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The accumulation of genetic abnormalities in a developing tumor is driven, at least in part, by the need to
overcome inherent restraints on the replicative life span of human cells, two of which—senescence (M1) and
crisis (M2)—have been well characterized. Here we describe additional barriers to clonal expansion (Mint)
intermediate between M1 and M2, revealed by abrogation of tumor-suppressor gene (TSG) pathways by in-
dividual human papillomavirus type 16 (HPV16) proteins. In human fibroblasts, abrogation of p53 function by
HPVE6 allowed escape from M1, followed up to 20 population doublings (PD) later by a second viable
proliferation arrest state, MintE6, closely resembling M1. This occurred despite abrogation of p21WAF1 induc-
tion but was associated with and potentially mediated by a further ;3-fold increase in p16INK4a expression
compared to its level at M1. Expression of HPVE7, which targets pRb (and p21WAF1), also permitted clonal
expansion, but this was limited predominantly by increasing cell death, resulting in a MintE7 phenotype similar
to M2 but occurring after fewer PD. This was associated with, and at least partly due to, an increase in nuclear
p53 content and activity, not seen in younger cells expressing E7. In a different cell type, thyroid epithelium,
E7 also allowed clonal expansion terminating in a similar state to MintE7 in fibroblasts. In contrast, however,
there was no evidence for a p53-regulated pathway; E6 was without effect, and the increases in p21WAF1

expression at M1 and MintE7 were p53 independent. These data provide a model for clonal evolution by successive
TSG inactivation and suggest that cell type diversity in life span regulation may determine the pattern of gene
mutation in the corresponding tumors.

Human tumors develop by a process of clonal evolution
mediated by the acquisition of successive molecular abnormal-
ities and driven, at least in part, by the need to overcome the
inherent controls which limit the proliferative life span of nor-
mal human cells (51).

Two of these proliferative life span barriers (PLBs)—senes-
cence and crisis—have been well characterized, particularly
with respect to human fibroblast models. These cells normally
undergo around 40 to 70 population doublings (PD) (depend-
ing on age of donor) after which, even in ideal culture condi-
tions, they enter a stable proliferative arrest in which they
remain viable for many months (27). Escape from this state of
replicative senescence, or mortality stage 1 (M1) (48), can be
conferred by expression of a variety of DNA tumor virus genes,
including simian virus 40 (SV40) T and human papillomavirus
type 16 (HPV16) E6 plus E7, which target a common set of cell
cycle regulatory tumor suppressor gene products, notably p53
and pRb (14, 41). The resulting clones are capable of at least
an additional 30 PD, after which further expansion is limited by
a second PLB termed crisis (or M2), which is due not so much
to decreasing proliferation as to increasing cell death. Escape
from this state is associated with stabilization of telomere
length by reactivation of telomerase or equivalent mechanisms
(4, 15).

In naturally-occurring tumors unrelated to viral pathogene-
sis, multiple independent mutational events are of course re-
quired to achieve the same effect as a single multifunctional

viral agent. On the assumption that, for at least a subset of
these mutations, the selection pressure is an extension of pro-
liferative life span, it can be predicted that instead of a single
M1, there should be multiple PLBs which need to be bypassed
by loss of successive cell cycle inhibitors before M2 can be
reached.

This prediction is supported by the frequent finding that loss
of individual tumor suppressor pathways, achieved by expres-
sion of a subset of viral functions (e.g., HPV E6 or E7 or SV40
T domain mutants), while allowing escape from M1, appears to
confer a more limited extension of life span than that obtained
with the full combination (41). This has also been demon-
strated with respect to p53 by using a dominant-negative ap-
proach (11) and by observing the results of spontaneous loss of
wild-type (wt) p53 in a strain of Li-Fraumeni syndrome (LFS)
fibroblasts (39). The latter revealed a clear intermediate state
of growth arrest between M1 and M2, from which cells could
escape if the Rb pathway is also compromised, for example, by
loss of p16INK4a expression.

Despite their obvious significance for human tumor progres-
sion, these intermediate PLBs have not been studied in the
detail devoted to the classic M1 and M2 states. Indeed, their
very existence is sometimes ignored. In particular, the life span
of human fibroblasts expressing HPVE6 has been assumed to
end in a state identical to “normal” M1 senescence (34, 42),
leading to potential misinterpretations, including the conclu-
sion that p21 is not essential for senescence.

The aims of this work therefore were (i) to characterize in
detail the phenotype of these intermediate PLBs (referred to
here as Mint by extension of the M1 and M2 terminology),
initially by using the human fibroblast paradigm; (ii) to begin to
analyze their underlying mechanisms; and (iii) to investigate
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the extent to which they show diversity between different cell
lineages.

MATERIALS AND METHODS

Cells and culture conditions. Normal human diploid fibroblasts (HDF)
(HCA2 cells, kindly provided by James Smith, Houston, Tex.) were grown in
Dulbecco’s modified Eagle medium (DMEM) (Life Technologies, Paisley,
United Kingdom) supplemented with 10% fetal calf serum (FCS) (Imperial
Labs, London, United Kingdom). Determination of in vitro life span and passage
protocols were as described in reference 10. Senescence, as defined by the
criteria described previously (23), occurred at an estimated population doubling
level (PDL) of 66 to 67.

Primary monolayer cultures of follicular epithelial cells were prepared from
surgical samples of normal human thyroid tissue by protease digestion and
mechanical disaggregation (46). Cells were grown as monolayers in a 2:1:1
mixture of DMEM, Ham’s F12, and MCDB104 (all from Life Technologies) (7),
supplemented with 10% FCS.

Retroviral gene transfer. Amphotropic retrovirus vectors expressing HPV16E6
and/or E7 genes from a pLXSN construct, packaged in PA317 cells (25), were
kindly provided by Denise Galloway, Seattle, Wash. As a neo-only control, a
pBABEneo vector, packaged in c-CRIP cells, was used (49). The initial titers as
assessed by transduction of G418 resistance to a human cell line (A431) were 1 3
106, 1.4 3 106, and 2 3 105 CFU/ml for E6, E7, and neo only, respectively, and
were equalized by dilution of supernatants prior to use.

Gene transfer was carried out as described previously for fibroblasts (11) and
thyroid cells (9). Two days later, fibroblast cultures were passaged into G418
selection (0.4 mg/ml) at a split ratio of 1:4 and observed for colony development.
For thyroid cultures, G418 selection was not applied until epithelial colonies
became well established, because earlier use gives a diminished yield and is not
necessary, given the very limited proliferative life span of uninfected thyroid
epithelial cells.

BrdU incorporation. Cells were labelled by incubation in 10 mM bromode-
oxyuridine (BrdU) for 1 h, following which BrdU incorporation was detected as
previously described by immunoperoxidase (8) or immunofluorescence (23)
methods, except that, for the latter, a rat anti-BrdU antibody (Sera Labs) was
used.

Detection of SAb-gal activity. Endogenous senescence-associated mammalian
b-galactosidase activity (SAb-gal) (19) was assessed histochemically. Cells on
coverslips were fixed in 0.5% glutaraldehyde (in phosphate-buffered saline
[PBS]) for 15 min and then permeabilized with 0.02% Nonidet P-40 (NP-40)–
0.1% sodium deoxycholate for 15 min. This procedure was followed by incuba-
tion (overnight at 37°C) in a 1-mg/ml solution of X-Gal substrate (5-bromo-
4-chloro-3-indolyl-b-D-galactopyranoside) with 5 mM potassium ferricyanide,
5 mM potassium ferrocyanide, and 2 mM magnesium chloride, together with the
above-mentioned detergents, at an acidic pH (6.0). After counterstaining with
hematoxylin, the proportion of b-galactosidase (b-Gal)-positive cells was as-
sessed in a total count of .500 cells.

TdT assay. Cytospin preparations of trypsinized cultures were fixed with 4%
paraformaldehyde (30 min). Endogenous peroxidase was blocked with 0.3%
H2O2 in methanol (30 min), and the cells were permeabilized with 0.1% Triton
X-100 in 0.1% sodium citrate (15 min). This was followed by incubation for 1 h
at 37°C with 250 U of terminal deoxynucleotidyl transferase (TdT; Promega,
Southampton, United Kingdom) per ml and 1 nmol of biotin-16-dUTP (Boehr-
inger Mannheim, Lewes, United Kingdom). Sites of biotin-16-dUTP localization
were visualized by using the mouse-specific avidin-biotin-peroxidase (ABC) sys-
tem (Novocastra, Newcastle-upon-Tyne, United Kingdom), followed by incuba-
tion in diaminobenzidine-hydrogen peroxide solution. After hematoxylin coun-
terstaining, the proportion of apoptotic (brown) cells was assessed in samples of
.1,000 cells.

Immunocytochemistry. For both p53 and p16INK4a, monolayers were fixed in
acetone-methanol, 1:1 (10 min at 220°C), and a standard indirect immunoper-
oxidase procedure was applied by using mouse monoclonal antibodies PAb421
(26) and DCS-50 (32) (Ab-1; Calbiochem), respectively, followed by peroxidase-
conjugated rabbit anti-mouse immunoglobulin (Ig) (Dako).

For p21WAF1, cultures were fixed in 4% paraformaldehyde (10 min) and then
pretreated with 100 mM glycine (10 min), 0.2% Triton X-100 (20 min), and 0.3%
H2O2 (3 min), and nonspecific binding was blocked with 2% horse serum
(30 min). Anti-p21 mouse monoclonal antibody (clone 6B6; Cambridge Bio-
science [10]) was applied, followed by the mouse-specific avidin-biotin-peroxi-
dase system (Novocastra).

For HPVE7, cultures were fixed in 4% paraformaldehyde (10 min), followed
by 50 mM glycine (10 min), 0.2% Triton X-100 (2 min), and 0.3% H2O2 (3 min),
and nonspecific binding was blocked with 2% horse serum (10 min). Anti-HPV16
E7 monoclonal antibody (product no. 100201; Ciba Corning, Alameda, Calif.)
was applied for 45 min, followed by the ABC detection system.

For all four antigens, sites of antibody binding were visualized by the deposi-
tion of brown polymer, following incubation in diaminobenzidine-hydrogen per-
oxide solution.

Immunoblotting. Cells were lysed for 5 min at 4°C by 1% NP-40 in 150 mM
NaCl–50 mM Tris (pH 8.0)–5 mM EDTA buffer, containing 1 mM phenylmeth-
ylsulfonyl fluoride, 0.01 mg of aprotinin/ml, and 0.01 mg of ml leupeptin/ml.

Protein samples (30 mg each) were separated on sodium dodecyl sulfate–12%
polyacrylamide gel electrophoresis gels and electroblotted to Transblot polyvi-
nylidene difluoride membrane (Bio-Rad). Anti-p21 and -p16 antibodies (as
above) were applied, followed in both cases by goat anti-mouse Ig-peroxidase
conjugate and visualization by the enhanced chemiluminescence detection sys-
tem (Amersham, Little Chalfont, United Kingdom). The filter was stained with
India ink, and quantitation of the specific signal and the amount of protein
loaded was performed by using a Bio-Rad imaging densitometer with Molecular
Analyst software.

Microinjection. Microinjections were performed as described previously (23).
Affinity-purified mouse monoclonal anti-p53 antibody PAb1801 (5) (Ab2; On-
cogene Science), DO-1 (44) (Ab 6; Oncogene Science), or control mouse IgG
(Sigma) was injected at 2 mg/ml. All antibodies were prepared similarly by
resuspension of lyophilized preparations in PBS (pH 7.2) and injected into the
nuclei of target cells.

Immunofluorescence analysis of microinjected cells. Monolayers were fixed
and pretreated as described above for detection of p21. Samples were then
incubated for 1 h with a 1:500 dilution (in PBS-bovine serum albumin [BSA]) of
rabbit polyclonal anti-p21 antibody (Santa Cruz Biotechnology) followed by
rhodamine-conjugated goat anti-rabbit IgG (Southern Biotechnology) at 1:100 in
PBS-BSA for 1 h. Fluorescein isothiocyanate-conjugated goat anti-mouse IgG
(Southern Biotechnology) was also added simultaneously to detect microinjected
mouse antibodies and hence to permit independent identification of micro-
injected cells. Dishes were mounted in Fluoromount G (Southern Biotechnol-
ogy) and viewed with an Olympus MT-2 fluorescence microscope. Results are
expressed as means 6 standard errors of at least three independent experiments,
each involving 100 to 200 microinjected cells.

Flow cytometry. After trypsinization and permeabilization, cells were stained
with ethidium bromide and treated with ribonuclease, and DNA content was
analyzed on a Becton Dickinson FACS Vantage flow cytometer. Forward light
scatter was used as the master trigger, and cell doublets were excluded by pulse
analysis.

RESULTS

Phenotypes of Mint in human fibroblasts expressing HPVE6
or E7. The HCA2 strain of normal diploid fibroblasts was
grown to a point very close to senescence (PDL 64/65) before
being infected with amphotropic retroviral vectors encoding a
neomycin resistance gene alone (49) or together with HPV16
E6, E7, or E6 plus E7 (25). Analysis of G418-resistant popu-
lations (designated HCA2.neo, HCA2.E6, HCA2.E7, and
HCA2.E6/E7, respectively) was begun 2 to 3 weeks after in-
fection.

As expected (10, 11), cells expressing neo alone ceased pro-
liferating over the first 2 weeks after an average 2 to 3 PD and
entered senescence as shown by their characteristic morphol-
ogy (Fig. 1A), high SAb-gal index (.90%), very low (,3%)
BrdU labelling index (LI), and very low death rate as de-
termined by TdT assay (Fig. 2). Conversely, expression of
HPVE6 plus E7 resulted in evasion of senescence and gener-
ated very rapidly growing colonies. These were initially similar
in morphology to young HCA2 cells, apart from being smaller
and less elongated, as noted previously (45), and showed a
similar high BrdU LI (49 to 53%) and low SAb-gal index (2 to
3%). Pooled HCA2.E6/E7 colonies continued to proliferate
for 90 to 100 days, after which net growth ceased in a typical
crisis (M2) state (41) (Fig. 1D), characterized by continuing
mitotic activity (with many bizarre mitoses), a moderately high
BrdU LI (10 to 12%), and a coexisting high apoptotic rate (Fig.
2). The majority (.90%) of cells were also SAb-gal positive
(Fig. 2).

Fibroblasts expressing HPVE6 arrest in a state, MintE6,
which closely resembles M1 senescence. Introduction of HPVE6
resulted initially in rapidly growing colonies with a BrdU LI of
30 to 35% and a much reduced SAb-gal index (6 to 14%).
Growth slowed, however, after approximately 6 weeks and
eventually stopped by 10 to 12 weeks after the start of G418
selection (Fig. 3), in a state (referred to here as MintE6), in
which the cultures could be maintained with occasional refeed-
ing for prolonged periods without any cell loss or gain. As in
M1, the arrested cells were large and flattened, with a charac-
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teristic granular cytoplasm (Fig. 1B) and a very high SAb-gal
index (.95%). Again resembling M1, mitoses were rare, the
BrdU LI was very low (,2%; Table 1), and apoptotic cells (as
defined by nuclear morphology and TdT positivity) were also
rare, although not totally absent (Fig. 2). Flow cytometric anal-
ysis (data not shown) showed that, as in M1, the majority of
cells growth arrested with a 2N DNA content; however, a sig-
nificant proportion (;20%) had higher levels, reflecting G2 ar-
rest and/or tetraploidy, and consistent with the appearance of
larger and/or more pleomorphic nuclei on phase-contrast ex-
amination.

Since it was impossible to know how many population dou-
blings were achieved by the pooled colonies during the initial
2 weeks before G418 selection was complete, individual clones
expressing the HPV oncogenes were also selected and ex-
panded. Of 16 clones expressing HPVE6, all ceased prolifer-
ating (doubling time . 3 weeks) after periods of up to 8 weeks,
again with very few observable mitotic or apoptotic cells. Five
clones growth arrested with no more than 103 cells, whereas
the remaining 11 progressed further up to a maximum cell
number of 106. Since there was no evidence of cell death at any
time, the life span extension conferred by E6 can be estimated
from these colony sizes as 10 to 20 PD.

Mint in fibroblasts expressing E7 more closely resembles M2
than M1. Introduction of HPVE7 also resulted in rapidly grow-
ing colonies with a BrdU LI of 20 to 30%, and an SAb-gal
index which was decreased (49 to 63%), although less so than
for E6. HCA2.E7 cultures reached the point of no net growth,
termed here MintE7, only 3 to 5 weeks after the start of G418
selection and then entered a phase in which cell death ex-
ceeded cell birth, at a time when parallel cultures expressing

E6 plus E7 were still undergoing exponential growth with little
or no cell death. In most cases, no cells remained by 8 weeks
after initial selection (Fig. 3). The difference in kinetics from
MintE6 was highlighted by the observation that when HCA2.E7
cultures initially reached the point of no further net growth,
their BrdU LI (14 to 22%) was no lower than that seen during
the period of initial clonal expansion, although the LI did
decrease subsequently. TdT assay provided evidence that cell
death at MintE7 was at least partly apoptotic (Fig. 2) and
showed that the apoptotic rate increased markedly as the cul-
ture approached Mint. Despite these resemblances to M2 cul-
tures, however, some MintE7 cells displayed the large, flattened
appearance characteristic of M1 or MintE6 fibroblasts (Fig. 1).
Flow cytometry (Fig. 4) revealed a marked shift to .2N DNA
content compared to both M1 and MintE6 cells, with ;30% in
the 4N range and ;5% in the .4N range. There was also a
large sub-2N peak indicative of apoptotic fragments, consistent
with the TdT data.

Twenty-two individual clones expressing HPVE7 were se-
lected; all showed no net growth after 4 to 6 weeks, with evi-
dence of continuing cell turnover. Twenty failed to exceed 103

cells, while two progressed to a maximum of 6 3 103 cells. In
the absence of cell loss, this would correspond to an extension
of life span of 10 to 13 PD, but given the extensive cell death
leading up to MintE7, these must be considered as a significant
underestimate of the number of PD attained by some cells.

To allow comparison with M2, five clones expressing both
HPVE6 and E7 were also selected. These did not cease pro-
liferation until 12 to 15 weeks after the start of G418 selection
when the projected cell number (if no cells had been dis-
carded) would have reached a mean of 2 3 109 with a maxi-

FIG. 1. Comparison of Mint phenotypes with M1 (senescence) and M2 (crisis) in HDF. Near-senescent cultures of HDF were infected with retroviral vectors
expressing neo only (control) (A), HPVE6 (B), HPVE7 (C), or HPVE6 plus E7 (D) and passaged until they entered a state of zero net growth, designated respectively
M1, MintE6, MintE7, and M2. Phase-contrast photomicrographs of MintE6 cultures (B) show cell flattening with very few mitoses or dying cells, a phenotype closely
resembling M1 (A). In contrast, MintE7 (C) shows continuing cell turnover resembling M2 (D). Magnification, 3100.
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mum of 5 3 1011. Again, given the presence of cell death, the
corresponding values of 31 to 39 PD must be considered un-
derestimates. In summary, therefore, MintE7 resembles M2 but
occurs sooner and at a much smaller average clone size.

Changes in cell cycle regulators associated with Mint states.
The above observations allowed us to define a window (Fig. 3)
in the growth curves of both HCA2.E6 and E7 cultures corre-
sponding to the point where net growth ceases, referred to
here as Mint, which was used for all subsequent analyses.

To begin to address the mechanisms of growth arrest, we
analyzed the behavior of three cell cycle regulatory proteins—
p21WAF1, p16INK4a, and p53—already known to be involved in
control of replicative life span. M1 senescence is associated
with increased expression of the CDK inhibitors p21 and p16
(2, 36, 43, 47), and at least for the former there is direct
evidence that it plays a necessary role (13). We and others have
shown that the increase in p21 in senescent fibroblasts is driven

by activation of p53 (23), probably in response to telomere
erosion.

MintE6 is associated with loss of p21 expression but elevated
p16 levels. Intracellular p21 protein content was initially as-
sessed immunocytochemically to permit analysis as soon as
possible after introduction of the HPV oncogenes into near-
senescent fibroblasts.

Control (HCA2.neo) cells showed high levels of p21 protein
in more than 95% of the nuclei (Fig. 2). Introduction of
HPVE6 caused a dramatic decrease in both the proportion and
intensity of nuclei positive for p21 protein, with ,5% of nuclei
showing detectable immunostaining at 2 to 3 weeks (data not
shown). This was followed by a slow increase in the number,
but not the intensity, of immunopositive nuclei, reaching typ-
ically 20 to 25% by MintE6, although values as low as 10% were
observed (Fig. 2).

Western analysis confirmed a reduction in p21 levels in

FIG. 2. Further characterization of Mint phenotypes in human fibroblasts. (a to d) Histochemical assessment of SAb-gal activity showing very high expression in M1
(a), MintE6 (b), MintE7 (c), and M2 (d) growth arrest states. (e to h) TdT assay showing frequent apoptosis in MintE7 (g) and M2 (h) states but not at MintE6 (f) or
M1 (e). (i to l) Immunocytochemical analysis of p21WAF1 protein showing further elevation of expression at MintE7 (k) above that at M1 (i) contrasting with reduced
levels at MintE6 (j) and M2 (l). Hematoxylin counterstain; magnification, 3100.

3106 BOND ET AL. MOL. CELL. BIOL.



HCA2.E6 cells at MintE6 of ;3-fold compared to HCA2.neo
at M1 (Fig. 5a). Indeed, when normalized to total protein, to
allow for the increased cellular protein content of senescent
cells (16), expression at MintE6 was comparable to that in young
untreated HCA2 fibroblasts (at PD of ;25).

A similar reduction in p21 expression was seen in cultures
expressing E6 plus E7 (by both immunocytochemistry and
Western analysis). Again, this was followed by a gradual in-

crease, but even at M2 the level remained well below the level
seen at M1 (Fig. 2 and 5a).

Immunocytochemical analysis of p16 proved to be unreliable
when applied to human fibroblasts due to nonspecific immu-
nostaining visible even in untreated young fibroblasts, having
an almost undetectable signal on Western analysis. This un-
fortunately precluded determination immediately after G418
selection. Nevertheless, at MintE6 a reproducible increase in
p16 could be demonstrated by Western blotting varying from
2.5- to 3.1-fold over that of control HCA2.neo at M1 (Fig.
5b).

MintE7 is associated with increased expression of both p21
and p16. Expression of HPVE7, unlike that of E6, did not lead

FIG. 3. Contrasting kinetics of growth arrest at MintE6 and MintE7. Approx-
imately 2 3 105 HDF at ,3 PD from senescence were infected with vectors ex-
pressing neo plus either HPV E6 (solid symbols) or E7 (open symbols), selected
in G418 and maintained in culture with passage as necessary for up to 3 months.
Changes in total population size were calculated from passage ratios, and cell
counts were performed at the indicated intervals. The initial number of stably
infected G418-resistant cells at time 0 was estimated from the colony yield in
parallel experiments conducted at clonal density. (No direct cell counts were
possible until G418 selection was complete by day 10.) Both E6- and E7-express-
ing cultures escape senescence and grow for several weeks. With E6, this is
followed by a stable state of growth arrest, referred to here as MintE6 (hatched
zone). In contrast, E7 cultures show only a temporary stationary-growth phase,
termed here MintE7 (shaded zone), which is followed by progressive net cell loss.
These boxed zones of the growth curves define the phases at which cultures were
used for all other analyses of the Mint phenotypes. Results shown are means of
two representative experiments in each case, together with best-fit curves.

FIG. 4. Flow cytometric analysis of DNA content in human fibroblasts at M1
and MintE7. Note prominent sub-G1 peak in MintE7, indicative of apoptosis.

FIG. 5. Western blot analysis of p21WAF1 and p16INK4a proteins in fibroblast
populations expressing HPV16E6 and/or E7. (a) p21 protein was expressed at
higher levels in MintE7 cultures (lane 5) and at lower levels in MintE6 (lane 4)
and M2 (lane 6) cultures compared to a control (neo) M1 population (lane 3).
Young cycling fibroblasts at PDL ;25 (lane 1) and uninfected fibroblasts at M1
(lane 2) are shown for comparison. (b) p16 protein was expressed at higher levels
in all Mint and M2 cultures than at M1. Contents of lanes are the same as those
in panel a. Equal amounts (30 mg) of lysate protein were loaded per lane, as
verified by India ink staining shown below each blot. Molecular mass markers are
shown in kilodaltons.

TABLE 1. Comparison of Mint phenotypes in fibroblasts
and thyroid epithelial cellsa

Indicator

Fibroblasts Thyrocytes

M1
(sen)

MintE6
(sen)

MintE7
(sen/crisis)

M2
(crisis)

M1b

(sen)
MintE7

(sen/crisis)

Cell kinetics
Net growth 2 2 2 2 2 2
DNA synthesis 2 2 1 11 2 1
Apoptosis 2 2 1 11 2 1

Senescence marker,
SAb-gal

11 11 11 11 11 11

Cell cycle regulator
p21WAF1 11 1/2 1111 1/2 11 111
p16INK4a 11 111 111 1111 2 11

a sen, senescence. Values are indicated on a semiquantitative scale from 2 to
1111.

b The term M1 is conserved here for simplicity but does not necessarily imply
a common mechanism of terminal growth arrest between normal fibroblasts and
thyrocytes.
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to a diminution in p21 immunopositivity. On the contrary, as
the cells progressed towards MintE7, not only did the intensity
of positivity increase in virtually all nuclei, but the cytoplasm
also became labelled in the majority of cells (Fig. 2). Again,
this was confirmed by Western analysis, which showed a four-
to sevenfold increase in p21 protein levels in MintE7 compared
to HCA2.neo (Fig. 5a).

As expected (31), p16 protein was also upregulated by ex-
pression of HPVE7, reaching a 2.6- to 4.6-fold increase at
MintE7 relative to HCA2.neo at M1. An even-greater increase
(5.8- to 9.2-fold) was seen in HCA2.E6 plus E7 cells at M2
(Fig. 5a).

Expression of HPVE7 leads to accumulation of nuclear p53
in post-M1 but not in younger fibroblasts. We and others have
previously shown that there is no consistent increase in the
intracellular content of the p53 protein in human fibroblasts
at M1 senescence, despite an increase in both p21 protein
levels and p53 transcriptional activity (1, 3, 8, 42). To de-
termine whether this was also true in cells post-M1, immu-
nocytochemical analysis was performed on cells at MintE6
and MintE7. As before, very little p53 protein was detect-
able in either young or senescent HCA2.neo (Fig. 6c and
e) or MintE6 fibroblasts (data not shown). In MintE7 cul-
tures, however, there was readily detectable immunopositiv-
ity in the majority of nuclei with a marked cell-cell hetero-
geneity in intensity (Fig. 6f). Importantly, this increase in
p53 positivity was not merely a consequence of infection
with HPVE7, since young (pre-M1) fibroblasts expressing
HPVE7 (Fig. 6d) showed the same barely detectable levels
as control HCA2.neo cells at M1, and also cannot be ex-
plained by any increase in E7 protein levels in post-M1
compared to pre-M1 cells (Fig. 6a and b).

The increased p53 content at MintE7 is associated with in-
creased p53-dependent responses. We have shown previously
that blocking p53 function by microinjection of antibodies
PAb1801 (5) and DO-1 (44) (both directed at or near the
N-terminal transactivation domain of p53) is sufficient to abol-
ish p21 expression in senescent (M1) human fibroblasts (23).
The same approach was therefore used to test the p53 depen-
dence of the increase in p21 expression occurring between M1
and MintE7.

MintE7 cells injected with control IgG displayed very high
nuclear and cytoplasmic staining of p21 protein by immuno-
fluorescence analysis in 74.5% 65% of cells. At 72 h after
microinjection with PAb1801, this percentage had fallen to
7.5% 6 1.4%, and the overall level of immunofluorescence was
comparable to that observed in actively growing (pre-M1)
young fibroblasts (data not shown) and to that in M1 fibro-
blasts at an identical time after microinjection of PAb1801
(23). A similar reduction in the proportion of p21-positive
nuclei, to 8.0% 6 1.4%, was observed following microinjection
of DO-1, confirming that, as at M1, the increased expression of
p21 at MintE7 is p53 dependent.

Table 1 presents a summary of the Mint states in comparison
to M1 and M2 in human fibroblasts.

Cell type diversity in control of replicative life span: evi-
dence for E7- but not E6-targeted (p53-dependent) senescence
pathways in human thyroid epithelial cells. Primary mono-
layer cultures of follicular cells were prepared from normal
human thyroid tissue and infected 2 days later with either
control or HPV16-expressing retroviruses. As seen previously
(9, 12), cells infected with neo alone stopped proliferating after
only 1 to 3 PD and entered a state of prolonged viable quies-
cence (Fig. 7a). These cultures showed a very low BrdU LI (1
to 3%) and a very high SAb-gal index (.95%), and high
levels of p21 (comparable to those in senescent HDF) were

observed in most cells by immunocytochemistry (Fig. 7d and
g). On the basis of these criteria they are considered here to
be senescent, and for simplicity this state is referred to as
M1.

In marked contrast to our results with fibroblasts, but in
agreement with previous findings with a dominant-negative
mutant p53 (49), infection of primary cultures of near-senes-
cent thyroid epithelial cells with the HPVE6 vector failed to
generate any epithelial colonies with an extended life span,
indicating that abrogation of p53 function was without effect in
these cells. This was confirmed by testing the effect of micro-
injected anti-p53 antibodies on proliferation and p21 expres-
sion in senescent thyrocytes. The BrdU LI 72 h after microin-
jection did not differ significantly in thyrocytes injected with
control IgG, PAb1801, or DO-1 (2% 6 0.2%, 2.5% 6 0.3%,
and 2.0% 6 0.2%, respectively). Likewise, the proportion of
nuclei containing immunodetectable p21 was not significantly
lower than control IgG following PAb1801 or DO-1 injection
(Fig. 8). These results indicate that senescence-induced growth
arrest and p21 expression are both p53 independent in the
normal thyroid cell.

In contrast to infection with HPVE6, infection with HPVE7
generated tight colonies of dividing cells with a typical cobble-
stone epithelial morphology and nuclei that were much larger
than normal (Fig. 7b). When analyzed 6 to 11 weeks after in-
fection, colony size ranged from 1 3 103 to 5 3 105 cells, and
BrdU LI reached a maximum of 12 to 17%. Although assessing
the percentage of SAb-gal-positive cells was difficult because
of the tightly packed nature of the colonies, levels remained
above 50% (Fig. 7e).

MintE7 in thyroid epithelial cells shows kinetics similar to
that in HDF. Six individual colonies expressing HPVE7 were
monitored until net growth ceased, 11 to 20 weeks after infec-
tion. By this stage, colonies had become ragged and cells were
flattened, with cytoplasmic vacuolation and an increase in both
the number and size of the nuclei (Fig. 7c). SAb-gal positivity
was evident in nearly all cells (Fig. 7f). As with HCA2.E7 cul-
tures, growth arrest occurred despite continuing cell prolifer-
ation, with the BrdU LI typically remaining at 5 to 6%, and was
accompanied by cell death and detachment. The estimated
colony cell number at this MintE7 stage ranged from 7 3 103

to 1 3 106 cells, representing a minimum of 13 to 20 PD
(although again, many individual cells will have undergone
considerably more PD).

Infection with HPVE6/E7 produced an outcome similar
to that produced by infection with E7, except that colonies
showed a less-regular morphology (data not shown) and ex-
tended survival time in primary culture. Further follow-up was,
however, precluded by the spontaneous development of dedif-
ferentiated subclones following any attempt at passaging,
which rapidly became the predominant cell type. This phenom-
enon was very similar to that observed previously in thyroid
epithelial cells expressing SV40 T (12).

MintE7 in thyrocytes is associated with increased p16 and
p21. As in fibroblasts, M1 thyrocytes at the end of their normal
proliferative life span showed readily detectable p21 protein in
.95% of nuclei (Fig. 7g). Expression of HPVE7 led initially to
a small decrease in the proportion, but not the intensity, of
p21-positive nuclei. This, however, returned to 90 to 100% as
cultures approached MintE7 and was accompanied by an in-
crease in the intensity of nuclear staining as well as the ap-
pearance of cytoplasmic positivity as observed in fibroblasts at
MintE7 (Fig. 7i).

Lack of cell numbers precluded Western analysis of p21 or
p16. Fortunately, however, immunocytochemical analysis of
p16 when applied to thyroid cells appeared to be free from the
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nonspecificity observed with fibroblasts. No immunostaining
was detectable in normal thyrocytes before or at M1 (Fig. 7j).
However, as HPVE7-induced colonies progressed, cytoplas-
mic, and to a lesser extent, nuclear positivity developed initially

in a patchy distribution but eventually involving the majority of
cells at MintE7 (Fig. 7l).

MintE7 in thyrocytes is associated with increased nuclear
p53 content, but expression of p21 is p53 independent. As

FIG. 6. Increased expression of p53 protein in post-M1 fibroblasts and thyroid epithelial cells expressing HPVE7. Immunocytochemical analysis with PAb421
antibody fails to detect p53 in most young HDF (PDL, ;25), both in neo-only controls (c) and in cells expressing HPVE7 (d). In contrast, readily detectable nuclear
p53 with a characteristic cell-cell heterogeneity is seen in HDF expressing E7 at MintE7 (f) but not in neo-only cells at M1 (e). These differences in p53 content are
not explicable by differences in E7 protein levels, which are similar in both young (a) and post-M1 (b) HDF expressing the E7 vector. A similar heterogeneous elevation
of p53 levels is seen in human thyrocytes whose life span has been extended by expression of E7 (h) but not in neo controls at the end of their normal proliferative
life span (g). Immunoperoxidase with hematoxylin counterstain; magnification, 3125.

VOL. 19, 1999 PROLIFERATIVE LIFE SPAN BARRIERS IN HUMAN CELLS 3109



observed in fibroblasts, extension of life span by HPVE7 was
associated with a marked increase in nuclear p53 content with
the same characteristic cell-cell heterogeneity in intensity of
immunostaining (Fig. 6g and h). Due to the limited life span of

normal cells, it was not possible to assess the effect of E7 in
pre-M1 thyroid cells.

To address whether this increase in p53 content reflected
activation of p53, we examined the effect of blocking antibod-

FIG. 7. Phenotypes of human thyroid epithelial cells expressing HPVE7. (a to j) Normal untreated cultures at the end of their normal proliferative life span (M1);
(b to k) proliferating colonies induced by expression of HPVE7; (c to l) E7-expressing cultures after net growth has ceased (MintE7). All stages show high levels of
SAb-gal (d to f). p21WAF1 is readily detectable by immunocytochemistry in most nuclei at M1 (g) and is further induced following extension of life span by E7, even
while colonies are still proliferating (h). p16 is undetectable at M1 and in E7-expressing cells is induced later than p21, (l). Note that although terminal growth arrest
in normal thyrocytes, or M1, occurs after just a few PD, it may not be triggered by the same underlying regulator as that in HDF. Phase-contrast micrographs (a to
c); histochemical b-Gal assay (d to f); immunoperoxidase with hematoxylin counterstain (g to l). Magnification, 390.
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ies on the increased expression of p21 at MintE7. In sharp
contrast to the results obtained in fibroblasts, no effect was seen
in thyrocytes. The intensity (data not shown) and proportion of
immunopositive nuclei (Fig. 8) after microinjection of PAb1801
or DO-1 (79% 6 1.7% and 76% 6 2%, respectively) were
not significantly lower than in control IgG-injected cells
(85% 6 1.1%).

Table 1 presents a summary of these data and a comparison
with the corresponding phenotypes in fibroblasts.

DISCUSSION

While numerous studies have examined the effects of
HPV16E6 and/or E7 on human fibroblasts, few have distin-
guished between direct actions of the viral genes and indirect
effects of life span extension, and to our knowledge none has
characterized in detail the eventual fate of these cells.

The detailed kinetic analysis presented here confirms that
both genes individually confer an extension of proliferative life
span, amounting to approximately half of that achieved by the
combination, but reveals in addition a hitherto-unreported dis-
tinction between the mechanism of growth arrest in E6 and E7
cultures, the former resulting almost entirely from declining
cell birth rate and the latter resulting predominantly from
increasing cell death.

Fibroblasts which have evaded senesence (M1) through ex-
pression of E6 eventually arrest in a state, termed here MintE6,
characterized by a return to the very low cell birth rate, high
SAb-gal index, and flat morphology seen at M1. This remark-
able similarity of phenotype between MintE6 and M1 occurs
despite loss of one of the key mediators of M1 senescence,
p21WAF1, which is undetectable in the majority of cells and
reduced overall to a level seen in proliferating pre-M1 cultures.
It can be assumed that this results from E6-induced loss of p53,
since we have shown by microinjection of anti-p53 antibodies

that the elevated level of p21 at M1 is almost entirely p53
dependent (23).

These findings contrast with several recent reports. Filatov
et al. (19) found that HDF-expressing E6 ended their prolif-
erative life span in a distinctly different phenotype, with low
SAb-gal and ongoing cell division balanced by death. Further-
more, Brown et al. (13) observed that homozygous disruption
of the p21 gene by homologous recombination conferred a
prolonged extension of life span, similar to that induced by
SV40, and again ending in a state of continuing mitotic activity
and death consistent with M2 crisis rather than the MintE6
phenotype observed by us. The design of both of these studies,
however, involved a much longer period of culture between
genetic manipulation of the fibroblasts and eventual growth
arrest, hence providing a greater opportunity for acquisition of
additional spontaneous changes, such as inactivation of the Rb
pathway, which could have prevented an MintE6 phenotype
becoming manifest. In support of this, observations on LFS
fibroblast cultures, in which spontaneous loss of the one re-
maining wt p53 allele more closely mimics our gene transfer
strategy, did reveal a phase of growth arrest consistent with our
MintE6 phenotype, although this has not been characterized in
detail (and in one study [34] was not clearly distinguished from
M1).

Our observation that MintE6 cells can undergo a stable
growth arrest, despite loss of the senescence-associated in-
crease in p21 levels, clearly points to the operation of a com-
pensatory inhibitory pathway (Fig. 9), for which an obvious
candidate is p16. In support of this possibility, forced expres-
sion of p16 has been shown to be able to restore growth arrest
in both young (33) and immortalized (43) human fibroblasts.
Furthermore, rare spontaneous escape from the equivalent
state to MintE6 in LFS fibroblasts is associated with loss of p16
expression (39). We have indeed shown that this CDK inhib-
itor is further induced by ;3-fold at MintE6 compared to M1,
which may reinstate the level of CDK inhibition required for
growth arrest, and consistent with this, preliminary analysis
(data not shown) indicates that the pRb protein at MintE6 is
predominantly in the unphosphorylated form. We cannot at
this stage, however, exclude the possibility that while the ele-
vation of p16 is probably necessary, it may not be sufficient for
MintE6 (Fig. 9b). To investigate further the existence of an
additional pathway(s), we are currently analyzing the levels of
p16 and other CDK inhibitors, as well as the activity of cyclin-
CDK complexes, throughout the M1 to MintE6 interval. We
have also begun a parallel study with fibroblasts containing a
homozygous germ line intragenic deletion in p16 (24, 37a) to
determine if these cells will also be capable of entering a stable
growth arrest state equivalent to MintE6 when expressing
HPVE6.

In sharp contrast to MintE6, the corresponding state in fi-
broblasts expressing E7, while associated with some diminution
in DNA synthesis, results predominantly from an increase in
cell death rate, much if not all of which appears apoptotic in
nature. It therefore resembles the typical crisis state (M2) seen
in cells expressing E6 and E7 but occurring after a much
shorter period of life span extension and at a much smaller
clone size. We have shown that this process is associated with
a marked increase in nuclear p53 content and a corresponding
p53-dependent increase in p21 expression over and above the
elevation already present at M1. These changes in p53 status
were notably absent in young (pre-M1) fibroblasts expressing
E7, demonstrating that they depend on the extension of life
span resulting from E7 rather than being simply a direct effect
of cell cycle dysregulation by E7. Although evidence for similar
behavior can be seen in other cell types, e.g., breast epithelial

FIG. 8. p53-independent expression of p21waf-1 in both normal and HPVE7-
expressing thyroid epithelial cells. Thyrocytes at the end of either their normal
proliferative lifespan (M1) or the extended life span conferred by HPVE7
(MintE7) were microinjected with control IgG (open bars), anti-p53 antibodies
PAb1801 (hatched bars), or DO-1 (solid bars). p21 was analyzed 72 h later by
immunofluorescence, and the percentage of immunopositive nuclei was counted.
Results are shown as means of three replicate experiments 6 standard errors of
the mean.
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cells (20) and keratinocytes (17), the importance of prolifera-
tive age has not been emphasized in previous studies, most of
which have analyzed effects of E7 on p53 function in cell lines
(28, 38).

Recent evidence suggests that release of E2F following ab-
rogation of Rb function by E7 can activate transcription of the
alternative product of the p16INK4a locus p14ARF (6). This in
turn has been shown to neutralize the effect of mdm2, resulting
in stabilization and activation of p53. Such a pathway is not,
however, sufficient to explain why p53 content should be ele-
vated only in cells which have passed M1 and not at or before
M1. (We have excluded the possibility of an increased expres-
sion of E7 post-M1.) It appears therefore that increasing rep-
licative age leads to the generation of additional and/or more
intense p53-modifying signals, most obviously as a result of

further telomere erosion (19). There is an interesting prece-
dent for this (29) in the response to DNA damage by UV
irradiation in which low doses result in activation of p53 with-
out stabilization (equivalent to M1 here), followed by stabili-
zation at higher doses (analogous to MintE7).

These changes in p53 activity are likely to contribute to the
increasing cell death at MintE7 (Fig. 9c). Although microinjec-
tion studies in these apoptotic cultures have proven difficult to
interpret, a role for p53 can be inferred from the absence of
cell death at the corresponding stage in development of cul-
tures expressing E6 in addition to E7. We also have prelimi-
nary evidence that sequential gene transfer of E6- into E7-ex-
pressing cells close to MintE7 results in rescue from cell death,
consistent with loss of p53 function.

The failure of MintE7 cells to undergo p53-mediated growth
arrest is probably due to abrogation not only of Rb but also of
p21WAF1 function by HPVE7 (Fig. 9c). E7 has been demon-
strated to bind to p21 and block both its CDK- and PCNA-
inhibitory actions, both in intact cells and in cell-free systems
(22, 30a), a viral function which probably evolved (22) to pre-
vent inhibition of DNA replication by p21 via targets other
than Rb (e.g., E2F or PCNA).

Currently, a popular explanation for the existence of multi-
ple genetic abnormalities in cancer cells is that single events
often lead to compensatory inhibitory effects which require a
second gene mutation for their avoidance. A classic paradigm
for this is the cooperation between Rb and p53 mutation which
several experimental models have suggested is based on the
need to overcome an immediate p53-induced cell death re-
sponse triggered by loss of Rb function (35, 37). Our study
illustrates a different model in which the basis of tumor sup-
pressor gene cooperation is seen as the need to escape succes-
sive proliferative life span barriers. The essential conceptual
difference is that in this case the mutations can occur sequen-
tially rather than concurrently. This is a much more likely
scenario, since the period of proliferation afforded by the first
mutation generates a large population of potential target cells
before the second mutation becomes necessary.

Our data also demonstrate how the nature and timing of
these PLBs can differ markedly between different cell types.
Thyroid epithelial cells, for example, undergo a terminal arrest
state closely resembling classic M1 senescence (in terms of cell
kinetics, morphology, SAb-gal, and p21 expression) but occur-
ring after a remarkably small number of PD (12). We are
confident that this is not merely an artifact of adverse tissue
culture conditions, since a similar limitation of life span is
observed when thyroid cells are stimulated to proliferate in the
intact tissue by their physiological mitogen, thyrotropin (9, 50).
Furthermore, thyroid cells are capable of rapid proliferation
for a much longer number of PD in the same culture condi-
tions if provided with a more powerful growth stimulus, such as
that generated by a mutant ras gene (9).

At present we do not know how this precocious senescence
is triggered in thyroid cells, but as with a similar phenomenon
recently reported in fibroblasts (40), it is highly unlikely to be
regulated by a telomere-based system. Indeed, preliminary
analysis (30) suggests that thyroid cells senesce with mean
telomere lengths at least 2 kb above those of senescent fibro-
blasts. The important feature revealed here, though, is that
unlike both the classic M1 senescence and the recently de-
scribed premature senescent states in fibroblasts, in thyrocytes
growth arrest does not appear to involve a p53-dependent
pathway. This is clearly shown by the failure of E6 to extend
life span and by failure of p53-blocking antibodies to stimulate
DNA synthesis. It is also consistent with our finding that the

FIG. 9. Models to explain Mint growth arrest states in human fibroblasts. (a)
Normal senescence (M1) is assumed to be mediated by at least two signal
pathways activated by a cell-cycle clock after around 60 PD (now almost certainly
linked to telomere erosion). Both of these converge to inhibit phosphorylation of
Rb by CDKs. p21 may also inhibit cell cycle progression via other targets (51). (b)
MintE6. Cells which have initially escaped senescence by E6-mediated loss of the
p53 pathway are able to reestablish cell cycle arrest approximately 20 PD later.
One mechanism is further upregulation of the p16 pathway, which may compen-
sate for the loss of p21, although our data do not exclude the requirement for an
additional, as-yet-unknown, pathway(s) indicated by Y. (c) MintE7. Escape from
senescence induced by HPVE7 is associated with a more profound disruption of
cell cycle control through abrogation of pRb and p21 (22, 30a), which prevents
restoration of cell cycle arrest. Clonal expansion is finally limited by apoptosis
mediated at least in part by p53.

3112 BOND ET AL. MOL. CELL. BIOL.



high level of p21 in these cells is driven by a p53-independent
mechanism whose nature is currently under investigation.

The existence of an early senescent state in thyrocytes which
can be overcome by expression of E7 but not E6 is reminiscent
of a similar state termed M0 in human breast epithelial cells
(20, 21). In both cell types, however, E7 confers only a limited
extension of life span, leading eventually to a second arrest
state, referred to here as MintE7. The kinetics of this are
similar to the corresponding state in fibroblasts, being predom-
inantly due to cell death but occurring over a more protracted
time scale. As in the fibroblast, this is associated with a marked
elevation of nuclear p53 content, but it has as yet proven
difficult to determine whether this plays any casual role, since
comparison with thyroid cells expressing both E6 and E7 is
vitiated by the high frequency of spontaneous dedifferentiation
found in these cultures, similar to that observed previously with
SV40 (12).

These cell type differences observed in vitro are intriguingly
consistent with the results of genetic analysis of clinical tumor
samples. These have shown that in contrast to the majority of
human cancers, including those of fibroblast origin, differenti-
ated thyroid and most breast cancers exhibit a very low prev-
alence of p53 mutation (50, 52). We suggest, therefore, that the
nature of the genes regulating PLBs in a given cell type may
determine the selection pressure for mutation and hence the
pattern of tumor suppressor gene inactivation observed in the
corresponding tumors.
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