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Nucleotide sequence modification through single base editing in animals is emerging as an important player in
tumorigenesis. RNA editing especially has increased greatly duringmammalian evolution andmodulates diverse
cellular functions presumably in a context-dependentmanner. Sequence editing impacts development, including
pluripotency and hematopoiesis, and multiple recent studies have shown that dysregulation of editing is associ-
ated with tumor biology. Much is yet to be learned about the role of sequence editing in human biology but this
process is a criticalmodulator of cell regulation andmay present an attractive option for therapeutic intervention
in cancer in the future.
Significance: Sequence editing provides an additional regulatory layer of cancer initiation and progression that
may be amenable to therapeutic design. Although editing of both RNA and DNA substrates has been known to
occur for some time, the extent and implications of these modifications have been grossly underappreciated
until recent genome-wide and disease-association studieswere reported. This reviewhighlights the cellular pro-
cesses controlled by sequence editing, their implications in normal and cancerous states and considers potential
targeted therapeutic strategies.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The field of epigenetics has transformed the way we view the
genome: from a once static set of nucleotides giving rise to an RNA
linghurst, Sydney, NSW 2010,
intermediate thought to be merely a template for protein synthesis, to
a highly dynamic 4-dimensional interplay of RNA, DNA and protein par-
ticipants and temporal interactions that underpin cell and developmen-
tal biology. In particular, it has become evident that there is extensive
RNAandDNAediting, which ostensibly provides plasticity to the system
and a vehicle for environmental–epigenome interactions [1]. Two fam-
ilies of proteins carry out editing by deamination (Fig. 1); ADARs
(Adenosine Deaminases Acting on RNA) bind to double stranded RNA
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and convert adenosine to inosine (A-to-I), which behaves as a guanosine
during translation and RNA folding [2], and APOBECs (Apolipoprotein B
mRNA Editing Complexes) that convert cytosine to uracil (C-to-U) in
both RNA and single-stranded DNA [3,4]. At least in DNA, the methylat-
ed form of cytosine can also be deaminated to thymine (5mC-to-T) al-
though the complete range of substrate specificity for the eleven
members of the primate APOBEC protein family [including the APOBEC
ortholog, activation-induced cytidine deaminase (AID)] is currently un-
resolved. However, the expansion of editing enzymes, from common
zinc-dependent deaminase ancestors that modified tRNAs, has possibly
played a significant role in animal evolution [5–7].

RNA and DNA editing pathways have likely evolved to provide
context-dependent regulation of a wide variety of developmental and
post-developmental processes such as retroviral control, environmen-
tally triggered genomic and epigenomic modulation, physiological ad-
aptation and cognition [5,8]. Intrinsic to such pervasive processes are
that dysregulation thereofwould lead to adverse effects. Indeed, a signif-
icant emerging consequence of abnormal editing is a strong connection
to cancer biology. Associationswith both solid tumors and blood cancers
have been observed for multiple ADAR and APOBEC family members.
For example, liver cancer has been linked to alterations in ADAR1 [9],
ADAR2 [10], AID [11], APOBEC1 [12], APOBEC2 [13] and APOBEC3G
[14] activities, while changes in ADAR1 [15–17], ADAR3 [18], APOBEC3B
[19], APOBEC3G [20] and AID [21–23] have been implicated in blood
cancers (such as leukemia and lymphoma). Moreover, recent analysis
of the spectrum of mutations has implicated APOBEC-mediated editing
in many cancers [24]. These studies highlight the inherent cellular
Fig. 1. Effects of RNA editing by ADAR and APOBEC enzymes. Base deamination is carried out by
molecular effects such as ADAR: alternative splicing, protein sequence alteration, RNA stability,
UTR modification and regulation of DNAmethylation [4]. Furthermore, editing changes have w
opment, e g., ADAR: hematopoiesis [53,55,63], embryogenesis [53,111], brain development [58,1
embryogenesis [60] and genomic diversity [113].
susceptibilities to tumorigenesis and tumor progression in response to
broad editing disruptions and uncovermodulation of editing as a partic-
ularly attractive strategy for cancer therapy.

In this article, we review the rapidly accumulating evidence for the
involvement of editing in cancer and coalesce what is known regarding
the role of editing in normal cellular function, especially during devel-
opment and differentiation, while also offering possible avenues for
therapeutic intervention.

2. The enigma of RNA and DNA editing in humans

2.1. RNA editing

RNA editing was discovered almost three decades ago [25] and sin-
gle base editing byADARshas beenmeticulously described for a discrete
number of mRNAs encoding neuroreceptors such as those for gluta-
mate, serotonin and potassium from Caenorhabditis elegans to humans.
The importance of such editing events is exemplified in particular by the
glutamate receptor subunit GluR-2 as editing of this mRNA is essential
for normal brain function and survival inmammals [26]. In these exam-
ples a specific change in RNA sequence alters the amino acid composi-
tion and property of the protein dramatically. More recently, analysis
of genome-wide data has shown that ADAR-dependent A-to-I editing
is far more widespread than previously understood [27–31] and affects
sites in an apparently promiscuous way in many thousands of tran-
scripts. Most of these RNAs do not code for proteins, indicating that
RNA editing also modulates RNA regulatory networks. Moreover,
ADAR (A-to-I) and AID/APOBEC (C-to-U; C-to-T) protein families that result in extensive
miRNA regulation and cell fate [2]; APOBEC: RNA sequencemodification, DNAmutation, 3′
idespread effects but many affect processes that are related to cell proliferation and devel-
12] and pluripotency [54,57], APOBEC:muscle development [59], pluripotency [48,49,61],
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there has been an enormous increase in the extent of RNA editing in the
primate lineage [32], especially in humans. ADARs also bind to and edit
viral RNA, interestingly with both proviral and antiviral effects depend-
ing on the particular virus [33].

In apparent contrast to the extensive activity and impact of A-to-I
RNA editing, C-to-U editing levels in RNA seem to be more modest
[34]. Although this may be due to limited bioinformatic analyses,
compounded by the possibility that their major targets may comprise
retroviral/repeat-containing regions, which are difficult to analyze,
cytosine deaminases appear to operate mostly at the DNA level
(see next section). The first reported and best-studied example of
C-to-U editing of RNA is the APOBEC1 mediated editing of apoB
mRNA that introduces a premature stop codon in the transcript.
This produces a shorter version of ApoB protein expressed exclu-
sively in the small intestine where it is involved in lipid metabolism
[4,35]. However, APOBEC1-mediated RNA editing has also been
shown to regulate the stability of cancer-related gene mRNAs, such
as neurofibromin 1, via editing of 3′ untranslated regions (3′ UTRs)
[36], potentially also altering target sequences for miRNAs [37].

2.2. DNA editing

The only known type of DNA editing in mammals is deamination of
cytosines carried out by AID/APOBECproteins, either C-to-U, or if the cy-
tosine ismethylated, 5mC-to-T. AID-mediated DNA editing has been ex-
tensively studied due to its fundamental role in somatic hypermutation
and diversification of immunoglobulin genes in B cells [38]. AID also in-
troduces C-to-U mutations that result in DNA strand breaks leading to
recombination events and class switching of the antibody. This process
is augmented through an AID phosphorylation (Ser38)-dependent pos-
itive feedback loop [39].

APOBEC3 proteins play a vital role in innate defense against mobile
genetic elements such as viruses and transposable elements in mam-
mals [3]. For example, APOBEC3G has antiviral properties and has
been shown to hypermutate the minus-strand of HIV-1 DNA during re-
verse transcription and inactivate the virus [40]. APOBEC3 proteins in
general restrict the mobility of endogenous non-long terminal repeat
(non-LTR) retroelements, such as long interspersed nuclear elements
(LINEs) and short interspersed nuclear elements (SINEs) as well as
LTR retrotransposons [41]. The process of APOBEC3-mediated mobility
restriction of retroviral elements is beneficial for the protection of ge-
nome integrity but may further represent a domestication of this pro-
cess in mammals for targeted evolution [5].

2.3. Diverse roles for editing enzymes

Sequence editing in RNA or DNA that changes the sequences of
protein-coding RNA can have obvious direct functional consequences,
but editing also regulates gene expression through other means. Exam-
ples include alternative splicing [42] and processing and targeting of
small regulatory RNAs [43–46]. Another essential consequence of
editing is the effect on RNA structure. It is becoming increasingly clear
that the structure of particular non-coding RNAs, determined by precise
sequence patterns, will be significant for function [47] and subtle chang-
es in RNA sequence would, therefore, incur similar structural conse-
quences as are found in proteins [42].

DNA editing also appears to play a role in epigenetic regulation. It
has been demonstrated that AID and several other APOBEC proteins
are able to deaminate 5mC-to-T, at least in vitro and several recent stud-
ies have implied a role for AID/APOBEC proteins in demethylation path-
ways via deamination [48–50], suggesting a function in both genetic
and epigenetic remodeling of the genome.

Several editing-independent functions of ADAR and APOBEC
proteins have been reported, which is not surprising given that these
proteins bind to nucleic acids and have the potential to interact with
multiple other cellular machineries. For example, ADAR1 forms a
complex with Dicer through direct protein interactions and enhances
global miRNA processing [46] while APOBEC3C restricts LINE-1
retrotransposon mobility [51] and APOBEC3G inhibits Alu element
retrotransposition [52] through deaminase-independent mechanisms.

Sequence editing has evolved to diversify gene products, regulate
gene expression and as a defense system to protect our genome.
These roles and mutagenic nature of RNA and DNA editing, however,
predispose our genome to the possibility of developmental defects
and potential oncogenic outcomes through dysregulated mutagenesis.
Here, we discuss what is known regarding the involvement of editing
enzymes in development and then extend these observations to their
emerging roles in cancer biology.

3. RNA and DNA editing enzymes in development

3.1. RNA editing in development

Several studies have demonstrated that A-to-I RNA editing has es-
sential functions in development and these findings are uncovering
mechanisms that upon dysregulation may directly impact on tumori-
genesis,mainly through progenitor cellmaintenance anddifferentiation
(Fig. 1). For example, Adar1 deletion in mice is embryologically lethal
due to a failure of hematopoiesis [53]. Other studies link ADAR1 activity
to adult progenitor cell maintenance [54,55] as loss of ADAR1 results in
endoplasmic reticulum stress, activation of interferon signaling, altered
Wnt target genes and finally, apoptosis of progenitor cells [54]. Thus, a
reduction in ADAR1 activity results in a reduction of progenitor cell
number, which implies that an increase in activity could lead to an on-
cogenic state through failure of differentiation via forced progenitor
cell renewal. Adar2mutantmice survive to adulthood, but only if editing
of the GluR2 subunit (an integral subunit of AMPA receptors that de-
creases calcium permeability) is restored [56]. Interestingly, this is due
to ADAR2 directly influencing pluripotency and cellular differentiation
during development as its activity is necessary to edit the Q/R site on
the GluR2 subunit that results in calcium impermeability and ensuing
neuronal differentiation [57]. This again suggests that a reduction of
ADAR2 activity could lead to a cancerous state through inhibition of dif-
ferentiation. Certainly, widespread and dynamic ADAR1 expression in
multiple progenitor cell populations [53–55,58] and ADAR2 expression
in differentiating cells [57,58] indicate essential roles for these proteins
in cell fate determination. Collectively, these studies provide compelling
evidence for the essential role of ADAR-mediated editing for develop-
ment during both embryogenesis and in the adult and propose a poten-
tial coexistent threat of oncogenesis through a general reduction of
ADAR1/2-mediated editing.

3.2. DNA editing in development

Several of the AID/APOBEC proteins also play roles in development
and pluripotency. For example, Aid and Apobec1 are expressed in plurip-
otent cells [49] and AID has been shown to be required for
reprogramming toward pluripotency and during tissue regeneration,
via deamination and subsequent demethylation of cytosines, and the re-
activation of embryonic stem cell-specific genes such as OCT4 and
NANOG [48]. Global DNA demethylation is required in primordial germ
cells (PGCs) for the erasure of imprints and epigenetic marks to re-
establish pluripotency. This process seems to be controlled, at least
in part, by AID as Aid deficiency in a knockout mouse model resulted
in widespread hypermethylation of PGCs suggesting a global role in
directing gene expression during development [50]. A recent study sup-
ports AID as a critical modulator of demethylation of genes associated
with pluripotency that results in a stabilization of the pluripotent
state. APOBEC2 is important for normal muscle development [59] and
may promote muscle differentiation by inhibiting TGFβ signaling [60].
Apobec2a and Apobec2b are required for regeneration following injury
of zebrafish retina that involves the dedifferentiation of Muller glia into
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retinal progenitor cells [61]. These exciting results place AID/APOBECs at
a critical juncture in the control of pluripotency and development and,
opposing the general pattern observed in ADAR-mediated editing, sug-
gests hyperactivity of AID/APOBECs may support oncogenesis.

4. RNA and DNA editing in cancer

Consistent with their roles in progenitor cell maintenance and
differentiation, strong connections have been established between
dysregulated editing and tumorigenesis and tumor progression
(Table 1; Fig. 2). These studies and associations argue that deviations
in ADAR and AID/APOBEC expression and activity, shift local or glob-
al editing equilibrium toward a potentially cancerous state.

4.1. Role of RNA editing in cancer

Direct involvement for A-to-I editing in oncogenesis has been de-
scribed in human hepatocellular carcinoma (HCC) samples where
antizyme inhibitor 1 (AZIN1) transcripts are edited in a site-specific
manner by the ADAR1 p110 isoform [9]. This study shows that ADAR1
is upregulated in tumors from HCC patients and that the editing fre-
quency of AZIN1 mRNA also is increased. Editing causes a modification
that stabilizes AZIN1 structure and increases its affinity for antizyme, a
Table 1
Summary of sequence editing alterations associated with oncogenic effects.

Editing enzyme Cancer Indication

ADAR Brain Reduced
Brain Reduced
Brain Reduced
Leukemia Disease-a
Bladder Reduced

ADAR1 Leukemia ADAR1 d
Leukemia High ADA
Leukemia Increased
Breast Increased
Liver Increased
Melanoma Reduced

that are o
Esophageal Over exp

ADAR2 Brain ADAR2 o
Various ADAR2 u
Lung Low leve
Astrocytoma Loss of AD

ADAR3 Leukemia ADAR3 is
ADAR1/2 Brain Reduced

Prostate Upregula
Liver Disrupted

ADAR1/2/3 Brain Decrease
Various Hypo-edi

AID Liver AID induc
T-cell lymphoma AID overe
B-cell lymphoma AID-med
Gastric AID-med
Leukemia/lymphoma AID overe

APOBEC1 Liver APOBEC1
Testicular APOBEC1
Neurofibromatosis Increased
Intestinal adenoma APOBEC1
General Apobec1 m

APOBEC2 Liver/lung APOBEC2
APOBEC3A General APOBEC3

General APOBEC3
APOBEC3B Breast APOBEC3

Lymphoma APOBEC3
General APOBEC3

APOBEC3A/B Breast Overexpr
APOBEC3G Lymphoma APOBEC3

Colorectal/liver APOBEC3
APOBEC Breast Hypothes

General Increased
General APOBEC-
General APOBEC s
protein that normally binds and induces the degradation of the
oncoproteins ornithine decarboxylase (ODC) and cyclin D1. Thus, in-
creased RNA editing of AZIN1mRNA in HCC leads to increased amounts
of ODC and cyclin D1, allowing cells to enter the cell cycle. The authors
demonstrated, using both in vitro and in vivo models, that increasing
levels of edited AZIN1 promoted enhanced protein function phenotypes
resulting in increased tumorigenic potential, invasive ability and a
higher incidence of tumor formation (Fig. 2A). Hyper-editing of AZIN1
mRNA has also been reported in esophageal squamous cell carcinoma
[62].

As discussed, ADAR1 activity has been shown to be essential for em-
bryogenesis through its involvement in hematopoiesis [53,63] but a re-
cent study indicates that it might also have a pathogenic role in chronic
myeloid leukemia (CML) [15]. ADAR1 p150 isoform overexpression in
cultured blood progenitor cells induces reprogramming of myeloid pro-
genitor cells, resulting in increased hematopoietic differentiation to-
ward the myeloid lineage, potentially through up-regulation of the
transcription factor PU.1 and the generation of a mis-spliced version of
GSK3β mRNA (Fig. 2B). The transcript encoding PU.1, Spi1, appears to
have multiple editing sites but it is not resolved if and how RNA editing
affects the expression of PU.1. The mis-spliced GSK3β fails to down-
regulate β-catenin,which itself is essential for cell self-renewal. Howev-
er, it has not yet been determined whether editing dependent or
editing of GluR in malignant gliomas [93]
editing promotes glioma cell invasion [94]
editing promotes glioma cell migration and invasion [64]
ssociated alternative splicing of PTPN6 caused by RNA hyper-editing [95]
editing levels in tumors [96]
eletion eliminated leukemic cells [17]
R1 p110 isoform in pediatric leukemia [16]
ADAR1 expression and editing in leukemia progenitor cells [15]
ADAR1 expression and editing in tumors [97]
ADAR1-dependent editing of AZIN1 RNA in tumors [9]
ADAR1 levels in metastatic melanomas, ADAR1 is regulated by miR-17 and miRNA-432
ver expressed in cancer cells [98]
ression in tumors and hyper-editing of FLNB and AZIN1 RNA [62]
verexpression inhibits astrocytoma growth in vitro and in vivo [99]
pregulated in various carcinomas and cancer cell lines [100]
ls of ADAR2 mRNA in lung cancer cell lines [101]
AR2-mediated editing in high-grade astrocytoma [102]
mutated in acute myeloid leukemia [18]
editing of GLI1 mRNA in tumors [66]
tion of ADAR1/ADAR2, altered editing of androgen receptor mRNA [103]
ADAR expression and editing balance in hepatocellular carcinoma [10]

d editing of GluR transcripts in astrocytomas [104]
ting in tumors, increase in ADAR1/2 decreased proliferation in GBM [68]
ed mutation in Trp53 induces cancer in mouse model [11]
xpression induces oncogenesis in mouse model [22]
iated mutations contribute to B cell lymphoma [23]
iated mutations in CDKN2a/b contribute to gastric cancer [83]
xpression induced B cell leukemia/lymphoma [21]
-mediated editing of NAT1 mRNA in liver tumors [12]
deficiency results in testicular germ cell tumor susceptibility [84]
APOBEC1 editing of NF1 mRNA in neurofibromatosis [76]
stabilizes Cox-2 in adenoma formation [105]
RNA expression is regulated by p53 [106]
overexpression results in mutations in tumor suppressor genes and cancer [13]
A overexpression leads to DNA damage [107]
A activity induces DNA breaks and activates DNA damage response [108]
B upregulated in breast cancer cell lines; increased C to T mutations [79]
B upregulated in lymphoma cell lines; increased C to T mutations [19]
B may be responsible for mutagenesis patterns in multiple cancers [81]
ession of APOBEC3A and B mimic mutation patterns observed in breast cancer [109]
G is a prosurvival, DNA repair enzyme in lymphoma [20]
G promotes liver metastasis in a mouse model of colorectal cancer [14]
ized APOBEC-mediated somatic mutations in breast cancer [78]
APOBEC3 mutator activity may influence cancer development [110]

mediated mutagenesis is pervasive and correlates with APOBEC mRNA levels [80]
ignatures are observed in multiple cancer types [24]



Fig. 2.Mechanisms of dysregulated editing leading to a cancerous state. (A) Elevated ADAR p110 levels increase the editing frequency of AZIN1 transcripts. This leads to a stabilization of
AZIN1 and sequestration of antizyme that inhibits the degradation of oncoproteinsODC and cyclinD1 [9]. (B) Increased levels of ADAR1 p150produce anup-regulation of the transcription
factor PU.1 as well as the generation of a mis-spliced version of GSKβ that is unable to down-regulate β-catenin [15]. (C) A loss of RNA editing of miR-376a* results in an increase in un-
editedmiR-376a*A (that downregulates RAP2A) and a decrease in editedmiR-376a*I (that increases AMFR due to a loss of miRNA suppressor activity), which combine to increasemigra-
tion and invasion [64]. (D) AMPA receptors containing the un-edited form of GluR2 are more permeable to Ca2+ resulting in increased levels of intracellular Ca2+ that activate the Akt
pathway [65]. (E) IncreasedAPOBEC1 levels correlatewith hyper-editing of the tumor suppressor NF1mRNA. Editing produces a truncated version ofNF1 that fails to inhibit the oncogenic
RAS pathway [76]. (F) Overexpression of APOBEC3B is associated with mutation and inactivation of the tumor suppressor gene TP53 [79].
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independent mechanisms are responsible for the altered splicing pat-
tern of GSK3βmRNA seen in the myeloid progenitor cells. These effects
in chronic myeloid leukemia progression are most likely due to
interferon-responsive ADAR1 p150 activity since this isoform is up-
regulated in CML patient samples while ADAR2 and ADAR3 expression
levels are very low in these cells. Furthermore, up-regulation of
ADAR1 p150 correlated with BCR/ABL (oncogenic gene fusion protein)
amplification and increased A-to-I editing in CML patient samples. Sim-
ilarly, Steinman et al. revealed that ADAR1 is required for the survival of
leukemia cells [17]. BCR/ABL-positive marrow cells, in which ADAR1
was conditionally deleted, were transplanted into mice to induce the
development of leukemia and loss of ADAR1 in this model led to clear-
ance of CML in marrow and peripheral blood.

The previous examples link hyper-editing to cancer. Hypo-editing,
possibly through the reduction of both ADAR1 and ADAR2, of a specific
miRNA, miR-376a*, promotes glioblastoma cell invasion in orthotopic
glioma models in mice [64]. The editing frequency of miR-376* was
also almost completely abolished in tumor samples from patients with
glioblastoma, the most aggressive form of glioma. Unedited miR-376a*,
but not editedmiR-376a*,was shown to downregulate RAP2A (suppres-
sor of glioblastoma cell invasion) in human glioma cell lines through di-
rect binding to miRNA binding sites in the 3′ UTR of RAP2A mRNA. In

image of Fig.�2
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addition, the unedited miRNA failed to target and suppress autocrine
motility factor receptor (AMFR), the receptor for the tumor motility-
stimulating protein AMF, normally down-regulated via binding to the
3′ UTR of AMFRmRNA by the edited form of miR-376*. Decreased levels
of RAP2A promoted glioma invasiveness in invasion assays while up-
regulated AMFR seemedmore significant for increased gliomamigration
(Fig. 2C). This study elegantly illustrates how RNA editing (which mod-
ifies only onebase pair of a small RNA) can alter target specificity that re-
sults in contrasting cellular effects of the edited and unedited forms of a
miRNA.

A decrease in RNA editing activity has additionally beendemonstrat-
ed to activate pathways that result in an increase in tumor susceptibili-
ty. For example, enhanced susceptibility to glioblastoma proliferation
and invasion was observed upon Akt pathway activation caused by re-
duced RNA editing of the AMPA receptor component GluR2 (Fig. 2D)
[65]. Furthermore, knockdown of either ADAR1 or ADAR2 in neuroblas-
toma cell-lines results in hypo-edited GLI1, a transcription factor in the
Hedgehog signaling pathway, increasing its transcriptional activity and
supporting increased cellular proliferation [66]. The activation of the
Hedgehog signaling pathway may potentially underlie some of the
widespread GLI1-dependent oncogenic effects [67].

Apart from the clear connections to cancer via sequence alter-
ation, regulation of pluripotency and cellular differentiation, and
the expression of tumor suppressors and oncogenes, RNA editing
may also be involved in tumorigenesis through additional pathways.
There is evidence that hypo-editing of Alu elements correlates with
multiple tumors, for example brain, prostate, lung, kidney, and testis
[68], possibly through interference of gene regulatory functions,
such as protection against retrotransposition targeting tumor sup-
pressors [e.g. suppression of tumorigenicity 18 (ST18) and mutated
in colorectal cancers (MCC)] [68,69]. Additionally, chronic
inflammation related to viral infection is known to be tumorigenic,
perhaps in part due to inflammation-mediated up-regulation of
ADAR1 and RNA editing [70] and this may have been co-opted by
viruses to dampen the normal antiviral response [71]. Finally, RNA
editing of non-coding RNAs remains largely unexplored with the ex-
ception of miRNAs. It is well established that a number of miRNAs
can affect tumorigenesis [72] and that editing of miRNAs can alter
their target spectra [73]. Editing of other classes of non-coding
RNA that are involved in cell differentiation, such as long non-
coding RNAs [74], is also likely to contribute to the control of cell
growth and cell fate.

Intriguingly, A-to-I RNA editing has been shown to regulate adap-
tion to physical environments, such as temperature in octopus [75].
It is therefore possible to suspect that other environmental factors
like food, chemicals or stress could potentially influence editing in
other organisms. Environmental factors undoubtedly play a role in
cancer initiation and development, and alterations to the editing bal-
ance may be part of the equation, although this still needs to be
investigated.

There are studies linking C-to-U RNA editing to cancer. APOBEC1 has
been implicated in peripheral nerve-sheath tumors in people with neu-
rofibromatosis 1 through the increased APOBEC1-mediated RNA editing
of neurofibromin 1 (NF1) mRNA [76]. Editing introduces a stop codon
that produces the translation of a truncated version of neurofibromin
protein resulting in loss of its tumor suppressor activity and the activa-
tion of the oncogenic RAS pathway (Fig. 2E). Interestingly, transgenic
overexpression of APOBEC1 in rabbit and mouse livers resulted in liver
dysplasia and HCC through excessive editing of hepatic mRNAs such as
tyrosine kinase [77]. This reveals APOBEC1, and related editing patterns,
as potentially oncogenic. Furthermore, hyper-editing of the novel
APOBEC1 target 1 (NAT1) mRNA that encodes a tumor suppressor gene
is linked to liver cancer [12]. APOBEC1-mediated editing of the 3′ end
of full length NAT1 mRNA creates stop codons and truncated protein
products leading to the loss of translational repression usually provided
by NAT1.
4.2. Role of DNA editing in cancer

Deamination ofmethylated C-to-T, carried out by AID/APOBEC activ-
ity, is a commonmutagenic process in the human genome that suggests
a potential link to cancer. Indeed, overexpression of APOBEC enzymes, in
particular APOBEC3, has been associatedwith cancer and APOBECs have
been proposed to causemutations in a number of oncogenes and tumor
suppressor genes (Table 1; Fig. 2F). A recent study of 21 breast cancers
revealed a phenomenon of localized hypermutation, almost exclusively
C-to-T transitions at TpC dinucleotides, that appear to co-localize with
somatic rearrangements [78], implicating APOBEC activity. It was subse-
quently demonstrated in primary breast tumors that APOBEC3B expres-
sion and activity correlated with observed APOBEC-mediated somatic
mutations [79]. Overexpression of APOBEC3B in vitro was associated
with increased mutability and inactivation of the tumor suppressor
TP53, widespread DNA damage and delayed cell cycle arrest followed
by cell death. In support of a more general role for APOBEC3B in cancer,
Roberts et al. showed that APOBEC3B is likely themajor candidate for in-
ducing APOBEC mutation patterns observed in bladder, cervical, breast,
head and neck, and lung cancers [80], while a separate study from
Burns et al., reinforced the robust link of APOBEC3B activity to the
same cancer types [81].Most recently, an analysis of almost 5 million so-
matic substitutions from over 7000 sequenced cancer genomes revealed
that mutational signatures characterized by C-to-T mutations are pres-
ent in themajority of cancer types, and are especially prominent in blad-
der and breast cancer [24]. Two of these signatures can clearly be linked
to AID/APOBEC activity based on the sequence context of the mutation,
but it is also possible that AID/APOBEC proteins are involved in other sig-
natures through demethylation of 5mC-to-T.

AID is critical for the correct functioning of the vertebrate immune
system and is primarily expressed in activated B cells where it has
been shown to drive the onset of germinal center lymphoma by
inducing chromosomal translocations [23]. Moreover, AID is expressed
in other cell types and tissues, such as breast and ovary [82] and gastric
epithelial cells [83], where it may be responsible for oncogenic
hypermutation and translocation.

Interestingly, a deficiency in APOBEC1 expression seems to be in-
volved in altered susceptibility to testicular germ cell tumors (TGCTs)
in both a conventional and a transgenerational manner, the latter
persisting in the absence of the causative ancestral allele [84]. APOBEC1
deficiency inmice increased TGCT risk in only the paternal germ lineage
whereas it was protective for males when inherited from the maternal
lineage. These effects may be mediated via Apobec1 interactions with
other TGCT modifier genes TP53, Eif2s2 and Deadend 1 [84].
5. Therapeutic intervention

Rapidly accumulating data linking dysregulated sequence editing to
cancer suggests that therapeutic modulation of this process would be a
promising area for the treatment of many cancers. In support of this
prospect, downregulation of ADAR1 has been shown to be effective in
tumor regression in a mouse model of chronic myelogenous leukemia
[17]. As ADAR1 is upregulated in multiple tumor types (Table 1), and
has functions in progenitor cell maintenance [15,55], a targeted anti-
ADAR1 therapeutic may provide a broadly beneficial cancer drug. How-
ever, caremust be taken to tease out the underlying pathways as ADAR1
isoforms are differentially regulated in cancers [9,15]. Many cancers
bear the signatures of APOBEC inducedmutations [80,81] and inhibitors
of APOBECs (in particular APOBEC3B) could be a promising strategy to
prevent accumulation of mutations. Theoretically, introducing point
mutations in editing enzymes would help to reduce hyper-editing [85]
and in the future could be introduced by zinc finger nucleases specific
to editing enzymes [86]. These, or similar strategies, would have broad
therapeutic potential and could also be used to further understand the
function of specific editing sites.



314 L. Avesson, G. Barry / Biochimica et Biophysica Acta 1845 (2014) 308–316
Editing enzyme levels could be used as prognostic markers for early
detection of cancer and to determine post-therapeutic outcomes. Ele-
vated APOBEC3B levels would potentially represent a promising bio-
marker for certain cancers like breast cancer [79] and low levels of
ADAR1 have been associated with high risk of childhood lymphoma
[16]. However, as discussed above, hyper-editing [9,15] and hypo-
editing [64,87] can result in cancerous states depending on the type of
cancer and the genes edited. This argues for a more targeted technique
as opposed to a general approach, which may lead to multiple off-site
effects due to the widespread activity of editing enzymes. Next genera-
tion drug delivery systems will greatly enhance the potential for a
targeted approach, such as using nanoparticles [88] and exosomes [89].

A potentially exciting strategy is to target themRNAexpression of the
editing enzymes, and specific hypo- or hyper-edited RNAs (or DNA) that
are responsible for the disease phenotype, using RNA-based technolo-
gies. Approaches currently being explored are RNA interference
(RNAi), antisense oligonucleotides (ASOs) and steric-blocking oligonu-
cleotides (reviewed in [90]). Oligonucleotides are attractive therapeutic
candidates as they can be extensively chemically modified and are con-
sequently excellent substrates for drug design parameters such as target
specificity and stability. As proof of concept, locked nucleic acid (LNA) ol-
igonucleotides have recently been used to block specific A-to-I RNA
editing [91]. Here, the binding register of a snoRNA (HBII-52) in an in-
tron of the 5HT2C receptor gene and the K/R site in the human NEIL1
pre-mRNA, a ubiquitously expressed and abundant base excision
glycosylase, were successfully targeted in vitro. Recent advances in
structural determination of editing sites [92] may uncover useful strate-
gies for therapeutic design of artificial editing substrates that exploit en-
dogenous editing activity.

6. Conclusions

The field of single base sequence editing has experienced a major
transformation as whole genome sequencing has revealed pervasive
editing throughout the transcriptome. As a consequence, sequence
editing is emerging as a widespread phenomenon that controls many
key developmental and functional aspects of cellular processes. Notably,
RNA editing has dramatically increased in mammals, especially in the
brains of primates and humans, and mainly in repetitive sequences of
the genomewhose recent expansion closely parallels mammalian com-
plexity [5]. This newly evolved layer of regulatory control possibly pro-
vides a substrate for environmentally induced adaptation during
development and in the adult, and rapid evolution of higher-order cog-
nitive abilities. However, any disturbances in this finely tuned system
would have a range of cellular consequences, including vulnerabilities
to cell fate and proliferative disturbances.

The link between sequence editing and cancer is strengthening. Es-
pecially important in this regard are the differences in the expression
of editing enzymes and activity in pluripotency and cellular differentia-
tion. The prevailing hypothesis, with supporting data accumulating rap-
idly, is that dysregulated editing may provide susceptibilities for
tumorigenesis and tumor progression. Therefore, targeted (either
mRNA- or tumor-specific targets) therapeutics, as opposed to altering
global editing levels through manipulation of protein levels, would be
of great value to the cancer field due to editing imbalances observed
in tumorigenesis and tumor progression and recent observations
linking ADAR1 down-regulation to the regression of tumor growth
[17]. Drug discovery relies heavily on suitable druggable targets and a
deep understanding of their endogenous molecular pathways is neces-
sary to ascertain disease specificity and potential side effects. Thus, the
immediate challenge is gaining a comprehensive understanding of the
functional consequences and the underlying mechanisms controlling
the regulation of sequence editing and roles that this activity plays in
normal and abnormal cellular behavior to inform future therapeutic
and diagnostic development for targeting aberrant RNA and DNA
editing in cancers.
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