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The molecular correlates of the limited proliferative potential of normal human 
diploid fibroblasts and extensive single-strand breaks in the genomic DNA of 
these cells were examined by transfection analyses in which DNA replication 
could be uncoupled from DNA damage and repair. Both supercoiled (fmI), and 
restriction endonuclease-cleaved, linear (fmm) molecules of a well-defined bac- 
terial plasmid DNA, pBR322, were transfected into, and subsequently recovered 
from, early and late passage fibroblasts. Southern blot analysis revealed that N 
DNA was converted by random nicks into fmII DNA slightly more rapidly in late 
passage cells compared with cells at early passage. Similarly, fmII and fmUI 
DNAs also sustained multiple random nicks and no appreciable net religation of 
free ends of fmUI DNA could be detected at either passage. In addition, the 
efficiency of in vitro ligation of fmIII DNA recovered from late passage cells was 
also reduced, compared with that from early passage cells, as determined by 
Southern blotting. These data suggest that in the absence of DNA replication, a 
putative nuclease activity may contribute to DNA damage observed in senescent 
cells, which, in turn, may be causally related to their limited replicative potential. 
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It is now firmly established that normal human diploid fibroblasts have a limited 
replicative lifespan in vitro [l-31. While the precise molecular basis of the limited 
proliferative potential (senescence) of these cells remains obscure, a number of 
attractive mechanisms have been proposed by several investigators [4-lo]. In partic- 
ular, the well-documented propensity for single-strand DNA breaks in senescent 
fibroblasts is of significant interest because of its relevance to impaired DNA repli- 
cation observed in these cells [ll-131. The single-strand DNA breaks could result 
from the activity of a putative nicking enzyme in senescent cells, or, alternatively, 
could be due to decreased amounts and/or activities of DNA repair enzymes [ 14-16]. 
Since repair enzymes are likely to be required for DNA replication, [ 171, and a great 
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majority of senescent cells fails to enter S phase of the cell cycle [18, 191, it is 
possible that the single-strand DNA breaks in senescent cells may be independent of 
DNA replication. In order to test this possibility directly, we utilized the well- 
characterized bacterial plasmid pBR322 in DNA-mediated transfection experiments 
in which DNA replication could be uncoupled from DNA damage and repair. In this 
report, we document that in the absence of DNA replication, the plasmid DNA suffers 
rapid, multiple random single-strand breaks in fibroblasts at early and late passage, 
and suggest that a putative nuclease activity may be responsible for the DNA damage 
observed in senescent cells. 

MATERIALS AND METHODS 
Cultured Fibroblasts 

Human diploid fibroblast strain WI-38 was obtained from the NIA Aging Cell 
Repository (Camden, NJ). Cells were grown and maintained in Eagle’s minimal 
essential medium supplemented with 15% fetal calf serum (MEM). Cultures were 
routinely passaged, and their cumulative number of mean population doublings 
(MPD) was determined, as described previously [20]. 

Isolation of DNA 

The bacterial plasmid pBR322 obtained from the American Type Culture Col- 
lection (Rockville, MD) was propagated in E. coli HBlOl [21] and purified by 
centrifugation on cesium chloride-ethidium bromide density gradients essentially as 
described previously [22]. Low molecular weight DNA from fibroblasts was isolated 
by the method described by Hirt [23], except that the cell lysate was treated with 100 
pglml of proteinase K, as described previously [24]. Total genomic DNA was isolated 
essentially as described by Wigler et al. [25]. 

DNA Transfection 

Early and late passage fibroblasts were transfected by the DEAE-dextran 
method, as described previously [26]. Briefly, unless otherwise stated, 70% confluent 
dishes (100 mm) were washed once with phosphate-buffered saline (PBS), pH 7.0, 
and incubated in a 1.0-ml solution containing 50 mM HEPES, pH 7.01, 500 pg 
DEAE-dextran, and 1 pg of pBR322 DNA for 30 min at room temperature. The 
transfection solution was removed, cells were washed once with PBS and lysed 
immediately, or incubated at 37°C for various times in MEM, as described above. 
Both covalently closed, supercoiled pBR322 (fmI) and restriction enzyme-cleaved 
linearized (fmUI) DNAs were transfected under identical conditions. The plasmid 
was linearized by digestion to completion with either Bam H1 or Pst I restriction 
endonucleases under the conditions recommended by the supplier (Bethesda Research 
Laboratories, Inc., Gaithersburg, MD). Mock transfections without pBR322 DNA or 
treatment of pBR322 DNA with Hirt extraction protocol were also carried out as 
controls. 

Southern Blotting and Hybridization 
Low molecular weight DNA samples isolated from fibroblasts after transfec- 

tions were electrophoresed, with or without digestion with restriction endonucleases, 
on 1.5% agarose horizontal slab gels and transferred to nitrocellulose filters (0.45 
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pm, Schleicher and Scheull, Keene, NH), as described previously [27]. Hind III- 
cleaved PM2 DNA fragments were coelectrophoresed to serve as size markers. Baked 
filters were hybridized in 5 x SSC, 50% formarnide at 42°C for 16-24 h with the 
32P-labeled pBR322 DNA probe (specific activity ranging from 0.2 to 1 X lo9 cpm/ 
pg DNA) radiolabeled by the hexanucleotide primer labeling method described by 
Feinberg and Vogelstein [28]. Filters were washed under stringent conditions (0.1 X 
SSC at 68°C) and autoradiographed at -7O"C, usually for 2 4  h. 

Statistical Analysis 

Autoradiographs were scanned at various exposures using a densitometer, and 
standard deviations of area-integration were calculated. The statistical significance of 
the data was determined by the use of two-sided Student's t test. 

RESULTS 

We transfected normal human diploid fibroblasts at early (MPD < 25) and late 
(MPD > 50) passage with equivalent amounts of covalently closed supercoiled ( f d )  
and Bam H1- or Pst I-linearized (fmIII) pBR322 DNA and, at various time points, 
isolated the low molecular weight DNA. This was electrophoresed on agarose gels, 
Southern blotted, and probed with 32P-labeled pBR322. A representative Southern 
blot for such an experiment is depicted in Figure 1. Both frnIII (lane 1) and fmI (lane 
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Fig. 1. Southern blot analysis of the fate of the bacterial plasmid pBR322 DNA transfected into and 
recovered at various times from normal human diploid fibroblast strain WI-38 at 24 MPD (young) and 
52 MPD (old). Lanes 1, 3, 5 ,  7, 9, 11, and 13 represent Barn HI-linearized frnIII DNA, and lanes 2, 4, 
6,8, 10, 12, and 14 represent fmI DNA. Approximately equal numbers of cells (70% confluence) were 
transfected with 1 pg of pBR322 without any carrier DNA and analyzed as described under Materials 
and Methods. 
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2) pBR322 DNA when transfected into, and immediately recovered from, fibroblasts 
at early passage remained unchanged except for low-level conversion of fmI DNA to 
fmlI DNA. A similar pattern was obtained with fibroblasts at late passage. Untrans- 
fected fmI DNA, when subjected to the Hirt extraction procedure, remained unaltered 
(data not shown). After transfection, when cells were incubated at 37°C for 24 h, 
fmIII molecules remained electrophoretically unaltered in both early (lane 3) and late 
passage (lane 9) fibroblasts. FmI molecules, however, were converted to fmII mole- 
cules by 24 h in both early (lane 4) and late passage (lane 10) fibroblasts. By 48-72 
h, there was quantitative conversion of fmI molecules to fmII and fmIII in fibroblasts 
at both early (lanes 6 and 8) and late (lanes 12 and 14) passage. FmlII molecules 
remained unaltered throughout, although with time there appeared to be an increasing 
degree of degradation of these molecules, as evidenced by the “smear” running ahead 
of the main band. No discrete size fragments were detected, suggesting that the 
degradation was random. Southern blot analysis of the total genomic DNA isolated 
from both early and late passage fibroblasts transfected with pBR322 failed to detect 
any hybridization with the plasmid probe (data not shown). 

We next camed out a short time-course experiment in which low molecular 
weight DNA was isolated from early and late passage cells at 1, 2, 4, and 8 h post- 
transfection and subjected to the same analysis as described above. The results of 
these experiments are shown in Figure 2. Once again, while fmIII DNA remained 
unaltered in cells at early (lanes 1, 3, 5, and 7) and late (lanes 9, 11, 13, and 15) 
passage for up to 8 h, most of the fmI DNA was converted into fmII DNA by 8 h in 
fibroblasts at early passage (lanes 2, 4, 6, and 8). It is interesting to note that the 
conversion rate appeared to be more rapid in cells at late passage (lanes 10, 12, 14, 
and 16). By 24 h, however, fml DNA disappeared completely in both early (lane 8”) 
and late (lane 16”) passage cells, as observed before. Quantitation of the conversion 
of fmI to fmU DNA molecules in early and late passage fibroblasts was carried out 
by densitometric scanning of autoradiographs from several experiments. These data 
are presented in Table I. It is evident that the ratio of fmII/fmI increased with time in 
both early and late passage cells, but the rate of this conversion, on an average, was 
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Fig. 2. Southern blot analysis o f  short-term plasmid pBR322 DNA transfections into fibroblasts at 
early and late passage. These experiments were carried out exactly as described under the legend to 
Figure 1, except that the low molecular weight DNA was isolated from transfected cells 1 ,  2, 4, 8, and 
24 h post-transfection. Lanes 1, 3, 5, 7, 9, 11, 13, and 15 represent Pst I-linearized fmIII DNA, and 
lanes 2,4,6, 8, 10, 12, 14, and 16 represent fmI DNA. 
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TABLE I. Quantitative Analysis of Various Forms of pBR322 DNA Recovered From Early and 
Late Passage Fibroblasts 

Time 
post-transfection Young Old 

0.5 57.7 40.2 2.1 0.70 f 0.12 42.4 57.6 - 1.36 f 0.22* 
1 44.5 50.9 4.5 1.14 f 0.20 39.0 61.0 - 1.56 f 0.18* 
2 35.1 60.2 4.7 1.72 f 0.17 30.0 62.0 8.0 2.10 f 0.86**.b 
4 26.7 66.3 7.0 2.48 f 0.51b 22.1 65.7 12.2 2.99 f 0.41** 
8 14.7 73.4 11.9 4.99 f 1.14 11.6 71.0 17.4 6.12 f 0.87** 
24 - 81.6 18.4 - 79.9 20.1 

aPercent distribution of various forms of pBR322 DNA was determined from densitometric scanning of 
autoradiographs at various exposures from several experiments (n = 3). fmII/fmI = ratio f standard deviations 
are indicated. -, not detectable. 
bn = 2 .  
*P < 0.02, young vs. old. 
**P >, 0.05, young vs. old. 

approximately 20% faster in late passage cells. These results suggest the possibility 
that senescent fibroblasts possess an augmented level of a putative nuclease activity 
responsible for the observed differences. 

It remained possible, however, that the observed differences in the rate of 
conversion of fmI to fmII pBR322 DNA molecules were a direct consequence of cell 
cycling status of the two populations examined, especially in early passage cells, 
which are capable of active cellular growth. Such a possibility was investigated in 
experiments in which early passage cells were plated at various cell densities to obtain 
early-log, mid-log, late-log, and confluent stages of growth. Low molecular weight 
DNA isolated from loo%, 75% , 50% , and 25% confluent WI-38 cells (MPD = 26) 
at 0.5, 4, and 8 h post-transfection were analyzed on Southern blots essentially as 
described above. Such a blot is depicted in Figure 3. It is interesting to note that the 
cellular growth rate had no significant effect on the extent of single-strand DNA 
breaks, and the total amount of fmI DNA was gradually reduced to nearly the same 
extent in cells at various stages of the growth curve. Similar results were obtained 
with cells at late passage (data not shown). These results document that the observed 
differences were senescence-specific and were independent of the cycling status of 
the cell populations examined. 

It then became imperative to document the existence of single-strand breaks in 
the plasmid DNA transfected into, and recovered from, fibroblasts at early and late 
passage. Low molecular weight DNA was isolated from these cells 48 and 72 h post- 
transfection of fmI and fmIII DNA, and equivalent amounts of DNA samples were 
electrophoresed with and without prior digestion with single-strand specific nuclease 
S1 under conditions in which native, double-stranded DNA is relatively resistant to 
S1 digestion [29]. These samples were analyzed on a Southern blot; such a blot is 
presented in Figure 4. Once again, no fmI DNA could be detected after 48 or 72 h 
(lanes 2, 4: early passage; lanes 6, 8: late passage), and random degradation of fmII 
and fmIII DNA molecules was apparent. It is interesting to note, however, that the 
same DNA samples were extremely sensitive to degradation by S1 nuclease (lanes 1 " 
to 4": early passage; lanes 5" to 8": late passage), strongly suggesting that both fmII 
and fmIII DNAs contained extensive single-strand breaks. It is also noteworthy that 
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Fig. 3. Southern blot analysis of pBR322 DNA transfected into and recovered from fibroblast strain 
W138 (MPD = 26) at various stages of the growth curve. Cells were plated at 100% confluence (lanes 
1, 5, and 9), 75% confluence (lanes 2, 6, and lo), 50% confluence (lanes 3, 7, and ll), and 25% 
confluence (lanes 4, 8 and 12). Low molecular weight DNA was recovered from these cells at 0.5 h 
(lanes 1-4), 4 h (lanes 5-8), and 8 h post-transfection (lanes 9-12) and analyzed essentially as described 
above. Lanes marked MI and M2 represent untransfected frnl and fmIII pBR322 DNA molecules, 
respectively, coelectrophoresed to serve as controls. 

there was a marked diminution in the hybridization intensity of the “smear” following 
the S1 nuclease treatment, indicating that even the shorter, nested DNA fragments 
contained single-strand breaks. Similar results were obtained when DNA samples 
were subjected to electrophoretic fractionation on alkaline agarose gels. A represen- 
tative denaturing gel is shown in Figure 5. pBR322 DNA recovered 4 h post- 
transfection from both early and late passage fibroblasts produced significant smear- 
ing, and although the overall intensity of the smear decreased with time, these results 
document the extensive single-strand breaks suffered by transfected DNA molecules 
within these cells. 

We also found it intriguing that upon transfection into and recovery of fmIII 
molecules from fibroblasts, no net ligation of free ends could be detected, despite a 
5-bp sequence complementarity generated by Bam H1 or Pst I restriction endonu- 
cleases. In order to examine the structural integrity of the free ends of fmUI DNA, 
equivalent amounts of DNA transfected into, and recovered from, early and late 
passage fibroblasts 0.5-4 h post-transfection were incubated with T4 DNA ligase in 
vitro and analyzed on Southern blots essentially as described above. Such a blot is 
presented in Figure 6. It is evident that while the control, untransfected fmUI plasmid 
DNA ends could be religated in vitro (not shown), fmIII DNA recovered from early 
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Fig. 4. Southern blot analysis of S1-nuclease sensitivity of plasmid pBR322 DNA transfected into and 
recovered from early and late passage human diploid fibroblasts. Equivalent amounts of low molecular 
weight DNA samples recovered at 48 and 72 h were electrophoresed on agarose gels with and without 
digestion with 1 unit of S1 nuclease in 0.2 M NaC1, 33 mM sodium acetate, pH 4.5, 0.03 mM zinc 
sulfate at 37°C for 30 min as described previously 1291. 

passage fibroblasts soon after transfection could be only partially religated into fmII 
and various concatemeric forms, and the efficiency of religation diminished progres- 
sively with time. Similar results were obtained with fmIII DNA recovered from late 
passage cells, except that the religation efficiency was reduced even further. Quanti- 
tation of conversion to fmII molecules upon DNA ligation in vitro was also carried 
out by densitometric scanning of the relevant areas of autoradiographs from several 
experiments. These data are presented in Table II. While approximately 85% of the 
untransfected fmUI molecules could be completely religated in vitro, the extent of 
religation of these molecules upon transfection was significantly reduced with time, 
and the effect appeared to be more pronounced in f a  DNA molecules recovered 
from senescent fibroblasts. These results document that in addition to the internal 
single-strand breaks in transfected plasmid DNAs, the free ends are also susceptible 
to degradation by the putative nuclease function, and this activity may be augmented 
during cellular senescence in vitro. 

DISCUSSION 

Although the existence of extensive single-strand breaks in the genomic DNA 
of senescent cells has been proposed as a possible etiology for the limited replicative 
potential of normal human diploid fibroblasts [30-331, the following scenarios must 
be considered. First, single-strand breaks occur randomly throughout the cell cycle, 
and when the cell enters the S phase, these breaks are repaired by DNA ligases 
following DNA replication [34-371. This process may indeed occur in fibroblasts at 
early passage. Since senescent cells fail to enter the S phase, the single-strand breaks 
remain unrepaired [18-201. Second, DNA repair by ligases may be independent of 
DNA replication, and senescent cells may be deficient in DNA ligases. A cogent 
example of a DNA ligase deficiency in Bloom's syndrome cells has indeed been 
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Fig. 5 .  Southern blot analysis of pBR322 DNA transfected into and recovered from early and late 
passage fibroblasts and electrophoresed on alkaline-agarose gels. Low molecular weight DNA from 
early passage cells (lanes 1, 3, and 5) and from late passage cells (lanes 2, 4, and 6) was isolated at 4 h 
(lanes 1 and 2), 8 h (lanes 3 and 4), and 12 h post-transfection (lanes 5 and 6), and equivalent amounts 
were denatured and electrophoresed on alkaline agarose gels exactly as described previously [22]. Lanes 
marked M1 and M 2  represent untransfected fmI and fmIII pBR322 DNA molecules, respectively. 

described recently [15, 161. Third, a putative nuclease activity may be augmented in 
senescent cells that may or may not be correlated with DNA replication. 

In pursuit of answers to these questions, it was first necessary to uncouple DNA 
replication from DNA damage and repair. We chose the well-characterized bacterial 
plasmid pBR322 for our experiments to circumvent several potential complications. 
pBR322 does not replicate in eukaryotic cells nor does it have any sequence homology 
with the human genome, and it does not integrate into the genome. Therefore, even 
small differences in either ligation or nicking would not be obscured by the production 
of newly replicated plasmid DNA, nor would the disappearance of the plasmid be 
attributable to integration with the high molecular-weight genomic DNA. DNA- 
mediated transfections of pBR322 without the use of any carrier DNA into, and its 
almost quantitative recovery from, early and late passage human diploid fibroblasts 
would thus reflect on differences in the extent of modification of the plasmid DNA in 
these cells. 
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Fig. 6. Southern blot analysis of in vitro ligation of free ends of fmIII DNA recovered from fibroblasts 
at early and late passage 0.5 to 4 h post-transfection. Equivalent amounts of low molecular weight DNA 
isolated from transfected cells were incubated with 1 unit of T4 DNA ligase at 15°C for 16 h and 
analyzed as described under Materials and Methods. 

TABLE II. Quantitative Analysis of the Extent of In Vitro 
Religation of Linear, finIlI pBR322 DNA Recovered From Early 
and Late Passag e Fibroblasts 

Time 
post-transfection X Religation of fmm DNAa 
(hours) Young Old 

0.5 74.9 f 0.4 62.3 f 0.4* 
1 59.6 f 0.8 50.4 f 1.3* 
1.5 44.6 f 1.6 53.8 f 3.2** 
2.5 36.7 f 1.3 34.6 f 1.6*** 
4 30.2 f 1.4 24.2 f 0.4* 
8 22.4 f 1.0 21.9 f 2.1*** 

aPercent religation of fmUI DNA (5 standard deviations) was 
determined by densitometric scanning of the relevant areas of 
autoradiographs at various exposures from several experiments (n = 
4 for young, n = 3 for old). 
*P < 0.001, young vs. old. 
**P < 0.01, young vs. old. 
***P 2 0.05, young vs. old. 
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In our experiments, no religation of free ends of linearized plasmid DNA could 
be detected in both early and late passage fibroblasts even with extended incubation, 
whereas the supercoiled fmI DNA was rapidly converted into its relaxed, circular 
fmII. The rate of this conversion was independent of the cycling status of the cells 
and seemed to be more rapid in late passage fibroblasts, compared with early passage 
fibroblasts. The mechanism of conversion of fmI to fmII molecules evidently involved 
random nicks. The subsequent generation of fmIII molecules appeared to involve 
multiple, random nicks, consistent with fortuitous linearization of fmU molecules as 
a result of the juxtaposed nicking of the DNA strand opposite an existing single- 
strand break. This possibility was further substantiated by electrophoretic fractiona- 
tion of the recovered DNA on denaturing gels, as well as by the extreme sensitivity 
of the recovered plasmid DNA to digestion with S1 nuclease under conditions in 
which double-stranded DNA was resistant. 

The ends of restriction endonuclease-cleaved linearized plasmid DNAs were 
also subject to degradation. The extent of the loss of complementary end integrity, 
evaluated by both structural and functional assays, further documented that the 
potential for circularization of the plasmid DNA was progressively lost with time, 
and that late passage fibroblasts appeared to inflict more rapid damage on these 
molecules, compared with early passage fibroblasts. Whether this was because of the 
loss of sequence complementarity per se or, alternatively, because of a 5’ phosphatase 
activity, remains to be examined. 

Despite the documentation of a putative nuclease activity in human diploid 
fibroblasts as measured by deliberate introduction of foreign DNA into these cells, 
several questions still remain unanswered and must be addressed. For example, our 
data do not indicate the intracellular site of the putative nuclease action. Also, it is 
unlikely that the transfected DNA is present as a DNA-protein complex and, there- 
fore, it may be more susceptible to degradation, compared with the chromosomal 
DNA. Finally, whether specific DNA sequences capable of intracellular DNA repli- 
cation would undergo similar alterations and modifications remains to be elucidated. 

In summary, several lines of evidence document an increased propensity for 
single-strand DNA breaks in senescent fibroblasts. We postulate that in the absence 
of DNA replication, a putative nuclease function may be responsible for the DNA 
damage observed in senescent cells, which, in turn, may be causally related to their 
limited capacity for proliferation. 
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