.-

retained at their original value. This eliminated >95%
of the low-TFI background pixels. The threshold val-
ue was <10% of that predicted for one probe mol-
ecule (five CY3 fluorochromes) and when applied to
the experimental image did not adversely affect the
value from one hybridized probe. Brighter back-
ground pixels that eluded the thresholding filter but
whose TFI value was less than that for one hybridized
probe were excluded during the mapping analysis.
The result was a filtered image where one hybridized
CY3 labeled probe could be distinguished.

20. Data Analysis and Visualization Environment (DAVE);
copyright 1995 by Lawrence M. Lifshitz and the Uni-
versity of Massachusetts Medical School.

21. The reassignment of light to a point source in a res-
toration results in one or two brighter voxels at the
location of the point source in addition to a number of

associated contiguous voxels. A point source is thus
described as an object comprising a group of con-
tiguous nonzero voxels in a restored image after
thresholding. All the nuclear and cytoplasmic point
sources therefore had a finite size and were treated
as three-dimensional objects.

22. Additional evidence that every discrete signal is
a single RNA molecule is that, when each of the
five probes was hybridized individually, analysis
showed that >95% of the detected sites had one
probe hybridized. When two probes to the 3’'-UTR
were used, a population of single and double
probes was detected (6). As an additional control, a
set of five probes to an mRNA not expressed in
these cells (a-actin) gave about 20 single probe
signals per cell (2% of the B-actin single probe

In Situ Visualization of DNA Double-Strand
Break Repair in Human Fibroblasts

Benjamin E. Nelms,” Richard S. Maser,* James F. MacKay,
Max G. Lagally, John H. J. Petrinif

A method was developed to examine DNA repair within the intact cell. Ultrasoft x-rays
were used to induce DNA double-strand breaks (DSBs) in defined subnuclear volumes
of human fibroblasts and DNA repair was visualized at those sites. The DSBs remained
in a fixed position during the initial stages of DNA repair, and the DSB repair protein
hMre11 migrated to the sites of damage within 30 minutes. In contrast, hRad51, ahuman
RecA homolog, did not localize at sites of DNA damage, a finding consistent with the
distinct roles of these proteins in DNA repair.

Proteins that mediate certain aspects of
DNA metabolism, such as DNA replica-
tion, appear to be compartmentalized with-
in the nucleus. DNA replication therefore
requires the movement of DNA to and from
established sites within the nuclear matrix
(1). Cytologic analyses have revealed that
the DSB repair proteins hRad51 and the
hMrel1-hRad50 complex assemble in dis-
crete nuclear foci as part of the normal
cellular response to DNA damage (2-5).
These findings may indicate that DNA re-
pair does not entail the movement of DNA
DSBs to preexisting intranuclear sites.
Rather, they suggest that DNA repair pro-
teins move to sites of DNA damage. The
inability to detect DSBs in situ has made it
difficult to address this issue experimental-
ly. A method to induce and subsequently
detect DSBs within a defined subnuclear
volume would, in principle, provide a
means to determine whether DSB repair
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requires the movement of DNA repair pro-
teins to the sites of DNA damage.

To that end, we developed a method to
examine the temporal and spatial nature of
DSB repair within the context of the intact
cell. This method relies on synchrotron-
generated ultrasoft x-rays [<5000 electron
volts (5 keV)], a multilayer monochromator
for tunable ultrasoft x-ray energies with suf-
ficient intensity for irradiation of live hu-
man fibroblasts (6), and microfabricated ir-
radiation masks to induce DNA damage in
discrete subnuclear regions of irradiated cells
(Fig. 1) (7). The irradiation masks were
fabricated with x-ray lithography and consist
of gold stripes (1.85 wm wide with 1.35-pm
separation) deposited on thin Si;N, mem-
branes (7). Dosimetric analyses with the
irradiation mask showed that gold-shielded
regions receive about 0.5% of the dose ab-
sorbed by the nonshielded regions (7). Irra-
diated cells thus absorb ultrasoft x-rays in
1.35-pwm-wide stripes separated by 1.85-pm
gaps that remain essentially unirradiated.

The 1.34-keV ultrasoft x-rays used in
these experiments act almost exclusively
through photoelectric interactions in bio-
logical material (8), resulting in low-energy
electrons that have very short track lengths
(<50 nm), comparable to the dimensions of
biologically relevant structures such as
chromatin (9). These properties suggested
that photoelectrons and Auger electrons as

-

e

signal), but no multiple probe signals when pro-
cessed by identical methods.
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well as free radicals resulting from absorp-
tion of ultrasoft x-rays would induce DNA
damage almost exclusively within the 1.35-
pm stripes imposed by the grids. Human
fibroblasts (37Lu) were irradiated and DSBs
were labeled with bromodeoxyuridine
triphosphate (BrdU) and terminal de-
oxynucleotidyltransferase (TdT) for visual-
ization with fluorescein isothiocyanate
(FITC)—conjugated monoclonal antibody
to BrdU (FITC-anti-BrdU) 30, 90, or 300
min later (10—12). Under the conditions
used, TdT does not label single-strand
DNA nicks (12). Nuclei observed 30 min
after irradiation displayed a strong FITC
signal in parallel stripes corresponding to
BrdU incorporation at DNA ends (Fig.
2A). Each pair of unirradiated-irradiated
stripes is 3.2 wm wide (1.85 wm unirradi-
ated plus 1.35 pm irradiated). Hence, most
nuclei (average diameter 15 to 20 wm)
contained six or seven FITC-staining
stripes (Fig. 2, A and B). Confocal micros-
copy demonstrated that parallel stripes of
BrdU incorporation were uniform through-

A

 Cell monolayer

Fig. 1. (A) Diagram of the partial volume irradiation
scheme (7). Thickness of the Mylar surface (8 um)
is not drawn to scale. (B) Scanning electron mi-
crograph of irradiation mask. Bar, 1 um.
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out the volume of the nucleus at this time
point (Fig. 2, F to I) (13). These data
indicate that ultrasoft x-rays induce highly
localized DNA damage in living cells.

The FITC signal corresponding to
BrdU-labeled DSBs disappeared between 90
(Fig. 2, C and D) and 300 min (14) after
irradiation. Single cell electrophoresis
(comet) assays revealed that the failure to
detect FITC stripes at later time points was
due to repair rather than redistribution of
the DSBs (15). Similar DSB repair kinetics
were previously observed after ultrasoft x-
irradiation without an irradiation mask
(16).

We reasoned that if DSBs were largely
stationary before repair, their persistence in
a DNA repair-deficient cell would lead to
the persistence of DSB stripes. To test this
hypothesis, we stripe-irradiated the DSB re-
pair-deficient human fibroblast cell line
180BR (17), BrdU-labeled DNA DSBs with
TdT, and stained the cells with FITC-anti-
BrdU to visualize DSBs. In contrast to 37Lu
cells, in which BrdU incorporation was un-
detectable by 90 min postirradiation, the
180BR cells had readily observable FITC-
anti-BrdU stripes as late as 300 min postir-
radiation (Fig. 2E). Previous analyses had
shown that minimal DSB repair occurs over
this time course in 180BR cells (2, 17).
These data indicate that DSBs are held in a
relatively fixed position, at least in the early
stages of DNA repair, and suggest that the
bulk of DSB repair does not involve move-
ment of DNA lesions through intranuclear
space. In this regard, DSB repair differs from
DNA replication, which is mediated by
compartmentalized nuclear proteins (1). In-
stead, the spatial behavior of DSBs suggest-
ed that DSB repair requires the recruitment
of DSB repair proteins to sites of damaged
DNA.

To test this hypothesis, we examined
whether two DSB repair complexes, one
that includes hMrell and hRad50 and an-
other that includes hRad51, were recruited
to the site of DSBs. Several criteria indicate
that these protein complexes, both of which
form nuclear foci in response to the induc-
tion of DSBs (2, 3), play distinct roles in
DSB repair. The sequence of the hMrell-
hRad50 complex is similar to the bacterial
exonuclease SbcCD sequence (18), which
suggests that this complex functions as an
exonuclease that may be involved in the
processing of DNA ends before strand ex-
change and religation (19-21). Because
hRad51, a human RecA homolog, mediates
DNA strand exchange (22), its action is
likely to be required later than that of the
hMrel1-hRad50 protein complex in DSB
repair. Null Scmrel I and Scrad51 mutations
in Saccharomyces cerevisiae indicate that the
yeast Mrel1-Rad50-Xrs2 complex, but not
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ScRad51, plays an important role in non-
homologous end joining in this organism
(19, 21). Finally, both biochemical and cy-
tologic experiments indicate that hRad51 is
not physically associated with the hMrell-
hRad50 complex (2).

To determine whether partial volume
irradiation could distinguish the actions of
hRad51 and hMrell in intact nuclei, we
doubly stained cells for DSBs (FITC-anti-
BrdU) and hMrell (antihMrell) (23).
Analysis of stripe-irradiated doubly stained
37Lu cells revealed that, as early as 30 min
after irradiation, the BrdU-labeled DSBs
and hMrell protein colocalized (Fig. 3).
The abundance and composition of the
hMrel1-hRad50 complex are identical in
irradiated and unirradiated cells (2, 24).
Hence, the association of these proteins
with damaged DNA was due to migration of
existing hMrel1-hRad50 complexes. Opti-
cal sectioning of hMrel1 stripe-positive nu-
clei revealed that hMrell protein was lo-
calized in stripes throughout the nuclear

Fig. 2. Partial volume irradiation of 37Lu or 180BR
human fibroblasts (7). Cells were labeled for DSBs
with BrdU and FITC-anti-BrdU (A, C, and E), fol-
lowed by DAPI (B and D) counterstaining (70). (A
and B) 37Lu, 30 min after irradiation; bar, 5 um; (C
and D) 37Lu, 90 min after irradiation; bar, 5 pm;
(E) 180BR, 5 hours after irradiation; bar, 5 pm; (F
to 1) optical sections of a partially irradiated 37Lu
nucleus labeled for DSBs with BrdU (70). Repre-
sentative images separated by 1.0 wm are shown
(73), with increasing distance from the x-ray beam
from (F) to (). The high background observed in (F)
is caused by autofluorescence from the Mylar
plating surface.

REPORTS

volume (14). The FITC signal (correspond-
ing to DSBs) disappeared by 90 to 300 min
after irradiation, whereas hMrell staining
became diffuse, as it is in unirradiated cells.

Vestigial hMrell stripes persisted in
about 5% of nuclei examined at 300 min
(Fig. 4C). Previous studies of DSB repair in
human cells have indicated that the bulk of
ionizing radiation-induced DSBs are re-
paired within the first 60 min after irradia-
tion and that a more slowly repaired popu-
lation of DSBs persists for 24 to 48 hours
(16, 25). Our data suggest that the hMrell-
hRad50 complex functions in the fast com-
ponent of DSB repair. Because we previous-

Fig. 3. Colocalization of BrdU incorporation and
hMre11 stripes. Thirty minutes after irradiation,
37Lu fibroblasts were sequentially labeled (23) to
detect BrdU (FITC-anti-BrdU) (A), hMre11 (B),
and DNA (DAPJ) (C). (D) Merged image of (A) to
(C). Bar, 10 pm.

Fig. 4. Localization of hMre11 to stripes after par-
tial volume irradiation. 37Lu (A to D) or 180BR (E)
fibroblasts were fixed after partial volume irradia-

tion and stained for hMre11 or hRad51 (26). (A)
Anti-hMre11, 30 min after irradiation; (B) anti-
hRad51, 30 min after irradiation; (C) anti-hMre11,
5 hours after irradiation; note that one nucleus
(arrow) shows a weak stripe pattern; (D) anti-
hRad51, 5 hours after irradiation; (E) anti-hMre11
in 180BR cells, 5 hours after irradiation. Bars in (A)
and (D), 10 wm; bars in (B), (C), and (E), 5 pm.
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ly showed that these proteins also function
in the slower component of DSB repair (2),
the residual hMrell stripes may indicate
that the number of slowly repaired DSBs
falls below the limit of TdT detection,
whereas immunofluorescent detection of
hMrell is sufficiently sensitive to identify
these slower repair events.

To determine whether localization of
hMrell was attributable to the presence of
DSBs, we examined whether persistent
DSBs in irradiated DSB repair-deficient
180BR cells produced a longer lived signal
for hMrell localization. The hMrell
stripes were present in most irradiated
180BR cells as late as 300 min after irradi-
ation (Fig. 4E), in contrast to the results
with 37Lu cells. Thus, DSBs appear to con-
stitute the signal for hMrell localization.

We next investigated whether hMrell
and hRad51 colocalized at sites of DNA
damage in stripe-irradiated 37Lu cells. Cells
were fixed 30 and 300 min after irradiation
and stained with antisera to hRad51 and
hMrell (26). As above, 30 min after irra-
diation, most (>90%) nuclei exhibited a
striped pattern of hMrell localization (Fig.
4A). About 10% of cells contained hRad51
foci 30 and 300 min after irradiation, but
these foci did not form a striped pattern at
either time point (Fig. 4, B and D). The
failure of hMrell and hRad51 to colocalize
in irradiated stripes supports the assertion
that these proteins mediate distinct func-
tions in the DSB repair process, consistent
with our previous cytologic analyses (2).
The fraction of hRad51 focus-positive irra-
diated cells observed in these experiments
was somewhat lower than in previous stud-
ies, presumably reflecting the low levels of
hRad51 expression in the primary fibro-
blasts used for this study (2, 3, 27).

Our observations confirm that biologi-
cally relevant interactions of ultrasoft x-
rays are confined to small intranuclear
volumes (8, 28) and provide physical ev-
idence that the hMrell-hRad50 protein
complex localizes to the sites of DNA
damage. These findings indicate that the
activation of DNA repair must include
relocalization of repair proteins to the sites
of DNA damage. DNA repair enzymes
thus appear to resemble transcription fac-
tors and RNA processing enzymes that are
proposed to migrate within the nucleus
but are distinct from enzymes that mediate
DNA replication from stationary replica-
tion factories (1, 29).

Relocalization of the hMrell-hRad50
protein complex may indicate that signals
originate from the site. of DNA damage to
recruit DNA repair enzymes. In this regard,
the signal that activates DNA repair may be
analogous to those that activate DNA dam-
age-dependent cell cycle checkpoint func-
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tions (30). It has been suggested that the
DNA-activated protein kinase trimeric
complex (Ku70/Ku86/DNA-PKcs), which
binds to DNA ends in vitro and induces
protein phosphorylation activity, may sig-
nal the presence of DNA damage (31).
Based on the failure to suppress DNA syn-
thesis after ionizing radiation of cells estab-
lished from ataxia telangiectasia patients, a
similar function has been proposed for
ATM (32). The use of mutants such as
dna-pk and ATM in partial volume irradia-
tion assays may help to define defects in
signaling functions required for relocaliza-
tion of DSB repair proteins.
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