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SUMMARY

The aim of this study is to describe the biogenesis of microRNA, its relations with
carcinogenesis, and the correlation between microRNA and ionizing radiation (IR),
focusing on radioresponsiveness. It is known that microRNA biogenesis is well es-
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of mature microRNA. MicroRNAs are involved in carcinogenesis. Their interac-
tion is related to the genetic and epigenetic changes associated with activation of
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ter IR. In addition, microRNAs are related to modulation of the expression of sev-
eral post-transcriptional targets in DNA damage response pathways, and to the
DNA damage repair regulation mechanism. Future studies can clarify a possible
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INTRODUCTION

MicroRNAs (miRNA, miR) are a class of endogenous
small (16 to 22 nucleotides) non-coding RNAs that con-
trol the degradation and translation of target mRNAs
and regulate almost 30% of human genes.! MicroRNA
genes have been normally found in cancer-related genom-
ic areas.” They can have diverse roles, such as acting as tu-
mor suppressors or oncogenes depending on tissue type
and the specific targets.?

The capacity of microRNAs to perform as regulators
for gene expression permits them to influence signaling
pathways that might modify several cellular processes, in-
volved in irradiation response.

Ionizing radiations (IR) exert their effects through
both direct and indirect actions. Direct action means
direct injury to the DNA, while indirect action is um-
pired through free radicals created through ionization
of H,O. Therefore, DNA damage might appear in dif-
ferent forms such as single-strand breaks (repaired via
base excision repair) and double-strand breaks (DSBs),
repaired via homologous recombination repair, which
is accurate, or non homologous end-joining, which is
error-prone. Whereas several cells suffer apoptosis after

clinical use of microRNAs as a new class of radiosensitive agents.
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IR, cell death also can be related to IR-induced injury
that triggers cell inactivation and becomes lethal after
some cell divisions.*

The DNA injury response pathways have an impor-
tant role in defining cell survival, radiosensitivity and
cell cycle checkpoints. Cellular sensitivity to IR is com-
monly determined by DNA DSB repair. However, it is
important to know other issues that could be associat-
ed with IR, and their effects on tissues: microRNAs as
inherent gene regulators may offer new likelihoods in
this context.

The aim of this study was to review the microRNA
biogenesis, carcinogenesis actions, and the most recent
evidences of microRNA and IR regarding radiosensitivi-
ty response.

REsuLTs
MicroRNA: biogenesis
MicroRNAs are found in most eukaryotes and their bio-
genesis involves several enzymatic cleavages that result in
the production of mature microRNA.3

RNA polymerase II transcribes microRNA genes and
creates primiRNAs (primary microRNA transcripts).® Af-
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ter enzymatic action and the removal of introns, the result-
ing RNA shows the changes in the usual 5’(cap) and 3’ (in-
sertion of adenine tail) sequences forming a molecule with
thousands of bases (pri-microRNAs). A pri-microRNA is
cleaved by complex formed by the RNase III Drosha and
its cofactor DGCRS8 (DiGeorge syndrome critical region
in gene 8) to create a hairpin structured forerunner, or pre-
microRNA with 70-100 nucleotides in the nucleus. Pre-mi-
croRNAs are brought to the cytoplasm via nuclear recep-
tor-dependent exportin-5 RanGTP.”#

In the cytoplasm, pre-microRNA is cleaved by Dicer
(RNase) to create a microRNA duplex intermediate 22
base pairs. In this process, the Dicer interacts with the
protein TRBP (trans-activation response RNA-binding
protein) kinase and PRKRA/PACT (interferon-inducible
double stranded RNA-dependent activator).”! An Argo-
naute (Ago) protein binds the duplex and integrates the
mature, single-stranded microRNA into the Ago:RNA
complex to produce mature RNA-induced silencing com-
plex (RISC), whilst the other strand is often rejected.'*

MicroRNA and carcinogenesis
There are two major mechanisms used in gene expression
regulation by repression and degradation of the mRNA
translation target (RISC). This interaction is related to
the complementary bases intensity between mRNA and
microRINA, 1415

MicroRNAs are involved in the carcinogenesis pro-
cess. Their interaction is related to genetic changes asso-
ciated with the activation of proto-oncogenes or inacti-
vation of tumor suppressor genes. Thus, microRNAs can
be grouped into two categories: oncomicroRNAs (nega-
tively regulate tumor suppressor genes), and anti-onco-
microRNA (act in the negative regulation of onco-
genes).!®!” However, a single microRNA can exert both
actions, depending on their performance in the target tis-
sue.!®

The relationship of microRNAs in tumorigenesis was
first described in chronic lymphocytic leukemia (microR-
NA-15 and microRNA-16)." Subsequently, microRNAs
modification was shown in several neoplasms, such as
breast cancer, lymphoma, lung, head and neck, colorec-
tal, prostate, liver, pancreas and thyroid.?’ As an example,
the family of microRNAs let-7 regulates some oncogenes
(HmgA2, Myc, and Ras) and they are poorly expressed in
lung, prostate, glioblastoma. In addition, its low expres-
sion correlates with a worse prognosis in patients with
lung cancer.** Conversely, the microRNA 17-92 clusters
can also act as oncogene and they are overexpressed in
some types of lung and kidney cancers.?**

MicroRNAs are normally located in genome areas re-
lated to alterations in cancer.?®?” Mutations could be ob-
served in the primary transcripts of microRNA-15a and
microRNA-6-1, involved in reducing expression of the
two microRNAs in leukemia.?®

Moreover, deregulated microRNA expression may be
associated with epigenetic alterations, such as changed
DNA methylation. It was suggested that microRNA-34b/c
and B-cell translocation gene 4 (BTG4) are novel tumor
suppressors in colorectal cancer and that the microRNA-
34b/c CpG island, which bidirectionally regulates mi-
croRNA-34b/c and BTG4, is a common target of epigen-
etic silencing in colorectal cancer.”

Likewise, another epigenetic system can disturb mi-
croRNAs expression: histone acetylation. Histone deacet-
ylase inhibition is followed by the vast and rapid modifi-
cation of microRNA levels.?® For example, in breast
carcinoma cell lines, Rhodes et al.>! using histone deacet-
ylase inhibitor (HDACI) trichostatin A (TSA) demonstrat-
ed the suppression of in vitro clonogenicity in the previ-
ously described apoptosis resistance. Significant
upregulation of 22 microRNAs and downregulation of
10 microRNAs in response to TSA treatment was observed.
These results demonstrate that HDACi TSA exerts anti-
cancer activity in apoptosis resistance. This activity is cor-
related with TSA alteration of microRNA expression pro-
files indicative of a less aggressive phenotype.

Another important point is that microRNA expres-
sion may be modulated as a result of deregulations in the
microRNA biogenesis.* It was demonstrated that Dicer
silencing promotes cellular transformation and tumori-
genesis in vivo. Kumar et al.>* analyzed the consequences
of conditional Dicerl mutation (Dicerl “floxed” or
Dicer1(fl)) on several mouse models of cancer. Deletion
of a single copy of Dicerl in tumors from Dicer1(fl) ani-
mals led to reduced survival compared with controls. Tu-
mors from Dicer1(fl/fl) animals always maintained one
functional Dicer1 allele. Consistent with selection against
full loss of Dicerl expression, enforced Dicerl deletion
caused inhibition of tumorigenesis. These findings sug-
gest that Dicer] may be an important haploinsufficient
tumor-suppressor gene. Moreover, there are some evi-
dences suggesting that loss of Dicer and/or Drosha has
been inversely related with outcome in different types of
tumors.>*37

MicroRNA processing can also be affected directly or
indirectly by other microRNAs producing a complex recip-
rocal relationship. MicroRNA family, microRNA-103/107,
was identified. This family attenuates microRNA biosyn-
thesis by targeting Dicer. In human breast cancer, high lev-
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els of microRNA-103/107 are associated with metastasis
and poor outcome. Functionally, microRNA-103/107 award
migratory capacities in vitro and empower metastatic dis-
semination of otherwise non aggressive cells in vivo. Inhibi-
tion of microRNA-103/107 opposes migration and metas-
tasis of malignant cells. At cellular level, a key event fostered
by microRNA-103/107 is induction of epithelial-to-mesen-
chymal transition attained by downregulating microR-
NA-200 levels.®®

Finally, changes in microRNA expression can be a
consequence of transcription variations due to an altered
transcription factor action. MicroRNA can be either neg-
atively or positively regulated by p53,* MYC,* or ZEB1.*!

Thus, there are many uncertainties about the mech-
anisms involved in microRNAs expression and tumors.
Nonetheless, they are probably alike to those that affect
the expression of genes, encoding proteins, such as DNA
mutations (deletions, substitutions, insertions, translo-
cations and amplifications) and epigenetic alterations.*
Furthermore, there is evidence that microRNAs in can-
cers may be deregulated and there are derangements and
transcriptional defects in their biogenesis.*

MicroRNA changes after IR
The roles of specific microRNAs in IR response have only
recently begun to be observed. Several studies have dem-
onstrated that the expression levels of some microRNAs
change notably after irradiation. This fact was confirmed
in different cell types and at variable irradiation doses (X-
ray or gamma ray). Table 1 summarizes the levels of mi-
croRNA expression after IR in some cell lines.

MicroRNAs can be directly involved in apoptosis
regulation and cell cycle. It was shown that let-7 cluster
of microRNA is associated with cellular differentiation
and proliferation and likewise acts as a tumor suppres-
sor.** Kras is one of the recognized targets of the let-7
family;** RAS amplified seems to protect tissues from
IR and sponsor growth,* demonstrating that there may
be a positive relationship between the radiation response
and let-7. As it can be observed in Table 1, IR changed let-
7 cluster expression in different cell lines: they are down-
regulated or upregulated, showing discrepancies among
the results. Additional studies are required to establish
the main reason for the divergence between current re-
porting papers and whether other mechanisms are in-
volved.

Simone et al.¥” have studied the alterations in microR-
NA expression in primary human fibroblasts following
exposure to several stress-inducing anticancer agents in-
cluding IR, etoposide and hydrogen peroxide (H,O,) to

observe the biological consequences. Changes in microRNA
expression were observed for 17 microRNA species, follow-
ing exposure to radiation, 23, after H,0,, and 45, after et-
oposide; seven microRNA species were commonly altered
by all the agents. These results demonstrate a common
microRNA expression signature in response to exogenous
genotoxic agents. Furthermore, pre-treatment with cys-
teine prevented radiation-induced alterations in microR-
NA expression, which suggests that microRNAs are re-
sponsive to oxidative stress. It could be implied that
microRNAs play a role in cellular defense against exoge-
nous stress and are involved in the generalized cellular
response to genotoxic oxidative stress.

Some microRNAs were associated with essential pro-
tective mechanisms counteracting radiation cytotoxici-
ty. MicroRNA-34 was found to be a straight target for
pS3, functioning downstream of the p53 pathway as a
tumor suppressor. MicroRNA-34 targets Notch, HmgA2
and Bcl-2 genes involved in self-renewal and survival of
tumor cells.* IR led to an important increase in the ex-
pression of microRNA-34a, equaled by a decline in the
expression of its target oncogenes NOTCH1, MYC, E2F3,
and cyclin D1.

A pivotal regulator of DNA methylation and ge-
nome stability, lymphoid specific helicase (LSH), was
associated to microRNA-7. After IR, LSH was upregu-
lated, while microRNA-7 was downregulated. Kotur-
bash et al.* have analyzed the effects of X-ray irradia-
tion on microRNA expression in the hippocampus,
frontal cortex, and cerebellum of male and female mice.
It was shown that changes in the expression of the mi-
croRNA-29 family could be related to altered expres-
sion of de novo methyltransferase DNMT3a and changed
global DNA methylation levels. Taken together, this
seems to be a cellular protective effect against radia-
tion-induced hypomethylation.>

Additional authors have assessed the influence of mi-
croRNA and cells reaction after irradiation. Kraemer et al.”!
reported the functional role results of microRNAs in radi-
ation response in immortalized and primary endotheli-
al cells. Overall suppression of microRNA expression was
accomplished through downregulation of Dicer or Ago2.
The decreases in those components led to improved cell
death after irradiation, denoting a prosurvival role of mi-
croRNAs. Moreover, whilst cell cycle checkpoint activa-
tion and apoptosis were impaired, the low microRNAs
levels did not disturb DNA DSB repair. The distinctive
sensitivity of these pathways suggests the autonomous
activation of the two response pathways rather than a re-
paired DNA damage response. Nevertheless, Surova et al.,*
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TABLE 1 MicroRNAs levels of expression after IR.

Cell type

Increase

Decrease

Central nervous system

Glioma?'32:33

let-7a; let-7b; let-7c; let-7d; let-7e; let-7f; let-7g; let-7i; miR-15a;
miR-16; miR-17-3p; miR-17-5p; miR-19a; miR-19b; miR-22;
miR-21; miR-142-3p; miR-142-5p; miR-143; miR-155; miR-191;
miR-379; miR-601

miR-107; miR-181a; miR-521

Mouse hippocampal cells and

brain tissue®*

miR-21

Head and neck

Thyroid?s3¢

let-7c; let-7d; let-7g; miR-17-3p; miR-17-5p; miR-27b; miR-34a;
miR-34b; miR-188-5p; miR-365

let-7f; let-7g; miR-10a; miR-106a; miR-152

Thorax

Lung cancer and normal

epithelial cell line®:*%%

miR-15a; miR-16; miR-17-5p; miR-19a; miR-19b; miR-20b;
miR-22; miR-24; miR-27a; miR-27b; miR-30a-5p; miR-99a;
miR-106a; miR-148a; miR-221; miR-365; miR-126; let-7a;
miR-495; miR-451; miR-128b

let-7a; let-7b; let-7c; let-7d; let-7e; let-7f;
let-7i; miR-26b; miR-125a; miR-155;
miR 130a, miR-106b, miR-19b, miR-22,
iR-15b, miR-17-5p; miR-21

Genitourinary
Prostate®0:#142 miR-191; miR-379; miR-29b 7; miR-191; miR-22; miR-200c; miR-100; miR-107; miR-133b; miR-143;
miR-141; miR-24 ; miR-30a-5p; miR-9-1 miR-145; miR-196a; miR-521; miR-106b;
miR-199a
Gastrointestinal

Rectum™44

miR-1183; miR-483-5p; miR-622; miR-125a-3p; miR-1224-5p;
miR-188-5p; miR-1471; miR-671-5p; miR-1909; miR-630;
miR-765; miR125b; miR137

miR-1274b; miR-720

Hematology

Non-Hodgkin lymphoma*

miR-1913; miR-Plus-F1147; miR-148b; miR-589; miR-106b;
miR-Plus-G1246-3p; miR-19b; miR-1280; miR-BHRF1-1;
miR-20a

miR-29a; miR-335; miR-193b; miR-21;
miR-340; miR-33a; let-7e; miR-Plus-E1098;
miR-483-3p; miR-200b

Breast

Breast*® - miR-302a; miR-302b; miR-302c; miR-302d;
miR-302e

Other

Normal human fibroblasts*”

let-7d; let-7e; let-7f; let-7g; let-7i; miR-15a; miR-17-3p; miR-17-5p;
miR-19b; miR-21; miR-26b; miR-142-3p; miR-142-5p; miR-143;
miR-145; miR-155; miR-663

let-7a; let-7b; let-7d; miR-24; miR-155;
miR-222

Human 3-D airway model

let-7a; let-7b; let-7c; let-7d; let-7e; let-7f;

tissues*® let-7g; let-7i

Lymphocytes* miR-16; miR-34a; miR-34b; miR-145; miR-188-5p; miR-221; let-7e; miR-10a; miR-17; miR-19b; miR-99a;
miR-601; miR-663 miR-100; miR-152; miR-181a; miR-196a

Blood*® let-7f; miR-16; miR-17-3p; miR-17-5p; miR-19a; miR-20a; miR-143

miR-20b; miR-21; miR-24; miR-27a; miR-29a; miR-29c;
miR-106a; miR-126; miR-142-5p; miR-145; miR-148a;
miR-222

Endothelial cell!

let-7g; miR-16; miR-20a; miR-21; miR-29¢

miR-125a

Human umbilical vein

endothelial cells®?

miR-17-5p; miR-19a; miR-19b; miR-20a; miR-21; miR-27b;
miR-29a; miR-29¢c; miR-126; miR-221; miR-222
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in non-small cell lung cancer cell lines, have found that
Drosha and Dicer were expressed at higher levels in ra-
dioresistance but not in sensitive cell lines. The downreg-
ulation of either Dicer or Drosha had no effect on the
sensitivity of cells to irradiation. In other words, knock-
down of these proteins separately did not alter the num-
ber of apoptotic cells in non-small cell lung cancer cell
lines. This disparity might probably be associated with
cell types, the degree of knockdown by small interfering
RNAs, or the doses of IR used, which were different in the
two studies.

In addition, Francia et al. have shown that reduction
of Drosha or Dicer leads to decline in the number of cells
with foci related with DNA damage response (DDR) at
the injury site, but that reduction did not depend on mi-
croRNAs (the process is related to damage-site-specific
sequence of RNAs managed by Dicer and Drosha).

MicroRNA has to do with modulating the expression
of several post-transcriptional targets in the DDR path-
way.>*** Lal et al.*® have found that microRNA-24 is up-
regulated through post-mitotic differentiation of hema-
topoietic cell lines and controls the histone variant H2AX,
a protein that has a role in the DSBs response. MicroR-
NA-24 downregulates the expression of H2AX and re-
presses DNA repair. Thus, there is reduced cell capabili-
ty to repair DNA DSBs. When DNA DSBs appear,
microRNA-24 decreases its genomic stability and DNA
damage repair capacity by regulating H2AX expression.
Likewise, after DNA injury, microRNA-24-mediated down-
regulation of H2AX increases cell death. DNA DSBs re-
pair was promoted by suppressing microRNA-24 expres-
sion and decreased cell sensitivity to DDR.*” Hu et al.*®
have demonstrated that microRNA-421 controls the atax-
ia-telangiectasia mutated (ATM) gene. ATM is a protein
that plays a central role in the maintenance of genomic
integrity by activating cell cycle checkpoints and support-
ing repair of DNA DSBs. MicroRNA-421 suppresses ATM
expression; ectopic expression of microRNA-421 result-
ed in S-phase cell cycle checkpoint changes and an in-
creased sensitivity to IR. Equally, the N-myc oncogene
acts as a transcription factor on the microRNA-421 pro-
moter region to upregulate microRNA-421 expression.
As a result, finding a linear signaling pathway (microR-
NA-421/N-Myc/ATM) could contribute to determine a
role in regulating DNA synthesis in cell cycle and in pro-
moting tumor radiosensitivity.

Other microRNAs were also related to regulatory
mechanism DNA damage repair or radiosensitivity. Mi-
croRNA-101 was associated with DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs) and ATM to

sensitize neoplasms to radioation;**® microRNA-210 and
miR-373 are overexpressed in hypoxic cells and regulate
the expression of various aspects in DNA damage repair
pathways;*¢? microRNA-125b, microRNA-504, and mi-
croRNA-33 were correlated to p53 (one major factor in
DNA-damage checkpoint activation);**** microRNA-421
downregulation of ATM leading to clinical manifest tu-
mor radiosensitivity in head and neck squamous cell car-
cinoma;® microRNA-7 increases radiosensitivity of hu-
man tumor cells with activated epidermal growth factor
receptor (EGFR) associated signaling;®® microRNA-221
and microRNA-222 control radiation sensitivity by con-
trolling the PTEN/Akt pathway;*” microRNAs (-155, -20a,
-25,and -15a) are involved in the regulation of IR-induced
premature senescence;®® lin28-let7 modulates radiosen-
sitivity of human cancer cells with activation of K-Ras.®

In conclusion, it is not very clear if the global mech-
anism of microRNA disturbs sensitivity to radiation, but
it is evidence that cellular radiosensitivity could indeed
be influenced by microRNAs. The regulatory mechanisms
of microRNA in the DNA injury repair process, if com-
pletely clarified, could offer new understanding regard-
ing cancer radiosensitivity.

ConcLusIoN

The observation that non-coding regions of the genome
play an important role in regulating molecules that might
control essential cellular functions is one of the most sig-
nificant innovations in current oncology. This finding
has supported insight into the mechanisms of cancer de-
velopment, recognized possible biomarkers, and created
possibilities for new therapies. The effort of understand-
ing microRNA biology and converting those findings to
clinical practice is just beginning. There have been sever-
al reports recording the alteration in microRNA levels
upon IR from diverse cell types and the particular role of
many microRNAs on cell radiosensitivity. There is evi-
dence that microRNAs are important players in the com-
pound response to radiation. Hence, continued research
on all fronts might be of equal importance to the even-
tual clinical purpose of microRNA as a new class of ra-
diosensitizing agents.

Resumo

MicroRNAs, cincer e radia¢do ionizante: em que ponto
estamos?

O objetivo do presente estudo é descrever a biogénese do
microRNA, suas rela¢des na carcinogénese e a correlagio
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do microRNA com a radiacio ionizante (RI), com enfo-
que na radiorresponsividade. Observou-se que a biogéne-
se do microRINA estd bem estabelecida e envolve diversas
clivagens enzimadticas que resultam na produc¢io do mi-
croRNA maduro. Os mictoRNAs estido envolvidos na car-
cinogénese. Sua intera¢do esta relacionada as altera¢des
genéticas e epigenéticas, associadas a ativacio de proto-
-oncogenes ou a inativa¢io de genes supressores de tumor.
Varios estudos demonstraram que os niveis de expressio
de alguns microRNAs variam significativamente apés a ir-
radiacio. H4 evidéncias de que os microRNAs podem in-
fluenciar a resposta celular apds a RI. Além disso, os mi-
croRNAs estdo relacionados & modulacio da expressio
de vérios alvos de pés-transcri¢io das vias de resposta aos
danos no DNA e o do mecanismo de regula¢io de repa-
racio de danos do DNA. Estudos futuros podem eluci-
dar uma possivel utiliza¢io clinica dos microRNAs como
uma nova classe de agentes radiossensiveis.

Palavras-chave: microRNAs, neoplasias, radioterapia de
alta energia.
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