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Abstract

In standard conditions of tissue culture, human fibroblasts undergo a limited number of population doublings before entering a state of
irreversible growth arrest termed replicative senescence or M1. The arrest is triggered by a combination of telomere dysfunction and the
stresses inflicted by culture conditions and is implemented, at least in part, by the cyclin-dependent kinase inhibitors p21°™" and p16™<*,
To investigate the role of p16™ 4% we have studied fibroblasts from members of melanoma prone kindreds with mutations in one or both
copies of the CDKN2A4 locus. The mutations affect the function of p16™ *® but not of the alternative product, p14°*F. The pl16™r4a
defective fibroblasts have an above average life span, compared to the heterozygous and normal age-matched controls, but they arrest with
characteristics typical of senescence. Using agents that are known to bypass M1, such as DNA tumor virus oncoproteins or the Bmil
transcriptional repressor, we provide evidence that pl16™ ** defective cells arrest at a stage that is operationally between M1 and M2 (crisis).

As well as indicating that pl16™ 4

contributes to but is not essential for replicative senescence of human fibroblasts, our data reveal

considerable heterogeneity in the levels and accumulation of p16™** in different strains.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Replicative senescence was first described in cultures of
primary human diploid fibroblasts, and because of its
experimental tractability this cell system remains a popular
model in which to study the underlying mechanisms [1].
After what appears to be a predetermined number of
population doublings, fibroblasts enter a state of growth
arrest, called M1 [2], characterized by a flattened morphol-
ogy, negligible BrdU labeling and increased senescence-
associated PB-galactosidase (SA-Pgal) activity [3,4]. A crit-
ical determinant of M1 is the erosion of the telomeres that
occurs with each division in cells lacking telomerase activity
[5—7]. Ectopic expression of hTERT, the catalytic compo-
nent of telomerase, can preempt the effects of telomere loss
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and under appropriate conditions enables human fibroblasts
to proliferate indefinitely [8,9].

However, the ability of hTERT to immortalize human
cells is not universal and it is now appreciated that there
are telomere-independent mechanisms that limit prolifera-
tive life span [10]. For example, some human epithelial
cell types undergo a senescence-like arrest after a relatively
small number of population doublings and before telomere
erosion has reached critical proportions [11-16]. As the
timing of this arrest can vary, depending on the culture
conditions and the cell type [14], there is a cogent
argument that the arrest occurs as a consequence of stresses
imposed by tissue culture [10,17]. Deliberate stressing of
cells, for example, with high oxygen tension, DNA dam-
aging agents or with activated oncogenes, can elicit a
similar senescence-like arrest [18—23], for which we have
suggested the term stasis [24].

In addition to the phenotypic similarities between stasis
and senescence, there are common elements in the under-
lying mechanisms. The available evidence indicates pivotal
roles for the retinoblastoma (pRb) and p53 tumor suppressor
pathways [25,26], with the arrest being primarily imple-
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mented by the cyclin-dependent kinase inhibitors p16™*
and p21<"™! [27-30]. Agents that inactivate p53 and pRb,
such as SV40 large tumor antigen (T-Ag) or the human
papillomavirus (HPV) E6 and E7 proteins, enable fibro-
blasts to bypass M1 [25]. However, the continued erosion of
telomeres during this period of extended life span eventually
leads to chromosome fusion and breakage and the cultures
reach a state called M2 or crisis where cell division is still
occurring, as judged by BrdU incorporation, but is offset by
extensive cell death [2,3]. Expression of hTERT can rescue
cells from crisis [31,32].

There is considerable interest in the role of pl in
senescence and how this relates to its properties as a tumor
suppressor. Whereas p21°™! levels peak just before MI,
consistent with the initiation of the senescence arrest,
p16™¥4% shows more dramatic accumulation in cells that
have reached M1 and changed their phenotypic character-
istics [27,28,30]. These changes have been likened to
differentiation and it now appears that the up-regulation of
p16™** may be responsible for making the arrest irrevers-
ible [30,33]. Significantly, most established human cell lines
lack functional p16INK4a, because of mutation, deletion or
epigenetic silencing of the gene, underscoring its impor-
tance in limiting cell proliferation [34]. Similar alterations
occur in primary cancers, albeit less frequently. Such
observations suggest that deliberate ablation of pl6™ <42
could facilitate the bypass of senescence and there have
been many studies that have approached this issue, for
example, by overexpression of Cdk4, the principal target
of p16™&4? [3536], or the Bmil transcriptional repressor
[37,38] and more recently with antisense constructs [39] or
short interfering RNA against p16™<* [33,40—43].

As an alternative strategy, we have been investigating
fibroblasts derived from rare individuals carrying germline
mutations in both alleles of the INK4a/ARF locus [44,45].
These have the advantage that pl6™** is constitutively
inactive rather than experimentally suppressed and that
AREF, the alternative product encoded by this locus, remains
functional. Our findings suggest that p16™%*" contributes to
but is not essential for the termination of fibroblast life span.
Importantly, the p16™**-deficient cells arrest at a stage that
is intermediate between M1 and M2. By comparing
pl6™ 42 deficient cells with other primary fibroblast
strains, including those with heterozygous mutations in
INK4a/ARF, we show that there is considerable variability
in the basal levels and kinetics of accumulation of p16™<42
in different strains.

6 INK4a

Materials and methods
Cells and culture conditions
F003 and Leiden cells were obtained from Nico Smit,

Wilma Bergman and Nelleke Gruis, Leiden University
Medical Centre, The Netherlands. The ESC cells were

isolated from an endometrial biopsy provided by Dr. Jan
Brosens, Hammersmith Hospital, London, UK. IDF cells
were provided by Jean-Laurent Casanova, Necker-Enfants
Malades Medical School, Paris, France. Q34, ADF and
FDF cells were supplied by Veronique Bataille and
Anthony Quinn, Royal London Hospital, London, UK.
MI6 cells were isolated and generously donated by Dr.
Marie-Francgoise Avril and Dr. Laurent Ferradini, Institut
Pasteur, Paris, France. The TIG3 strain of embryonic lung
fibroblasts and the Hs68 strain of neonatal foreskin
fibroblasts (ATCC: CRL 1635) have been described
previously [44].

Cell stocks were maintained at 37°C and 5% CO, in
Dulbecco modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum (FCS). The fibroblast cultures
were routinely passaged at a 1:4 split ratio as soon as they
reached confluence and were therefore assumed to have
undergone 2 PDs at each passage.

Retroviral infection and selection

Each fibroblast strain was rendered sensitive to mouse
ecotropic retroviruses by infecting with amphotropic retro-
viruses encoding the mouse basic amino acid transporter
and thereafter maintained in medium containing 150 pg/ml
G418 as previously described [29]. Ecotropic retroviral
stocks were prepared by transient transfection of BOSC-
23 cells. For retroviral infections, fibroblasts expressing the
ecotropic receptor were plated at 25-50% confluence and
incubated overnight. The culture medium was replaced with
5 ml of filtered viral supernatant together with 3 ml of fresh
medium and the equivalent of 4 pug/ml polybrene. After 24
h, the medium was replaced and selection in medium
containing either 1.25 pg/ml puromycin (Calbiochem) or
50-100 pg/ml hygromycin (Sigma) was initiated on day 2
postinfection.

The pBABE retroviral vectors encoding SV40 large T-
antigen and HPV-16 E6 have been described previously. A
similar retroviral vector encoding human Bmil was kindly
provided by Maarten van Lohuizen.

Protein analyses

Cells were lysed in 62.5 mM Tris—HC] (pH 6.8)
containing 2% w/v SDS and the protein concentration
using the BCA assay (Pierce). Mercaptoethanol and bro-
mophenol blue were added to make the final composition
equivalent to Laemmli sample buffer. Samples were frac-
tionated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and blotted onto Immobilon-P membrane (Millipore)
and processed as previously described [46]. Depending on
the experiment, sheep anti-mouse HRP (1:1000 dilution)
and donkey anti-rabbit HRP (1:2000 dilution) were used as
secondary antibodies (Amersham). Antibody binding was
visualized using Amersham ECL reagents. The monoclonal
antibody DO-1 (sc-126) against p53 and rabbit polyclonal
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Table 1

Characteristics of different human fibroblast strains

Cell Source CDKN2A status Life span

strain PDs

TIG3 fetal lung normal 72-73 >3C

FDF fetal skin normal 77-80 >3C

Hs68 neonatal skin ~ normal 65-69 >3

IDF infant skin normal 55-63 >3

ADF adult skin normal 12-14 1

904 adult skin normal 28-34 >3

ESC adult normal 40-43 >3C
endometrium

FEO2 adult skin normal 46-58 >3

Ml6 adult skin heterozygous mutation ~ 50-52 2

F003 adult skin heterozygous mutation ~ 42-45 2

Leiden  adult skin homozygous mutation 60—63 >3

Q34 adult skin biallelic mutations 8088 >3

Numbers in the right column indicate the number of independent life span
measurements conducted. C = strains that show the “classical” pattern of
p16™K4 accumulation at M1 (see Fig. 5).

antibodies against Cdk4 (sc-601) and p21<™' (sc-397)
were obtained from Santa Cruz. Rabbit polyclonal antisera
against MEK1/2 (#9122) and phospho MEK (#9121S)
were from Cell Signalling and monoclonal antibodies
against pl16™ * (DCS50 and JC8) have been described
previously [44].

Immunohistochemical staining and fluorescence

For fluorescence detection, cells were grown on glass
coverslips. Apoptosis was assessed using the ApoAlert™
system (Clontech) to detect surface binding of FITC-
conjugated Annexin V, as described by the supplier.
BrdU incorporation was measured using an immunohis-
tochemical assay system (Boehringer Mannheim 1299
964) as previously described [44]. Immunohistochemical
detection of pl16™ * and Ki67 was achieved using the
Doublestain system (DAKO) following the protocols
recommended by the manufacturer. For dual detection,
pl6™K4 was visualized with the JC8 mouse monoclonal
antibody followed by alkaline phosphatase-based second-
ary reagents, whereas Ki67 was detected with a rabbit
polyclonal antibody followed by a horseradish peroxidase
secondary system.

Results

INK4a-deficient human fibroblasts undergo M1I-like
senescence

We have previously described strains of primary dermal
fibroblasts derived from melanoma prone kindreds with
germline CDKN2A mutations. The first example, designat-
ed Leiden (Table 1), was from an individual who is
homozygous for a 19-bp deletion in exon 2 [47]. The
resultant frameshift creates two distinctive fusion proteins,

neither of which can function as a Cdk inhibitor [44]. In
contrast, one of the fusion proteins retains the amino
terminal domain of ARF that is both necessary and
sufficient for its known functions. A second fibroblast
strain (designated FO03) was obtained from a first-degree
relative of the Leiden patient and biochemical analyses
confirm the presence of both wild-type and mutant proteins
[44]. A third strain (designated Q34) was isolated from an
individual with different missense mutations in each
CDKNZ24 allele [45]. Both mutations impair the function
of pl6™&* albeit to different extents, but only one
changes the primary sequence of ARF (Table 1). Func-
tional evaluation indicated that it has no discernible effect
on the properties of ARF [45]. A fourth strain (MI6) was
isolated from a heterozygous individual with a germline
insertion in exon la. The mutation, 19insTA, causes
severe impairment of pl16™** function as judged by
Cdk4-binding and cell cycle arrest assays (data not shown)
but by definition has no effect on p14°~F,

As controls for these pl16™ %" deficient strains, all of
which were dermal fibroblasts from adult donors, we
studied representative strains of dermal fibroblasts from
adult (ADF, 904 and FEO2), infant (IDF), neonatal
(Hs68) and fetal (FDF) sources that have no known
CDKN2A4 defects (Table 1). Finally, we used the TIG3
strain as an example of the fetal lung fibroblasts on
which classical models of senescence have been based,
and a strain of adult endometrial stromal fibroblasts
(ESC) as an additional non-dermal control. As these
primary fibroblasts originated from different laboratories,
there is some uncertainty about the number of population
doublings that occurred before the first passage. However,
their subsequent passage history is well documented.
Upon transfer to our laboratory, they were propagated
according to the same standard protocol until the cultures
failed to double in 4—5 weeks. Typical growth curves for
eight dermal fibroblast strains are shown in Fig. 1.
Although some of the strains (e.g. FDF) conformed to
the classical model of logarithmic proliferation culminat-
ing in an almost synchronous arrest, others showed a
more gradual decline in proliferation rate. Importantly, all
of the strains, including the pl16™ *_deficient Leiden and
Q34 fibroblasts, entered an Ml-like state, as judged by
negligible BrdU incorporation and positive staining for
SA-pgal (data not shown).

Do pl6™*_deficient fibroblasts have an extended life
span?

Although much of the literature on senescence holds
that the replicative life span of cells in tissue culture is
inversely related to the age of the donor, a recent reeval-
uation that included repeated biopsies from the same
individuals found no significant correlation with donor
age [48]. Nevertheless, fibroblasts from embryonic sources
generally have higher initial growth rates and longer life
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Fig. 1. Limited life spans of different strains of dermal fibroblasts. Each panel shows the cumulative populations doublings (PDs) achieved by the indicated
strain of human fibroblast as a function of time. The two pl16™<**_deficient strains are identified by the grey background. Note that depending on the source of
the cells, the zero time points reflect different numbers of PDs. The results are representative of several independent growth curves as summarized in Table 1.

spans than cells from adult donors [48—51]. Thus, fibro-
blasts from fetal sources typically proliferate for between
50 and 90 PDs, with a median of around 70 PDs, whereas
fibroblasts from adult sources have recorded life spans of
between 10 and 70 PDs, with a median of around 35-40
PDs (Fig. 2). In agreement with these distributions, the
fetal cells included in our study (TIG3 and FDF) achieved
73 and 80 PDs, respectively, whereas the majority of the
adult cells reached senescence after 30—50 PDs, including
the two strains (FO03 and MI6) that are heterozygous for

16™%4% mutations. The only exceptions were the two
pl6™K4e_ deficient stains, Leiden and Q34, which reached
senescence after 60 and 88 PDs, respectively. Although it

could be argued that the Leiden cells are at the upper limit
of the norm for adult fibroblasts, the life span of the Q34
cells is well above this limit.

These results suggested but did not prove that M1 is
delayed in the p16™ *deficient cells. To investigate this
possibility, we asked whether the HPV E6 protein or
SV40 T-Ag would cause life span extension in Leiden
and Q34 cells comparable to that seen in normal fibro-
blasts. The cells were first infected with an amphotropic
retrovirus encoding the mouse basic amino acid transport-
er, which rendered them sensitive to infection by eco-
tropic retroviruses [29]. Empty vector controls were
included for each infection. As well as counting the

Total number of population doublings

Fetal

Adult

ADF 904 ESC F003 FEO2 MI6 Leiden IDF Hs68 TIG3 FDF Q34

Fig. 2. Comparison of the maximum life spans of different human fibroblast strains. The histogram shows the average number of PDs achieved by each strain
of fibroblast (see Table 1) plotted against background shading that represents the typical life span ranges for fibroblasts from adult (crosses) and fetal (diagonal
lines) sources. The dashed lines indicate the median life span for adult (lower) and fetal (upper) fibroblasts as deduced from published studies [48—51].
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maximum number of PDs achieved by each cell pool, we
also determined whether the cultures eventually acquired
an M1 or M2 phenotype by monitoring for BrdU incor-
poration and annexin staining; M2 cultures show signif-
icant levels of DNA synthesis and apoptosis. In line with
expectations, introduction of SV40 T-Ag, which targets
both pRb and p53, extended the life span of each
fibroblast strain by between 20 and 30 PDs (Fig. 3),
and the cultures invariably underwent M2 (crisis). There
were no obvious differences between the pl6™ *-defi-
cient and wild-type cells in the degree of life span
extension, which can be quite variable. Cells expressing
HPV E6, which targets p53, also had extended life spans
(typically 15 to 20 PDs) but there was a clear distinction
in the eventual arrest phenotype. Whereas normal fibro-
blasts, whether from adult or fetal sources, acquired an
MI-like phenotype, E6 enabled the two pl16™***-deficient
strains to proceed directly to M2 (Fig. 3). These results
would be consistent with the idea that the pl6™K4e.
deficient strains arrest at an intermediate stage between
M1 and M2, which we operationally refer to as MI1.5.
Although phenotypically similar to the M™ state caused
by disabling the p53/p21 axis with E6 [52], the underly-
ing mechanisms must be different.

120

100 - M2M2
M2

80 - —

M2M2
60 -
M2
40

Population doublings

20

TIG3 904 Leiden Q34
[l Vector [[] HPV16E6 [l SV40 T-Ag

Fig. 3. Life span extension of normal and p16™%*"deficient fibroblasts.
The histograms compare the maximum PDs achieved by the indicated
strains of fibroblast infected with retroviruses encoding SV40 T-antigen,
HPV E6 or empty vector control. M2 identifies cultures that underwent
crisis, as determined by BrdU incorporation and cell death [3]. Note that the
control cells have reduced life spans compared to the values indicated in
Fig. 2. In our hands, introduction of the basic amino transporter (ecotropic
receptor) into human fibroblasts equates with a loss of approximately 5 PDs
relative to uninfected parental cells. The data shown represent the average
of two independent experiments.

Bmil does not extend the life span of pl6"™"**deficient
fibroblasts

To gain further support for this idea, we also investigated
the effect of the polycomb protein Bmil, which can suppress
INK4a expression resulting in a partially extended life span
[37,38]. For example, the TIG3 and 904 strains infected with
a Bmil-encoding retrovirus proliferated for an additional
10— 12 PDs relative to the empty vector controls, culminating
in an M1-like phenotype (Fig. 4A and data not shown).
Although the p16™** levels were substantially reduced in
the Bmil-transduced pools, there was still a noticeable
accumulation of the protein at senescence (Fig. 4C). In
TIG3 cells, the life span extension afforded by Bmil was
less than that observed in cells expressing E6. However, as
recently shown [38], the effects were additive and TIG3 cells
expressing both Bmil and E6 achieved an additional 30 PDs
(Fig. 4A). In contrast, in Leiden and Q34 cells, Bmil
provided negligible life span extension and had no additional
effect in the presence of E6 (Fig. 4B and data not shown).
These findings agree with the idea that Bmil counteracts
senescence primarily through its ability to suppress p16™ <+
[37,38].

Contrasting patterns of senescence in different fibroblast
strains

As well as monitoring population doublings in our panel
of human fibroblasts, we also compared the levels and
kinetics of pl16™*4* and p21°""! accumulation. Whereas
many strains (TIG3, FDF and ESC) conformed to the
“classical” pattern observed in published studies on em-
bryo-derived fibroblasts, with a peak of p21<™*! expression
preceding the pronounced accumulation of p16™5** at M1
(see Fig. 5A), others showed a quite different pattern.
Indeed, most of the strains we analyzed showed substan-
tially increased p21<"™"" and p16™*** levels relatively early
in their passage history, and the levels remained constant or
declined during the remainder of the life span (Figs. 5B and
C). These distinctions did not simply reflect differences in
projected life span as the ESC cells chosen to exemplify the
classical pattern in Fig. 5A reached senescence after only 43
PDs compared to 63 and 88 PDs for the IDF cells and Q34
cells; nor did they relate to variations in the basal levels of
pl6™K4 expressed by different strains. For comparative
purposes, we analyzed equivalent amounts of total cellular
protein prepared from cultures at approximately 50% of
their projected life spans (Fig. 5D). Despite considerable
variability, as noted in previous studies [33], there was no
obvious trend that could account for the kinetics of p16™ <42
accumulation.

We suspected that a more likely explanation would be
heterogeneity in the cell cultures such that individual cells
could undergo senescence at different times throughout the
passage history of the culture. This could also explain the
shape of the life span curves that monitor the proliferation of
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Fig. 4. Bmil does not extend the life span of p16™%4®_deficient fibroblasts. TIG3 cells (A) and Leiden cells (B) were infected with retroviruses encoding Bmil,
HPV E6 or both, as indicated, along with empty vector controls. After drug selection, the cumulative PDs were monitored over time until the cultures failed to

double in 4 weeks. Panel C shows the levels of p16™ 4

at the indicated PDs in TIG3 cells transduced with empty vector compared to those infected with the

Bmil retrovirus. Cdk4 serves as the loading control for the immunoblot. The results are representative of at least two independent experiments.

the longest-lived cells. To investigate this possibility, we
used immunohistochemical staining to assess the level of
pl6™ 4 in individual cells at different population dou-
blings. The examples shown in Fig. 6 were selected to allow
comparison between different strains at the approximate
equivalent of 50%, 75% and 100% of their maximal life
spans. In general, strong positive staining for p16™** (red)
was restricted to cells that had the enlarged, flattened
appearance typical of senescence. These cells were negative
for the proliferation marker Ki67 (brown) and in other fields
corresponded to cells that expressed SA-BGal activity (not
shown).

In “classical” fibroblast strains, such as TIG3 and FDF,
there were very few p16™<**positive cells at early and mid
passage, but the proportion of positive cells increased at
later passages and the staining became very pronounced at
M1 (Figs. 6 and 7). There were obvious parallels between
the increasing percentages of p16™**_positive cells and the

total levels of p16™"*? protein detected by immunoblotting.

In contrast, other fibroblast strains, such as 904 and IDF,
showed a significant proportion of p16™**positive cells at
only 50% of their passage history and the intensity of
staining was generally lower than in senescent TIG3 cells
(Fig. 6). In line with the immunoblotting data, the propor-
tion of pl16™**%_positive cells increased at early passages
and then remained relatively constant throughout the re-
mainder of the life span (Fig. 7).

Discussion

The concept of replicative senescence has prompted
long and often contentious debates about the relationship
between cell and/or culture life span and the age and/or
longevity of the donor, amid continuing concerns that
tissue culture is very artificial in terms of oxygen tension,
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as indicated. Numbers above the lanes indicate the population doubling of each sample and how this relates to the projected life span. (A) ESC cells. (B) IDF
cells. (C) Q34 cells. (D) Comparison of the total levels of p16™*** and other relevant proteins in different fibroblast strains at approximately 50% of their
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substratum and the provision of growth and survival
factors. Despite these concerns, experimental dissection
of senescence has been highly informative about the
importance of telomere status and the pRb, p53 and
pl6™ % tumor suppressors in limiting the proliferative
potential of somatic cells. Most attempts to study the
phenomenon in human cells have involved deliberate
ablation of the critical components, either by introduction
of DNA tumor virus proteins, dominant negative mutants,
antisense strategies and recently the use of siRNA
[2,26,33,35,39-43,53]. Exceptionally, specific strains of

human fibroblasts have been developed in which key
genes have been targeted by homologous recombination,
and spontaneously arising cell clones have been observed
in which the p16™%** gene has been silenced [42,54—56].
The approach we have taken is to analyze fibroblasts from
individuals with inactivating mutations in both alleles of
pl6™X4 an important advantage being that these cells
have never experienced functional pl16™**" at any stage in
their life span.

A key finding is that the p16™**_deficient fibroblasts
have a finite life span that terminates at an intermediate
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TIG3

FDF

904

IDF

Fig. 6. Heterogeneity of p16™** expression throughout the life span of human fibroblasts. Immunohistochemical staining for p16™** using the JC8 antibody
and alkaline phosphatase secondary detection system (red) and for Ki67 using HRP-based detection (brown). The numbers in each panel refer to the population

doubling of the cell.

stage between M1 and M2. Predictably, agents that target
the p53/p21 axis enable these cells to proceed to M2,
whereas agents that target pRb/p16 have no effect on their
replicative life span. These observations are consistent with
an emerging model in which fibroblast life span is largely
determined by the combined effects of telomere erosion
and culture stress [10]. Although mechanistic details re-
main sparse, it seems reasonable to assume that telomere
dysfunction eventually registers as DNA damage, trigge-
ring among other things the activation of p53 and p21<'"'-
mediated growth arrest. The consequences of oxidative
stress also appear to be routed via p53/p21 [38]. However,
the impact of p21<™" on cell cycle progression is compli-
cated by its ability to associate with a variety of different
cyclin—Cdk complexes in both stimulatory and inhibitory
roles [57]. Thus, the efficiency with which p21<™"" can
enforce a senescence-like arrest will be heavily influenced
by the availability of pl6™** and potentially of other
INK4 proteins that can sequester Cdk4 and Cdk6. When

p16™54 expression is reduced [37,38,42] or its function is

compromised [33,35,42], the telomere-induced arrest is
delayed.

One of the unexpected findings from our survey was that
the simple model of temporally ordered p21°™! and
p16™K4 accumulation at senescence is not universally
applicable. Thus, in the majority (approximately 75%) of
the fibroblast strains we analyzed, the immunoblotting data
would not support the conclusion that p16™5** accumulates
at the end of the proliferative life span of the culture.
However, the correlation did appear to hold true at the level
of the individual cell. Maximum staining for pl16™ <42
occurred in cells that looked visibly senescent whereas cells
that were positive for the Ki67 proliferation marker showed
minimal staining for pl6™* In trying to interpret these
findings, we considered two contrasting models. The sim-
plistic assumption would be that the pattern of pl6™X42
accumulation observed in the mass culture parallels the
changes occurring in the individual cell. Using the “classi-
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Fig. 7. Quantitation of immunostaining as a function of population doubling. The percentage of cells staining positive for p16™ 4 at each time point was
calculated by observing three random fields. The histograms show the average and standard deviation at the indicated PD.

cal” strains of fibroblast as a paradigm, this requires small
gradual increments at early passages rising almost exponen-
tially as the cell approaches M1. At present, we cannot
provide a simple molecular explanation of how this could be
achieved, although an indirect consequence of a telomere
position effect remains a possibility [58]. The alternative
model is that p16™%4? regulation operates essentially as a
binary switch: the gene is either OFF or ON. In this
scenario, techniques that measure average pl6™** levels
throughout a mass culture, such as immunoblotting, will
monitor the proportion of the cells in which expression is
ON. In practice, the ON/OFF distinction may not be
absolute but could equate to high and low expression, as
observed for example by immunohistochemical staining.
Support for this concept comes from the correlation between
the changing percentages of p16™**-positive cells in Fig. 7
and the average levels detected by immunoblotting in Fig. 5.

If the latter model holds true, then the distinction
between classical and nonclassical patterns of pl6™<4?
accumulation can be explained on the basis of heterogeneity
within the cell pools. The more homogeneous populations
will switch on p16™ ** expression at about the same point
in their life span whereas the more heterogeneous popula-
tions will show a continually developing fraction of
pl6™ ¥ positive senescent cells, some of which may be
lost on passaging due to their reduced plating efficiency. A
confounding factor, which is difficult to control for, is the
change in cell size that takes place at senescence. This has
the potential to mask increased expression of specific gene
products when the analyses are conducted on equal amounts
of total cellular protein [27]. Our impression is that the
strains showing nonclassical p16™**" accumulation gene-
rally have larger cells.

The open question is what determines whether a partic-
ular strain of fibroblast will show classical vs. nonclassical
features. One obvious possibility we considered is the

distinction between adult and fetal sources but this is
untenable; the ESC cells derived from adult endometrium
and the FDF cells derived from fetal skin both conformed to
the classical pattern. Another possibility would be whether
the cells were isolated from skin as opposed to other organs
but again this does not hold as FDFs behaved differently
from IDFs and other dermal strains. The most plausible
correlation thus far is that the cells showing a nonclassical
pattern of pl16™"** accumulation were all derived from
external body sites, perhaps reflecting exposure to the
environment, whereas the three examples of classical strains
came from internal sites (including fetal skin), that would
not have been exposed to environmental stress before tissue
culture. Clearly, this hypothesis will require further evalu-
ation by examining additional fibroblast strains isolated
from internal body sites.

Fibroblasts at surface-exposed sites may be directly
vulnerable to DNA damage or they may be called upon
to proliferate stochastically in reaction to radiation, chem-
ical or physical insults. If so, then pools of fibroblasts
explanted from such sites might be expected to display
greater heterogeneity in telomere length than cells from
internal sites. However, it remains a matter of debate
whether the telomere signal that triggers M1 reflects the
average telomere length, the presence of a single or limited
number of short telomeres or the frequency with which
telomeres undergo capping and uncapping [10,32,59—-62].
The telomere capping model has the appeal that it can
more readily explain the stochastic nature of senescence
observed at the level of the individual cell. Thus, division
of a single cell can result in progeny with very different
proliferative potentials [63,64]. It also has echoes in the
apparently stochastic up-regulation of pl16™%** that we
report here but the mechanistic relationship between telo-
mere dysfunction and pl16™5** regulation clearly requires
further research.
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