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SUMMARY

Cellular senescence suppresses cancer by arresting cells at risk for malignant

tumorigenesis.  However, senescent cells also secrete molecules that can stimulate

premalignant cells to proliferate and form tumors, suggesting the senescence response is

antagonistically pleiotropic.  We show that premalignant mammary epithelial cells exposed to

senescent human fibroblasts in mice irreversibly lose differentiated properties, become

invasive and undergo full malignant transformation.  Moreover, using cultured mouse or

human fibroblasts and non-malignant breast epithelial cells, we show that senescent

fibroblasts disrupt epithelial alveolar morphogenesis, functional differentiation, and branching

morphogenesis.  Further, we identify MMP-3 as the major factor responsible for the effects of

senescent fibroblasts on branching morphogenesis.  Our findings support the idea that

senescent cells contribute to age-related pathology, including cancer, and describe a new

property of senescent fibroblasts -- the ability to alter epithelial differentiation -- that might

also explain the loss of tissue function and organization that is a hallmark of aging.
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INTRODUCTION

The incidence of cancer rises exponentially with age among mammalian species.  In

humans and other non-inbred species, most age-related cancers arise from epithelial cells

(DePinho, 2000; Repetto and Balducci, 2002).  Somatic mutations, which accumulate

throughout life, are a major contributor to this age-dependent increase in epithelial tumors

(DePinho, 2000; Dolle et al., 2002).  However, several lines of evidence suggest that

mutations alone are insufficient for the development of cancer (Bissell and Radisky, 2001;

DePinho, 2000; Krtolica and Campisi, 2002).  Rather, malignant tumorigenesis also requires a

permissive tissue microenvironment in which cells that bear potentially oncogenic mutations

can progress towards full malignancy.  Fully malignant cancer cells typically acquire an array

of malignant properties, among which are loss of proper growth control and aberrant

differentiation.

Two cellular tumor suppressor mechanisms -- apoptosis and senescence -- limit the

proliferation (used here interchangeably with growth) of cells at risk for malignant

transformation (Campisi, 2003).  Apoptosis or programmed cell death eliminates potential

cancer cells, whereas cellular senescence prevents their proliferation by imposing an

irreversible block to cell cycle progression.  The senescence response was first formally

described as the process that limits the proliferation of normal human cells in culture

(Hayflick, 1965).  This limit is now known to be due, in large measure, to the progressive

telomere shortening (and subsequent dysfunction) that occurs when cells undergo DNA

replication in the absence of telomerase (Aisner et al., 2002; Kim et al., 2002).  In addition to

telomere dysfunction, a variety of other potentially oncogenic events or stimuli elicit a

senescence response.  These include direct DNA damage, the expression of certain

oncogenes, and epigenetic perturbations in chromatin organization (Chen et al., 1995;

DiLeonardo et al., 1994; Krtolica and Campisi, 2002; Ogryzko et al., 1996; Robles and

Adami, 1998; Serrano et al., 1997).
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Senescent cells acquire multiple phenotypic changes, in addition to an irreversible

growth arrest, some of which can compromise tissue structure and function (reviewed in

Krtolica and Campisi, 2002).  These findings have led to the hypothesis that the senescence

response is an example of evolutionary antagonistic pleiotropy.  Thus, this response may

benefit organisms early in life by preventing cancer, but be detrimental later in life as

senescent cells accumulate (Campisi, 2003; DePinho, 2000; Rinehart and Torti, 1997).

Senescent cells may be detrimental not only because they compromise tissue renewal

capacity, but also because they secrete factors that alter tissue homeostasis.  For example,

senescent stromal fibroblasts secrete soluble and insoluble factors that can, at least in

principle, disrupt the architecture and function of the surrounding tissue and stimulate (or

inhibit) the proliferation of neighboring cells.  These factors include inflammatory cytokines

(e.g., IL1), epithelial growth factors (e.g., heregulin), and matrix metalloproteinases (e.g.,

MMP-3) (Krtolica and Campisi, 2002).  Thus, senescent cells may create a tissue environment

that synergizes with mutation accumulation to facilitate the progression of epithelial

malignancies (Campisi, 2003; DePinho, 2000; Rinehart and Torti, 1997).  Consistent with this

idea, human and rodent cells with senescent characteristics accumulate in vivo with age and at

sites of age-related pathology, including hyperplastic and premalignant lesions (Choi et al.,

2000; Dimri et al., 1995; Krtolica and Campisi, 2002; Melk et al., 2003; Paradis et al., 2001;

Vasile et al., 2001).  Moreover, senescent human fibroblasts can promote the proliferation and

tumorigenic conversion of premalignant (non-tumorigenic, but bearing potentially oncogenic

mutations), but not normal, epithelial cells in culture and in vivo (Krtolica et al., 2001).

We recently showed that immortal but non-tumorigenic mammary epithelial cells

(SCp2), which express cytokeratins and functionally differentiate in culture (Desprez et al.,

1998), produce undifferentiated tumors when injected into mice together with senescent, but

not presenescent, fibroblasts (Krtolica et al., 2001).  Notably, the resulting tumors were

devoid of cytokeratin expression, one sign of an epithelial-to mesenchymal-transition (EMT).
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The EMT is a phenotypic switch that enables preneoplastic epithelial cells to acquire more

malignant properties, specifically the ability to migrate and invade the basement membrane

(Birchmeier and Birchmeier, 1995).  Because loss of differentiation is a hallmark of cancer

progression (Bissell and Radisky, 2001; Petersen et al., 1998), this finding suggested that

senescent fibroblasts might promote age-related cancer in part by altering epithelial

differentiation.

Epithelial cells from the mammary gland have provided numerous insights into the

control of cell proliferation and differentiation and their relationship to carcinogenesis.  The

mammary gland consists of branched epithelial ducts that culminate in secretory alveoli, the

functional milk-producing units of the gland.  The mammary parenchyma is embedded in a

stroma composed of an extracellular matrix (ECM) and a variety of cell types, including

adipocytes and fibroblasts (mesenchyme).  All stages of mammary gland development depend

on epithelial-stromal interactions (Fata et al., 2004; Woodward et al., 1998).  During both

branching and alveolar differentiation, the mammary mesenchyme synthesizes factors that, in

concert with systemic hormones, direct epithelial function (Woodward et al., 1998).

Here, we present evidence that senescent fibroblasts influence both the morphological

and functional differentiation of mammary epithelial cells.  Our findings support the idea that

senescent stromal cells might promote malignant transformation in part by altering epithelial

differentiation.  They also suggest that senescent cells might contribute to the decline in tissue

function that is a hallmark of mammalian aging.
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MATERIALS AND METHODS

Cells. WI-38 fetal lung (ATTC) and 48 adult breast (hBF) (M. Stampfer, P. Yaswen,

LBNL) human fibroblasts senesce after ~50 and 25 population doublings (PDs), respectively,

and were cultured as described (Dimri et al., 1995).  Presenescent and senescent cultures

contained, respectively, >60% and <10% proliferating cells and <10% and >60% senescence-

associated β-galactosidase (SA-βGal) positive cells (Dimri et al., 1995).  SCp2-P, SCp2-T,

EpH4 and MCF-10A (M. Bissell, LBNL) cells were cultured as described (Desprez et al.,

1998; Montesano et al., 1998).  Mouse mammary fibroblasts (mBF) and mammary epithelial

organoids were isolated from 3-4 month old
 
virgin C57Bl/6 mice and cultured as described

(Simian et al., 2001), with the exception that they were cultured in a 3% oxygen atmosphere

(Parrinello et al., 2003).

Inhibitors and reagents.  HGF neutralizing antibody (2.5 µg/ml) and insulin-like

growth factor neutralizing antibody (10 µg/ml) were from Sigma.  The EGF neutralizing

antibody (20 µg/ml) was from Upstate Biotechnologies.  MMP-3 inhibitor I (25 µM), MMP2

inhibitor I (8.5 µM), and human MMP-3 catalytic domain (0.5-2 µM) were from Calbiochem.

Conditioned media.  Fibroblasts were plated on 60 mm dishes and cultured until they

reached confluence.  Confluent cultures were rinsed twice with serum-free medium and

incubated in basal branching medium {phenol red-free DMEM/F12 (Sigma),
 
0.1 mM

nonessential amino acids (Gibco), 2 mM L-glutamine (Gibco), 100 ng/ml
 
insulin (Sigma), 1

mg/ml fatty acid-free BSA (fraction V) (Sigma), 0.5 mg/ml fetuin (Sigma)} for 48 hours.  We

collected the conditioned media and clarified them by centrifugation, counted the number of

cells on the dish, and normalized the volume of conditioned medium used in each experiment

for cell number.  Inhibitors and antibodies described above were added to conditioned media

for 2 hours at 37° C prior to addition to cell cultures.

Induction of senescence.  Confluent presenescent fibroblasts were irradiated with 10

Gy X-rays, incubated in fresh medium for 24 h, then trypsinized and replated at subconfluent
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densities.  After replating, the cells acquired a senescent-like phenotype within 7 days.  The

senescence response was confirmed by determining the percentage of cells capable of DNA

synthesis over a 3 day interval (
3
H-thymidine incorporation; %LN) and expression of SA-

βgal, as described (Dimri et al., 1995).

Tumorigenesis assays.  Tumorigenesis assays were performed as described (Krtolica

et al., 2001).  Tumors (~100 mm
3
) were excised aseptically and digested with 0.2% trypsin

(Invitrogen), 0.2% collagenase, 5% FBS, 5 µg/ml insulin and 50 µg/ml gentamicin
 
(Sigma) in

DME/F12 (Invitrogen) for 30 minutes.  The dispersed tumor cells were separated through

Percoll gradients (Redigrad, Amersham Biosciences) according to manufacturer’s

instructions.  The epithelial layer was transferred to 10 cm
2
 dishes and cultured as described

for parental SCp2 cells (Desprez et al., 1998; Montesano et al., 1998).  Parental and tumor

cells (3 x 10
4
) were embedded in 60 µl undiluted Matrigel (BD Biosciences) in 4-well

chamber slides (Nunc) and allowed to differentiate over 5-7 days, as described (Desprez et al.,

1998).

Three dimensional (3D) co-cultures.  Presenescent or senescent hBF (1.2 or 1.8 x

10
4
/well, respectively) were suspended in 60 µl cold Matrigel and plated in 24 well plates

(Corning) or 4-well chamber slides.  After the Matrigel gelled (37° C, 45 minutes), MCF-10A

or EpH4 cells (3 x 10
4
/well) were plated atop the fibroblast-Matrigel layer.  MCF-10A cells

were plated in MEGM medium supplemented with bovine pituitary extract, insulin,

hydrocortisone and EGF (Clonetics).  EpH4 cells were plated in differentiation medium

{DME/F12, 5 µg/ml insulin, 1.4 µM hydrocortisone, 3 µg/ml prolactin (Sigma)} containing

10% FBS; after 24 hours, the cells were given serum-free differentiation medium.  The

cultures were maintained at 37° C in a 5% CO2 and 3% O2 atmosphere for up to 6 days.

Branching assays.  Presenescent (PD 2) or senescent (PD 2, X-irradiated) mBF (10
5

or 1.2 x 10
5
/well) were cultured in the lower well of Corning clear transwell inserts in 24-well

plates.  Mammary epithelial organoids (80/well) suspended in type I collagen (BD

Biosciences; 2 mg/ml, 110 µl/well) were plated in the upper well of the transwells.  The
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collagen was allowed to gel for 30 min at 37°C and basal branching medium (described above

under Conditioned media) was added.  Alternatively, the epithelial cells in collagen were

plated in 96-well plates, and fibroblast conditioned medium was added.  The cultures were

maintained at 37° C in a 5% CO2 and 3% O2 atmosphere for 4 days.  Fresh culture or

conditioned medium was added every 48 or 24 hours, respectively.  

Quantification of branching morphogenesis.  Phase contrast images were captured

at 100X magnification using a Spot camera.  For each experimental condition, a minimum of

25 organoids were randomly chosen from triplicate culture wells and analyzed for the size,

number, type and length of branches using Spot software.  Alternatively, 15 organoids

randomly chosen from triplicate wells were scored visually for the presence and extent of

branching and classified accordingly.  To quantify proliferation, cultures were fixed with ice-

cold methanol for 20 minutes and stained with DAPI (4',6'-diamidino-2-phenylindole; Sigma),

as described (Krtolica et al., 2001).  Fluorescent images of the DAPI-stained nuclei from at

least 25 organoids from triplicate wells were quantified using NIH image common domain

software.

Immunocytochemistry and western blotting.  Matrigel-embedded cells and 3D co-

cultures in chamber slides were fixed with
 
4% formaldehyde for 20 minutes, permeabilized,

blocked with 10% FBS for 30 minutes, then incubated with primary antibodies overnight

followed by incubation with FITC- or Texas red-conjugated secondary antibodies (Alexa) for

1 hour.  Nuclei were counterstained with DAPI.  The slides were mounted in VectaShield

(Vector Laboratories)
 
and viewed by epifluorescence.  Primary antibodies were: β-casein

(1:500 or 1:3000; gift from Mina Bissell), cytokeratin 18 (1:500; Sigma), pan-cytokeratin

(1:100; DAKO), vimentin (1:200; Sigma), α6-integrin (1:200; Chemicon), E-cadherin (1:100)

and GM130:FITC (1:250) (BD Transduction Labs), and Ki67 (1:500; Novo Castra).

Boyden chamber invasion assays.  Invasion assays were performed in modified

Boyden chambers with 8 mm pore-size filter inserts (Corning), as described (Desprez et al.,
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1998).  After 20 hours, cells on the lower side of the filter were fixed with 2.5%

glutaraldehyde, stained with crystal violet, and counted.

Zymography.  Confluent presenescent or senescent fibroblasts (1.2 x 10
6
 in 60-mm

dishes) were shifted to serum-free medium for 2 days, after which the conditioned medium

was collected and concentrated 10- to 15-fold using 30 kD cutoff filters (Millipore, Bedford,

Mass.).  The
 
concentrated conditioned medium was analyzed on casein substrate

 
gels as

described (Desprez et al., 1998), normalizing to cell number at the time of medium collection.   
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RESULTS

Phenotype of epithelial tumor cells induced by senescent fibroblasts.  The

immortal but non-tumorigenic mouse mammary epithelial cell line SCp2 formed tumors only

in the presence of senescent fibroblasts (human WI-38, from fetal lung) (Krtolica et al., 2001).

Moreover, the tumor cells, in contrast to the parental SCp2 cells, were devoid of cytokeratin

expression.  Experiments using green fluorescent protein (GFP)-expressing epithelial cells

showed senescent fibroblast-induced tumors arose from the injected epithelial cells, not from

the injected fibroblasts or host cells (Krtolica et al., 2001).

To better understand this tumorigenic conversion, we injected into mice the parental

SCp2 cells (SCp2-P) together with replicatively senescent human fibroblasts (WI-38).  We

allowed tumors to develop, excised the tumors and dissociated the tumor cells.  We then

isolated and cultured the tumor epithelial cells, which we term SCp2-T cells.  We then used

the Scp2-T cells to determine whether their malignant properties remained dependent on the

presence of senescent fibroblasts or were autonomous of a senescent stroma.  

Non-malignant breast epithelial cells can be distinguished from their malignant

counterparts by the size and organization of structures they form in three dimensional (3D)

cultures using a basement membrane-like ECM such as Matrigel (Petersen et al., 1992).

Thus, we first compared the behavior of SCp2-P and SCp2-T cells in basement membrane-

rich 3D cultures.  As reported (Desprez et al., 1998), when cultured in 3D in Matrigel, SCp2-P

cells formed small, uniform, well-organized structures that resembled differentiated alveoli

(fig. 1A, i).  In contrast, SCp2-T cells formed large, irregular, highly disorganized structures

with numerous elongated cells and protrusions (fig. 1A, ii).  Thus, upon tumorigenic

conversion by senescent fibroblasts in vivo, SCp2 cells lost the ability to respond to signals

for morphological differentiation and behaved similar to frankly malignant cells, and these

phenotypic changes were independent of the presence of senescent fibroblasts.
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The elongated spindle shape of SCp2-T cells in Matrigel resembled that of aggressive

breast cancer cells (Petersen et al., 1992), which frequently have undergone an EMT.  To

explore the possibility that Scp2 cells underwent an EMT during tumorigenic conversion by

senescent fibroblasts in vivo, we immunostained the structures formed by SCp2-T cells in

Matrigel for cytokeratin and vimentin filaments.  In contrast to the cytokeratin-positive and

vimentin-negative parental (SCp2-P) cells (fig. 1A, iii), SCp2-T cells stained weakly for

cytokeratin and strongly for vimentin (fig. 1A, iv).  In addition, SCp2-T cells were highly

invasive, in sharp contrast to non-invasive Scp2-P cells.  To demonstrate this, we seeded

SCp2-P and SCp2-T cells in the upper wells of Boyden chambers (Albini et al., 1987), placed

an attractant (NIH3T3 fibroblast-conditioned medium) in the lower wells, and coated the

porous filter separating the wells with Matrigel.  After 20 hours, we fixed, stained, and

counted the number of cells that invaded and migrated through the Matrigel to the underside

of the filter.  As expected (Desprez et al., 1998), SCp2-P cells did not migrate through the

filter (fig. 1B).  By contrast, SCp2-T cells were decidedly migratory and invasive, behaving

similarly in this regard to the highly malignant human breast cancer cell line MDA-MB-231,

which served as a positive control (fig. 1B).

The aggressive properties conferred on SCp2 cells by senescent fibroblasts did not

depend on their continuous presence.  We injected SCp2-T cells alone into mice.  In contrast

to the long latency required for tumors produced by SCp2-P cells plus senescent fibroblasts

(fig. 1C, gray lines), SCp2-T cells alone produced large tumors with a very short latency

period (fig 1C, black lines).  Although we cannot rule out the possibility that senescent

fibroblasts favored the outgrowth of rare vimentin-positive cells, which occur spontaneously

at low frequency in SCp2 populations (Desprez et al., 1998), taken together, these results

suggest that senescent fibroblasts can induce an essentially irreversible progression towards

aberrantly differentiated, highly invasive malignant phenotypes, possibly by inducing an

EMT.
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Senescent fibroblasts disrupt morphological and functional differentiation of

non-malignant epithelial cells.  To study the effect of senescent fibroblasts on mammary

epithelial differentiation more directly, we established homotypic 3D co-cultures using human

breast fibroblasts (hBF), together with two immortal but non-tumorigenic (human or mouse)

breast epithelial cell lines.  For the remainder of our studies, we used breast fibroblasts in

order to recapitulate as closely as possible the physiological epithelial-stromal interactions in

the mammary gland.  In addition, we used presenescent fibroblasts that were either untreated

or induced to senesce by X-irradiation (DiLeonardo et al., 1994; Robles and Adami, 1998).

Recent studies in our laboratory show there are no major differences in the secretory profiles

of fibroblasts induced to senesce by replicative exhaustion or X-irradiation (manuscript in

preparation).  Moreover, DNA damage is likely an important contributor to the accumulation

of senescent cells in vivo (Hasty et al., 2003).  We confirmed senescence by acquisition of the

characteristic senescent morphology, long term reduction in the labeling index, and

expression of SA-βGal (Dimri et al., 1995).

First, we used MCF-10A cells, a human breast epithelial cell line that forms branched

tubular networks when cultured on Matrigel (Shekhar et al., 2001) and polarized alveoli when

cultured in Matrigel (Soule et al., 1990).  As expected, when cultured on Matrigel alone,

MCF-10A cells formed branched tubular networks or single cells that did not proliferate (not

shown).  However, when cultured on Matrigel containing hBFs, MCF-10A formed alveolar

structures (fig. 2A).  Regardless of whether the fibroblasts were presenescent or senescent

(%LN = 61% for untreated hBF and 3% for X-irradiated hBF), the MCF-10A alveoli were

composed of cytokeratin-positive cells (not shown).  Moreover, the alveoli were polarized, as

judged by immunostaining for basally-localized α6-integrin, laterally-localized E-cadherin

and apically-localized GM130, a Golgi marker. (fig. 2B-D).  Cytoskeletal organization was

also similar in cultures containing presenescent or senescent fibroblasts, as evidenced by
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tubulin and actin immunostaining (fig. 2E).  However, alveoli that formed in the presence of

senescent fibroblasts were less uniform and often larger than those formed in the presence of

presenescent fibroblasts (fig. 2A-E; fig 3A-C).  This larger alveolar size was due at least in

part to increased cell proliferation, as determined by number of cells positive for Ki67

staining (fig. 3A-C).  After 4 days in 3D culture, only 20% of the alveoli in cultures with

presenescent fibroblasts contained >5 Ki-67-positive nuclei; by contrast, >50% of the alveoli

in cultures containing senescent fibroblasts had >5 Ki67 positive nuclei (fig. 3B).  Alveoli

formed in the presence of senescent hBFs were on average two-fold larger than alveoli

formed in the presence of presenescent hBFs (fig. 3C).

Lobuloalveolar development of the mammary gland culminates in milk production

(lactation), the functionally differentiated state of mammary epithelial cells.  This

differentiation requires both hormonal and ECM-mediated signals (Rosen et al., 1999), as

well as signals from surrounding stromal fibroblasts (Darcy et al., 2000).

To assess the effect of senescent fibroblasts on functional differentiation, we used the

immortal but non-tumorigenic mouse mammary epithelial cell line EpH4.  When cultured on

Matrigel with lactogenic hormones, EpH4 cells form alveoli and additionally, unlike

MCF10A cells, express milk proteins (Montesano et al., 1998).  We plated EpH4 cells on

Matrigel containing presenescent or senescent hBFs, then maintained the cultures in serum-

free medium containing lactogenic hormones.  After 6 days, EpH4 cells formed alveolar

structures, regardless of whether the fibroblasts were presenescent or senescent.  However,

many of the EpH4 alveoli that formed in the presence of senescent fibroblasts, like similarly

formed MCF10A alveoli, were on average larger, less uniform and less organized than those

formed in the presence of presenescent fibroblasts (fig. 3E).  Moreover, the alveoli formed in

the presence of senescent fibroblasts expressed 1.6 to 2-fold less β-casein, a major milk

protein, as determined by western blotting (fig. 3D) and immunostaining (fig. 3E).  Western

blots were normalized to cytokeratin 18, which luminal mammary epithelial cells express
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independent of functional differentiation (Smalley et al., 1999).  We also confirmed by

immunostaining that cytokeratin 18 was expressed at similar levels in both presenescent and

senescent co-cultures (not shown).  A similar senescent fibroblast-induced reduction in β-

casein expression was observed when cytokeratin 8 was used to normalize the western blots

(not shown).

Taken together, these results suggest that senescent human fibroblasts can impair the

morphological (alveolar) and functional differentiation of human and mouse mammary

epithelial cells.  Moreover, this impairment is due in part to the ability of senescent fibroblasts

to stimulate the proliferation of normal epithelial cells in 3D culture, an effect that was not

seen in 2D co-cultures (Krtolica et al., 2001).  In contrast to their effects on branching

morphogenesis (discussed below), the effects of senescent fibroblasts on alveolar

differentiation were not due to their elevated secretion of MMPs (Krtolica and Campisi, 2002;

Millis et al., 2002).  Addition of the general MMP inhibitor GM6001, or a specific MMP-3

inhibitor, failed to reduce the Ki67 labeling of MCF10A cells, or rescue the lactogenesis

defect of EpH4 cells, co-cultured in 3D with senescent hBFs (not shown).

Senescent fibroblasts alter branching morphogenesis of normal mammary

epithelial cells.  Ductal branching in the mammary gland entails the controlled migration and

invasion of epithelial cells through the stromal ECM.  Branching morphogenesis is strongly

influenced by the stroma, and stromal fibroblasts regulate mammary epithelial branching

predominantly through the secretion of soluble factors (Fata et al., 2004; Woodward et al.,

1998).

To determine whether senescent fibroblasts and the factors they secrete alter branching

differentiation, we established branching assays using primary epithelial organoids and

stromal fibroblasts (mBF) from virgin mouse mammary glands.  For these assays, we used

mouse mammary fibroblasts (mBFs) in order to create as much as possible a physiologically-
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relevant homotypic system.  In addition, we performed these experiments in a 3% oxygen

atmosphere.  We have shown that the growth arrest of mouse cells in atmospheric (21%)

oxygen is due to oxygen toxicity, and that murine cells do not undergo replicative senescence

in physiological (e.g., 3%) oxygen (Parrinello et al., 2003).  We therefore induced senescence

in mBFs cultured in 3% oxygen by X-irradiation.  We confirmed senescence by the cell

morphology, %LN (<10%) and SA-βgal expression (not shown).

We carried out branching assays using transwells, in which two chambers are

separated by a porous membrane that allows an exchange of soluble factors, but not cells.  We

embedded primary organoids in a 3D collagen gel and plated them in the upper transwell

chambers.  We plated presenescent or senescent (X-irradiated) mBFs in the lower chambers.

We also established control transwells containing epithelial organoids in collagen without

fibroblasts in the lower chambers.  We maintained all the co-cultures in serum-free medium.

Control cultures lacking fibroblasts showed little or no branching (not shown).

However, the presence of fibroblasts stimulated within 2-4 days the formation of projections

reminiscent of ductal branching, as reported (Zhang et al., 2002) (fig. 4A, i and ii).  Strikingly,

epithelial branching was significantly more pronounced and extensive in co-cultures that

contained senescent fibroblasts (fig. 4A ii), relative to those that contained presenescent

fibroblasts (fig 3A i).  Specifically, organoids cultured with senescent mBFs were larger and

had more branches (fig. 4Aiii and iv; fig. 4B).  They also had significantly more secondary

and tertiary branching (fig. 4C) and longer projections (branch length; fig. 4D), as determined

by digital quantification of the images (fig. 4B-D).  In addition, senescent mBFs stimulated

the proliferation of the organoid epithelial cells, as determined by quantification of DAPI-

stained epithelial nuclei (Krtolica et al., 2002) (fig. 4E) and MTS assays for viable cells (Cory

et al., 1991) (not shown).
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We conclude that senescent fibroblasts can alter the functional and morphological

differentiation of mammary epithelial cells.  These alterations likely occur in part because

senescent cells stimulate epithelial cell growth, and additionally because senescent cells

stimulate the migration and invasion (branching) of the epithelial cells through a collagen

matrix.

Senescent fibroblasts stimulate branching morphogenesis via MMP-3.  Several

hormones and growth factors are important for branching morphogenesis in the mammary

gland, but hepatocyte growth factor (HGF), MMP-2 and MMP-3 are of particular interest

because they are expressed by the stroma (Fata et al., 2004; Woodward et al., 1998).  To

determine whether these stromal factors were responsible for the branching morphogenesis

stimulated by senescent fibroblasts, we performed branching assays in the presence of

blocking antibodies or specific inhibitors, substituting fibroblast-conditioned medium

collected over a 48 hour interval for fibroblasts.  This substitution allowed us to more

accurately normalize the cultures for fibroblast cell number, and more effectively block the

activity of HGF, MMP2 and MMP-3 by preincubating the conditioned media with antibodies

or inhibitors.

To assess the contribution of HGF, we first determined that presenescent and

senescent fibroblasts expressed HGF to similar extents, as measured by quantitative real-time

polymerase chain reactions (RT-PCR; not shown).  Consistent with this finding and the

importance of HGF for branching morphogenesis, blocking antibody against HGF reduced

both the size of the organoid core and total extent of branching (fig. 5A).  The HGF blocking

antibody reduced organoid size and branching regardless of whether the cultures contained

conditioned medium from presenescent or senescent fibroblasts (fig. 5A).  In both cases, HGF

neutralization suppressed the formation of tertiary branches (figs. 5B), the average length of

primary and secondary branches (fig. 5C), and the proliferation of cells in the organoids (fig.

5D).  The HGF antibody was more active in suppressing the number of primary and
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secondary branches stimulated by senescent, compared to presenescent, conditioned medium

(fig. 5B).  Taken together, these results indicate that HGF is necessary for organoid

branching, as reported (Simian et al., 2001; Zhang et al., 2002).  However, although HGF

appeared to contribute to the greater number of primary and secondary branches stimulated by

senescent fibroblasts, HGF did not appear to be responsible for the difference between

presenescent and senescent fibroblasts in their ability to stimulate tertiary branching or cell

proliferation.  In contrast to HGF blocking antibodies, blocking antibodies against epidermal

growth factor (EGF) or insulin-like growth factor-1 (IGF-1) had no effect on organoid size

and branching (not shown).  Likewise, a specific inhibitor of MMP-2 (MMP2i) reduced

organoid cell proliferation (fig. 5D), and visual inspection of the organoids indicated that it

suppressed secondary and tertiary (side) branching (fig. 5E), as reported (Wiseman et al.,

2003).  However, the inhibition was not selective to the stimulation caused by senescent

fibroblasts.  This result suggests that MMP-2, like HGF, cannot completely explain the

stimulation of branching by senescent fibroblasts.

In contrast to the effects of HGF and MMP2 inhibition, MMP-3 inhibition selectively

suppressed the stimulation of branching by senescent fibroblasts.  MMP-3 expression is

known to be upregulated in senescent human fibroblasts (Millis et al., 1992).  We confirmed

that senescent mBFs also overexpress MMP-3 mRNA (not shown), and determined by

zymography that they secrete 10-fold more MMP-3 than presenescent mBFs (fig. 5F).  A

peptide inhibitor of MMP-3 (MMP-3i) had little effect on organoid branching (fig. 5A and

5B) or cell proliferation (fig. 5D) in cultures containing conditioned medium from

presenescent fibroblasts.  However, the inhibitor sharply reduced the number of secondary

and tertiary branches, and the amount of cell proliferation, in cultures containing conditioned

medium from senescent fibroblasts (fig. 5A, B and D).  Moreover, the MMP3i brought the

branching and proliferation caused by senescent fibroblasts to the level caused by

presenescent fibroblasts (fig. 5B and D).  Likewise, expression of an MMP3 shRNA that
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partially reduced MMP3 expression in senescent mBFs, also partially reduced the ability of

conditioned medium from these cells to stimulate secondary and tertiary branching (not

shown).  Together, these results suggest that MMP-3 may be a major contributing factor to the

effects of senescent fibroblasts on mammary epithelial branching differentiation.  Consistent

with this idea, addition of recombinant MMP-3 to conditioned medium produced by

presenescent fibroblasts stimulated branching, including extensive side (secondary and

tertiary) branching, in a dose-dependent manner, eventually reaching the level caused by

senescent fibroblasts (figure 6A and 6B).  Recombinant MMP-3 also stimulated the

proliferation of epithelial cells in the organoids, also in a dose-dependent manner and also

eventually reaching the stimulation caused by senescent fibroblasts (fig. 6C).

These findings indicate that senescent fibroblasts alter branching morphogenesis in

primary mammary organoids owing in large measure to their elevated secretion of MMP-3,

which acts together with HGF and MMP-2.

DISCUSSION

The senescence response is very likely a tumor suppressive mechanism that evolved to

arrest the growth of cells at risk for malignant transformation (Campisi, 2003).  In addition,

increasing evidence suggests that senescent cells may contribute to aging phenotypes.

Consistent with this view, senescent cells have been shown to accumulate with age in rodent

and human tissues (reviewed in Krtolica and Campisi, 2002; Campisi, 2003).  They have also

been identified at sites of certain age-related pathologies, including atherosclerotic plaques

(Vasile et al., 2001), hyperplastic lesions in the prostate (Choi et al., 2000) and preneoplastic

lesions in the liver (Paradis et al., 2001).  More direct evidence that senescent cells can have

biological effects derives from studies showing that senescent fibroblasts can stimulate the

proliferation of premalignant epithelial cells in culture and the tumorigenic conversion of such

cells in vivo (Krtolica et al., 2001).  Together, these findings suggest that the senescence
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response may be an example of evolutionary antagonistic pleiotropy.  According to this idea,

the senescence response may prevent early life cancers by irreversibly arresting the

proliferation of potential cancer cells.  Later in life, however, as senescent cells accumulate,

they may disrupt normal tissue structure and/or function.  As such, senescent cells may then

contribute to late life cancers by creating a tissue microenvironment that is permissive for

malignant progression of cells that harbor oncogenic mutations.

Our earlier studies showed that senescent human fibroblasts stimulate the growth of

premalignant (immortal but not tumorigenic) mouse and human epithelial cells in two-

dimensional co-culture assays.  Here, we show that even in 3D co-culture assays, which more

accurately approximate physiological conditions, senescent fibroblasts stimulate the

proliferation of premalignant mouse and human epithelial cells.  Strikingly, however,

although senescent fibroblasts did not stimulate normal epithelial cell growth in two-

dimensional co-cultures (Krtolica et al., 2001), we show here that they stimulate the growth of

normal epithelial cells in more physiological 3D assays.  This growth stimulation most likely

contributes to the ability of senescent fibroblasts to alter the differentiation of the epithelial

cells.  However, it is unlikely that stimulated proliferation per se can explain the increase in

branching differentiation, which requires that epithelial cells invade and migrate through a

surrounding collagen matrix.

The ability of epithelial cells to migrate and invade the basement membrane and

stroma are stringently controlled in normal tissues, a control that is lost upon malignant

transformation.  Our results suggest that senescent stromal cells can relax the constraints on

epithelial cell proliferation, migration and invasiveness that are normally imposed by the

tissue microenvironment.  Of particular importance and relevance to the link between aging

and cancer, our results suggest that senescent stromal cells can stimulate the growth and

promote the acquisition of invasive and migratory phenotypes by normal or premalignant

epithelial cells.  Consistent with this idea, senescent fibroblasts that were co-injected with
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premalignant SCp2 mouse mammary epithelial cells caused a loss of epithelial differentiation,

acquisition of invasiveness, possibly by an EMT, and full malignant transformation.

Moreover, senescent fibroblasts, when co-cultured in 3D with basement membrane

components (Matrigel) and immortal mouse or human mammary epithelial cells, disrupted

alveolar morphogenesis and functional differentiation.  These effects were not likely due to

the elevated expression of MMP-3 or other MMPs by senescent fibroblasts because the MMP

inhibitors did not prevent the inhibition of alveolar morphogenesis or lactogenesis.  Likewise,

the stimulation of cell proliferation during alveolar and functional differentiation was not

suppressed by MMP-3 inhibition (not shown).  These results are consistent with previous

findings in two-dimensional co-cultures, where the stimulation of epithelial growth induced

by senescent fibroblasts could not be inhibited by MMP inhibition (unpublished data).  Thus,

at least some of the effects of senescent fibroblasts are likely caused by more complex

stromal-epithelial interactions, involving both soluble and insoluble factors, as reported

(Krtolica et al., 2001).  Whatever the cause, our finding demonstrate that senescent stromal

cells can compromise the function of mammary, and possibly other, epithelial cells.

In contrast to their effects on epithelial cell growth and alveolar morphogenesis, we

found that senescent fibroblasts stimulated branching morphogenesis by normal mammary

epithelial organoids owing primarily to their secretion of MMP-3.  Branching morphogenesis

entails migration and invasion through collagen.  The senescence response markedly increases

MMP-3 expression by both mouse and human fibroblasts, although the inducer(s) of MMP-3

in senescent cells is not known.  HGF has been shown to induce MMP-3 expression in

kearatinocytes (Dunsmore et al., 1996) and thus is a potential stimulator of MMP-3

expression in senescent fibroblasts.  Arguing against this possibility, HGF expression was

similar in presenescent and senescent mouse fibroblasts, as determined by quantitative RT-

PCR, although we cannot rule out the possibility that expression or activation of the HGF

receptor, c-Met, might be elevated in senescent cells.  In addition, we assayed MMP-3 in

conditioned media from senescent mBF cultures that had been pre-treated with HGF blocking
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antibodies.  Casein zymography showed no difference in MMP-3 levels between mock-

treated and HGF antibody-treated cultures (not shown), suggesting that MMP-3 is induced by

HGF-independent mechanisms in senescent fibroblasts.

MMP-3 is crucial for branching morphogenesis, especially secondary and tertiary

branching, in the differentiating mammary gland (Simian et al., 2001; Wiseman et al., 2003).

By inhibiting MMP-3 in the conditioned medium produced by senescent fibroblasts, and

supplementing presenescent fibroblast conditioned medium with recombinant MMP3, we

identified MMP-3 as a prime candidate for mediating the effects of senescent fibroblasts on

branching morphogenesis.  What might be the significance of the increased MMP-3 secretion

by senescent stromal cells in vivo?  Ectopic high-level expression of MMP-3 in the mammary

gland markedly increases the incidence of epithelial breast cancers in mice, presumably

because it disrupts the normal tissue architecture and creates a tissue environment that

promotes the malignant progression of initiated epithelial cells (Sternlicht et al., 1999).  The

MMP-3 produced by senescent fibroblasts may likewise promote a tissue structure and

microenvironment that promotes the progression of resident premalignant epithelial cells.

Moreover, our results indicate that the MMP-3 produced by senescent fibroblasts also

stimulates epithelial cell proliferation, which in turn can favor oncogenesis by fueling, and

subsequently fixing, mutations.  Finally, even in the absence of nearby premalignant cells,

factors produced by senescent stromal cells may facilitate the development of

hyperproliferative lesions in the breast and other epithelial organs, which increase with age.

Our finding that senescent fibroblasts affect both the morphological organization and

function of mammary epithelial cells may also be relevant to aging phenotypes.  Loss of

tissue structure and function are hallmarks of aging (Brelinska et al., 2003; Kirkland et al.,

2002).  In this regard, the mammary gland may be a model for other tissues, which, when

structure or function are altered, can compromise organismal health and fitness.  For example,

the presence of senescent dermal fibroblasts in cell culture models of skin promoted
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subdermal blistering and epidermal fragility, which can occur in aged skin (Funk et al., 2000).

Likewise, senescent endothelial cells, which secrete high levels of the inflammatory cytokine

IL-1 (Maier et al., 1990), have been identified in, and proposed to initiate, atherosclerotic

lesions in human aorta (Vasile et al., 2001).  Thus, in addition to contributing to late life

malignancies, senescent cells might contribute to a variety of aging phenotypes and non-

neoplastic age-related pathologies.  
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FIGURE LEGENDS

Fig. 1. Epithelial tumors stimulated by senescent human fibroblasts progress to

full malignancy.

(A) Morphology (i and ii) (40X magnification), and cytokeratin (red) and vimentin

(green) immunostaining (iii and iv) (400X magnification), of SCp2-P (i and iii) and SCp2-T

(ii and iv) cells in 3D Matrigel culture.

(B) Invasion and migration of SCp2-P, SCp2-T and MDA-MB-231 (positive control)

cells through basement membrane components (Matrigel) in Boyden chamber assays.  Error

bars = s.e.m. from three fields.

(C) Tumorigenicity of SCp2-T cells injected alone (solid black lines) into

immunocompromised mice.  Tumor cells were injected and tumor size was measured at the

indicated intervals after injection.  Tumors formed by SCp2-P cells co-injected with senescent

fibroblasts is shown (gray lines) for comparison (Krtolica et al., 2001).

Fig. 2. Senescent human breast fibroblasts attenuate mammary epithelial

alveolar differentiation.

(A) MCF10A cells co-cultured with presenescent (Presen, left) or senescent (Sen,

right) hBFs in 3D on Matrigel.  Low (40X, upper panels) and high (100X, lower panels)

magnifications of the cultures are shown.

(B) α6 integrin immunostaining (green) of MCF10A cells co-cultured on Matrigel

with presenescent (Presen, left) or senescent (Sen, right) hBFs.  Nuclei were counterstained

with DAPI (blue), and images shown at 200X magnification.  Scale bar equals 60 µm.

(C) E-cadherin immunostaining (green) of MCF10A cells co-cultured on Matrigel

with presenescent (Presen, left) or senescent (Sen, right) hBFs.  Nuclei were counterstained

with DAPI (blue), and images shown at 1000X magnification.  Scale bar equals 15 µm.
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(D) GM-130 immunostaining (green) of a representative MCF10A alveolus co-

cultured on Matrigel with presenescent (Presen, left) or senescent (Sen, right) hBFs.  Nuclei

were counterstained with DAPI (blue).  Merged image is also shown to indicate apical

polarity of GM130, and images shown at 400X magnification.  Scale bar equals 20 µm.

(E) Tubulin (green) and actin (red) immunostaining of representative MCF10A alveoli

co-cultured on Matrigel with (Presen, left) or senescent (Sen, right) hBFs.  Nuclei were

counterstained with DAPI (blue), and images shown at 400X magnification.  Scale bar equals

20 µm.

Fig. 3. Senescent human breast fibroblasts attenuate mammary epithelial

functional differentiation.

(A) Ki67 immunostaining (green) of MCF10A cells co-cultured on Matrigel with

presenescent (Presen, left) or senescent (Sen, right) hBFs.  Nuclei were counterstained with

DAPI (blue) and images shown at 200X magnification.

(B) MCF10A alveoli formed in the presence of presenescent (Presen) or senescent

(Sen) hBFs were scored for having <5 (gray bars) or >5 (black bars) Ki67-positive nuclei per

alveolus.  

(C) Sizes of DAPI-stained MCF10A alveoli formed on Matrigel in the presence of

presenescent or senescent hBFs were determined by digital quantification of images.  A

minimum of 50 alveoli per condition was analyzed.  Shown is the average area occupied by

alveoli in presenescent (Presen) or senescent (Sen) co-cultures.  Error bars indicate s.e.m..

(D) Western analysis of β-casein and cytokeratin 18 expression by Eph4 cells cultured

on Matrigel plus lactogenic hormones in the presence of presenescent (Presen) or senescent

(Sen) hBFs.  Signals were quantified by densitometry and values from the presenescent

culture were set arbitrarily at 1.  Shown is the average and standard deviation from four

experiments.



Parrinello et al. 30

(E) β-casein immunostaining (red) of EpH4 alveoli cultured in the presence of

presenescent (left panels) or senescent (right panels) hBFs.  Nuclei were counterstained with

DAPI (blue) and images shown at 400X magnification.

Fig. 4.  Senescent mouse fibroblasts stimulate mammary epithelial branching

morphogenesis.  Primary organoids were embedded in collagen and plated in the upper

chambers of transwells.  Presenescent (Presen) or senescent (Sen) mBF were plated in the

transwell lower chambers.  Error bars show s.e.m. of triplicate wells.  Shown is one of four

experiments, all of which gave similar results.

(A) Morphology and color coded explanation of branching classification of organoids

cultured with presenescent (i and iii) or senescent (ii and iv) mBF.  Shown are the core areas

(white), and the primary (1ary, blue), secondary (2ary, yellow) and tertiary (3ary, red)

branches.

(B) Average organoid size (Total), length of branches (Branches) and core areas

(Core) of organoids co-cultured with presenescent or senescent mBF.

(C) Average number of primary (1ary), secondary (2ary) and tertiary (3ary) branches

of organoids co-cultured with presenescent or senescent mBF.

(D) Average length of primary (1ary), secondary (2ary) and tertiary (3ary) branches of

organoids co-cultured with presenescent or senescent mBF.

(E) Average number of epithelial nuclei, quantified by DAPI fluorescence, in

organoids co-cultured with presenescent or senescent mBF.

Fig. 5. Senescent fibroblast-produced factors stimulate epithelial branching.

Collagen-embedded organoids were cultured in the presence of conditioned medium from

presenescent (Presen) or senescent (Sen) mBF.  The conditioned medium was either

unsupplemented (-) or preincubated with HGF blocking antibody (anti-HGF), an MMP-3
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blocking peptide (MMP-3i) or an MMP-2 inhibitor (MMP2i).  Error bars show s.e.m. of

triplicate wells.

(A) Average size (Total), branch length (Branches) and core area (Core) of organoids

cultured with conditioned media lacking or containing an HGF blocking antibody or MMP-3i

(B) Average number of primary (1ary), secondary (2ary) and tertiary (3ary) branches

in the organoids analyzed in A.

(C) Organoids in A were analyzed for average primary and secondary branch lengths

in the presence of HGF blocking antibody or MMP-3i, expressed as change relative to

presenescent or senescent-derived conditioned medium lacking antibody or inhibitor.  The

asterisks indicate a statistically significant reduction in branch length by HGF neutralization,

compared to medium lacking HGF antibody, as determined by a student t-test.  Presenescent

and senescent conditioned media were affected similarly by HGF neutralization.

(D) Average number of epithelial cells per organoid, quantified by DAPI fluorescence

of nuclei.  Asterisks indicate a statistically significant change in proliferation, as determined

by a student t-student.

(E) Percentage of organoids having primary (1’ only) or higher level (secondary and

tertiary Side Branching) branches in the absence or presence of MMP2i.

(F) Casein zymography of conditioned medium from presenescent and senescent

mBF.  Black bar denotes a 50 KD marker.  MMP-3 is indicated.  Densitometry was performed

on the reverse image, and the signal from presenescent conditioned medium was set

arbitrarily at 1.

Fig. 6. Role of MMP-3 in branching stimulated by senescent fibroblasts.

(A) Morphology of representative collagen-embedded organoids after culture in the

presence of conditioned medium from presenescent (Presen) mBF containing the indicated

amounts of recombinant MMP-3.  An organoid cultured with conditioned medium from

senescent (Sen) (X-irradiated) mBF is shown for comparison.
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(B) Percentage of organoids that undergo primary (1’ only) or higher level (secondary

and tertiary; Side branching) branching in the presence of presenescent mBF conditioned

medium containing the indicated concentrations of recombinant MMP-3.  The effect of

conditioned medium from senescent (Sen) mBF is shown for comparison.

(C) Proliferation of organoids, determined by DAPI fluorescence, in the presence of

presenescent mBF conditioned medium containing the indicated concentrations of

recombinant MMP-3.  The effect of conditioned medium from senescent (Sen) mBF is shown

for comparison.














