1A modification played an important role in translation
and in environmental stress response (80,83), later studies
revealed few transcripts with this modification (84). In ad-
dition, the original authors themselves conceded that m1A
distribution showed no 5′UTR bias (85).

Therefore, although there is not enough evidence to sug-
gest that m1A is present at appreciable levels on mRNA,
one study has explored its role in breast cancer. Cytokine
macrophage colony-stimulating factor (CSF-1) is an onco-
gene that promotes metastatic dispersion in breast and
ovarian carcinomas. It has been shown that CSF-1 tran-
scripts decorated with m1A were targeted for mRNA de-
cay. Hence, ALKBH3-mediated demethylation increased
the stability of CSF-1 mRNA, thereby increasing its expres-
sion. Given that ALKBH3 is overexpressed in many types
of tumors, it is plausible that this is a general mechanism
and not exclusively for breast or ovarian cancers (86).

5-methylcytosine

The methylation of the carbon 5 in cytosine (m5C) was orig-
inally found in rRNA and tRNA; however, recent stud-
ies have also detected m5C on mRNA (87,88). In eu-
karyotes, the large ribosomal subunit contains two m5C
residues (22) that are essential to maintain ribosomal struc-
ture and fidelity during translation, playing a significant
role in lifespan and stress resistance (89). On tRNAs, m5C
protected from angiogenin-mediated endonucleolytic cleav-
age, and thereby avoided the biogenesis of tRNA-derived
small RNA fragments (tRFs) (90,91). Such tRFs play a key
role in regulating gene expression programs participating
in various physiological processes such as cell stress, cell
growth and cell differentiation (92). tRFs also play signifi-
cant roles in various human diseases, including cancer (93).
On mRNA, m5C promotes export (87), stabilization (88)
and translation (94,95).

Depending on the RNA species, distinct m5C methyl-
transferase from the NOL1/NOP2/SUN domain (NSUN)

family of proteins (NSUN1 to NSUN7) and the DNA
methyltransferase member 2 (DNMT2) catalyze the m5C
modification (95). Hence, NOP2 (NSUN1) and NSUN5
methylate 28S rRNA, while NSUN4 modify mitochondrial
rRNA (96–99). DNMT2, NSUN2, NSUN3 and NSUN6
all methylate cytoplasmic tRNAs, with different specificity
and at different residues, and NSUN3 targets mitochon-
drial tRNA (100–104). Moreover, NSUN6 also targets site-
specific deposition of m5C in mRNA (105), NSUN2 in
ncRNAs and mRNA (87,106), and NSUN7 targets en-
hancer RNAs (eRNAs) (107).

Several m5C methyltransferases, including NOP2,
NSUN2 and NSUN4, are up-regulated in breast cancer
although the molecular consequences of this overexpres-
sion are not well characterized (108–110). In addition,
the genomic region containing NSUN2 (5p15.31–33) was
associated with a strong risk for the development of breast
cancer (111). Hence, both amplification and overexpression
of NSUN2 has therapeutic potential as a drug target
(109). Additionally, overexpression of NSUN2 by DNA
hypomethylation has been associated with proliferation,
migration and invasion while NSUN2 knockdown inhib-
ited these processes in vitro and in vivo (112). These results
were corroborated in another pan-cancer study showing
that NSUN2, among other RNA methyltransferases, was
amplified or mutated in breast cancer, and its expression
was associated with poor prognosis in these patients (113).
Notably, as NSUN2 can catalyze the deposition of m5C on
distinct RNA species, i.e. of tRNAs, mRNAs and ncRNAs
(87,106,114) additional work will be required to address the
molecular mechanism that leads to breast carcinogenesis.
Recently, Huang et al. reported that all eleven m5C regula-
tors (NSUN2-NSUN7, DNMT1, DNMT3A, DNMT3B,
ALYREF and TET2) were differentially expressed in
TNBC and can potentially predict clinical prognostic risk
in patients. Whereas upregulated expression of NSUN2
was found to be closely associated with cell cycle signaling
pathways, RNA degradation and RNA polymerase, re-
duced expression of NSUN6 was linked with cell adhesion,
metabolism and extracellular matrix receptor interaction
(115).

Y-box binding protein 1 (YBX1) is a specific reader of
m5C in mRNA which stabilizes the oncogene HDGF in
urothelial carcinoma of the bladder (88). YBX1 is a multi-
functional protein that is frequently overexpressed in breast
cancer regardless of the subtype and its expression was
correlated with poor survival, drug resistance and relapse
(116,117). Therefore, these studies suggest that dysregu-
lated YBX1-mediated decoding of m5C can lead to not only
urothelial carcinoma but also to other cancers, including
breast cancer.

2′-O-methylation

2′O-Me is the addition of a methyl group at the 2′ hydroxyl
of the ribose moiety of all four nucleosides. This mark can
be catalyzed by stand-alone enzymes (118) or by the methyl-
transferase fibrillarin in association with the C/D box fam-
ily snoRNAs and the conserved proteins Nop56p, Nop58p
and 15.5K or NHP2L1, collectively known as box C/D
RNP complex (119). 2′O-Me is a predominant mark in
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rRNA, where >100 sites exist (120), but it has also been
found in tRNA, mRNA (121–126) and other small RNAs
(127).

Internal modification of 2′O-Me at 3′-terminal protects
terminal ribose, inhibits the function of the RNA ligase and
negatively impacts the efficiency of the polyA-polymerase
(128,129), directly reducing the translational capacities of
ribosomes (130). A Pan-cancer analysis highlighted that
several RNA methyltransferases are either amplified or mu-
tated in different cancers (68). Among these, FtsJ RNA 2′-
O-methyltransferase 3 (FTSJ3), that modifies both rRNA
and mRNA is among the stand-alone enzymes that has
been correlated with cell growth and survival of breast can-
cer cells (113).

2′O-Me is linked to ribosome biogenesis and deregulated
ribosome biogenesis is found to be associated with breast
cancer cell progression (131). Therefore, studying the signa-
ture of 2′O-Me sites in both patient samples or cell lines is
of therapeutic importance. This can be performed by Ri-
boMethSeq which maps 2′O-Me sites based on the prin-
ciple that methylation of ribose 2′OH makes 3′-adjacent
phosphodiester bond resistance to alkaline hydrolysis and
nuclease cleavage (132). Indeed, RiboMethSeq in 195 pri-
mary breast tumor samples showed that rRNA 2′O-Me
levels differed between breast cancer subtypes and tumor
grades (133). Particularly, TNBC patients displayed a signa-
ture where 2′O-Me levels at 18S-Am576 and at 18S-Gm1447
sites were increased and decreased, respectively. In addition,
modification at the 18S-Gm1447 site was found to be guided
by SNORD127 at 18S of rRNA, suggesting that studies
evaluating the mechanism of SNORD127 in TNBC might
be of therapeutic importance.

Recently, a distinct 2′O-Me rRNA pattern was observed
upon exposing normal breast epithelial and breast cancer
cell lines, i.e. MCF10A and T47D cells, to hypoxic condi-
tions (134). In hypoxic conditions both cell lines displayed
high 2′O-Me levels at 1858 and 4436 sites and reduced
methylation at 390, 1612, 2848, 4806 and 1803 sites, com-
pared to normoxia. Noteworthy, in low oxygen conditions
genes such as vascular endothelial growth factor (VEGF-
C) are translated in a cap-independent manner through in-
ternal ribosome entry site (IRES). Hence, a specific pool
of ribosomes with a distinct 2′O-Me pattern facilitated the
IRES recognition enhancing the translation of VEGF-C
and most probably, other oncogenes (135). Although mech-
anistic evaluation of 2′O-Me in breast tumorigenesis is lack-
ing, several groups have shown that deregulated expres-
sion of components of 2′O-Me RNP complex, such as
C/D box snoRNAs and fibrillarin, led to breast tumori-
genesis (136,137). For instance, increased fibrillarin expres-
sion was associated with aberrant 2′O-Me rRNA pattern
and thus impaired translational fidelity. In addition, Mar-
cel et al. showed that p53 acted as a safeguard of pro-
tein synthesis by repressing the expression of fibrillarin in
breast cancer (138). Moreover, 58 differentially expressed
snoRNAs were identified in 26 TNBC cell lines (139) be-
ing SNORD78, SNORD93, SNORD62A, SNORD2 and
SNORD57 among the most highly upregulated snoRNAs
in the invasive breast cancer MDA-MB-231 cell line. Small
RNA sequencing in normal and primary breast tumor tis-
sues discovered thirteen snoRNAs which were associated

with overall survival and relapse free survival of breast can-
cer patients (140). In another study, Kothari et al. per-
formed a transcriptome array in patient samples from dif-
ferent breast cancer subtypes and found SNORD114 and
SNORD115 as important regulators of breast tumorigene-
sis (141).

The snoRNA host genes can be of great therapeutic im-
portance as they mostly show altered expression in multiple
cancers, and are known to regulate cell growth, tumor pro-
gression, metastasis and chemoresistance (142–144). ZFas1,
host RNA for SNORD12, SNORD12b and SNORD12c
(ZNFX1 Antisense RNA 1) regulated alveolar develop-
ment and epithelial cell differentiation during normal mam-
mary development and thus is a potential biomarker acting
as a tumor suppressor in breast cancer (145). However, not
all snoRNAs are involved in 2′O-Me. A combined analy-
sis of high-throughput sequencing protocols and computa-
tional methods (146) suggested alternative roles for snoR-
NAs beyond 2′O-Me. Therefore, for a better understanding
of correlation between snoRNAs expression and 2’O-Me,
more research is needed in this area.

Pseudouridylation

Pseudouridylation is the isomerization of 1-ribosyluracil
(uridine) to 5-ribosyluracil (pseudouridine, �) within the
ribonucleoside. Known to be present in all kinds of RNA
species, pseudouridylation is the second most common
RNA modification of rRNA and has important roles in
protein translation and pre-mRNA splicing (37,147). The
mechanism of isomerization of uridine to pseudouridine
can be either RNA independent or RNA dependent. RNA
independent pseudouridylation is performed by enzymes
having both substrate recognition and catalytic properties
known as pseudouridine synthases (148). However, RNA
dependent pseudouridylation is carried out by the RNP
complex that consists of catalytic protein dyskerin (DKC1),
box H/ACA snoRNAs (SNORAs) (substrate recognition),
non-histone protein 2 (Nhp2), nucleolar protein 10 (Nop10)
and glycine-arginine-rich protein-1 (Gar1) (149).

In breast cancer patients and cell lines, reduced ex-
pression of DKC1 was found to be associated with re-
duced telomerase activity, rRNA pseudouridylation and
better clinical outcome (150,151). Similarly, depletion
of DKC1 led to p53-inactivation and increased IRES-
mediated VEGF mRNA translation in breast cancer cell
lines (152,153). Moreover, enhanced DKC1 expression in-
creased ribosome efficiency and stimulated the aggressive
phenotype in the normal breast epithelial MCF10A cell line
(154). In addition, expression of Nop10 was found to be
associated with aggressive breast cancer (155) and coding
missense variants of Nhp2 gene were detected in heredi-
tary breast cancer patients although no pathogenic role was
elucidated (156). Levels of small nucleolar RNAs (SNOR-
NAs) in cancer are deregulated (157), being SNORA3,
SNORA18, SNORA7B, SNORA13 SNORA2A among
others highly expressed in metastatic breast cancer pa-
tients and cell lines (139,158,159). Inhibition of oncogenic
SNORA7B impaired cell growth, migration and apopto-
sis in breast cancer cells (160). Relative pattern of pseu-
douridylation in normal and breast cancerous cases is
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yet to be evaluated and hence needs more research to
elucidate its direct role in breast tumor initiation and
progression.

RNA editing

RNA editing refers to modifications of specific nucleotides
in RNA sequence differentiating it from its correspond-
ing DNA sequence that may lead to pathological con-
sequences. The most common form of RNA editing is
from adenosine (A) to inosine (I) (161) and is catalyzed
by specific enzymes namely adenosine deaminases acting
on RNA (ADARs). In mammals, three ADAR genes en-
code for four different isoforms known as ADAR1p150,
ADAR1p110, ADAR2 and ADAR3 (162). A-to-I editing
within the protein-coding region of an mRNA can result
in an amino acid change in the encoded protein as the re-
sulting inosine is interpreted as guanosine by the trans-
lational machinery leading to an amino acid substitution
in the protein product (163). In addition, A-to-I can al-
ter regulatory motifs, binding of RNA-binding proteins, or
RNA secondary structures influencing pre-mRNA alterna-
tive splicing (164–166). Furthermore, RNA editing within
3′UTRs of target transcripts can alter miRNA targeting
an perturb miRNA-mediated regulation of oncogenes and
tumor-supressors (167). The enzymes involved in A-I edit-
ing on tRNAs are known as Adenosine deaminases that act
on tRNAs (ADATs). Deregulated ADATs-mediated RNA
editing is associated with diseases such as type 2 diabetes,
neurological disorders, mitochondria-related disorders and
cancer (168). Less frequent cytidine (C) to uridine (U)
mRNA editing is carried out by cytidine deaminases be-
longing to the family of enzymes known as activation in-
duced cytidine deaminase/apolipoprotein B editing com-
plex (AID/APOBEC) or AADs (169), eleven of which are
found in humans (170).

A-to-I editing in breast cancer

A-to-I editing is known to be the major source of mRNA
variability in breast cancer (171), and it is controlled by
type-I interferon response and high ADAR DNA copy num-
ber (172). Hence, >76 000 RNA editing sites were identi-
fied by using a bioluminescent reporter system and upon
interferon treatment of the breast cancer MCF7 cell line
(173). Breast tumors harbor amplified levels of ADAR (174)
and inhibiting its activity has been shown to induce apop-
tosis. Indeed, A-to-I mRNA editing regulated breast cancer
cell proliferation by modulating the stability and expression
of genes involved in cell cycle and DNA damage response
being ATM, MDM2, MDM4, CENPN and XPO1 among
the affected transcripts (175). In another study, increased
A-to-I mRNA editing was found on the mRNA of ATM,
GINS4 and POLH affecting their stability and/ or expres-
sion in primary breast tumors when compared to the non-
cancerous tissues (171). In addition, Gumireddy et al. re-
ported that A-to-I mRNA editing of � -amino butyric acid
receptor alpha 3 (GABRA3), one of the subunits of GABA
(A) receptor, changed its role from a metastasis promoter
to a tumor suppressor by suppressing the ERK pathway
activation (176). In an attempt to assess the role of A-to-
I RNA editing on proteomic diversity, Peng et al. showed

that A-to-I RNA editing contributed to protein heterogene-
ity in breast cancer (177). Hence, nine unique RNA editing
sites with variant peptide evidence were identified such as
COPA I164V and IGFBP R78G which were detected across
11 out of 36 BRCA mass spectrometry datasets (177). These
peptide variants were shown to be presented as self-antigens
by human leukocyte antigen (HLA) molecules, and thus
recognized by the immune system. For instance, CD8+ ef-
fector T cells were evidenced in tumors in response to pep-
tide variants generated from cyclin I (178). A-to-I RNA
editing has also been linked to resistance to chemother-
apy. Specifically, RNA editing at 26 sites of 3′UTR modu-
lated the expression of dihydrofolate reductase resulting in
highly proliferative breast cancer cells which were resistant
to methotrexate (179). To sum up, existing data suggests an
important role of A-to-I RNA editing in genes associated
with breast cancer-relevant pathways and treatment out-
comes, suggesting an important role of ADAR1 function
in breast tumorigenesis.

C-to-U editing in breast cancer

APOBEC-dependent somatic mutation confers increased
susceptibility for breast cancer (180) and is found to be en-
riched in the HER2 subtype (181,182). Overexpression of
cytidine deaminase APOBEC3A in HEK293T cells caused
mRNA alterations in several tumor associated genes in-
cluding PTEN, KMT2A, ATM, BRCA1 and BRCA2 (183);
however, their significance in breast tumorigenesis is yet to
be evaluated. mRNA expression of APOBEC3B was eval-
uated in ductal carcinoma in situ (DCIS), invasive breast
cancer (IBC) and normal breast cells (184). Normal breast
cells expressed reduced levels of APOBEC3B, while in-
creased expression was evident in DCIS and IBC. Re-
cently, APOBEC3-mediated C-to-U RNA editing in breast
cancer was shown to be associated with improved pa-
tient survival and enhanced immune activity (185). In an-
other study, using a bioinformatics approach, C-to-U RNA
editing levels were estimated in 1040 primary breast tu-
mor tissues and 93 adjacent normal tissues. More than
5000 APOBEC3-mediated RNA editing sites were identi-
fied using TCGA sequencing data. For 440 sites, editing
was found on 411 transcripts among which most preva-
lent were on GATA Zinc Finger Domain Containing 2B
(GATAD2B), Serpin Family A Member 1 (SERPINA1) and
Adenosine Monophosphate Deaminase 3 (AMPD3) (185).
Moreover, Apobec-1 complementation factor (A1CF), an-
other mRNA editing enzyme, promoted proliferation of
basal-like breast cancer cells by targeting interleukin-6
(186). Overall, the existing data on C-to-U editing sug-
gests important roles in breast cancer progression and
further research may identify targets with therapeutic
importance.

Other RNA modifications related to breast cancer

Growing evidence in recent years has pointed out that
tRNAs and their derivatives are dysregulated in breast and
other cancers (187). However, the functional role of tRNA
modifications in tumorigenesis is still elusive. As mentioned
before, several modifications are shared by the distinct RNA



12 NAR Cancer, 2021, Vol. 3, No. 3

species but others are unique to tRNAs, as is the case
of cm5U34 and mcm5U34 at the wobble position. These
marks have been shown to influence the translational effi-
ciency and the accuracy of the reading frame (188). In ad-
dition, the catalytic enzymes for mcm5s2 deposition are up-
regulated in breast cancer sustaining metastasis (189). They
enhanced the translation of DEK and LEF1, two onco-
genes, enabling breast cancer cells to migrate and invade
other tissues (189). Another modification that occurs at the
wobble anticodon position is queuosine which is dependent
on the gut microbiome (190). Thus, the microbiome prod-
uct queuine is the substrate for the enzymes tRNA guanine
transglycosylases (TGTs). In eukaryotes, the active TGT
is a heterodimer formed of a catalytically active queuine
tRNA-ribosyltransferase subunit 1 (QTRT1) and a catalyt-
ically inactive QTRT2 subunit (191). Knockout of QTRT1
in MCF7 and MDA-MB-231 cells produced changes in the
functions of genes involved in cell proliferation, junction
formation and migration (190). These results have been val-
idated in mouse models, thus enforcing the significant role
that this modification is playing in breast cancer develop-
ment (190).

TRMT12, a tRNA methyltransferase that mediates post-
transcriptional modifications on tRNAPhe has been re-
ported to be consistently amplified and overexpressed in
cell lines and breast cancer patient samples (192). In yeast,
it catalyses the formation of wybutosine (yW) on the 37th
residue of tRNAPhe, modification that helps in stabilization
of the codon-anticodon interaction and in maintenance of
the reading frame (192). Thus, disruption at the level of this
modification can lead to translational errors and is there-
fore of great interest to establish the role of these enzymes,
together with its effect on tRNAs, in tumorigenesis of breast
cells.

It is noteworthy that many of the methyltransferases
that catalyze the methylation of different types of RNAs
have been shown to be deregulated in breast cancer. Al-
though the lack of any association between the deposited
marks and the expression of these proteins made us filter
out these studies, there are some that are worth mention-
ing. For instance, tRNA methyltransferase 2 homolog A
(TRMT2A) which catalyzes the methylation of the U5 of
tRNAs and regulates cell cycle has been associated with in-
creased recurrence risk in HER2+ breast cancer patients
(193). Human tRNA methyltransferase 9-like (hTRM9L)
protein, an another tRNA methyltransferase, is downreg-
ulated in breast cancer and was shown to suppress tu-
mor growth in vivo by decreasing proliferation, cell cy-
cle arrest in G0/G1, upregulation of LIN9, and blocking
the hypoxia response (194) in colorectal cancer. Whether
this mechanism is the same in breast cancer and if it
is mediated though methylation remains to be further
investigated.

Despite being less explored than other RNA marks, many
of these modifications convey to be promising clues in de-
ciphering the molecular enigma behind the development of
breast cancer. Thus, it will be of increased interest to see
how extensive studies of these marks on the various species
of RNA can contribute to a more precise picture of breast
cancer tumorigenic process.

Perspectives

In the last decade, and as a result of the advent of more re-
liable methodology, the number of epitranscriptomic stud-
ies has dramatically increased. The boost and excitement
of this emerging field has led to a tremendous progress in
identifying the machinery and the role of RNA modifica-
tions. Hence, RNA marks have emerged as important reg-
ulators of a variety of cellular processes and their roles in
human disease, including cancer, have extensively been de-
scribed. It has been shown that writers, erasers and readers
can act as tumor suppressors or as oncogenes depending on
the cellular context. Thus, a single enzyme can have oppos-
ing roles in distinct cancer types. However, as a consequence
of this fast-growing discipline, many erroneous conclusions
have been drawn, and a large number of controversial stud-
ies has emerged. In addition, most of the works have just fo-
cused on few RNA modifications, and thereby the functions
of most RNA modifications remain to be characterized.

During these years, RNA modifications have been com-
prehensively mapped transcriptome-wide by coupling anti-
body immunoprecipitation or chemical probing with next-
generation sequencing. Yet, tools for the simultaneous iden-
tification of distinct chemical marks in the same RNA are
currently not available. Hence, it is unknown how the differ-
ent RNA modifications interplay to influence cancer devel-
opment. Aberrant expression of such RNA-modifying ma-
chinery has been acknowledged for most aspects of breast
and other cancer types. One particular challenge is to at-
tribute a phenotype to a particular chemical mark as there
is a crosstalk between rRNA, tRNA and mRNA modifi-
cations which involves common modification factors. For
example, NSUN2 can impose m5C on both mRNA and
tRNA species (195). In addition, several previous conclu-
sions might have to be revised as some of these key play-
ers are moonlighting proteins which perform multiple au-
tonomous and often unrelated functions. Therefore, it is
also challenging to distinguish between the canonical, i.e.
directly related to RNA modifications and secondary pro-
tein functions. For instance, knockouts of IME4, the yeast
homolog of METTL3, display more severe phenotypes than
those derived by a catalytic mutant, suggesting that IME4
has methylation-independent functions (196,197). Indeed,
it has been shown that in lung cancer, cytoplasmic METTL3
promotes the translation of oncogenes by a mechanism in-
dependent of its methyltransferase activity (198).

Because of the inherent reversibility of some of the RNA
modifications, inhibitors targeting the RNA-modification
machinery are promising therapeutic targets for breast and
other tumors. As m6A is the most studied RNA modifica-
tion, it is not surprising that lead biotech companies have
developed drugs to target the writer complex, specifically
METTL3 (199). Hence, STORM Therapeutics has devel-
oped the first catalytic inhibitor of METTL3. Pharmaco-
logical inhibition of METTL3 led to strong antitumor ef-
fects in vitro and in relevant mouse models of acute myeloid
leukemia (AML) (200).

Overall, as highlighted in this review, considerable ad-
vance has been made in recent years in the research field
of epitranscriptomics which has provided a link between
RNA modifications and breast cancer. Yet, the epitranscrip-
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tome remains vastly unexplored. Thus, it appears that we
just perceive the tip of the iceberg and that the number of
RNA modifications is much higher than previously esti-
mated. The exhaustive characterization of RNA modifica-
tions and the molecular mechanism in which they are in-
volved holds a new avenue for novel cancer therapies.

ACKNOWLEDGEMENTS

We sincerely apologize to authors whose work could not be
included due to space limitations.

FUNDING

Knut and Alice Wallenberg Foundation (through the Wal-
lenberg Centre for Molecular Medicine Umeå), Cancer-
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