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Fibroblasts isolated from long-lived hypopituitary dwarf mice are resistant to many cell stresses,
including ultraviolet (UV) light and methyl methane sulfonate (MMS), which induce cell death
by producing DNA damage. Here we report that cells from Snell dwarf mice recover more
rapidly than controls from the inhibition of RNA synthesis induced by UV damage. Recovery
of messenger RNA (mRNA) synthesis in particular is more rapid in dwarf cells, suggesting
enhanced repair of the actively transcribing genes in dwarf-derived cells. At early time points,
there was no difference in the repair of cyclobutane pyrimidine dimers (CPD) or 6-4
photoproducts (6-4PP) in the whole genome, nor was there any significant difference in the repair
of UV lesions in specific genes. However, at later time points we found that more lesions had
been removed from the genome of dwarf-derived cells. We have also found that cells from dwarf
mice express higher levels of the nucleotide excision repair proteins XPC and CSA, suggesting
a causal link to enhanced DNA repair. Overall, these data suggest a mechanism for the UV
resistance of Snell dwarf-derived fibroblasts that could contribute to the delay of aging and
neoplasia in these mice.
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L ITTLE is understood of the cellular mechanisms that
lead to the gradual physical decline and increased

susceptibility to disease that are associated with the aging
process in mammals. Mutant mice with extended life spans
may provide valuable resources for these studies. Snell
dwarf mice have a homozygous loss-of-function mutation
of the Pit1 gene, which encodes a transcription factor
regulating anterior pituitary development (1). Snell dwarf
mice therefore have nearly undetectable, circulating levels
of growth hormone (GH) and its mediator insulin-like
growth factor I (IGF-I), thyroid-stimulating hormone, and
prolactin (2). These changes in the hormonal profile reduce
young adult size by about 70%, extend life span ap-
proximately 40% (3), and lead to delays in many forms of
pathology associated with the aging process, including
arthritis, collagen cross-linking, T-cell subset changes, and
the development of cataracts and glomerular lesions (3–5).
These mice, as well as the phenotypically similar Ames
dwarf mutants, also show a delay in the occurrence of spon-
taneous cancer and tend to die from cancer at a diminished
rate compared to littermate controls (5,6).

Mechanisms that regulate aging may overlap with those
that regulate cellular resistance to stress. Single-gene muta-
tions that lead to an extension of life span in Caenorhabditis
elegans tend to render those worms resistant to death
induced by oxidative and nonoxidative stressors (7). To
some extent, these results have been recapitulated in
Drosophila and the mouse (8–10). For example, we have

previously found that three mutations that increase life span
and diminish serum IGF-I, the Ames and Snell dwarf muta-
tions and a growth hormone receptor knockout mutation,
render cells derived from these animals resistant to agents
that induce cellular stress. Fibroblasts derived from Snell
dwarf mice are resistant to the lethal effects of a variety of
toxic agents, including oxidizing agents like paraquat and
hydrogen peroxide, the heavy metal cadmium, DNA
damaging agents such as ultraviolet (UV) light and methyl
methanesulfonate (MMS), and incubation at 428C (11,12).
Fibroblasts from Ames dwarf mice were also shown to be
resistant to paraquat, peroxide, cadmium, and UV light
relative to control, and fibroblasts derived from GH receptor
knockout mice were resistant to paraquat, peroxide, and
UV light (12). We have shown that resistance to these
agents is regulated by both oxidative stress-dependent and
-independent pathways (12). In addition, these cells are
resistant to the nonlethal metabolic effects of low-glucose
medium and to the mitochondrial inhibitor rotenone (13).
Snell dwarf cells are also relatively resistant to growth
inhibition produced by long-term culture in 20% oxygen
(14).

There is increasing interest in the role of DNA damage
and repair in the regulation of aging and the progression of
age-related disease, particularly the development of cancer
(15,16). The response to DNA damage may also be
important in the regulation of cellular stress resistance of
Snell dwarf mice. In particular, they are resistant to cell
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death induced by UV-C light and by MMS, agents that are
lethal primarily because of the lesions they induce in the
cell’s genome. The relationship between the formation and
repair of genomic lesions and the pathways that lead to cell
death are well understood. The genomic adducts formed by
the energy of UV light inhibit progression of the poly-
merases responsible for DNA replication and transcription;
these lesions lead to cell cycle arrest and apoptosis if left
unrepaired (17–22). UV lesions are primarily removed by
nucleotide excision repair (NER), which includes both
global genome repair (GGR) of lesions in the whole
genome, as well as transcription-coupled repair (TCR) of
lesions located in transcribed, protein-encoding genes. Cells
with deficient TCR are particularly sensitive to the effects of
UV radiation and undergo apoptosis at relative low doses of
UV light (23). In addition to UV-induced damage, genome
damage is associated with cell death in cells exposed to
agents that mediate DNA damage through oxidative stress
or alkylation as well (24–26).

Resistance of Snell dwarf fibroblasts to UV light–induced
cell death might be caused by improved repair of DNA
damage formed by irradiation. To test this idea, we used
assays that measure recovery of transcription rates, and
assays that measure formation and removal of DNA lesions
themselves. We report here properties of Snell dwarf-
derived fibroblasts that suggest an enhanced ability to repair
UV-induced DNA lesions both in active genes and in the
genome overall and that this enhanced repair correlates with
a higher expression level of CSA and XPC involved in TCR
and GGR, respectively.

METHODS

Animal Subjects
Snell dwarf animals were dw/dw mice bred as the progeny

of (DW/J 3 C3H/HeJ)-dw/þ females and (DW/J 3 C3H/
HeJ)F1-dw/dw males. These sires had been previously
treated with GH and thyroxine to increase body size and
fertility. Littermates with the (þ/dw) genotype were used as
controls. Skin biopsies were taken from male mice 3–4
months of age.

Cell Culture
Fibroblast cultures were isolated as previously reported

(11–13) in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 20% heat-inactivated fetal bovine serum,
antibiotics (penicillin at 100 U/mL and streptomycin at 100
lg/mL) and fungizone at 0.25 lg/mL (CM; complete
medium). Initial cultures of cells derived from dwarf and
littermate control (‘‘Passage 0’’) were grown to confluence
(;95% confluence) with replacement of 2/3 of the CM on
day 3 following seeding. On day 7 following seeding, cells
were subcultured by trypsinization as previously reported
(12,13) and seeded at a density of 1 3 104 cells/cm2 flask
surface area at each passage into tissue culture flasks of
75 cm2 surface area to produce Passage 1 cultures. Further
subculturing followed this protocol. For all assays, fibro-
blasts were used when they had reached the end of the
second passage.

Assessment of Nascent Total RNA Synthesis Following
UV Irradiation

Confluent, second passage cells were trypsinized and
seeded into 96-well flat bottom tissue culture-treated micro-
titer plates in CM as described for UV resistance assays
(11,12). After approximately 24 hours of incubation, cells
were washed with 1X phosphate-buffered saline (PBS) and
incubated in DMEM supplemented with 2% bovine serum
albumin, antibiotics, and fungizone (SD medium; ‘‘serum-
deprived’’) for approximately 24 hours. Following this period
in SD medium, cells were washed, then irradiated with
graded doses of UV-C light (254 nm) in 100 lL of warm
Dulbecco’s PBS (Gibco-Invitrogen, Carlsbad, CA). PBS was
then aspirated, and 100 lL of fresh, warm SD medium was
added to wells. To measure total RNA synthesis, 0.5 lCi of
3H-uridine (MP Biomedicals, Solon, OH) was added to each
well in 10 lL of SD medium at each time point presented.
Following a 0.5-hour incubation with 3H-uridine, cells were
harvested onto glass-fiber filters using a 96-well FilterMate
Harvester (Perkin-Elmer, Waltham, MA). Counts per minute
(cpm) of incorporated 3H-uridine was measured by liquid
scintillation with MicroScint-O scintillation fluid (Perkin-
Elmer) using a TopCount NXT scintillation counter (Perkin-
Elmer). Additionally, identically treated cultures for all
stresses were assayed for cell viability using WST-1 at the
same time points following irradiation. All incubations were
at 378C in a humidified incubator with 5% CO2 in air.

Assessment of Nascent Messenger RNA Synthesis
Following UV Irradiation

Confluent, second passage cells were trypsinized, and 3 3
105 cells in 1 mL of CM were seeded into tissue culture-
treated six-well plates (Corning Costar, Lowell, MA). After
approximately 24 hours of incubation, cells were washed with
1X PBS and incubated in 1 mL of warm, fresh SD for
approximately 24 hours. Following this period in SD medium,
cells were washed and then irradiated with 10 J/m2 UV light
(254 nm) in 1 mL of warm Dulbecco’s PBS. PBS was then
aspirated, and 1 mL of fresh, warm SD medium was added to
wells. To measure total RNA synthesis, 5 lCi of 3H-uridine
(MP Biomedicals) was added to each well in 100 lL of SD
medium at each time point presented. Following a 0.5-hour
incubation with 3H-uridine, total RNA was isolated from each
well (RNeasy Mini Kit; Qiagen, Valencia, CA). Total DNA
was isolated from parallel cultures using the DNeasy kit
(Qiagen); total DNA was quantified using an ND100 small
volume spectrophotometer (Nanodrop, Wilmington, DE) and
was used to normalize RNA samples to adjust for differences
in cell survival. RNA from transcribed genes (messenger
RNA, mRNA) was isolated by poly-A binding (Oligotex
mRNA kit; Qiagen), then was bound to a glass-fiber filter, and
the cpm of incorporated 3H-uridine was measured as for total
RNA above. All incubations were at 378C in a humidified
incubator with 5% CO2 in air.

Measurement of UV Lesions in Genome by
Enzyme-Linked Immunosorbent Assay

Confluent, second passage cells were trypsinized and
seeded into dishes as for assessment of nascent mRNA
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synthesis above. Following 24-hour incubation in SD, cells
were irradiated as above and returned to SD medium. At the
time points listed, and in cells that were not irradiated,
genomic DNA was isolated using a DNeasy tissue kit
(Qiagen) and stored in the supplied AE buffer. Genomic
DNA was quantified using an ND100 spectrophotometer
(Nanodrop) and diluted to a stock dilution of 40 lg/mL with
1X TE buffer (10 mM Tris–Cl pH 7.5, 1 mM EDTA).
Enzyme-linked immunosorbent assay (ELISA) plates were
prepared as per instructions from the vendor (MBL, Naka-
ku Nagoya, Japan) and as based on previous publications
(27,28). In brief, 96-well polyvinyl chloride sample plates
(Thermo Labsystems, Franklin, MA) were prepared by
coating each well with 50 lL of 0.003% protamine sulfate
(Sigma, St. Louis, MO) in distilled water; the plates were
then dried at 378C overnight. For measuring cyclobutane
pyrimidine dimers (CPD) lesions, genomic DNA was
diluted to 0.4 lg/mL in 1X PBS, and then denatured at
1008C for 10 minutes and chilled on ice for 15 minutes.
Fifty microliters of the denatured, diluted genomic DNA
was added to each of triplicate wells for DNA isolated
from each cell line at each experimental time. For
measuring 6-4 photoproducts (6-4PP) lesions, genomic
DNA was diluted to 4 lg/mL and prepared similarly. Plates
were then dried overnight at 378C. For blocking, each well
was washed five times with PBS-T (0.05% Tween-20 in
1X PBS) and then incubated with 2% fetal calf serum
(FCS) in 1X PBS for 1 hour at 378C. Wells were then
washed five times with PBS-T and then incubated with
100 lL of primary antibodies for CPD or 6-4PP (29) at
a dilution of 1:2000 in PBS for 1 hour at 378C. Wells were
then washed five times with PBS-T and incubated for
1 hour at 378C with 150 uL of Biotin-F(ab9)2 fragment
of antimouse immunoglobulin G (IgG; Zymed, San
Francisco, CA) diluted 1:2000 in 1X PBS. Wells were
washed five times with PBS-T and then incubated for
1 hour at 378C with 100 lL of peroxidase–streptavidin
(Zymed) diluted 1:10,000 in PBS. Following this in-
cubation, cells were washed five times with PBS-T and
then washed once with citrate–phosphate buffer (pH 5.0).
To provide quantitation, 100 lL of substrate solution
(o-phenylenediamine [Zymed], H2O2, citrate–phosphate
buffer, pH 5.0) was added to each well and incubated 30
minutes at 378C. To stop the reaction, 50 lL of 2M H2SO4

was added, and plates were read by determining the
absorbance at 492 nM on a SpectraMax Plus spectropho-
tometer (Molecular Devices, Sunnyvale, CA).

Quantitative Polymerase Chain Reaction
Confluent, second passage cells were trypsinized and

seeded into dishes as for assessment of nascent mRNA
synthesis above. Following 24 hours incubation in SD, cells
were irradiated as above and returned to SD medium. At the
time points listed, and in cells that were not irradiated,
genomic DNA was isolated using a DNeasy tissue kit
(Qiagen) and stored in the supplied AE buffer. Genomic
DNA was quantified using PicoGreen double-stranded DNA
dye (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions and diluted to a final concentration of
3 ng/lL in 1X TE buffer. Quantitative polymerase chain

reactions (PCRs) were run as previously described with
primers for the 6.5-kb fragment from the 59 flanking region
up to exon I of mouse DNA polymerase beta (Polb) or for
the 8.7 kb fragment from the 59 flanking region of mouse
beta-globin (bglo) (30–32). PCRs were run using the
GenAmpXL PCR kit (Applied Biosystems, Foster City,
CA) for 30 cycles in an MJ Research PTC-100 Thermo-
cycler (MJ Research, Waltham, MA). PCR samples were
quantified using PicoGreen dye according to the manufac-
turer’s instructions.

Western Blot Analysis of NER Proteins
Confluent, second passage cells were trypsinized and

seeded into dishes as for assessment of nascent mRNA
synthesis above. Total cellular protein was isolated from
cells incubated in CM for 24 hours following trypsinization
and from cells that had undergone an additional 24-hour
incubation in SD medium. Cells were lysed in a modified
RIPA buffer and stored at �208C until analysis. Total
protein content was measured by the Pierce bicinchoninic
acid (BCA) assay (BioRad, Hercules, CA). For blots, 20 lg
of total cellular protein extract was prepared in 6X sodium
dodecyl sulfate (SDS) sample buffer, subjected to SDS-
polyacrylamide gel electrophoresis, and transferred to
polyvinylidene difluoride (PVDF) membrane (Millipore,
Billerica, MA). The membrane was blocked in 3% BSA,
0.1% Tween 20 in 1X PBS. CSA, XPC, XPF, and XPG
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA)
were used at a dilution of 1:1000 in 3% BSA, 0.1% Tween
20 in 1X PBS. Actin primary antibody (Sigma) was used at
a dilution of 1:5000 in 3% BSA, 0.1% Tween 20 in 1X PBS.
Alkaline phosphatase–conjugated secondary antibodies
(Santa Cruz Biotechnology) were then used at a dilution
of 1:10,000 in 1% BSA, 0.1% Tween 20 in 1X PBS, and
bands were detected using enhanced chemifluorescence
(ECF) reagent (GE Healthcare, Piscataway, NJ) and fluo-
rescence scanning (Storm System; Molecular Dynamics,
Piscataway, NJ). Band intensities were measured using the
ImageQuant software package (Molecular Dynamics).

Data Analysis and Statistics
For transcription assays, differences between dwarf- and

control-derived cell lines in their uridine incorporation were
analyzed separately at each time point by paired t test. For
recovery of transcription, differences between dwarf- and
control-derived cell lines in the time to recovery were
analyzed by Wilcoxon’s nonparametric t test. For ELISA
assays, differences between dwarf and control DNA in the
intensity of substrate signal were analyzed at each time point
by paired t test. For quantitative PCR (QPCR), differences
in the quantity of DNA in each amplification reaction
between samples using dwarf and control DNA were
analyzed at each time point by paired t test. For Western
blots, the intensity of each band was normalized to the
corresponding b-actin, and differences in these values
between dwarf and control were measured under each
condition by paired t test. For all, differences were reported
as statistically significant if p , .05.
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RESULTS

Fibroblasts from Snell dwarf mice are particularly
resistant to the lethal effects of UV light and of MMS
(16,17), agents that cause cell death primarily through the
induction of DNA lesions. Because cell death induced by
these agents is also associated with the inhibition of RNA
synthesis, we measured transcription rates and their relative
recovery in dwarf- and control-derived fibroblasts. Total
RNA synthesis rates were equivalent in dwarf- and control-
derived cells that had not been irradiated (Figure 1A).

However, in cells that had been irradiated and then
immediately incubated for 0.5 hours with 3H-uridine,
dwarf-derived cells exhibited significantly less reduction
of 3H-uridine incorporation for each of three doses of UV
light tested, suggesting that RNA synthesis was less
inhibited in fibroblasts from dwarf animals in the immediate
aftermath of irradiation compared to control cells (Figure
1A). It is unlikely that these results are due to differences
in cell death because cell viability was similar for both
genotypes at these time points as measured by WST-1 assay

Figure 1. Fibroblasts from Snell dwarf mice show less inhibition of total RNA synthesis following ultraviolet (UV) irradiation than do fibroblasts from control mice.

A, Cell lines isolated from nine individual Snell dwarf mice (filled bars) and nine individual controls (open bars) were assayed for 3H-uridine incorporation into total

RNA as a function of dose of UV irradiation. Cells were irradiated then incubated with 3H-uridine for 0.5 hours prior to total RNA collection. Error bars represent

standard error of the mean (SEM). *p , .05 for paired t test between genotypes for each individual dose of UV light. CPM, counts per minute. B, Each circle represents

the average 3H-uridine incorporation of UV-irradiated (22.5 J/m2) cell lines from nine Snell dwarf mice (filled circles) and from nine controls (open circles) relative to

their respective nonirradiated controls. Cells were irradiated and then incubated in serum-deprived (SD) medium for times indicated on x-axis prior to total

RNA collection. Error bars represent SEM. *p , .05 for paired t test between genotypes for each individual dose of UV light. C, As in (B) for 45 J/m2 dose of

UV light.

222 SALMON ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/63/3/219/678437 by guest on 24 April 2024



(data not shown). Such a finding might reflect either
differences in immediate DNA repair or in the ability of
RNA polymerase to bypass lesions (33).

To test if there was a difference in the recovery of RNA
synthesis over time, 3H-uridine incorporation was measured
at varying time points after UV irradiation. Figure 1B shows
results for cells exposed to 22 J/m2, and Figure 1C shows
results for cells exposed to 45 J/m2. These assays use the
rate at which RNA synthesis recovers from inhibition as an
estimation of the rate of DNA repair (19). At either of the
two UV doses used, cell lines from dwarf mice showed
a higher rate of RNA synthesis at most times following
irradiation compared to control cells (Figure 1B and C;
Table 1). Furthermore, we recorded, for each cell line, the
time point at which recovery of RNA synthesis began after
UV exposure and found that the time needed for recovery of
RNA synthesis was significantly lower in dwarf-derived cell
lines for each of two doses of UV light (Table 2). It should
be noted that following a 22.5 J/m2 dose of UV light, both
dwarf and control cells recover RNA synthesis to levels
similar to those of nonirradiated cells, whereas recovery
following 45 J/m2 UV light is not complete for either dwarf
or control cells (Figure 1B and C). Higher doses of UV light
led to irreversible inhibition of RNA synthesis (data not
shown) and subsequent cell death. These results show that
cells from dwarf mice recover RNA synthesis faster than
control cells following UV irradiation, and suggest that
repair of UV lesions may occur more rapidly in cells from
dwarf animals than in control cells, at least in regions of the
genome from which RNA is transcribed.

In a second series of studies, we used ELISA methods to
measure two of the lesions formed in DNA by UV-C light,
CPD and 6-4PP (34). We found no difference in the
background levels of CPD and 6-4PP within the genomic
DNA isolated from dwarf- and control-derived cells (Figure
2A and B). As expected, UV light (22.5 J/m2) induced the
formation of both CPD and 6-4PP in genomic DNA isolated
immediately after irradiation, and there was no difference
between dwarf and control cells in CPD or 6-4PP (Figure
2A and B). These data suggest that genomic DNA of both
cell lines is equally susceptible to the energy of UV light
and that the difference in transcription and cell survival
cannot be explained by differences in physical protection
from UV light. We next evaluated the time course of
removal of these lesions from genomic DNA and found that
there was no difference in the rate of lesion removal
between dwarf and control cell lines at early time points.
However, dwarf-derived cells did show a significantly lower
level of CPD lesions in DNA isolated from cells 24 hours
after UV irradiation, and there was a trend of this also at
8 hours (Figure 2C). Similar to CPD lesions, the dwarf cells
showed a significantly better removal of 6-4PP by 24 hours
after UV irradiation compared to control cells (Figure 2D).

The cytotoxicity of UV light is closely correlated with the
preferential removal of UV-induced lesions from actively
transcribed, protein-encoding genes; thus the synthesis of
mRNA can be used as an indirect measure of TCR of these
regions (19). Incorporation of 3H-uridine into mRNA was
measured after UV irradiation to provide an estimate of
TCR. In contrast to the results for total RNA synthesis, we

Table 1. 3H-Uridine Incorporation Following UV Irradiation Is Greater in Dwarf-Derived Fibroblasts

Average Percent Control CPM of 3H-Uridine Uptake, Normalized by Experiment Day (SEM)

22.5 J/m2 UV light 45 J/m2 UV light

Time Following UV, h Control Dwarf Paired t test p Control Dwarf Paired t test p

No UV 100 (9) 112 (14) .24 100 (9) 112 (14) .24

0 100 (11) 171 (23) .005* 100 (12) 174 (15) .001*

0.5 100 (9) 140 (14) .02* 100 (9) 135 (12) .03*

1 100 (10) 120 (8) .05* 100 (10) 142 (20) .04*

2 100 (8) 157 (24) .02* 100 (11) 152 (16) .01*

4 100 (10) 226 (14) ,.001* 100 (14) 142 (18) .04*

8 100 (8) 151 (14) .01* 100 (10) 217 (29) .002*

16 100 (6) 112 (8) .16 100 (8) 133 (23) .08

32 100 (5) 131 (17) .08 100 (8) 90 (20) .34

Notes: For each time point, cells lines from nine individual animals of each genotype were assayed for 3H-uridine incorporation following ultraviolet (UV)

irradiation. An average value for control cells at each time point was calculated, and both dwarf and control values were normalized to this.

*p , .05.

CPM ¼ counts per minute; SEM ¼ standard error of the mean.

Table 2. Inhibition of Transcription Is Repaired More Rapidly in Snell Dwarf-Derived Fibroblasts

UV Dose Genotype Sample Size Average Time to Recovery, h SEM Wilcoxon p

22.5 J/m2 Snell dwarf 9 5.3 0.8

Control 9 8.9 1.2 .017

45 J/m2 Snell dwarf 9 10.7 1.4

Control 9 19.6 2.4 .011

Notes: Average time to recovery represents the average time at which the difference in RNA synthesis between ultraviolet (UV)-irradiated and nonirradiated cells

begins to diminish, as an index of the speed of removal of transcription-blocking UV lesions. Wilcoxon p represents the p value calculated for a Wilcoxon

nonparametric test.

SEM¼ standard error of the mean.
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found no significant difference between dwarf- and control-
derived cell lines in the inhibition of mRNA synthesis mea-
sured immediately after irradiation with a dose of 10 J/m2

and a 0.5-hour incubation with 3H-uridine (Figure 3A). Nor
was there any significant difference between dwarf and
control in their relative mRNA synthesis when measured 2
or 4 hours following UV treatment (Figure 3B). However,
the level of 3H-uridine incorporation into mRNA in dwarf-
derived cells rose rapidly between 4 and 8 hours and

reached nearly double that found in control-derived cells at
8 hours after UV irradiation (Figure 3B). The synthesis of
mRNA was also higher in dwarf-derived cells at 24 hours
after irradiation, although these results did not reach
statistical significance (p , .06). Together, these results
show that recovery of UV-induced inhibition of mRNA
synthesis occurs relatively earlier in dwarf-derived cell lines,
suggesting that cells from dwarf mice have a more efficient
TCR compared to control cells.

Figure 2. Fibroblasts from Snell dwarf mice remove significantly more cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) from the whole

genome over time compared to control cells. A, Average value quantified by spectrophotometer of the presence of CPD lesions in genomic DNA from cell lines

isolated from 11 individual Snell dwarf mice (filled bars) and 11 individual controls (open bars). Genomic DNA was isolated from nonirradiated cells or immediately

following irradiation as indicated by x-axis. Error bars represent standard error of the mean (SEM). UV, ultraviolet; OD, optical density. B, Presence of 6-4PP presented

as in (A). C, Average CPD enzyme-linked immunosorbent assay result for genomic DNA isolated from cells at the indicated times following irradiation, relative to the

results presented in (A). Filled circles: results from cell lines derived from 11 different Snell dwarf mice; open circles: results from 11 controls. Error bars represent

SEM. *p , .05 for paired t test between genotypes at that time point. D, Presence of 6-4PP presented as in (C).
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To directly test whether UV lesions in actively transcribed
genes are removed faster in dwarf cells than in control cells,
we used QPCR to assess the levels of lesions at different times
after UV irradiation in two specific genes, Polb and bglo. The
assay measures the extent to which DNA lesions prevent the
progress of DNA polymerase in a PCR amplification of the
specific DNA sequences of interest; amplification of DNA
containing unrepaired lesions is expected to be less than that
of nonirradiated or repaired DNA (30–32). In unirradiated
cells, we found no difference between dwarf and control in
the amount of amplification of a region of Polb (Figure 4A),
which is actively transcribed in fibroblasts, or in the amount
of amplification of a region of bglo (Figure 4B), a gene that is
not transcribed in fibroblasts (a negative control). Compared
to nonirradiated cells, Polb and bglo amplification were
inhibited approximately 50% in both dwarf and control cells
when using genomic DNA isolated immediately after 10 J/m2

UV light (Figure 4, A and B). Amplification of Polb in-
creased with time after irradiation, indicating that UV lesions
were being removed from these sequences (Figure 4C).
Amplification of Polb tended to be higher in dwarf-derived
cells over time, although the results did not reach statistical
significance. For bglo, we found no evidence for any change
in relative amplification over time and no difference between
dwarf and control, suggesting that lesions were not being
removed from this nontranscribed gene fragment (Figure
4D). Because there was no measurable repair in the bglo
gene, it might also be possible that the region of the gene
amplified by this assay is completely refractory to repair for
reasons unrelated to the Snell dwarf phenotype.

Seeking molecular explanations for the differences
between dwarf and control cells in the repair of UV-induced

damage, we used immunoblotting to measure the protein
levels of some of the enzymes important in NER. XPC is the
DNA binding subunit of the XPC-hHR23B complex (35)
and has affinity for multiple sites of genomic damage, in
particular bulky adducts like 6-4PP that introduce helical
distortions in the nucleic acids (36–39). Recognition of
lesions repaired by TCR occurs by recruitment of the CSA
and CSB proteins to the site of the stalled RNA polymerase
II (RNAPII) complex (19,40,41). XPF and XPG are
endonucleases that incise on the 39 and 59 side of the
damaged DNA region, respectively (42,43). Lysates were
prepared in two conditions: (i) from cells grown to con-
fluence in complete medium and (ii) from confluent cells
that had been further incubated for 24 hours in medium
without serum. This serum-free condition was evaluated
because the difference in stress resistance between dwarf
and normal cells is most pronounced under these circum-
stances (11), and because lysates from serum-deprived cells
had been used for the DNA repair assays presented above.
We saw no difference in the expression of any of four NER
proteins using lysates from cells grown to confluence in
medium containing serum (Figure 5). In cells that had been
incubated in serum-deprived medium, however, we found
significantly more XPC and CSA expression in dwarf-
derived cell lines compared to control cells. There was no
difference between serum-deprived dwarf and control cells
in their expression of XPG or XPF.

DISCUSSION

The energy of UV light is absorbed by DNA and causes
the formation of bulky genomic lesions in DNA. These
lesions play a significant role in cytotoxicity, mutagenesis,

Figure 3. Faster recovery of messenger RNA (mRNA) synthesis following ultraviolet (UV) irradiation in fibroblasts from Snell dwarf compared to control cells. A,
Cell lines isolated from six individual Snell dwarf mice (filled bars) and six individual controls (open bars) were assayed for 3H-uridine incorporation into mRNA

following UV irradiation. Cells were irradiated (or not) then incubated with 3H-uridine for 0.5 hours prior to mRNA collection. Error bars represent standard error of

the mean (SEM). CPM, counts per minute. B, Each circle represents the average 3H-uridine incorporation of UV-irradiated cell lines from six Snell dwarf mice (filled
circles) and from six controls (open circles) relative to their respective nonirradiated controls. Cells were irradiated and then incubated in serum-deprived (SD) medium

for time indicated on x-axis prior to total RNA collection. Error bars represent SEM. *p , .05 for paired t test between genotypes for each individual UV dose.
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and the development of neoplasia in mammals (44,45).
Therefore, the rapid and efficient repair of these lesions is of
critical importance to cell survival and tumor suppression
(15). Further, differences in the resistance to UV-induced
cell death might result from differential response and repair
of UV-induced DNA lesions (23,46). We have previously
found that skin-derived fibroblasts from the long-lived Snell
dwarf mice, and related long-lived mouse models, are
resistant to the cytotoxic effects of UV light (11,12). Here
we report that the enhanced survival of dwarf-derived
fibroblasts is accompanied by an enhanced ability to repair

UV lesions both within active genes and within the genome
as a whole and an enhanced recovery of mRNA synthesis
following UV irradiation. Further, we find that differences
in DNA repair are associated with expression levels of NER
proteins thought to play roles in the cellular recognition of
blocked RNAPII complexes as well as global genomic DNA
lesions.

Cell death caused by UV light is, at least in part, due to
the cytotoxicity of bulky UV-induced lesions formed within
actively transcribing genes; these adducts block the pro-
gression of RNA polymerase and inhibit transcription

Figure 4. There is no significant difference in the formation or removal of ultraviolet (UV) lesions from two specific genes as measured by amplification of

quantitative polymerase chain reaction (QPCR) products using genomic DNA isolated from irradiated cells. A, Average concentration of DNA measured following

QPCR of Polb using genomic DNA from nonirradiated cells and genomic DNA isolated immediately following UV irradiation (x-axis). Bars represent the average

results from the genomic DNA of cell lines isolated from six individual Snell dwarf mice (filled bars) and six individual control mice (open bars). Error bars represent

standard error of the mean (SEM). B, As in (A) for QPCR of bglo. C, Each circle represents the average concentration of QPCR products for Polb using genomic DNA

from cells irradiated and then incubated in serum-deprived (SD) medium for time indicated on x-axis prior to isolation of DNA. Filled circles: results of genomic DNA

from cell lines isolated from six Snell dwarf mice; open circles: results from six control mice. Error bars represent SEM. D, As in (C), for QPCR of bglo.
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(18,23). Cells from donors with TCR defects, such as those
from patients with Cockayne’s syndrome (CS) or xeroderma
pigmentosa complementation group A (XP-A), have poor
recovery of mRNA synthesis following UV and undergo
apoptosis at relatively low doses of UV irradiation (23,47).
In addition, cells deficient in pRb, a protein thought to play
a role in GGR, also show UV sensitivity and poor recovery
of mRNA synthesis following UV irradiation (46,48). These
data suggest that UV lesion repair regulates the cell’s
sensitivity to irradiation and hint at a potential mechanism
for the resistance of Snell dwarf cells to DNA-damaging
agents. The relatively rapid recovery of mRNA synthesis
after UV irradiation (Figure 3B), an index of TCR, provides

a plausible explanation for the resistance of Snell dwarf cells
to death induced by UV. Our QPCR data on repair of UV-
induced lesions in Polb, an actively transcribed gene, are
consistent with this idea, although the differences between
normal and dwarf mice were not statistically significant in
this assay. Because this assay measures removal of lesions
from both strands of the sequence to be amplified, removal
specifically from the transcribed strand will be somewhat
obscured; therefore, this assay will underestimate TCR.

We found relatively little removal of UV-induced CPD
and 6-4PP, though there were significantly fewer CPDs and
6-4PPs in DNA from dwarf cells 24 hours after irradiation.
This relatively modest level of repair is consistent with that

Figure 5. Fibroblasts from Snell dwarf mice express higher levels than do control cells of XPC and CSA following serum deprivation. For each graph, the x-axis

represents the cell growth condition from which total cell protein lysates were made. Bars represent the average expression of the indicated protein as measured by

immunoblot of 20 lg of protein from total cell lysates and normalized to b-actin expression. Filled bars: average expression of the indicated protein in cell lines

isolated from seven individual Snell dwarf mice; open bars: average expression in cell lines isolated from seven control mice. Error bars represent standard error of the

mean. *p , .05 for paired t test between genotypes for that particular treatment. A, Cumulative results from immunoblots for XPC. B, Cumulative results from

immunoblots for CSA. C, Cumulative results from immunoblots for XPF. D, Cumulative results from immunoblots for XPG. AU ¼ Arbitrary Units.
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reported for other groups using rodent-derived cell lines
(49–51) and likely reflects the well-documented deficiency
of GGR in rodents (52). The low level of GGR is consistent
with our QPCR data on a bglo, a gene that is not transcribed
in fibroblasts: We see no recovery in amplification of bglo
DNA in the 24 hours following irradiation, suggesting that
no UV lesions have been repaired. However, a region of
a transcribed gene, Polb, was repaired much more effec-
tively with amplification recovering slowly in the 24 hours
after irradiation. Amplification of Polb sequences returned
to 90% (613% standard error of the mean [SEM]) of
nonirradiated levels in dwarf cells, compared to 72%
(618% SEM) in control cells at 24 hours, suggesting that
more lesions had been repaired in dwarf-derived cells,
although the difference is not statistically significant.

We found no evidence for a difference between dwarf and
control cells in the formation of UV damage immediately
after irradiation within either the whole genome as measured
by ELISA or of specific regions as measured by QPCR.
There was also no difference in the synthesis of mRNA
measured at the earliest time point, 0.5 hours following
irradiation. These observations are all consistent with the
working hypothesis that DNA in dwarf and control cells is
equally vulnerable to the immediate effects of UV exposure.
In contrast, we did note that transcription of total RNA was
significantly higher in dwarf-derived cells when measured
in the 30 minutes immediately after UV exposure. This
disparity raises the possibility that polymerases for non-
mRNA transcripts may be able to bypass UV lesions to
differing degrees in dwarf and control cells. There are few
data on RNAPI or RNAPIII, but in Chinese hamster ovary
cells and in human cells, recovery of RNA synthesis has
been shown to precede the strand-specific removal of
photolesions from the genome, presumably because RNA-
PII is able to bypass the remaining lesions (33,53).
Alternatively, it seems possible that some portion of the
DNA damage is repaired so rapidly after irradiation that
differences between dwarf and control cells can be observed
even within the 30-minute incubation needed to measure the
rate of 3H-uridine incorporation.

Our data suggest that the onset of repair following
irradiation occurs more rapidly in cells from Snell dwarf
mice than in cells from control mice. The cellular rec-
ognition of lesions within the genome has been proposed as
the rate-limiting step of NER (54) in part because of the
large number of bases in the genome that must be scanned
for many types of damage and also because of the physical
limitations of the sequential recruitment of repair proteins to
the site of damage (55). Cells expressing more of the NER
proteins required for recognition of UV lesions may thus be
able to repair lesions more rapidly than those expressing
proteins at lower levels. We found that dwarf-derived cells
expressed higher levels of the proteins XPC and CSA than
did control cells, when evaluated after 24-hour incubation in
serum-free medium. It is unclear why serum deprivation
might affect the expression of these proteins differently in
Snell dwarf-derived cells. It may be that the removal of
serum from the growth medium represents a stressful con-
dition that upregulates the expression of proteins involved
in repair of damaged macromolecules.

The binding of XPC to UV lesions is thought to guide the
formation of the NER complex for the execution of GGR
(56–58). CSA and CSB bind in concert to the stalled
RNAPII and facilitate the assembly of the TCR complex,
thereby acting as the de facto recognition proteins for TCR
(59–62). It has also been proposed that CSA protects the
stalled RNAPII and CSB from proteasomal degradation
(40,63). Higher levels of CSA may thus stabilize the intact
TCR complex, leading to more efficient TCR. Interestingly,
there was no difference between dwarf and control in the
expression of the NER excision proteins XPF and XPG
(42,43), suggesting that differences in DNA repair might
be mediated by differences in the level of proteins involved
in the rate-limiting steps of repair and not necessarily
upregulation of the entire pathway. It would be of interest to
explore if overexpression of these proteins in cell lines, or in
transgenic mouse models, alters cellular stress resistance
and organismic longevity.

Dwarf-derived cells were found to repair UV lesions
more rapidly in both the whole genome and, to some extent,
in transcribed regions. Unrepaired UV lesions located within
transcribed genes can cause cell death (17–20, 23) and are
thus plausible explanations for differential resistance to UV-
induced cell death. Lesions in the 95% of the genome that is
not transcribed in a given cell type are considered primarily
mutagenic and are of little consequence to survival of the
cell in the short term (19). The difference in global repair of
CPD and 6-4PP presented in Figure 2 may contribute to the
comparatively low incidence and the delay of neoplasia in
dwarf mice (5,64). The contributions of NER deficits to
deficiency in DNA repair is well documented, but less is
known about the control of DNA fidelity over the long term
and the balance between cell death and transformation that
modulates incidence and progression of neoplastic lesions.
There are some limited data suggesting that Snell dwarf
mice are resistant to DNA damage, in vivo; treatment with
x-ray or mitomycin C results in fewer mutagenic lesions in
erythrocytes, bone marrow cells, and spermatogonia of Snell
dwarf mice (65,66). Data on the formation and repair of
CPD and 6-4PP in the DNA of skin cells of irradiated dwarf
and control mice would provide a useful in vivo correlate for
our in vitro observations. There is also some suggestion that
the development of neoplasia induced by mutagens and
implanted tumors is diminished in Snell dwarf mice (67–
70). Therefore, it would be of interest to test if Snell dwarf
mice were resistant to the development of cancer induced by
an assortment of agents that induce repairable DNA
damage, including UV light.

We have previously shown that cells from Snell dwarf
mice are resistant to cell death caused by another DNA-
damaging agent, the DNA alkylator MMS (12). Similarly,
studies of MMS resistance in cells from Ames dwarf and
GH receptor knockout mice showed greater resistance in
mutants than in controls, but the effect did not reach
statistical significance in tests with 4–6 pairs of cell lines
(Salmon A, Miller R, unpublished data, 2005). Although
NER may play some part in the repair of MMS lesions, it is
generally thought that the methylated bases caused by MMS
are repaired by the process of base excision repair (54,71).
Thus, it may be that multiple forms of DNA repair processes
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are upregulated in cells of long-lived mutant mice.
Therefore, it would be of interest to test whether cell lines
from long-lived mice show increased rates of repair of
alkylated DNA through base excision repair.

Many have speculated that the loss of genome integrity
may contribute to aging, and that differences in DNA repair
processes might modulate the rate of aging (72,73). Age-
related decline has been observed in the ability of many
species to repair UV damage as measured by unscheduled
DNA synthesis, including human and mouse (74–77). More
interestingly, a number of studies have suggested that the
repair of UV lesions is correlated with longevity across
mammals (78–80). However, our own data and that of
others suggest that there is much variation among rodent
species of different longevities in their response to UV
damage (81,82). Caloric restriction, which extends life span
in most tested species (83), has also been shown to improve
repair of DNA after UV irradiation. For example, dietary
restriction enhances UV repair of kidney cells in rats (84),
hepatocytes in rats and mice (76,84), fibroblasts derived
from the lung and the skin of rats (85,86), and splenocytes in
mouse (87). Although these studies measured GGR, it has
been shown that the removal of CPD lesions from specific
genes is enhanced in the hepatocytes of calorie-restricted
rats, suggesting enhanced TCR (88).

It is not clear how a better system of UV lesion repair may
directly contribute to the extended life span of diet-restricted
animals or of the Snell dwarf mouse reported here. The large
number of cell types showing greater repair capacity in
calorie-restricted models suggests global protection from
damage. It may be that enhanced DNA repair contributes to
the decreased accumulation of DNA damage in long-lived
animals, which could lead to diminished cell senescence
(89), diminished cell loss by apoptosis (90), diminished p53
induction (91), or diminished development of neoplastic
cells (15). In contrast, some evidence has been presented
that suggests that high levels of global damage do not
adversely affect longevity or age-related physiological
decline. For instance, mice lacking the mismatch repair
gene Pms2 have high mutation frequencies, but no change
in life span and only a slight increase in carcinogenesis (92).
Similarly, mice lacking the antioxidant manganese super-
oxide dismutase show high levels of oxidative lesions to
both nuclear and mitochondrial DNA, have higher inciden-
ces of multiple tumor types, but have the same life span as
their controls (93). Lastly, the maximum life span of naked
mole-rats is approximately 8 times longer than that of mice,
and no incidence of spontaneous cancer has ever been
reported, yet their tissues show significantly more DNA
oxidation than those in mice (94). It may well be that the
connections between DNA repair and longevity are
somewhat indirect and limited to some shared mechanisms
of the repair of particular types or locations of DNA
damage.

This study suggests mechanisms that may help explain the
longevity and low cancer incidence in hypopituitary dwarf
mice. By expressing a higher level of CSA protein involved
in TCR, dwarf cells remove cytotoxic transcription-blocking
lesions faster than do cells from control mice, leading to
a faster recovery of mRNA synthesis after insult. Under

some circumstances, faster repair might protect cells from
apoptosis, and thus preserve function of tissues in which cell
replacement is limiting. Dwarf cells also express high levels
of XPC, which enhances the removal of mutagenic lesions
by GGR; removal of these lesions might contribute to the
low cancer incidence in dwarf mice (5,95). By enhancing
both TCR and GGR without losing the balance between
these repair pathways, dwarf mice enjoy longevity without
paying the price of increased cancer incidence. Much
remains to be learned, however, about the ways in which
the endocrine abnormalities of the Snell dwarf mouse lead to
long-lasting improvements in DNA repair pathways, about
how these pathways are coupled with improved resistance to
other forms of lethal and metabolic stress (11–13), and about
the extent to which similar stress resistance might alter the
properties of other cell types within the dwarf mouse.
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