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INTRODUCTION

Repeated exposure to both exogenous and endogenous insults challenges
the integrity of cellular genomic material. Eukaryotes have evolved a system
called the DNA damage response (DDR), which allows cells to sense DNA
damage and orchestrate the appropriate cell—cycle checkpoints and DNA repair
mechanisms (1). The failure to respond to DNA damage is a characteristic as—
sociated with genomic instability and with the onset of diseases, including neu—
rodegenerative diseases, immune deficiency, cancer, and premature aging (2).

DNA double—strand breaks (DSBs) activate the DDR by triggering the ki—
nase activity of ataxia telangiectasia mutated (ATM), thereby initiating a sig—
naling cascade in which the histone variant H2AX (y—H2AX), located at DSB
sites, becomes phosphorylated, and other DDR factors, including the adaptor
protein Mediator of DNA Damage Checkpoint 1 (MDC1), are recruited. MDC1

amplifies the ATM signaling activity, leading to a higher percentage of phos—
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phorylated H2ZAX proteins and contributing to the recruitment and retention of
additional DDR factors at the sites of DNA damage (3). Thus, MDC1 has been
termed a master regulator, modulating the specific chromatin microenvironment
required to maintain genomic stability. MDC1 knockout mice show chromoso—
mal instability, defective DNA repair, and radiation sensitivity (4). Furthermore,
loss of MDC1 is associated with an increased occurrence of tumors in mice (5),
and reduction or lack of MDC1 has been observed in breast and lung carcinoma
cells in humans (6). Therefore, cellular levels of MDC1 appear to impact ge—
nomic instability and tumorigenicity directly. Although post—translational
modification via small ubiquitin—like modifiers affects the stability of MDC1 and
its function in DDR (7—9), little is known about how the expression of MDC1 is
regulated and which pathophysiological conditions are associated with this

regulation.
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MicroRNAs (miRNAs) are small noncoding RNAs, consisting of ~22 nucleo—
tides, that suppress protein synthesis, usually by interacting with the 3—
untranslated region (3'=UTR) of target mRNAs (10). Several lines of evidence
suggest that miRNAs negatively regulate the expression of DDR proteins, de—
creasing the capacity for DSB repair and increasing radiosensitivity (11—14).
In addition, impairment of miRNA processing through the inactivation of DICER
or DROSHA results in a lack of DDR factor recruitment to DSB sites (15).
Therefore, miRNAs may play an important role in the regulation of DDR, and
may contribute to the maintenance of genomic integrity.

In this study, we explored the regulation of MDC1 expression and the sub—
sequent effects on DDR and genomic integrity. We found that miRNA-—-22
(miR—-22) down-regulated MDC1 expression, leading to impaired response to
DNA damage, decreased DSB repair, and increased genomic instability. Up—

regulation of endogenous miR—22 expression under several pathophysiological
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conditions led to the accumulation of DNA damage through down—regulation of
MDC1. Thus, miR—22 plays a crucial role in the regulation of MDC1 expression

and presents a new mechanism by which cancer can occur.
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MATERIALS AND METHODS

1. Cell cultures and treatment.

Human cervical carcinoma Hel.a and Si—Ha cells, human osteosarcoma UZ20S
cells and human embryonic kidney HEK293T cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% heat—inactivated fetal
bovine serum (FBS, Lonza), 100 units/ml penicillin and 100 g/mL streptomycin
(Invitrogen). HCT116 colorectal carcinoma cells were grown in Iscove's modified
Dulbecco’s medium (IMDM) containing 10% FBS, penicillin and streptomycin.
The human breast adenocarcinoma MCF7 and MDA—-MB—-231 cells were cul—
tured in RPMI—1640 medium containing 10% FBS, penicillin and streptomycin.
The human embryonic lung fibroblasts MRC—5 and IMR—90 cells were main—
tained in Earle’'s MEM containing 10% FBS, penicillin and streptomycin. MRC—5
and IMR—90 cells at early passages (10—20 passages) were used in all experi—

ments because two human primary fibroblasts cells have a mean lifespan of ap—
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proximately 50—60 population doublings. All cell lines were from the American
Type Culture Collection (ATCC). To induce DNA double strand breaks, expo—
nentially growing cells were irradiated at 10 Gy from 137Cs source (Grammacell
3000 Elan irradiator, Best Theratronics) and were allowed to recover at 37 C
for the indicated times. For terminal differentiation, MCF7 cells were treated
with 12—0O-—tetradecanoylphorbol—13—acetate (TPA, Sigma) at 100 nM for 3
days. For induction of senescence, cells at approximately 70—80% confluence
were treated with 150 M H202 (Sigma) or 120 M Busulfan (Sigma) for 2 hr
or 24 hr, respectively. The cells were washed with PBS to remove reagents and
placed in fresh media for 6—7 days.
2. miRNA and plasmid transfection.

Has—miR—22 duplex and negative control miRNA were purchased from
Bioneer. Cells were transfected with 50 nM miRNA using lipofectamine RNAiMax

(Invitrogen) according to the manufacturer's instructions. For rescue experi—
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ments, the pcDNA—HA—-MDCI1 construct (a gift from Zhenkun Lou, Mayo Clinic,
Rochester, MN), CA—Aktl (Millipore, Billerica, MA), and miR—22 inhibitor (an—
ti—-miR—22, miR—22 antisense—oligonucleotide (ASQO), Panagene) were used.
pcDNA—-HA empty vector and scrambled oligonucleotide were used as a negative
control. To analyze Aktl—mediated miR—22 regulation, a CA—Aktl expression
plasmid was used. Cells were first transfected with 50 nM miR—22 for 4—6 hr
using lipofectamine RNAiMax, and sequentially transfected with 1 g of
pcDNA—HA—-MDC1, CA—-Aktl vector or 50 nM miR—22 inhibitor using
lipofectamine 2000 reagent (Invitrogen) according to the manufacture's instruc—
tions. The cells were harvested 48 hr later.
3. Antibodies.

Polyclonal MDC1 antibody (R2) was raised in rabbit against a GST fusion pro—
tein containing the BRCT domain of MDC1 (residues 1882—-2089). The MDC1

protein was detected using western blot analysis with rabbit polyclonal MDC1
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antibody (R2) or anti—MDCI1 polyclonal antibody (Ab11170, Abcam) at a 1:2000
or 1:1000 dilution, respectively. and DNA damage foci of MDC1 were also de—
tected by immunofluorescence staining using the anti—MDC1 rabbit polyclonal
antibody (R2) at a 1:200 dilution. The following antibodies were used for west—
ern blot analysis: anti—53BP1 mouse monoclonal antibody (1:1000, BD), anti—
Aktl rabbit polyclonal antibody (1:1000, Cell Signaling Technology), anti—
phospho Aktl (Ser473) rabbit polyclonal antibody (1:1000, Cell Signaling Tech—
nology), anti—ATM mouse monoclonal antibody (1:2000, AbFrontier), and anti—
—Tubulin mouse monoclonal antibody (1:5000, Santa Cruz). The following an—
tibodies were used for immunofluorescence staining: anti— —HZ2AX mouse
monoclonal antibody (1:200, JBW301, Upstate). For immunohistochemistry, an—
ti—-MDC1 polyclonal antibody (Ab11170, Abcam) and anti—phospho Aktl
(Serd73) rabbit polyclonal antibody (Cell Signaling Technology) were used.

4. Western blot analysis.
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Cells or mouse tissues were lysed in ice—cold RIPA buffer [50mM Tris—HCI
(pH 7.5), 150mM NaCl, 1% Nonidet P—40, 0.5% sodium deoxycholate, 0.1% so—
dium dodecyl sulfate, 1mM dithiothreitol, 1mM phenylmethanesulfonyl fluoride,
10 g/ml leupeptin and 10 g/ml aprotinin]. Equal amounts of cell or tissue ex—
tracts were separated by 6—12% SDS—PAGE followed by electrotransfer onto a
polyvinylidene difluoride membrane (Pall Life Sciences). The membranes were
blocked for 1 hr with TBS—t [10mM Tris—HCI (pH 7.4), 150mM NaCl and 0.1%
Tween—20] containing 5% nonfat milk and then incubated with indicated primary
antibodies overnight at 4 C. The blots were washed four times for 15 min with
TBS—t and then incubated for 1 hr with peroxidase—conjugated secondary anti—
bodies (1:5000, Jackson ImmunoResearch Inc). The blots were washed four
more times with TBS—t and developed using an enhanced chemiluminescence
detection system (ECL, Intron). The amount of MDC1 protein was quantified us—

ing Scion Image software (Scion Corp.)
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5. Immunofluorescence microscopy.

To visualize DNA damage foci, cells cultured on cover slips coated with poly—
L—lysine (Sigma) were irradiated at 10 Gy and allowed to recover at 37 C for
adequate times. Cells were washed twice with PBS and fixed with 4% paraform—
aldehyde for 10min and ice—cold 98% methanol for 5 min, followed by
permeabilization with 0.3% Triton X—100 for 10 min at room temperature. After
permeabilization, coverslips were washed three times with PBS and then were
blocked with 5% BSA in PBS for 1 hr. Cells were single or double immunostained
with primary antibodies against the indicated proteins overnight at 4 C. Cells
were washed with PBS and then stained with appropriate Alexa Fluor 488-—
(green, Molecular Probe), Alexa Fluor 594— (red, Molecular Probe) conjugated
secondary antibodies. After washing, the coverslips were mounted onto slides
using Vectashield mounting medium with 4,6 diamidino—2—phenylindole (Vector

Laboratories, Burlingame, CA). Fluorescence images were taken using a confocal
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microscope (Zeiss LSM 510 Meta; Carl Zeiss) and analyzed with Zeiss micro—
scope image software ZEN (Carl Zeiss). For foci quantification experiments,
cells with > 5 foci were counted as MDC1 or —H2AX foci—positive cells by
randomly selecting at least 100 cells and the percentage was calculated by di—
viding the number of foci positive cells with the number of DAPI—stained cells.
The error bars represent the standard error from three independent experiments.
6. RNA extraction and Quantitative real—time PCR (qRT—-PCR).

Total RNA was isolated from cultured cells and mouse tissues using TRIzol
(Invitrogen) according to the manufacturer's protocol. For quantitation of mdcl
mRNA and pre—miR—22, cDNA was synthesized using 1 pyg of total RNAs, ran—
dom hexamer (Promega) and M—MLV reverse transcriptase (Invitrogen). Real—
time PCR analysis was performed using the SYBR green—based fluorescent
method (SYBR premix Ex Tagqg kit, TaKaRa Bio) and the MX3000P® gqRT—-PCR

system (Stratagene) with specific primers. Primers used for real—time PCR are
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as follows: mdcl forward, 5 —tgctcttcacaggagtggtg—3 and mdcl reverse, 5 —
gggcacacaggaacttgact—3; pre—miR—22 forward, 5 —ctgagccgcactagttcttc—3 and
pre—miR—22 reverse, b —ggcagagggcaacagttctt—3; gapdh forward, 5 —
ttcaccaccatggagaaggc—3 and gapdh reverse, 5 —ggcatggactgtggtcatga—3. To
quantify miRNAs, ¢cDNA was synthesized using Mir—XTM miRNA first—strand
synthesis and SYBR qRT—PCR kit (Clontech) according to the manufacturer's
instructions. DBriefly, in a single—tube reaction, RNA molecules are
polyadenylated and reverse transcribed using poly (A) polymerase and SMART™
MMLYV Reverse Transcriptase. The SYBR Advantage® gPCR Premix and mRQ 3’
Primer are then used in real—time gPCR, along with miRNA —specific 5’ primers.
hsa—miR—-22— MIMATO0000077, hsa—miR—98—MIMATO000096, miR—124—
MIMATO0000422, miR—125a—  MIMATO00004223 and mmu—miR—22-
MIMATO0000531 were used as primers for real—time gPCR. The quantity of

transcripts was calculated based on the threshold cycle (Ct) using the delta—
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delta Ct method that measures the relative of a target RNA between two samples
by comparing them to a normalization control RNA (gapdh or U6).
7. Luciferase assay.

A segment of the 3 —UTR of MDC1 (a 658 bp fragment starting after the
TGA stop codon) containing the putative miR—22 binding site was cloned into
pMIR—REPORT luciferase vector (Applied Biosystems). A deletion mutant of the
miR—22 binding site was made using the GENEART Site—Directed Mutagenesis
kit (Invitrogen). Primers used for mutagenesis were as follows: forward primer
B'—tgctcagatgtcataagtgatctttagccagactgttg—3’ and  reverse primer 5 —
caacagtctggctaaagatcacttatgacatctgagca—3 . For the luciferase activity assay,
the pMIR—REPORT firefly luciferase vector containing 3 —UTR of MDC1 WT
(wild type) or MT (mutant) and pRL—TK vector containing Renilla luciferase as
a control were co—transfected into cells using Lipofectamine 2000 (Invitrogen),

and sequentially transfected with miR—22, anti—miR—22 or CA—Aktl vector.
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After 24 hr of transfection, the luciferase assay was performed using the dual
luciferase reporter assay system (Promega) according to the manufacturer's in—
structions. Luciferase activity was quantified using a luminometer (Glomax,
Promega). The luciferase activity data were normalized to the Renilla value, and
the results were represented as the average and standard deviation (sd) from
triplicate of experiments.

8. Extraction of RNA and protein from mouse tissues.

The mouse lung (n=5) and colon tissues (n=5) were obtained from the Aging
Tissue Bank (ATB), a member of the National Biobank of Korea. Tissues were
homogenized in TRIzol (Invitrogen) and RIPA buffer according to the manufac—
turer’s protocol for extraction of RNA and protein, respectively.

9. Immunohistochemistry.
The tissue microarray slides include human prostate cancer tissues taken form

Super Bio—Chips (SuperBioChips Laboratories, Seoul, Republic of Korea). The
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young and senescent colon tissues were obtained from the Chosun University
Department of Pathology tissue bank. The endogenous peroxidase activity was
blocked with 0.03% H202 and the non—specific binding was suppressed by in—
cubation with 10% normal horse serum (Vector Laboratories). The specimens
were incubated with rabbit anti—pAktl or anti—MDC]1 polyclonal antibodies, di—
luted at 1:1000, for 24 hr at 4 C. The primary antibody binding was visualized
using an avidin—biotin—peroxidase kit (Vectastain ABC kit) according to the
manufacturer's instructions. The sections were incubated with biotinylated goat
anti—rabbit IgG at 1:200 dilution and then the ABC complex, for 1 hr each. La—
beling was visualized by incubating 0.05% 3',3—diaminobenzidine (DAB; Sigma-—
Aldrich) and 0.01% H202 for 5—15 min. The sections were dehydrated through
a graded ethanol series, cleared with xylene and mounted under Polymount
(Shandon). Omission of incubation with the primary antibody served as a control

for the false positive immunoreaction. Immuno—labeled images were directly
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captured using an Olympus C—4040Z digital camera and an Olympus BX—50 mi—
croscope (Olympus Corp.). The captured images were saved and subsequently
processed using Adobe Photoshop (Adobe System). The brightness and contrast
of images were adjusted only for the purpose of background consistency.
10. Chromosomal aberration analysis.

For chromosomal analysis, indicated transfected—U20S cells were treated with
1 Gy of —ray for 24 hr. To arrest cells in metaphase, 300 ng/ml colcemid
(Sigma) was added 4 hr before cell harvest. Colcemid depolymerizes microtu—
bules and inhibits the formation of the mitotic spindle. Cell were harvested in 15
mL tubes, gently resuspended in 40% of culture media for 10 min at 37°C, and
then fixed in equivalent volume of a freshly prepared fixative solution (3:1 mix—
ture of methanol/acetic acids, Carnoy's solution). After removal of supernatant,
pellets were resuspended in fixative solution, dropped onto a cleaned glass slide

and air—dried overnight. The slide was mounted in Vectashield with DAPI (Vec—
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tor Laboratories). Metaphase images were captured using a confocal microscope
(Zeiss LSM 510 Meta; Carl Zeiss) and analyzed with the Zeiss microscope image
software ZEN (Carl Zeiss).

11. DR—GFP assay (HR assay).

U20S—DR—GFP cells were transfected with control or CA—Aktl vector using
lipofectamine 2000, and sequentially transfected with miR—22 inhibitor, and then
infected with I—Scel—carrying adenovirus at an estimated MOI of 10. After 72 hr,
GFP—positive cells were measured by fluorescence—activated cell sorting
(FACSCalibur, BD Biosciences). The acquired data was analyzed using CellQuest
Pro software (BD Biosciences). The data are presented as the mean  s.d. value
for three independent experiments.

12. SA—B—gal (Senescence Associated—galactosidase) assay.
SA—PB—gal activity was determined using the Senescence Cells Histochemical

Staining Kit (Sigma) according to the manufacturer's protocols. Briefly, cells
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were washed with 1X PBS, fixed with 1X fixation buffer and incubated in staining
solution containing X—gal at 37°C without COZ2 until the cells stained blue (2 hr to
overnight). Senescent cells were defined as those that appeared blue when
viewed under a light microscope. A minimum of 1000 cells in randomly chosen
fields were used to calculate the percentage of SA—B—gal positive cells.

13. Single cell gel electrophoresis (Comet) assay.

Comet assay was done by alkaline single—cell agarose gel electrophoresis as
described previously (60). Briefly, cells were treated with 10 Gy of —ray, fol—
lowed by incubation in culture medium at 37 C. Cells were then harvested (20

I, 1 105 cells per pellet), mixed with 200 1 low—melting agarose and lay—
ered onto agarose—coated glass slides. The slides were maintained in the dark at
4 C for all subsequent steps. The slides were immersed in lysis solution [2.5
mol/L NaCl, 100 mmol/L Na2EDTA, 10 mmol/L Tris—HCl (pH 10), containing

freshly added 1% Triton X—100 and 10% DMSO] for 1 hr at 4 C and then
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placed into a horizontal electrophoresis apparatus filled with fresh alkaline elec—
trophoresis buffer [1 mmol/L Na2EDTA, 300 mmol/L NaOH (pH >13)]. After
electrophoresis (30 min at 1V/cm tank length), air—dried and neutralized slides
were stained with ethidium bromide (20  g/ml) overnight, and kept in a moist
chamber in the dark at 4 C until needed. The slides were analyzed at 400X
magnification using a fluorescence microscope (Nikon). The microscope images
revealed circular shapes, indicating undamaged DNA, or comet—like shapes, in—
dicating the DNA had migrated out from the head to form a tail (damaged DNA).
Average comet tail moment was scored for 40—50 cells/slide using a computer—
ized image analysis system (Komet5.5, Andor Technology).
14. Clonogenic survival assay.

After treatment with irradiation (IR), 5 102 cells were immediately seeded on
60mm dish in triplicate and grown for 2—3 weeks at 37 C to allow colonies to

form. Colonies were stained with 2% methylene blue/50% ethanol and were
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counted. The fraction of surviving cells was calculated as the ratio for the plating
efficiency of treated cells over untreated cells. Cell survival results are reported
as the mean value + s.d. for 3 independent experiments.

15. BrdU incorporation assay.

For the analysis of irradiation—induced S—phase cell cycle checkpoint, the in—
corporation of bromodeoxyuridine (BrdU) was monitored as a parameter for
DNA synthesis, according to the manufacturer's instructions (Roche Diagnostic
Corp.). Briefly, cells were treated with the indicated gray of —ray. After 2 hr,
10 uM BrdU was added to the culture medium for 2 hr at 37°C for incorporation
into freshly synthesized DNA. After fixation of the cells, cellular DNA was par—
tially digested by nuclease treatment. A peroxidase—labeled antibody against
BrdU and a peroxidase substrate were added sequentially to yield colored reac—
tion products, which are proportional to the level of BrdU incorporation into the

cellular DNA. Colored products were measured using a microplate reader at 405
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nm with a reference wavelength at approximately 490 nm. The relative DNA
synthesis was calculated as the percentage of absorbance of cells treated with
irradiation from the absorbance of untreated cells. The data are represented as
the average + s.d. value from experiments performed in triplicate.

16. Isolation of mononuclear cells from human blood.

Blood samples were provided by the Kwang—San Health Center (Gwangju,
Republic of Korea). Blood donors were healthy men or women in their twenties
(n=7) or sixties (n=11). The protocol for human studies was approved by the
Institutional Review Board of Chosun University School of Medicine. Human
blood samples were collected in a tube containing heparin as an anticoagulant.
The peripheral blood mononuclear cells (PBMCs) were extracted from the blood
using LymphoprepTM (Axis—Shield), and total RNA was purified using TRIzol
(Life Technologies). Briefly, in the Lymphoprep protocol, blood was diluted with

0.9% NaCl (1:1), and isolated by density gradient centrifugation at 800g for 20
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min using Lymphoprep. The collected mononuclear cells were washed twice with
PBS and then used for experiments.
17. CGH array and data analysis.

Human fibroblast GM0O0637 cells were stably transfected with control miRNA
or miR—22, and genomic DNA was isolated using AccuPrep Genomic DNA Ex—
traction kit (Bioneer) according to the manufacturer's instructions. Array CGH
analysis was performed using the Nimblegen Human CGH 12 135K whole—
genome tiling v3.1 Array (Agilent Technologies). Human genomic DNA (1 g)
from miR—22—tranfected cells and reference DNA samples from control cells
were independently labeled with fluorescent dyes (Cy3/Cy5), co—hybridized at
65 C for 24 hr, and then subjected to the array. The hybridized array was
scanned using NimbleGen MS200 scanner (NimbleGen Systems Inc.) with 2 m
resolution. LogZ2—ratio values of the probe signal intensities were calculated and

plotted versus genomic position using Roche NimbleGen NimbleScan v2.5 soft—

Collection @ chosun



ware. Data are displayed and analyzed in Roche NimbleGen SignalMap software
and CGH—explorer v2.55.
18. Statistical analysis.

Data in all experiments are represented as mean  s.d. Statistical comparisons
were carried out using two—tailed paired t—test. We considered p  0.01 (**) as
significant. Analyses were carried out with Prism software (GraphPad) and Excel
(Microsoft). Negative correlation of MDC1 expression with pAktl levels was
assessed using the Pearson correlation test with p value. p values less than or

equal to 0.01 were considered statistically significant.
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RESULT

1. MDC1 expression is post—transcriptionally regulated by miR—22.

To explore the possibility that MDC1 expression could be regulated at the
post—transcriptional level, we carried out a comprehensive bioinformatics
analysis to generate a selective miRNA library that could then be used for
screening. From this analysis, a total of 8 miRNAs were identified as candi—
dates (Supplemental Table 1) and each was reversely screened for the effect
on MDC1 expression by using a luciferase assay. Specifically, the 3 —UTR of
MDC1, the region with the highest potential to contain miRNA binding sites,
was cloned into the luciferase vector pMIR—REPORT. This construct (MDC1
3 —UTR—-wt) was cotransfected into HEK293T cells along with either a con—
trol miRNA (miR—Ctrl) or with one of the candidate miRNAs. The results of
the luciferase assays revealed that overexpression of miR—22 led to remarka—

bly lower luciferase activity compared with control miRNA (Figure 1A). On the
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other hand, other miRNAs could not be strong enough to repress luciferase
activity. Western blotting analysis also revealed that the MDC1 protein level
was significantly decreased in cells transfected with miR—22, whereas others
had no effect (Figure 1B). The TargetScan algorithm (MIT, release 6.2)
showed that bases 317—339 in the MDC1 3 —UTR are complementary to the
target sites of miR—22 (Figure 1C). To investigate this further, we constructed
a mutated MDC1 3 —UTR luciferase reporter (MDC1 3 —UTR-mt) that was
lacking predicted seed region for the miR—22. We found that co—transfection
of the wild—type reporter construct, but not mutant, with miR—22 or its
premature hairpin (pre—miR—22) led to suppression of luciferase activity
(Figure 1D). Furthermore, when a miR—22 antisense oligonucleotide (anti—
miR—22) was added in addition to miR—22 or pre—miR—22, luciferase activity
was restored to control levels (Supplemental Figure 1A), indicating that miR—

22 targets the 3 —UTR of MDC1 mRNA. Consistent with these results, the
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MDCI1 expression level decreased as the concentrate of transfected miR—22 or
pre—miR—22 was increased (Supplemental Figure 1B). Moreover, when miR—
22 was transfected into HelLa or U20S cells, there was a significant decrease
in MDC1 protein levels specifically (Supplemental Figure 1C). Using real—time
quantitative PCR (qPCR), we observed that MDC1 mRNA was reduced more
than 50% when miR—22 was overexpressed (Supplemental Figure 1D).

We then exposed cells to ionizing radiation (IR) to induce DNA damage, and
performed immunofluorescence to look for the formation of MDC1 foci. When
miR—22 was transfected into either U20S or Hela cells, there were signifi—
cantly fewer visible foci than in the control cells (Supplemental Figure 2A). In
the control, the percentage of cells with 5 MDCI1 foci continued to increase
over time, whereas in the miR—22—transfected cells, the percentage containing

5 MDCI1 foci remained low. Importantly, MDC1 foci formation in cells trans—

fected with miR—22 was fully restored when either anti—miR—22 (Figure 1E
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and Supplemental Figure 2B) or a miR—22—insensitive MDC1 was introduced
(Figure 1F and Supplemental Figure 2C). Taken together, these results sug—

gest that MDC1 expression is post—transcriptionally regulated by miR—22.

2. miR—22 affects DDR function of MDC1 and induces genomic instability.

Next, we asked whether the miR—22 regulation of MDC1 was physiological—
ly relevant to DDR. Because MDCI1 directly regulates DSB repair through ho—
mologous recombination (HR) (16) and non—homologous end joining (NHEJ)
(17), we asked whether the regulatory effects of miR—22 would lead to DSB
repair phenotypes as well. To test this hypothesis, we exposed miR—22—
transfected U20S and HelLa cells to IR and then measured DSB repair using
either —HZ2AX immunofluorescence staining or single—cell electrophoresis
(comet assay). Cells transfected with miR—22 had significantly more residual

DSBs than control cells, as evidenced by the increase in signal intensity of —
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H2AX staining and by the increase in comet tail moments (Figure 2, A and B).
Co—transfection with anti—miR—22 (Figure 2A and Supplemental Figure 2B) or
with miR—22—insensitive MDC1 (Figure 2B and Supplemental Figure 2C) re—
versed this effect, suggesting that this defect in DSB repair can be rescued by
interrupting the interaction between miR—22 and the MDC1 3 —UTR.

MDC1 also plays a role in the regulation of an intra—S—phase cell cycle
checkpoint in response to DNA damage and contributes to the sensitivity of
cells to DNA—damaging agents (18—20). Thus, we asked whether the pres—
ence of miR—22 would also affect this particular role of MDC1. As shown in
Figure 2C, miR—22 abrogated IR—induced S—phase checkpoint, as cells trans—
fected with miR—22 has a higher percentage of BrdU incorporation than cells
transfected with miR—Ctrl. Furthermore, up—regulation of miR—22 made cells
hypersensitive to IR treatment and decreased the cell survival rate (Figure 2D).

These detrimental effects were fully rescued by overexpressing miR—22—
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insensitive MDC1, emphasizing the importance of MDC1 in this process.
Frequent DSBs and continued DNA synthesis in the presence of DNA damage
increase the risk of genomic instability. Thus, we predicted that miR—22 would
have an effect on genomic instability. Indeed, overexpression of miR—22 in
U20S cells significantly increased the number of chromosome breaks after IR
exposure as compared to control cells (Figure 2E). In contrast, anti—miR—22
or miR—22—insensitive MDC1 transfection into miR—22—expressing cells
completely restored chromosome breaks. To assess the subsequent genomic
effects resulting from the numerous chromosomal breaks in miR—22—
expressing cells, we performed array comparative genomic hybridization (ar—
ray CGH) using human fibroblast GM0O0637 cells. From this analysis, we con—
clude that there was a high frequency of chromosomal abnormalities, including
clonal amplifications and deletions in discrete regions (Figures 2F and Supple—

mental Figure 3). Taken together, these results provide evidence that miR—
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22—mediated down—regulation of MDC1 results in defects in DSB repair, and
allows cells to bypass an intra—S—phase checkpoint causing a decrease Iin

chromosome integrity.

3. Aktl up—regulates endogenous miR—22 and inhibits homologous recombina—
tion.

The oncogenic potential of Aktl lies in its ability to repress homologous re—
combination (HR) and thereby cause genomic instability (21). Because it has
been shown that Aktl activates miR—22 expression in human cancer cells (22,
23), we hypothesized that the subsequent down—regulation of MDC1 that re—
sults from a stimulation of miR—22 expression is the underlying reason for the
repression of HR. Overexpression of constitutively active Aktl (CA—Aktl) in
either U20S or HCT116 cells led to increased miR—22 expression and de—

creased MDC1 protein and mRNA levels (Figure 3A and Supplemental Figure
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4A). Under these same conditions, IR—induced formation of MDCI1 foci de—
creased significantly (Supplemental Figure 4B). To confirm the role of miR—22
in this process, we showed that co—transfection with anti—miR—22 rescued
MDC1 expression (Figure 3B) and restored MDC1 foci formation (Figure 3C).
Moreover, the luciferase activity of the MDC1 3 —UTR was decreased in the
CA—Aktl —overexpressing cells. However, overexpression of CA—Aktl had no
effect on the luciferase activity of the mutated MDC1 3 —UTR (Supplemental
Figure 4C). Together, these results suggest that increased levels of miR—22,
either through transfection or endogenously in response to Aktl, targets the
same regulatory network and leads to the same DDR phenotype.

To test the hypothesis that MDC1 levels are central to the observed effects
of Aktl on HR, we examined HR efficiency using a green fluorescent protein
(GFP) —based chromosomal assay. This assay monitors HR—mediated repair of

DSB generated by ectopically expressed I—Sec I endonuclease in GFP con—
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struct (24). When DSBs are repaired by HR, GFP is expressed and levels can
be quantitated using flow cytometry (Figure 3D). We established a stable cell
line using U20S cells (U20S DR—GFP) and monitored HR—mediated DSB re—
pair by measuring GFP levels. We found that the GFP signal decreased drasti—
cally in cells expressing CA—Aktl and were restored to normal levels in cells
co—transfected with either anti—-miR—22 (Figure 3E) or miR—22—insensitive
MDC1 (Figure 3F and Supplemental Figure 4D), implying that MDC1 expres—
sion levels, signaled by Aktl and mediated through miR—22, are important in
HR-—mediated DSB repair.

Because pAktl levels correlate with miR—22 expression in prostate tumor
tissues (23), we used this system to ask whether Aktl activity directly affects
MDC1 levels in vivo. A prostate tumor tissue array was used to examine the
correlation between MDC1 and pAktl level by immunohistochemistry. We

found that specimens with strong MDC1 staining had weak pAktl signals and
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vice versa (Figure 3, G and H), confirming a statistically significant inverse

correlation between MDC1 and pAktl levels (Figure 30D).

4. Cellular differentiation up—regulates endogenous miR—22 and suppresses
DSB repair.

It is known that miR—22 levels increase in terminally differentiated cells (14,
25, 26). Therefore, we predicted that miR—22 expression in differentiated
cells directly affects DSB repair. Because 12—0O-—tetradecanoylphorbol—13—
acetate (TPA) causes breast cancer MCF—7 cells to become post—mitotic (27),
we used this system to enrich for terminally differentiated cells and monitored
endogenous miR—22 and MDC1 levels. After 3 days of differentiation in re—
sponse to TPA, miR—22 levels increased more than 2—fold and MDC1 levels
decreased accordingly (Figure 4A and Supplemental Figure 5A), confirming an

inverse correlation between the two during cellular differentiation. We then
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used this same system to assess effects on IR—induced MDC foci and DSB re—
pair. When untreated MCF—7 cells were exposed to IR, clearly visible MDC1
foci formed, and the number of cells with foci continued to increase for three hr
after exposure (Supplemental Figure 5B). In contrast, cells that were stimu—
lated to differentiate through TPA treatment had little or no MDC1 foci for—
mation after exposure to IR. However, when TPA —differentiated MCF—7 cells
were transfected with anti—miR—22, MDC1 expression (Figure 4B) and IR—
induced MDC1 foci formation (Figure 4C) were recovered. Moreover, using
comet assays and —HZAX staining, we observed that an impaired DSB repair
capacity in differentiated cells was also improved significantly by anit—miR—22
(Figure 4D) or miR—22—insensitive MDC1 (Figure 4E and Supplemental Figure
5C). Together, these results provide evidence that endogenous miR—22 in—
duced in response to cellular differentiation affects DSB repair, and suggest

that miR—22—mediated down—regulation of MDC1 is an important pathway af—
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fecting genomic instability in terminally differentiated cells.

5. Senescence—induced up—regulation of endogenous miR—22 affects DSB re—
pair.

Recently, miR—22 expression was shown to increase during replicative se—
nescence of human fibroblasts (28). Because DNA damage and mutations ac—
cumulate during aging in mammals (29), we hypothesized that down—regulation
of MDC1 is relevant in this process also, and we examined the levels of miR—
22 and MDC1 during both replicative senescence and premature stress—
induced senescence. Senescence was induced in both human embryonic lung
fibroblasts MRC—5 and IMR—90 cells by either serial passaging or by treat—
ment with either hydrogen peroxide (H202) or busulfan (BU). We defined se—
nescent cells as late—passage, non—proliferating cells at a population doubling

level (PDL) of ~55 and young cells as early—passage, proliferating cells (~20
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PDL). Senescent MRC—5 and IMR—90 cells adopted the predicted morphology,
flat and enlarged, and they stained positively for —galactosidase, an enzyme
that is specifically induced in senescent cells (SA— —gal) (Figure 5A, upper
panel). Levels of miR—22 were markedly higher in senescent cells than in
young cells for all three cell populations: replicatively senescent and H202—
induced prematurely senescent cells (Figure 5A, lower panel), as well as BU—
induced prematurely senescent cells (Supplemental Figure 6A). Consistent
with our previous results, high levels of miR—22 in senescent cells were ac—
companied by significantly lower levels of MDC1 (Figures 5B and Supplemental
Figure 6B) and fewer IR—induced MDCI1 foci than in young cells (Supplemental
Figure 6, C and D). When senescent cells were transfected with anti—miR—22,
the level of MDC1 (Figure 5C) and the number of IR—induced MDC1 foci (Fig—
ure 5D) were equivalent to those of young cells.

The levels of several components of the HR complex, including Rad51,
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Rad51C, and NBS1, decrease as cells age (30). Supplementing pre—senescent
cells with these proteins, either individually or in combination, does not rescue
a defect in DSB repair (30), suggesting that other factors in this regulatory
pathway account for the impaired DSB repair activity in senescent cells. Based
on our results thus far, we reasoned that the regulation of MDC1 expression
determines the amount of DSB repair in senescent cells. To test this, we in—
troduced either anti—miR—22 or miR—22Z2—insensitive MDC1 into senescent
cells and examined the effect on DSB repair. Young cells that were exposed to
IR repaired the majority of DSBs within 6 hr, as measured by the percentage of
comet tail moments (Supplemental Figure 7A). In contrast, senescent cells still
had numerous unrepaired DSBs 6 hr after IR exposure, but this effect was re—
versed if anti—miR—22 was present (Figure 5E). The DSB repair defect in se—
nescent cells was also fully rescued by overexpressing miR—22—insensitive

MDC1 (Figure 5F and Supplemental Figure 7B). These results suggest that
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miR—22 acts to regulate DSB repair in senescent cells by modulation expres—
sion of MDCI1.

Because there was an inverse relationship between miR—22 and MDC1 levels
in senescent cells, we predicted that the same effect would be true of the aging
process in human and mouse tissues. To test this prediction, we measured
miR—22 and MDC1 expression levels in lung and colon tissues from young and
old mice using real—time qPCR and western blotting. For both lung and colon
tissues, the older mice had higher levels of miR—22 (Figure 6A) and lower
levels of MDC1 (Figure 6B) than younger mice. Based on our previous obser—
vations, it is very likely that the decreased MDCI1 levels in lung and colon tis—
sues in older mice were a direct result of the high levels of miR—22. We were
able to show the same effect in human cells using peripheral blood mononucle—
ar cells (PBMCs) from young (n = 7) and old (n = 11) human donors (Figure

6C). Furthermore, the same was true for human tissue samples. When colon
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biopsies from young (17 and 24 years old) and old (64 and 68 years old) do—
nors were subjected to immunohistochemical analysis, staining for MDC1 was
much darker in younger colon tissue than the older tissue, again showing that
MDC1 abundance decreases with aging (Figure 6D). Thus, miR—22 mediated
down—regulation of MDC1 expression is a common mechanism in aging cells

and is utilized in diverse and widespread tissue types in mammals.

6. miR—22 expression induces a senescence—like phenotype in human cancer
cells and leads to the accumulation of DNA damage.

Senescence includes an irreversible cell—cycle arrest that has therefore
been proposed to inhibit tumorigenesis (31). Several studies have proposed
that miR—22 is a tumor suppressor because it induces senescence—like phe—
notypes in cancer cells and it triggers both growth suppression and apoptosis

(28, 32—35). However, our data highlight a previously unknown oncogenic
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function of miR—22, in that it inhibits DSB repair and consequently increases
the risk of genomic instability, a hallmark of cancer cells. Thus, we examined
whether DNA damage accumulation accompanied miR—22—induced cellular se—
nescence in cancer cells. To this end, we introduced miR—22 into human breast
cancer cells (MCF7 and MDA—-MB-231) and human cervical cancer cells (si—
Ha) and measured the accumulation of unrepaired DSBs after IR exposure.
Consistent with a previous report (28), introduction of miR—22 into cancer
cells caused a senescence—like phenotype, as observed by the increased SA—

—gal activity (Supplemental Figure 8). Intriguingly, miR—22—induced senes—
cent cells showed a dramatic reduction in MDC1 expression (Figure 6E) and a
significant increase in the number of unrepaired DSBs as compared to control
cells (Figure 6F). Moreover, when miR—22—induced senescent cells were
transfected with miR—22—insensitive MDC1, there were significantly fewer

DSBs (Figure 6F). These results are consistent with our working model, in
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which the miR—22—mediated decrease in MDC1 plays a central role in the ac—

cumulation of DSBs in senescent cells.
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Figure 1 miR—22 directly affects MDC1 expression. (A) HEK293T cells were
co—transfected with the MDC1 3 —UTR-luciferase reporter vector and the
candidate miRNAs, which were predicted by at least five bioinformatics algo—
rithms, or the miRNA negative control (miR—Ctrl). Luciferase activity was
measured after 24 hr. Results are shown as means  SD (n = 3). *x P < 0.01 (B)
The levels of MDC1 protein were measured using western blotting in HEK293T
cells transfected with the indicated miRNAs. (C) A schematic representation of
MDC1 3 —UTR. The light red is the seed sequence of miR—22. Wild type 3 —
UTR of MDC1 (MDC1 3 —UTR-wt) and 3'-UTR of MDC1 with a deletion of
the miR—22 target site (MDC1 3 —UTR-mt) shown. (D) MDC1 3 —UTR—wt
and MDC1 3 —UTR—mt were cotransfected with miR—22 (left) or pre—miR—22
(right) in HEK293T cells. Luciferase activity was measured 24 hr after the
transfection.. (E, F) miR—22—expressing cells were transfected with anti—miR—

22 (E) or miR—22—insensitive MDC1 (F) and were treated with 10 Gy of IR and
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then fixed for immunofluorescence staining of MDC1 and —HZ2AX, 3 hr after IR.
The lower histograms show the percentage of cells containing five distinct
MDC1 foci per cells. At least 100 cells were analyzed for each treatment. Results

in D—F are shown as means SD (n = 3). ** P <0.01
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Figure 2 miR—22—mediated MDC1 down—regulation induces DNA damage. (A, B)
miR—22—expressing U20S cells were transfected with anti—-miR—22 (A) or
miR—22—insensitive MDC1 (B) and then irradiated with 10 Gy of IR. Cells were
then analyzed by —H2AX staining sixteen hr after IR (left) and by comet assay
three hr after IR (right). Representative images (the upper panel) and quantifi—
cation (the lower panel) of unrepaired DSBs are shown. DAPI was used for nu—
clear staining. (C) BrdU incorporation was measured using a colorimetric assay
after indicated doses of IR using UZ20S cells transfected with indicated combina—
tions of miRNAs and c¢DNA constructs. (D) Cell viabilities of indicated U20S

cells after indicated doses of IR were examined by the clonogenic survival assay.
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(E) Representative images (the upper panel) and quantification (the lower panel)
of chromosome breaks indicated cells exposed to IR. Arrows in panel indicate the
chromosome breaks. (F) Array comparative genomic hybridization profiles of
clones derived from GMOO0637 cells transfected with control miRNA or miR—22.
Chromosomal regions above or below the red dotted line indicate amplifications
or deletions of genomic positions, respectively. Results in A—E are shown as

means SD (n = 3).** P <0.01
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Figure 3
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Figure 3 Oncogenic Aktl leads to miR—22—mediated MDC1 deficiency and impairs
HR. (A) Western blot analysis of MDC1 expression using cell extracts from con—

trol vector— or CA—Aktl —transfected U20S or HCT116 cells. miR—22 expres—
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sion was quantitated using real—time gqPCR. Results are shown as means SD
(n =3). ** P <0.01. (B) miR—22—expressing cells were transfected with anti—
miR—22. Two days after the transfection, the cell lysates were analyzed using
western blotting with the indicated antibodies. (C) Representative images (the
upper panel) and quantification (the lower panel) of IR (10 Gy)—induced MDC1
and —HZAX foci in cells cotransfected with anti—miR—22 and CA—Akt1 or with
CA—Aktl alone. Results are shown as means SD (n = 3). »x P < 0.01. (D) A
schematic showing the assay for the fluorescence—based measurement of HR—
mediated DSB repair. (E) U20S DR—-GFP cells were cotransfected with anti—
miR—22 and CA—Aktl or with CA—Akt]1 alone and then infected with adenovirus
encoding I—Scel. After 3 days, the percentage of cells expressing GFP was
measured using flow cytometry. Results are shown as means SD (n=3).*P
< 0.01. (F) The same experiments and quantitation described in (E) were per—

formed using miR—22—insensitive MDC1 instead of anti—miR—22. Results are
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shown as means  SD (n = 3). *x P < 0.01. (G, H) Immunohistochemisty analy—
sis for phospho—Aktl (pAktl) and MDC1 using a prostate tumor tissue array.
Representative images of tumor specimens showing weak pAktl and strong
MDC1 staining (G) or strong pAktl and weak MDC1 staining (H) are presented.
Hematoxylin counterstain (blue color) was included for nuclei staining. The scale
bar corresponds to 25 m. (I) A scatter plot showing the negative correlation
between pAktl and MDCI1 expression in the prostate cancer tissue microarray.

The p—value and Pearson's correlation coefficient (r) are calculated.
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Figure 4
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Figure 4 Cellular differentiation down—regulates MDC1 and affects DDR. (A)
Western blot and real—time gPCR analysis for MDC1 and miR—22 expression in
TPA—differentiated MCF—7 cells. Results are shown as means  SD (n = 3). #*
P <0.01. (B) The levels of MDC1 protein were measured in TPA—treated MCF—
7 cells in the absence or presence of anti—-miR—22. (C) TPA—treated MCF—7
cells were transfected with anti—-miR—22 and were treated with IR (10 Gy) and
then fixed for immunofluorescence staining of MDC1 and —HZ2AX. The graph in
the right panel shows the percentage of cells containing five distinct MDC1
foci per cells. (D, E) Transfection of TPA—treated MCF—7 cells with anti—miR—
22 (D) or miR—22—insensitive MDC1 (E) rescues DSBs repair, as measured by
the comet assay (left) and —H2AX staining (right). Representative images (the
upper panel) and quantification (the lower panel) of unrepaired DSBs are shown.

DAPI was used for nuclear staining. Results in C—E are shown as means SD

(n=3). P <0.01.
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Figure 5
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Figure 5 Cellular senescence up—regulates endogenous miR—22 and inhibits DSB

repair. (A) Senescence in MRC—5 and IMR—90 cells was induced by either serial

passage (replicative senescence: R—S) or through treatment with H202 (H202—

induced premature senescence: H—S). Representative images for cell morpholo—

gy and SA— —gal activity in young (Y) and senescent cells are shown. The
lower histograms show the percentage of SA— —gal—positive cells (left) and
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miR—22 levels (right). Results are shown as means  SD (n = 3). #* P < 0.01.
(B) Representative western blot analysis of MDC1 in young (Y), replicative se—
nescent (R—S), and H202—induced premature senescent (H—S) cells. MDC1
mRNA was measured using real—time gPCR. Results are shown as means SD
(n =3).*x P <0.01. (C) Rescue of MDC1 expression level by transfecting anti—
miR—22 into H202—induced premature senescent cells. (D) MDC1 foci formation
in young and H20Z—induced premature senescent cells, with and without IR
treatment and with and without anti—miR—22. The lower histograms show the
percentage of cells containing five distinct MDC1 foci per cells. (E, F) Trans—
fection of H202—induced premature senescent cells with anti—-miR—22 (E) or
miR—22—insensitive MDC1 ¢cDNA (F) increased DSB repair upon IR exposure,
as measured by the comet assay. Representative images are shown in upper
panel and quantitation of average tail length is below. Results in D—F are shown

asmeans SD (n=3).** P <0.01.
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Figure 6 miR—22 represses MDC1 expression and affects genome integrity in ag—
ing cells. (A) Expression of miR—22 was measured using lung and colon tissues
collected from young (6 months) and old (23 months) mice. Results are shown
as means SD (n = 3). *x P <0.01. (B) Expression of MDC1 protein and mRNA

was measured using lung and colon tissues extracts from young and old mice.
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Results are shown as means  SD (n = 3). *=x P < 0.01. (C) Expression of pre—
miR—22 and MDC1 mRNA was measured using peripheral blood mononuclear
cells of young (below 25 years) and old (above 65 years) donors. (D)
Immunohistochemical staining of MDC1 in colon biopsies from young and old do—
nors. The images in the bottom panel (40 X) are the magnified images of boxed
regions in the top panel (10 X). (E) The level of MDC1 protein was measured in
MCF7, MDA-MB—-231, and Si—Ha cells transfected with miR—22 or together
with miR—22 and MDC1. The bottom panel shows the quantitation of western
blot analysis. Results are shown as means SD (n = 3). # P <0.01. (F) miR—
Z22—induced senescent cancer cells are defective in DSB repair as shown by in—
creased —H2AX staining. miR—22—insensitive MDC1 expression decreased

—H2AX staining. Representative images are shown in upper panel and quanti—

tation of unrepaired of DSBs is below. Results are shown as means SD (n = 3).

wx P < 0.01.
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During differentiation, senescence, or activation of oncogenic Aktl, miR—22 is
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22 and MDC1 expression upon various pathophysiological contexts is a key pro—

cess in modulating genomic instability.
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DISCUSSION

DSBs are dangerous DNA lesions that cause mutations and genomic rear—
rangements and consequently contribute to tumorigenesis. DSB repair is there—
fore an essential way for cells to maintain genome stability and to prevent cancer
(1, 2, 36). MDC1 plays a central role in DDR by orchestrating DSB repair and
checkpoint activation (3). Therefore, either malfunction or loss of MDC1 is di—
rectly linked to genomic instability. In this study, we investigated a mechanism
by which MDC1 expression is regulated and found that a particular microRNA,
miR—22, modulates MDC1 regulation at the post—transcriptional level by target—
ing the 3 —UTR of MDC1 mRNA. Our results highlight miR—22 as a key regu—
lator of DDR function of MDC1. To date, there are no roles described for miR—22
in normal cells. Endogenous miR—22 expression appears to be dependent on
particular abnormal physiological contexts, including high Akt1 activity, differen—

tiation, and replicative/stress—induced senescence.
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Akt is a serine/threonine kinase, which is a key downstream target of the sig—
naling pathway mediated by phosphotide—3 kinase (PI3K), and plays a pivotal
role in the regulation of diverse cellular process, including cell growth, prolifera—
tion, and survival (37). Aberrant activation of the PI3K/Akt pathway is a common
event in a wide range of human cancers (38). Accumulated evidence supports a
role of Akt as an important modulator of DNA damage checkpoint signaling and
DSB repair (39—41). As the most hazardous of DNA lesions, DSBs lead to ge—
nome rearrangement and cell death following exposure to genotoxic stressors
(Khanna and Jackson, 2001). At least two mechanisms exist for the repair of
DSBs, HR, and NHEJ. HR is an error—free repair pathway, whereas NHEJ is er—
ror—prone (36, 42). Activated Akt stimulates NHEJ repair, which contributes to
chemo— or radioresistance in some tumor cells with constitutive Akt activation
(43—45). In contrast, activation of Akt inhibits HR due to suppression of the DDR

under pathologic circumstances (21, 46). Because defective HR can lead to ge—
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nome instability and predisposition to cancer (36), the inhibition of HR by the
activation of Akt may contribute to tumorigenesis. However, the precise mecha—
nism by which activated Akt exerts its influence on HR needs to be elucidated. In
the present study, we detected a decline in HR in cells expressing constitutively
active Akt. This decline in HR was associated with the upregulation of miR—22,
which caused the loss of MDC1 function. These results also showed that both the
inhibition of miR—22 and overexpression of MDC1 completely restored the func—
tion of MDC1 in the DDR and HR in cancer cells with high Akt activity. This sce—
nario clarifies how elevated Aktl activity might increase genomic instability and
foster an environment for cancer development. Remarkably, this inverse corre—
lation between pAktl and MDC1 expression occurs in vivo in human prostate tu—
mor tissues. Thus, miR—22—mediated MDC1 down—regulation could be an un—
derlying mechanism behind Aktl —mediated oncogenesis and anti—miR—22 may

be a new potential therapeutic agent for Akt—induced tumorigenesis.
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Terminally differentiated cells are characterized by permanent withdrawal
from the cell cycle and do not replicate their genomes. Although the majority of
cells in multicellular organisms are terminally differentiated and do not prolifer—
ate, most studies on the DDR have investigated the response of proliferating
cells to genotoxic agents. Thus, little information exists on the effect of DNA
damage in terminally differentiated cells. A common feature seems to be that
while resistance to various genotoxic stressors increases during the course of
cellular differentiation, DNA repair is progressively attenuated, and therefore,
terminally differentiated cells can conceivably accumulate numerous lesions in its
genome (47, 48). However, the molecular mechanisms for the attenuation of
DNA repair in terminally differentiated cells are not well understood. In some
cases, specific repair proteins are downregulated at the transcriptional level (49)
or functional DDR signaling is impaired (50, 51). Recently, It has been reported

that the miR—24 family is upregulated during differentiation of hematopoietic
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cells and directly downregulates H2ZAX expression to inhibit DNA repair and en—
hance chemosensitivity (14), suggesting that miRNAs might be novel players
regulating DDR in differentiate cells. Our study shows a strong correlation be—
tween the loss of MDC1 function and miR—22 up—regulation in terminally differ—
entiated MCF—7 cells. Intriguingly, MDC1 expression is also suppressed in ter—
minally differentiated astrocytes before and after exposure to IR (50). Because
miR—22 is upregulated in various postmitotic cells (14, 25, 26), the down—
regulation of MDC1 by miR—22 could be a key factor impairing DSB repair in
differentiated cells.

Cellular senescence is a status of permanent proliferative arrest resulting ei—
ther from telomere shortening after multiple rounds of cell division (replicative
senescence) or from various stressors, such as oncogenes or oxidative stress
(stress—induced premature senescence) (31). During cellular senescence or or—

ganismal aging, mammalian cells accumulate mutations in their genome and often
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end up with abnormal chromosomal rearrangements (52). These mutations and
genomic rearrangements arise from aberrant DSB repair. For example, senescent
cells contain more DSBs and reduced NHEJ repair than non—senescent cells
(53). Stem cells accumulate DNA damage as they age and are defective in NHEJ
repair (54, 55). HR—mediated repair decreases sharply during aging in
replicatively senescent cells (30). Thus, the miR—22—-mediated decrease in
MDCI1 expression that occurs during cellular senescence explains how senescent
cells become defective in DSB repair capacity. Interestingly, H202 and BU-—
induced premature senescence also showed the same expression pattern change
for miR—22 and MDC1, which may explain how environmental factors play a role
in the regulation of genomic instability, and this may be true for factors besides
oxidative stress. In all of these cases, our model provides a representative mo—
lecular mechanism for how environmental stress or the progressive history of

cells, tissues or organisms can affect genome integrity.
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The incidence of carcinoma, the most common cancer in humans, increases
exponentially with age (56). This is most likely due to the mutations and ge—
nomic rearrangements that accumulate during normal aging, and which could
contribute to the transformation of functionality in aged tissues (29). For exam—
ple, in patients with Hutchinson—Gilford progeria syndrome, a genetic condition
characterized by the rapid appearance of aging, a positive correlation is observed
between tumorigenesis and senescence with a high frequency of mutations (57).
Hence, cellular senescence is a potent tumor—suppressing mechanism but at the
same time, it also contributes to cancer promotion at an advanced age (31).
miR—22 has been proposed to be a tumor suppressor because it could inhibit cell
proliferation and induce a senescence—like phenotype in human breast, cervical,
and colon cancer cells (28, 32, 35). We observed the senescence—like pheno—
type when we overexpressed miR—22 in human cancer cells; however, we also

found that miR—22 induced extensive DSB accumulation in the same cells. Fur—
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thermore, our in vivo data using both mouse and human tissues strongly suggest
a positive correlation between miR—22 up-—regulation and MDCI1 —deficiency.
Thus, even though miR—22—induced senescence may act as a barrier to cancer
development, the defects in DDR and DSB repair that result from the downstream
effects of miR—22 regulation cause detrimental chromosomal abnormalities,
leading to the accumulation of secondary insults that might establish a cellular
environment fostering tumorigenesis and cancer progression independent of
proliferation—related phenotypes, and this may provide an underlying molecular
mechanism for initiation of cancer development. This hypothesis is supported by
the recent finding that miR—22 has an oncogenic functions (58, 59).

Herein, we have shown that miR—22 is a key player in DSB repair and genomic
stability through modulation of MDC1 expression under particular pathophysio—
logical contexts, including high Aktl activity, differentiation, and replica—

tive/stress—induced senescence. In mice, MDC1 knockout leads to compromised
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genomic stability and induces tumorigenesis (4, 5). However, there are no re—
ports whether inefficient DSB repair and chromosome aberration occur as a re—
sult of reduced levels of MDC1 in human pathology. Our findings reveal the miR—
22/MDC1 interaction as a previously unsuspected link between MDC1 function
under aberrant physiological conditions, and they expand our understanding of
MDC1—mediated cellular functions contributing to the maintenance of genomic
stability in Akt—activated cells, during differentiation, and cellular senescence
(Figure 7). Antagonists of endogenous miR—22 in these cells may thus be useful
therapeutic strategies for enhancing MDC1 expression, given that it could block

dysregulated DDR, accumulated DNA damage and chromosomal abnormalities.
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ABSTRACT

The study of the microRNA -induced cellular senescence

Man Jin Cha
Advisor : Prof. Ho Jin You, M.M. &Ph.D.
Department of Pharmacology,

Graduate school of Chosun University

MDC1 functions as a platform to assemble repair proteins at the damaged DNA
sites. Although loss of MDCI1 results in genomic instability and tumorigenicity,
the molecular mechanisms controlling MDC1 expression are currently unknown.
Here, we found that microRNA—22 (miR—22) suppresses MDC1 expression, and
as a consequence, causes an impaired DNA damage response, decreased DNA
double—strand break (DSB) repair and genomic instability. Several intracellular

physiological states, including Aktl activation, differentiation, and senescence,
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hinder MDC1 —initiated DSB repair by up—regulating endogenous miR—22. Im—
portantly, a negative correlation between miR—22 and MDC1 expression was
observed in both tumors and aged tissues, suggesting that miR—22—induced ge—
nomic instability is a general phenomenon. Cancer cells that overexpressed miR—
22 accumulated a significant number of DSB, regardless of their senescence
phenotype. Thus, our findings define miR—22 as an oncogenic master regulator
of MDC1 expression and suggest a molecular mechanism for how quiescent cells
or aged tissues increase genomic instability, fostering an environment that pro—

motes tumorigenesis.
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