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Abstract

Chromatin remodeling factors are becoming known as crucial facilitators of recruitment of repair
proteins to sites of DNA damage. Multiple chromatin remodeling protein complexes are now
known to be required for efficient double strand break repair. In a screen for microRNAs that
modulate the DNA damage response, we discovered that expression of the miR-99 family of
microRNAs correlates with radiation sensitivity. These microRNAs were also transiently induced
following radiation. The microRNAs target the SWI/SNF chromatin remodeling factor SNF2H/
SMARCAD5, a component of the ACF1 complex. We found that by reducing levels of SNF2H,
miR-99a reduced BRCAL localization to sites of DNA damage. Introduction of the miR-99 family
of microRNAs into cells reduced the rate and overall efficiency of repair by both homologous
recombination and non-homologous end joining. Finally, induction of the miR-99 family
following radiation prevents an increase in SNF2H expression and reduces the recruitment of
BRCAL to sites of DNA damage following a second dose of radiation, reducing the efficiency of
repair after multiple rounds of radiation as used in fractionated radiotherapy.
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Introduction

Mammalian cells have developed multiple complex mechanisms for identifying and
repairing damage to their genomes caused by a wide variety of sources. Damage caused by
UV, ionizing radiation, cross-linking and intercalating agents, as well as DNA replication
errors are identified and repaired through multiple pathways dependent on the type of
damage incurred. The ability of normal cells to detect and repair DNA damage, as well as
initiate apoptosis when excess damage has occurred is crucial for maintaining genomic
stability and preventing cancer. Conversely, the ability of cancer cells to sustain and repair
large quantities of DNA damage contributes to their frequently observed resistance to DNA
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damaging chemotherapeutic and radiation treatment. Several histone modifications
specifically designate sites of DNA damage, and are required for the recruitment of repair
proteins(1). In particular, phosphorylation of H2AX (yH2AX) is required for DNA damage
signaling and repair (2). There is a steadily growing body of evidence that indicates several
other histone modifications including ubiquitination, methylation and acetylation occur that
play a role in conjunction with, as well as independent of, yH2AX signaling to facilitate
effective DNA repair (1, 3).

One of the functions of these histone marks is to recruit chromatin remodeling complexes to
give repair proteins access to sites of DNA damage. ATP-dependent chromatin remodeling
complexes were initially implicated in DSB repair when it was discovered that the INO80
complex is recruited to phosphorylated H2A in budding yeast and required for efficient
conversion of double strand breaks into single stranded DNA prior to repair (4-7). The
SWI/SNF complex is also recruited to yYH2AX in conjunction with acetylation of histone

H3, and required for maximal phosphorylation of H2AX (8). Conversely, the Tip60 complex
is recruited to DNA damage sites to dephosphorylate yH2AX after the damage is repaired

9).

Double strand break(DSB) repair in mammalian cells typically occurs through two distinct
pathways, homologous recombination(HR) or non-homologous end joining(NHEJ). DSB
repair through HR is dependent on the recruitment of BRCAL to DSB sites through a
complex signaling cascade downstream of yH2AX (1). The protein MDC1 binds to yH2AX
(10) and recruits the ubiquitin ligase RNF8, which subsequently ubiquitinates H2A and
H2AX leading to eventual BRCA1 recruitment (11-14). NHEJ involves the binding of Ku
proteins to double stranded ends of DNA at break sites(15) and the recruitment of DNA-
PKcs and DNA ligase 1V, which then facilitate the ligation of the free ends (16). Both
processes require the action of chromatin remodeling proteins for proper recruitment of
repair proteins to double strand break sites(17, 18).

Recently, the chromatin remodeling complex SNF2H (also known as SMARCAJ5) has been
implicated in both the HR and NHEJ DNA repair pathways. Following DNA damage, the
ACF1 chromatin remodeling complex containing SNF2H is required for the efficient
recruitment of Ku70/80 proteins to laser stripe induced DNA damage sites, and depletion of
components of this complex result in inefficient double strand break(DSB) repair by NHEJ
(18). Interestingly, SNF2H is also required for BRCAL recruitment to break sites in a
pH2AX independent manner downstream of H2B ubiquitination by RNF20 (19).

We have previously characterized SNF2H as a target of microRNA regulation (20).
microRNAs are small 17-25 nucleotide RNA molecules involved in post-transcriptional
regulation of gene expression in metazoans in a sequence-specific manner (21). microRNASs
in the same family (e.g. miR-99a, —99b and -100) have nearly identical sequence and target
the same sets of MRNAs. microRNAs are crucial for development of higher organisms and
each microRNA can regulate the expression of many proteins to enact complex changes in
cellular phenotype. MicroRNAs have been found to be intimately involved in the
differentiation of many tissue types during development (22-26). Additionally, in cancer,
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microRNASs are often misregulated, with certain miRNAs able to function as tumor
suppressive and oncogenic factors (27-30).

In a screen for microRNAs that modulate a cell’s response to DNA damage, we found that
expression of members of the miR-99 family were upregulated following DNA damage and
that miR-99 expression correlated with radiation sensitivity. The downregulation of SNF2H,
a miR-99 family target, mediated radiation sensitivity through its role in facilitating DNA
repair. The upregulation of the miR-99 family following radiation decreased the efficiency
of repair factor recruitment and the rate of DNA repair after a second exposure to ionizing
radiation. Thus, the induction of miR-99 represents a switch by which cells subjected to
multiple rounds of radiation are directed away from continuing to repair their DNA.
Interestingly, fractionation of radiation in radiotherapy is based on the principle that multiple
smaller doses of radiation are more effective than a single large dose of radiation. Although
fractionated therapy is widely used in clinical practice, molecular mechanisms underlying
the differential radiosensitivity of some tumors to fractionated therapy are not entirely
understood (31, 32). We suggest that induction of anti-DNA repair microRNAS such as the
miR-99 family is one such molecular mechanism.

miR99 family members downregulated in radioresistant cancer sensitize cells to DNA
damage by ionizing radiation

We were interested in examining microRNAs whose expression were misregulated in cancer
and could alter the radiation sensitivity of cancer cells. We initially began by measuring
differential microRNA expression in two breast cancer lines with differing radiation
sensitivity. RNA was isolated from p53 positive MCF-7 and p53 negative SK-BR-3 cells
before and 24 hours following treatment with 5 gy ionizing radiation(IR) and hybridized to
Exigon microarrays containing locked nucleic acid probes complementary to currently
known microRNAs. We found 6 microRNAs to be more than 2 fold overexpressed in MCF7
cells and upregulated following irradiation (Fig. 1a). Among those upregulated were miR-21
and miR-26a, which are thought to be oncogenic microRNAs, targeting the PTEN tumor
suppressor gene(33-35). miR-21* is also upregulated, but likely as an artifact of the
increased expression of miR-21. Little is known about miR-105, though some evidence
suggests it may be antiproliferative as it was found to reduce cyclin B expression in ovarian
granulosa cells(36). The last two microRNAs among this group upregulated following
irradiation and overexpressed in MCF7 were both members of the miR-99 family, miR-99a
and miR-100. We had previously identified this family of microRNAs as being repressed
during progression of prostate cancer and having a tumor suppressive role (20)(Fig. 1a).
Their appearance in this screen suggested they may also play a role in altered radiation
resistance during prostate and breast cancer progression.

To confirm the radiation sensitivities of the cancer cell lines differentially expressing
miR-99 family members, we performed clonogenic assays following IR comparing the
survival of MCF7 and SK-BR-3 cells, as well as LNCaP cells and their more advanced
daughter cell line C4-2. We found SK-BR-3 cells to be significantly more resistant to
radiation treatment than MCF7 cells (Fig. 1b), and C4-2 cells more resistant than LNCaP

Oncogene. Author manuscript; available in PMC 2013 August 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mueller et al.

Page 4

cells (Fig. 1e), correlating with lower basal expression of miR-99a and miR-100 as
measured by gPCR (Fig. 1c, 1f). qPCR was used to confirm that miR-99 family members
were upregulated following IR treatment. We found miR-99a and miR-100 to be 3-4 fold
upregulated in MCF7 and LNCaP cells 24 hours following IR, when normalized to B-actin,
confirming the results of the microarray analysis, and suggesting their upregulation occurs
following irradiation of prostate cancer cell lines as well (Fig. 1d, 1g), similar results were
observed when normalized to u6snRNA or GAPDH (Fig. Sla, S1b).

Having observed a correlation between decreased expression of the miR-99 family and
radiation resistance, we wanted to determine whether reintroduction of miR-99 family
members into cells could increase DNA damage sensitivity. We introduced exogenous
miR-99a or miR-100 into C4-2 and SK-BR-3 cells, treated with ionizing radiation and
examined clonogenic survival. We found a significant reduction in survival following
radiation in the presence of exogenous miR-99 family members (Fig. 2a, 2b). These data
suggest that the miR-99 family may increase the sensitivity of cells to DNA damage and that
a decrease in miR-99 family member expression may be a mechanism by which cancer cells
can acquire resistance to DNA damaging agents.

miR-99 and siRNA of its target SNF2H reduce BRCAL localization to sites of DNA damage

We previously identified the chromatin remodeling factor SNF2H as a direct target of
miR-99a in LnCAP and C4-2 cells (20). SNF2H has recently been implicated in the repair of
DNA damage by HR and NHEJ, and is an important member of complexes required for the
recruitment and function of DNA repair proteins to sites of DSBs (18, 19). We were curious
to see whether introduction of miR-99 family members would have an effect on DNA repair
through SNF2H. We began by confirming that miR-99a and miR-100 could reduce the level
of SNF2h in cells by performing western blots following transfection of double stranded
mimic oligonucleotides. As expected, miR-99a and miR-100 significantly reduced the levels
of SNF2H, though not to the same extent as siRNA targeting the 3 UTR of SNF2H (Fig.
2c). To determine if the miR-99 family could affect the recruitment of DNA proteins to sites
of damage, we introduced miR-99a or siRNA targeting the 3’ UTR of SNF2H into C4-2
cells and subjected them to gamma irradiation. We then examined BRCAL and pH2AX foci
formation by immunofluorescence. miR-99a, miR-100 and siSNF2H greatly reduced the
number of cells expressing intense BRCAL ionizing radiation induced foci (Fig. 3a, S1C,
S2). Neither treatment reduced pH2AX foci following IR. We also examined MDC1 and
conjugated ubiquitin foci formation following IR, and saw no significant reduction in the
number of these foci (Fig. S3). This is consistent with the recent finding that SNF2H
facilitates BRCAL recruitment downstream of the ubiquitination of H2B by RNF20 in a
pH2AX independent manner(19).

Recruitment of DNA repair proteins is unaffected by miR99 in cells expressing non-
targetable SNF2H

To determine if repression of SNF2H by miR-99a was responsible for the repression of
BRCAL recruitment by miR-99a, we stably expressed the SNF2H ORF in C4-2 cells. The
absence of the 3’ UTR makes this form of SNF2H resistant to miR-99a and we examined
BRCAL1 foci in these cells following irradiation. The non-targetable SNF2H rescued BRCA1

Oncogene. Author manuscript; available in PMC 2013 August 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mueller et al. Page 5

foci formation both after treatment with miR-99a as well as siRNA targeted to the SNF2
3’UTR (Fig. 3B, S1D). This evidence shows that miR-99a inhibits BRCA1 recruitment
through the downregulation of SNF2H.

miR-99 and siSNF2H reduce Rad51 recruitment to sites of DNA damage

Since BRCAU1 is contained within multiple protein complexes that can either promote or
repress DNA repair by homologous recombination, we examined whether miR-99 could
repress recruitment of proteins directly involved in HR. miR-99a or 100, and siSNF2h were
introduced into C4-2 cells, and Rad51 foci formation was examined following irradiation.
Both the miR-99 family as well as siSNF2H greatly reduced Rad51 foci formation (Fig. 3c,
S4), suggesting the recruitment of this essential component of the HR pathway requires
SNF2H, and can be blocked by overexpression of the miR-99 family.

miR-99 reduces the rate of DNA repair through downregulation of SNF2H

To assess the effect of miR-99a on the efficiency of DNA repair, we transfected C4-2 cells
with miR-99a or siSNF2H and performed neutral agarose comet assays, which detect DSBs,
following treatment with IR. With control siRNA oligo, the majority of double-strand DNA
breaks was repaired within 60 minutes of treatment with IR. In the presence of miR-99a or
siSNF2H, the DNA damage persisted, resulting in a 3 fold greater tail moment than the
control at 60 minutes following irradiation (Fig. 4a, S5a). A similar effect was seen with
introduction of miR-100 (Fig. S6) However when we stably expressed the SNF2H ORF in
these cells, the repression of DNA repair by miR-99a or siSNF2H was reversed (Fig. 4b,
S5b). Therefore, miR-99a reduces double-strand break repair following IR through
repression of SNF2H.

Exogenous miR-99a increases the extent of apoptosis following IR

To determine if the deficit in DNA repair experienced by cells with exogenous miR-99 leads
to an increase in apoptosis in these cells, we examined PARP cleavage in cells transfected
with miR-99a following treatment with IR. While C4-2 cells treated with control sSiRNA
displayed no increase in the ratio of cleaved PARP 48 hours following IR, miR-99a
transfected cells displayed a marked increase in PARP cleavage after treatment with 2 and
5gy of IR (Fig. 4c). This suggests that miR-99a can modulate cell survival following DNA
damage, likely through its ability to decrease DSB repair.

miR-99a, miR-100 and siSNF2H block homologous recombination

Having observed the effect of miR-99a and miR-100 on BRCAL1 foci formation, we set forth
to determine if the microRNAs reduced the rate of successful HR following DNA damage.
miR-99a, miR-100 and siSNF2H, were transfected into DR13-9 HeL a cells, which contain
two partial GFP cassettes containing I-Scel sites (37, 38). Successful HR after an I-Scel
induced double-strand DNA break produces a functional GFP, whose expression can be
measured by FACS. In the presence of miR-99a, miR-100 or siSNF2H, we observed a 40
percent reduction in HR activity as reported by the percentage of cells expressing GFP (Fig.
4d). By comparison, transfection with siRNA targeting ATM or BRCA1 resulted in 70 or 90
percent reductions in HR respectively. These data show that miR-99a, miR-100 and
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SiSNF2H can reduce the efficiency of HR following double strand breaks, which correlates
with the decreased recruitment of BRCAL1 to sites of DNA damage.

miR-99a, miR-100 and siSNF2H block efficient repair of double strand breaks by non-
homologous end joining

SNF2H is also important for the function of Ku70/80 at sites of DNA damage, facilitating
efficient repair of double strand breaks by NHEJ(18). To determine if miR-99a and miR-100
could also reduce the efficiency of NHEJ we utilized a reporter assay that generates
expression of DS-Red following successful NHEJ after I-Scel-generated double strand
breaks (39). siSNF2H caused a 60 percent reduction in NHEJ, represented by the percentage
of DS-Red expressing cells. miR-99a or miR-100 produced a 50 percent reduction in NHEJ
(Fig. 4e). siRNA targeting ATM also displays a significant reduction of NHEJ whereas
siBRCAU1 showed no significant reduction of NHEJ. This suggests that miR-99a/100 can
also reduce the efficiency of repair of double strand breaks by NHEJ, as seen after
repression of SNF2H.

Induction of miR-99a and miR-100 following ionizing radiation reduces the efficiency of
DNA repair when confronted with a second round of radiation by blocking SNF2H

induction

Having observed that miR-99a and miR-100 are both induced following DNA damage and
reduce the efficiency of DNA repair, we hypothesized that when confronted with multiple
rounds of DNA damage, cells may become less efficient at DNA repair due to upregulation
of the miR-99 family (Fig. 5a). We examined expression of the miR-99 family after
radiation treatment over 24 hours and observed an increase in miR-99a and 100 expression
of 3 fold over untreated cells (Fig. 5b). To determine if this induction resulted in an effect
upon SNF2H expression, we examined SNF2H levels following irradiation in untreated
cells, or in cells pretreated with IR 24 hours earlier. We found that in untreated cells, SNF2H
is rapidly induced following radiation treatment, while in IR pretreated cells transfected with
anti-GL2, this induction was no longer observed. However, when cells were treated with
anti-99 (preventing the induction of miR99a or 100 (Fig. S6b), SNF2H was induced
normally after the second radiation (Fig. 5d). Therefore the miR-99 induction after the first
round of radiation prevents the upregulation of SNF2H protein following the second round
of radiation. We also observed that SNF2H mRNA was transiently induced in all three
treatment groups, indicating SNF2H is transcriptionally upregulated following IR (Fig. S6c¢).
However, the increased miR-99 in IR-pretreated cells prevents the expected increase in
SNF2H protein, as would be expected from the mechanism of action of a microRNA.

To test whether miR-99 induction, and prevention of SNF2H upregulation following IR had
an effect on subsequent DNA repair, we performed a similar experiment and tested the
efficiency of formation of DNA repair foci in untreated or IR pretreated cells. We found that
after the first cycle of 2 gy IR, 80 percent of IR untreated cells formed strong BRCAL foci.
However, in IR pretreated cells transfected with anti-GL2, only 40 percent of cells formed
strong BRCAL1 foci after the second round of IR (Fig. 5d, S6a). In contrast, anti-99 treated
cells had similar BRCA1 foci formation between IR untreated and pretreated cells,
indicating that induction of the miR-99 family and subsequent inability to induce SNF2H is
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responsible for the reduction in BRCAL recruitment to double strand break sites after a
second round of DNA damage.

Upregulation of miR-99 following DNA damage decreases the rate of DSB repair after a
second round of radiation

To examine whether upregulation of the miR-99 family following radiation could in fact
slow the rate of DNA repair after a second round, we pretreated LNCaP cells with 2 gy of IR
and performed neutral comet assays following a second 10 gy dose 24 hours later. During
the time following pretreatment, cells were incubated with 2’-O-methyl antisense oligo
inhibitors targeting either GL2(control) or the miR-99 family. Pretreatment with IR
significantly increased DNA damage remaining 30 minutes following irradiation (Fig 6a, 6b,
anti-GL 2 pre). However, in cells containing anti-miR-99, there was no difference between
the rate of repair of the pretreated and unpretreated cells, suggesting the decrease in repair
following pre-irradiation of the control cells was due to miR-99 induction(Fig. 6a, 6b,
anti-99 pre).

Discussion

We have identified that the miR-99 family is upregulated in response to ionizing radiation
and reduces the ability of cells to repair damaged DNA. In light of the recent findings
demonstrating SNF2H facilitates HR and NHEJ DSB repair (18, 19), we determined that
miR-99a could alter the efficiency of DNA repair by regulating the expression of SNF2H.
Exposure to a single dose of DNA damage induces DNA repair pathways and also leads to
increased miR-99 family expression. This subsequent induction of the miR-99 family
prevents SNF2H from being rapidly induced following DNA damage, which decreases
DNA repair efficiency if multiple rounds of DNA damage are experienced 24 hours apart.
The expression of this microRNA is decreased in more advanced cancers, suggesting that
the resultant greater DNA repair efficiency makes these cell lines more resistant to
radiotherapy. Loss of this microRNA may represent a mechanism by which cancer cells
acquire resistance to DNA damage by allowing efficient repair to continue after multiple
mutagenic insults inflicted by radiotherapy. In addition, the observation that miR-99
expression correlates with p53 status suggests its induction also requires intact DNA damage
checkpoint pathways, and the mechanism of this regulation warrants further study. The
importance of the miR-99 family in regulating cellular response to DNA damage is further
supported by recent findings that the miR-99 family targets pro-survival proteins IGF-1R
and mTOR (20, 40), indicating that there are multiple pathways the miR-99 family targets
that would presumably have an effect on cells survival following DNA damage.

microRNAs are regulated by the DNA damage response and alter the expression of many of
the signaling and effector components of DNA repair (41). For example, the DNA damage
signaling histone variant H2AX is regulated by miR-24 in post mitotic hematopoetic cells,
rendering them hypersensitive to DNA damaging agents (42). The DNA damage checkpoint
protein Cdc25a is regulated by miR-21, which is upregulated following DNA damage,
resulting in slowing of cell cycle progression (43). The p53 tumor suppressor upregulates
the transcription of the miR-34a-c family, which in turn alters gene expression, slowing cell
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cycle progression (44). Additionally, microRNA biogenesis is regulated at the processing
step that converts primary miR to precursor miR by the association of p53 with the Drosha/
DGCRS8 complex, resulting in upregulation of several growth suppressive microRNAs (45).
BRCAL is directly downregulated by miR-182, resulting in impaired HR and sensitivity to
ionizing radiation (46). The targeting of SNF2H, a protein required both for efficient HR as
well as NHEJ repair by the miR-99 family is an additional level of control that microRNAs
can exert over the DNA damage response, decreasing double strand break repair throughout
the cell cycle. It will be of interest to examine the mechanism of regulation of the miR-99
family, how its upregulation is p53 dependent, and what epigenetic changes lead to a
decrease of its expression in more advanced cancers. Additionally, while it is clear that
chromatin remodeling factors such as SNF2H are required for efficient recruitment of DDR
proteins, it will be of great interest to determine exactly which steps in the response require
chromatin remodeling activity, and how expression and recruitment of these complexes to
sites of DNA damage are regulated to facilitate repair.

A matter of great curiosity is how the regulation of DSB repair efficiency by the
upregulation of miR-99 following DNA damage interacts with the timing and efficacy of
fractionated radiation therapy in the treatment of cancers. Fractionation of radiotherapy has
been in use since the early 20t century when it was found to be effective in maximizing
damage to proliferating cells while minimizing damage to normal tissue. Fractionated
therapy increases the therapeutic index of radiation by facilitating reoxygenation and cell
cycle redistribution of rapidly dividing tumor cells while simultaneously allowing repair of
sub-lethal DNA damage in non-dividing cells and repopulation of normal cells from the
surrounding tissue. Recent attention has been focused on alternative regimens of
fractionated therapy to increase their efficacy, as many protocols have been mostly
unchanged since the 1930s (31). While altered regimens are being developed to minimize
damage to surrounding tissues, consideration should be given to molecular mechanisms such
as the induction of the miR-99 family to confer optimal tumor radiation sensitivity at given
time points during treatment. Additionally, since decrease of miR-99 family expression in
more advanced cancer cells correlates with their radioresistance and transfection of these
microRNASs reduced cell survival following radiation treatment, in-vivo reintroduction of
the miR-99 may be useful as a sensitizer to radiation therapy once microRNA delivery to
tumor cells becomes feasible.

Materials and Methods

Cell Culture

Human prostate cancer cell lines LnCAP and C4-2, as well as human breast cancer cell lines
MCF7 and SK-BR-3 were obtained from ATCC. HeLa DR13-9 cells (37, 38) were obtained
from Dr. J.D. Parvin (Ohio State University). NHEJ-DSRed 293B cells were obtained from

the Dr. J. Larner (UVA) and K. Valerie (VCU) (47). LnCAP and C4-2 were grown in RPMI
1640 medium supplemented with 10% FBS. MCF7, HeLa DR13-9 and NHEJ-DSRed 293B
cells were cultured in DMEM with 10% FBS, and SK-BR-3 cells were cultured in McCoy’s
5a medium with 10% FBS. All cell lines were cultured under normal conditions.
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Clonogenic assays

Cells were transfected in 10 cm dishes with 20 picomoles of miR-99a duplex or sSiRNA
against firefly luciferase as a control. The oligonucleotides were incubated for 30 minutes
with 8 uL Lipofectamine RNAimax per plate in 2 mL Optimem before mixing with
trypsinized cells and plated at a 20% confluence. Plates were incubated for 48 hours before
seeding to 6-well plates in the presence of 20nM duplex oligo at increasing seeding densities
corresponding with the planned dose of radiation. 6-well plates were irradiated in a
Shepherd Mark 1 Cs-137 irradiator. Cells were incubated until colonies arising from single
cells reached 25 cells or more, with media changed every 72 hours. Colonies were counted,
and clonogenic survival was calculated by dividing the number of colonies at a given dose
by the number of colonies in the un-irradiated control samples, and multiplied by the
seeding density coefficient.

MiRNA expression analysis

RNA was isolated from cells using Trizol extraction (Invitrogen). For microarray analysis,
RNA was further purified using RNAeasy RNA cleanup kit (Qiagen). For gPCR validation,
Poly A tailing and cDNA preparation of mature microRNAs was performed using the
NCODE miRNA amplification system (Invitrogen). qPCR amplification was performed
using forward primers identical to the mature miRNA sequence, and NCODE universal
reverse primers with Sybr Green ER (Invitrogen). Expression was normalized to u6snRNA,
which used the primer sequence 5-CTGCGCAAGGATGACACGCA-3'. The sequence of
miR-99a is 5’-aacccguagauccgaucuugug-3’, and the sequence of miR-100 is 5’-
aacccguagauccgaacuugug-3'.

Immunofluorescence

Cells were plated on glass cover slips in the presence of 20nM siRNA duplex. After 72
hours, the coverslips were irradiated with 5gy IR. After 60 minutes, the cover slips were
fixed with 4% formaldehyde in PBS, and permeabilized in 0.5% Triton X-100 in PBS.
Coverslips were blocked in 5% goat serum, or 5% donkey serum if primary antibody is of
goat origin (MDC1). Coverslips were incubated at room temperature with primary antibody
for 1 hour, and Alexa 488 or 549 conjugated secondary antibody for 1 hour, with three TBS
washes following each antibody incubation. Coverslips were then mounted with Vectashield
mounting solution (Vector Laboratories). Images were collected at equal exposures and foci
were counted manually using ImageJ. Antibodies used were BRCAL D-9(Santa Cruz),
pH2AX (Cell signaling, Millipore), Rad51 H-92 (Santa Cruz) MDC1 C-20(Santa Cruz),
Anti conjugated ubiquitin FK2 (Millipore). pH2AX primary antibodies was used at a 1:200
concentration in 5% goat serum, MDC1 antibody was used at a 1:100 concentration in 5%
donkey serum, all other antibodies were used at a 1:100 concentration in 5% goat serum.

Western Blotting

Cells were lysed in IPH buffer, run on 10%-SDS-PAGE gels and transferred to
nitrocellulose membranes. Blocking was performed with 3% BSA and membranes were
incubated overnight with SNF2H antibody(Abcam) before washing and secondary antibody
incubation and Incubation with Millipore Immobilon HRP substrate.
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Microscopy

Fluorescence images were acquired on a Nikon Microphot SA upright microscope equipped
with a Nikon NFX35 camera using SPOT imaging software(Diagnostic Instruments Inc.)
and a Nikon PlanApo 60x oil objective lens. For each experiment, fluorescence images were
acquired on the same day using the same exposure times, gamma, and gain between
samples. Images were enhanced for brightness and contrast to the same extent within
Photoshop.

HR/NHEJ assay

20% confluent HeLa DR13-9 cells and NHEJ-DS-Red 293B cells were transfected with
20nM siRNA using Lipofectamine RNAimax in 10 cm plates. After 24 hours, each plate
was transfected with 20 ug I-Scel plasmid with Lipofectamine 2000. After another 48 hours,
cells were trypsinized, resuspended in media and analyzed by FACS for GFP or DS-Red
expression.

Comet Assay

Cells were transfected for 72 hours with 20nM siRNA oligo in 6¢cm plates, followed by 10
gy irradiation. Cells were then trypsinized following irradiation and resuspended in ice cold
PBS, incubated on ice until all time points were collected. Neutral comet assays were then
performed using the Trevigen Comet assay kit standard protocol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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miR99 family members are downregulated in more radioresistant breast and prostate cancer
cell lines and are upregulated following DNA damage. (A) Microarray screen of
microRNAs induced by radiation. Y-axis: fold upregulated following irradiation in MCF7.
X-axis: fold expression in MCF7 (p53+) vs. SK-BR-3 (p53-). Highlighted microRNAs were
at least 2 fold overexpressed in MCF7, and upregulated at least 1.4 fold 24 hours following
treatment with IR. miR-99a and 100 were both found to meet these criteria. (B) Clonogenic
assay of MCF7 and SK-BR-3 cells following IR. The colonies/well were counted to get
fractional survival. Mean + SD (n=3). (C) miR-99a and miR-100 expression measured by
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gPCR in MCF7 and SK-BR-3 cells, normalized to u6snRNA. Mean + SD (n=6). (D)
miR-99a and miR-100 expression measured by qPCR, normalized to f-Actin, 24 hours
following IR treatment in MCF7 cells. Mean + SD (n=6). (E) Clonogenic assay of LNCap
and C4-2 cells following IR. Fractional survival as in Fig. 1b (n=3). (F) miR-99a and
miR-100 expression measured by gPCR in LNCaP and C4-2 cells, normalized to u6snRNA.
Mean + SD (n=6). (G) miR-99a and miR-100 expression measured by gPCR, normalized to
F-Actin, 24 hours following IR treatment in LNCaP cells. Mean + SD (n=6).
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Introduction of exogenous miR-99a and miR-100 sensitize cells to ionizing radiation. (A)

Clonogenic assay of SK-BR-3 cells treated with IR following transfection with double

stranded mimics of miR-99a or miR-100. siGL2: negative control RNA-duplex targeting
luciferase. Fractional survival as in Fig. 1b. (B) Clonogenic assay of C4-2 cells following
transfection with double stranded mimics of miR-99a or miR-100. Fractional survival as in

Fig. 1b. (C) Western blot for level of SNF2H in C4-2 cells following transfection with

double stranded mimics of miR-99a or
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Figure 3.
miR-99a reduces foci formation of BRCA1 and Rad51, but not yH2AX following IR. (A)

Quantitation of BRCA1 and yH2AX immunofluorescence in C4-2 cells transfected with
miR-99a or with siRNA targeting SNF2H 3’ UTR 1hr following treatment with 5 gy IR.
siGL2: negative control RNA duplex targeting luciferase. (B) Repression of BRCAL foci is
rescued by SNF2H. Quantitation of BRCA1 immunofluorescence in C4-2 cells transfected
with miR-99a or siRNA targeting SNF2H 3’ UTR 1hr following treatment with 5 gy IR. EV:
Empty vector. SNF2H: Cells expressing non-targetable SNF2H ORF. (C) Quantitation of
Rad51 immunofluorescence in cells transfected with miR-99a, miR-100 or siRNA targeting
SNF2H. Foci formation was examined 90min following treatment with 5 gy IR. Graphs
show mean + SD, over 150 cells/sample.
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Figure 4.
miR-99 slows the kinetics of DNA repair following IR through repression of SNF2H,

increases apoptosis and reduces the efficiency of DNA repair by HR and NHEJ. (A) DNA
damage was measured by neutral agarose gel comet assay at indicated times following 10 gy
IR treatment of C4-2 cells infected with control PMSCV retrovirus. The cells were
irradiated 72 hours after transfection with miR-99a or siSNF2H 3’'UTR. Box plots
representing quantitation of tail moment. Horizontal line: median. Rectangle: interquartile
range. Vertical line: 5t percentile to 95t percentile. At least 100 comets per sample were
analysed. (B) DNA damage was measured by neutral comet assay in cells stably expressing
SNF2H without its 3’'UTR, 72 hours after transfection with miR-99a or siSNF2H 3'UTR.
Rest as in A. (C) Western blot showing full length and cleaved PARP 48 hours following
radiation in cells transfected with control siRNA or miR99a. Normalized to full length
PARP, Quantitation shown below. Full length PARP shown at a lighter exposure than
cleaved PARP. (D) Percentage of GFP positive cells representing successful HR 48 hours
following I-Scel transfection. DR13-9 HeLa cells were transfected with I-Scel after a 24
hour treatment with miR-99a, miR-100, siSNF2H, siATM, or siBRCAL. GL2: negative
control duplex against luciferase. Mean + SE (n=2). (E) Percentage of DS-Red positive cells
representing successful NHEJ 48 hours following 1-Scel induction. 1-Scel was induced by
doxycyline in 293B cells containing DS-Red-NHEJ reporter after a 24 hour treatment with
miR-99a, miR-100, siSNF2H, siATM, or siBRCAL. Mean + SD, over 150 cells/sample.
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Figurebs.
Induction of miR-99 family members following radiation in LnCAP cells decreases the

efficiency of repair after subsequent rounds of radiation by preventing induction of SNF2H.
(A) Schematic representation of the experiment in Fig. 5c. and 5d Cells were treated with 2
gy, incubated for 24 hours and then treated with another round of 2 gy IR. miR-99a/miR-100
induction was blocked by introduction of 2’-O-methyl antisense oligonucleotides targeting
mir-99a and miR-100 (anti-99) at the time of the first treatment (B) Expression of miR-99
family members by qRT-PCR over 24 hours following 2 gy IR. (C) Quantitation of BRCA
foci formation in LNCaP with no radiation (0 gy) or conditions described above. At least
100 cells were counted in the irradiated samples and at least 45 in the unirradiated samples.
1:100% of cells have >10 foci. Mean + SD, over 150 cells counted/sample. (D) Western blot
for SNF2H expression following 2 gy IR. Cells were left untreated or pretreated with 2 gy
IR (IR pre) and incubated with 2’-O-methyl anti-GL2 or anti-miR-99 for 24 hours prior to
second treatment of IR. Blots were quantitated and normalized to tubulin expression. Right:
Expression relative to tubulin signal plotted relative to 0’ time point.
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Induction of miR-99 family members following IR delays repair if exposed to a subsequent
round of radiation. (A) Boxplot of comet tail moments observed in LNCaP cells. Cells were
either left untreated (nt) or exposed to a 2 gy pretreatment of IR (pre). After 24 hours
treatment with 2/-O-methyl antisense oligonucleotides targeting either GL2 or miR-99a and
miR-100 (anti-99), the cells were exposed to 10 gy. DNA damage was examined by comet
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assay at the given time points. (B) Plot of the median tail moment of each treatment group in
the experiment shown in panel A. At least 100 comets per sample were analyzed.
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