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Abstract

A-to-I RNA modifications performed by the adenosine deaminase acting on RNA (ADAR) protein family
are gaining traction as important mechanisms in cancer biology. A-to-1 RNA editing changes adenosine to
inosine on double stranded RNA, which co-transcriptionally alters transcript sequence and structure. A
number of microRNA (miRNA) precursors are known to be edited by the ADARs, which alters the expression
and/or function of the mature miRNA. A-to-| editing levels are high in thyroid tumors, but the ADAR-
editase mechanisms governing thyroid cancer progression are unexplored. We recently demonstrated a
functional role for ADAR1 and RNA editing in thyroid cancer, as shown by the suppression of tumorigenesis
in vitro and in vivo following ADART gene silencing. We also dissected the mechanism of action underlying
this process in thyroid tumorigenesis and found that editing the miR-200b is responsible, at least in
part, for the aggressive features induced by ADAR1. Importantly, this editing event is overrepresented in
thyroid tumors, and correlates with a worse progression-free survival and disease stage. Lastly, our results
underscore the potential benefits of inhibiting RNA editing as a future treatment for advanced thyroid
cancer, as pharmacological inhibition of ADAR1 editase activity with 8-azaadenosine reduced cancer cell
aggressiveness. Overall, our study highlights the importance of miRNA editing in gene regulation and
suggests its potential as a biomarker for thyroid cancer prognosis and therapy.

Concept of RNA Editing

RNA editing is a major co-transcriptional mechanism to modify specific nucleotides in RNA
molecules, generating informational diversity. The most common type of RNA editing in mammals is
adenosine to inosine (A-to-I) editing, which is mediated by the ADAR (adenosine deaminase acting on
RNA) family of enzymes [1]. ADAR enzymes catalyze the recoding of A to I by hydrolytic deamination
in double-stranded RNA molecules. The translation machinery then decodes I as guanosine (G), base-
pairing with cytosine (C). Accordingly, A-to-I editing is similar to an A-to-G substitution without
altering the DNA template and changing only a portion of RNAs. The ADAR enzyme family
dynamically regulates RNA editing in cells: ADARI, ADAR2 and ADAR3. Interestingly, whereas
ADARI and ADAR?2 are active enzymes, ADAR3 is reported to be catalytically inactive [2]. Aberrant
RNA editing has been linked to several diseases, including cancer, through mechanisms that are poorly
understood. In diseases such as cancer, aberrant RNA editing skews the balance between edited and
wild-type RNAs, resulting not only in protein changes through missense codon change or alternative
splicing in the case of coding RNAs, but also changing the stability and function of non-coding
RNAs, including microRNAs (miRNAs) [3,4]. The focus of our recent work was the oncogenic role
of ADARLI in thyroid cancer [5].

MicroRNA Editing

miRNAs are small non-coding RNAs of ~22 nucleotides that suppress gene expression through
interactions of their seed region with complementary sequences in the 3" untranslated region (3’UTR)
of target messenger RNAs (mRNAs), and thus function as post-transcriptional regulators [6].
miRNAs participate in the transcriptional circuits of many cellular pathways and control important
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cell processes such as apoptosis, development, proliferation and
differentiation. They can also participate in pathological processes
such as oncogenesis, acting both as tumor suppressors and as
oncogenes. Accordingly, miRNAs have been widely studied as
potential biomarkers for diagnosis, cancer subtype classification,
prognosis and therapy in different cancers [7-9].

Because of their critical role in gene regulation, miRNAs are
frequently altered in cancer, not only at the level of their expression
but also their nucleotide sequence by RNA editing. In some contexts,
editing of a primary miRNA can affect its biogenesis, to inhibit
miRNA maturation. Alternatively, as miRNA regulation requires
the base-pairing of sequences, editing can alter the recognition
of the target mRNA, particularly when it occurs within the seed
sequence of the miRNA [10]. Because miRNAs can act both as
tumor promoters and as suppressors, it might be hypothesized that
editing processes could result in opposing outcomes depending on
the specific miRNA. Several editing events appear to be critical
in different cancers. For example, in metastatic melanoma, the
biological function of miR-455-5p is dependent on its editing
status, which can change the suite of genes recognized. Functionally,
edited miR-455-5p inhibits melanoma growth and metastasis,
whereas the wild-type form promotes these features by inhibiting
the tumor suppressor CPEBI (cytoplasmic polyadenylation element
binding protein 1) [11]. In glioma, miR-376a accumulates entirely
in an unedited form, whereas in normal states miR-376a is edited.
Edited miR-376a is unable to suppress its cognate target RAP2A,
and instead gains the ability to target AMFR, overall having a pro-
invasive effect [12]. However, miRNA editing does not always
induce miRNA re-targeting; for instance, in glioblastoma it was
found that the editing of oncogenic miR-221, miR-222, and miR-
21 inhibits their maturation, leading to a decrease in the expression
of the corresponding mature miRNAs, with important effects on
tumor cell behavior [13].

Role of RNA Editing in Cancer
The Cancer Genome Atlas (TCGA) Consortium has recently

provided the full transcriptome of various cancer types, allowing the
RNA-editing genomic landscape to be systematically characterized
and compared with that of normal genomes [14-16]. These studies
identified widespread and reproducible A-to-I editing-specific
events and revealed that A-to-I editing and associated enzymes are
significantly altered, typically elevated, in most cancer types, with
the strongest levels reported thus far in breast, thyroid, and head
and neck cancers. Importantly, increased editing activity has been
found to be negatively associated with patient survival [14,15],
and other studies have demonstrated that ADAR1-mediated RNA
editing is a dominant driver of cancer relapse and progression [17-
19]. Indeed, ADARI is an established oncogene in several tumor
types including oral cancer [20], cervical cancer (HeLa cells) [21],
lung cancer [22], and esophageal squamous cell carcinoma [19].
The functional impact of ADARI expression and the underlying
mechanisms remain, however, enigmatic.

Role of RNA Editing in Thyroid Cancer

Despite the fact that thyroid tumors have one of the highest
levels of RNA editing activity when compared with matched
normal tissue, we were surprised that no functional studies of this

process had been conducted. Thyroid cancer is the most common
endocrine malignancy [23] and its incidence has rapidly increased
in the last few decades [24-26]. In general terms, thyroid cancer has
a good prognosis [27], as the majority of the patients can be cured
by thyroidectomy (removing all or part of the thyroid) followed by
radioiodine ablation. However, a small number of patients develop
aggressive forms of the disease that are refractory to radioactive
iodine treatment, and their life expectancy is short. The molecular
basis of aggressive thyroid cancer progression is not well understood
and there remains an urgent need to develop new effective
therapies. Our recent study [5] sheds some light on the mechanisms
underlying this process, and reveals that beyond genomic mutations,
reprogramming by RNA modifications adds another layer of
molecular complexity to thyroid cancer cells. Supporting the
findings in other types of cancer [17-22], we found that ADAR1
plays a role in the tumorigenic behavior of thyroid cancer cells.
Indeed, ADARI loss-of-function in three different thyroid cancer
cell lines impeded cell proliferation, migration, invasion and three-
dimensional (3D) growth. This latter result is important as 3D
models can accurately recreate the complexity and heterogeneity of
tumors. We confirmed these observations iz vivo and showed that
tumor growth was significantly delayed in ADAR1-silenced tumors
in a heterotopic xenograft mouse model. An important translational
aspect of our study is the finding that the inhibition of ADARI-
dependant RNA editing using the small molecule 8-azaadenosine
(8-aza) decreased cancer aggressiveness, an effect evident in both 2D
and 3D cultures. Although it is likely that this molecule needs to
be improved to minimize its adverse effects [28], we propose RNA
editing as a tractable therapeutic target for thyroid cancer.

ADAR1 Mechanism of Action in Thyroid Cancer

Our results underscore ADARI overexpression as an oncogenic
event in thyroid cancer. Whether the resulting RNA editing plays
a causative role in thyroid tumor progression, however, remains an
open question. To address this limitation, we focused on an RNA-
editing event that occurs in the seed region of miR-200b, an event
that is overrepresented in thyroid tumors compared with normal
tissues of the TCGA cohort [16]. Although little is known about
miR-200b in thyroid cancer, it has been reported to be exclusively
downregulated in the most aggressive form of the disease — anaplastic
thyroid carcinoma [29] — suggesting a role in cancer progression.
Interestingly, miR-200b has been described as an important tumor
suppressor miRNA in other tissues and it is under intensive clinical
investigation as a therapeutic cancer target [30]. Moreover, miR-
200b is a known suppressor of epithelial-mesenchymal transition
(EMT) by inhibiting key regulators such as the transcriptional
repressor ZEB1 [31]. ZEBI1 is an important activator of EMT
during embryonic development and in cancer. It suppresses
E-cadherin transcription and the expression of basement membrane
components and cell polarity proteins [32] Studies of thyroid
carcinomas have shown an increased expression of ZEB1 [32,33]
in this cancer type. Indeed, its overexpression was associated with
aggressive features such lymph node and distant metastasis [33]. By
analyzing the edited and wild-type levels of miR-200b in six thyroid
cancer patients, we confirmed that miR-200b is over-edited, and
found a significant increase in the edited/wild-type ratio in tumor
samples. Of clinical relevance, TCGA data reveal a strong correlation
between miR-200b editing levels and worse progression-free survival
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[16]. We found that the edited form of miR-200b has weakened
activity against its target gene ZEB1, likely explaining the reduced
aggressiveness of ADARI1-silenced thyroid cells [5]. Thus, our data
strongly suggest that induction of miR-200b editing, by increasing
the ADARI1-dependent RNA editing activity in thyroid cancer cells,
is an additional strategy to increase ZEB1 levels and thus stimulate
EMT, ultimately leading to an increase in their motility and invasion
features (Figure 1).

Conclusions

The inhibition of ADARI expression and A-to-I RNA editing
affects thyroid cancer aggressiveness impairing proliferation,
invasion and migration. The molecular mechanism encompasses the
tumor suppressor miR-200b, which is over-edited in thyroid tumors
weakening its ability to inhibit ZEB1. In conclusion, ADARI acts
as an oncogene in thyroid cancer and is a new potential therapeutic
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Figure 1. Schematic summary of the proposed mechanism for the ADAR1-induced thyroid tumorigenesis. In the thyroid tissue,
the ADAR1-dependent A-to-l editing activity is low, thus founding miR-200b mainly in its wildtype (WT) form. This miRNA is able to
inhibit ZEB1 maintaining low levels of this protein and the low invasion capacity of the thyroid cells. However, in the cancerous state, the
ADAR1 A-to-l editing activity is high, allowing the editing of miR-200b. The edited miR-200b presents an impaired ability to inhibit ZEB1,
increasing the levels of this protein and therefore increasing the invasion capacity of the thyroid cancer cells.
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