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Abstract

The non-coding transcriptome, in particular microRNAs (miRNA), influences cellular survival
after irradiation. However, the underlying mechanisms of radiation-induced miRNA

expression changes and consequently target expression changes are poorly understood.

In this study, we show that ionizing radiation decreases expression of the miR-23a~27a~24-2
cluster through transcriptional regulation by promoter methylation and at the post-
transcriptional level by reduced processing through AGO-phosphorylation. Furthermore, we
demonstrate that all three mature cluster miRNAS reduce apoptosis by increasing expression

of the common target protein XIAP.

These findings link a temporal succession of transcriptional and post-transcriptional regulatory
mechanisms of the miR~23a~24-2~27a cluster, enabling a dynamic stress response and

assuring cellular survival after radiation exposure.
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1. Introduction

microRNAs are highly conserved, small noncoding RNA molecules that negatively regulate
gene expression, either by RNA destabilization or by repression of translation [1, 2]. A number
of miRNAs are encoded in gene clusters wherefrom they are transcribed into common primary
transcripts. Surprisingly, disparate expression patterns for the individual mature miRNAs of a
common transcript may occur [3, 4]. In line with individual expression patterns only a few
studies report miRNA clusters that co-target the same genes or molecular pathways [5-7].
Radiation-induced expression changes in miRNAs have been described in several human cell
types, such as normal human cells [8-10], cancer cells [11-13], as well as in human tissue and
blood samples [14-16]. These studies reveal a broad spectrum of radiation-regulated miRNAs,
with little overlap between different tissues, suggesting that the radiation response of miRNASs
may be specific for cell type, radiation dose and time point. The miRNA response may have
an impact in radiotherapy since they are involved in processes important for cellular radiation
responses, including DNA damage repair, apoptosis and the activation of signalling cascades
[17-19].

The microRNAs miR-23a, miR-27a and miR-24-2 are encoded by an intergenic cluster located
on chromosome 19 with a promoter spanning from -603 to +36 relative to the transcription
initiation site (+1) [20, 21]. It is transcribed by polymerase Il into a common primary (pri)
transcript and is further processed into individual mature miRNAs (Fig. 1A 1) [20].
Uncommonly the miR-23a~27a~24-2 cluster has an intronic paralog on chromosome 9 (miR-
23b~27b~24-1) (Fig. 1A 11) [22]. As reviewed in Chhabra et al. transcripts from the miR-
23a~27a~24-2 cluster are altered in different diseases, like colorectal cancer, cardiac
hypertrophy or acute myeloid leukemia [23-26]. Actions of the individual miRNAs miR-23a,

miR-27a and miR-24-2 have been reported in development and differentiation, as well as in



proliferation and drug resistance [27-29]. A radiation-induced change in expression of the
individual cluster members in varying cell types has been reported [30-33]. However, a
systematic analysis of the cluster in radiation response is missing.

In this study, we show that ionizing radiation decreases the miR-23a~27a~24-2 cluster
expression through two different mechanisms. First on transcriptional level by promoter
methylation. Second on post-transcriptional level by AGO complex phosphorylation. We
demonstrate that all three mature cluster miRNAs directly affect apoptosis through
upregulation of the common target protein XIAP, which is required to prevent apoptosis after

radiation exposure.

2. Material and methods

2.1.  Cell culture

Human endothelial cells EA.hy926 were grown in DMEM culture medium (Gibco™)
supplemented with 1 g/ml D-glucose, 3.7 g/l sodium pyruvate, 10 % FCS and 1XxHAT. Human
MCF10A breast epithelial cells were cultured in DMEM/F12 (Gibco™) supplemented with 5
% horse serum, 0.5 mg/ml hydrocortisone, 20 ng/ml EGF, 10 pug/ml insulin and 100 ng/ml
cholera toxin. Human embryonic kidney cells HEK293FT were grown in DMEM culture
medium (Gibco™) supplemented with 4.5 g/ml D-glucose, 3.7 g/l sodium pyruvate, 10 % FCS
and 500 pg/ml NEAA. Cells were grown at 37°C in a humidified atmosphere containing 5 %
CO..

For DNA methyltransferase (DNMT) inhibition EA.hy926 cells were treated with 10 uM of 5-
aza-2’deoxycytidine (5-aza-dc, Sigma-Aldrich) in growth medium 3 h prior to irradiation [34].
Control cells were sham-treated with PBS. For RNA polymerase Il inhibition EA.hy926 cells

were treated with 5 uM of a-amanitin (Sigma-Aldrich) in growth medium as previously



described for endothelial cells [35]. Control cells were sham-treated with H>O. For stress-
response EA.hy926 cells were treated with 5J UV irradiation, 50 puM cisplatin (Sigma-Aldrich)
or 1 uM doxorubicin (Santa Cruz). Control cells were sham-treated.
Mycoplasma was ruled out by routine control testing using a luminescence-based detection kit
(MykoAlert, Lonza). EA.hy926, MCF10A and HEK293FT cells were authenticated by genetic

profiling (Eurofins MWG Operon) with STR matching analysis (DSMZ).

2.2.  lrradiation
Irradiation was performed in a Caesium-137 y-source (HWM-D 2000, Waelischmuller,
Germany) operated at a dose rate of 0.46 Gy/min. A dose of 5 Gy was applied at room

temperature and control cells were sham-irradiated.

2.3. RNA extraction

For RNA extraction cells (5x10° cells/treatment) were trypsinized and pelleted at 300 g and
4 °C for 5 min, and washed twice with PBS. Cell pellets were either stored at -20 °C till RNA
extraction or immediately processed. Total RNA was extracted with the Maxwell® 16 miRNA
Tissue Kit (Promega) and the Maxwell® 16 Instrument (Promega) according to the
manufacturer’s protocol for cell pellets. The concentration of total RNA was determined using

a Nanodrop spectrophometer (PeqLab Biotechnology).

2.4.  Quantitative real-time PCR

All gqRT-PCR experiments were performed with TagMan® chemistry according to the
manufacturer’s instructions. For mMRNA and pri-miRNA quantification cDNA was synthesized
from 700 ngtotal RNA using TagMan® Reverse Transcription Reagents (Applied

Biosystems™). For small RNA quantification cDNA was synthesized from 40 ng RNA using
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TagMan®MicroRNA Reverse Transcription Kit (Applied Biosystems™). The qRT-PCR was
performed with TagMan® Universal PCR Master Mix (Applied Biosystems™) and a
StepOnePlus Detection System (Applied Biosystems™). Individual biological samples were
run in technical duplicates. The relative expression was calculated by normalization to the
endogenous control TBP (MRNA and pri-miRNA) and U6 snRNA (miRNAs) and to sham-
irradiated control cells using the 2T method.

The following TagMan™ primer assays were used: pri-miR-23a~27a~24-2 (Hs04270764_pri),
hsa-miR-23a-3p (ID: 000399), hsa-miR-23a-5p (ID: 002439), hsa-miR-27a-3p (ID: 000408),
hsa-miR-27a-5p (ID: 002445), hsa-miR-24-2 (ID: 002441), U6 snRNA (ID: 001973), (all
Thermo Scientific).

For endogenous control TBP (5-GCCCGAAACGCCGAATAT-3, forward), (5'-
CCGTGGTTCGTGGCTCTCT-3,  reverse),  (5-ATCCCAAGCGGTTTGCTGCGG-3’,
probe), (Eurofins Genomics GmbH) was used.

miRNA hsa-miR-24-1-3p could not be investigated due to the complete homology to the

paralog miRNA (miR-24-1-3p, paralog hsa-miR-23b~27b~24-1, see also Fig.1A).

2.5.  Promoter Luciferase assay

The promoter region of the hsa-miR~23a~27a~24-2 gene spanning nucleotides -603 to +36
relative to the transcription initiation site was cloned into a promoter-less pGL3-Basic Vector
Plasmid (Promega) (see also Fig. 1A) [20]. As positive control a pGL3-Control Vector
(Promega), containing a SV40 promoter, was used. For the Luciferase assay 40 ng of Plasmid
were transfected in HEK293FT cells using Lipofectamine 2000 transfection reagent
(Invitrogen). HEK293FT cells were irradiated 24 h after transfection and promoter activity was
measured using the Bright-Glo™ Luciferase Assay System (Promega) according to the

manufacturer’s protocol and a spectrophotometer plate reader (Tecan). The relative luciferase
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activity was determined by normalization of 5 Gy irradiated cells to respective sham-irradiated

control cells.

2.6.  Immunoblot analysis

EA.hy926 cells were lysed in RIPA buffer (150 mM NaCl, 10 mM Tris-HCI, pH 7.2, 0.1%
SDS, 1% Triton X-100, 1% Na-desoxycholate, 5 mM EDTA) supplemented with 1 mM
protease inhibitors (sodium orthovanadate and phenylmethanesulfonyl fluoride, Roche) for 20
min on ice. Western blot analysis was performed according to standard procedures using
enhanced chemiluminescence detection (Amersham ECL Select Western Blotting Detection
Reagent, GE Healthcare Life Science). For detection of the proteins primary antibodies
directed against anti-AGO2 (C34C6, #2897, Cell Signaling), pan-AGO (2A8, AGO family,
#MABES56, Millipore), phospho-Tyrosine (4G10, #05-321, Upstate), and XIAP (E2, #sc-
55551, Santa Cruz Biotechnology) were used. Protein loading was monitored by detection of
GAPDH (0411, #sc-47724, Santa Cruz). As secondary antibody goat anti-mouse 1gG-HRP
(#sc-2005, Santa Cruz Biotechnology) and goat anti-rabbit 1gG-HRP (#sc-2004, Santa Cruz
Biotechnology) were used to reveal binding of primary antibodies. All western blot analyses
were performed in three biological replicates and for quantification of images TotalLab TL 100

software (TotalLab) was used.

2.7.  Immunoprecipitation

Immunoprecipitation (IP) was performed with total cell lysates derived from 1x107 EA.hy926
cells. Cells were scrapped, resuspended in 50 pl non-denaturing lysis buffer (150 mM KCl,
25 mM Tris-HCI pH 7.4,5 mM Na-EDTA pH 8.0, 0.5% Nonidet P-40, 0.5 mM DTT, Protease
Inhibitor Cocktail (Sigma-Aldrich)), kept on ice for 5 min and stored overnight at -80 °C [36].

For RNA Immunoprecipitation (RIP) 100 U/ml RNase Inhibitor (Applied Biosystems™) was
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added to lysis buffer. The complete lysates were thawed, centrifuged (1200 g, 15 min, 4 °C)
and incubated overnight rotating at 4 °C with 5 ug of the antibodies anti-pan-AGO (2A8, AGO
family, #MABE56, Millipore), and anti-phospho-Tyrosine (4G10, #05-321, Upstate). IP
controls were done with species matched immunoglobulin G (mouse 19G, #12-371, Upstate).
10 % of the complete lysate was kept as input control. 25 ul of Protein G Plus Agarose beads
(#1P04, Millipore) were washed twice with 50 pl native lysis buffer. The washed beads were
resuspended in 50 pl of the same buffer, added to each lysate-antibody suspension and
incubated overnight rotating at 4 °C. Beads were washed three times with lysis buffer,
centrifuged (1200 g, 15 min, 4 °C) and further processed for immunoblot analysis or RNA

extraction.

2.8. siRNA and miRNA transfection

For RNA transfection 2x10° EA.hy926 cells were seeded into 6 cm culture dishes. 24 h later
cells were transfected at a confluency of 50-70% with 100 pmol of a non-specific scrambled
control RNA (miRCURY LNA™ negative control A, Exiqon), Pre-miR™ miRNAs (hsa-miR-
23a-3p (ID: PM10644), hsa-miR-27a-3p (ID: PM10939), hsa-miR-24-2 (ID: PM12498),
Thermo Scientific) or siRNAs (siAGO (ACGGGUCUGUGGUGAUAAATT, Qiagen) and
SIXIAP (AAGTGCTTTCACTGTGGAGGA, Qiagen)) using Lipofectamine® RNAIMAX
Transfection Reagent (Invitrogen™) according to the manufacturer’s protocol. Cells were

treated with radiation or compound 24 h after transfection.

2.9. Insilico target identification and network analysis
Ingenuity® Pathway Analysis (IPA®, Ingenuity Systems) was used to identify putative targets
of miR-23a, miR-24-2 and miR-27a. Common targets of the miRNAs were analyzed with The

microRNA Target Filter (IPA®, Ingenuity Systems), which is based on experimentally
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validated interactions from TarBase and miRecords, as well as predicted microRNA-mMRNA
interactions from TargetScan. Networks of these mMRNA genes were then algorithmically

generated.

2.10. Dual luciferase assay

Potential binding sites of the individual miR-23a~27a~24-2 cluster miRNAs within the 3’UTR
of human XIAP were identified (Supplement A.1) with microRNA.org target prediction [37].
Candidate binding sites sequences were obtained by PCR amplification of reverse transcribed
EA.hy926 cell mRNA using the primers indicated in supplementary table A.2 (C1-C8, see also
Fig. 4D). The resulting PCR fragments were cloned into the pmirGLO Dual-Luciferase miRNA
Target Expression Vector (Promega). The identity and integrity of all constructs was confirmed
by DNA sequencing. For luciferase assays 400 pmol of pre-miR-23a, pre-miR-27a, pre-miR-
24-2 or the unspecific control oligonucleotides (scr) were transfected along with 40 ng of
pmirGLO-3"UTR fusion constructs in EA.hy926 cells using Lipofectamine 2000 transfection
reagent (Invitrogen). Luminescence was measured 48 h after transfection using a
spectrophotometer plate reader (Tecan). The Firefly luciferase activity was normalized to the
Renilla luciferase to compensate for differences in transfection efficiency. The relative
luciferase activity was determined as the ratio between the normalized luciferase activities of

cells transfected with Pre-miR™ and with unspecific control miRNA.

2.11. Cell cycle analysis

Cell cycle distribution was analyzed 48 h after irradiation by determining the DNA content
using propidium iodide (PI) staining and flow cytometry. Cells were harvested and collected
by centrifugation at 300 g and 4 °C for 5 min. The cell pellet was washed twice with PBS and

either stored at -20 °C till staining or immediately processed. Cell pellets were resuspended in
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Cell Cycle Solution (1 g/l NaCitrate, 500 pl/I Triton X-100, 10 mg/l RNase A (bovine
pancreas), 50 pg/ml PI) as previously described [38]. Cell cycle distribution was analyzed
using a FACScan LSR 11 (excitation wavelength: 488 nm, emission wavelength: 610 nm; BD
Biosciences) and Flowing Software version 2.5.1 (Perttu Terho, Turku Centre for
Biotechnology, University of Turku, Finland). Cells with DNA content lower than cells in G1

phase were defined as the subG1 fraction and were considered to be apoptotic.

2.12. Caspase 3/7 activity

To assess apoptosis a Caspase-Glo® 3/7 Assay (Promega) was performed. EA.hy926 cells
were seeded into 96-well plates. 24 h later cells were transfected at a confluency of 50-70%
with 400 pmol either of control miRNA or specific Pre-miR™ using Lipofectamine®
RNAIMAX Transfection Reagent (Invitrogen™) according to the manufacturer’s protocol.
Irradiation of endothelial EA.hy926 cells was performed 24 h after transfection. Active
Caspase 3 and 7 was measured by measuring luminescence using a spectrophotometer plate
reader (Tecan) according to the manufacturer’s instructions (Caspase-Glo® 3/7 Assay,
Promega). Individual biological samples were run in technical triplicates. The relative Caspase

activation was calculated by normalization to the sham-irradiated control cells.

2.13. Statistical analysis

Data are presented in figures as mean of biological replicates £ SEM. Significance of n-fold
changes was calculated by using the one sample, unpaired, two-tailed student’s t-test. Statistical
significance was defined as a p-value < 0.05. The p-values are indicated as follows: *p <0.05,

**p < 0.01, ***p < 0.001.

3. Results
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3.1.Stress-induced downregulation of mature miRNAs miR-23a, miR-27a, miR-24-2

The expression of all three mature cluster miRNAs miR-23a, miR-27a, miR-24-2 were
decreased after 5 Gy irradiation, being significantly downregulated 24 h after exposure (Fig.
1B). The extent of the decrease varied for each individual miRNA. miR-27a had the greatest
change with a fold-change of 0.59 + 0.07 (Fig. 1B), whereas miR-24-2 was the least decreased
with a fold change of 0.79 £ 0.01 at 24 h time point (Fig. 1B). miR-23a exhibited a fold-change
of 0.73 £ 0.06 and remained significantly downregulated after 72 h (0.70 + 0.04), while miR-
27a and miR-24-2 had returned to basal levels (Fig. 1B).

The observed changes in the expression of the mature miRNAs were not only present in
endothelial EA.hy926 cells after irradiation, but were also identified 48 h after exposure to
other stressors, namely UV irradiation, Doxorubicin and Cisplatin (Fig. 1C) or in the non-
tumorigenic mammary epithelial cell-line MCF10A 6 h and 8 h after 5 Gy irradiation (Fig.
1D). This underlines the importance of the regulation of the cluster regardless of stress

induction or the cell type.

3.2.Radiation-induced methylation leads to reduced pri-miR-23a~27a~24-2 levels

Using quantitative PCR analysis we showed an immediate change in expression for the
common primary transcript after a single 5 Gy y-radiation exposure. It was found to be
significantly downregulated 2-8 h after irradiation (Fig. 2A). The levels returned to the basal
level 24 h after exposure. These results are consistent with the radiation induced
downregulation of the individual mature miRNAs (Fig. 1B).

To determine whether reported methylation of the miR-23a~27a~24-2 cluster promoter [21]

accounts for the transcriptional change after radiation, methylation was blocked 3 h prior to
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radiation using the DNMT inhibitor 5-aza-dc. Equal expression of pri-miR-23a-27a~24-2 in
non-irradiated controls (sham-treated and 5-aza-dc treated cells) indicates that the promoter is
not significantly affected by methylation under control conditions. After 5 Gy radiation
exposure the DNMT inhibition abolished the downregulation of the pri-miR-23a~27a~24-2
transcript at 2 h and 4 h, indicating that radiation-induced changes in transcription of the cluster
are at least in part through promoter methylation (Fig. 2B).

In order to confirm if the radiation-induced methylation regulates transcription of the miR-
23a~27a~24-2 cluster we conducted a luciferase based reporter assay. The previously
published promoter sequence of the cluster was cloned into a promoterless luciferase plasmid
[20]. The miR-23a~27a~24-2 promotor increased transcription of the reporter 1.3 fold.
Radiation resulted in significantly reduced luciferase activity in comparison to the control

plasmids 4 h after 5 Gy irradiation (Fig. 2C).

3.3.Mature miRNAs miR-23a, miR-27a, miR-24-2 are stabilized by AGO

Reduction in expression of the miRNA transcripts may occur post-transcriptionally. Therefore,
a-amanitin was used to inhibit polymerase Il activity [35]. The primary transcript of the miR-
23a~27a~24-2 cluster decreased 4 h after applying a-amanitin and was significantly reduced
after 8 h. This is consistent with the time-lag observed after irradiation (Fig. 3A, Fig. 1B). The
control transcript TBP decreased after 24 h, indicating the fast turn-over of pri-miR-
23a~27a~24-2 (Fig. 3A).

However, the kinetics of the three miRNAs after polymerase Il inhibition were very different
to that of the primary transcript (Fig. 3B, Fig. 3A). The mature miRNAs were only significantly

decreased 48 h after a-amanitin treatment. The much faster rate of reduction seen after
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irradiation must therefore include an additional component accelerating degradation (Fig. 3B,
Fig. 1B).

Winter and Diederichs demonstrated that miRNAs can be protected from degradation by the
Argonaute (AGO) complex [39]. To investigate if radiation influences miR-23a, miR-27a and
miR-24-2 stability by affecting AGO binding, we knocked-down AGO2 by siRNA (Fig. 3C)
and again inhibited new transcription with a-amanitin. As expected, TBP and pri-miR-
23a~27a~24-4 levels were insensitive to the AGO2 knock-down (Suppl. B1), but the mature
miRNAs were more rapidly degraded in the absence of the protective AGO2 (Fig. 3D). The
miR-23a, miR-27a and miR-24-2 sensitivity to AGO2 knock-down indicates that these
miRNAs are stabilized and protected by the AGO complex.

These results were supported by the finding that miR-23a-5p and miR-27a-5p transcripts were
indeed insensitive to AGO2 knock-down but were sensitive to a-amanitin, which indicates that
these miRNAs are not incorporated into AGO2 (Suppl. B2). Together these findings establish
that post-transcriptional stabilization of the mature miRNAs miR-23a-3p, miR-27a-3p, miR-

24-2 by AGO may provide a second pathway for rapid reduction in the miRNAs after radiation.

3.4.Radiation destabilizes miR-23a-3p, miR-27a-3p, miR-24-2 by AGO

phosphorylation

To obtain information about the incorporation of the cluster miRNAs into the miRISC complex
and a possible effect of radiation we performed anti-AGO RNA immunoprecipitation (Suppl.
C1). Subsequent gPCR analysis of the pull-down confirmed that miR-23a-3p, miR-27a-3p and
miR-24-2 are bound to AGO. Consistent with the AGO2 knock-down results we found that
miR-23a-5p and miR-27a-5p are not associated to AGO2 in AGO-pulldown samples (data not

shown).
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Comparison of AGO-bound miR-23a, miR-27a and miR-24-2 in non-irradiated versus
irradiated samples showed a significant reduction of the mature miRNAs 24 h after radiation
exposure (Fig. 4A). Control miRNAs that were not regulated by irradiation [31], were included
to validate the functionality of the assay. As expected, the abundance of miRNAs miR-93 and
miR-222 in AGO pull-down did not change after irradiation (Fig. 4A). The level of miR-16
bound to AGO doubled after irradiation but was not statistically significant (p = 0.16) (Fig.
4A). These results demonstrate a selective destabilization of the miRISC complex, which is
followed by degradation of the miRNAs miR-23a, miR-27a and miR-24-2.

Shen et al. demonstrated that AGO?2 is phosphorylated at position Y393 after hypoxic stress,
which is critical for the maturation of certain miRNAs [40]. To study the phosphorylation status
of AGO in response to irradiation, we performed anti-phosphotyrosine immunoprecipitation of
EA.hy926 lysates. Western blotting of the resulting precipitates with anti-AGO antibody
detected 1.8 fold increase in AGO in the phosphorylated protein fraction 24 h after irradiation
without a net change in AGO levels after irradiation (Fig. 4B, Suppl. C2, C3). This points to
the radiation-induced destabilization of miR-23a, miR-27a and miR-24-2 by AGO
phosphorylation as an additional layer of regulation complementing the stress induced

transcription of the miR~23a~24-2~27a cluster.

3.5.The miR-23a~27a~24-2 cluster modulates apoptosis after irradiation

Kraemer et al. demonstrated that miRNAs are essential for the survival of endothelial cells
following radiation exposure [31]. To investigate the impact of the stress induced
downregulated miR-23a~27a~24-2 cluster on cellular survival we analysed apoptosis after
overexpression of the individual miRNAs. Overexpression of miR-23a lead to significantly

increased SubG1 population (Fig. 5A) and Caspase 3/7 activation (Fig. 5B) in sham-irradiated
14



and 5 Gy irradiated cells. Interestingly did the overexpression of miR-24-2 also lead to a
significant increased apoptosis in irradiated cells, but not in sham irradiated cells (Fig. 5A, B).
Whereas miR-27a overexpression just caused significantly increased apoptosis in sham
irradiated cells (Fig. 5A, B). Since all three miRNAs displayed an effect on apoptosis and were
significantly downregulated after radiation exposure, we hypothesized that the miR-
23a~27a~24-2 cluster takes up a synergistic action on cellular survival by regulation of
apoptosis. An attempt to simultaneously overexpress the miRNAs failed due to the poor
cellular survival after transfection, which underlines the impact of the cluster miRNAs on cell

death (data not shown here).

3.6.The miR-23a~27a~24-2 cluster directly interacts with XIAP

In silico target identification using Ingenuity® Pathway analysis identified 6 potential targets
that the cluster miRNAs have in common (Fig. 6A). Since the functional characterization
showed that overexpression of each miRNA independently increased apoptosis after radiation
exposure and that all three miRNAs were downregulated after irradiation, the interaction of the
miRNAs with the common predicted target X-linked inhibitor of apoptosis (XIAP) was further
tested.

The predicted regulation of XIAP by the miRNAs miR-23a, miR-27a and miR-24-2 was
confirmed by western blot analysis 48 h after radiation (Fig. 6B I). Overexpression of each
individual cluster miRNA significantly decreased XIAP protein (Fig. 6B I1). To establish the
nature of XIAP regulation by the cluster miRNAs we performed luciferase reporter assays.
Therefore, potential binding sites of the miRNAs to the 3’UTR of the human XIAP were
identified with the microRNA.org target prediction tool (Supp. Al) and cloned into a pmiRGlo-

reporter plasmid. For miR-23a five potential binding sites were identified (C1, C2, C3, C5, C6)
15



(Supp. Al). For miR-24-2 one binding site was (C1) found and for miR-27a three binding sites
were identified (C2, C4, C6) (Supp. Al). The subsequent analysis confirmed 2 binding sites
for miR-23a (C1, C6) and miR-27a (C2, C6) and 1 binding site for miR-24-2 (C1) establishing
a direct interaction between five sites in the 3° UTR of human XIAP with the three miRNAs

(Fig.6C I-111).

3.7.The miR-23a~27a~24-2 cluster stabilizes XIAP protein levels after irradiation

To further investigate the potential interplay between XIAP and the cluster miRNAs, the
kinetics of changes in XIAP protein after irradiation were performed (Fig. 7A ). A significant
increase of XIAP protein abundance was observed between 24-72h (Fig. 7A 11) after
irradiation. This significant increase agrees well with the observed time dependent decrease in
mature miRNA miR-23a, miR-27a and miR-24-2 after irradiation.

Western blot analysis showed that the knock-down of XIAP by siRNA worked efficiently from
24 h after transfection (0 h) to 72 h after irradiation (Fig. 7A 1). We hypothesized that the
siXIAP mediated knock-down elevates apoptosis in a comparable way to the over-expression
of miR-23a, miR-27a and miR-24-2. In support of this hypothesis, FACS analysis revealed a
significant increase in apoptosis 48 h after radiation (Fig. 7B). This is also in concordance with
the observed significantly increased Caspase 3/7 activity 6 h after radiation (Fig. 7C). These
findings provide direct evidence that the miRNAs of the cluster miR-23a~27a~24-2 are stress-

induced downregulated to stabilize XIAP protein levels and promote cellular survival.

4. Discussion
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In this study, we showed that ionizing radiation decreases the miR-23a~27a~24-2 cluster
expression through both, transcription and post-transcriptional processes. The former is by
promoter methylation, the latter by AGO complex phosphorylation. We demonstrated that all
three mature cluster miRNAs directly affect apoptosis through upregulation of the common
target protein XIAP, which is required to prevent apoptosis after radiation exposure.

Previous studies of Kraemer et al. illustrated that the upregulation of specific miRNAS promote
endothelial cell survival after irradiation [41]. In addition to this our results evidence that also
the downregulation of miRNAs and consequently the stabilization of direct targets contribute
to radiation resistance. All three miRNAs displayed a regulatory effect on XIAP expression
suggesting a synergistic action on this gene. XIAP is an attractive prognostic marker and
therapeutic target in cancer treatment, since it undergoes unique interactions with terminal
effector caspases and can act as block for apoptosis [42-45]. It has been shown to be often
deregulated in different cancers, which can also affect cancer treatment [46-48]. Radiation
induced upregulation of XIAP in radiation resistant human carcinoma cells increases resistance
to radiation induced cell death [49, 50]. New insights on XIAP regulation and overcoming drug
resistance suggest miRNAs targeting XIAP as attractive application in cancer treatment [51,
52]. In compliance it has been shown that miR-23a, miR-27a and miR-24 also synergistically
regulate the JAK1/Stat3 signalling in human erythroid leukaemia and thereby affect apoptosis
and proliferation [53]. Consequently, the miR-23a~27a~24-2 cluster and its regulation presents
an attractive target to modify apoptosis for individual cancer therapy.

Several reports show transcriptional regulation through miRNA promoter methylation [54-57].
Evidence for a link between transcriptional repression and methylation of the cluster promoter
comes from the study of Wang and Zhang et al. [21]. These authors showed that demethylated
SP1 sites in GC-rich regions of the cluster promoter result in over-expression of hsa-miR-

23a~27a~24-2 in laryngeal cancer cells. Our study indicates a radiation-induced methylation
17



of the cluster promoter to suppress hsa-miR-23a~27a~24-2 cluster miRNA abundance. This
establishes that the methylation status of the hsa-miR-23a~27a~24-2 promoter is important for
its transcription and can be rapidly changed by stress induction. However, after transcriptional
blockage the levels of the mature miRNAs were decreased considerably slower than after
irradiation.

To explain this time lapse our transcriptional blockage and AGO-knock-down results suggest
an additional post-transcriptional destabilization. Correspondingly, Winter and Diederichs
provide evidence that AGO proteins stabilize mature miRNAs [39]. Indeed,
immunoprecipitation with consecutive miRNA expression analysis revealed that radiation
reduces selectively cluster miRNA binding. Rudel et al. demonstrated that phosphorylation of
AGO proteins affects miRNA binding, which can be affirmed by our findings [58]. A stress
induced altered maturation of a subset of miRNAs by AGO phosphorylation might be mediated
by EGFR signalling as shown after hypoxia [40]. Since the terminal loop of a miRNA is crucial
to Drosha cleavage [59, 60], an association between genetic variants of pre-miR-27a loop-
structure and familial breast cancer risk has been identified [61]. Therefore an additional
contribution of other turn-over mechanisms or epigenetic changes upon radiation may be
possible [62-64].

In summary, we report two different stress-induced regulatory mechanisms, which influence
the cluster and are essential to assure a time-dependent signalling cascade, allowing cellular
survival after stress. Hence, it is not only important to elucidate the regulation and function of
the hsa-miR-23a~27a~24-2 cluster, but also to investigate the therapeutic potential of the

cluster on cellular survival in cancer treatment.
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Figure 1: Stress-induced downregulation of mature miRNAs miR-23a, miR-27a and miR-

24-2

A)

B)

C)

D)

I) The structure of the 2159 nt hsa-miR-23a~27a~24-2 cluster (Chrl9: 13836587-
13836359 [-]). The promoter region is spanning from -603 to +36 relative to the
transcription initiation site (+1).

I) The structure of the paralog hsa-miR-23b~27b~24-1 (Chr9: 95085208-95086088
[+]). The paralog cluster is located within the C9orf3 gene.

Relative expression of the mature miRNAs of the miR-23a~27a~24-2 cluster at 0.5-
72 h in endothelial EA.hy926 cells after exposure to 5 Gy of irradiation. Changes in
expression were calculated by normalization to the housekeeping TBP and sham-
irradiated control cells (set as 1). Data represent means + SEM. n =3, *p <0.05,
**p <0.01.

Relative expression of the mature miRNAs of the miR-23a~27a~24-2 cluster at 48 h
after exposure to 5J UV radiation, 50 puM cisplatin, 1 uM doxorubicin. Changes in
expression were calculated by normalization to the housekeeping snoRNA U6 and
sham-treated control cells (set as 1). Data represent means £ SEM, n =3, *p <0.05,
**p <0.01.

Relative expression of the mature miRNAs of the miR-23a~27a~24-2 cluster at 4-24 h
in mammary epithelial MCF10A cells after exposure to 5 Gy of irradiation. Changes in
expression were calculated by normalization to the housekeeping snoRNA U6 and
sham-irradiated control cells (set as 1). Data represent means £ SEM, n = 3, *p < 0.05,
**p <0.01.

Figure 2: Radiation-induced methylation leads to reduced pri-23a~27a~24-2

A)

B)

C)

Relative expression of the primary transcript of the miR-23a~27a~24-2 cluster at 0.5-
72 h after exposure to 5 Gy of irradiation. Changes in expression were calculated by
normalization to the housekeeping TBP and sham-irradiated control cells (set as 1).
Data represent means + SEM, n = 3, *p <0.05, **p <0.01.

EA.hy926 cells were treated with 10 uM of 5-aza-2’deoxycytidine (5-aza-dc) for
DNMT inhibition 3 h prior to 5 Gy irradiation. Control cells were sham-treated with
PBS. Changes in expression were calculated by normalization to the housekeeping TBP
and sham-irradiated control cells (set as 1). Data represent means + SEM, n =3,
*p <0.05, **p <0.01.

HEK?293FT cells were transfected with different luciferase pGI3 vector plasmids, either
lacking a promoter (pGL3-basic), or with inserted hsa-miR-23a~27a~24-2 promoter
(pGL3-promoter), or a plasmid containing a SV40-promoter (pGL3-control).
Luciferase activity was analyzed 4 h after 5 Gy irradiation and changes were calculated
by normalization to sham-irradiated control cells. Changes in Data represent means *
SEM, n =3, *p <0.05, **p <0.01.
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Figure 3: miR-23a, miR-27a and miR-24-2 are stabilized by AGO complex

A/B) EA.hy926 cells were treated with 5 uM of a-amanitin for transcriptional inhibition.
Relative Expression was measured 4-48 h after treatment. Changes in expression were
calculated by normalization to sham-treated control cells. Data represent means £ SEM, n = 3,
*p <0.05, **p <0.01, ***p <0.001.

C) Representative western blot of EA.hy926 cells transfected with siRNA against AGO2 24 h
to 72h after transfection.

D) EA.hy926 cells were transfected with sSiRNA against AGO2. 24 h after transfection cells
were treated with 5 uM of a-amanitin for transcriptional inhibition. Relative expression was
measured 24 h after treatment. Changes in expression were calculated by normalization to
respectively-treated control cells. Data represent means £ SEM, n =3, *p <0.05, **p <0.01,
***pn <0.001.

Figure 4: radiation induced destabilization of AGO complex

A) Relative abundance of miRNAs bound to AGO in immunoprecipitates measured 24 h
after 5 Gy irradiation with Realtime PCR. Pull-down was either directed against pan-
AGO or against unspecific 1gG control Changes in expression were calculated by
normalization to the respective unspecific 1gG control and sham-irradiated control
immunoprecipitates. Data represent means with £ SEM, n = 3, *p <0.05, **p <0.01.

B) Relative abundance of AGO phosphorylated in tyrosine measured with Western Blot in
immunoprecipitates 24 h after 5 Gy irradiation. Pull-down was either directed against
pTyr or against unspecific IgG control. Changes in pan-AGO protein level were
calculated by normalization to the respective unspecific 1gG control and sham-
irradiated control immunoprecipitates. Data represent means with + SEM, n =3,
*p <0.05, **p <0.01.

Figure 5: Effect of miR-23a, miR-27a and miR-24-2 on apoptosis

A) FACS analysis of apoptotic EA.hy926 cells that were transfected with pre-miRNAS
24 h prior to 5 Gy or sham-irradiation. Changes in SubG1 population 48 h after
radiation were calculated by normalization to the sham-irradiated unspecific RNA
control. Data represent means with = SEM, n = 3, *p < 0.05, **p <0.01.

B) EA.hy926 cells were transfected with pre-miRNAs 24 h prior to 5 Gy or sham-
irradiation. Cells were analysed with Caspase-Glo® 3/7 Assay 6 h after 5 Gy or sham-
irradiation. Changes were calculated by normalization to the sham-irradiated unspecific
RNA control. Data represent means with £ SEM, n = 3, *p <0.05, **p <0.01.

Figure 6: miR-23a, miR-27a and miR-24-2 directly interact with XIAP

A) Insilico target analysis of common targets of the miRNA-cluster hsa-miR-23a~27a~24-
2 with Ingenuity pathway analysis (IPA®).

B) EA.hy926 cells were transfected with unspecific control RNAs or pre-miRNAs 24 h
prior to 5 Gy or sham-irradiation. ) Representative XIAP western blot 48 h after
irradiation. Il) Changes in XIAP protein abundance 48 h after irradiation were
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C)

calculated by normalisation to GAPDH and the sham-irradiated unspecific RNA
control. Significance was determined by comparison of individual overexpressed
miRNAs with respectively irradiated control. Data represent means with £ SEM, n = 3,
*p <0.05, **p <0.01.

Subsequent direct target confirmation with Dual-Luciferase® Reporter Assay 48 h after
transfection. 1) 5 potential binding sites for miR-23a (C1, C2, C3, C5, C6). II) 1
potential binding site for miR-24-2 (C1). 111) 3 potential binding sites for miR-27a (C2,
C4, C6). Changes were calculated by normalization to pmiRGlo unspecific RNA
control. Data represent means with £ SEM, n = 3, *p <0.05, **p <0.01.

Figure 7: miR-23a~27a~24-2 cluster stabilizes XIAP after irradiation

A) EA.hy926 cells were transfected with unspecific control RNA or siXIAP 24 h prior to

B)

C)

5 Gy or sham-irradiation. 1) Representative XIAP western blot of EA.hy926 cells 0-
72 h after 5 Gy irradiation. 1) Changes in XIAP protein abundance 6-72 h after
irradiation were calculated by normalisation to GAPDH and the sham-irradiated
unspecific RNA control. Data represent means with £ SEM, n =3, *p <0.05,
**p <0.01.

FACS analysis of apoptotic EA.hy926 cells that were transfected with siRNA against
XIAP 24 h prior to 5 Gy or sham-irradiation. Changes in SubG1 population 48 h after
irradiation were calculated by normalization to the sham-irradiated unspecific RNA
control. Significance was determined by comparison of individual overexpressed
miRNAs with respectively irradiated control. Data represent means with £ SEM, n = 3,
*p <0.05, **p <0.01.

EA.hy926 cells were transfected with siRNA against XIAP 24 h prior to 5 Gy or sham-
irradiation. Cells were analysed with Caspase-Glo® 3/7 Assay 6 h after 5 Gy or sham-
irradiation. Changes were calculated by normalization to the sham-irradiated unspecific
RNA control. Significance was determined by comparison of individual overexpressed
miRNAs with respectively irradiated control. Data represent means with = SEM, n = 3,
*p <0.05, **p < 0.01.
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Figure 2
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Figure 3
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Figure 6
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Figure 7
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Graphical Abstract
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Highlights:

radiation-induced downregulation of the miR-23a~24-2~27a cluster

e radiation-induced phosphorylation of AGO

o radiation-induced destabilization of cluster miRNAs through reduced AGO binding

e XIAP mRNA is a common direct target of miR-23a, miR-27a and miR-24-2

e cluster downregulation reduces apoptosis through increased XIAP translation
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