Chapter 8
The Role of MicroRNAs in Modulating Tissue

Response to Radiation

Rebecca J. Boohaker and Bo Xu

Abstract MicroRNAs are a critical class of regulators for cells to deal with DNA
damage. Abnormal miRNA function is associated with tumor initiation and progres-
sion, and altered miRNA expression found in tumor tissues are frequently associ-
ated with heterogeneity of tumor responses to therapeutic agents, including
radiotherapy. In this chapter, we review recent advances of the functional role of
microRNAs in the context of the DNA damage response, tissue specific tumor ini-
tiation and progression. We further discuss clinical implications of using miRNA
signatures as biomarkers for radiosensitivity and targeting specific miRNAs as ther-
apeutic approaches.
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8.1 Introduction

Radiotherapy is used to treat more than half of patients diagnosed with cancer,
either as the primary mode of treatment or in combination with chemotherapy or
surgical resection. The success of radiotherapy relies on the inability of cancerous
cells to efficiently repair DNA damage relative to their normal tissue counterparts,
pushing the cancerous cells into death pathways. Specifically, ionizing radiation
(IR) is intended to induce DNA damage, engage the DNA double-stranded break
repair machinery, and to push the cell into mitotic catastrophe, apoptosis, or stress-
induced senescence. Some tumors, however, exhibit an insensitivity to an otherwise
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curative dose and are deemed radioresistant. Tumor radioresistance is a common
problem linked to tumor heterogeneity and underlying biochemical factors such as
abnormal DNA damage response pathways, microenvironment alterations, deregu-
lated survival pathways, and altered expression of oncogenes and tumor suppres-
sors. An increasing number of studies have shown that regulation of these pathways
is modulated in part by microRNAs.

MicroRNAs (miR) are highly conserved, small, non-coding RNAs that are
involved post-transcriptional regulation of target mRNAs, and also regulate roughly
30% of human genes at the DNA level [1]. Biogenesis of these miRs involves a
series of enzymatic cleavages that begins with primary microRNA transcripts (pri-
miRNAs). These primiRNAs are converted to hairpin pre-miRs via activity of the
Drosha/DGCRS8 complex for export out of the nucleus and into the cytoplasm.
Finally, the pre-miRs are cleaved by a Dicer, a RNase, and the cleaved mature miR
is assembled into the RISC complex. The RISC then targets a specific mRNA for
repression and degradation [2]. Regulation of protein expression subsequently
affects the pathways in which the proteins function, resulting in a measurable
change in intracellular processes. MiR biogenesis can be triggered by a number of
external and internal cellular signals. Here the focus will be on the miR expression
patterns, and the affected pathways in the context of ionizing radiation (IR), the
DNA damage response (DDR), and tumor progression.

Exogenous genotoxic agents, in the form of IR and oxidative stress inducers, have
been shown to influence the biogenesis of a certain subset of the identified ~3700
miRs [3], and within that subset there are tumor-type specific miR expression pro-
files [4]. While there are type-specific differences in miR expression, there also exists
a significant overlap [Fig. 8.1]. So, it is within the differential expression, coupled
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with the common alterations, that diagnostic and therapeutic approaches can be
taken to determine on a patient-by-patient basis whether radioresistance is likely. The
use of miRs as prognosticators of tumor sensitivity to ionizing radiation has clinical
significance in determining the best course of action for treatment, sparing the patient
from therapies that are not viable options based on tissue micro-environment.

8.2 The Role of miRs in the DDR

A properly functioning DDR is essential for the maintenance of genomic integrity.
Double-stranded breaks (DSBs) trigger activation of the Ataxia-Telangiectasia
Mutated (ATM) kinase which results in the phosphorylation of H2AX at lesion
sites and recruitment of repair proteins. This process stalls cell cycle progression
until the lesions are repaired, or, if the damage is too catastrophic, transitions the
cell into senescence and apoptosis. The DDR pathway is extensively regulated by
miRs and components of the miR biogenesis pathway. Specifically, the enzymatic
functions of Dicer and Drosha regulate the expression of miRs that target pATM
and its substrates that subsequently sense and form foci at DNA damage sites [5].
ATM is also directly modulated by miR-18a, or indirectly by miR-421 and miR-
106a, underscoring the importance of regulation of the DDR pathway via ATM
activity [6-8]. Additionally, DNA damage directly regulates biogenesis of a small
subset of miRs linked to Drosha/DGCR8 by complexing with p68 and p72 to facili-
tate processing of pri-miRs to pre-miRs. ATM activates KH-type splicing regula-
tory protein (KSRP) which also complexes with Drosha/DCGR8 to allow for
pri-miR processing [9] [Fig. 8.2.].

During the course of the DDR, nearly all major players involved in the process
of clearing the damage are subject to direct regulation by miRs. From the damage
sensor H2AX, to ATM as a signal transducer, to downstream effector pathways
miRs target and directly regulate key components of the process. Indirectly, miRs
modulate the expression of upstream regulators of the process in order to provide a
fine-tuning of the pathway [10]. The extent to which the DDR, gatekeeper of
genomic stability, is regulated by miRs underscores the importance of proper
expression and function of these RNAs in this pathway [Fig. 8.3].

8.3 MiRs Expression in Carcinogenesis

MiRs, by their nature, regulate both tumor suppressor genes and oncogenes, and
are divided into oncomircroRNAs which regulate tumor suppressors or anti-
oncomicroRNAs which regulate oncogenes [11]. This regulation depends on the
tissue in which the miR is expressed. The first indication that miRs could be
implicated in cancer pathology was from the early descriptive studies in C. ele-
gans and drosophila model systems where mutations in let-7 resulted in
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Fig. 8.2 ATM Regulates and is Regulated by miRs During DDR. DNA damage induced ATM
activation triggers miR biogenesis via phosphorylation of KSRP. ATM itself is regulated by miRs
18a, -421, and -106a. Regulation of ATM fine-tunes the response to DNA damage

loss-of-function phenotypes as seen in loss of proliferation regulation [12, 13].
The association of miR expression with carcinogenesis was shown initially in
chronic lymphocytic leukemia (CLL) which linked loss of expression of miRs 15
and 16 to disease progression [14]. This was the first in a series of studies that
critically examined the miR expression patterns, mutation rates, and physiologi-
cal consequences in neoplastic tissue arising from every tissue type [4].
Determination of the gene locus of these miRs found that a majority of these cod-
ing sites can be found in fragile sites, susceptible to alteration, and also in genomic
regions frequently associated with carcinogenesis [15]. The distribution of these
genes is not random as most of these coding regions are positioned to be flanking
oncogenes and common translocation sites that result in altered expression or
even deletion of these miRs [16]. As such, a stressed system is likely to expose
these fragile sites to damage [17].
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Fig. 8.3 The DDR is Regulated at all Levels by miRNAs. MiR expression as the result of ionizing
radiation exerts a regulator effect on all phases of the DNA damage response. This regulation
determines whether damage is able to be detected and whether the appropriate effector pathways
can be signaled

The effect of genomic changes to miR sequences or transcription rates is com-
pounded because of the mechanisms by which miRs are processed into maturity.
MiR clusters encompass precursors to mature miRNA products; as such altera-
tions in any given cluster can have wide-ranging, deleterious effects. The localiza-
tion of these miR coding genes at fragile sites, combined with the documented
high mutation rate is further affected by alterations in protein-coding genes crucial
in miR biogenesis, specifically Dicer and Argonaute coding genes [16]. Such alter-
ations fall into the following catagories: (1) loss of miR expression due to deletion,
transcription error, or mutation, (2) over-expression due to gene translocation, and
(3) altered expression due to changes in the biogenesis pathway and machinery.
The physiological consequences manifest themselves in the form of hyper-prolif-
eration, evasion of apoptosis, and invasiveness due to the inability to properly
regulate target mRNAs.



188 R.J. Boohaker and B. Xu
8.4 MiRs as Biomarkers for Radiation Sensitivity

An ideal biomarker meets the following characteristics: it must be specific to the
pathology in question, is rapidly detectable upon onset of the pathology, is propor-
tional, or inversely proportional, to the severity of the pathology, is a preclinical
predictor of a clinical outcome, and is readily accessible [18]. The quest for bio-
markers as prognosticators for positive therapeutic outcomes has focused attention
on circulating miRs. Since miRs are critical regulatory elements of key pathways,
changes in their expression levels could be reliably linked to the mRNA targets and
subsequent pathways they regulate. The discovery of detectable miRs in serum and
other bodily fluids points to use of these extracellular miRs as potential biomarkers.
These miRs are packaged in such a way as to avoid RNase digestion and likely act
as cell-to-cell communicators, and because of their stability and specificity, can
indicate tissue specific pathology.

Normal, non-cancerous tissues exhibit a predictable change in miR expression in
response to radiation. Notably, the biogenesis of miRs that regulate cell cycle pro-
gression and DDR are regulated in a dose-dependent manner to IR [19, 20]. Acting
as anti-oncomiRs, the let-7 cluster of miRs is linked to cell cycle progression and
apoptosis regulation through regulation of KRAS, while the miR-34 family is tar-
geted by p53 to halt cell cycle progression and modulate apoptosis proteins [21].
Additionally, miR-21 is reliably up-regulated in both normal and cancerous tissue
and is reported to target key components in the apoptotic pathway such as the tran-
script for programmed cell death 4 (hPDCD4) [22]. At the front end of the DDR,
initiated by ionizing radiation-induced double-stranded DNA breaks, ATM expres-
sion is regulated by miR-421 [8] and miR-101 [23] while at the back end, H2AX, a
histone variant phosphorylated by ATM, is targeted by miRs-24 and -138 [24, 25].
Over-expression of any of these miRs results in down-regulation of their protein
targets and subsequently leads to accumulation of chromosomal damage and sensi-
tivity to IR.

The pathway-specificity and ubiquitous expression profiles of these few miRs
provide promising biomarkers for predicting radiosensitivity. Nearly all have
direct targets at key non-redundant junctures in the DDR, cell-cycle, proliferation
and apoptotic pathways. The differential expression in normal tissues upon treat-
ment with ionizing radiation gives a baseline with which to measure efficient path-
way execution when compared to cancerous tissue. The ability to detect and
quantify these miRs prior to and in the course of treatment has the potential to
increase therapeutic efficacy and improve patient outcome. Use of patient data-
bases such as The Cancer Genome Atlas (http://tcga-data.nci.nih.gov) and cBio-
Portal (http://www.cbioportal.org) provide standardized sets of data gathered from
patient biopsies. Meta-analysis of these datasets links expression patterns in tumor
types to survivability and treatment efficacy, identifying clinically relevant miRs
that may be key regulators in the response to radiation. These studies are currently
being done for most tissue specific cancers from head and neck cancers to glioblas-
tomas [26-28].
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Table 8.1 Tissue specific miR expression alterations after IR exposure

Tissue type Increased expression Decreased expression

Blood and Let-7f, miR-16, miR-17-3p/5p, miR-19a, |Let-7e, miR 10a, miR-17,

lymphocytes miR-20a/b, miR-24, miR-27a, miR- miR-19b, miR-99a, miR-100,
29a/c, miR-34a/b, miR-106a, miR-126, miR-143, miR-152, miR-181a,
miR-142-5p, miR-145, miR-155, miR-196a
miR-221, miR-222, miR-601

Breast — miR-302a/b/c/d/e

Central nervous
system

Let-7 family, miR-15a, miR-16,
miR-17-3p/5p, miR-19a/b, miR-22,
miR-21, miR-142, miR-143, miR-155,

miR-107, miR-181a, miR-521

Colorectal miR-125a-3p, miR-137, miR-188-5p, miR-1274b, miR-720
miR-483-5p, miR-630, miR-765,
miR-1183, miR-1909

Lung Let-7a, miR-15, miR-16, miR-17-5p, Let-7 family, miR-15b,
miR-19a/b, miR-20, miR-24, miR-27a/b, | miR-17-5p, miR-19b, miR-21,
miR-30a-5p, miR-99a, miR-106a, miR-26b, miR-125a, miR-
miR-126, miR-128b, miR-148a, 130a, miR-155
miR-221, miR-365, miR-451, miR-495

Urogenital miR-9-1, miR-22, miR-24, miR-29b, miR-100, miR-106b, miR-107,
miR-141, miR-191, miR-200c, miR-379 | miR-133b, miR-143, miR-145,

miR-196a, miR-199a
Head and neck Let-7c/d/g, miR-17-3p/5p, miR-27b, Let-7f/g, miR-10a, miR-106a,

miR-34a/b, miR-188-5p, miR-365

miR-152

Adapted from [47]

Can circulating miRs be used to predict radiosensitivity? Recent studies have
indicated that, yes, tumor specific circulating miRs can be detected in blood serum.
Examples of this can be found in breast cancer [29-31], and in a recent study that
showed xenograft-specific miR detection in the blood serum of mice correlated to
clinical samples from patients with pancreatic, lung and colorectal cancers [32].
The real key to the feasibility of miRs as biomarkers in a clinical setting is that the
detectable, circulating miRs at least partially overlap with the tumor-specific ones.
To date, radiosensitivity miR biomarkers have been identified in every major tissue
specific cancer [Table 8.1]. The development of clinical assays to rapidly and accu-
rately evaluate the radiosensitivity of cancers depends in part on the ability to iso-
late and detect miRs in a minimally invasive manner.

8.5 MiRs as Therapeutic Targets to Enhance Radiation
Efficacy

Given the baseline expression of key miRs involved in the radiation response, cou-
pled with changes in expression when exposed to radiation, a list of therapeutic
targets begins to emerge in disregulated systems. The therapeutic avenues for rescu-
ing normal phenotypes are to either inhibit the activity of over-expressed miRs or
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exogenously express deficient miRs. The major obstacle to this is the ability to
package and deliver the therapeutic agent in a way that will ensure both stability and
tissue specificity. Current strategies in miR-based cancer therapy have used modi-
fied, or locked, nucleic acids to competitively bind and inhibit mature miRs [33]. To
combat under-expression or deletion of key miRs, synthetic naked miRs can be
loaded into tagged lipid vesicles or nanoparticles for delivery [34]. Viral delivery of
deficient miRs has shown promise in laboratory settings and even in vivo, but the
concern of chromosomal integration and other off target effects has limited success
in pre-clinical and clinical trials [35, 36].

A less direct method to affect miRNA expression is through the use of drug com-
pounds to induce miR biogenesis pathways subsequently resulting in a synthetic
lethality in cancerous cells when coupled with radiation treatment. A prime exam-
ple of this is the identification of MiRNA-145 as an indicator of tumor sensitivity to
radiation in prostate cancer [37]. This miR also plays a role in ovarian cancer where
its expression can be induced by the flavonoid quecetin subsequently inducing
apoptosis [38]. Also within the class of flavonoids, Rhamnetin and cirsiliol have
been shown to induce miR-34a expression. MiR-34a inhibits Notch-1 expression
and renders tumors more susceptible to IR treatment [39]. Another example is can-
tharidin, a terpenoid, affecting the expression of miR-214 regulating p53-mediated
apoptotic pathway to swing the Bax/Bcl-2 balance towards cell death [40]. The use
of these compounds and others like them depends heavily on identification and
targeting of the tissue specific miR responsible for pathway dysregulation.

8.6 Clinical Significance

The extent to which miRs regulate critical survival and repair pathways in a cell
makes these small oligonucleotides ideal as predictors and therapeutic targets in the
treatment of a wide array of cancers. MiR biogenesis pathways are incredibly sensi-
tive to internal and external changes, allowing for the characterization of expression
patterns in the face of DNA damage resulting from ionizing radiation. It is impor-
tant to establish and validate cancer-specific biomarkers using meta-data analysis
and bench-top verification of radiosensitive miR signatures for relevant carryover
into the clinical setting. Properly vetted biomarkers can be used both as prognosti-
cators as to whether the cancerous tissue will be responsive to therapeutic doses of
radiation, and if readily accessible, as with circulating miRs, can be assessed during
the course of treatment to assure that the cells are responding to treatment. This is
beneficial from the perspective of patient wellbeing because radiotherapy can be
discounted out right, fine-tuned in dosage, or coupled with other therapies with
greater confidence in the sensitivity of the cells to treatment.

As clinically relevant therapeutic targets, miRs can either be inhibited or induced.
The balance in this strategy is in the delivery mechanism and ensuring that drug deliv-
ery is tumor specific with limited off target effects. Because of the nature of miR regu-
lation, in that one mature miR has multiple mRNA targets, it is critical to target miRs
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with direct effects on pathways involved in DNA damage. Over-expressed miRs are
an easier target to address because the drug or oligomimetic cargo can be packaged in
such a way to direct the therapy to specific cells with specific receptors. Drug-induced
specific miR biogenesis with the intent of weakening a survival or repair pathway
could prove more challenging. A more focused approach to manipulating miR expres-
sion is needed to effectively produce the synthetically lethal radiosensitivity. As a
class of nucleotides though, miRs are emerging as critical components.
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