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ABSTRACT

We have developed a method to localize DNA double strand breaks (DSBs) in situ in
cultured mammalian cells. Adenoviruses encoding Saccharomyces cerevisiae HO
endonuclease and its cleavage site were used to induce site-specific DSBs. Rolling circle
amplification (RCA), a sensitive method that allows the detection of single molecular event
by rapid isothermal amplification, was used to localize the broken ends in situ. Punctate
RCA signals were only seen in the cells that had been infected with both adenoviruses
encoding HO endonuclease and HO cleavage site, but not in the cells mock-infected or
infected with the site or endonuclease virus only. With use of a chemical crosslinker, in
situ RCA and immunofluorescence (IF) can be performed simultaneously on the same
sample. This methodology provides a novel approach for investigation of DNA recombi-
nation, DNA repair, and checkpoint controls in mammalian cells.

INTRODUCTION

DNA damage activates checkpoint pathways that arrest the cell cycle, induce transcrip-
tion of damage-response genes, and/or cause apoptosis. DNA damage checkpoint pathways,
which are well-conserved from yeast to mammals, are vital for humans, as genetic instability
arising from checkpoint failures contributes to diseases including cancer. DNA damage
checkpoint pathways are akin to other signal transduction pathways, in which a signal
(generated by DNA damage) is detected and transduced to activate downstream amplification
and effector pathways. In mammals, there is much information about the amplification
and effector pathways, but knowledge about how damaged DNA activates damage
response proteins is more limited. Rad17 (a RFC-like protein) and PCNA-like proteins
Rad9, Rad1 and Hus! are among the damage sensor candidates. ATM and ATR, members
of the phosphatidylinositol 3-kinase like kinase (PIKK) family, play central roles in damage
responses and initial phosphorylation events. ATM is activated mainly by DSBs, while
ATR responds to UV-induced damage, DSBs and stalled replication forks. ATM and ATR
phosphorylate a broad spectrum of substrates, including Chkl and Chk2, which are
important downstream effector kinases.! Exposure to ionizing radiation (IR), which induces
various DNA lesions including DSBs, results in accumulation of proteins including
v-H2AX,? ATR,3 and members of the MRN (Mrel 1-Rad50-NBS1) complex4 at discrete
foci that are located at sites of DNA damage and repair. Improved methods for precisely
localizing DNA damage sites in intact cells in situ, in combination with a parallel protein
detection technique, such as IE would facilitate investigation of DNA damage-activated
signaling pathways, especially the putative damage sensors.

Various methods have been adopted for induction of DNA DSBs, an important form
of DNA damage to cells, and subsequent detection of the sites of DNA damage. These
include physical methods, such as IR and X-rays, as well as enzymatic methods, such as
induction of bacterial or yeast endonucleases.’® The methods for detecting the DSBs vary
depending on how the damage is induced. When the sequences of the DNA broken ends
are unknown, for instance, after X-ray treatment, DSBs can be end-labeled with the incor-
poration of bromo deoxyuridine (BrdU) by terminal deoxynucleotidyltransferase (TdT)
and the BrdU is then visualized with fluorophore-conjugated antibody that recognizes
BrdU.” When DSBs are induced at designated target sites by endonuclease digestion,
Southern blot analysis can be used to confirm the breaks, and chromatin immunoprecip-
itation (ChIP) can be used to study the proteins associated with the DNA breaks.>®
However, in situ BrdU end-labeling does not exclusively identify the induced DSBs. ChIP,
although a powerful method for studying proteins directly or indirectly associated with
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chromatin, does not have the specificity for broken chro-
matin, since it produces signals whether proteins are in
close proximity to DNA breaks or to intact DNA.

We describe here the use of RCA, an effective signal
amplification method, for detection of DSBs induced by
HO endonuclease. In situ RCA is a surface-anchored ==
isothermal nucleic-acid amplification reactions based on a
rolling-circle replication mechanism. RCA is highly sensi-
tive, and allows the detection of DNA or RNA signals by
rapid amplification of the target or a small circularized
oligonucleotide probe.? In the presence of a single primer,
hundreds of copies of tandemly linked circle sequence can
be generated by DNA polymerase within a few minutes.
RCA products can be visualized directly by incorporation
of haptens or fluorophores, or indirectly by annealing to

fluorophore-labeled decorator oligonucleotides comple- ) .

mentary to the RCA product. RCA provides sufficient DNA Ilgasel lDNA ignas
sensitivity and specificity to detect single-copy genes in L ——— T T
human genomic DNA. The method has been used to dis- NG

criminate alleles and detect point mutations in cultured circle ligated Gircle igated

cells, as well as to detect and quantify mRNA.%-!!

An important experimental tool for investigating DSB
repair systems was developed in budding yeast.
Saccharomyces cerevisiae HO endonuclease normally initiates
mating type switching through site-specific cleavage of the
mating type (MAT) locus.'? The engineering of HO
endonuclease under an inducible promoter has made it
possible to induce DSBs in yeast at designated target sites,
as well as in a preferred time frame.>® This has led to
important contributions in the investigation of DSB
repair processes and DNA damage checkpoint pathways.
We have endeavored to produce a similar system that can
be used in mammalian cells. The strategy is to combine an
adenovirus/HO endonuclease expression/target system that
was previously developed, with in situ RCA. This has
enabled us to localize site-directed DSBs in intact cultured
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mammalian cells. Eventually, it should be possible to adapt
this approach for investigation of DNA recombination,
DNA repair, and checkpoint controls in mammalian cells.

Figure 1. RCA specifically localizes cleaved HO site. After infecting cells with Ad

E1::HO Site B (and Ad E1::HO Gene), cellular DNA is denatured. An 81-nt “open circle”

MATERIALS AND METHODS

DNA oligonucleotides. DNA oligonucleotides were synthe-
sized by the Yale University Department of Pathology DNA
Synthesis Lab. The 81 nucleotide open circle probe has the
sequence: phosphate-5'-AAACCCTGGTTTTGTATATGATG-
GTACCGCAGCCAGCATCACCAGACTGAGTATCTCC-
TATCACTAACAGTATAATTTTAT-3". The phosphorylated
oligonucleotide was purified by gel electrophoresis. The target
oligonucleotide for ligation and RCA in solution was
5'-CAAAACCAGGGTTTATAAAATTATACTGTT-3".
Decorator oligonucleotides have the same sequence as the
backbone of the open circle. Their sequences were: 5'-Cy3-
TATATGATGGTACCGCAG-dinitrophenol (DNP)-3" and 5'-Cy3-TGAG-
TATCTCCTATCACT-DNP-3'.

Cell lines and enzymes. HEK293 and 293T cells were maintained in
DMEM supplemented with 10% fetal bovine serum, L-glutamine and
antibiotics. T4 DNA ligase was purchased from New England Biolabs.
Sequenase version 2.0 DNA polymerase and single-stranded DNA binding
protein (SSB) were from USB.

Adenovirus vectors. The construction of virus Ad E1::HO Gene has been
described in Nicolds et al.!3 Virus Ad E1::HO Site B was constructed by first
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oligonucleotide with ends complementary to 30-nt contiguous sequence within the HO
site is then added. Annealing of this oligonucleotide to the denatured HO site will result
in formation of a noncovalently closed circle that is next sealed with DNA ligase. If the
circular DNA is annealed to a cleaved HO site, the 3'OH group of the cleaved HO site
can serve as a primer for amplification of the ligated circle template sequence by a
strand-displacing DNA polymerase. The DNA polymerase progresses around the ligated
circle continously until the circle sequence is amplified hundreds of times. The in situ
amplification product is visualized with complementary fluorophore-labeled decorator
oligonucleotides. These oligonucleotides bind to the amplified DNA, which spontaneously
condenses info a small, spherical object localized at the site of DNA synthesis (A). In (B),
if the HO site has not been cleaved, the open circle is annealed to the HO site and
ligated, but there is no 3' end in Ad ET1::HO Site B DNA proximal enough to the ligated
circle to serve as a primer for DNA amplification. Hence, no signal should result.

inserting the 127 nt BamHI to Smal fragment, containing the MATa HO
site from pWJ421, into the BamHI and EcoRV sites of the adenovirus shuttle
vector pACE.' Virus was produced by cotransfecting 293 cells with the
modified vector DNA and the adenovirus genome-containing plasmid
pJM17.15 Recombination in vivo between the two plasmid DNAs led to the
formation of viable virus. Following plaque-purification, the recombinant
structure of the genome was confirmed by restriction digestion and DNA
sequence analysis of viral DNA. The HO site is oriented in the opposite
direction to that in the Ad E1::HO Site virus described earlier,!? with the
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Figure 2. Analysis of ligation and RCA in solution. (A) Analysis by urea-
PAGE of open circle ligated with artificial HO site target. Ligations were
performed at 37°C for 1 hour in the presence of T4 DNA ligase. The reaction
products were resolved by PAGE with 8% acrylamide and 8M urea in 1x
TBE and visualized with SYBR-Green II. Each triangle signifies increased
amount of loading of the same reaction products. (B) Analysis of RCA
products. A portion of the ligation reaction mixture was used to provide the
primer and template for RCA. RCA was proceeded in the presence of
Sequenase for 15 min at 37°C, before being stopped with alkaline gel
loading buffer. RCA was analyzed on a 0.8% alkaline agarose gel and
visualized with SYBR-Green Il. Negative control (“neg”) was RCA reaction
in the absence of ligation mixture. A pair of unrelated circle and target with
known high efficient RCA was used as positive control (“pos”). Each triangle
signifies increased amount of loading of the same reaction products.

single strand extension TGTT 3’ ending at nt 1012 from the left hand end
of the viral genome.

Plasmids. For transfection in 2937 cells, a plasmid carrying the HO site
was constructed by inserting a 141nt BamHI to Sall fragment containing
the HO site from the shuttle vector pACE into the BamHI and Xhol sites
of pcDNA3.1/V5-HisA (Invitrogen). For construction of plasmid with HO
endonuclease coding sequences, intracellular viral DNA was purified from
293 cells infected with adenovirus Ad E1::HO gene by a modification of the
Hirt technique.'® The HO endonuclease coding sequence of Ad E1::HO
gene viral DNA was amplified by PCR and subcloned into pcDNA vector
(Invitrogen). The resulting constructs were designated pcDNA-HOsite and
pcDNA-HOendo, respectively. All plasmid constructs were verified by
sequence analysis.

Ligation and RCA in solution. Ligation reactions were performed in 1x
T4 DNA ligase buffer [(50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 10 mM
DTT, 1 mM ATP 25 pg/ml bovine serum albumin (BSA)] containing 60 mM
NaCl, 0.1% Tween 20 and 125 pg/ml total BSA with the final concentra-
tions of open circle and target oligonucleotides at 1 UM and a total volume
50 ul. Components of the reaction mixture, except for BSA and DNA ligase,
were combined, heated at 65°C for two minutes, and cooled to room
temperature. After addition of BSA and 5 U/ul of T4 DNA ligase, the mix-
ture was incubated at 37°C for 1 hour. The reaction products were resolved
by urea-polyacrylamide gel electrophoresis (PAGE) with 8% acrylamide and
8 M urea in 1x Tris-Borate EDTA (TBE) and visualized with SYBR-Green
IT (Molecular Probes).

A portion of the ligation reaction mixture (2.5 ul out of 50 ul) was used
to provide the primer and template for RCA, with a total volume of 25 pl.
RCA was carried out in 1x RCA buffer (40 mM Tris-HCI, pH 7.5, 10 mM
MgClz, 50 mM NaCl, 6.7 mM DTT, 0.01% Triton X-100). BSA was
added to achieve total concentration of 200 pg/ml. After addition of 250 pM
dNTPs, the solution was incubated at 42°C for 15 min, then cooled to
room temperature. Sequenase (0.6 U/ul) and SSB (1.4 uM) were added and
RCA proceeded for 15 min at 37°C, before being stopped with alkaline gel
loading buffer (30 mM NaOH, 4 mM EDTA, 12% Ficoll and 0.025%
bromocresol green). RCA was analyzed on an 0.8% alkaline agarose gel
prepared in 1 M NaCl/50 mM EDTA with alkaline electrophoresis buffer
(1.5 M NaOH, 50 mM EDTA) and visualized with SYBR-Green II.

In situ ligation and RCA after adenovirus infection. HEK293 cells were
grown on 8-well culture slides (Becton Dickinson) to 80-90% confluence.
Cells were infected with Ad E1::HO Gene and/or Ad E1::HO Site B with
m.o.i. (multiplicity of infection) of approximately 0.04 (for experiments in
(Figs. 3 and 4) or 5 (for experiments in Fig. 5), or mock infected. Eighteen
hours after infection, cells were washed twice in phosphate-buffered saline
(PBS, calcium, magnesium free), fixed in 4% paraformalde-
hyde (PFA) in PBS for 15 min at room temperature, and

RCA(Cy3) Adenoviral Ag (FITC) Nuclei (DAPI)
-
- -
-

Co-infection

HO endo virus  HO site virus

mock
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Merge permeabilized in 0.5% Triton X-100 in PBS for 15 min

Figure 3. In situ RCA after adenovirus infection. HEK293
cells were grown on 8-well culture slides to 80-90% con-
fluence. Cells were infected with Ad El:: HO Gene
and/or Ad ET::HO Site B with m.o.i. of approximately
0.04. Eighteen hours after infection, cells were washed,
fixed in 4% PFA, and permeabilized in 0.5% Triton
X-100. After DNA denaturation, on slide ligation was
carried out in the presence of T4 DNA ligase and 500
nM open circle oligonucleotides at 37°C for 1 hr. RCA
was performed at 37°C for 30 min in RCA solution con-
taining Sequenase. After 30 min incubation in blocking
buffer at 37°C, adenovirus-infected cells were identified
by IF using rabbit anti-adenovirus late structural protein
antiserum. FITC-conjugated anti-rabbit IgG was added to
the decoration buffer containing two 500 nM
Cy3-labeled decorator oligonucleotides, and the slides
were incubated at 37°C for 30 min. Nuclei were stained
with DAPI.
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at room temperature. After three washes in PBS and two washes in 2x SSC
(sodium chloride/sodium citrate), DNA was denatured at 70°C for 2 min
in 70% formamide in 2x SSC. Slides were immediately immersed in ice cold
70%, 90% and 100% ethanol for 5 min each, and air dried. On slide liga-
tion of a total volume 50 pl was carried out in 1x T4 DNA ligase buffer
containing 5 U/ul T4 DNA ligase, 60 mM NaCl, 0.1% Tween20, 200
ug/ml total BSA, and 500 nM open circle oligonucleotides at 37°C for 1 hr.
The slides were washed once in 0.1% Tween20/0.5xSSC at room tempera-
ture for 5 min. RCA was performed at 37°C for 30 min in 35 pul RCA
solution containing 1x KGB buffer (25 mM Tris-acetate, pH 7.6, 100 mM
K-Glutamate, 10 mM Mg-acetate), 0.2 pg/ul BSA, 0.1% Tween-20, 1.4 uM
SSB, 200 uM dNTP, 6.7 mM DTT and 0.6 U/ul Sequenase. After two
5-min washes in 0.1% Tween20/2x SSC at 37°C, 35 ul decoration buffer
containing two 500 nM decorator oligonucleotides 5'-end labeled with
Cy3, 0.1% Tween20, 1% BSA, 1 mg/ml denatured salmon sperm DNA and
2x SSC were added to the slides. Decoration was performed at 37°C for
30 min. Slides were washed twice in 1% BSA, 0.1% Tween20/2x SSC at
37°C for 5 min each. Nuclei were stained with 0.1 pig/ml DAPI. The slides
were mounted with Anti-fade mounting medium (Molecular Probes).
Images were captured using a Nikon Microphot-FX microscope equipped
with Nikon FX-35A camera.

Transient transfection. 2937 cells were mock transfected, or transiently
transfected with pcDNA vector, pcDNA-HOsite and/or pcDNA-HOendo
at a ratio of 1 ug of DNA to 2 pl of FuGene 6 (Roche). Cells were fixed
approximately 48 hrs after transfection and in situ RCA
was performed.

In situ IE After ligation, RCA and 30 min incubation

Figure 4. In situ RCA after adenovirus coinfection. 293 cells grown on 8-well
culture slides were coinfected with Ad E1::HO Gene and Ad E1::HO Site B
with m.o.i. of approximately 0.04. 18 hours affer infection, ligation, RCA
and incubation in blocking buffer were performed first, then adenovirus-
infected cells were identified by IF using rabbit anti-adenovirus late structural
protein antiserum. FITC-conjugated anti-rabbit IgG was added to the deco-
ration buffer containing Cy3-labeled decorator oligonucleotides. Nuclei
were stained with DAPI.

in blocking buffer (2% BSA, 0.1% Tween 20/PBS) at
37°C, adenovirus-infected cells were identified by IF
using rabbit anti-adenovirus late structural protein
antiserum (1:200 diluted in blocking buffer). Slides were
washed three times in 0.1% Tween20/PBS for 10 min
each. Fluorescein isothiocyanate (FITC)-conjugated
anti-rabbit IgG (Jackson ImmunoResearch, diluted to
15 pg/ml in blocking buffer) was added to the decoration
buffer containing two 500 nM Cy3-labeled decorator
oligonucleotides, and the slides were incubated at 37°C
for 30 min.

For y-H2AXIE, the IF steps were carried out prior to
RCA, after the cells were fixed and permeabilized. Cells
were incubated in blocking buffer for 30min at 37°C.
Then, cells were incubated with mouse anti-human
v-H2AX (phospho-Histone H2AX (Ser139) monoclon-
al antibody (Upstate Biotechnology, 1:1000 diluted in
blocking buffer) and FITC-conjugated anti-mouse IgG
(Jackson ImmunoResearch) diluted to 7.5 pg/ml in
blocking buffer. After slides were washed four times in
0.1% Tween20/PBS for 10 min each, cells were incubat-
ed in 10mM EGS (ethylene glycol-bis(succinic acid
N-hydroxysuccinimide ester), Sigma) /PBS at 37°C for
45 min. Cells were washed in 2xSSC, then in situ RCA

was carried out as before.

Co-infection

HO Site virus

Mock

RCA(Cy3)

--
-

1H2AX (FITC) Nuclei (DAPI) Merge

Figure 5. Simultaneous in situ RCA and IF of yH2AX after adenovirus infection. 293 cells grown
on 8-well culture slides were coinfected with Ad E1::HO Gene and/or Ad E1::HO Site B with
m.o.i. of 5. 18 hours after infection, ¥H2AX IF was carried out prior to RCA, after the cells were
fixed and permeabilized. Briefly, cells were incubated in blocking buffer for 30 min at 37°C.
Then, cells were incubated with mouse anti-human ¥H2AX (phospho-Histone H2AX (Ser139))
monoclonal antibody and FITC-conjugated anti-mouse IgG. After slides were washed, cells were
incubated in 1T0mM EGS at 37°C for 45 min. Cells were washed in 2xSSC, then in situ RCA
was carried out as described in “Material and Methods”. RCA products were labeled by Cy3.

Nuclei were stained with DAPI.

RESULTS

Specific localization of cleaved HO site by RCA. HO endonuclease
recognizes and cleaves an 18-bp recognition site, leaving 4-base 3'-OH
overhangs.!>17 Specific requirements must be achieved to produce a RCA
system that recognizes HO cleavage products. First, the template molecule
for RCA is a single-stranded closed circular DNA, and second, the primer
sequence must be in close proximity to this template. We used an adenovirus
vector Ad E1::HO Site B, containing the HO cleavage site inserted in early
region 1. To produce a template molecule specific for HO cleavage sites, we
produced an 81 nt “open circle” oligonucleotide with ends complementary
to 30 nt contiguous sequence within the HO cleavage site in Ad E1::HO
Site B. Annealing of this oligonucleotide to denatured HO cleavage site will
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result in formation of a noncovalently closed circle with the remaining 51
bases of the open circle oligonucleotide forming an unhybridized loop
(Fig. 1A). In the next step, DNA ligase is used to covalently join the 5'
phosphate and 3" hydroxyl group, which are in close proximity after the open
circle anneals to the HO cleavage site, resulting in a covalently-sealed circle.
If the circular DNA is annealed to a cleaved HO site, the 3'OH group of
the cleaved HO site can serve as a primer for amplification of the ligated
circle template sequence by a strand-displacing DNA polymerase. The DNA
polymerase progresses around the ligated circle continuously undl the 81
bases are amplified hundreds of times, resulting in the in situ amplification
product consisting of tandem repeats complementary to the sequence of the
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pcDNA-Ho endo
pcDNA-HO site
pcDNA-HO site

pcDNA
mock

Figure 6. In situ RCA after transient transfection. 293T cells were transiently
transfected with pcDNA vector, pcDNA-HOsite and/or pcDNA-HOendo, or
mock fransfected. Cells were fixed approximately 48 hrs affer transfection
and in situ RCA performed as described in “Materials and Methods”. RCA
products were labeled by Cy3. Nuclei were stained with DAPI.

ligated circle.” RCA product can be visualized with complementary fluo-
rophore-labeled decorator oligonucleotides (Fig. 1A). In contrast, if the HO
site in the Ad E1::HO Site B genome has not been cleaved, the open circle
can anneal to the denatured HO site and be ligated, but there is no 3' end
in Ad E1::HO Site BDNA proximal to the ligated circle to serve as a primer
for DNA amplification. Hence, no signal would occur (Fig. 1B). Since the
amplified products remain at the site where the cleavage and DNA synthesis
occur, the RCA signal should localize to the DSB in situ.

Analysis of ligation and RCA in solution. We first tested the method in
solution. We determined whether a “target” oligonucleotide encompassing
30 nt of Ad E1::HO Site B including part of the HO cleavage site would
hybridize to the open circle oligonucleotide and serve as a scaffold for ligation
of the open circle. The reaction products were analyzed by urea-PAGE
(Fig. 2A). Slower-migrating ligated circles were observed only when both
target and open circle were present. With relatively large amounts of target
oligonucleotides as scaffold, intermolecular ligation of the circle molecules,
besides the intramolecular ligation, can lead to the production of a ladder of
concatemers. A portion of the ligation mixture was next used as a source of
template and primer for RCA in the presence of Sequenase DNA polymerase,
E. coli SSB, which stimulates Sequenase amplification activity, and dNTPs.
Analysis of the reaction mixture by alkaline-agarose gel electrophoresis
revealed a heterogeneous mixture of extended DNA molecules, produced
only in the presence of ligation mixture. A significant fraction of the molecules
were greater than 23 kb in length (Fig. 2B).

In situ RCA. We proceeded to carry out in situ RCA by first infecting
HEK293 cells, which express endogenous adenoviral E1 proteins and thus
allow the replication of El-defective adenoviruses, with engineered aden-
oviruses. The recombinant virus Ad E1::HO Gene carries HO endonuclease
coding sequences derived from Saccharomyces cerevisiae in the E1 region,
under transcriptional control of the cytomegalovirus immediate early
promoter. This should enable expression of the HO gene shortly after
infection. Ad E1::HO Site B carries a BamHI to Smal fragment containing
the MATa HO site from pWJ421. Coinfection of 293 cells with both viruses
results in cleavage of the HO site to steady state levels of some 10 to 30%
of the total viral genomes (data not shown), similar to that observed with
the original AdE1::HO site virus.!3

Approximately 18 hours after infection of 293 cells under low m.o.i.
condition, RCA was performed directly on 8-well culture slides. Antiserum
recognizing adenoviral late structural proteins was used to stain cells infected
with either or both viruses, since the expression of adenoviral E1A in 293
cells allows late protein expression of E1 deleted viruses.

Punctate RCA signals were seen exclusively in cultures that had been
coinfected with adenoviruses encoding HO endonuclease and HO cleavage
site (Fig. 3A and D). Such signals were not observed in cells that were mock-
infected (Fig. 3M) or infected with either the site or endonuclease virus only
(Fig. 3E, I). Moreover, RCA signals were only found in the subset of cells
that expressed adenoviral antigen (FITC staining) (Fig. 3D and Fig. 4), and
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were never seen in antigen-positive cells in cultures infected with site virus
or endonuclease virus only. Negative controls for FITC-IE in which rabbit
IgG was used instead of anti-adenovirus antigens, produced no IF signal
(data not shown).

The RCA signals were restricted to the nuclei (Fig. 3D and Fig. 4),
which might be associated with the nuclear replication of adenovirus. The
choice of fixation methods affected the final results of RCA. No RCA signal
was observed in coinfected cells that were fixed with freshly made
methanol/acetic acid (3:1 vol:vol) instead of 4% PFA. While denaturation
of cellular DNA by heating cells in 70% formamide in 2x SSC at 70°C for
2 min was compatible with strong RCA signals, alkaline denaturation using
0.1 M NaOH for 2 min diminished the RCA signal.

Simultaneous RCA and IF of y-H2AX in situ. To study cellular signaling
pathways activated in response to DNA DSBs, we sought to combine in situ
RCA, which localizes the DSBs, and IF staining for known or candidate
DNA damage signaling proteins. Formation of foci by y-H2AX, a form of
histone H2AX phosphorylated at Ser139, occurs early in response to 7 irra-
diation. The number of y-H2AX foci approximates the number of expected
DSBs. When DSBs were induced at defined subnuclear regions by pulsed
microbeam laser, y-H2AX foci appear at the damage traces.>!81? These
results indicate that -H2AX localizes to DNA DSB sites. Other forms of
DNA damage induce only low level of y-H2AX.%0 Initial efforts to combine
RCA and IF of y-H2AX, which were carried out by doing ligation and RCA
first, followed by incubation with primary antibody, and then mixing of
secondary antibody and RCA decorator, were not successful. Under these
conditions, the y-H2AX signal was greatly reduced in comparison to standard
IF of y-H2AX (data not shown).

We next tested EGS, a crosslinker that favors intermolecular crosslinking,
in an effort to crosslink the antigens and antibodies after y-H2AX staining.
This was followed by in situ RCA. Not only did EGS treatment stabilize the
Y-H2AX signal, but the RCA signal was also brighter (Fig. 5A and B). For
these experiments, a higher m.o.i of approximately five was used. No RCA
signal was observed in cells infected with either Ad E1::HO Site B only, or
cells that were mock-infected (Fig. 5E and I). It is noteworthy that y-H2AX
staining was induced with adenovirus infection (compare Fig. 5B and E, to
mock-infected Fig. 5]), since staining patterns were similar in coinfected cells
and cells infected by Ad E1::HO Site B only (Fig. 5B and F). This suggested
that adenoviral infection itself might up-regulate this H2AX phosphorylation.
However, there was no obvious colocalization of RCA signal and y-H2AX
staining.

Since these results suggested that adenovirus infection would mobilize a
DNA damage response independent of HO endonuclease cleavage, we
investigated an alternative approach, in which cells were transiently trans-
fected with plasmids carrying the HO endonuclease cleavage site, or encoding
HO endonuclease. Since the backbone of pcDNA plasmid has an SV40
replication origin, transfection of cells expressing SV40 large T antigen,
should result in the amplification of the plasmids, yielding many copies of
the HO site. Focal RCA signals were obtained upon transfection of 293T
cells with pcDNA-HOsite. However, these signals were produced regardless
of the presence of HO endonuclease (Fig. 6). Hence, there is a fundamental
difference between the transient plasmid transfection format and adenovirus-
mediated transfer of HO sites and HO genes.

DISCUSSION

Improved methods for precisely localizing DNA damage sites in
intact cells in situ would facilitate our understanding of DNA damage-
activated signaling pathways, especially the damage sensors.
Introduction of yeast HO endonuclease and its recognition site into
cultured mammalian cells makes it possible to induce sequence-
specific DNA DSBs.!3 The unique identification of RCA signals in
cultures doubly infected with viruses carrying endonuclease and
cleavage sites, and the nuclear localization of these signals, suggests
that the sites of RCA were indeed sites of DSBs induced by this system.
We also demonstrated that in situ RCA and immunofluorescence
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can be performed simultaneously on the same sample, with the
preservation of strong signals of both the RCA and the protein
fluorescence.

Various methods have been adopted to induce DNA DSBs and
study the DNA damage response pathways. In one study, ultrasoft
X-rays and microfabricated irradiation masks were used to induce
DNA damage in defined subnuclear areas. Subsequently, DSBs were
end-labeled with the incorporation of BrdU by terminal TdT.” In
other studies, cellular DNA was sensitized to form DSBs at sites of
BrdU incorporation upon ultraviolet A (UVA, 390 nm) irradiation
when cells were grown in the presence of low concentration of BrdU.
Hoechst dye 33258, a DNA staining dye which has substantial
absorption at 390nm, was used to achieve the visualization of
subnuclear region irradiated.>181921 IF was used to show that DNA
damage signaling proteins, such as Mrel 17 and y-H2AX>1819 were
localized to the sites of DSBs induced by X-rays or UVA. Inducible
budding yeast HO endonuclease or bacterial restriction enzyme,
such as EcoRI, has been used to induce DSBs in yeast cells. Southern
blot was used to confirm the breaks, ChIP to study the proteins
associated with the DNA breaks.>¢ Although the aforementioned
physical methods to induce DNA DSBs, such as ionizing radiation,
X-rays and UVA, make it possible to study the temporal nature of
DNA breaks and cellular response, they may produce various kinds
of alterations of DNA, including modification of the base and sugar
residues and single-strand breaks or DSBs of DNA backbone. ChIP
does not have the advantage of detecting proteins associated with
DNA breaks, since protein associated with intact chromatin also
gives a positive signal. The precise localization of the DNA DSBs
achieved by the in situ RCA method will help shed light on the
details of DNA damage responses and DNA repair.

Our system, which uses adenoviruses as vectors to infect permis-
sive cells, has several advantages. Adenovirus infection is simply carried
out, and does not require access to specialized equipment for irradi-
ation. We have shown that the system is compatible with simultane-
ous detection of proteins, especially if protein cross-linking is used
to stabilize the antibody-antigen complex. Alternatively, green fluores-
cent protein conjugates have been very useful in localization of DNA
damage response proteins,® and should be compatible with this system.

Nonetheless, there are some drawbacks to the system in its present
form. The greatest difficult is that infection of cells with adenovirus
induced accumulation of y-H2AX. Similarly, we observed that ade-
novirus infection induces phosphorylation of Chk2, an intermediary
in DNA damage signaling (Hooker G, Stern DE unpublished obser-
vations). Both results suggest that infection with these DNA viruses
induces a DNA damage response, as has also been observed for other
DNA viruses.”>??> Adenovirus has a linear double-stranded DNA
genome. It is possible that infected cells sense large amounts of
exogenous viral DNA as DSBs, thus activating the response pathway,
including the phosphorylation of histone H2AX. Adenoviral onco-
proteins are capable of causing the reorganization and proteasomal
degradation of Mrell-Rad50-NBS1 complex important for the
signal transduction of DNA damage, as well as DNA repair.?4 The
activation of DNA damage responses by adenovirus does place some
limits on the utility of the dual damage and protein detection system,
since damage response proteins are likely to accumulate at nonDSB
sites induced by adenovirus. The failure of y-H2AX to colocalize
with RCA signals may be symptomatic of another issue, the funda-
mental differences between adenovirus genome chromatin and
endogenous chromatin.?

1772

Cell Cycle

In order to produce a virus-independent strategy, we assayed HO
site cleavage in cells transiently transfected with plasmids that have
an SV40 replication origin. An RCA signal was produced when the
HO site genome was transfected alone, but production of the RCA
signal did not require cotransfection with the endonuclease gene.
Transfected DNA undergoes random end-end joining, as well as
homologous recombination. Since efficient RCA requires the location
of the template site near a DNA end that can serve as primer, we
hypothesize that the HO-independent signal was produced as a
result of the large number of random free ends that occurs during
processing of transfected DNA,?® a small fraction of which would
have been randomly broken or cleaved close enough to the HO site
so that RCA can proceed. Large amounts of DNA might lead to
complicated recombination events with the occurrence of broken
ends. Furthermore, SV40 large T antigen can disrupt the focus
formation of Mrell in both T-antigen immortalized cells and in
cells transiently tranfected with T-antigen.?? Therefore, it is also
possible that SV40 T-antigen and the abnormal DNA damage
response pathway in our 293T system contribute to the appearance
of the nonspecific RCA signal. It should be straightforward to bypass
these problems in future work by producing cell lines that are stably
transfected with the HO cleavage site, and harbor an HO endonu-
clease gene under the control of an inducible promoter.
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