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Mammalian cells can respond to damage or stress by entering a
state of arrested growth and altered function termed cellular
senescence. Several lines of evidence suggest that the senescence
response suppresses tumorigenesis. Cellular senescence is also
thought to contribute to aging, but the mechanism is not well
understood. We show that senescent human fibroblasts stimulate
premalignant and malignant, but not normal, epithelial cells to
proliferate in culture and form tumors in mice. In culture, the
growth stimulation was evident when senescent cells comprised
only 10% of the fibroblast population and was equally robust
whether senescence was induced by replicative exhaustion, onco-
genic RAS, p14ARF, or hydrogen peroxide. Moreover, it was due at
least in part to soluble and insoluble factors secreted by senescent
cells. In mice, senescent, much more than presenescent, fibroblasts
caused premalignant and malignant epithelial cells to form tumors.
Our findings suggest that, although cellular senescence suppresses
tumorigenesis early in life, it may promote cancer in aged organ-
isms, suggesting it is an example of evolutionary antagonistic
pleiotropy.

Multicellular organisms have evolved mechanisms to pre-
vent the unregulated growth and malignant transforma-

tion of proliferating cells. One such mechanism is cellular
senescence, which arrests proliferation—essentially irrevers-
ibly—in response to potentially oncogenic events. Cellular se-
nescence appears to be a major barrier that cells must overcome
to progress to full-blown malignancy (1–3).

Cellular senescence was first described as a process that limits
the proliferation of cultured human fibroblasts (replicative se-
nescence). Proliferating cells progressively lose telomeric DNA,
and short telomeres, which are potentially oncogenic, elicit a
senescence response. In addition, DNA damage, oncogene ex-
pression, and supraphysiological mitogenic signals cause cellular
senescence. Cellular senescence is controlled by tumor suppres-
sor genes and seems to be a checkpoint that prevents the growth
of cells at risk for neoplastic transformation (2, 3). In this regard,
cellular senescence is similar to apoptosis. However, whereas
apoptosis kills and eliminates damaged or potential cancer cells,
cellular senescence stably arrests their growth.

Cellular senescence is also thought to contribute to aging
(4–7), although how it does so is poorly understood. In addition
to arresting growth, senescent cells show changes in function (2,
6, 7). Because senescent cells accumulate with age (8–10), they
may contribute to age-related declines in tissue function. If so,
cellular senescence may be an example of antagonistic pleiot-
ropy. Aging phenotypes are thought to result from the declining
force of natural selection with age. Consequently, traits selected
to maintain early life fitness can have unselected deleterious
effects late in life, a phenomenon termed antagonistic pleiotropy
(11). The senescence-induced growth arrest may suppress the
development of cancer in young organisms. The functional
changes, by contrast, may be unselected consequences of the
growth arrest and thus compromise tissue function as senescent
cells accumulate.

Cellular senescence has been extensively studied in stromal
fibroblasts from humans and mice. Upon senescence, such cells
show striking changes in gene expression (7, 12), some of which
relate to the growth arrest and senescent morphology. Other
changes, however, relate to fibroblast function. Senescent fibro-
blasts secrete growth factors, cytokines, extracellular matrix, and
degradative enzymes (2, 7, 13), all of which can alter tissue
microenvironments and affect nearby epithelial cells. Interest-
ingly, this secretory phenotype resembles that of fibroblasts
adjacent to some carcinomas, although senescent and tumor-
associated fibroblasts differ in growth potential, morphology,
and other traits. Tumor-associated fibroblasts can stimulate
epithelial tumorigenesis (14).

Because senescent cells can alter the tissue microenvironment,
we and others proposed that senescent cells may contribute to
the exponential rise in cancer that occurs with age (2, 4, 13, 15).
It is now clear that nonmutational events, such as telomere
dysfunction or epigenetic changes in gene regulation or the
stromal milieu, are important for the development of late-life
cancers (15). Changes in the stroma, which supports and main-
tains epithelial functions, may be particularly important in
humans, where most age-related cancers arise from epithelial
cells (15).

Here, we show that senescent human fibroblasts promote the
proliferation and tumorigenesis of mutant epithelial cells. Our
data suggest that cellular senescence is antagonistically pleio-
tropic, protecting from cancer early in life, but promoting
carcinogenesis in aged organisms.

Materials and Methods
Cells. WI-38 (American Type Culture Collection), 82-6 (J. Os-
hima, University of Washington, Seattle), and 184 (M. Stampfer
and P. Yaswen, Lawrence Berkeley National Laboratory) fibro-
blasts senesce after '50, 40, and 25 doublings, respectively, and
were cultured as described (8, 16). Presenescent and senescent
cultures generally contained .70% and ,10% proliferating cells
and were ,10% and .70% senescence-associated b-galactosi-
dase positive, respectively (8, 16). HaCAT (A. Paller, North-
western University, Evanston, IL), S1 (M. Bissell, Lawrence
Berkeley National Laboratory), Ha(Pk) (L. Packer, University
of California, Berkeley), and MDA231 (R. Lupu, Lawrence
Berkeley National Laboratory) cells were cultured as described
(17–20). Keratinocytes (Clonetics) were cultured as directed by
the supplier and used 2–3 passages after receipt. 82-6 and WI-38
were immortalized with an hTERT-expressing retrovirus (21).
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Cocultures. Presenescent (5 3 104) and senescent (1 3 105)
fibroblasts were allowed to attach to 6-well culture dishes
overnight and were incubated in serum-free medium for 1–3 days
to generate lawns with similar cell numbers. Epithelial cells were
incubated in growth factor-deficient medium for 2–3 days, plated
(2 3 104ywell) on fibroblast lawns, and maintained in growth
factor-deficient medium for 8 days, unless noted otherwise.
Growth factor-deficient medium contained KBM, 1.8 mM
CaCl2, 5 mgyml insulin, 0.5 mgyml hydrocortisone for HaCAT
and normal keratinocytes, DMEyF12, 5 mgyml insulin, 1.4 mM
hydrocortisone, 5 mgyml prolactin for SCp2 cells, DMEyF12, 250
ngyml insulin, 10 mgyml transferrin, 2.6 ngyml Na2SeO3, 1 ngyml
epidermal growth factor, 0.1 nM estradiol, 1.4 mM hydrocorti-
sone, 5 mgyml prolactin for S1 cells, and DMEyF12, 5 mgyml
insulin for MDA231 cells. Cultures were fixed in 4% parafor-
maldehyde and were stained with 1% Rhodanile blue (Sigma) or
1 mgyml 4,6-diamidino-2-phenylindole (DAPI).

Soluble and Matrix Factors. Epithelial cells were seeded in upper
chambers of Millicells-PCF (Millipore) containing presenescent
or senescent lawns in the lower chambers, or onto matrices
prepared by culturing fibroblasts in serum-free medium for 2–3
days, removing the cells with EDTA (Versene, GIBCOyBRL) at
37°C or 0.05% Nonidet P-40 at 23°C (with similar results), and
washing with serum-free medium.

Quantification of Epithelial Cells. Fluorescent images from five
random fieldsywell were captured at 4003 and analyzed by using
a modification of SCIL_IMAGE 1.3 (Netherlands Organization for
Applied Scientific Research, Institute of Applied Physics, Uni-
versity of Amsterdam). The program was customized to recog-
nize differences in DAPI fluorescence between epithelial (small-
er, more intense) and fibroblast (larger, less intense) nuclei and
calculate epithelial f luorescenceyfield. We verified that the
epithelial DAPI signal is proportional to cell number by express-
ing enhanced green fluorescence protein (EGFP) by using a
retrovirus (LXSN) (22) and comparing epithelial DAPI and
EGFP fluorescence in cocultures. EGFP was expressed in .90%
of cells.

Senescence Induced by p14ARF, RAS-Ha(V12), and H2O2. Fibroblasts
infected with p14ARF (22) or RAS-Ha(V12) retroviruses (23)
were selected in puromycin (22), incubated without puromycin
for 2–3 (p14ARF) or 3–4 (RAS) days (22, 23), and replated for
coculture as described above. Confluent presenescent fibroblasts
were given 550 mM H2O2 in serum-containing medium for 2 h,
left to recover overnight, then replated at subconfluence (24).
After 5–7 d, cells developed a senescent phenotype and were
replated for coculture.

Tumorigenesis Assays. Nude (nuynu) mice (5 weeks old) were
injected (100 ml vol) s.c. into the dorsal f lap with 1.5 3 106

HaCAT or Ha(Pk) cells, alone or with 1.5 3 106 fibroblasts, or
into the nipple region with 1 3 106 SCp2 cells, alone or with 1 3
106 fibroblasts, or 2.5 3 105 MDA231 alone or with 1 3 106

fibroblasts. We measured three maximum diameters at x, y, and
z axes to derive tumor volume (size). Tumors were fixed in
buffered formalin or embedded in Tissue-Tek (Sakura) and
snap-frozen, with or without prior fixation in 4% paraformal-
dehyde and passage through a sucrose gradient. Fixed frozen
sections were blocked in 1% BSA and stained with pan-
cytokeratin antibody (1:100; Dako) for 1 h and FITC secondary
antibody for 45 min.

Results
Senescent Fibroblasts Stimulate Preneoplastic Epithelial Cell Growth.
We preincubated presenescent and replicatively senescent hu-
man fibroblasts in serum-free medium to arrest the presenescent

cells and used equal numbers of nondividing presenescent and
senescent cells to produce 50–80% confluent lawns, onto which
epithelial cells were seeded. We used four epithelial cell lines.
HaCAT human epidermal keratinocytes (17), S1 human mam-
mary epithelial cells (18), and SCp2 mouse mammary epithelial
cells (19) are immortal, harboring p53 mutations, but do not
form tumors in immunocompromised mice (refs. 17, 18, and 25;
see Fig. 4). Thus, they are preneoplastic, having acquired only
some mutations that predispose to malignancy. In addition, we
used MDA231, an aggressive human breast cancer cell line (20).
We also used normal human keratinocytes from adult or neo-
natal donors. Like the fibroblasts, these normal strains have a
finite replicative capacity and no known mutations that predis-
pose to malignancy. We preincubated epithelial cells in growth
factor-deficient medium before seeding them in this medium
onto fibroblast lawns.

We first evaluated preneoplastic and neoplastic epithelial cells
cocultured with fibroblasts using Rhodanile blue, which prefer-
entially stains epithelial colonies (Fig. 1A). Senescent fibroblasts,
much more than presenescent fibroblasts, stimulated the growth
of all four cell lines. To quantify this, we stained the cocultures
with DAPI, a fluorescent DNA dye, and quantified the smaller,
more intensely stained epithelial nuclei by image analysis (Fig.
1B). Alternatively, we expressed EGFP in the epithelial cells and
measured EGFP fluorescence (see Fig. 3A). Compared with
presenescent fibroblasts, senescent fibroblasts stimulated Ha-
CAT, S1, and MDA231 cells 2- to 4-fold and SCp2 cells 3- to
7-fold (Fig. 1B). Preliminary data suggest that senescent fibro-
blasts also stimulate the growth of sarcoma cells (HT1080
fibrosarcoma, SOAS-2 osteosarcoma), but to a lesser extent
(50–80% stimulation).

The growth stimulation was not caused by epithelial cells
attaching better to senescent fibroblasts. One day after seeding,
DAPI fluorescence showed that epithelial cells attached equally
well to presenescent and senescent lawns (not shown). This
differential growth stimulation was seen with three human
fibroblast strains: WI-38 (fetal lung, Fig. 1), 82-6 (adult skin, Fig.
3), and 184 (adult breast, not shown).

Cells expressing a senescence marker (8) accumulate with age
(8–10) but remain relatively rare, even in old tissues. To deter-
mine whether senescent fibroblasts stimulate preneoplastic ep-
ithelial cells even when abundant presenescent fibroblasts are
present, we cultured SCp2 cells alone or on lawns containing
varying fractions of senescent fibroblasts and stained with Rho-
danile (Fig. 1C) or DAPI (Fig. 1D) 8 days later. SCp2 prolifer-
ation was minimal in the absence of fibroblasts (Fig. 1 Ci, and D,
No Fb). Presenescent fibroblasts stimulated growth 5- to 8-fold
(Fig. 1 Cii, and D, 10:0), which could be caused by presenescent
fibroblasts per se, or by the 10–30% senescent cells always
present in presenescent cultures. Whatever the case, increasing
proportions of senescent fibroblasts progressively stimulated
additional SCp2 growth, even when senescent cultures were only
10% of the fibroblast population (Fig. 1 C and D). This exper-
iment also suggests that presenescent fibroblasts do not inhibit
the growth of preneoplastic epithelial cells but, rather, that
senescent cells facilitate their growth.

Senescent Fibroblasts Do Not Stimulate Normal Epithelial Cells. In
striking contrast to preneoplastic and neoplastic epithelial cells,
genetically normal keratinocytes grew equally well on presenes-
cent and senescent fibroblasts. After 8 days in coculture, there
was no statistical difference between growth on presenescent
and senescent lawns. This was true for neonatal and adult human
keratinocytes (Fig. 2) and human mammary epithelial cells (not
shown). Thus, although senescent fibroblasts stimulated preneo-
plastic and malignant epithelial cells, they did not differentially
stimulate normal epithelial cells.

Krtolica et al. PNAS u October 9, 2001 u vol. 98 u no. 21 u 12073

CE
LL

BI
O

LO
G

Y



Kinetics. To follow the kinetics of the growth stimulation, we
seeded EGFP-expressing HaCAT cells onto presenescent or
senescent fibroblast lawns and monitored EGFP fluorescence
with time (Fig. 3A). Growth on senescent fibroblasts surpassed
that on presenescent fibroblasts within 4 days (Fig. 3A), and
continued to do so until the epithelial cells reached confluence
(after 9–10 days; not shown). Unless noted otherwise, subse-
quent experiments were terminated within 8 days.

Contribution of Secreted Factors. Senescent fibroblasts might stim-
ulate epithelial cell growth by direct cell–cell interaction or by
secreting diffusible factors or an insoluble extracellular matrix.

To test these possibilities, we cultured cells in two-chamber
dishes. These separated fibroblast lawns from the epithelial cells
by a porous membrane (0.4 mm pore size), preventing direct
contact but permitting exchange of soluble diffusible factors.

Soluble factors secreted by senescent fibroblasts were 2- to 3-fold
more potent in stimulating HaCAT (not shown) and SCp2 (Fig.
3B) growth than those secreted by presenescent fibroblasts.
Overall, however, senescent fibroblast-derived soluble factors
were 10-fold less potent than direct cell contact (Fig. 3B, soluble
vs. cells, black bars), even though epithelial cells attached equally
well to the membrane and fibroblasts (not shown).

To determine the contribution of secreted matrices, we al-
lowed fibroblasts in serum-free medium to deposit extracellular
matrix onto culture dishes for 2–3 days. We then removed the
cells by calcium chelation or mild detergent. Immunocytochem-
istry showed that fibroblast-depleted dishes contained abundant
fibronectin (not shown), suggesting that at least this matrix
component survived cell removal. We plated SCp2 cells onto the
matrices and quantified cell number by DAPI fluorescence.
Matrix produced by senescent fibroblasts was 3- to 4-fold more
stimulatory than matrix produced by presenescent fibroblasts
(Fig. 3B). This difference was not caused by differences in
epithelial cell attachment (not shown).

Together, these results indicate that about 10% of the growth
stimulation caused by senescent fibroblasts was caused by se-
creted soluble factors, whereas 40% was caused by secreted
extracellular matrix. These are minimal estimates because cells
may experience higher levels of soluble factors in direct cocul-
ture, andyor matrix components may be lost or inactivated
during cell removal. Thus, at least 50% of the growth stimula-
tion was attributable to the secretory phenotype of senescent
fibroblasts.

Growth Stimulation Is Independent of the Senescence Inducer. Over-
expression of certain oncogenes or tumor suppressor genes or
DNA damage can induce a phenotype that closely resembles

Fig. 1. Effects on preneoplastic and malignant epithelial cells. Epithelial cells were plated on WI-38 fibroblast lawns and cultured in growth factor-deficient
medium for 8 days. (A) S1 (i and iv), SCp2 (ii and v), and HaCAT (iii and vi) cells, cultured on presenescent (i–iii) or senescent (iv–vi) lawns, stained with Rhodanile
(2403). (B) Cocultures described in A, and coculture with MDA231 cells, stained with DAPI. Epithelial nuclei were quantified as described in Materials and
Methods. The results (in arbitrary units) shown are from one of 3–5 experiments. Error bars 5 SEM of duplicate or triplicate wells. Gray bars, presenescent lawns;
black bars, senescent lawns. (C) SCp2 cells cultured without fibroblasts (i) or with presenescent and senescent cultures at ratios 10:0 (ii), 9:1 (iii), 8:2 (iv), 5:5 (v),
and 0:10 (vi), stained with Rhodanile (2403). (D) SCp2 cells cultured without fibroblasts (No Fb) or with ratios of fibroblasts described in C, quantified by DAPI
fluorescence. Error bars 5 SEM from triplicate wells from one of two experiments.

Fig. 2. Effects on normal epithelial cells. Normal adult (Adult) or neonatal
(Neonatal) human keratinocytes were seeded onto WI-38 lawns, cultured for
8 days, and quantified by DAPI fluorescence. Error bars 5 SEM from duplicate
wells from one of two experiments. Gray bars, presenescent lawns; black bars,
senescent lawns.
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replicative senescence (2, 12). We therefore asked to what extent
the ability to stimulate preneoplastic epithelial cells depended on
replicative exhaustion.

First, we induced senescence by overexpressing p14ARF, a
tumor suppressor that mediates a senescence response (22). We
seeded HaCAT cells onto lawns of presenescent or p14ARF-
arrested fibroblasts and assessed HaCAT number by EGFP
fluorescence. p14ARF-arrested fibroblasts stimulated HaCAT
cell growth 2- to 3-fold relative to presenescent fibroblasts (Fig.
3 C and D).

We next tested 82-6 fibroblasts that we immortalized with
hTERT (21), the catalytic subunit of human telomerase (26, 27).
The immortal cells had completed .80 doublings, or twice the
replicative lifespan of unmodified control cells. HaCAT cells
grew equally well on immortal and presenescent control fibro-
blasts [Fig. 3D (2, ARF) vs. (2, TERT-ARF)]. Thus, cell
division per se was not responsible for the stimulation caused by
replicatively senescent fibroblasts. In response to p14ARF, the
immortal fibroblasts arrested growth with a senescent morphol-
ogy (not shown), whereupon they stimulated HaCAT growth 2-
to 3-fold [Fig. 3D (1, ARF) vs. (1, TERT-ARF)].

We also induced senescence by expressing oncogenic RAS
[RAS-Ha(V12)] (23) and seeded HaCAT cells onto presenes-
cent or RAS-arrested fibroblasts. RAS-arrested fibroblasts stim-
ulated HaCAT growth 1.5-fold compared with presenescent
fibroblasts (Fig. 3D, RAS). This stimulation may be an under-
estimate because we analyzed the cocultures after only 5 days,
owing to poor survival of RAS-expressing cells after .5 days in
growth factor-deficient medium.

Finally, we treated fibroblasts with a sublethal dose (550 mM)
of H2O2, allowed them to develop a senescent phenotype (24),
and seeded HaCAT cells onto untreated or H2O2-treated fibro-
blasts. HaCAT cells proliferated 2- to 3-fold more readily on the
H2O2-arrested fibroblasts (Fig. 3D, H2O2).

Thus, fibroblasts induced to senesce by several means stimu-
lated the proliferation of preneoplastic epithelial cells. This
stimulation was 50–70% of that caused by replicatively senescent
fibroblasts (Fig. 3D, R), indicating that, at least qualitatively, the
growth stimulation was independent of the senescence inducer.

Senescent Fibroblasts Stimulate Tumorigenesis. To test the idea that
senescent cells create a microenvironment that promotes the
growth of potentially or frankly neoplastic cells in vivo, we
injected epithelial cells, alone or with fibroblasts, into immuno-
compromised (nuynu) mice (Fig. 4).

HaCAT cells alone did not form tumors after 40 (Fig. 4Ai) or
180 (not shown) days, as reported (17). When injected with an
equal number of presenescent fibroblasts, three of 20 animals
developed small tumors (,20 mm3); one regressed and two were
excised for histology (Fig. 4Aii). Most of the animals (17 of 20),
however, were tumor-free after .100 days. By contrast, when
HaCAT were injected with senescent fibroblasts, seven of 15
animals developed tumors that averaged twice the size of those
formed by presenescent fibroblasts (P , 0.01) (Fig. 4Aiii). Most
of the tumors began to regress before excision, suggesting they
were not malignant. This was not the case with SCp2 cells. SCp2
cells also did not form tumors (Fig. 4Bi), as reported (25).
Moreover, when injected with presenescent fibroblasts, they did
not form tumors after 120 (Fig. 4Bii) or 160 (not shown) days.
However, when injected with senescent fibroblasts, they formed
very large (400–2,000 mm3) tumors in four of six animals (Fig.
4Biii) with a latency of .80 days. These tumors would have killed
the animals if not excised. Thus, senescent fibroblasts stimulated
hyperproliferation and neoplastic progression, respectively, of
HaCAT and SCp2 cells in vivo.

To determine effects on malignant epithelial cells, we used
Ha(Pk), a weakly tumorigenic HaCAT derivative (unpublished
data), and MDA231, an aggressive human breast cancer cell line
(20). Ha(Pk) cells alone did not form tumors after 40 days (Fig.
4Ci) but did form tumors in four of five animals after 90 days (not
shown). Presenescent fibroblasts accelerated tumorigenesis;
within 25 days, three of five mice developed small (30–50 mm3)
tumors that grew slowly over the next 2 weeks (Fig. 4Cii).
Senescent fibroblasts accelerated tumorigenesis further; four of
five mice developed tumors, two of which appeared in ,10 days
and grew rapidly (.100 mm3) (Fig. 4Ciii). More striking results
were obtained with MDA231 cells. Small numbers (2 3 105) of
MDA231 cells produced tumors that reached 300–400 mm3 in
two of five mice in 45 days (Fig. 4Di). hTERT-immortalized
fibroblasts slightly accelerated tumorigenesis, causing tumors
that reached 100–500 mm3 in four of five mice (Fig. 4Dii).
Senescent fibroblasts greatly accelerated tumorigenesis. Four of
five mice developed tumors that reached 300–1,600 mm3 (Fig.
4Diii). Thus, at least for HaCAT, Ha(Pk), and MDA231, prese-
nescent or hTERT-immortalized fibroblasts did not inhibit
tumorigenesis. More important, senescent fibroblasts strongly
stimulated or facilitated tumorigenesis.

Characteristics of Tumors. We used EGFP-expressing HaCAT cells
to confirm that tumors originated from the injected epithelial
cells (Fig. 5 A and B). HaCAT tumors typically were firm
nodules. In the presenescent group, tumors were often keratin-
ized with sharply demarcated margins (Fig. 5C). By contrast, the
senescent group frequently showed poorly defined margins with
little keratinization (Fig. 5D). Tumors formed by Ha(Pk) cells
were high-grade, dysplastic epidermoid cysts, with 5- to 10-fold
more mitoses in the senescent group (not shown).

Fig. 3. Characteristics of the growth stimulation. (A) EGFP-expressing HaCAT
cells, seeded onto presenescent or senescent WI-38 lawns. EGFP fluorescence
(in arbitrary units) was measured after 1–8 days, as indicated. Error bars 5 SEM
from duplicate wells from one of two experiments. Gray bars, presenescent
lawns; black bars, senescent lawns. (B) SCp2 cells, seeded onto WI-38 fibro-
blasts (Cells), plated in the upper chambers of Millicells containing fibroblasts
in the lower chambers (Soluble), or plated onto matrices deposited by fibro-
blasts (Matrix), as described in Materials and Methods. Cell number was
assessed after 8 days by DAPI fluorescence. Error bars 5 SEM from duplicate
wells from one of two experiments. Gray bars, presenescent fibroblasts; black
bars, senescent fibroblasts. (C) HaCAT cells, seeded onto lawns of control (Left)
or p14ARF-expressing (Right) presenescent 82-6 fibroblasts, stained 8 days later
with Rhodanile (2503). (D) HaCAT cells, quantified by EGFP fluorescence after
coculture with control (2) or p14ARF-expressing (1) 82-6 fibroblasts (ARF);
control (2) or p14ARF-expressing (1) hTERT-immortalized 82-6 cells (TERT-
ARF); control (2) or RAS-HayV12-expressing (1) WI-38 cells (RAS); 82-6 cells
untreated (2) or treated (1) with H2O2; or replicatively senescent WI-38 cells
(R). Growth was assessed after 8 days, except for RAS panels, where growth
was assessed after 5 days. Error bars 5 SEM from duplicate wells from one of
two experiments. Gray bars, presenescent lawns; black bars, senescent lawns.
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SCp2 tumors, which formed only in the presence of senescent
fibroblasts (Fig. 4B), were highly anaplastic, with frequent
mitoses and features of malignant sarcoma (Fig. 5F). A striking
feature was the loss of cytokeratin (Fig. 5 E and F), in contrast
to abundant cytokeratin in the starting SCp2 cells (19, 25)
and host mammary epithelium (Fig. 5 E and F). Senescent fibro-
blasts may induce an epithelial to mesenchymal transition in
these cells or selectively stimulate variants that lost epithelial
characteristics.

MDA231 cells formed poorly differentiated, aggressive tu-
mors with characteristics of invasive ductal carcinoma, as re-
ported (20). Aside from size, there were no discernible differ-
ences among tumors formed by presenescent and senescent
fibroblasts (Fig. 5 G and H). Thus, senescent fibroblasts accel-

erated the growth, but did not influence the phenotype, of these
tumors.

Discussion
Several lines of evidence indicate that cellular senescence sup-
presses tumorigenesis in vivo (1–3). First, many tumors contain
cells that have partially or completely overcome senescence.
Second, several oncogenes act at least partly by disabling the
senescence checkpoint. Third, the senescence response requires
p53 and pRB, the two most commonly lost tumor suppressors in
malignant tumors. Finally, germ-line inactivation of the p53 or
pRB pathways results in senescence-defective cells and cancer-
prone organisms. Despite species differences in whether and how
cells respond to specific senescence-inducing stimuli, cellular

Fig. 4. Tumor growth stimulated by fibroblasts. Nude mice were injected with epithelial cells alone (Control) or presenescent (Presn), senescent (Sen), or
hTERT-immortalized (Telom) fibroblasts. At the indicated intervals (Days), tumor size was measured as described in Materials and Methods. The number of
animals per group (n) is indicated. The last point on each line indicates when tumors were excised for histology. (A) HaCAT cells (1.5 3 106) alone or with 1.5 3
106 WI-38 fibroblasts. Shown are results from two experiments. The incidence of tumors .10 mm3 and average tumor size were greater in the senescent group
(P , 0.05). (B) SCp2 cells (1 3 106) alone or with 1 3 106 WI-38 cells. Tumor incidence was greater in the senescent group (P , 0.05). (C) Ha(Pk) cells (1.5 3 106)
alone or with 1.5 3 106 WI-38 cells. (D) MDA231 cells (2.5 3 105) alone or with 1 3 106 WI-38 cells. Tumor size was greater in the senescent group (P , 0.01).

Fig. 5. Characterization of tumors induced by fibroblasts. (A) Fluo-
rescence image of a frozen section of a tumor formed by EGFP-
expressing HaCAT cells (803). Tumors formed in the presence of
presenescent or senescent fibroblasts were similarly fluorescent. (B)
Section shown in A, counterstained with DAPI (803). (C) HaCAT tumor
formed in the presence of presenescent WI-38 cells (fixed section,
stained by hematoxylin and eosin, 1603). Arrow shows a well demar-
cated tumor margin. (D) HaCAT tumor formed in the presence of
senescent WI-38 cells (fixed section, stained by hematoxylin and eosin)
(1603). Arrow shows a poorly demarcated tumor margin. (E) Fluores-
cence image of a frozen section of an SCp2 tumor formed by senescent
WI-38 cells, stained for cytokeratin (1603). Solid arrow shows positive
staining in the host mammary duct; open arrow shows lack of staining
in surrounding tumor cells. (F) Frozen section adjacent to that shown
in E, stained by hematoxylin and eosin (1603). Solid arrow, host ductal
epithelial cells; open arrow, surrounding anaplastic tumor cells. (G)
Paraffin-embedded section of an MDA231 tumor formed in the presence of presenescent WI-38 cells, stained with hematoxylin and eosin (403). (H)
Paraffin-embedded section of an MDA231 tumor formed in the presence of senescent WI-38 cells, stained with hematoxylin and eosin (403).
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senescence very likely protects mammals from cancer, at least
early in life.

We found that senescent human fibroblasts stimulated hyper-
proliferation and progression of preneoplastic epithelial cells
and accelerated tumorigenesis by neoplastic epithelial cells.
These results may seem at odds with the tumor suppression
function of cellular senescence. They are, however, consistent
with the evolutionary theory of antagonistic pleiotropy (11),
which predicts that some genes, selected to enhance the fitness
of young organisms, can have unselected deleterious effects in
aged organisms. Our findings suggest that cellular senescence,
despite protecting from cancer in young adults, may promote
cancer progression in aged organisms. We speculate that the
growth arrest was selected to ensure that damaged, mutant, or
inappropriately stimulated cells—cells at risk for neoplastic
transformation—do not proliferate. By contrast, the functional
changes may be unselected consequences of the growth arrest,
having little impact on young organisms where senescent cells
are rare (8–10). However, as damage, telomere attrition, or
errors cause senescent cells to accumulate with age, their
influence, particularly their secretory phenotype, may become
significant and deleterious.

Senescent fibroblasts had little impact on the growth of normal
epithelial cells, although they can disrupt tissue architecture and
function (28). However, they clearly stimulated preneoplastic
and neoplastic cell growth, largely because of the secretion of
both soluble and insoluble factors. Our results suggest that
senescent cells produce multiple factors, which act together, to
stimulate epithelial cells with oncogenic mutations.

Somatic mutations increase with age (29, 30), and some are
potentially oncogenic. For example, loss of heterozygosity and

mutations in p53 and RAS-Ha accumulate in normal adult tissue
(31–33). We suggest that, with age, there is an increasing
probability that senescent cells and cells with oncogenic muta-
tions occur in close proximity. Senescent cells, then, may create
a microenvironment that facilitates the growth and progression
of the mutant cells. Although tumors in older organisms tend to
be more indolent, neoplastic cells were more likely to form
tumors in older animals (34).

The senescent microenvironment may synergize with multiple
factors to contribute to late-life cancers (15). In addition to
mutations, these include telomere dysfunction, hormonal and
immune status, and angiogenic potential of the tissue. It is still
not clear why most late-life cancers are epithelial. Sarcomas may
be less prone to stimulation by senescent fibroblasts, but other
factors (e.g., a greater need for mutations or a young hormo-
nal or angiogenic milieu) may explain the relative paucity of
sarcomas.

In summary, our results suggest a link between cancer and
aging and a plausible mechanism by which genetic (oncogenic
mutations) and epigenetic (accumulation of senescent cells)
events synergize to generate the exponential rise in cancer that
occurs with aging.
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