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Primary human ®broblasts have a ®nite replicative lifespan in culture that
culminates in a unique state of growth arrest, termed senescence that is
accompanied by distinct morphological and biochemical alterations. Senescent
cell responses to extracellular stimuli are believed to be altered at a point after
receptors are bound by ligand, leading to improper integration of the signals
which initiate DNA replication. In this study we demonstrate that one of the key
organizing membrane microdomains for receptor signaling, caveolae, are absent
in senescent cells. A comparison of young and senescent cells indicated that
senescent cells contained a higher total amount of caveolins 1 and 2 but had
signi®cantly less of both proteins in the caveolar fraction. Additionally, caveolar
fractions from senescent cells completely lacked the tyrosine-kinase activity
associated with functional caveolae. Furthermore, old cells had little caveolar
protein exposed to the outer plasma membrane as estimated by using an in vivo
biotinylation assay and no detectable caveolin 1 on the cell surface when
processed for immuno¯uoresence and confocal microscopy. Together, these data
suggest that a fundamental loss of signal integration at the plasma membrane of
senescent cells is due to the loss of signaling competent caveolae. J. Cell.
Physiol. 187:226±235, 2001. ß 2001 Wiley-Liss, Inc.

Primary ®broblasts have a ®nite replicative potential
in culture, culminating in the inability of cells to divide
even when mitogenic cues are present (Hay¯ick and
Moorhead, 1961; Hay¯ick, 1965). Senescing ®broblasts
progressively acquire a ¯attened morphology with an
increased cellular volume, an irregular shape and show
increased secretion of components of the extracellular
matrix (ECM) (reviewed in Wheaton et al., 1996). There
are many biochemical hallmarks that accompany this
phenotype, including the upregulation of p21Waf1/Cip1/
Sdi1
(Noda et al., 1994), p16 (Alcorta et al., 1996; Hara et
al., 1996; Wong and Riabowol, 1996), cyclin D1 (Dulic et
al., 1993; Lucibello et al., 1993; Atadja et al., 1995b) and
cyclin D2 (Meyyappan et al., 1998), increased activity of
p53 (Atadja et al., 1995a; Vaziri et al., 1997), and Rb
(Stein et al., 1990) and a blunted immediate early gene
response after serum stimulation (Seshadri and Campisi, 1990; Riabowol, 1992; Atadja et al., 1994; Meyyappan et al., 1999). Although extensive study has focused
on telomere shortening as a potential regulator of the
development of cellular senescence (Greider, 1998), the
events that lead to the manifestation of the senescent
phenotype such as blocked growth, morphological
differences, and biochemical changes are not well
de®ned. Many of the early studies investigating the
loss of mitogenic response of senescent human diploid
®broblasts focused upon growth factor receptor:ligand
interactions (Phillips et al., 1983; Gerhard et al., 1991;
ß 2001 WILEY-LISS, INC.

Sell et al., 1993). In the cases of EGF, Dexamethasome,
and IGF-1 it was found that the number of receptors
remain the same per unit surface area in senescent cells
and that the ligand af®nity remained unchanged (Sell et
al., 1993). Similarly the binding kinetics of the glucocorticoid receptor, and the insulin receptor have been
shown to remain unaltered in senescent cells (Chua et
al., 1986). It is, however, established that the downstream responses of growth factors, such as the
induction of the immediate early genes c-fos and Egr-1
are blunted in senescent cells (Seshadri and Campisi,
1990; Riabowol et al., 1992; Meyyappan et al., 1999).
Thus, the emerging consensus is that the senescence
speci®c growth block is not due to alterations in growth
factor-receptor engagement or processing, but is due to
a postreceptor block which develops and leads to
reduced immediate early gene responsiveness. Several
studies have attempted to identify the points at which
signaling cascades may be modi®ed in senescent cells.
For example, an age dependent decline in mitogenic
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stimulation of rat hepatocytes has been reported to be
caused by a reduced association between Shc and the
epidermal growth factor receptor (Palmer et al., 1999;
Hutter et al., 2000). Conversely, the activation of the
Ras/Raf/MAPK pathway in primary ®broblasts has
been shown to lead to aspects of senescence (Lin et al.,
1998; Zhu et al., 1998). Another study demonstrated
that the PI3K pathway, when inhibited by LY294002,
can also lead to senescent cell characteristics (Tresini et
al., 1998), but this occurred when using concentrations
of drug that may be suf®cient to inhibit other PI3K
family members, DNA-PK and ATM (Rosenzweig et al.,
1997; Hosoi et al., 1998; Sarkaria et al., 1998). Thus,
although the general consensus is that receptor-ligand
interactions are maintained in senescing cells, the basis
for the alterations in components of the downstream
pathway itself are presently unknown. In order to
address this question a membrane microdomain structure which is believed to be crucial to mitogenic signal
organization, caveolae, was examined in senescent and
proliferative primary ®broblasts.
Caveolae are ¯ask shaped invaginatons which form at
the plasma membrane from lateral assemblies of
cholesterol and sphingolipids known as rafts (reviewed
in Harder and Simons, 1997). Caveolae and other lipid
rafts are characterized by their unique lipid composition, and can be biochemicaly puri®ed based on their
insolubility in the detergent Triton X-100 as well as their
low buoyant density on sucrose gradients (reviewed in
Anderson, 1998). The catalyst of caveolar formation is
the oligomerization of a class of sphingolipid and
cholesterol binding proteins known as caveolins (Monier
et al., 1996), which have been suggested to stabilize and
induce the lipid rafts to coalesce (reviewed in Harder
and Simons, 1997). Three caveolin genes have been
identi®ed, encoding caveolin proteins 1, 2, and 3
(Glenney, 1992; Kurzchalia et al., 1992; Scherer et al.,
1996; Tang et al., 1996; Way and Parton, 1996). Caveolin
monomers oligomerize into hetero- and homo-dimers
and trimers as they are translated in the cytoplasm
(Lisanti et al., 1993), traf®c through the trans-golgi
network and associate at the plasma membrane
(reviewed in Rietveld and Simons, 1998). Mounting
evidence suggests that many well-studied receptor
signaling systems may be localized to and operate
through the caveolae. These include Src family kinases,
nitric oxide synthase, EGFR, PDGFR, PLCg, PLD,
PKCa & PKCb, Ras, Trimeric G-proteins, MEK, and
Erk2, among others (reviewed in Kurzchalia and
Parton, 1999). Thus, the caveolae may act as a center
of cross talk and integration of mitogenic responses in
normal cycling cells. More importantly, evidence suggests that many of the pathways shown to be altered in,
or which may directly in¯uence senescence are localized
to the caveolae such as the MAPK, PI3K, and PLD
pathways (Lin et al., 1998; Tresini et al., 1998; Zhu et al.,
1998; Venable and Obeid, 1999). Considering that a
profound post receptor block of mitogenic signaling is
associated with the development of senescence, the
microdomains where receptors and signaling cascades
are believed to be linked required investigation. We
demonstrate that primary senescent ®broblasts have a
signi®cant reduction in signaling competent caveolae
based upon membrane localization and functional
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characterization. The potential reasons and consequences for this major morphological alteration are
discussed.
MATERIALS AND METHODS
Culturing of primary human ®broblasts

Human Hs68 ®broblasts (American Culture Collection CRL no. 1635, Rockville, MD) were grown in
Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 1mM glutamine and 10% (vol/vol) fetal
bovine serum. It has been previously established that
under conditions we use, this cell line undergoes
replicative senescence at a mean population doubling
ranging from 80 to 86, with a [3H] thymidine incorporation of less than 10% (typically 3±5%) of the cell
population within 36 h. Senescent cells chosen for this
study had undergone 81 MPDs, did not reach con¯uence
two weeks after subculturing, demonstrated a characteristic ¯attened senescent morphology and were positive for senescence associated b-galactosidase (b-gal)
activity. Young ®broblasts used in the study were at an
MPD of 42, doubled approximately every 24 h, and did
not stain blue in the acidic b-gal assay. Before harvesting or treatment with mitogens the cells were serum
starved for 48 h. A subgroup of both young and old cells
were pretreated with a 10 ng/ml EGF bolus, 10 min
before harvest.
Fractionation and puri®cation of caveolar enriched
fractions by sucrose gradient centrifugation

To evaluate the caveolae content within particular
cells, caveolae fractions were prepared as described
previously (Robbins et al., 1995). Brie¯y, ®broblasts
were harvested with a 1% Triton X-100 lysis buffer and
protein samples were quanti®ed (BCA protein assay kit,
Pierce) prior to homogenization and sucrose gradient
centrifugation. A 40%, 30%, or 5% sucrose step gradient
and analytical centrifugation were used to isolate the
¯occulent, dense white band enriched in caveolae which
appeared at the interface between the 30 and 5% sucrose
layers. This triton insoluble layer was isolated by
centrifugation and resuspended in 2  SDS sample
buffer (for caveolae samples), biotin solution (for biotin
labeling), or 50 mM Tris buffer (for cold kinase assays).
In addition to the isolation of caveolar fractions from the
sucrose gradient, samples enriched in cytoplasmic
proteins were isolated from the lower portion of the
gradient for use as controls. These were similarly
resuspended in 2X SDS sample buffer for western
analysis.
Western blotting and kinase assays

Loading gels for the Western blot analyses were run to
ensure that the fractionation procedure isolated comparable amounts of protein from both young and old
cells. Due to the wide range of protein concentrations in
different fractions, silver staining was used to quantify
fractionated samples while Coomassie brilliant blue was
used to stain total extracts. The caveolar and cytoplasmic fractions described above were electrophoresed
through 10% polyacrylamide gels and transferred onto
nitrocellulose for 1.5 h at 70 V in a transfer buffer
containing 120 mM Tris Base, 40 mM glycine, and 20%
methanol. Antibodies were diluted and membranes
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were blocked overnight in TBS containing 5% nonfat
milk, 0.1% Tween-20, and 0.1% NP-40. Antibodies for
¯otillin (Transduction Laboratories F65020), caveolin 2
(Transduction Laboratories C57820), caveolin 1 (Transduction Laboratories C13620), and Fyn (Transduction
Laboratories F19720) were prepared at recommended
dilutions and incubated with membranes for 1 h at room
temperature. The secondary sheep anti-mouse biotinylated antibody (Amersham RPN1001), and the tertiary
antibody strepavidin-horse radish peroxidase (SA-HRP:
Amersham RPN1231) were used at 1/1000 and incubated with membranes for 1 h at room temperature.
Kinase assays on puri®ed caveolar fractions were
performed in vitro to assess the kinase activity in
fractions from senescent and young cells. Caveolar
fractions were incubated in the presence of 1 mM ATP,
10 mM MgCl2, and 10 mM MnCl2 in kinase buffer and
incubated for 10 min at room temperature. Reactions
were stopped by adding 2X SDS sample buffer and the
samples were then resolved on 10% SDS-PAGE gels.
Biotin labeling

Puri®ed caveolar fractions were labeled with biotin in
vitro by exposing the fractions to 13 ng/ml Sulfo-NHSLC-biotin (Pierce, Rockforty, IL) and incubating at room
temperature for 10 min. The samples were then mixed
with 2X SDS sample buffer and loaded onto 10% SDSPAGE gels, transferred, blocked (as described above)
and probed with Strepavidin HRP (Amersham). Labeling of intact cells was carried out by exposing a ®broblast
monolayer to Sulfo-NHS-LC-biotin in PBS for 10 min
which were washed thoroughly before harvesting and
caveolar fractionation (as described above). The biotinylated caveolar fractions were electrophoresed (10%
PAGE), transferred and blotted with SA-HRP as
described above.

al., 1984; Rutter et al., 1996). Therefore, it was necessary
to test whether comparable amounts of protein could be
isolated from both young and old caveolar-enriched
fractions. Electrophoresis and silver staining of cytoplasmic fractions (Fig. 1A, lanes 3 and 4) showed that
comparable amounts of protein were recovered, indicating that similar amounts of protein were loaded on to
gradients before fractionation. To further test that the
sucrose gradient isolation procedure was effective for
both young and old cells, a known marker of lipid rafts,
¯ottillin (Bickel et al., 1997), was visualized in a western
blot of the same fractions. Flotillin was clearly detected
in both young and senescent fractions (Fig. 1B, lanes 1
and 2) and in total extracts (Fig. 1B, lanes 5 and 6), but
not in the cytoplasmic fraction (Fig. 1B, lanes 3 and 4).
Thus, the detergent extraction procedure enriched for
potential caveolar containing domains in both young
and old cells, although the total amount of protein in the
fraction was somewhat reduced in old cells (Fig. 1A,
lanes 1 and 2). Consistent with this, slightly less
¯ottillin was seen in the senescent cell caveolar
preparation, despite a modest increase in total cell
extracts (Fig. 1B). It should be noted that the caveolar
fractionation procedure isolates both the components of
the caveolar structures and the lipid rafts which form
them. Currently there is no known way of ef®ciently
isolating these lipid populations from each other, and so
the triton insoluble fractions used in this study are
homogenous for the components of both caveolae and
lipid rafts. Thus, these fractions are most accurately
described as caveolar enriched, but cannot be de®ned as
originating from caveolae unless they are caveolin
positive.

Immuno¯uorescence and confocal microscopy

Hs68s were ®xed for 20 min in 100% methanol at
ÿ 208C, washed in phosphate buffered saline (PBS), and
incubated for 1 h at room temperature in PBS containing
1% bovine serum albumin and caveolin-1 monoclonal
antibody (Transduction Laboratories C13620). After
washing in PBS, cells were incubated for 1 h at room
temperature in secondary antibody diluted 1:500 (goat
anti-mouse conjugated with Cy3; Jackson Immunoresearch), washed in PBS and observed by ¯uorescence
microscopy. Digital deconvolution was performed using
a 14 bit cooled CCD camera (Princeton Instruments)
mounted on a Leica DMRE immuno¯uorescence microscope. VayTek microtome digital deconvolution software was used to remove out of focus signal, and image
stacks were projected into one image plane using Scion
Image software. Coloration and superimposition of
images was performed with Adobe Photoshop 5.0.
RESULTS
Sucrose gradient fractionation of a triton
insoluble fraction in both young and
senescent cells enriches for
caveolae/lipid raft microdomains

Differences in lipid and membrane properties
between senescent and young cells may in¯uence the
buoyant density of these fractions with age (Schroeder et

Fig. 1. Sucrose density gradient fractionation isolates a triton
insoluble protein containing fraction from both young and old cells
which have a marker for the caveolar fraction. A: Silver stain and
Coomassie stain loading gels. Both young (Y) and old cells (O) were
fractionated as described in materials and methods to caveolar rich
(Cav), and cytoplasmic (Cyt) fractions by sucrose density separation of
the Triton-insoluble extract. Additionally total cellular lysate (Tot)
was collected from young and old ®broblasts. These fractions were run
on a 10% SDS PAGE, and silver stained in the case of fractionation or
coomassie stained in the case of total extracts to quantify protein
loading for westerns. Additionally these gels indicate the relative
protein amounts of the caveolar fraction. B: Flotillin western blot of
caveolar enriched fractions. Fractions were isolated as described
above and were blotted to nitrocellulose. A western blot using anti¯otillin was performed on these samples. Flottillin acts as a marker of
the caveolar fraction, and indicates that fractions with similar
properties and cellular location were isolated from both young and
old cells.
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Fig. 2. The Senescent ®broblast caveolar fraction contains a lower
amount of caveolin protein. Both Young (Y), MPD  40, and Old (O),
MPD  81 Hs68 ®broblasts were serum starved 24 h prior to
fractionation on a sucrose gradient as described in materials and
methods to obtain cytoplasmic (Cyt) and caveolar enriched (Cav)

fractions. Additionally, young and old cells were harvested directly
into sample buffer to obtain a total (Tot) cell extract. These fractions
were western blotted with caveolin antibodies. A: Blot of fractions
with caveolin 1 antisera. B: Blot of fractions with caveolin 2 antisera.

Caveolar enriched fractions of senescent cells have
decreased amounts of caveolin 1 and caveolin 2

the same peptides are phosphorylated in both young and
old ®broblasts, but the phosphorylated forms do not
localize to caveolae in senescent cells.
To further investigate the signaling competence of
caveolae with cell passage, caveolar enriched fractions
from young and old cells were used in kinase assays (Fig.
3B). Native kinase activity of the fractions was assessed
by western blot with the 4G10 antibody. The caveolar
enriched fraction from old cells had no detectable in vitro
kinase activity when compared to the clear activity seen
in young cells (Fig. 3B, lanes 1 vs. 3). Lanes 2 and 4 of
Figure 3B show a control assay without ATP, demonstrating that the phosphorylation events observed
occurred de novo, and were not due to kinase activity
prior to isolation. These results show that functionally
intact caveolae cannot be isolated from senescent cells,
whereas the same fractions from young cells clearly
have strong in vitro activity.
In order to begin to identify which pathways may be
altered in senescent cell caveolar fractions, a Src family
kinase which is often found associated with caveolae
(reviewed in Resh, 1998), Fyn, was probed for in the
caveolar enriched fractions of both young and old cells
(Fig. 3C, lanes 1 and 2). Fyn was detected in the young
caveolar enriched fraction, but not in the senescent cell
fraction even though a signi®cant amount of Fyn is
detectable in the total lysates of both young and old
®broblasts (Fig. 3C, lanes 9±12).

Caveolar enriched and cytoplasmic fractions from
both young and old ®broblasts were electrophoresed and
western blotted to detect caveolin 1 and caveolin 2 (Fig.
2). Both caveolin 1 (panel A) and 2 (panel B) protein were
reduced in the caveolar enriched fraction isolated from
old cells (Fig. 2A and B, lanes 1 vs. 2), despite the
fractions from old cells containing signi®cant levels of
¯otillin (Fig. 1B). Conversely, the caveolin 1 and 2
protein levels seen in the cytoplasmic fraction were
higher in old cells compared to young (Fig. 2A and B,
lanes 3 vs. 4). Increased caveolin 1 and 2 are also seen in
the total extract of senescent ®broblasts (Fig. 2A and B,
lanes 5 vs. 6). Thus, it appears that the caveolin 1 and 2
proteins are produced at high levels in old cells but do
not localize to the detergent insoluble caveolar fraction.
Caveolar enriched fractions from old cells lack
tyrosine kinase activity

To test whether caveolae from old cells were signaling
competent, equal amounts of caveolar enriched and
cytoplasmic fractions from both young and old ®broblasts were electrophoresed and blotted with a phosphotyrosine antibody (4G10). As seen in Figure 3A, two
peptides heavily phosphorylated on tyrosine residues
are detected in young cells, compared to a barely
distinguishable signal in senescent cell caveolar
enriched fractions. The phospho-peptides in this molecular weight range of the caveolar enriched fraction
likely represent Src family kinases, since members of
this family are known to be localized to, and phosphorylated in, ®broblast caveolae (Shenoy-Scaria et al., 1994;
Robbins et al., 1995; Mastick and Saltiel, 1997). This
assumption is consistent with a Fyn western blot (Fig.
3C, lanes 1 and 2), which demonstrates that the Src
family kinase Fyn is present in the caveolar enriched
domains of young, but not old ®broblasts. Interestingly,
phospho-peptides of similar size are seen in the
cytoplasmic fraction of both senescent and young
®broblasts (Fig. 3A, lanes 6 and 8). This suggests that

Epidermal growth factor stimulation leads to
caveolar localization, but not to
phosphorylation of Fyn

The downstream events of EGFR signaling were
chosen as possible sites of differential regulation in
senescent cells due to the reported altered interaction
with Shc during aging in hepatocytes (Palmer et al.,
1999; Hutter et al., 2000), and the previous detection of
this receptor in caveolae by several groups. An EGF
bolus was delivered to both young and senescent cells,
but it had no detectable effect on signal cascades in the
caveolar enriched fraction (Fig. 3A and B), or on caveolin
distribution (data not shown). Thus, although EGF
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Fig. 3. Senescent ®broblasts do not have functional caveolae. A:
Phospho-tyrosine blot of caveolar fractions. Both young (Y) and old (O)
Hs68 ®broblasts were serum starved for 24 h and stimulated with
EGF() or left unstimulated (ÿ) as described in the materials and
methods. Young (MPD  40) and Old (MPD  80) Hs68 ®broblasts
were fractionated on a sucrose gradient as described in materials and
methods to obtain cytoplasmic and caveolar enriched fractions. These
fractions were blotted with 4G10 antisera, which is speci®c for
phosphorylated tyrosine residues. B: Phospho-tyrosine blot of caveolar kinase assay. Caveolar fractions in this case was resuspended in
kinase buffer and a kinase assay performed as described in materials

and methods. Products of the caveolar kinase assay were visualized
with a western blot using a 4G10 antibody as described above. C: AntiFyn blot of caveolar fractions. Fibroblast culturing and fractionation
were performed as previously described for both young (Y) and Old (O)
Hs68 ®broblasts. The cytoplasmic (Cyt) and caveolar (Cav) fractions
were blotted with a monoclonal human Fyn antibody. Additionally the
total lysate from young and old cells, either serum starved (ÿ EGF) or
EGF stimulated ( EGF) was blotted with the Fyn antibody.
Comparison of band intensities using densitometry determined there
was a 2.75  0.04-fold increase between lanes 5 and 6.

appeared to initiate signal cascades in both young and
old cells it had little effect on the signal generated within
the caveolar fraction (Fig. 3A, lanes 1±4). It would
appear that the protocol used to isolate the caveolar
fractions does not allow active EGFR or any of its
downstream phospho-peptides to co-purify. This was
con®rmed with an EGF-receptor western blot, which
could not detect the protein in the caveolar fractions of
young or old cells, but could in the cytoplasmic fractions
of young and old cells (data not shown). This was
expected since isolation of the EGFR with caveolae is
only possible using a non-detergent method of fractionation (Anderson, 1998). However, EGF stimulation does
lead to a 2.75  0.04-fold increase (as determined by
densitometry) in localization of Fyn to the caveolarenriched microdomain in young compared to senescent
cells (Figs. 3C, lanes 5 and 6). This EGF stimulation does
not alter caveolin protein levels (data not shown),
implying that Fyn is recruited to existing microdomains.

Thus, it appears that although Fyn is recruited to the
caveolar fraction after EGF stimulation, this new kinase
population is not phosphorylated in either the senescent
or young cell caveolar enriched-fractions.
Caveolin is not localized on the membrane
surface of senescent cells

Although the markers and functional parameters of
caveolae were not detectable in senescent cell caveolarenriched fractions, this difference may be a result of the
unique lipid composition of senescent cells which could
prevent isolation of intact caveolar domains. In order to
address this issue it was necessary to determine
whether identi®able caveolar structures could be
detected in the plasma membrane of young and
senescent ®broblasts by caveolin 1 immuno¯ouresence.
Figure 4 shows that high concentrations of caveolin 1
are found on the outside periphery of young cells,
proximal to the plasma membrane as indicated by the
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Fig. 4. Caveolar markers do not physically localize to the plasma
membrane of senescent ®broblasts. A-D: Immuno¯uorescence using
caveolin 1 rabbit antisera and a Cy3 secondary was performed on ®xed
and triton treated Young (A) and Senescent (B) Hs68s. A differential
interference contrast (DIC) image from the same ®eld was also
captured for both young (C) and senescent Hs68s (D). White arrows
point to membrane sections of young and senescent cells, to allow
comparison between ¯uorescence and DIC images. E and F: Confocal

immuno¯uorescence using caveolin 1 antisera was used to detect
caveolae structures of ®xed and Triton-solubilized ®broblasts. These
images focus on the leading edge of the cell body at 250 
magni®cation. The images show the results of deconvolution microscopy as described in methods and materials for both senescent and
young Hs68 ®broblasts. White arrows point out the membrane edge of
both young (E) and senescent (F) cells.

arrows in panels A and C. In contrast, caveolin shows a
diffuse cytoplasmic staining pattern in senescent cells
(Fig. 4B and D), consistent with results obtained by
biochemical fractionation. Thus, there is a distinct
difference in localization between caveolin 1 in senescent and young cells, suggesting that caveolar structures are lost from the plasma membrane as cells age.
Young and old cells stained with caveolin 1 were also

examined by confocal microscopy. Confocal microscopy
images were focused on one edge of the cell body at high
magni®cation to determine caveolin distribution
between the membrane and cytoplasm. We reproducibly
observed a strong membrane signal in young cells, but
only a diffuse cytoplasmic signal in old cells. (Fig. 4,
panels E vs. F). Thus, immunolocalization of caveolin 1
corroborates biochemical data, implying that caveolin
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reaction in vivo. These results demonstrate that only
low amounts of caveolae and lipid raft-associated
proteins are available for biotinylation on the senescent
cell surface.
DISCUSSION

Fig. 5. Caveolar -speci®c biotin labeling. Intact Hs68 cells were
exposed to NHS-LC-biotin and harvested whole to obtain a total (Tot.)
in vitro fraction, or were separated into caveolar enriched (Cav)
fractions as described in the materials and methods. The in vitro
biotin reaction was carried out on a previously isolated caveolar
enriched (Cav) fraction from young and old cells. All reactive proteins
exposed to the outside of the cell or membrane fraction are visualized
with SA-HRP on a western blot.

does not localize to the membrane and consequently
caveolae do not form in senescent cells. Immuno¯uoresence data further supports this possibility since more
total caveolin signal is seen in the cytoplasm of
senescent cells (Fig. 4, panels E vs. F), which is also
re¯ected in the caveolin 1 western blot of senescent cell
cytoplasm (Fig. 2A, lanes 6 vs. 8).
If caveolae are reduced in number at the surface of
senescent cells, then proteins within these structures
should not be exposed to chemical modi®cation in intact
cells. Thus, to examine caveolar structures in old cells by
a direct approach, biotinylation was performed on intact
young and senescent cells. Cells were than fractionated
as previously described into caveolin rich membrane
fractions. A western blot of these caveolar fractions with
strepavidin conjugated to horseradish peroxidase
revealed peptides which were exposed to the outer
lea¯et of the plasma membrane in intact cells. Figure 5
shows that biotinylation of proteins is reduced in the
caveolar enriched fraction of old cells compared to that of
young (lanes 3 vs. 4), but in vivo biotinylation of intact
cells before fractionation shows similar amounts and
species of biotinylated proteins (lanes 1 and 2). Another
control using caveolar fractions showed that the amount
of protein in the caveolar fractions labeled in vitro is
similar in young and old fractions (Fig. 5, lanes 5 and 6).
Thus differential labeling of proteins with biotin is only
achieved when intact cells are exposed to the biotin

This study establishes for the ®rst time that many of
the characteristics of functional caveolae are absent in
senescent ®broblasts. These include lack of caveolin
localization to the caveolar enriched fraction, no evidence of kinase activity in the caveolar enriched fraction
and absence of membrane immunolocalization of caveolin. It has been shown in a variety of studies that
caveolins oligomerize to form caveolar structures
(Lisanti et al., 1993; Monier et al., 1995; Monier et al.,
1996; Scherer et al., 1997) and that overexpression of
caveolin 1a can drive the formation of caveolae structures (Fra et al., 1995; Engelman et al., 1997).
Furthermore the presence of both caveolin 1 and 2 have
been shown to be pivotal in the proper formation and
stability of caveolar structures (Engelman et al., 1997;
Scherer et al., 1997; Li et al., 1998; Okamoto et al., 1998).
Thus, the lower amount of both caveolin 1 and 2 in the
caveolar enriched fraction of senescent cells suggests
that these microdomains do not form normally in old
cells. Additionally, the caveolin 1 and 2 proteins are
more abundant in the cytoplasmic fraction of senescent
cells, implying that localization to rafts or caveolae is
inhibited.
Caveolin 1 could not be detected in the plasma
membrane of intact senescent cells by either direct
immunolocalization or immunoconfocal microscopy, but
is clearly localized to the membrane in young cells.
Additionally, biotinylation of intact cells is able to label
proteins in the caveolar enriched fraction much more
intensely in young cells. Together, these two localization
experiments suggest that few, if any, caveolae are
present in the membrane of senescent cells. Collectively,
the above data suggest a model in which senescent cells
are unable to organize and localize the components of
functional caveolae to the plasma membrane. Although
the expression of caveolin has been shown to be
suf®cient to drive caveolae formation, other factors are
clearly necessary since senescent cells had few caveolae,
even in the presence of high levels of caveolin 1 and 2
expression.
The observations above could be explained by previous reports which describe the unique properties and
composition of the plasma membrane of old cells
(Schroeder et al., 1984; Rutter et al., 1996). Rafts are
comprised of a high concentration of sphingolipids and
cholesterol, which have strong cohesive forces that
counteract the entropic force inherent in a ¯uid mosaic
membrane (reviewed in Harder and Simons, 1997). In
senescent cells it has been shown using proton magnetic
resonance (PNR) that the ratio of cholesterol/phosphatidylcholine increases as MRC-5 ®broblasts age in
culture, indicating an increased amount of mobile
cholesterol (Rutter et al., 1996). Another report sought
to probe the lipid composition of these ®broblasts by
using ¯uorescence probe molecules, which could be used
to determine the limiting anisotropy (¯uidity) of membranes, and showed that the microsomal fraction
increased in ¯uidity with donor age (Schroeder et al.,
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1984). Considering that lipid composition changes
during ®broblast aging lead to higher lipid ¯uidity it
may re¯ect the inability of signi®cant raft domains to
form with age, since rafts are islands of less ¯uid lipid.
Alteration of the raft composition or dynamics may
interfere with raft coalescence or its ability to sequester
caveolin proteins. The increase in caveolin 1 and 2 in the
cytoplasm of old cells supports this model, since it would
indicate that the proteins are unable to associate with
rafts due to altered dynamics or composition, and
subsequently they are not transported to the cell
surface.
The ability of caveolae to act as sites of signal
transduction also appeared to be impaired in the
caveolar enriched fractions of senescent cells. The
4G10 phospho-tyrosine antibody revealed no detectable
phospho-peptides in the caveolar fractions of senescent
cells, compared to an abundant signal in young cells.
Additionally, the in vitro kinase assays suggested that
the senescent cell caveolar fractions are not signaling
competent in comparison to young cells. Furthermore,
the Fyn kinase did not localize to the caveolar fraction of
serum starved old cells, and was only modestly induced
to translocate to caveolae in response to EGF. Considering that Fyn is associated with ®broblast anchorage
dependent growth (Wary et al., 1996, 1998) and that
blocking these Src kinases leads to G-phase block in NIH
3T3 cells (Roche et al., 1995), it is likely that this kinase
plays a signi®cant role in EGF and PDGF mitogenic
signaling. The reduction of Fyn localization and lack of
phosphorylation in senescent cell caveolar enriched
fractions suggest that these receptors may not be able
to ef®ciently couple with Fyn in response to ligand.
Together, these data indicate that the signaling-competent caveolar fraction is signi®cantly reduced in senescent cells. It, therefore, appears that the intact caveolar
kinase cascade which can be visualized in young cells is
missing essential components in old cells or is improperly integrated in the caveolar enriched fraction.
The functional implications of the absence of caveolae
in senescent cells are many fold. Key cellular pathways
that operate through these structures which are
activated or misregulated could lead to aspects of the
senescent phenotype. Considering the great number of
kinase cascades that have been localized to caveolae, it is
tempting to predict that one or more of these may
modulate the mitogenic response in primary ®broblasts.
Indeed, the absence of caveolae may prevent mitogenic
signal propagation at all, considering that many growth
receptors have been found to be localized within, and to
signal through caveolar structures. Thus, the post
receptor block could be the result of receptors being
uncoupled from caveolae or rafts that are subsequently
unable to maintain integrated downstream responses to
ligand. Indeed, one example of this is EGF signaling in
senescent cells where altered EGFR proteolytic processing (Carlin et al., 1994), altered Shc-EGFR interactions
(Palmer et al., 1999; Hutter et al., 2000), altered nuclear
translocation of ERK (Kim et al., 2000; Lim et al., 2000),
and loss of SRF binding to downstream promoters
(Atadja et al., 1994; Meyyappan et al., 1999) have been
noted. With the possible exception of proteolytic processing of the EGF receptor, all of these effects appear to be
downstream of an altered signal integration or com-
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partmentalization within the plasma membrane caveolar microdomains.
Although the literature suggests that the EGF
response is integrated within caveolae, our data show
that EGF receptor engagement leads to Fyn recruitment
to caveolar enriched microdomains, but does not lead to
Fyn phosphorylation. This result is consistent with
previous observations, which show that ephrin leads to
recruitment of Fyn to caveolae but does not lead to
higher Fyn phosphorylation (Davy et al., 1999). A
possible explanation for this observation is that there
may be a constant amount of Fyn phosphorylation
before and after EGF stimulation, and the newly
recruited Fyn is only tyrosine phosphorylated by signals
generated from another stimulus. Alternatively, the
caveolar structure may be recycled after EGF stimulation, leaving a steady state of phosphorylated Fyn
available in the membrane microdomain. Lastly, Fyn
may be recruited to lipid rafts which have not coalesced
into caveolae in the time frame observed, and thus
remain unphosphorylated but still purify with the
caveolar fraction. Interestingly, Fyn does not strongly
localize to senescent cell caveolae in response to EGF.
This reduced Fyn recruitment is proportional to the lack
of caveolar markers in the membranes of old cells. Thus
the absence of caveolae in senescent membranes is likely
why little Fyn is seen in the caveolar fraction. This
observation is supported by data from T-cells isolated
from elderly patients which show decreased Fyn activity
(Whisler et al., 1997, 1999). Although lymphoid cells do
not have identi®able caveolar structures they do have
¯otillin positive raft domains (Robbins, unpublished),
which are known to be intrinsic to TCR signaling and
which sequester Fyn (reviewed in Simons and Toome,
2000).
During the course of this work a report was published
suggesting that increased levels of caveolin 1 in
senescent cells leads to a block of EGFR in senescent
®broblasts and that the number of caveolar-like structures (based upon transmission electron microscopy)
increase in senescent cells (Park et al., 2000). Our data
corroborate their observation that levels of caveolin 1
and 2 proteins increase in senescent cells. However, we
were unable to determine any conditions under which
bona ®de caveolar structures which contain caveolin
proteins increase in old cells. Indeed, our data indicate
that caveolin proteins do not localize properly to the
caveolar fraction and do not immunolocalize to the
membrane of senescent cells. The data presented here
therefore support the idea that there is a lack of
organization or formation of classically de®ned caveolae
during senescence.
The data in this study strongly support the idea that
signaling competent caveolae do not exist in the
membranes of replicatively senescent cells. Additionally, the absence or reduction of components of mitogenic signaling cascades from senescent cell caveolar
fractions, such as Fyn, is consistent with a causal role in
the blunted growth response seen during cellular
senescence. Collectively, these observations suggest
that localization and integration of signaling cascades
in caveolae is disrupted in senescent cells. Thus signal
transduction pathways that rely upon caveolae for
signal integration and propagation, would be unorga-
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nized in senescent cells and explain the reduced or
absent response to mitogens.
LITERATURE CITED
Alcorta DA, Xiong Y, Phelps D, Hannon G, Beach D, Barrett JC. 1996.
Involvement of the cyclin-dependent kinase inhibitor p16 (INK4a)
in replicative senescence of normal human ®broblasts. Proc Natl
Acad Sci USA 93:13742±13747.
Anderson RG. 1998. The caveolae membrane system. Ann Rev
Biochem 67:199±225.
Atadja P, Wong H, Garkavtsev I, Veillette C, Riabowol K. 1995a.
Increased activity of p53 in senescing ®broblasts. Proc Natl Acad Sci
USA 92:8348±8352.
Atadja P, Wong H, Veillete C, Riabowol K. 1995b. Overexpression of
cyclin D1 blocks proliferation of normal diploid ®broblasts. Exp Cell
Res 217:205±216.
Atadja PW, Stringer KF, Riabowol KT. 1994. Loss of serum response
element-binding activity and hyperphosphorylation of serum
response factor during cellular aging. Mol Cell Biol 14:4991±
4999.
Bickel PE, Scherer PE, Schnitzer JE, Oh P, Lisanti MP, Lodish HF.
1997. Flotillin and epidermal surface antigen de®ne a new family of
caveolae-associated integral membrane proteins. J Biol Chem
272:13793±13802.
Carlin C, Phillips PD, Brooks-Frederich K, Knowles BB, Cristofalo VJ.
1994. Cleavage of the epidermal growth factor receptor by a
membrane-bound leupeptin-sensitive protease active in nonionic
detergent lysates of senescent but not young human diploid
®broblasts. J Cell Physiol 160:427±434.
Chua CC, Geiman DE, Ladda RL. 1986. Receptor for epidermal
growth factor retains normal structure and function in aging cells.
Mech Ageing Dev 34:35±55.
Davy A, Gale NW, Murray EW, Klinghoffer RA, Soriano P, Feuerstein
C, Robbins SM. 1999. Compartmentalized signaling by GPIanchored ephrin-A5 requires the Fyn tyrosine kinase to regulate
cellular adhesion. Genes Dev 13:3125±3135.
Dulic V, Drullinger LF, Lees E, Reed SI, Stein GH. 1993. Altered
regulation of G1 cyclins in senescent human diploid ®broblasts:
accumulation of inactive cyclin E-Cdk2 and cyclin D1-Cdk2
complexes. Proc Natl Acad Sci USA 90:11034±11038.
Engelman JA, Wykoff CC, Yasuhara S, Song KS, Okamoto T, Lisanti
MP. 1997. Recombinant expression of caveolin-1 in oncogenically
transformed cells abrogates anchorage-independent growth. J Biol
Chem 272:16374±16381.
Fra AM, Williamson E, Simons K, Parton RG. 1995. De novo formation
of caveolae in lymphocytes by expression of VIP21-caveolin. Proc
Natl Acad Sci USA 92:8655±8659.
Gerhard GS, Phillips PD, Cristofalo VJ. 1991. EGF- and PDGFstimulated phosphorylation in young and senescent WI-38 cells.
Exp Cell Res 193:87±92.
Glenney JR. 1992. The sequence of human caveolin reveals identity
with VIP21, a component of transport vesicles. FEBS Lett 314:45±
48.
Greider CW. 1998. Telomeres and senescence: the history, the
experiment, the future. Curr Biol 8:R178±R181.
Hara E, Smith R, Parry D, Tahara H, Stone S, Peters G. 1996.
Regulation of p16CDKN2 expression and its implications for cell
immortalization and senescence. Mol Cell Biol 16:859±867.
Harder T, Simons K. 1997. Caveolae, DIGs, and the dynamics of
sphingolipid-cholesterol microdomains. Curr Opin Cell Biol 9:534±
542.
Hay¯ick L. 1965. The limited in vitro lifetime of human diploid cell
strians. Exp Cell Res 37:614±636.
Hay¯ick L, Moorhead PS. 1961. The serial cultivation of human
diploid cel strains. Exp Cell Res 25:585±621.
Hosoi Y, Miyachi H, Matsumoto Y, Ikehata H, Komura J, Ishii K, Zhao
HJ, Yoshida M, Takai Y, Yamada S, Suzuki N, Ono T. 1998. A
phosphatidylinositol 3-kinase inhibitor wortmannin induces radioresistant DNA synthesis and sensitizes cells to bleomycin and
ionizing radiation. Int J Cancer 78:642±647.
Hutter D, Yo Y, Chen W, Liu P, Holbrrok N, Roth G, Liu Y. 2000. Agerelated decline in Ras/ERK mitogen-activated protein kinase
cascade is linked to a reduced association between Shc and EGF
receptor. J Ger A Biol Sci Med Sci 55:B125±B134.
Kim K. Nose K, Shibanuma M. 2000. Signi®cance of nuclear
relocalization of ERK1/2 in reactivation of c-fos transcription and
DNA synthesis in senescent ®broblasts. J Biol Chem 275:20685±
20692.

Kurzchalia TV, Dupree P, Parton RG, Kellner R, Virta H, Lehnert M,
Simons K. 1992. VIP21, a 21-kD membrane protein is an integral
component of trans-Golgi-network-derived transport vesicles. J Cell
Biol 118:1003±1014.
Kurzchalia TV, Parton RG. 1999. Membrane microdomains and
caveolae. Curr Opin Cell Biol 11:424±431.
Li S, Galbiati F, Volonte D, Sargiacomo M, Engelman JA, Das K,
Scherer PE, Lisanti MP. 1998. Mutational analysis of caveolininduced vesicle formation. Expression of caveolin-1 recruits caveolin-2 to caveolae membranes. FEBS Lett 434:127±134.
Lim I, Won Hong K, Kwak I, Yoon G, Park S. 2000. Cytoplasmic
retention of p-Erk1/2 and nuclear accumulation of actin proteins
during cellular senescence in human diploid ®broblasts. Mech
Ageing Dev 119:113±130.
Lin AW, Barradas M, Stone JC, van Aelst L, Serrano M, Lowe SW.
1998. Premature senescence involving p53 and p16 is activated in
response to constitutive MEK/MAPK mitogenic signaling. Genes
Dev 12:3008±3019.
Lisanti MP, Tang ZL, Sargiacomo M. 1993. Caveolin forms a heterooligomeric protein complex that interacts with an apical GPI-linked
protein: implications for the biogenesis of caveolae. J Cell Biol
123:595±604.
Lucibello FC, Sewing A, Brusselbach S, Burger C, Muller R. 1993.
Deregulation of cyclins D1 and E and suppression of cdk2 and cdk4
in senescent human ®broblasts. J Cell Sci 105:123±133.
Mastick CC, Saltiel AR. 1997. Insulin-stimulated tyrosine phosphorylation of caveolin is speci®c for the differentiated adipocyte
phenotype in 3T3-L1 cells. J Biol Chem 272:20706±20714.
Meyyappan M, Wheaton K, Riabowol KT. 1999. Decreased expression
and activity of the immediate-early growth response (Egr-1) gene
product during cellular senescence. J Cell Physiol 179:29±39.
Meyyappan M, Wong H, Hull C, Riabowol KT. 1998. Increased
expression of cyclin D2 during multiple states of growth arrest in
primary and established cells. Mol Cell Biol 18:3163±3172.
Monier S, Dietzen DJ, Hastings WR, Lublin DM, Kurzchalia TV. 1996.
Oligomerization of VIP21-caveolin in vitro is stabilized by long
chain fatty acylation or cholesterol. FEBS Lett 388:143±149.
Monier S, Parton RG, Vogel F, Behlke J, Henske A, Kurzchalia TV.
1995. VIP21-caveolin, a membrane protein constituent of the
caveolar coat, oligomerizes in vivo and in vitro. Mol Biol Cell
6:911±927.
Noda A, Ning Y, Venable SF, Pereira-Smith OM, Smith JR. 1994.
Cloning of senescent cell-derived inhibitors of DNA synthesis using
an expression screen. Exp Cell Res 211:90±98.
Okamoto T, Schlegel A, Scherer PE, Lisanti MP. 1998. Caveolins, a
family of scaffolding proteins for organizing `preassembled signaling
complexes' at the plasma membrane. J Biol Chem 273:5419±5422.
Palmer HJ, Tuzon CT, Paulson KE. 1999. Age-dependent decline in
mitogenic stimulation of hepatocytes. Reduced association between
Shc and the epidermal growth factor receptor is coupled to
decreased activation of Raf and extracellular signal-regulated
kinases. J Biol Chem 274:11424±11430.
Park WY, Park JS, Cho KA, Kim DI, Ko YG, Seo JS, Park SC. 2000.
Up-regulation of caveolin attenuates epidermal growth factor
signaling in senescent cells. J Biol Chem 275:20847±20852.
Phillips PD, Kuhnle E, Cristofalo VJ. 1983. [125I]EGF binding ability
is stable throughout the replicative life-span of WI-38 cells. J Cell
Physiol 114:311±316.
Resh MD. 1998. Fyn, a Src family tyrosine kinase. Int J Biochem Cell
Biol 30:1159±1162.
Riabowol K, Shiff J, Gilman Z. 1992. Transcription factor AP-1 activity
is required for initiation of DNA synthesis and is lost during cellular
aging. Proc Natl Acad Sci USA 89:157±161.
Riabowol KT. 1992. Transcription factor activity during cellular aging
of human diploid ®broblasts. Biochem Cell Biol 70:1064±1072.
Rietveld A, Simons K. 1998. The differential miscibility of lipids as the
basis for the formation of functional membrane rafts. Biochim
Biophys Acta 1376:467±479.
Robbins SM, Quintrell NA, Bishop JM. 1995. Myristoylation and
differential palmitoylation of the HCK protein-tyrosine kinases
govern their attachment to membranes and association with
caveolae. Mol Cell Biol 15:3507±3515.
Roche S, Koegl M, Barone MV, Roussel MF, Courtneidge SA. 1995.
DNA synthesis induced by some but not all growth factors requires
Src family protein tyrosine kinases. Mol Cell Biol 15:1102±1109.
Rosenzweig KE, Youmell MB, Palayoor ST, Price BD. 1997. Radiosensitization of human tumor cells by the phosphatidylinositol 3kinase inhibitors wortmannin and LY294002 correlates with
inhibition of DNA-dependent protein kinase and prolonged G2-M
delay. Clin Cancer Res 3:1149±1156.

LOSS OF FUNCTIONAL CAVEOLAE DURING SENESCENCE

Rutter A, Mackinnon WB, Huschtscha LI, Mountford CE. 1996. A
proton magnetic resonance spectroscopy study of aging and
transformed human ®broblasts. Exp Gerontol 31:669±686.
Sarkaria JN, Tibbetts RS, Busby EC, Kennedy AP, Hill DE, Abraham
RT. 1998. Inhibition of phosphoinositide 3-kinase related kinases by
the radiosensitizing agent wortmannin. Cancer Res 58:4375±4382.
Scherer PE, Lewis RY, Volonte D, Engelman JA, Galbiati F, Couet J,
Kohtz DS, van Donselaar E, Peters P, Lisanti MP. 1997. Cell-type
and tissue-speci®c expression of caveolin-2. Caveolins 1 and 2 colocalize and form a stable hetero-oligomeric complex in vivo. J Biol
Chem 272:29337±29346.
Scherer PE, Okamoto T, Chun M, Nishimoto I, Lodish HF, Lisanti MP.
1996. Identi®cation, sequence, and expression of caveolin-2 de®nes
a caveolin gene family. Proc Natl Acad Sci USA 93:131±135.
Schroeder F, Goetz I, Roberts E. 1984. Age-related alterations in
cultured human ®broblast membrane structure and function. Mech
Ageing Dev 25:365±389.
Sell C, Ptasznik A, Chang CD, Swantek J, Cristofalo VJ, Baserga R.
1993. IGF-1 receptor levels and the proliferation of young and
senescent human ®broblasts. Biochem Biophys Res Commun
194:259±265.
Seshadri T, Campisi J. 1990. Repression of c-fos transcription and an
altered genetic program in senescent human ®broblasts. Science
247:205±209.
Shenoy-Scaria AM, Dietzen DJ, Kwong J, Link DC, Lublin DM. 1994.
Cysteine3 of Src family protein tyrosine kinase determines
palmitoylation and localization in caveolae. J Cell Biol 126:353±363.
Simons K, Toome D. 2000. Lipid rafts and signal transduction. Nat
Rev: Mol Cell Biol 1:31±38.
Stein GH, Beeson M, Gordon L. 1990. Failure to phosphorylate the
retinoblastoma gene product in senescent human ®broblasts.
Science 249:666±669.
Tang Z, Scherer PE, Okamoto T, Song K, Chu C, Kohtz DS, Nishimoto
I, Lodish HF, Lisanti MP. 1996. Molecular cloning of caveolin-3, a
novel member of the caveolin gene family expressed predominantly
in muscle. J Biol Chem 271:2255±2261.

235

Tresini M, Mawal-Dewan M, Cristofalo VJ, Sell C. 1998. A
phosphatidylinositol 3-kinase inhibitor induces a senescent-like
growth arrest in human diploid ®broblasts [see comments]. Cancer
Res 58:1±4.
Vaziri H, West MD, Allsopp RC, Davison TS, Wu YS, Arrowsmith CH,
Poirier GG, Benchimol S. 1997. ATM-dependent telomere loss in
aging human diploid ®broblasts and DNA damage lead to the posttranslational activation of p53 protein involving poly(ADP-ribose)
polymerase. EMBO J 16:6018±6033.
Venable ME, Obeid LM. 1999. Phospholipase D in cellular senescence.
Biochim Biophys Acta 1439:291±298.
Wary KK, Mainiero F, Isakoff SJ, Marcantonio EE, Giancotti FG.
1996. The adaptor protein Shc couples a class of integrins to the
control of cell cycle progression. Cell 87:733±743.
Wary KK, Mariotti A, Zurzolo C, Giancotti FG. 1998. A requirement
for caveolin-1 and associated kinase Fyn in integrin signaling and
anchorage-dependent cell growth. Cell 94:625±634.
Way M, Parton RG. 1996. M-caveolin, a muscle-speci®c caveolinrelated protein [corrected and republished with original paging,
article originally printed in FEBS Lett 1995 Nov 27;376(1-2):10812]. FEBS Lett 378:108±112.
Wheaton K, Atadja P, Riabowol K. 1996. Regulation of transcription
factor activity during cellular aging. Biochem Cell Biol 74:523±534.
Whisler RL, Bagenstose SE, Newhouse YG, Carle KW. 1997.
Expression and catalytic activities of protein tyrosine kinases
(PTKs) Fyn and Lck in peripheral blood T cells from elderly humans
stimulated through the T cell receptor (TCR)/CD3 complex. Mech
Ageing Dev 98:57±73.
Whisler RL, Chen M, Liu B, Newhouse YG. 1999. Age-related
impairments in TCR/CD3 activation of ZAP-70 are associated with
reduced tyrosine phosphorylations of zeta-chains and p59fyn/
p56lck in human T cells. Mech Ageing Dev 111:49±66.
Wong H, Riabowol K. 1996. Differential CDK-inhibitor gene expression in aging human diploid ®broblasts. Exp Gerontol 31:311±325.
Zhu J, Woods D, McMahon M, Bishop JM. 1998. Senescence of human
®broblasts induced by oncogenic Raf. Genes Dev 12:2997±3007.

