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Abstract

Radiotherapy is essential to the treatment of most solid tumors

and acquired or innate resistance to this therapeutic modality is a

major clinical problem.Herewe show thatmiR-139-5p is a potent

modulator of radiotherapy response in breast cancer via its

regulation of genes involved in multiple DNA repair and reactive

oxygen species defense pathways. Treatment of breast cancer cells

with amiR-139-5pmimic strongly synergizedwith radiation both

in vitro and in vivo, resulting in significantly increased oxidative

stress, accumulation of unrepaired DNA damage, and induction

of apoptosis. Several miR-139-5p target genes were also strongly

predictive of outcome in radiotherapy-treated patients across

multiple independent breast cancer cohorts. These prognostically

relevant miR-139-5p target genes were used as companion

biomarkers to identify radioresistant breast cancer xenografts

highly amenable to sensitization by cotreatment with a

miR-139-5p mimetic.

Significance: The microRNA described in this study offers a

potentially useful predictive biomarker of radiosensitivity in solid

tumors and a generally applicable druggable target for tumor

radiosensitization. Cancer Res; 78(2); 501–15. �2017 AACR.

Introduction

Radiotherapy is an essential component of primary, adju-

vant, and palliative treatment for almost all types of solid

cancer. In breast cancer, radiotherapy alone is responsible for

decreasing the 10-year risk of recurrence by one half and the 15-

year risk of breast cancer–related death by one sixth in early-

stage patients (1). Although radiotherapy is a local treatment

modality, it also has a profound benefit in preventing systemic

dissemination (1). Despite this, local control of the disease still

fails in 8%–15% of radiotherapy-treated patients. Because

breast tumor cells display a striking range of sensitivities to

radiation (2), in many cases locoregional recurrence is thought

to be due to the presence or evolution of radioresistant tumor

cells for which standard fractionated radiotherapy doses are

sublethal. Suboptimal treatment also results from the dearth of

radiotherapy-predictive biomarkers available for routine clin-

ical use able to indicate optimal radiation dosing (3). Innate or

acquired resistance to radiotherapy leading to treatment failure

therefore represents an important clinical problem.

Cellular exposure to radiation results in damage to DNA and

other cellular structures that triggers a complex cascade of

downstream response pathways in both the nucleus and cyto-

plasm, including the modulation of cell cycle, DNA repair,

reactive oxygen species (ROS) defense, cytokine production,

and apoptosis. In certain tumor cell subpopulations, these gene

networks can be innately biased toward a radioresistant, pro-

survival phenotype, for example, via decreased proliferation or

accelerated cell-cycle arrest, more efficient or prolonged DNA

repair, or dampened apoptotic signaling (4–6). Increasing

evidence has shown that miRNAs, as important posttranscrip-

tional regulators of gene expression, have key roles as regulators

of many of these processes. miRNAs also play central roles in

therapeutic response in cancer (7), and may also represent both

an important new class of prognostic and predictive biomarkers

(8), as well as viable therapeutic targets (9). Previous studies

have identified important roles of specific miRNAs in radiation

response in several cancers, including non–small cell lung (10)
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and prostate (11). On the basis of this knowledge, we hypoth-

esized that there may be several as yet undiscovered miRNAs

with key roles in mediating the clinically important processes of

radiotherapy resistance in breast cancer. We therefore aimed to

identify such miRNAs, and to determine whether they and/or

their targets could represent viable drug targets and biomarkers

suitable for future clinical exploitation.

Materials and Methods

Clinical specimens

Primary breast tumor specimenswere collected during surgery for

breast cancer from patients enrolled in the St. George Breast Boost

trial conducted at St. George Hospital (Sydney, New South Wales,

Australia). Studies were performed after approval by the institution-

al review board (human research ethics committee) of St. George

Hospital (approval 96/84) and in accordance with the Declaration

of Helsinki, and informed written consent was obtained from all

subjects where necessary. Formalin-fixed paraffin embedded tumor

material from 20 patients was collected, consisting of two groups of

10 patientsmatched for all clinicopathologic variables and differing

only in local relapse status, with amedian follow-up time of 9 years

(see Supplementary Table S1, for full clinicopathologic character-

istics). Radiotherapy consisted of 45Gy in 25 fractions plus a tumor

bed boost of 16 Gy in 8 fractions. miRNAwas extracted from tissue

samplesusing themirVanamiRNAIsolationKit (Ambion)asper the

manufacturer's instructions.miRNA quality and quantity was deter-

mined by spectrophotometry.

miRNA and mRNA microarray analysis

miRNA and mRNA profiling of primary breast tumor speci-

mens and cell lines was performed using Human (V3) 8 � 15K

miRNA microarrays (Agilent), based on Sanger miRbase release

12, and SurePrint G3 Human GE 8 � 60K Microarrays (Agilent),

respectively. Labeling and hybridization of microarrays was per-

formed by the Ramaciotti Centre for Genomics (University of

New South Wales, Sydney, New South Wales, Australia). Follow-

ing data extraction and normalization using Agilent microarray

scanning software, analyses were performed using BRB-Array-

Tools (developed by Dr. Richard Simon and the BRB-ArrayTools

Development Team) and in the R statistical computing and

graphics environment (http://www.r-project.org). After averaging

probes across each array and excluding probesmissing in >30%of

samples, a significance threshold of 0.001 for univariate testing

and a fold-change threshold of 2.0 (miRNA) or 1.5 (mRNA) was

used to identify differentially expressed genes. The Gene Expres-

sion Omnibus (GEO) accession numbers for miRNA and mRNA

expression data are GSE107743 and GSE107800, respectively.

Cell lines and transfections

Cell lines were obtained from ATCC between 2001 and 2012

and cultured according to their recommendations (www.atcc.

org). All cell lines were used within approximately 10–50 pas-

sages of thawing original stocks, regularly tested for mycoplas-

ma, and authenticated by STR genotyping immediately prior to

use. miR-139-5p and negative control miScript mimics and

inhibitors (Qiagen) were transfected into cultured cells using

the HiPerFect transfection reagent (Qiagen) at a final concen-

tration of 10 nmol/L as per manufacturer's instructions. miS-

cript miRNA Target Protectors (Qiagen), designed to transiently

disrupt miR-139-5p binding to each target site, were transfected

at a final concentration of 500 nmol/L. mRNA was extracted

from cells using the RNEasy Mini Kit (Qiagen) as per manu-

facturer's instructions. mRNA quality and quantity was deter-

mined by spectrophotometry.

Irradiation

Cultured cells andmicewere irradiatedwith the doses specified

using the X-RAD 320 X-ray irradiator (Precision X-Ray Inc) at a

dose rate of 1 Gy/minute on a rotating pedestal.

Biomarker validation

mRNA/miRNA expression data from publicly available

microarray datasets downloaded from the National Center for

Biotechnology Information (NCBI) GEO repository and the

Molecular Taxonomy of Breast Cancer International Consor-

tium (METABRIC) data portal were used for analysis. Datasets

were selected for analysis based on the quality of patient

clinicopathologic data available (including treatment informa-

tion), cohort size, and length of clinical follow up. GEO datasets

GSE2034 ("Rotterdam"; n¼ 286; ref. 12), GSE4922 ("Uppsala";

n ¼ 142; ref. 13), GSE11121 ("Mainz"; n ¼ 200; ref. 14),

GSE22220 ("Oxford"; n ¼ 102; ref. 15), GSE31863 ("Lund";

n¼143; ref. 16), and theMETABRICdataset (n¼ 538; ref. 17)were

included in the analysis (Supplementary Tables S2–S4 for patient

characteristics). Patients were excluded if they received systemic

chemotherapy, did not receive adjuvant radiotherapy, or if treat-

ment was unknown. A minimum P value approach was used to

select a cut-off point for each biomarker with P values corrected for

multiple testing (18). Follow-up was capped at 10 years for those

datasets with insufficient subsequent survival events for reliable

analysis. Data were analyzed and reported according to ReMARK

recommendations for studies on tumor markers (19).

Animal studies

All animal experiments were approved by the Institutional

Animal Care and Use Committee of the Garvan Institute of

Medical Research and theUniversity ofNewSouthWales (Sydney,

New South Wales, Australia). To establish breast cancer xeno-

grafts, 3 � 106 MCF7 or SKBR3 cells suspended in Matrigel

(Corning) were implanted by orthotopic injection into the mam-

mary fat pads of 8- to 12-week-old female Balb/c nudemice. Mice

receiving MCF7 xenografts were also supplemented with a sub-

cutaneous slow-release 17b-estradiol pellet (Innovative Research

of America). Mimic � fractionated radiotherapy treatment com-

menced once a palpable tumor (�150 mm3) had formed. Deliv-

ery efficiency of miRNA mimics via peritumoral subcutaneous

injection was first established using Alexa Fluor 488-labeled

control mimics. Fluorescence was widespread within the tumor

for up to 7 days (the last time point collected), confirming

effective delivery via this route of administration. Twenty micro-

grams of miR-139-5p or negative control miScript mimic

(Qiagen) suspended in MaxSuppressor In Vivo RNA-LANCEr II

(Bio Scientific) in vivo transfection reagent was delivered to

animals by pertiumoral subcutaneous injection. Eight hours later,

mice were lightly anesthetized before being placed inside a full-

body irradiation shield (Braintree Scientific) containing a 10-mm

circular hole throughwhich the tumor xenograftwas exposed, and

treated with 2 Gy radiation. Mice received 4 (MCF7) or 6 (SKBR3)

fractionated doses of radiation over 2 or 3 weeks, respectively,

with mimics administered prior to the first, third, and fifth (for

SKBR3 only) fraction.
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Luciferase assays

The 60bp genomic region containing each predicted

miR-139-5p binding site was cloned either downstream (for

30 UTR binding sites) of the luc2 luciferase reporter gene in the

pmiRGlo Dual Luciferase vector (Promega), or upstream (for 50

UTR binding sites) of the RenSP luciferase reporter gene in

the pLightSwitch_5UTR vector (Active Motif). Constructs were

cotransfected with either the miR-139-5p or control mimic and

luciferase signal quantified by spectrometry using either the

Dual-Glo Luciferase Assay System (Promega) or LightSwitch

Luciferase Assay System (Active Motif) as appropriate, as per

manufacturer's instructions.

cDNA synthesis and quantitative real-time PCR

For miR-139-5p quantification, cDNA was prepared using the

miScript II RTKit (Qiagen) andmeasuredusing the TaqManSmall

RNA Assay and TaqMan PCR Mastermix (Applied Biosystems) as

per the manufacturer's instructions. For mRNA quantification,

cDNA was generated from total RNA using the SuperScript VILO

cDNA Synthesis Kit (Life Technologies) and measured using the

Roche Universal Probe Library and Mastermix on the LightCycler

480 qPCR system (Roche Diagnostics) as per the manufacturer's

instructions. qPCR primer sequences and corresponding Univer-

sal Probe Library Probe numbers are shown in Supplementary

Table S5.

Antibodies

MAT2A, POLQ, TOP2A, RAD54L, XRCC5, gH2AX, Ki-67,

cleaved caspase-3, GAPDH, and b-actin antibodies were pur-

chased from Sigma-Aldrich. TOP1 antibody was purchased from

Invitrogen Life Technologies.

Functional assays

CellTiter 96 Aqueous One Solution Cell Proliferation Assay

(MTS) Assay (Promega), DNA Damage AP Sites Colorimetric

Assay Kit (Abcam), glutathione (GSH)/GSSG-Glo Assay (Pro-

mega), CellROXGreen oxidative stress detection reagent (Thermo

Fisher Scientific), Apo-ONE Homogeneous Caspase-3/7 Assay

(Promega), and ApoTox-Glo Triplex Apoptosis Assay (Promega)

were performed as per manufacturer's instructions.

Statistical analysis

Statistical analyses were performed using Prism 9 (GraphPad)

and PASW Statistics 18 (SPSS). All results were confirmed in at

least three independent experiments. Quantitative data are pre-

sented as mean � SD unless otherwise denoted. Student t tests

were used for the comparison of means of quantitative data

between groups. Two-way ANOVA was used to compare dose–

response curves. Univariate andmultivariate Cox regression anal-

yses and Kaplan–Meier plots were used for survival analyses in

which endpoints were isolated local recurrence, distant relapse–

free survival, recurrence-free survival, overall survival, anddisease-

specific survival as defined by the STEEP criteria (20). P values

<0.05 were considered statistically significant and all tests were

two-sided.

Results

Multiple miRNAs are associated with local relapse in patients

with radiotherapy-treated breast cancer

Primary tumor specimens from early-stage breast cancer

patients previously enrolled into a randomized radiotherapy

clinical trial (21) were selected for miRNA microarray profiling.

Patients treated with breast conserving surgery (BCS) þ radio-

therapy but no chemotherapy were equally divided into two

groups matched for all clinicopathologic variables (Supplemen-

tary Table S1) barring local relapse status (median follow up time

9 years). Microarray profiling was used to identify miRNAs

associated with local relapse following radiotherapy with the aim

of also enriching for miRNAs associated with radiotherapy resis-

tance or sensitivity. Eleven miRNAs were significantly differen-

tially expressed between the two groups (at <0.001 level by

univariate test and FDR <5%; Fig. 1A). StarBase (22) was used

to predict putative target genes for each. miR-139-5p, overex-

pressed 3.8-fold in the tumors of nonrelapsed patients, was

chosen for further study as it was predicted to target the largest

number of genes that have potentially important roles in radia-

tion response, including those associated with DNA repair and

maintenance (TOP1, TOP2A,XRCC5, RAD54L, RAD54L2, POLQ,

UBE2N, CDT1, SEPT6), cell-cycle control and proliferation

(FOS, ZEB2, LAPTM4B), ROS defense (MAT2A), and apoptosis

(TP53INP1). miR-139-5p expression was also significantly ele-

vated in the tumors of radiotherapy-treated patients from two

additional independent cohorts consisting of 538 and 207 breast

cancer patients (15, 17) who had excellent outcome (no relapse

or death; Fig. 1B and C; P < 0.05; mean follow-up time 8.2 and

7.8 years, respectively). Together these data support a role for

miR-139-5p in the tumor response to radiotherapy.

miR-139-5p regulates radiation sensitivity in breast cancer cells

We next sought to determine whether exogenous miR-139-5p

could increase radiation sensitivity in vitro. MCF7 breast cancer

cells were selected as the initial in vitro model as they share the

same intrinsic subtype as the patients profiled (Luminal A) and

have a very well-characterized DNA damage response (DDR)

and DDR-related gene mutation status. Cells transfected with a

miR-139-5p mimic (which increased intracellular levels by

several hundred-fold) and exposed to a 0 to 12Gy radiation

demonstrated significantly decreased survival compared to neg-

ative control mimic-transfected control cells, corresponding to a

mean increase in sensitivity of 52% by MTS assay (day 4;

Fig. 1D; P < 0.01). Cell death often occurs over an extended

period following a single radiation exposure. Clonogenic assays

demonstrated that miR-139-5p's inhibitory effects were present

for an extended period, with transfected cells forming up to 80%

fewer colonies 14-days posttreatment compared to controls

(Fig. 1E; P < 0.001). miR-139-5p mimic transfection also sen-

sitized MCF7 cells to a fractionated radiation dose (four 2-Gy

doses over 8 days), which more closely reflects dosing in the

clinic (Supplementary Fig. S1A and S1B). Strong sensitization

effects were not only specific to radiation-induced damage—

miR-139-5p also significantly sensitized cells to a range of DNA-

damaging chemotherapeutics (cisplatin, mitomycin C, doxoru-

bicin, and particularly the PARP inhibitor rucaparib; Fig. 1F–I).

In addition, endogenous miR-139-5p levels were also inversely

correlated to sensitivity to these and 11 other DNA-damaging

compounds (Supplementary Table S6). These findings poten-

tially broaden the clinical relevance of miR-139-5p and suggest

it may also have a role in the response to several other important

DNA-damaging agents currently in use for the treatment of a

wide range of cancers.

Although exogenous miR-139-5p had clear radiosensitization

effects, importantly at physiologic levels miR-139-5p was also

miR-139-5p Modulates Breast Cancer Radiotherapy Resistance
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significantly negatively correlated with radiation resistance, as

measured across 10 breast cancer cell lines (r2 ¼ 0.55 Fig. 1J;

P¼ 0.0138). In addition, inhibiting basal miR-139-5p expression

in MCF7 cells by transfection with a miR-139-5p inhibitor con-

ferred significant resistance to radiation compared with controls

(Fig. 1K; P < 0.05). Quantitation of endogenous miR-139-5p

demonstrated that its expression itself was also radiation-respon-

sive—basal miR-139-5p expression was rapidly downregulated

following irradiation, with a 75% decrease 4 to 8 hours after a

single 3-Gy dose (Fig. 1L). This compares to miR-222, which was

also differentially expressed in the initial patient cohort (Fig. 1A),

and a third miRNA, rnu48, neither of which showed significant

time-dependent changes in gene expression.

miR-139-5p directly targets critical DNA repair and ROS

defense genes

miRNAs exert their effects through posttranscriptional

silencing, most often by binding to untranslated regions (UTR)

of target mRNAs by complimentary base pairing (23). To

identify the gene targets of miR-139-5p that may be respon-

sible for its radiosensitization effects, we used an integrative

genome-wide bioinformatics approach (Fig. 2A). First, putative

miR-139-5p targets were identified from three sources: CLIP-

Seq experimentally supported miRNA-mRNA target prediction

datasets generated by starBase v2.0 (22), enriched targets

identified from miR-139-5p pulldown experiments (24) and

target prediction by the RNA22 algorithm (25). Second, this

combined putative target list was filtered by siRNA screen data

derived from three independent studies that identified genes

whose loss of function was associated with radiation sensitivity

(26–28). Third, these data were compared with significantly

downregulated genes identified by microarray gene expres-

sion profiling of miR-139-5p mimic-transfected MCF7 cells

(Fig. 2A). In this manner, 13 genes were identified that were

predicted targets of miR-139-5p, downregulated following

miR-139-5p mimic transfection, and when downregulated,

triggered sensitivity to ionizing radiation. The predicted bind-

ing site of 11 of the 13 putative targets was in the 30 and/or 50

UTR region of each gene, whereas 2 were present in the coding

domain sequence (CDS). Luciferase reporter constructs con-

firmed miR-139-5p binding to 4 of the 11 genes containing

UTR binding sites: MAT2A, POLQ, TOP1, and TOP2A (Fig. 2B).

The expression of these 4 genes was also downregulated at both

the mRNA and protein level in response to miR-139-5p mimic

transfection (Fig. 2C–E). In addition, two further genes with

putative binding sites in their CDS regions, XRCC5 and

RAD54L, were also significantly downregulated at the mRNA

(RAD54L) and protein (RAD54L and XRCC5) level. The

cotransfection of miRNA target protectors, designed to tran-

siently disrupt miR-139-5p binding to each target site, effi-

ciently reversed the repression of gene expression, further

confirming binding at the sites predicted (Fig. 2C). Compar-

ative genomics of predicted miR-139-5p binding sites demon-

strated the strong evolutionary conservation of all six binding

sites across 15 eutherian mammals (Supplementary Fig. S2A),

consistent with these short regulatory sequences having func-

tional significance across diverse species. Finally, paired

mRNA/miRNA profiling of 207 primary breast cancer tumors

(GEO dataset GSE22220; ref. 15) demonstrated that the endog-

enous expression of all genes barring XRCC5 showed a negative

linear correlation to basal miR-139-5p expression, which was

particularly strong for POLQ, TOP2A, and RAD54L (Fig. 2F–H;

Supplementary Fig. S2B–D). This provides evidence that miR-

139-5p plays an important role in the regulation of these genes

at physiologic levels in breast tumors and not only when

artificially overexpressed. Together, these data demonstrate

that miR-139-5p directly regulates critical DNA maintenance

and repair genes POLQ, TOP1, TOP2A, RAD54L, and XRCC5,

and ROS defense-related gene MAT2A.

miR-139-5p overexpression inhibits DNA repair and

oxygen-free radical scavenging, leading to apoptosis in

irradiated breast cancer cells

Microarray gene expression profiling of mimic-transfected

MCF7 cells was undertaken to identify potential signaling

pathways responsible for miR-139-5p–mediated radiosensiti-

zation. In accordance with the nature of the targets identified,

Ingenuity Pathway Analysis (IPA; Qiagen) identified "DNA

Recombination, Replication, and Repair and Cancer" among

the top three differentially expressed networks, with 19 of the

25 (76%) differentially expressed genes assigned to the network

being significantly downregulated (Fig. 3A). Central signaling

nodes in this network were key stress response genes PRKAA1/2

(AMPK1/2), and TP53, which together closely link DNA repair-

related (POLQ, TOP1, TOP2A, RAD54L, and XRCC5) and ROS

defense-related (MAT2A) miR-139-5p target genes in a single

gene network. To determine whether these findings had func-

tional significance, we next quantified the DNA repair ability of

mimic-transfected following irradiation. Phosphorylated his-

tone protein gH2AX (phospho-H2AX) rapidly (<1 minute)

binds to DNA double-stranded breaks (DSB), forming a scaf-

fold for the assembly of DDR proteins, and is a marker of

unrepaired radiation-induced DNA damage (29). Consistent

with strongly inhibited DNA repair, phospho-H2AX levels

Figure 1.

High miR-139-5p expression is associated with improved breast cancer patient outcome following radiotherapy, and overexpression of miR-139-5p

sensitizes MCF7 cells to radiation. A, miRNA genes associated with local relapse in the primary tumors of radiotherapy-treated breast cancer patients and

their mean fold-change in no relapse vs. relapse samples. B-C, miR-139-5p was significantly upregulated in breast cancer patients who did not experience

relapse or death (respectively) following radiotherapy in two independent cohorts (n ¼ 538 and 207). D and E, Exogenous miR-139-5p expression

significantly sensitizes MCF7 breast cancer cells to radiation in vitro, as measured by MTS (D; P ¼ 0.004 by ANOVA) and clonogenic assays (E; P < 0.001).

F–I, IC50 curves for four genotoxic chemotherapy agents. miR-139-5p mimic transfection not only sensitizes tumor cells to radiation, but also DNA

damaging chemotherapeutic drugs (all P < 0.05). J, Basal miR-139-5p expression was negatively correlated with resistance to a single 3Gy dose of

radiation in 10 breast cancer cell lines, as measured by MTS assay 4 days posttreatment (expression values are log2; r
2
¼ 0.55, P ¼ 0.01). K, Inhibition of

miR-139-5p in MCF7 cells, which have among the highest levels of endogenous miR-139-5p expression of the breast cancer cell lines analyzed,

conferred significant resistance to a dose range of radiation (P ¼ 0.049). L, Basal miR-139-5p expression in MCF7 cells quickly decreases following

irradiation (3Gy dose), in contrast to miRNAs-222 and rnu48, which remain little changed (bars, SD). Significance calculated by ANOVA and Student t test

as appropriate. � , P < 0.05; ���, P < 0.001.
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in miR-139-5p mimic–transfected, irradiated cells increased

3.7-fold compared with control-mimic irradiated cells by 24

hours postirradiation (Fig. 3B; with controls at this time point

exhibiting a 1.5-fold increase compared with nonirradiated

cells), and remained significantly higher for at least 72 hours

(the final time point assayed) as measured by Western blot

analysis. Single-cell analyses further revealed a 3-fold increase

in nuclear phospho-H2AX foci 24 hours postirradiation

(Fig. 3C and D; P < 0.0001). Apurinic/apyrimidinic (AP) site

formation is a second major indicator of radiation-induced

(particularly oxidative) DNA damage, and results in nonin-

structional lesions that are potentially mutagenic and cytotoxic

(30). POLQ and XRCC5 are both required for the efficient

removal of AP sites near DSBs (31, 32). Consistent with their

repression, an 86% increase in genome-wide AP sites was

observed in irradiated mimic-transfected cells versus controls

(19.9 vs. 37.1 sites per 105 bases; P < 0.01; Fig. 3E). To confirm

whether miR-139-5p–mediated inhibition of these DNA repair

networks would further sensitize DDR-deficient cell lines

as expected, and to generalize our findings outside the MCF7

cell line, an additional nine breast cancer lines with varying

complements of DDR-related mutations and DNA damage

sensitivities (Supplementary Table S6) were also treated with

a radiation dose range (0–12 Gy) and a miR-139-5p or control

mimic. miR-139-5p overexpression significantly increased radi-

ation sensitivity in all 10 cell lines, ranging from 18% to 64% at

6Gy (all P < 0.05; Fig. 3F and G and Supplementary Fig. S3A–

S3I). Although there was no clear relationship between induced

sensitivity and intrinsic subtype, there was a positive associa-

tion between induced sensitivity and the number of pathogenic

mutations in key DDR genes (which itself was associated with

endogenous sensitivity to 15 DNA-damaging agents; Supple-

mentary Table S6): the average sensitivity of cell lines with >1

mutation increased by a mean 42% in response to miR-139-5p

overexpression, compared with a mean 24% in those cell lines

with �1 mutation (P ¼ 0.018). Overall, transfection with the

miR-139-5p mimic was twice as potent in promoting radiation

sensitivity compared to accumulating 2 or more DDR muta-

tions. These data are consistent with miR-139-5p's ability to

inhibit multiple DDR pathways simultaneously, which com-

pounds with mutations in DDR-related genes to induce radi-

ation sensitivity in these cell lines.

The activity of central DDR signaling node PRKAA is regu-

lated by S-adenosylmethionine (SAM; ref. 33), biosynthesis of

which is catalyzed by miR-139-5p target MAT2A. SAM synthesis

also contributes to defense against the highly genotoxic ROS

generated by ionizing radiation, which is the major catalyst of

both DSBs and AP sites (34). miR-139-5p mimic transfection

significantly sensitized cells to the ROS generator menadione

[IC50 values of 3.3 and 5.9 mmol/L for control and mimic-

transfected cells, respectively (P < 0.001); Supplementary

Fig. S3J]. In addition, significantly increased oxidation of the

CellROX Green fluorogenic oxidation probe was observed

in mimic-transfected irradiated cells compared with controls

(Fig. 3H and I), as was well a significant increase in the intra-

cellular level of the oxidized form of major antioxidant

glutathione (GSSG; Fig. 3J), both suggesting that cells were

experiencing markedly increased oxidative stress.

Finally, the increased oxidative stress and accumulation of

unrepaired DNA damage preceded the strong activation of

apoptosis effector proteins caspases 3/7, particularly at higher

radiation doses (with a 3.2-fold higher caspase-3/7 activation

compared with controls at 15Gy; Fig. 3K), which coincided

with the observed increased cytotoxicity in miR-139-5p mimic-

transfected and irradiated cells (Fig. 1D and E). Together, these

data indicate that miR-139-5p targets key members of multiple

signaling pathways associated with the response to ionizing

radiation damage. This results in significantly inhibited DNA

repair, free radical scavenging, and the promotion of apoptotic

cell death, consistent with its novel role as a radiotherapy

sensitizer.

miR-139-5p and its targets are strong predictive biomarkers for

radiotherapy

Because miR-139-5p and several of its validated targets were

confirmed to be important mediators of radiation sensitivity

in vitro, we next hypothesized that these genes may also make

effective clinical biomarkers to predict patient outcome following

radiotherapy. To determine this, tumor expression ofmiR-139-5p

and each of its targets was correlated to clinical outcome in 1,268

stage I–III breast cancer patients who were treated with surgery þ

adjuvant radiotherapy (no chemotherapy), derived from five

independent, retrospective microarray gene expression datasets

with long-term clinical follow-up ["Rotterdam"; n¼ 286; ref. 12),

"Uppsala" (n ¼ 142; refs. 13, 35), "Mainz" (n ¼ 200; ref. 14) for

mRNA, and "Oxford" (n ¼ 102; ref. 15), and "METABRIC" (n ¼

538; ref. 17) for miRNA; Supplementary Tables S2–S4, for patient

characteristics). The expression of miR-139-5p and three of its

targets, POLQ, TOP2A, and RAD54L, proved to be strongly

correlated to disease-free survival (DFS), distant metastasis-free

survival (DMFS), and breast cancer–specific survival (BCSS)

across multiple independent datasets [Fig. 4A–D; miR-139-5p

HR 0.3–0.5, P < 0.05; RAD54L, TOP2A, and POLQ HRs 2.2–3.4,

2.8-5.2, and 2.6-4.2, respectively; all P < 0.05 (excluding RAD54L

Figure 2.

miR-139-5p directly targets critical DNA repair and ROS defense genes. A, Putative miR-139-5p target genes relevant to radiotherapy response were identified

by taking the overlap between bioinformatically predicted or experimentally validated targets, genes that triggered radiation sensitivity in three siRNA

screens, and genes that were identified by microarray gene expression profiling as being downregulated at least 1.5-fold in response to miR-139-5p mimic

transfection. Thirteen putative targets were identified that passed all three filters. B, Luciferase signal was quantified in MCF7 cells cotransfected with a

luciferase expression construct containing the predicted miR-139-5p binding site from each putative target gene and the miR-139-5p mimic. Values represent

the change in luciferase signal detected compared with controls. C and D, Five of the six putative targets were significantly downregulated at the mRNA level

in response to miR-139-5p mimic transfection (compared with cells transfected with a negative control mimic; measured by qPCR; C), and all six putative

targets were significantly downregulated at the protein level (measured by Western blotting; D and E). Cotransfection with target protectors, which

specifically bind to and block each putative miR-139-5p binding site, reversed the effects on mRNA repression and resulted in expression not significantly

different from controls (C; n ¼ 4–6). F–H, Paired mRNA/miRNA gene expression profiling data of the primary tumors of 207 breast cancer patients (15)

demonstrated that the endogenous expression of POLQ (F), TOP2A (G), and RAD54L (H) showed a strong negative linear correlation to basal miR-139-5p

expression. Bars, SD. Significance calculated with Student t test. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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for DFS in the Uppsala cohort)]. Furthermore, multivariate Cox

regression analyses demonstrated that all four genes provided

prognostic information independent of all standard clinicopath-

ologic variables tested, including lymph node involvement,

tumor size, histologic grade, hormone receptor expression, and

age (where data was available) across all cohorts and survival

types (excluding RAD54L for DFS in theUppsala cohort; Table 1).

To distinguish whether these genes were true radiotherapy-

predictive rather than simply prognostic biomarkers, a sixth

independent cohort ("Lund"; n ¼ 143; ref. 16) derived from

patients enrolled in a randomized radiotherapy clinical trial and

a population-based cohort studywith a nested case–control study

was analyzed. This cohort consisted of two patient subgroups

matched for all clinicopathologic variables (age, tumor size,

lymph node involvement, histological grade, ER status, and PR

status), one of which received BCS þ postoperative radiotherapy

and the other treated with BCS alone. TOP2A, POLQ, and par-

ticularly RAD54L were all significantly prognostic specifically in

radiotherapy-treated [RAD54L and TOP2A for relapse-free sur-

vival (RFS), DMFS, and OS, and POLQ for RFS; all P < 0.05] but

not nonradiotherapy-treated patients, consistent with these genes

being true radiotherapy-predictive biomarkers (Fig. 4C and D).

miR-139-5p is a highly effective radiotherapy sensitizer for

breast cancer in vivo, whereas its targets are companion

biomarkers

We next wished to determine whether the miR-139-5p mimic

would make an effective radiotherapy sensitizer in vivo. MCF7

orthotopic xenografts in BALB/c nudemice were therefore treated

with fractionated radiotherapy � either a miR-139-5p or control

mimic (Fig. 5A). As expected, radiotherapy alone was effective in

reducing tumor size compared to non-radiotherapy–treated con-

trols (either with or without miR-139-5p mimic), which were all

euthanized by day 37 posttreatment due to high tumor burden

(>600 mm3; vs. mean 34 mm3 for radiotherapy-only treated

tumors at this time point; P < 0.001; Fig. 5B). After a strong initial

response however, radiotherapy-only–treated tumors quickly

relapsed, with all tumors reaching >600 mm3 by day 141. Con-

sistent with our in vitro findings, combining fractionated radio-

therapy with the miR-139-5p mimic was highly effective,

completely eliminating detectable tumors in all mice within 88

days, with animals remaining tumor-free until the final follow up

point at Day 250 (Fig. 5C). In agreement with other studies (36),

mimic administration appeared to haveminimal toxicity, with an

additional cohort ofmice (n¼ 8) treated with themimic only (no

radiotherapy) displaying no differences in weight, blood cell

counts, gross kidney and liver histology, or behavior compared

to saline-treated animals 7 days posttreatment (data not shown).

The use of miRNA mimics or inhibitors as therapeutics raises

the intriguing possibility that their targets may be used as com-

panion biomarkers, which could indicate their application. Prog-

nostic miR-139-5p targets TOP2A, POLQ, and RAD54L were

therefore quantified by qPCR in a panel of 10 breast cancer cell

lines to identify those with high expression (and therefore pre-

dicted to be radioresistant) versus those with low expression (and

therefore predicted to be radiosensitive; Fig. 5D). When summed

ranks were compared to endogenous radioresistance, a moderate

positive correlation was observed (Fig. 5E). This approach iden-

tified the SKBR3 cell line, which expresses high levels of TOP2A,

POLQ, and RAD54L (and low levels of miR-139-5p; Fig. 1D), as

an optimal candidate for mimic treatment (Fig. 5A). Confirming

the in vitro findings, SKBR3 xenografts were highly radioresistant,

with all radiotherapy-only treated tumors reaching ethical end-

point by day 54, just 25 days after tumors that received no

radiotherapy (vs. day 141 for radiotherapy-treated MCF7 xeno-

grafts, P < 0.001; Fig. 5F). miR-139-5p mimic administration

again proved to be highly effective even in these strongly radio-

resistant tumors, with all treated tumors becoming undetectable

by day 205 and all mice surviving to the final follow up point at

day 250 (Fig. 5G).

Confirming the in vitro findings, radiotherapy þ miR-139-5p

mimic-treated tumors had significantly decreased Ki-67-positive

cells, and significantly increased phospho-H2AX- and caspase-

3-positive cells compared with control mimic-treated tumors,

consistent with strongly inhibited DNA repair, leading to inhib-

ited proliferation and activated apoptosis (Fig. 5H–J and Supple-

mentary Fig. S4A–C). Importantly, phospho-H2AX immunos-

tainingwas confined to the tumorfield that received the radiation;

the kidneys and liver, nontarget organs that were not within the

radiation field, but which accumulated miRNA mimic, did not

have detectable phospho-H2AX expression (Supplementary

Fig. S4D and S4E). This indicates that the mimic strongly syner-

gized with radiation, and suggests that systemic administration

of miR-139-5p can result in genotoxicity that is highly-targeted

to the tumor cells within the radiation field with minimal effects

on non-target tissues. Collectively, these data provide evidence

Figure 3.

miR-139-5p overexpression inhibits DNA repair and ROS defense following irradiation. A, IPA was performed on microarray gene expression profiling data

from miR-139-5p mimic-transfected (vs. control mimic-transfected) MCF7 cells. The "DNA Recombination, Replication, and Repair and Cancer" network

(shown) was among the top three most differentially expressed (green, downregulated; red, upregulated; bold, miR-139-5p targets). B, A significant

increase in DNA damage marker phospho-H2AX was observed following mimic transfection þ 3Gy irradiation compared with controls (Western blot analysis).

C and D, Similarly, visualization of single cells by immunofluorescence revealed a mean three-fold increase in phospho-H2AX foci in miR-139-5p mimic-

transfected irradiated cells compared with control transfected irradiated cells (representative image shown 24 hours post-irradiation). E, miR-139-5p mimic

transfection and irradiation also resulted in significantly increased numbers of AP sites 1-hour post-irradiation. F and G, Ten breast cancer cell lines were

transfected with either a miR-139-5p or control mimic, and exposed to 0 to 12Gy radiation (n ¼ 3 biological replicates). miR-139-5p mimic transfection

significantly increased sensitivity in all cell lines (all P < 0.05 by ANOVA). Sensitization was particularly effective in those cell lines with >1 mutation in key

DDR genes (which itself was associated with DNA damage sensitivity as determined by relative response to 15 DNA damaging drugs; Supplementary Table

S6). H and I, Consistent with a downregulation of MAT2A, which catalyses the synthesis of SAM, the CellROX Green flurogenic probe, which exhibits

photostable green fluorescence upon oxidation by ROS, was strongly activated in miR-139-5p mimic-transfected versus scrambled control-transfected cells.

Positive controls (cells treated with 20 mmol/L menadione, a phosphatase inhibitor and potent free radical producing agent) are also shown as a

comparator (green fluorescent intensity quantified in arbitrary units). J, Similarly, mimic-transfected and irradiated MCF7 cells displayed a significant

increase in oxidative stress as measured by intracellular reduced GSH levels (values shown are relative to total glutathione). K, Unrepaired DNA damage

in miR-139-5p transfected and irradiated cells preceded a significant increase in caspase-3/7 activation 3 days post-irradiation, compared with controls

(data in arbitrary fluorescent units). Bars, SD. Significance calculated with Student t test (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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Figure 4.

miR-139-5p and its targets are strong predictive biomarkers for radiotherapy response in breast cancer. A, Five independent clinical cohorts ("METABRIC,"

"Oxford," "Uppsala," "Mainz," and "Rotterdam") totaling 1,268 patients were analyzed, and biomarker expression correlated to outcome. High miR-139-5p

expression and low POLQ, TOP2A, and RAD54L expression was consistently and significantly associated with improved survival specifically in patients

treated with radiotherapy (no chemotherapy). B, Kaplan–Meier plot of miR-139-5p expression (divided into quartiles) versus DMFS from the Oxford

cohort. C, Gene expression was analyzed from a sixth independent patient cohort ("Lund"; n ¼ 143) of matched patients treated with BCS with or without

adjuvant radiotherapy (P values > 0.05 are shown in gray). RAD54L and TOP2A for RFS, DMFS, and OS, and POLQ for RFS were significantly prognostic only in

radiotherapy-treated patients and not in matched nonradiotherapy–treated patients, consistent with their being true predictive biomarkers for radiotherapy.

D, Kaplan–Meier plots of RFS, DMFS, and OS in radiotherapy- and nonradiotherapy–treated patients from the Lund cohort for RAD54L, which was a

particularly strong and specific radiotherapy-predictive biomarker. NC, not calculable (insufficient survival events).
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that miR-139-5p and its targets POLQ, TOP2A, and RAD54L

could make a novel and valuable drug target and companion

biomarker combination for radiotherapy sensitization in tumors

recalcitrant to radiotherapy.

Discussion

Radiotherapy is a central pillar of treatment for almost all

types of solid tumor, including breast cancer, with almost half of

all cancer patients receiving radiotherapy sometime during their

disease course (37). Resistance to radiotherapy leading to treat-

ment failure, compounded by the lack of biomarkers to allow

tailoring of radiotherapy to individual tumors, is therefore a

critical clinical problem (2, 3). We have demonstrated here for

the first time that miR-139-5p may be useful for addressing both

of these deficiencies. First, its confirmed targets TOP2A, POLQ,

and RAD54L were shown to be predictive biomarkers that could

identify radioresistant tumors and predict patients that were

likely to have poor outcome following radiotherapy. Second,

the use of a miR-139-5p mimic could inhibit the expression of

these and other key genes, including TOP1, XRCC5, and

MAT2A, to impart sensitivity to even highly radioresistant

tumors in vivo. Furthermore, miR-139-5p was capable of sensi-

tizing tumor cells to several common DNA damaging che-

motherapies. Because targeting DNA is a common treatment

strategy across most tumor types, and the development of

resistance to these therapies is frequently observed, the clinical

relevance of the current findings may be broad.

miR-139-5p has been identified as a tumor suppressor in

breast (24), colorectal (38), and esophageal squamous cell

Table 1. Multivariate Cox regression demonstrated that miR-139-5p, POLQ, TOP2A, and RAD54L provided significant prognostic information independent of all

other clinical variables (for which data was available)

Biomarker Cohort Survival type Clinical variable HR (95% CI) P

miR-139-5p METABRIC BCSS miR-139-5p (high vs low) 0.6 (0.4–1.0) 0.043

(n ¼ 538) Node status (pos vs. neg) 2.3 (1.5–3.6) 0

Tumor size (>20 mm) 1.6 (1.1–2.5) 0.029

Grade (3 vs. 1/2) 1.3 (0.9–1.9) 0.234

ER status (pos vs. neg) 0.8 (0.4–1.6) 0.588

PR status (pos vs. neg) 1.6 (1.0–2.4) 0.039

HER2 status (pos vs. neg) 0.4 (0.3–0.7) 0.002

Age (<55) 1 (0.6–1.5) 0.84

Oxford DMFS miR-139-5p (high vs. low) 0.4 (0.2–1.0) 0.043

(n ¼ 207) Node status (pos vs. neg) 2.2 (1.4–3.6) 0.001

Tumor size (>20 mm) 1.7 (1.0–2.8) 0.059

Grade (3 vs. 1/2) 1.2 (0.7–2.0) 0.422

ER status (pos vs. neg) 0.6 (0.4–1.0) 0.075

Age (<55) 1 (1.0–1.1) 0.001

POLQ Uppsala DFS POLQ (high vs. low) 2.3 (1.1–4.5) 0.022

(n ¼ 142) Node status (pos vs. neg) 1.9 (0.4–9.7) 0.448

Tumor size (>20 mm) 1.8 (0.9–3.4) 0.072

Grade (3 vs. 1/2) 2.3 (1.0–5.5) 0.053

ER status (pos vs. neg) 0.9 (0.4–2.2) 0.891

Age (<55) 1.1 (0.5–2.1) 0.888

Mainz DMFS POLQ (high vs. low) 2.5 (1.3–4.7) 0.044

(n ¼ 200) Tumor size (>20 mm) 0.8 (0.4–1.5) 0.49

Grade (3 vs. 1/2) 1.9 (1.0–3.6) 0.064

Rotterdam RFS POLQ (high vs. low) 4.3 (1.7–10.5) 0.045

(n ¼ 286) ER status (pos vs. neg) 1.1 (0.7–1.7) 0.656

TOP2A Uppsala DFS TOP2A (high vs. low) 2.3 (1.1–4.7) 0.024

Node status (pos vs. neg) 2.4 (0.5–12.1) 0.279

Tumor size (>20 mm) 1.7 (0.9–3.2) 0.11

Grade (3 vs. 1/2) 2.6 (1.2–6.1) 0.022

ER status (pos vs. neg) 1 (0.4–2.5) 0.936

Age (<55) 1.1 (0.5–2.2) 0.864

Mainz DMFS TOP2A (high vs. low) 2.5 (1.3–4.7) 0.044

Tumor size (>20 mm) 0.8 (0.4–1.5) 0.49

Grade (3 vs. 1/2) 1.9 (1.0–3.6) 0.064

Rotterdam RFS TOP2A (high vs. low) 2.9 (1.6–5.2) 0.025

ER status (pos vs. neg) 1.1 (0.7–1.7) 0.659

RAD54L Uppsala DFS RAD54L (high vs. low) 1.9 (0.7–5.1) 0.202

Node status (pos vs. neg) 2.9 (0.6–14.5) 0.205

Tumor size (>20 mm) 1.7 (0.9–3.2) 0.105

Grade (3 vs. 1/2) 3.9 (1.8–8.7) 0.001

ER status (pos vs. neg) 1.4 (0.5–4.0) 0.536

Age (<55) 1.3 (0.6–2.6) 0.548

Mainz DMFS RAD54L (high vs. low) 3.1 (1.5–6.4) 0.021

Tumor size (>20 mm) 1 (0.5–1.7) 0.876

Grade (3 vs. 1/2) 1.8 (1.0–3.6) 0.068

Rotterdam RFS RAD54L (high vs. low) 2.3 (1.6–3.5) 0.002

ER status (pos vs. neg) 1.2 (0.8–1.9) 0.337

NOTE: P values > 0.05 are shown in bold.
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carcinoma (39), where it has been shown to inhibit migration,

invasion, and metastasis. We are the first to report its role in the

regulation of key DNA damage response (DDR) genes and as a

modulator of radiation resistance. Five of its six confirmed

targets have roles in multiple complementary DNA damage

response pathways essential for the repair of radiation-induced

DNA damage. These pathways include microhomology-medi-

ated end joining [MMEJ; POLQ (40), XRCC5 (41)], base

excision repair [BER; POLQ (42)], nonhomologous end-join-

ing [NHEJ; XRCC5 (41)], homologous recombination repair

[HR; RAD54L (43)], as well as regulating DNA topology during

repair [TOP1 (44), TOP2A (44, 45)]. The sixth target confirmed

here, MAT2A, has a role in ROS defense (46).

Although miRNAs often only have moderate effects on the

expression of individual target genes, the simultaneous target-

ing of multiple pathways can result in significant phenotypic

changes (47). We have demonstrated that miR-139-5p

represses key genes across several redundantly-operable DNA

repair pathways, which could explain the significantly higher

sensitization to radiotherapy than what might be expected from

the mild inhibition of a single gene. For example, Ceccaldi, and

colleagues (48) demonstrated that the inhibition of POLQ in

ovarian cancer cells resulted in hypersensitivity to DNA damage

caused by ionizing radiation and mitomycin C, to which HR-

proficient cells responded with a compensatory increase in HR-

mediated repair. In HR-deficient tumor cells however, POLQ

inhibition resulted instead in strong synthetic lethality. This

study further demonstrated that the toxicity induced by POLQ

repression in HR-deficient cells was rescued by the co-inhibi-

tion of RAD51, suggesting that in the absence of POLQ, RAD51

accumulation is toxic. A second miR-139-5p target, RAD54L, is

thought to be involved in mammalian HR-directed DNA repair,

chiefly in the removal of RAD51 foci from heteroduplex DNA

following strand exchange (43). Simultaneous knockdown of

the MMEJ/BER gene POLQ and the HR gene RAD54L by miR-

139-5p may therefore act together in causing the accumulation

of RAD51 foci and destabilization of the genome. When further

combined with inhibited NHEJ activity via XRCC5 repression,

multiple DNA damage response pathways that normally show

some functional redundancy are suppressed, and thereby syn-

ergistically increase sensitivity to radiotherapy-induced DNA

damage. This hypothesis is consistent with our finding that

miR-139-5p-mediated sensitivity tends to be stronger in those

breast cancer cell lines with multiple mutations in DDR

genes (Fig. 3f).

The discovery of radiotherapy-specific predictive biomarkers

allowing improved individualization of radiation treatment for

breast cancer would be of significant value. Standard clinico-

pathologic variables are suboptimal for accurately predicting

which patients will most benefit, resulting in both overtreat-

ment and under treatment of some patients (49). For example,

up to 10% of ductal carcinoma in situ (DCIS) patients deter-

mined to be "low risk" by traditional clinicopathologic vari-

ables and therefore not treated with radiation in fact go on to

develop either new DCIS or invasive breast cancer (50). These

patients would almost certainly benefit from adjuvant radio-

therapy. Similarly, of those DCIS patients who are treated with

radiotherapy, less than a third would be expected to develop

progressive disease in the absence of radiation (51). This

overtreatment of good-prognosis patients results in unneces-

sary toxicity, including a significantly increased chance of

developing a new primary tumor in the region (52). Prospec-

tive validation of miR-139-5p targets POLQ, TOP2A, and

particularly RAD54L, which we are the first to identify as a

strong radiotherapy-predictive biomarker for breast cancer,

may result in improved selection of patients chosen for radio-

therapy in the clinic.

In addition to demonstrating howmiRNA targets can be used

as both predictive and companion biomarkers, this study has

also demonstrated the therapeutic potential of miRNA mimics

as therapeutic agents. Although the therapeutic use of nucleic

acid-based drugs has been severely hampered by their low

stability at physiological pH, short half-lives in vivo, and the

possibility of off-target effects, this may be less of a stumbling

block for miRNA mimics as radiotherapy sensitizers. Transient

activity prior to each fractionated radiation dose should be

sufficient to "prime" the tumor, making them temporarily

susceptible to radiotherapy. Transient activity may also mean

decreased toxicity, which is likely already low because the

mimic exerts its strongest effects within the highly-targeted

field of radiation, and eliminates the risk of long-term unwant-

ed off-target effects. Although the use of miRNA mimics and

inhibitors as therapeutic molecules is still in its infancy, there

have been a handful of successful nonhuman primate in vivo

studies and at least one phase I clinical trial that have shown

promise, combining efficacy with an acceptable toxicity profile

Figure 5.

miR-139-5p is a highly effective radiotherapy sensitizer for breast cancer in vivo, whereas its targets are companion biomarkers. A, In vivo treatment

schedule. MCF7 or SKBR3 orthotopic xenografts in Balb/c nude mice were treated with a fractionated course of radiation (4 � 2 Gy over 2 weeks for

MCF7; 6 � 2 Gy over 3 weeks for SKBR3) targeted to the tumor field � a miR-139-5p or control mimic, administered 8 hours prior to the first, third

(and for SKBR3, fifth) fractions. B, Tumor sizes in MCF7 xenograft-bearing Balb/c nude mice treated with a miR-139-5p or control mimic � fractionated

radiotherapy. C, Kaplan–Meier survival plot for each MCF7 treatment group. D, Expression of miR-139-5p targets and radiotherapy predictive

biomarkers POLQ, TOP2A, and RAD54L was measured by qPCR in a panel of 10 breast cancer cell lines. Expression data was ranked and summed

to identify cell lines with high expression of biomarkers and therefore predicted to be radioresistant. E, Summed ranks correlated to cell line survival 3 days

after a single 3 Gy dose of irradiation. Line of best fit is shown calculated with the MDA-MB-175 cell line excluded as an outlier (which showed low

biomarker expression but unlike other cell lines was radioresistant). The SKBR3 cell line, which expresses low levels of miR-139-5p and high levels of POLQ,

TOP2A, and RAD54L, was highly radioresistant. F, Tumor sizes in SKBR3 xenograft-bearing Balb/c nude mice treated with a miR-139-5p or control

mimic � fractionated radiotherapy. G, Kaplan–Meier survival plot for each SKBR3 treatment group. H, Significantly fewer Ki-67–positive cells were present

in the MCF7 xenograft tumors of radiotherapy þ miR-139-5p mimic-treated animals compared with radiotherapy þ control-treated animals 24 hours after

the completion of treatment, indicating inhibited proliferation in these tumors. I, Phospho-H2AX expression was significantly higher in radiotherapy þ

miR-139-5p mimic-treated tumors compared with radiotherapy þ control mimic-treated tumors, indicating markedly inhibited DNA repair within these cells.

J, A significant increase in cleaved caspase-3 was also observed in radiotherapy þ miR-139-5p–treated tumors, indicating a strong induction of

apoptosis. Bars, SD. Significance calculated with Student t test. � , P < 0.05; ��� , P < 0.001.
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(9, 53, 54). miR-139-5p may be a good candidate for further

investigation as a therapeutic target in similar advanced pre-

clinical studies, not only for breast cancer, but potentially any

solid tumor for which DNA damaging agents are a primary

treatment modality.
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