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Mitotic homologous recombination (HR) is critical for the repair of
double-strand breaks, and conditions that stimulate HR are asso-
ciated with an increased risk of deleterious sequence rearrange-
ments that can promote cancer. Because of the difficulty of as-
sessing HR in mammals, little is known about HR activity in
mammalian tissues or about the effects of cancer risk factors on HR
in vivo. To study HR in vivo, we have used fluorescent yellow direct
repeat mice, in which an HR event at a transgene yields a fluores-
cent phenotype. Results show that HR is an active pathway in the
pancreas throughout life, that HR is induced in vivo by exposure to
a cancer chemotherapeutic agent, and that recombinant cells
accumulate with age in pancreatic tissue. Furthermore, we devel-
oped an in situ imaging approach that reveals an increase in both
the frequency and the sizes of isolated recombinant cell clusters
with age, indicating that both de novo recombination events and
clonal expansion contribute to the accumulation of recombinant
cells with age. This work demonstrates that aging and exposure to
a cancer chemotherapeutic agent increase the frequency of recom-
binant cells in the pancreas, and it also provides a rapid method for
revealing additional factors that modulate HR and clonal expan-
sion in vivo.

aging � homologous recombination � mutation � chemotherapy

Cells are constantly exposed to endogenous and exogenous
DNA-damaging agents that can lead to double-strand

breaks, either by causing breaks in both strands of DNA or by
causing replication fork breakdown (1). Homologous recombi-
nation (HR) is critical for repairing double-strand breaks in
mammalian cells. By using homologous DNA sequences present
on the sister chromatid or homologous chromosome, damage
can be repaired accurately without loss of sequence information
(2, 3). Thus, the frequency of HR reflects both the levels of
double-strand breaks and the ability of cells to use HR during
DNA repair.

Although HR is generally error-free, recombination between
misaligned sequences can cause insertions, deletions, and trans-
locations. Furthermore, recombination between homologous
chromosomes can lead to loss of heterozygosity (4), and HR has
been estimated to be the underlying cause of loss of heterozy-
gosity 25–80% of the time in mammalian cells (e.g., see ref. 5).
Germ-line mutations in genes that modulate the frequency of
HR are associated with an increased risk of cancer. For example,
inherited mutations in the HR helicases BLM and WRN lead to
increased rates of HR (6, 7) and increase the risk of cancer (8).

Whereas too much HR can be problematic, too little HR can
also destabilize the genome, possibly as a result of nonhomolo-
gous end-joining of DNA ends created at broken replication
forks (4, 9). In the pancreas, inherited mutations in BRCA1 (8),
BRCA2 (10), and FANCC (11) increase the risk of pancreatic
cancer, and loss of function of these genes suppresses HR
(12–14), causing an increased frequency of tumorigenic se-
quence rearrangements (15, 16). Although these findings suggest
that HR is critical for maintaining genomic integrity in the
pancreas, it had not been shown that HR is an active pathway in

mature pancreatic cells and no studies had explored the effects
of cancer risk factors on potentially mutagenic HR events in the
pancreas.

With a 5-year survival rate of �5%, pancreatic cancer remains
one of the deadliest cancers in the United States (17, 18). One
important risk factor for pancreatic cancer is aging (19). To our
knowledge, mutation frequency has not been reported in the
pancreas (20), so the effect of age on pancreatic mutation
frequency was not known. However, a number of studies have
investigated the impact of age on mutation frequency in other
cell types. For example, the frequency of loss of heterozygosity
increases by �10-fold with increasing age in lymphocytes (21,
22). Furthermore, a significant fraction of these loss of heterozy-
gosity events are because of mitotic recombination, suggesting
that HR contributes to gene inactivation during aging (21–23).

In this study, we have explored the effects of aging and
exposure to a cancer chemotherapeutic agent on the frequency
of HR in the mouse pancreas by exploiting mice in which HR at
an integrated transgene yields a fluorescent phenotype (24).
Furthermore, we describe methodology for rapid and sensitive
detection of recombinant cells within intact pancreata.

Results
Flow Cytometry Analysis of HR Events in Adult Pancreatic Cells. The
fluorescent yellow direct repeat (FYDR) mice carry a direct
repeat recombination substrate in which an HR event can restore
full-length enhanced yellow fluorescent protein (EYFP) coding
sequence (24) (Fig. 1a). Because HR had not been studied in
primary pancreatic cells, we first set out to determine whether
HR is an active process in the pancreas. To establish flow
cytometry parameters, we compared fluorescence intensities in
disaggregated whole pancreata from negative control and pos-
itive control mice (Fig. 1b). To quantify f luorescent recombinant
cells, a region (R2) was created that excludes negative control
cells (Fig. 1b). We analyzed �34 million cells from 33 negative
control pancreata by flow cytometry, and only one cell appeared
in the R2 region, indicating an extremely low background.
Analysis of 100 mice aged 4–10 weeks shows that the median
frequency of recombinant pancreatic cells is five per million (Fig.
1c). In addition, the recombinant cell frequency is highly variable
among mice (Fig. 1c), which is consistent with the possibility that
recombinant cells that arise at different times during growth can
clonally expand.

In Situ Detection of Recombinant Pancreatic Cells. To learn more
about the timing of HR events, and to reveal the cell types in
which they occur, methodology was developed for direct detec-
tion of recombinant cells in situ. Under an epifluorescent
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microscope, negative control pancreata are essentially nonfluo-
rescent when viewed with an EYFP filter, whereas Hoechst
33342-stained nuclei f luoresce under UV (Fig. 2a). In contrast,
in positive control pancreata, much of the tissue is brightly
f luorescent (Fig. 2b). In FYDR pancreata, yellow fluorescent
foci are readily apparent (Fig. 2c). At a higher magnification, it
becomes clear that these fluorescent foci are actually single
isolated cells and small clusters of cells (Fig. 2d), indicating that
recombinant cells can be directly detected within intact tissue by
microscopic examination of intact pancreata.

To explore which cell types recombine, frozen sections of
pancreata were analyzed. By overlaying fluorescence and H&E-
stained images, histological analysis of pancreata from positive
control mice revealed that acinar, islet, and ductal cells can

fluoresce (data not shown). In pancreata of FYDR mice, EYFP
fluorescence is confined within cell boundaries and recombinant
cells are acinar cells (no islet or ductal cells were detected among
43 independent foci) (Fig. 2e). Therefore, the fluorescent foci
seen within the pancreas of FYDR mice are most often due to
fluorescent acinar cells.

To standardize conditions for foci quantification, pancreata
were uniformly compressed to a thickness of 0.5 mm, and
composite images that cover one side of the pancreatic surface
area were created (Fig. 3a). Comparison of both sides of the
same pancreas showed that similar frequencies of recombinant
cells were detected on both sides (data not shown; note that most
foci detected on one side could not be detected on the other side
because of sample thickness). In negative control mice, back-
ground fluorescence was occasionally observed and generally
emitted under multiple filters. To reduce background fluores-
cence, images collected under a red filter were inverted, and
these negatives were then merged with images taken with an
EYFP filter (Fig. 3b). Using this subtraction methodology, we
analyzed 24 negative control animals, and no foci were detected.
These methods make it possible to specifically detect EYFP
fluorescence and thus provide a means for rapid quantification
of recombinant cells in situ.

DNA Damage-Induced Recombination in Pancreatic Cells. To deter-
mine whether HR can be induced in postnatal pancreatic cells,
5- to 6-week-old FYDR mice were injected with the recombi-
nogenic interstrand cross-linking agent mitomycin-C (MMC).
The median frequencies of recombinant cells by flow cytometry
(Fig. 4a) and of recombinant foci by in situ imaging (Fig. 4b) were
higher among the MMC-treated mice (note the logarithmic
scale). It is formally possible that the increased frequency of
recombinant cells after MMC treatment is because of increased
EYFP expression. To explore this possibility, we exploited pos-
itive control animals in which all cells carry the recombined
substrate (full-length EYFP). Flow cytometry of pancreatic cells
from mock- and MMC-treated positive control mice revealed
that there was no statistically significant difference in EYFP
expression between the cohorts (data not shown). Thus, we
conclude that the increase in recombinant cell frequency after
MMC treatment is the result of an induction of recombinant
cells, indicating that the FYDR model specifically detects HR
events, and that HR is an active repair process in the postnatal
pancreas.

Interestingly, MMC induction is statistically significant only
when analyzed by in situ imaging. It is noteworthy that mice with
a similar number of recombinant foci can show a broad range of
recombinant cell frequencies when analyzed by flow cytometry,
possibly because a single focus may contain many recombinant
cells. Thus, when studying the effects of an environmental
exposure by flow cytometry, it should be noted that large foci can
potentially mask the induction of multiple smaller foci. Although
both flow cytometry and in situ imaging detect recombinant
cells, in situ imaging may be a more sensitive method for
detecting exposure-induced recombinant cells (e.g., independent
HR events).

Effect of Aging on Recombinant Cell Frequency. Age is an important
risk factor for cancer. To explore the effects of aging, recombi-
nant foci were quantified in three different age groups: juvenile
(4 weeks old), adult (9 weeks old), and aged (67–74 weeks old).
Whereas the number of foci detected by in situ imaging varied
among individual animals within each age group, the median
clearly increased with age (Fig. 5b). This increase was especially
evident when examining images of pancreata with the highest
frequency of recombinant foci from each age group (Fig. 5a).
Relative to juvenile mice, the median number of recombinant
foci increased �4- and �16-fold in adult and aged mice,

Fig. 1. FYDR system and analysis of pancreatic cells by flow cytometry. (a)
Arrangement of the FYDR recombination substrate. Large arrows indicate
expression cassettes; yellow boxes show coding sequences; black boxes show
positions of deleted sequences (deletion sizes not to scale). For a more
complete description of HR mechanisms that can restore full-length EYFP
coding sequences, see Jonnalagadda et al. (39). (b) Flow cytometry results of
disaggregated pancreatic cells. Axes indicate relative fluorescence intensity at
515–545 nm (FL1) vs. 562–588 nm (FL2). R2 region delineates EYFP-positive
cells. Representative data are shown for a negative control mouse, a positive
control FYDR-recombined mouse, and an FYDR mouse. For clarity, data for
individual cells (dots) have been darkened in the FYDR R2 region. Percentages
of fluorescent cells identified in the R2 region are indicated for the positive
and negative controls. Cell images are representative of disaggregated pan-
creatic cells from an FYDR mouse taken at �40 with phase contrast or an EYFP
filter (515 nm). Image of a fluorescent cell under an EYFP filter is colorized. (c)
Spontaneous frequency of recombinant pancreatic cells per 106 as determined
by flow cytometry for 100 4- to 10-week-old FYDR mice. n � number of
independent samples.
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respectively (Fig. 5b), demonstrating that recombinant cells
accumulate with age.

During aging, the mouse pancreas continues to grow (Fig. 5c)
(25, 26), which raises the possibility that the increase in the
number of foci is because of the increase in surface area of
pancreata (Fig. 5c). After correcting for the total surface area,
the median frequencies of recombinant foci per cm2 in adult and
aged cohorts are still significantly higher than juvenile mice (�2-
and �9-fold higher, respectively; Fig. 5d), suggesting that new

recombination events contribute to the accumulation of recom-
binant cells with age.

As an alternative approach for analyzing the effects of aging
on HR, disaggregated pancreatic cells were quantified by flow
cytometry (Fig. 5e). Similar trends in the frequency of recom-
binant cells were observed with age. Relative to juvenile mice,
the median frequency of fluorescent cells per million increased
in adult and aged mice by �8- and �26-fold, respectively. A
comparison of the mice with the highest frequencies from the
young vs. the aged cohorts shows there are 14 vs. 914 recombi-
nant cells per million, respectively (note the logarithmic scale).
Together, these data indicate that as mice age, the frequency
of cells harboring DNA sequence rearrangements increases
significantly.

To determine whether the increased frequency of recombi-
nant cells with age is because of an increase in EYFP expression,
we analyzed pancreata from positive control mice. Although
EYFP expression varies greatly among individual positive control

Fig. 2. Analysis of fluorescent foci in mouse pancreata. For analysis of freshly excised tissue, images show overlays of EYFP- (510–560 nm) and UV- (420 nm)
filtered images. Nuclei are stained with Hoechst 33342. (a–c) Portions of negative control (a), positive control (b), and FYDR (c) mouse pancreata imaged at �1.
(Scale bar, 1 mm.) Brightness and contrast for UV-filtered images were adjusted equivalently. For EYFP images, brightness and contrast for negative control and
FYDR (5-s exposure) images were adjusted equivalently. To avoid overexposure of the positive control, a shorter exposure time was used (1 s) and brightness and
contrast were not adjusted. (d) Images of fluorescent recombinant cells in freshly excised tissue at �40. (Scale bar, 10 �m.) Brightness and contrast were optimized
for each image. (e) Histological images were collected at �40. (Scale bar, 30 �m.) (Upper) H&E-stained section. (Lower) Overlay of H&E and fluorescence imaged
under an EYFP filter (515 nm). Brightness and contrast of fluorescence were optimized. EYFP fluorescence is colorized.

Fig. 3. Imaging methodology for quantifying recombinant cells in whole
pancreata. (a) Compiled image of 9-week-old FYDR pancreas at �1 taken
under visible light (Left) and an EYFP filter (510–560 nm) (Right). (Scale bar, 1
cm.) The edge of the pancreatic tissue is outlined. (b) Method for reducing
background fluorescence. (Upper) Background fluorescence appears brightly
under EYFP (510–560 nm, column 1) and red (605�55 nm, column 2) filters. The
red-filtered image is inverted (column 3) and merged with the EYFP-filtered
image (column 4). (Lower) Similar analysis of an EYFP focus.

Fig. 4. MMC-induced HR in mouse pancreata. Medians are indicated by black
bars. Points on the x axis indicate individual mice with zero recombinant cells.
(a) Frequency of recombinant cells per million as determined by flow cytom-
etry for mock-treated (n � 35) and MMC-treated (n � 34) FYDR mice (P � 0.06).
(b) Recombinant foci per pancreas detected by in situ image analysis for
mock-treated (n � 24) and MMC-treated (n � 23) FYDR mice. *, MMC-treated
cohort is statistically significantly higher than mock-treated cohort (P � 0.05).
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mice (which undoubtedly contributes to variation in the fre-
quency of fluorescent cells among the FYDR mice), there were
no statistically significant differences in expression levels among
the young, adult, and aged cohorts (data not shown). Because
expression of the FYDR locus does not increase with age, we
conclude that the increase in recombinant cell frequency with
age is the result of the accumulation of recombinant cells in the
pancreas.

Clonal Expansion of Recombinant Cells. Clonal expansion of mutant
cells is an important precursor to the development of cancer
(27). To explore the possibility that recombinant cells clonally
expand with age, images from all juvenile and aged animals were
carefully examined to identify the five largest foci from within
each cohort. Comparison of the foci images revealed that foci are
clearly much larger in aged animals (Fig. 5f ). Given that the
geometric mean fluorescence intensity of recombinant cells is
not significantly different among cohorts (data not shown), the
observed increase in foci sizes cannot be due to increased
brightness. It is formally possible that the increase in recombi-
nant foci sizes is the result of multiple independent recombina-
tion events occurring in neighboring cells. However, because the

frequency of recombinant cells in the pancreas is �5 per million,
the probability that two adjacent recombinant cells occurred
from independent events is �1 in 1010 (assuming that each cell
touches �10 neighbors), making it virtually impossible that
multiple adjacent recombinant cells in large foci occurred inde-
pendently. These data indicate that recombinant cells can
clonally expand during aging, which suggests that there is clonal
expansion throughout the pancreas that can be visualized in
cases where the progenitor cell is f luorescent.

Discussion
With a 5-year survival rate of �5% (17, 18), pancreatic cancer
remains a fatal disease. Pancreatic cancer is caused by the
accumulation of genetic mutations in a single cell lineage (e.g.,
activation of K-ras and inactivation of p16, p53, Smad4, and
BRCA2) (28). The probability that multiple mutations occur in
the same lineage depends on both the mutation rate and the total
number of cells that harbor tumorigenic mutations (27, 29).
Therefore, increasing either the mutation rate or the number of
mutant cells (by clonal expansion) concomitantly increases the
risk of acquiring subsequent, and possibly transforming, muta-
tions in the same cell lineage.

Fig. 5. Effects of aging on the frequency of recombinant cells in the pancreas. (a) Compiled images for juvenile (4 weeks old) (Left), adult (9 weeks old) (Center),
and aged (64–72 weeks old) (Right) FYDR mice. Examples of pancreata with the highest number of recombinant foci for each cohort are shown. Images were
collected at �1 with an EYFP filter (510–560 nm). (Scale bar, 1 cm.) The edge of the pancreatic tissue is outlined. (b) Recombinant foci per pancreas detected by
in situ image analysis for juvenile (n � 25), adult (n � 24), and aged (n � 16) mice. (c) Weight (mg) and area (cm2) of mouse pancreata for juvenile (n � 25), adult
(n � 25), and aged (n � 17) cohorts. (d) Recombinant foci per squared centimeter for juvenile (n � 25), adult (n � 24), and aged (n � 16) mice. (e) Frequency
of recombinant cells per million as determined by flow cytometry for juvenile (n � 24), adult (n � 24), and aged (n � 16) mice. (b–e) *, adult cohort is significantly
higher statistically than juvenile cohort (P � 0.05). **, aged cohort is significantly higher statistically than juvenile and adult (P � 0.05) cohorts. Medians are
indicated by black bars. Points on the x axis indicate individual mice with zero recombinant cells detected. ( f) Images of the five largest foci among all juvenile
(Left) and all aged (Right) mice taken under an EYFP filter (510–560 nm) at �1. (Scale bar, 100 �m.) Brightness and contrast were not adjusted.
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Among �2,000 rodent experimental records in which mutation
frequencies have been assessed by using transgenic animals, none
describe the mutation frequency in the pancreas (20). Here, we
have used FYDR mice to study one important class of mutations,
HR events. When both in situ imaging and flow cytometry are used,
results show that the number of recombinant cells increases with
age, and a comparison of the sizes of recombinant foci in juvenile
and aged mice shows that pancreata of aged mice have larger foci.
Therefore, as mice age, both de novo HR events and clonal
expansion contribute to the overall increase in the number of
pancreatic cells harboring rearranged DNA.

Within all cohorts, a wide range of recombinant cell frequen-
cies is observed. This intermouse variation may result from
differences in recombination rates, f luctuations in foci sizes
caused by clonal expansion, or variation in expression of EYFP.
Although we have not yet tested for differences in recombination
rates among individual mice, it is clear that clonal expansion can
contribute to variation in the total number of recombinant cells.
In addition, the positive control mice indicate that variable levels
of EYFP expression also contribute to intermouse variation.
Although we do not yet know the cause for the variegated
expression in the positive control mice, recombination can still
be studied by ascertaining whether a variable of interest affects
expression in a cohort of positive control animals. For example,
in these studies, EYFP fluorescence does not increase with age,
indicating that the increased frequency is due to HR. Indeed,
expression may even decrease with age, so the effect of age
on the accumulation of recombinant cells may actually be
underestimated.

Histological analysis of �40 foci revealed that all recombinant
fluorescent cells were acinar cells. Although the majority (80–
90%) of human pancreatic neoplasms are ductal pancreatic
adenocarcinomas (18), there is debate over the actual origin of
cells that lead to ductal adenocarcinomas. Interestingly, acinar
cells can transdifferentiate into ductal cells both in vitro and in
vivo (30–32). Furthermore, expression of activated K-ras in
pancreatic acinar cells has been shown to induce preinvasive
pancreatic neoplastic lesions (31). Therefore, genetic changes in
acinar cells may contribute to tumor formation. Regardless of
whether acinar cells are the precursors of ductal adenocarcino-
mas, genetic and environmental conditions that induce HR in
acinar cells may do so in other pancreatic cell types as well.
Therefore, detection of HR in acinar cells may be a gauge of
genetic insult to the pancreas as a whole, making the FYDR mice
potentially useful as sensors of pancreatic genotoxins.

Other mouse models, including BigBlue (33, 34), MutaMouse
(35), and LacZ (36), have been used to examine changes in the
frequency of point mutations and small deletions with age. The
effect of age on these classes of mutations appears to be strongly
tissue-dependent. In certain tissues, such as brain and testis, the
mutant frequency remains fairly constant (33–35). In contrast,
for liver and bladder, mutant cell frequency increases with age
similar to what has been observed for the pancreas in these
studies (33–35). It is interesting to speculate that for tissues in
which spontaneous mutations accumulate with age, mutagenic
exposures during adult life may have a greater influence on
cancer risk. Indeed, smoking is an important risk factor for liver,
bladder, and pancreatic cancer, and has less of an effect on the
risk of brain or testicular cancer (37).

HR events are an important class of mutations that are known
to promote cancer (4, 38). Here we have shown that detection of
recombinant cells in FYDR mice by in situ imaging and flow
cytometry can be used to monitor the effects of cancer risk
factors on HR. Compared with analysis by flow cytometry, in situ
detection improves the sensitivity for detecting new mutation
formation (e.g., small foci) that can be masked by previously
existing larger foci upon tissue disaggregation. Furthermore,
because the accumulation of recombinant cells can be monitored

over months and even years, long-term effects of both acute and
chronic exposures relevant to cancer can also be studied. Al-
though small differences in recombination rate may not be
immediately reflected as differences in mutant cell frequency,
these changes in recombination rate may result in large changes
in mutant cell frequency over time. In summary, we have
explored how a key risk factor for pancreatic cancer, aging,
affects the frequency of cells harboring recombined DNA. The
results of these studies demonstrate that HR is an active process
in the adult pancreas, and that cells harboring sequence rear-
rangements can persist and clonally expand. Furthermore, the
methodology used in these studies can now be applied to explore
how additional genetic and environmental risk factors modulate
double-strand break formation and repair by HR.

Materials and Methods
Animals. C57BL�6 FYDR mice have been described in ref. 24.
Positive control FYDR-recombined mice arose spontaneously
from an HR event in an FYDR parental gamete, and all cells
within these mice carried the full-length EYFP coding sequence.
FYDR cohorts had an �1:1 ratio of males to females (prelim-
inary data suggest that there may be a difference in EYFP
expression levels among males and females). Controls were sex-
and age-matched, except for the aged negative control C57BL�6
mice, which were 47–85 weeks old, and the aged positive control
FYDR-recombined mice, which were 52 weeks old.

Flow Cytometry. Pancreata were isolated and placed in ice-cold
PBS containing 0.01% soybean trypsin inhibitor (Sigma). Al-
most all samples were analyzed by flow cytometry after imaging.
Pancreata were minced and divided into two samples. Samples
were shaken (150 cycles per minute) in 5 ml of 2 mg�ml
collagenase V (Sigma) in Hanks’ buffered salt solution (Invitro-
gen) at 37°C for 20 min. Triturated tissue was filtered (70 �m),
and 10 ml of DMEM-F12 (Sigma) supplemented with 20% FBS
(Atlanta Biologicals, Lawrenceville, GA) was added. Cells were
pelleted, resuspended in 400 �l of OptiMEM (Invitrogen),
filtered (35 �m), and analyzed by flow cytometry as described in
ref. 24. On average, �1 million cells were analyzed per sample.

Fluorescence Intensity Measurements. Geometric mean of fluores-
cence intensity of pancreatic cells in the R2 region of juvenile and
aged mice was calculated by CellQuest acquisition and analysis
software on the Becton Dickinson FACScan flow cytometer.

Imaging. Pancreata were isolated as described. Nuclei were
stained with 50 �g�ml Hoechst 33342 (Sigma). Whole pan-
creata pressed between glass slides separated by 0.5 mm
spacers were imaged on a Nikon E600 microscope with a SPOT
RT camera (Diagnostic Instruments, Sterling Heights, MI)
with a Nikon �1 objective. Images were manually compiled to
cover the entire visible surface area. SPOT Advanced (Diag-
nostic Instruments) was used to colorize black and white
images. Filters included: visible light; UV (excitation, 330–380
nm; emission, 420 nm); red (excitation, 540�25 nm; emission,
605�55 nm); and EYFP (excitation, 460–500 nm; emission,
510–560 nm). Images were collected by using a fixed aperture
time. For foci counting, Adobe Photoshop 5.0 (Adobe Systems,
San Jose, CA) was used to optimize brightness and contrast.
For images collected with the EYFP filter, identical adjust-
ments were made for all images. Similarly, for images collected
with the red filter, brightness was optimized and identical
adjustments were made for all red f luorescence images. For
pancreata with foci in the red channel, images taken under the
red filter were inverted to create negatives that were merged
with images taken under the EYFP filter. Foci were counted
manually. Similar results were obtained in a subset of blinded
samples. The area of compiled pancreata images was deter-
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mined by using Scion Image Beta 4.02 Win (Scion, Frederick,
MD) by manually tracing the pancreas edge.

MMC Treatment. Five- to 6-week-old FYDR mice were i.p.
injected with 2 mg�kg of body weight of 0.5 mg�ml MMC
(Sigma) in PBS. Mock-treated controls were injected with equal
volumes of PBS. Mice were analyzed 3.5 weeks after injection.

Histology. Frozen sections (5 �m) were imaged at �40 with an
EYFP filter (excitation, 460–500 nm; emission, 515 nm) on a Nikon
E600 microscope. SPOT Advanced (Diagnostic Instruments) was
used to colorize images. Sections were subsequently stained with
H&E, imaged, and manually overlaid. Histology was assessed by
Arlin Rogers (Massachusetts Institute of Technology).

Statistics. Recombinant cell frequency follows a nonnormal
distribution (Fig. 1c). Therefore, frequencies among cohorts

were compared by using a one-tailed Mann–Whitney test (for
both flow cytometry and foci data). When comparing the
frequency of fluorescent cells among positive control cohorts, a
two-tailed Student’s t test was performed.
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