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Abstract: DNA double-strand breaks (DSBs) are one of the most lethal types of DNA damage due to
the fact that unrepaired or mis-repaired DSBs lead to genomic instability or chromosomal aberrations,
thereby causing cell death or tumorigenesis. The classical non-homologous end-joining pathway (c-
NHE]) is the major repair mechanism for rejoining DSBs, and the catalytic subunit of DNA-dependent
protein kinase (DNA-PKs) is a critical factor in this pathway; however, regulation of DNA-PKcg
expression remains unknown. In this study, we demonstrate that miR-145 directly suppresses
DNA-PK by binding to the 3/-UTR and inhibiting translation, thereby causing an accumulation of
DNA damage, impairing c-NHE], and rendering cells hypersensitive to ionizing radiation (IR). Of
note, miR-145-mediated suppression of DNA damage repair and enhanced IR sensitivity were both
reversed by either inhibiting miR-145 or overexpressing DNA-PKs. In addition, we show that the
levels of Aktl phosphorylation in cancer cells are correlated with miR-145 suppression and DNA-PKcs
upregulation. Furthermore, the overexpression of miR-145 in Aktl-suppressed cells inhibited c-NHE]
by downregulating DNA-PKs. These results reveal a novel miRNA-mediated regulation of DNA
repair and identify miR-145 as an important regulator of c-NHE].

Keywords: classical non-homologous end-joining pathway (c-NHE]); DSBs; DNA-PKs; microRNA

1. Introduction

Faithful inheritance of genetic information from one generation to the next and adap-
tation to a steadily changing environment are two sides of the same coin, reflecting both
genetic stability and genetic modification that must be maintained in parallel to ensure
the survival of both parent and offspring. Thus, DNA-modifying agents can be either
a threat leading to extinction or a driving force for evolution, depending on how DNA
lesions are addressed [1]. DNA double-strand breaks (DSBs) are regarded as one of the
most deleterious outcomes of exposure to DNA-damaging agents, whether endogenous or
environmental [2]; eukaryotes also generate this type of DNA lesion as part of their normal
physiological processes, such as those that occur during B-cell or T-cell development [1-4].
To counteract these DSBs, cells have evolved several repair methods, including classical
non-homologous end-joining (c-NHE]), homologous recombination (HR), alternative-end
joining (a-EJ), and single-strand annealing (SSA) [1]. While the high fidelity of HR guaran-
tees genomic integrity, the other three methods are prone to errors to varying degrees and
tend to cause chromosomal alterations. Therefore, properly coordinated regulation of these
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repair pathways, in accordance with the particular type of DSB, is critical for maintaining
genomic integrity and allowing modifications that are required for gene rearrangements,
such as those that occur during the development of T and B lymphocytes [1].

c-NHE] and HR are of particular importance in DSB repair, while c-NHE] mainly
operates throughout the cell cycle and plays a key role in the generation of functional T
or B cell receptors [1-4]. HR is restricted during the S/G2 phase when a sister chromatid
is available as a template for repair [5]. During c-NHE], DSBs are recognized and bound
initially by heterodimeric KU proteins (KU70 and KU80), after which the catalytic sub-
unit of DNA-dependent protein kinase (DNA-PKc) is recruited to the broken ends of the
DNA [1,6]. A deficiency in DNA-PKs causes radiosensitive severe combined immun-
odeficiency in humans [7], leading to similar phenotypes in mice [8] and rendering cells
sensitive to ionizing radiation (IR) [9]. Interestingly, the loss of this protein has been shown
to increase the frequency of HR after exposure to IR [10,11], suggesting that DNA-PKcs
plays an important role in the choice between the NHE] and HR pathways in response to
DSBs. However, whether cellular levels of DNA-PK; are relevant for regulation remains to
be determined.

MicroRNAs (miRNAs) are a class of short (20-24 nucleotides), noncoding RNAs that
bind to the 3'-untranslated regions (3’-UTRs) of target mRNAs, leading to the suppression
of protein synthesis of the corresponding genes. A growing body of evidence implicates
miRNAs in the orchestration of DNA damage responses through the negative regulation of
DNA repair-related proteins [12-17].

In this study, we established that DNA-PK is a target for a particular miRNA,
miR-145, and that downregulation of DNA-PK s by miR-145 impairs the normal c-NHE]
response to IR-induced DSBs, leading to an increased sensitivity of affected cells to IR.
This defective c-NHE] activity was rescued by co-transfection with either an antagomir of
miR-145 or DNA-PKs cDNA lacking the 3/-UTR. In addition, we showed that activated
Aktl upregulates DNA-PK,s expression by downregulating miR-145. Taken together, these
results suggest that miR-145 plays an important role in the regulation of DNA-PK and
may therefore be a therapeutic target for radioresistance in for cancer and other diseases.

2. Materials and Methods
2.1. Cell Culture and Treatment

The human cervix adenocarcinoma HeLa cells, the human bone osteocarcinoma U20S
cells, the human embryonic kidney HEK293T cells, the human breast cancer BT549, MCF?7,
MDA-MB 231, MDA-MB 453 cells, and the human prostate cancer DU145 cells were
obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-BRL, Grand Island,
NY, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS; Cambrex
Corp., East Rutherford, NJ, USA), 100 units/mL penicillin, and 100 pg/mL streptomycin
sulfate (Invitrogen, Carlsbad, CA, USA). All cells were maintained in a humidified incubator
containing 5% CO, at 37 °C. To induce DNA double strand breaks, exponentially growing
cells were irradiated from 1% Cs source (Gamma cell 3000 Elan irradiator, Best Theratronics,
Ottawa, ON, Canada) at different doses depending on the types of experiments and allowed
to recover at 37 °C. To inhibit Aktl function, HeLa cells were treated with 50 pM perifosine
(Sigma, St. Louis, MO, USA) for 24 h.

2.2. Cell Transfection

Hsa-miR-145 duplex and negative control miRNA were purchased from Bioneer
(Daejeon, South Korea). Cells were transiently transfected with 50 nM miRNA using
lipofectamine RNAiMax (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
recommendations. For rescue experiments, a miR-145 inhibitor (anti-miR-145) and pcDNA-
DNA-PKs vector were used. For expression of Aktl, pUSE-Myc-Aktl vector was used.
pcDNA empty vector and scrambled oligonucleotide were used as negative controls.



Cells 2022, 11, 1509

30f19

2.3. Antibodies

The following antibodies were used for immunoblotting: mouse monoclonal anti-
DNA-PK (1:1000 Neo markers/Thermo scientific laboratories, Middlesex, MA, USA),
monoclonal anti-DNA-PK (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
polyclonal anti-KU80 (1:1000; Santa Cruz Biotechnology), polyclonal anti-KU70 (1:1000;
Santa Cruz Biotechnology), anti-GAPDH mouse monoclonal antibody (1:10,000; Santa
Cruz Biotechnology), and monoclonal anti-a-tubulin (1:10,000; Santa Cruz Biotechnology).
Formation of y-H2AX foci was detected by immunofluorescence staining using a y-H2AX
mouse monoclonal antibody (JBW301, Upstate Biotechnology, Temecula, CA, USA) at a
1:200 dilution.

2.4. Western-Blot Analysis

Cells were lysed in ice-cold RIPA lysis buffer: 50 mM Tris (pH 8.0) containing 150 mM
sodium chloride, 1.0% NP-40 (or Triton X-100), 0.5% sodium deoxycholate, 0.1% SDS
(sodium dodecyl sulfate), 2 mM EDTA, and protease inhibitor cocktail (Roche, Basel,
Switzerland). Equal amounts of proteins were then resolved on 6-15% SDS-PAGE gels,
followed by electrotransfer to polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA). The membranes were blocked for 1 h in TBST [10 mM Tris—-HCI (pH 7.4),
150 mM NacCl, 0.1% Tween 20] containing 5% skim milk at room temperature and then
incubated with the indicated primary antibodies overnight at 4 °C. Membranes were
washed and incubated with appropriate secondary antibodies for 2 h at room temperature
and membranes were developed using enhanced chemi-luminescence detection system.
The amounts of DNA-PKcs protein were quantified using Scion Image software (Scion
Corp., Chicaga, IL, USA).

2.5. Reverse Transcription-Quantitative Real-Time PCR (RT-gPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen). For quantitation of DNA-
PK mRNA, cDNA was synthesized using 1 ug total RNA, Random hexamer (Promega,
Madison, WI, USA) and M-MLYV reverse transcriptase (Invitrogen). Real-time PCR anal-
ysis was performed using the SYBR green-based fluorescent method (SYBR premix Ex
Taq kit, Takara, San Jose, CA, USA) and the MX3000P® qRT-PCR system (Stratagene,
La Jolla, CA, USA) with specific primers. Primers used for real-time PCR are as fol-
lows: DNA-PK, forward, 5-GCCAAATCTCAGGATACAAGGA-3' and DNA-PK_ reverse,
5-TGGTTCTCAGCTTAGTTATTGGTG-3'. To quantify miR-145, cDNA was synthesized
using Mir-X™ miRNA first-strand synthesis and SYBR qRT-PCR kit (Takara) according to
the manufacturer’s instructions. Has-miR-145-M10000461 was used as primer for real-time
qPCR. The quantity of transcripts was calculated based on the threshold cycle (C;) using
the delta-delta C; method that measures the relative of a target RNA between two samples
by comparing them to a normalization control RNA (gapdh or U6).

2.6. MicroRNA Luciferase Reporter Assay

Segments of the 3'UTR of DNA-PKcs containing putative miR-145 binding sites were
cloned into pMIR-REPORT firefly luciferase vector (Applied Biosystems, Waltham, MA,
USA). Deletion mutants of predicted miR-145 binding sites were made using the GENEART
Site-Directed Mutagenesis kit (Invitrogen). For the luciferase activity assay, pMIR-REPORT
luciferase vectors containing wild type or mutant 3'UTRs of DNA-PKcs and pRL-TK vec-
tor containing Renilla luciferase as a transfection control were co-transfected into HeLa
cells using Lipofectamine 2000 (Invitrogen), and subsequently, the same cells were trans-
fected with miR-145 and/or anti-miR-145. After 24 h of transfection, the luciferase assay
was performed using the dual luciferase reporter assay system (Promega) according to
the manufacturer’s instructions. Luciferase activity was quantified using a luminometer
(Glomax, Promega).
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2.7. Immunofluorescence Cell Staining

To visualize y-ray-induced y-H2AX foci, cells cultured on coverslips were washed
twice with PBS and fixed in 100% ice cold methanol for 10 min, followed by permeabiliza-
tion with 0.3% Triton X-100 for 15 min at room temperature. Next, the coverslips were
washed three times with PBS, followed by blocking with 0.1% bovine serum albumin in
PBS for 1 h at room temperature. The cells were immunostained using primary antibody
directed against the y-H2AX proteins overnight at 4 °C. After 3 times being washed with
PBS, the cells were stained with the appropriate secondary antibodies conjugated with
Alexa Fluor 488- or Alexa Fluor 594 (green and red fluorescence, respectively; Molecular
Probes, Eugene, OR, USA). The coverslips were mounted onto the slides using Vectashield
mounting medium containing 4’, 6-diamidino-2-phenylindole (DAPL; Vector Laboratories,
Burlingame, CA, USA). Fluorescence images were taken under a confocal microscope (Zeiss
LSM 510 Meta; Carl Zeiss, Jena, Germany) and analyzed with Zeiss LSM Image Examiner
software (Carl Zeiss). Percentage was calculated among at least 100 cells by dividing the
number of y-H2AX foci-positive cells by the number of DAPI-stained cells.

2.8. NHE] Assay

The NHE] assay was measured in HeLa and U20S cells stably expressing EJ5-GFP,
using methods previous described [18,19]. To generate stable EJ5-HeLa and EJ5-U20S cells,
cells were transfected with pimE]J5-GFP plasmids (#44026 addgene, Watertown, MA, USA)
using Lipofectamine 2000. 24 h after transfection, 5 ng/mL of puromycin was added to
the media and cultured for 2 weeks for selection. Stable cells were confirmed by expres-
sion of GFP after I-Scel transfection. EJ5-HeLa and EJ5-U20S cells were transfected with
miR-145 or a control miRNA using lipofectamine RNAIMAX, and then transfected with
pCBA-I-Scel vector. After 2 days, the percentage of GFP-positive cells which had repaired
the DSBs generated by I-Scel was determined by flow cytometry (FACSCalibur, BD Bio-
science, San Jose, CA, USA). The acquired data was analyzed using CellQuest Pro software
(BD Biosciences).

2.9. HR Assay

HR was measured using DR-GFP-U20S cells as described previously [19,20]. Briefly,
DR-GFP U20S cells were transfected with control miRNA or miR-145 using lipofectamine
RNAIMAX (Invitrogen). At 24 h after transfection, pCBA-I-Scel plasmids were transfected
into DR-GFP U20S cells. GFP-positive cells which had repaired by HR were counted
48 h after transfection using flow cytometry (FACSCalibur). The data was analyzed
by CellQuest Pro Software (BD Bioscience). 10,000 cells were analyzed and repeated
three times.

2.10. In Vitro NHE] Assay

The pEGFP-Pem1-Ad2 plasmid was digested with HindlIII restriction endonuclease to
remove Ad2 and generate staggered ends. A supercoiled pEGFP-Pem1 vector was used as
a positive control for standardization of transfection and analysis conditions. The pCMV-
dsRed-express plasmid (Takara) was co-transfected into HeLa or U20S cells with either
linearized pEGFP-Pem1-Ad2 or supercoiled pEGFP-Pem1 as a control for transfection
efficiency [21]. In a typical reaction, 5 x 10% cells were transfected with supercoiled or
linearized pEGFP-Pem1-Ad2, together with pDsRed2-N1 plasmid, using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s recommended protocol. Forty-eight
hours after transfection, green (EGFP) and red (DsRed) fluorescence were measured by
flow cytometry (FACSCalibur, BD Biosciences).

2.11. Single-Cell Gel-Electrophoresis (Comet Assay)

Double strand brake (DSB) repair was visualized by neutral single-cell agarose-gel
electrophoresis, as described previously [22]. Briefly, HeLa or U20S cells transiently
transfected with miR-145, anti-miR-145, a control miRINA, or the DNA-PK., cDNA were
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irradiated with y-ray of 5 Gy dose, followed by incubation in culture medium at 37 °C
for appropriate lengths of time. Cells were then harvested (~10° cells per pellet), mixed
with low melting agarose, and layered onto agarose-coated glass slides. The slides were
maintained in the dark for all of the remaining steps. Slides were submerged in lysis
solution (10 mM Tris-HCl (pH 10), 2.5 M NaCl, 0.1 M EDTA, 1% Triton X-100, 10% dimethyl
sulfoxide) for 1 h and incubated for 30 min in neutral electrophoresis solution (100 mM Tris,
300 mM Sodium Acetate at pH 9.0). After incubation, slides were electrophoresed (~30 min
at 1 V/cm tank length), air-dried, neutralized, and stained with SYBR green. Average
comet tail moment was scored for 40-50 cells/slide using a computerized image analysis
system (Komet 5.5; Andor Technology, South Windsor, CT, USA).

2.12. Clonal Survival Assay

After treatment with y-ray irradiation at different dose, 5 x 107 cells were immediately
seeded onto a 60-mm dish in duplicate and grown for 2-3 weeks at 37 °C to allow colony
formation. Colonies were stained with 2% methylene blue in 50% ethanol and counted. The
fraction of surviving cells was calculated as the ratio of the plating efficiencies of treated
cells to untreated cells. Cell survival results are reported as the mean value 4= SD for three
independent experiments.

2.13. Statistical Analyses

Unpaired Student’s t-test was used to test for Statistical comparisons of data. The Data
are presented as the mean + SD. A p value < 0.01 was considered to be statistically signifi-
cant. GraphPad Prism (GraphPad Software, San Diego, CA, USA) and Excel (Microsoft,
Redmond, WA, USA) were used for the analyses.

3. Results
3.1. miR-145 as a DNA-PKs-Regulating miRNA

To determine whether miRNAs are involved in regulating DNA-PK.s expression,
we scanned the six most commonly used miRNA databases (TargetScan 7.0, miRWalk,
miRanda, miRDB, miRMap, and RNAhybrid) to identify those with the potential to target
the 3/-UTR of DNA-PK. mRNA. Thirty miRNAs were consistently identified across all the
six databases (Supplementary Table S1). Among these, only three (has-miR-145-5p, has-
miR-150-5p, and has-miR-488-5p) had a total context score of —0.25 or lower, as calculated
by TargetScan 7.0, and were further considered (Supplementary Table S2) [23]. Each
of the three candidate miRNAs were screened for gene silencing effects on DNA-PK
expression following transient transfection into HEK293T cells. Western blot analysis
showed that miR-145 had the strongest suppressive effect on DNA-PK expression but
had no effect on the expression of other NHE] factors, such as Ku70 and Ku80 (Figure S1A).
Quantitative RT-PCR analysis revealed decreased levels of DNA-PK transcripts, indicating
that high miR-145 levels cause DNA-PK. mRNA destabilization (Figure S1B). miR-145
overexpression also reduced DNA-PKs protein and mRNA expression in HeLa and U20S
cells (Figure 1A,B). Quantification of DNA-PK. immunoblots from three independent
experiments using both HeLa and U20S cells confirmed a robust reduction in DNA-PK
protein levels (Figure 1C). Conversely, we observed a slight increase in DNA-PKs protein
levels upon transfection of HeLa and U20S cells with the miR-145 inhibitor (Figure 1D).
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Figure 1. miR-145 negatively regulates DNA-PK.s expression in human cells. (A) Western blot
analysis of DNA-PKs expression in HeLa and U20S cells 48 h after transfection with miR-Ctrl or
miR-145. Ku70 and Ku80 protein levels were measured as negative controls. (B) Relative expression
levels of DNA-PK.s mRNAs were detected 48 h post-transfection and quantified using quantitative
RT-PCR. The RT-PCR signal is normalized to that of the housekeeping gene GADPH. Data represent
the mean + standard deviation (SD) (1 = 3); **, p < 0.01. (C) Quantification of DNA-PK western
blot signals from three independent experiments as performed in (B) using Sicon image software.
DNA-PK protein levels were normalized using Ku70 protein levels (control). Data represent the
mean =+ SD (n = 3); **, p < 0.01. (D) Western blot analysis of DNA-PKc levels in U20S and HeLa
cells 48 h after transfection with the control or miR-145 inhibitor. The band intensities of DNA-PK ¢
and Ku70 immunoblots were quantified using Sicon image software and the relative DNA-PK
protein levels were normalized to those of the control and represented as mean values from three
independent experiments.

3.2. The DNA-PK.s 3'UTR Is Directly Targeted by miR-145

Sequence analysis of the DNA-PKs 3'-UTR using the target prediction methods of
the above-mentioned six algorithms revealed one putative miR-145 binding site located
between nucleotides 674 and 696 on the 3'-UTR of human DNA-PK. mRNA (Figure 2A
and Supplementary Figure S2). Moreover, multiple sequence alignment of the DNA-PK
3’-UTR from different vertebrate species indicated conservation of the miR-145 target
region, especially at the miR-145 seed-matched sites (Figure 2B). To demonstrate that
miR-145 directly targets the 3'UTR of DNA-PK, this region, including the predicted
binding site, was cloned downstream of a luciferase reporter gene and co-transfected into
HeLa cells along with either miR-145 or a negative miR-control containing a scrambled
sequence. As shown in Figure 2C, a significant decrease in luciferase activity was observed
in miR-145-transfected cells as compared to that in the control cells. Notably, no significant
change in luciferase activity was observed in the presence of a vector in which the putative
seed region of miR-145 was deleted. These results support the conclusion that miR-145
negatively modulates DNA-PK,s expression by directly binding to its 3’-UTR.
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Figure 2. The 3/-UTR of DNA-PK; is targeted by miR-145. (A) A schematic diagram of the predicted
miR-145-binding sites in the 3'-UTR of DNA-PK.s mRNA. MT-DNA-PK has a deletion of seven bases
at the 3’-UTR (red). (B) Alignment of DNA-PK.s 3'UTR sequences from fourteen vertebrate species.
A conserved miRNA-mRNA interaction site, identified based on a seed sequence complementary
to miR-145 nucleotides 1-8 (8-mer), is highlighted using gray boxes. (C) Luciferase reporter vectors
carrying wild type or mutant 3'UTR of DNA-PK.s were co-transfected with either miR-145 or a
control miRNA into HeLa cells. Luciferase activity was measured 24 h after transfection. Data is
represented as the mean + SD (n = 3); **, p < 0.01.

3.3. miR-145 Causes an Accumulation of Unrepaired DSBs after IR and Affects Cell Survival

Suppression of NHEJ-mediated DNA repair results in higher levels of unrepaired,
damaged DNA, which can be assayed by measuring the levels of y-H2AX that persist after
DNA damage [24,25]. HeLa or U20S cells expressing miR-145, along with the respective
control cells, were exposed to IR for 12, 16, 20, and 24 h and stained for assessing y-H2AX
levels. Twelve hours after irradiation, both HeLa and U20S cells overexpressing miR-145
had significantly more foci than the respective control cells. After 24 h, most of the-H2AX
foci were resolved in control cells, but a significant amount of y-H2AX remained in the
cells overexpressing miR-145 (Figure 3A,B and Supplementary Figure S3). To examine DSB
repair more directly, the same set of cells was treated with IR and subjected to the comet
assay. At 3 h after IR treatment, DNA comet tail moments were significantly extended in
cells transfected with miR-145 compared to those in the control cells (Figure 3C,D). We then
tested the effect of miR-145 overexpression on cell survival after IR exposure. Again, either
HeLa or U20S cells were transfected with either the control or miR-145, and clonogenic
survival was measured following IR treatment. We found a significant reduction in survival
following irradiation when miR-145 was overexpressed (Figure 3E,F). Similar to clonogenic
survival, the MTT assay showed that the cell viability of miR145-overexpressing cells was
reduced after treatment with neocarzinostatin (NCS), which mimics DSB (Supplementary
Figure S3C). Collectively, these findings suggest that miR-145 inhibits DSB repair, which
likely contributes to the observed IR sensitization phenotypes.



Cells 2022, 11, 1509

8 of 19

Relative -yH2AX staining (%)

50

D

12

Hours post IR (10 Gy) treatment

16

20

Hela

IR ut 0 1 3 24h
B

60 , miR-Ctrl
O miR-control
m miR-145 Comet Hela

- tail
.-- '. o
90

omiR-Ctrl
mmiR-145

Relative 7-H2AX staining (%)

24h 0 12 16 20 24h

Hours post IR (10 Gy) treatment

comet tail moment

U208

uT 0 1 3 24 h
Hours post IR(10Gy) treatment

IR ut 0 1 3 24 h
miR-Ctrl E
Comet —0—miR-Ctrl

comet tail moment

uT

0

1

tail u20s —a—miR-145
miR-145 1
70 w

K]
z
2
2
omiR-Ctrl %
umiR-145 2
3
(14

Relative cell survival

1 2 5Gy 0 1 2 5 Gy
2-hours post IR treatment (Gy) 2-hours post IR treatment (Gy)

Hela U208
3 24 h

Hours post IR (10 Gy) treatment

Figure 3. Effect of miR-145 overexpression on DNA repair and cell radiosensitivity. (A,B) HeLa
(A) and U20S (B) cells transfected with either miR-145 or miR-Ctrl were irradiated with 10 Gy and
then fixed for immunofluorescence staining of y-H2AX at the indicated time points. The percentage
of y-H2AX foci-stained cells was calculated. (C,D) HeLa (C) and U20S (D) cells transfected with
either miR-145 or miR-Ctrl were irradiated with 10 Gy and then subjected to a neutral comet assay at
the indicated time points. Representative blots are shown. The comet tail moment was counted, and
approximately 100 cells were analyzed in each group. (E,F) HeLa (E) and U20S (F) cells transfected
with miR-145 or a control miRNA were irradiated with y-ray at indicated doses, seeded onto dishes,
and grown for 2-3 weeks. Viability of treated cells was examined using the clonogenic survival assay.
In all panels, mean £ SD is shown. **, p < 0.01 versus control group. IR: irradiation.

3.4. miR-145 Reduces the DSB Repair by Downregulating DNA-PKs

The next question was whether inhibiting miR-145 would return DNA-PKs to normal
expression levels and rescue DSB repair. As expected, transfection of anti-miR-145 in either
HeLa or U20S cells expressing miR-145 restored DNA-PKs protein levels to those of the
control (Figure S4A). To determine whether inhibition of miR-145 in these cells also affected
DSB repair, the persistence of DNA damage was measured using the comet assay 3 h after
IR treatment. The results indicated that co-expression of anti-miR145 effectively reversed
the effects of miR145 overexpression on the comet tail moment (Figure 4A). Similarly, the
percentage of cells with y-H2AX foci at 20 h after IR was much lower in cells expressing
the miR-145 inhibitor, indicating that DSB repair was restored to normal (Figure 4B).
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Figure 4. Expression of anti-miR-145 or miR-145-insensitive DNA-PK.s cDNA rescues DNA repair
defect and radiosensitivity. (A) HeLa and U20OS cells were co-transfected with combinations of
miR-145, miR-Ctrl, anti-miR-145, or DNA-PK.s cDNA as indicated. Three hours after y-ray irradiation
with 10 Gy, the cells were subjected to the neutral comet assay. Representative images (top) and
quantification (bottom) of comet tail moment are shown. (B) HeLa cells co-transfected with either
miR-145 or miR-Ctrl, as well as either anti-miR-145 or DNA-PK.s cDNA, were y-ray irradiated with
10 Gy and subjected to immunofluorescence staining for y-H2AX at the 20 h time point. (C,D) HeLa
(C) and U20S (D) cells co-transfected with combinations of miR-145, miR-Ctrl, anti-miR-145, or
DNA-PK.s cDNA were y-ray irradiated at the indicated doses, cultured for 2-3 weeks, and subjected
to the clonogenic survival assay. In all panels, mean + SD is shown. **, p < 0.01 versus control group.

To further validate the idea that miR-145 disrupts DSB repair through the downreg-
ulation of DNA-PK,, we tested whether overexpression of DNA-PK lacking a 3-UTR
could rescue the DSB repair deficiency that results from the overexpression of miR-145.
Both HeLa and U20S cells were co-transfected with DNA-PKs along with either control or
miR-145 (Figure 54B), after which they were treated with IR and subjected to both comet
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assay and y-H2AX staining to measure the levels of DSB damage. The results indicated
that overexpression of DNA-PK lacking a 3’-UTR restored both the comet tail moment
(Figure 4A, last lane) and y-H2AX foci formation (Figure 4B, last lane) to control levels.
Similarly, the negative effect of miR-145 on the survival of HeLa and U20S cells after
exposure to y-ray irradiation was reversed when either anti-miR-145 or DNA-PK was
introduced (Figure 4C,D). These results showed that miR-145-induced reduction of DNA-
PKcs expression caused a defect in DNA damage repair and contributed to reduced cell
survival after irradiation. Taken together, these results provide evidence that the miR-
145-mediated downregulation of DNA-PK results in both impairment of DSB repair and
increased sensitivity to y-ray irradiation, which confirmed this study hypothesis regarding
the miR-145-DNA-PKcs-NHE] axis.

3.5. miR-145 Overexpression Interferes with Non-Homologous End Joining Repair

The two major pathways involved in DNA DSBs repair are homologous recombination
(HR) and non-homologous end joining (NHE]). In the NHE] pathway, a key player is DNA-
PK, which consists of a catalytic subunit (DNA-PK) and a DNA-binding component
(Ku, which is a heterodimer of Ku70 and Ku80). Ku forms a ring-like structure that binds
first to the end of the DNA, and then recruits DNA-PK.s and mediates its binding to the
DNA [1-4]. Having observed the effect of miR-145 on both DNA-PKs expression and DSB
repair, we investigated whether miR-145 specifically modulates NHE] or plays a role in
both NHE] and HR. To address this question, we employed two established assays using
HeLa-EJ5 and U20S-DR-GFP for NHE] and HR, respectively. In each of these two systems,
if the respective HR- or NHE]J-mediated DNA repair occurs, the recombination event
generates an intact Green Fluorescent Protein (GFP) allele that is detected and quantified
through the level of fluorescence (Figure 5A,B). HeLa-EJ5 and U20S-DR-GFP cells were
transfected with either miR-145 or the control, and then transfected with a vector encoding
for I-Scel endonuclease in order to induce DNA damage. The percentage of GFP-positive
cells (reflecting the efficiency of either NHEJ-mediated or HR-mediated DNA repair) was
assessed 48 h later using flow cytometry. In the presence of miR-145, NHE] efficiency
was markedly decreased, as represented by the low percentage of GFP-expressing cells
(Figure 5C), and the expression of the DNA-PKs protein was accordingly downregulated
(Figure S5A). In contrast, miR-145 expression had no effect on the number of GFP-positive
U20S-DR-GFP cells (Figure 5D), indicating that miR-145 regulates NHE] repair but not
HR repair.

To further confirm that miR-145 affects NHE], a second assay, which measures the
ability of cells to repair a linearized plasmid, was employed [26]. The plasmid used in this
assay, pEGFP-Pem-Ad?2, contains an EGFP gene that is interrupted by an intron derived
from the rat Pem1 gene with an adenoviral exon (Ad2) engineered into the middle. Because
this Ad2 exon is flanked on both sides by HindlIII restriction endonuclease sites, undigested
or partially digested plasmids retain the Ad2 exon, which in turn becomes integrated into
EGFP mRNA, resulting in a nonfunctional EGFP protein. Functional EGFP can only be
expressed when the Ad2 exon is excised completely by HindIII digestion, followed by
the repair of DSBs (Figure S5B). To test the effect of miR-145 on c-NHE], the plasmid was
linearized by HindllI digestion in vitro and transfected into HeLa or U20S cells expressing
either miR-145 or a control miRNA. As a transfection control, the pDsRed2-N1 plasmid,
which expresses the red fluorescent protein DsRed2, was co-transfected. NHE] activity was
assessed by flow cytometry to quantify the percentage of cells expressing both green and
red fluorescence. miR-145 overexpression led to a significantly lower green fluorescence in
both HeLa (~30%) and U20S cells (~60%) than in control cells (Figure S6C). Together, these
results suggest that the overexpression of miR-145 and the subsequent downregulation of
DNA-PK suppressed c-NHE]J.
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Figure 5. miR-145 affects NHE] activity. (A,B) Schematic representation of fluorescence-based NHE]
(A) and HR (B) assay system using HeLa-EJ5 cells and U20S-DR-GFP cells, respectively. (C,D) Cells
were transfected with either miR-145 or a control miRNA, followed by transfection with the I-Scel
vector. Functional NHE]J (C) and HR (D) result in GFP-positive cells. The percentage of GFP-positive
cells was visualized under a microscope (left) and cells were collected using flow cytometry (right).
Results are shown as the mean £ SD (n = 3); **, p < 0.01. n.s. indicated not statistically significant.
(E) HeLa-EJ5 cells were co-transfected with miR-145, a control miRNA, anti-miR-145, or DNA-PKg
c¢DNA in combinations as indicated. After transfection with the I-Scel vector, the cells were analyzed
using flow cytometry for efficacy of GFP expression. Results are shown as the mean + SD (n = 3);

* p<0.01.
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Next, we asked whether the effect of miR-145 on c-NHE] activity is due to its effect on
DNA-PK. To address this, we used HeLa-EJ5 cells and co-transfected with miR-145 and
an anti-miR-145 or miR-145-insensitive DNA-PKs expression plasmid. The impairment
of c-NHE] activity in the presence of miR-145 alone was significantly reversed when
miR-145 expression was decreased or DNA-PKs was overexpressed, as measured by the
percentage of GFP-expressing cells (Figure 5E). This result suggests that a decrease of
miR-145 expression or the presence of miR-145-insensitive DNA-PKs can overcome the
observed NHE] deficiency caused by miR-145.

3.6. Inhibition of Akt1 Downregulates DNA-PK s Expression via Induction of Endogenous
miR-145 Expression

Aberrant activation of the PI3K/Akt pathway is a common defect in various human
cancer cells [27]. Previous studies have shown that activated Aktl stimulates NHE] repair,
which then contributes to chemo- or radio-resistance in some tumor cells [28-31]. However,
the mechanism through which Aktl facilitates NHE] DNA repair remains unclear. It
has been shown that the inhibition of phosphorylated Aktl (pAktl) activates miR-145
expression in human cancer cells [32]. We investigated the potential role of miR-145/DNA-
PKs in Aktl-mediated NHE] activity. Four breast (BT529, MCF7, MDA-MB-231 and
MDA-MB-453), three lung (H460, Calu-1 and Calu-3), and two prostate cancer cells (DU145
and PC3) were investigated for the expression of pAktl and DNA-PKcs using western
blotting. Breast cancer MDA-MB-231, lung cancer H460, and prostate cancer DU145 cells
showed low expression levels of pAkt-1 and DNA-PKcs (Figure 6A). In addition, it was
observed that the expression of miR-145 was increased in these cells with low expression
of pAktl, indicating that miR-145 expression is inversely correlated with activated Aktl
in these cancer cell lines (Figure 6B). Importantly, the DNA-PK expression levels were
significantly lower in the three Aktl-inactivated cell lines than in the other Aktl-activated
cell lines (Figure 6A, third panel). A scatter plot showed a significant positive correlation
between pAktl and DNA-PK s expression (Figure 6A, right). These results suggest a role
for activated Aktl in the positive regulation of DNA-PKs expression via miR-145.

As another way to assess whether Aktl regulates DNA-PKs expression, we measured
the levels of DNA-PK expression in HeLa cells in the presence of the Aktl inhibitor
perifosine, which prevents the recruitment of PI3K/Akt1 to the membrane, a step required
for activation [33] (Figure 6C). Perifosine treatment resulted in reduced levels of phos-
phorylated Aktl and increased miR-145 expression (Figure 6C,D). Notably, DNA-PK
expression was lower in cells treated with perifosine (Figure 6C,E). Moreover, when HeLa
cells overexpressing Aktl were transfected with miR-145, we found that increased miR-145
expression was associated with lower levels of DNA-PK.s expression (Supplementary
Figure S6A-C).

The next step was to identify any connections between Aktl and DNA-PK; as they
function in NHE]. To this end, we measured the percentage of repaired cells using two
assay systems: EJ5 cells and pEGFP-Pem-Ad2. The NHE] assay revealed that DSB rejoining
activity was ~50% lower in the presence of perifosine than in untreated control cells
(Figure 6F and Supplementary Figure S6D). The decrease in NHE] activity after perifosine
treatment was recovered by anti-miR145 expression (Figure 6G and Supplementary Figure
S6E). Consistent with these results, Aktl-overexpressing cells had increased rates of c-NHE]
repair that returned to control levels when miR-145 was overexpressed (Figure 6H). Taken
together, these results suggest that Aktl plays a role in the upregulation of DNA-PKc
function in c-NHE] by downregulating miR-145 expression.
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Figure 6. Aktl inhibition downregulates DNA-PKs expression through the upregulation of miR-145.
(A,B) Different breast cancer cell lines, BT549, MCF7, MDA MB231, and MDA MB453, lung cancer
cell lines, H460, Calu-1, and Calu-3 and prostate cancer cells, DU145 and PC3, were cultured, and
the extracts were analyzed for Aktl activation, DNA-PK.s expression, and miR-145 expression using
western blotting (A) and qRT-PCR (B), respectively. Results are shown as the mean + SD (n = 3);
**, p <0.01. A scatter plot showing the correlation between DNA-PKcs expression and Akt activation.
(C) HeLa and U20S cells were treated with 50 uM perifosine for 24 h and then cell lysates were
subjected to western blotting to measure c-NHE] factors, DNA-PK., KU70, and KU80. (D) The
lysates from the same cohorts of cells described in (C) were subjected to RNA extraction, followed by
quantitative RT-PCR to measure miR-145 expression. Results were presented as the mean =+ SD (n = 3);
**, p < 0.01. (E) Quantification of DNA-PKs western blot signals from three independent experiments
as performed in (C) using Scion image software. DNA-PK protein levels were normalized using
Ku?70 protein levels (control). Data represent as the mean + SD (n = 3); **, p < 0.01. (F) EJ5-HeLa
and EJ5-U20S cells were transfected with I-Scel vector and then treated with 50 uM perifosine for
24 h. Yield of GFP-positive cells were determined using flow cytometry. Results are shown as
the mean + SD (n = 3); **, p < 0.01. (G) EJ5-HeLa and EJ5-U20S cells were co-transfected with
anti-miR145 and I-Scel vector and treated with 50 uM perifosine. After 24 h, the percentage of cells
expressing GFP was measured using flow cytometry. Data represent the mean + SD (1 = 3); **, p < 0.01.
(H) EJ5-HeLa and EJ5-U20S cells were co-transfected with Aktl cDNA (pUSE-myc-Aktl) and miR-
145, or Aktl cDNA alone, and NHE] activity was measured. Data represent the mean + SD (1 = 3);
**, p <0.01. (I) A schematic representing the regulation of NHE] by miR-145-DNAPKcs axis. See text
for details. NHE]: non-homologous end joining.
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4. Discussion

In mammalian cells, the most severe form of DNA damage is a DSB, which is a potent
trigger of the DNA damage response. This type of DNA damage can arise as a result
of exposure to both exogenous agents, such as ionizing radiation and certain genotoxic
chemicals, and endogenous stresses, including reactive oxygen species [2]. Regardless of
the origin of DSBs, the cell responds by activating different pathways to overcome the
insult and repair damage. In mammalian cells, NHE] is the major process by which DSBs
are repaired [34]. In NHE], Ku70/80 first senses and binds to the DSB and then quickly
recruits DNA-PK. The interaction between Ku70/80 and DNA-PK plays a critical role
in NHE]J event [2,34]. It is clear that either depletion of DNA-PK or the elimination of
DNA-PK kinase activity renders cells extremely sensitive to agents that induce DSBs and
prevents cells from carrying out normal V(D)] recombination [35,36]. However, detailed
regulatory mechanisms underlying the role of DNA-PKs are not well understood. Here,
using a bioinformatic analysis followed by mechanistic studies, we have shown that the
miR-145 post-transcriptionally represses DNA-PKs expression by directly targeting the
3’-UTR of DNA-PK. Furthermore, we have demonstrated that the ectopic expression of
miR-145 leads to effects similar to those that occur when DNA-PK is depleted, specifically,
accumulation of DSBs, enhanced radiosensitivity, and reduced NHE] activity.

miRNAs regulate the DNA damage response (DDR) through the transcriptional mod-
ulation of DDR-related proteins and are induced by DNA damage [37,38]. miRNAs play a
role in regulating the DDR by modulating the expression of protein components of various
pathways, such as cell cycle arrest, DNA repair, and apoptosis. In particular, miR-145 has
been shown to function as a tumor suppressor in a variety of cancer cell types, including
colorectal, gastric, breast, renal, hepatic, and non-small lung cancers [39—46]. In these
cancers, the tumor suppressive role of miR-145 is achieved, at least partially, through the
regulation of cell cycle-related proteins such as CDK6 [47], CDK2 [48], and cyclin D1 [45],
and direct targeting of oncogenes, including N-RAS and VEGF-A [49]. Therefore, miR-145
is an important miRNA involved in cell cycle regulation, proliferation inhibition, and
apoptosis induction, suggesting that it participates in the regulation of radiosensitivity
in cancer cells. In addition to that, DNA damage can regulate the biogenesis of miRNAs
which are involved in transcription, processing, and degradation at the transcriptional
level [38]. miRNA expression differs depending on the type of cell and DNA damage
stimulus. IR induces the expression of some miRNAs, while others repress or do both these
functions [50]. miR145 is also regulated by various types of DNA damage. The expression
of miR145 is upregulated in certain cells, downregulated in others, and/or does not change
after IR treatment [51]. In contrast, miR145 expression was decreased by cisplatin treatment
in ovarian carcinoma cells [52]. We showed that miR-145 expression did not change after
treatment with IR, hydroxyurea, or camptothecin, but was decreased by cisplatin treatment
as previously reported (Supplementary Figure S7). Here, we provide the first evidence that
miR-145 targets DNA-PK, thereby inhibiting its expression and disrupting NHE] activity.
Our results indicate that miR-145 overexpression lowers levels of DSBs repair in both HeLa
and U20S cells, and that the miR-145-mediated downregulation of DNA-PK significantly
increases radiosensitivity in these cells. A previous study has demonstrated that another
miRNA, miR-101, downregulates the expression of both DNA-PK s and another protein
kinase, ATM, and that upregulation of miR-101 sensitizes the tumor cells to radiation [53].
DNA-PK is a critical regulator of genome integrity and is subjected to multiple layers
of regulation. The physiological context in which miR-145 targets DNA-PK remains to
be elucidated.

It is well known that radiotherapy and chemotherapy are widely used therapies for
cancer treatment. Unfortunately, some types of cancer are initially insensitive and therefore
become resistant to radiotherapy or chemotherapy, weakening the therapeutic efficacy of
these treatments. Thus, it has become increasingly important to identify additional drugs
or therapeutic methods that enhance their efficacy. Most radiotherapy or chemotherapy
methods used for treating cancer rely on DNA damage because most cancer cells have
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impaired DNA repair and proliferate rapidly compared to normal cells [54,55]. When DNA
repair is inhibited, the effectiveness of radiotherapy or chemotherapy improves. Because
miRNAs are important endogenous regulators of gene expression in DDR, they have the
potential for application as sensitizers in cancer therapy.

In the present study, we demonstrated that the radiosensitivity of HeLa and U20S
cells was considerably increased by miR-145, as demonstrated by clonogenic cell survival
assay after exposure to IR. Furthermore, either inhibition of miR-145 or overexpression
of DNA-PKs completely restored the miR-145-induded radiosensitivity. Recently, it was
reported that overexpression of miR-145 sensitizes prostate cancer cells to X-ray radia-
tion [56]. In human papillomavirus (HPV)-positive cervical cancer cells, induction of E6
protein expression significantly reduced p53 and miR-145 expression, leading to reduced
chemotherapy-induced apoptosis [57], and overexpression of miR-145 in cervical cancer
cells enhanced IR sensitivity [58]. In addition, miR-145 sensitizes colorectal cancer cells to
the anticancer drug 5-fluorouracil [59]. Thus, the downregulation of DNA-PKs mediated
by miR-145 may be an important beneficial mechanism in radiotherapy for patients with
cancer, and therefore, miR-145 may be a new therapeutic target after radiotherapy in human
cancer cells.

Aktl is a serine/threonine kinase that is a key downstream target in the signaling
pathway mediated by phosphoinositide-3 kinase (PI3K), and plays a pivotal role in the reg-
ulation of diverse cellular processes, including cell growth, proliferation, and survival [60].
Aberrant activation of the PI3K/Akt1 pathway is common in a wide range of human cancer
cells [27]. Accumulating evidence supports the role of Aktl as an important modulator
of DNA damage checkpoint signaling and DSB repair [61-65]. Aberrant/constitutive
Aktl activation is one of the etiological sources of radioresistance in cancer cells and tu-
mors [28,29,31,66], where enhanced c-NHE] activity appears to play a key role. However,
the precise mechanism by which activated Aktl influences NHE] activity remains to be
elucidated. It has been reported that activated Aktl phosphorylates MDM2 and in turn
induces p53 degradation [32]. In contrast, the miR-145 promoter has two p53-responsive
elements and activated p53 enhances miR145 expression through its effect on the pre-miR-
145 promoter [32]. In the present study, we discovered that miR-145 expression levels were
significantly lower in some cancer cell lines that have activated Aktl and that activated
Aktl is positively correlated with DNA-PKs expression. Because our data demonstrated
that modulating miR-145 levels affected c-NHE] by targeting DNA-PK_s, we also looked
more closely at NHE] activity. Our results indicated that constitutively active Aktl pro-
motes NHE] activity, whereas an Akt1 inhibitor suppresses NHE] activity by significantly
increasing miR145 expression and decreasing DNA-PKcs expression. Importantly, miR-145
overexpression completely restored the NHE] activity in cancer cells transfected with the
constitutively active Aktl construct. Thus, the Aktl-mediated increase in DNA-PK ex-
pression via the downregulation of miR-145 could be an underlying mechanism behind the
Aktl-mediated increase in NHE] activity.

In summary, the current study provides the first evidence of an important link be-
tween miR-145-impaired DNA repair and the downregulation of DNA-PKcs. Our findings
revealed the significance of miR-145 in the regulation of DSBs repair, NHE] activity, and
radiosensitivity. miR-145, which is frequently downregulated in cancer cells with activated
Aktl, may play an important role in Aktl-induced radioresistance, at least in part by modu-
lating DNA-PKs expression. Based on the above results, we suggest the model (Figure 6G);
miR145 reduces NHE] activity by targeting DNA-PKcs, whereas activated Aktl suppresses
the expression of miR145 and increases DNA-PKcs expression, thereby increasing NHE]
activity. Understanding the precise role of miR-145 in DNA repair will not only increase
our knowledge of how NHE] activity is regulated but will further our understanding of
miR-145 as a biomarker for predicting IR sensitivity and for use as a potential therapeutic
target for radioresistance in cancer therapy.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cells11091509/s1, Figure S1: (A) Western blot analysis of DNA-PKcs expression in HEK293T
cells 48 h after transfection with the negative control miRNA (miR-Ctrl) or each of the three candidate
miRNAs. Ku70 and Ku80 protein levels were measured as negative controls. (B) Expression of
DNA-PKcs mRNA in indicated miR-transfected HEK293T cells using real-time qRT-PCR. mRNA
levels were normalized using Actin mRNA as an internal control. Data represent as the mean + SD
(n =3); **, p < 0.01; Figure S2: Sequence of the entire DNA-PKcs 3'UTR (NM_006904; length: 1205 nt).
Predicted miR-145 interaction sites at nucleotides 674 and 696 are underlined; Figure S3: (A,B) HeLa
(A) and U20S (B) cells co-transfected with either miR-145 or miR-Ctrl, as well as either anti-miR-145
or DNA-PKcs cDNA, were irradiated with 10 Gy and fixed for immunofluorescence staining of
v-H2AX at the indicated time points. DAPI was used for nuclear staining. (C) HeLa and U20S cells
transfected with miR-145 or miR-Ctrl were treated with NCS at the indicated doses. After 3 days,
MTT assay was performed. Results are shown as mean + SD (n = 3); *, p < 0.01; Figure S4: (A) HeLa
and U20S cells were co-transfected with miR-145 and its antagomir in combinations as indicated,
and DNA-PKcs protein levels were determined using western blotting (fop). miR-145 expression
was measured in parallel using qRT-PCR (bottom). Results are shown as the mean =+ SD (n = 3); **,
p <0.01. (B) HeLa and U20S cells transfected with either miR-145 or miR-Ctrl were co-transfected
with a DNA-PKcs cDNA construct lacking the 3/-UTR and subjected to western blotting to measure
the DNA-PKcs protein levels (top). The expression of miR-145 in treated cells was quantified using
qRT-PCR (bottom). Results are shown as the mean £ SD (n = 3); **, p < 0.01; Figure S5: (A) HeLa-EJ5
cells were transfected with miR-145, and then transfected with I-Scel vector. After 48 h, the expression
levels of DNA-PKcs, Ku70 and Ku80 were determined using western blotting. (B) Schematic depiction
of the GFP-based c-NHE] assay using HindIll-linearized plasmids; the pEGFP-Pem1-Ad2 plasmid
has the EGFP gene interrupted with an intron of the rat Pem! gene in which an adenoviral exon called
Ad2 is inserted. When the two HindllI sites flanking Ad2 are cut by HindIII ex vivo, Ad2 is removed
from the plasmid. Subsequent transfection of this linearized plasmid allows for re-sealing of the
cut sites by the c-NHE] repair module and the remaining portion of the Pem1 intron is spliced out
while inside the cells, giving rise to reformation of a functional EGFP gene. (C) HeLa and U20S
cells were co-transfected with either miR-145 or miR-Ctrl along with pEGFP-Pem1-Ad2. Yields of
GFP-positive cells were assayed using flow cytometry. Results are shown as the mean + SD (n = 3);
** p <0.01; Figure S6: (A,B) HeLa cells were transfected with Aktl cDNA (pUSE-myc-Aktl vector)
along with either miR-145 or miR-Ctrl. Two days after transfection, the levels of miR-145 (A) and
DNA-PKcs mRNA (B) were measured by qRT-PCR. Results are shown as mean & SD (n = 3); *, p < 0.01.
(C) HeLa cells were cotransfected with Aktl cDNA and miR-145, and the extracts were analyzed
for Aktl activation, DNA-PKcs, Ku70, and Ku80 expression by western blotting. (D) HeLa cells
transfected with pEGFP-Pem1-Ad2 were treated with 50 uM perifosine for 24 h. The yield of GFP-
positive cells was determined using flow cytometry. Results are shown as the mean + SD (1 = 3);
**, p <0.01. (E) pEGFP-Pem1-Ad2-transfected HeLa cells were co-transfected with Aktl cDNA and
miR-145, or with Aktl cDNA alone, and the percentage of cells expressing GFP was measured using
flow cytometry. Data represent the mean £ SD (n = 3); **, p < 0.01. Asterisk indicates overexpressed
myc-Aktl; Figure S7: HeLa cells were treated with 10 Gy IR, 10 mM HU, 1 uM CPT or 10 uM cisplatin.
After 3 h, the level of miR-145 was measured using qRT-PCR. Results are shown as the mean + SD
(n =3); **, p <0.01; Table S1: miRNA predicted to bind the 3’'UTR of the DNA-PKcs by at least six
algorithms; Table S2. Targetscan top14 microRNAs for the DNA-PKcs gene.

Author Contributions: Conceptualization and experiment design, J.-H.L., M.S.S,, S.J. and G.H.;
Investigation and analysis, M.S.S., S.J., G.H., G.S. and R.K.; writing—original draft preparation,
M.S.S. and H.H .K.; writing—review and editing, all authors; supervision and project administration,
J.-H.L.; funding acquisition, J.-H.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the National Research Foundation of Korea (NRF), funded by the
Ministry of Science, ICT, and Future Planning (NRF-2015R1A5A2009070 and NRF-2020R1A2C2003423).

Data Availability Statement: Not Applicable.

Conflicts of Interest: The authors have declared that no conflict of interest exists.


https://www.mdpi.com/article/10.3390/cells11091509/s1
https://www.mdpi.com/article/10.3390/cells11091509/s1

Cells 2022, 11, 1509 17 of 19

References

1. Ciccia, A.; Elledge, S.J. The DNA damage response: Making it safe to play with knives. Mol. Cell 2010, 40, 179-204. [CrossRef]
[PubMed]

2. Lieber, M.R. The mechanism of double-strand DNA break repair by the nonhomologous DNA end-joining pathway. Annu. Rev.
Biochem. 2010, 79, 181-211. [CrossRef] [PubMed]

3. Bassing, C.H.; Alt, EW. The cellular response to general and programmed DNA double strand breaks. DNA Repair 2004, 3,
781-796. [CrossRef] [PubMed]

4. Boboila, C.; Alt, EW.; Schwer, B. Classical and alternative end-joining pathways for repair of lymphocyte-specific and general
DNA double-strand breaks. Adv. Immunol. 2012, 116, 1-49.

5. Rothkamm, K.; Kruger, I.; Thompson, L.H.; Lobrich, M. Pathways of DNA double-strand break repair during the mammalian cell
cycle. Mol. Cell. Biol. 2003, 23, 5706-5715. [CrossRef]

6. Mahaney, B.L.; Meek, K.; Lees-Miller, S.P. Repair of ionizing radiation-induced DNA double-strand breaks by non-homologous
end-joining. Biochem. J. 2009, 417, 639-650. [CrossRef]

7. Van der Burg, M,; Ijspeert, H.; Verkaik, N.S.; Turul, T.; Wiegant, W.W.; Morotomi-Yano, K.; Mari, P.O.; Tezcan, I.; Chen, D.J.;
Zdzienicka, M.Z.; et al. A DNA-PKcs mutation in a radiosensitive T-B- SCID patient inhibits Artemis activation and nonhomolo-
gous end-joining. J. Clin. Investig. 2009, 119, 91-98. [CrossRef]

8. Jhappan, C.; Morse, H.C., 3rd; Fleischmann, R.D.; Gottesman, M.M.; Merlino, G. DNA-PKcs: A T-cell tumour suppressor encoded
at the mouse scid locus. Nat. Genet. 1997, 17, 483-486. [CrossRef]

9. Okayasu, R.; Suetomi, K.; Yu, Y,; Silver, A.; Bedford, ].S.; Cox, R.; Ullrich, R.L. A deficiency in DNA repair and DNA-PKcs
expression in the radiosensitive BALB/c mouse. Cancer Res. 2000, 60, 4342-4345.

10. Pierce, A.J.; Hu, P,; Han, M,; Ellis, N.; Jasin, M. Ku DNA end-binding protein modulates homologous repair of double-strand
breaks in mammalian cells. Genes Dev. 2001, 15, 3237-3242. [CrossRef]

11.  Allen, C,; Kurimasa, A.; Brenneman, M.A.; Chen, D.].; Nickoloff, ]. A. DNA-dependent protein kinase suppresses double-strand
break-induced and spontaneous homologous recombination. Proc. Natl. Acad. Sci. USA 2002, 99, 3758-3763. [CrossRef] [PubMed]

12. Hu, H.; Du, L.; Nagabayashi, G.; Seeger, R.C.; Gatti, R.A. ATM is down-regulated by N-Myc-regulated microRNA-421. Proc. Natl.
Acad. Sci. USA 2010, 107, 1506-1511. [CrossRef] [PubMed]

13. Moskwa, P; Buffa, EM.; Pan, Y.; Panchakshari, R.; Gottipati, P.; Muschel, R.J.; Beech, J.; Kulshrestha, R.; Abdelmohsen, K.;
Weinstock, D.M.; et al. miR-182-mediated downregulation of BRCA1 impacts DNA repair and sensitivity to PARP inhibitors. Mol.
Cell 2011, 41, 210-220. [CrossRef]

14. Garcia, A.L; Buisson, M.; Bertrand, P.; Rimokh, R.; Rouleau, E.; Lopez, B.S.; Lidereau, R.; Mikaelian, I.; Mazoyer, S. Down-
regulation of BRCA1 expression by miR-146a and miR-146b-5p in triple negative sporadic breast cancers. EMBO Mol. Med. 2011,
3, 279-290. [CrossRef]

15. Chowdhury, D.; Choi, Y.E.; Brault, M.E. Charity begins at home: Non-coding RNA functions in DNA repair. Nat. Rev. Mol. Cell
Biol. 2013, 14, 181-189. [CrossRef]

16. Lee, J.H,; Park, S.J.; Jeong, S.Y.; Kim, M.].; Jun, S.; Lee, H.S.; Chang, 1.Y; Lim, S.C.; Yoon, S.P; Yong, J.; et al. MicroRNA-22
Suppresses DNA Repair and Promotes Genomic Instability through Targeting of MDC1. Cancer Res. 2015, 75, 1298-1310.
[CrossRef]

17.  Zhang, ], Jing, L.; Tan, S.; Zeng, EM.; Lin, Y,; He, L.; Hu, Z; Liu, J.; Guo, Z. Inhibition of miR-1193 leads to synthetic lethality in
glioblastoma multiforme cells deficient of DNA-PKcs. Cell Death Dis. 2020, 11, 602. [CrossRef]

18. Bennardo, N.; Cheng, A.; Huang, N.; Stark, ].M. Alternative-NHE] is a mechanistically distinct pathway of mammalian
chromosome break repair. PLoS Genet. 2008, 4, €1000110. [CrossRef]

19. Lee, ].H,; Park, S.J.; Hariharasudhan, G.; Kim, M.].; Jung, S.M.; Jeong, S.Y.; Chang, L.Y.; Kim, C.; Kim, E.; Yu, ].; et al. ID3 regulates
the MDC1-mediated DNA damage response in order to maintain genome stability. Nat. Commun. 2017, 8, 903. [CrossRef]

20. Pierce, AJ.; Johnson, R.D.; Thompson, L.H.; Jasin, M. XRCC3 promotes homology-directed repair of DNA damage in mammalian
cells. Genes Dev. 1999, 13, 2633-2638. [CrossRef]

21. Shahi, A,; Lee, ].H,; Kang, Y.; Lee, S.H.; Hyun, ] W.; Chang, L.Y.; Jun, ].Y.; You, H.]. Mismatch-repair protein MSH6 is associated
with Ku70 and regulates DNA double-strand break repair. Nucleic Acids Res. 2011, 39, 2130-2143. [CrossRef] [PubMed]

22. Sundaravinayagam, D.; Kim, H.R.; Wu, T,; Kim, H.H.; Lee, H.S.; Jun, S.; Cha, ].H.; Kee, Y.; You, H.J.; Lee, ].H. miR146a-mediated
targeting of FANCM during inflammation compromises genome integrity. Oncotarget 2016, 7, 45976. [CrossRef] [PubMed]

23. Garcia, D.M,; Baek, D.; Shin, C.; Bell, G.W.; Grimson, A.; Bartel, D.P. Weak seed-pairing stability and high target-site abundance
decrease the proficiency of Isy-6 and other microRNAs. Nat. Struct. Mol. Biol. 2011, 18, 1139-1146. [CrossRef] [PubMed]

24. Kinner, A.; Wu, W,; Staudt, C,; Iliakis, G. Gamma-H2AX in recognition and signaling of DNA double-strand breaks in the context
of chromatin. Nucleic Acids Res. 2008, 36, 5678-5694. [CrossRef]

25. Bonner, WM.; Redon, C.E.; Dickey, ].S.; Nakamura, A.].; Sedelnikova, O.A.; Solier, S.; Pommier, Y. GammaH2AX and cancer. Nat.
Rev. Cancer 2008, 8, 957-967. [CrossRef]

26. Seluanov, A.; Mittelman, D.; Pereira-Smith, O.M.; Wilson, ].H.; Gorbunova, V. DNA end joining becomes less efficient and more
error-prone during cellular senescence. Proc. Natl. Acad. Sci. USA 2004, 101, 7624-7629. [CrossRef]

27.  Luo, J.; Manning, B.D.; Cantley, L.C. Targeting the PI3K-Akt pathway in human cancer: Rationale and promise. Cancer Cell 2003,

4,257-262. [CrossRef]


http://doi.org/10.1016/j.molcel.2010.09.019
http://www.ncbi.nlm.nih.gov/pubmed/20965415
http://doi.org/10.1146/annurev.biochem.052308.093131
http://www.ncbi.nlm.nih.gov/pubmed/20192759
http://doi.org/10.1016/j.dnarep.2004.06.001
http://www.ncbi.nlm.nih.gov/pubmed/15279764
http://doi.org/10.1128/MCB.23.16.5706-5715.2003
http://doi.org/10.1042/BJ20080413
http://doi.org/10.1172/JCI37141
http://doi.org/10.1038/ng1297-483
http://doi.org/10.1101/gad.946401
http://doi.org/10.1073/pnas.052545899
http://www.ncbi.nlm.nih.gov/pubmed/11904432
http://doi.org/10.1073/pnas.0907763107
http://www.ncbi.nlm.nih.gov/pubmed/20080624
http://doi.org/10.1016/j.molcel.2010.12.005
http://doi.org/10.1002/emmm.201100136
http://doi.org/10.1038/nrm3523
http://doi.org/10.1158/0008-5472.CAN-14-2783
http://doi.org/10.1038/s41419-020-02812-3
http://doi.org/10.1371/journal.pgen.1000110
http://doi.org/10.1038/s41467-017-01051-z
http://doi.org/10.1101/gad.13.20.2633
http://doi.org/10.1093/nar/gkq1095
http://www.ncbi.nlm.nih.gov/pubmed/21075794
http://doi.org/10.18632/oncotarget.10275
http://www.ncbi.nlm.nih.gov/pubmed/27351285
http://doi.org/10.1038/nsmb.2115
http://www.ncbi.nlm.nih.gov/pubmed/21909094
http://doi.org/10.1093/nar/gkn550
http://doi.org/10.1038/nrc2523
http://doi.org/10.1073/pnas.0400726101
http://doi.org/10.1016/S1535-6108(03)00248-4

Cells 2022, 11, 1509 18 of 19

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Li, H.F; Kim, J.S.; Waldman, T. Radiation-induced Akt activation modulates radioresistance in human glioblastoma cells. Radiat.
Oncol. 2009, 4, 43. [CrossRef]

Kim, I.A.; Bae, S.S.; Fernandes, A.; Wu, J.; Muschel, R.J.; McKenna, W.G.; Birnbaum, M.].; Bernhard, E.J. Selective inhibition of
Ras, phosphoinositide 3 kinase, and Akt isoforms increases the radiosensitivity of human carcinoma cell lines. Cancer Res. 2005,
65,7902-7910. [CrossRef]

Toulany, M.; Minjgee, M.; Saki, M.; Holler, M.; Meier, F.; Eicheler, W.; Rodemann, H.P. ERK2-dependent reactivation of Akt
mediates the limited response of tumor cells with constitutive K-RAS activity to PI3K inhibition. Cancer Biol. Ther. 2014, 15,
317-328. [CrossRef]

Brognard, J.; Clark, A.S.; Ni, Y.; Dennis, P.A. Akt/protein kinase B is constitutively active in non-small cell lung cancer cells and
promotes cellular survival and resistance to chemotherapy and radiation. Cancer Res. 2001, 61, 3986-3997. [PubMed]

Sachdeva, M.; Zhu, S.; Wu, E; Wu, H.; Walia, V.; Kumar, S.; Elble, R.; Watabe, K.; Mo, Y.Y. p53 represses c-Myc through induction
of the tumor suppressor miR-145. Proc. Natl. Acad. Sci. USA 2009, 106, 3207-3212. [CrossRef] [PubMed]

Kondapaka, S.B.; Singh, S.S.; Dasmahapatra, G.P.; Sausville, E.A.; Roy, K K. Perifosine, a novel alkylphospholipid, inhibits protein
kinase B activation. Mol. Cancer Ther. 2003, 2, 1093-1103. [PubMed]

Goodwin, J.F,; Knudsen, K.E. Beyond DNA repair: DNA-PK function in cancer. Cancer Discov. 2014, 4, 1126-1139. [CrossRef]
Kienker, L.J.; Shin, E.K.; Meek, K. Both V(D)] recombination and radioresistance require DNA-PK kinase activity, though minimal
levels suffice for V(D)] recombination. Nucleic Acids Res. 2000, 28, 2752-2761. [CrossRef]

Kurimasa, A.; Kumano, S.; Boubnov, N.V,; Story, M.D.; Tung, C.S.; Peterson, S.R.; Chen, D.]. Requirement for the kinase activity of
human DNA-dependent protein kinase catalytic subunit in DNA strand break rejoining. Mol. Cell. Biol. 1999, 19, 3877-3884.
[CrossRef]

Visser, H.; Thomas, A.D. microRNAs and the DNA damage response: How is cell fate determined? DNA Repair 2021, 108, 103245.
[CrossRef] [PubMed]

Hu, H.; Gatti, R.A. MicroRNA: New players in the DNA damage response. J. Mol. Cell Biol. 2011, 3, 151-158. [CrossRef]
Chiyomaru, T.; Enokida, H.; Tatarano, S.; Kawahara, K.; Uchida, Y.; Nishiyama, K.; Fujimura, L.; Kikkawa, N.; Seki, N.; Nakagawa,
M. miR-145 and miR-133a function as tumour suppressors and directly regulate FSCN1 expression in bladder cancer. Br. J. Cancer
2010, 102, 883-891. [CrossRef]

Gregersen, L.H.; Jacobsen, A.B.; Frankel, L.B.; Wen, J.; Krogh, A.; Lund, A.H. MicroRNA-145 targets YES and STAT1 in colon
cancer cells. PLoS ONE 2010, 5, e8836. [CrossRef]

Wang, S.; Bian, C.; Yang, Z.; Bo, Y,; Li, ].; Zeng, L.; Zhou, H.; Zhao, R.C. miR-145 inhibits breast cancer cell growth through RTKN.
Int. ]. Oncol. 2009, 34, 1461-1466. [PubMed]

Xu, Q.; Liu, L.Z; Qian, X.; Chen, Q.; Jiang, Y.; Li, D.; Lai, L.; Jiang, B.H. miR-145 directly targets p70S6K1 in cancer cells to inhibit
tumor growth and angiogenesis. Nucleic Acids Res. 2012, 40, 761-774. [CrossRef] [PubMed]

Eades, G.; Wolfson, B.; Zhang, Y.; Li, Q.; Yao, Y.; Zhou, Q. lincRNA-RoR and miR-145 regulate invasion in triple-negative breast
cancer via targeting ARF6. Mol. Cancer Res. 2015, 13, 330-338. [CrossRef] [PubMed]

Bandopadhyay, M.; Banerjee, A.; Sarkar, N.; Panigrahi, R.; Datta, S.; Pal, A.; Singh, S.P.; Biswas, A.; Chakrabarti, S.; Chakravarty,
R. Tumor suppressor micro RNA miR-145 and onco micro RNAs miR-21 and miR-222 expressions are differentially modulated by
hepatitis B virus X protein in malignant hepatocytes. BMIC Cancer 2014, 14, 721. [CrossRef]

Qiu, T.; Zhou, X.; Wang, J.; Du, Y.; Xu, ].; Huang, Z.; Zhu, W.; Shu, Y.; Liu, P. miR-145, miR-133a and miR-133b inhibit proliferation,
migration, invasion and cell cycle progression via targeting transcription factor Sp1l in gastric cancer. FEBS Lett. 2014, 588,
1168-1177. [CrossRef]

Lhakhang, T.W.; Chaudhry, M. A. Interactome of Radiation-Induced microRNA-predicted target genes. Comp. Funct. Genom. 2012,
2012,569731. [CrossRef]

Zhang, J.; Wang, L.; Li, B.; Huo, M.; Mu, M; Liu, J.; Han, J. miR-145 downregulates the expression of cyclin-dependent kinase 6 in
human cervical ca rcinoma cells. Exp. Ther. Med. 2014, 8, 591-594. [CrossRef]

Chang, S.; Gao, L.; Yang, Y; Tong, D.; Guo, B,; Liu, L.; Li, Z,; Song, T.; Huang, C. miR-145 mediates the antiproliferative and gene
regulatory effects of vitamin D3 by directly targeting E2F3 in gastric cancer cells. Oncotarget 2015, 6, 7675-7685. [CrossRef]

Zou, C,; Xu, Q.; Mao, F; Li, D.; Bian, C.; Liu, L.Z,; Jiang, Y.; Chen, X.; Qi, Y.; Zhang, X_; et al. miR-145 inhibits tumor angiogenesis
and growth by N-RAS and VEGEF. Cell Cycle 2012, 11, 2137-2145. [CrossRef]

Czochor, ].R.; Glazer, PM. microRNAs in cancer cell response to ionizing radiation. Antioxid. Redox Signal. 2014, 21, 293-312.
[CrossRef]

Song, M.; Xie, D.; Gao, S.; Bai, C.J.; Zhu, M.X,; Guan, H.; Zhou, PK. A biomarker panel of radiation-upregulated miRNA as
signature for ionizing radiation exposure. Life 2020, 10, 361. [CrossRef] [PubMed]

Sheng, Q.; Zhang, Y.; Wang, Z.; Ding, J.; Song, Y.; Zhao, W. Cisplatin-mediated down-regulation of miR-145 contributes to
up-regulation of PD-L1 via the c-Myc transcription factor in cisplatin-resistant ovarian carcinoma cells. Clin. Exp. Immunol. 2020,
200, 45-52. [CrossRef] [PubMed]

Yan, D.; Ng, W.L.; Zhang, X.; Wang, P; Zhang, Z.; Mo, Y.Y.; Mao, H.; Hao, C.; Olson, J.J.; Curran, W.J.; et al. Targeting DNA-PKcs
and ATM with miR-101 sensitizes tumors to radiation. PLoS ONE 2010, 5, e11397. [CrossRef]

Jackson, S.P,; Bartek, J. The DNA-damage response in human biology and disease. Nature 2009, 461, 1071-1078. [CrossRef]
[PubMed]


http://doi.org/10.1186/1748-717X-4-43
http://doi.org/10.1158/0008-5472.CAN-05-0513
http://doi.org/10.4161/cbt.27311
http://www.ncbi.nlm.nih.gov/pubmed/11358816
http://doi.org/10.1073/pnas.0808042106
http://www.ncbi.nlm.nih.gov/pubmed/19202062
http://www.ncbi.nlm.nih.gov/pubmed/14617782
http://doi.org/10.1158/2159-8290.CD-14-0358
http://doi.org/10.1093/nar/28.14.2752
http://doi.org/10.1128/MCB.19.5.3877
http://doi.org/10.1016/j.dnarep.2021.103245
http://www.ncbi.nlm.nih.gov/pubmed/34773895
http://doi.org/10.1093/jmcb/mjq042
http://doi.org/10.1038/sj.bjc.6605570
http://doi.org/10.1371/journal.pone.0008836
http://www.ncbi.nlm.nih.gov/pubmed/19360360
http://doi.org/10.1093/nar/gkr730
http://www.ncbi.nlm.nih.gov/pubmed/21917858
http://doi.org/10.1158/1541-7786.MCR-14-0251
http://www.ncbi.nlm.nih.gov/pubmed/25253741
http://doi.org/10.1186/1471-2407-14-721
http://doi.org/10.1016/j.febslet.2014.02.054
http://doi.org/10.1155/2012/569731
http://doi.org/10.3892/etm.2014.1765
http://doi.org/10.18632/oncotarget.3048
http://doi.org/10.4161/cc.20598
http://doi.org/10.1089/ars.2013.5718
http://doi.org/10.3390/life10120361
http://www.ncbi.nlm.nih.gov/pubmed/33352926
http://doi.org/10.1111/cei.13406
http://www.ncbi.nlm.nih.gov/pubmed/31821542
http://doi.org/10.1371/journal.pone.0011397
http://doi.org/10.1038/nature08467
http://www.ncbi.nlm.nih.gov/pubmed/19847258

Cells 2022, 11, 1509 19 of 19

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

Bouwman, P.,; Jonkers, J. The effects of deregulated DNA damage signalling on cancer chemotherapy response and resistance.
Nat. Rev. Cancer 2012, 12, 587-598. [CrossRef]

Xue, G.; Ren, Z; Chen, Y.; Zhu, ].; Du, Y.; Pan, D.; Li, X.; Hu, B. A feedback regulation between miR-145 and DNA methyltrans-
ferase 3b in prostate cancer cell and their responses to irradiation. Cancer Lett. 2015, 361, 121-127. [CrossRef]

Shi, M.; Du, L.; Liu, D.; Qian, L.; Hu, M.; Yu, M; Yang, Z.; Zhao, M.; Chen, C.; Guo, L.; et al. Glucocorticoid regulation of a novel
HPV-E6-p53-miR-145 pathway modulates invasion and therapy resistance of cervical cancer cells. J. Pathol. 2012, 228, 148-157.
[CrossRef]

Lu, H; He, Y; Lin, L,; Qi, Z;; Ma, L.; Li, L,; Su, Y. Long non-coding RNA MALAT1 modulates radiosensitivity of HR-HPV+
cervical cancer via sponging miR-145. Tumor Biol. 2016, 37, 1683-1691. [CrossRef]

Liu, R.L; Dong, Y.; Deng, Y.Z.; Wang, W.].; Li, W.D. Tumor suppressor miR-145 reverses drug resistance by directly targeting
DNA damage-related gene RAD18 in colorectal cancer. Tumor Biol. 2015, 36, 5011-5019. [CrossRef]

Cantley, L.C. The phosphoinositide 3-kinase pathway. Science 2002, 296, 1655-1657. [CrossRef]

Xu, N.; Hegarat, N.; Black, E.J.; Scott, M.T.; Hochegger, H.; Gillespie, D.A. Akt/PKB suppresses DNA damage processing and
checkpoint activation in late G2. J. Cell Biol. 2010, 190, 297-305. [CrossRef] [PubMed]

Plo, I; Laulier, C.; Gauthier, L.; Lebrun, F; Calvo, E; Lopez, B.S. AKT1 inhibits homologous recombination by inducing
cytoplasmic retention of BRCA1 and RAD51. Cancer Res. 2008, 68, 9404-9412. [CrossRef] [PubMed]

Jia, Y,; Song, W.; Zhang, E; Yan, J.; Yang, Q. Akt1 inhibits homologous recombination in Brcal-deficient cells by blocking the
Chk1-Rad51 pathway. Oncogene 2013, 32, 1943-1949. [CrossRef] [PubMed]

Guirouilh-Barbat, J.K.; Wilhelm, T.; Lopez, B.S. AKT1/BRCAL1 in the control of homologous recombination and genetic stability:
The missing link between hereditary and sporadic breast cancers. Oncotarget 2010, 1, 691-699. [CrossRef]

Kandel, E.S.; Skeen, J.; Majewski, N.; Di Cristofano, A.; Pandolfi, P.P; Feliciano, C.S.; Gartel, A.; Hay, N. Activation of Akt/protein
kinase B overcomes a G(2)/m cell cycle checkpoint induced by DNA damage. Mol. Cell. Biol. 2002, 22, 7831-7841. [CrossRef]
Toulany, M.; Rodemann, H.P. Potential of Akt mediated DNA repair in radioresistance of solid tumors overexpressing erbB-PI3K-
Akt pathway. Transl. Cancer Res. 2013, 2, 190-202.


http://doi.org/10.1038/nrc3342
http://doi.org/10.1016/j.canlet.2015.02.046
http://doi.org/10.1002/path.3997
http://doi.org/10.1007/s13277-015-3946-5
http://doi.org/10.1007/s13277-015-3152-5
http://doi.org/10.1126/science.296.5573.1655
http://doi.org/10.1083/jcb.201003004
http://www.ncbi.nlm.nih.gov/pubmed/20679434
http://doi.org/10.1158/0008-5472.CAN-08-0861
http://www.ncbi.nlm.nih.gov/pubmed/19010915
http://doi.org/10.1038/onc.2012.211
http://www.ncbi.nlm.nih.gov/pubmed/22665067
http://doi.org/10.18632/oncotarget.203
http://doi.org/10.1128/MCB.22.22.7831-7841.2002

	Introduction 
	Materials and Methods 
	Cell Culture and Treatment 
	Cell Transfection 
	Antibodies 
	Western-Blot Analysis 
	Reverse Transcription-Quantitative Real-Time PCR (RT-qPCR) 
	MicroRNA Luciferase Reporter Assay 
	Immunofluorescence Cell Staining 
	NHEJ Assay 
	HR Assay 
	In Vitro NHEJ Assay 
	Single-Cell Gel-Electrophoresis (Comet Assay) 
	Clonal Survival Assay 
	Statistical Analyses 

	Results 
	miR-145 as a DNA-PKcs-Regulating miRNA 
	The DNA-PKcs 3'UTR Is Directly Targeted by miR-145 
	miR-145 Causes an Accumulation of Unrepaired DSBs after IR and Affects Cell Survival 
	miR-145 Reduces the DSB Repair by Downregulating DNA-PKcs 
	miR-145 Overexpression Interferes with Non-Homologous End Joining Repair 
	Inhibition of Akt1 Downregulates DNA-PKcs Expression via Induction of Endogenous miR-145 Expression 

	Discussion 
	References

