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Abstract
Cell senescence is a physiological program of terminal growth arrest,
which is believed to play an important role in cancer prevention. Senescent cells secrete multiple growth-regulatory proteins, some of which can
affect tumor growth, survival, invasion, or angiogenesis. Changes in expression of different senescence-associated genes were analyzed in cultured human skin keratinocytes (KCs) that underwent replicative senescence or confluence-induced accelerated senescence. Senescent KC
cultures showed a strong increase in mRNA and protein expression of
maspin, a member of serine protease inhibitor family and an epithelial cell
tumor suppressor with anti-invasive and antiangiogenic activities. Immunohistochemical analysis of 14 normal human skin samples (age range
from 3 months to 84 years) showed that maspin is expressed by KCs in
vivo and that the extent and intensity of maspin expression in the skin is
significantly (P ⴝ 0.01) correlated with chronological age. Antiangiogenic
activity of maspin secreted by senescent KCs was investigated in vitro by
testing the effect of conditioned media from different KC cultures on
endothelial cell migration in the presence or absence of several angiogenic
factors. Media conditioned by senescent cultures (undergoing replicative
or accelerated senescence), but not by proliferating KCs, strongly inhibited the stimulation of endothelial cell migration by all of the tested
angiogenic factors. Neutralizing antibody against maspin abrogated this
effect of conditioned media. These findings indicate that senescent KCs
exert a paracrine antiangiogenic activity, and maspin is the principal
contributor to this potentially tumor-suppressive effect of cellular senescence.

Introduction
Cell senescence was originally described in normal human cells
that cease proliferation in culture after a limited number of cell
divisions, and it was proposed to reflect a process that occurs during
organism aging (1). This phenomenon, known as replicative senescence, is mediated primarily by gradual changes of telomeres at the
ends of chromosomes (2). Today, cell senescence is defined more
broadly as a physiological program of terminal growth arrest, which
can result not only from telomeric alterations but also from various
forms of stress or inappropriate mitogenic signaling (i.e., accelerated
senescence; Ref. 2). Senescent cells do not divide even upon the
addition of mitogens and acquire an altered phenotype, with large flat
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morphology and increased endogenous ␤-galactosidase activity (socalled senescence-associated ␤-galactosidase or SA-␤-gal; Ref. 3).
Terminal growth arrest of senescent cells is mediated by the upregulation of cyclin-dependent kinase inhibitor proteins such as
p21Waf1/Cip1/Sdi1 and p16Ink4A, as well as several other cell-cycle
inhibitory genes (3, 4). The program of senescence, along with apoptosis, serves as an anticarcinogenic mechanism that stops the proliferation of normal cells that have experienced potentially carcinogenic
damage (2), and the induction of accelerated senescence in tumor cells
represents an important antiproliferative effect of anticancer drugs (4,
5).
In contrast to apoptosis, senescence does not destroy the cells but
leaves them metabolically and synthetically active and therefore able
to affect their environment. In particular, senescent fibroblasts were
found to secrete proteins with known or putative tumor-promoting
functions such as growth factors or proteolytic enzymes (3). Multiple
genes encoding secreted factors with mitogenic, antiapoptotic, proteolytic, and angiogenic activities are coinduced in fibrosarcoma cells
that overexpress p21Waf1/Cip1/Sdi1 (6), as well as in colon carcinoma
(7) and melanoma cells (8), which become senescent in response to
chemotherapeutic drugs (4). Biological activity of senescence-associated tumor-promoting factors was demonstrated by the mitogenic and
angiogenic activity in vitro of media conditioned by p21-overexpressing fibrosarcoma cells (6) and by the ability of normal senescent
fibroblasts to stimulate the growth of transformed epithelial cells in
coculture, in vitro and in vivo (9). This paracrine tumor-promoting
activity of senescent fibroblasts suggests that cell senescence may not
just prevent but also stimulate carcinogenesis.
On the other hand, colon carcinoma cells undergoing chemotherapy-induced senescence were found to up-regulate not only tumorpromoting factors but also several secreted factors with the opposite,
tumor-suppressive activity (7). Such factors include insulin-like
growth factor-binding proteins and maspin, a member of the serine
protease inhibitor (serpin) family and a potent tumor suppressor with
proadhesive, proapoptotic, anti-invasive, and antiangiogenic activities
(10 –12). Some of senescence-associated tumor-suppressive factors
are also induced by DNA damage or by the overexpression of p53,
leading to the bystander effect in coculture and conditioned media
(CM) assays (13). The relative expression of tumor-promoting and
tumor-suppressive genes in senescent cells varies depending on the
cell and the inducer of senescence, and this balance is likely to
determine whether senescence of normal and tumor cells has a predominantly pro- or anticarcinogenic effect (4).
Most of the data on the mechanisms and phenotypes of normal cell
senescence has been generated in fibroblasts. During the past several
years, we have been interested in defining the phenotype of senescent
keratinocytes (KCs), identifying potential senescence bypass mechanisms involved in skin cancer and characterizing the molecular basis
of angiogenic tissue responses in pathological skin disorders such as
psoriasis (14 –19). Learning more about the senescent phenotype of
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KCs in vitro may provide insight into the aging process for human
skin, particularly because population aging is accompanied by increased number of skin cancers (20).
In the present study, we have asked which of the tumor-suppressive
or tumor-promoting genes that are up-regulated in senescent tumor
cells are associated with replicative senescence that develops after
serial passage of normal human KCs or with accelerated senescence,
which results from maintaining KC cultures at confluence (15). This
analysis showed that the tumor-suppressor maspin is strongly upregulated by senescent KCs in vitro. Moreover, maspin expression is
also increased in aging skin in vivo. The induction of maspin in
senescent KCs was additionally found to result in secreted antiangiogenic activity detectable by an in vitro assay. These findings suggest
that normal senescent KCs are likely to have a paracrine tumorsuppressive activity and that maspin is a major contributor to this
effect. Maspin expression by senescent KCs may potentially counteract the tumor-promoting paracrine effect of senescent fibroblasts and
thereby minimize the age-dependent increase in the incidence of skin
cancer.
Materials and Methods

Slides were stained with the chromagen 3-amino-4-ethylcarbazole, generating
a positive red reaction product and counterstained with hematoxylin.
After immunostaining, relative maspin levels were determined using a
semiquantitative procedure in which the extent and intensity of staining was
assessed as follows: extent: 0, no expression; 2⫹, one-third of KCs within
epidermis positive; 4⫹, two-thirds of KCs within epidermis positive; and 6⫹,
all epidermal KCs positive. Intensity: 0, no staining; 2⫹, faint staining; 4⫹,
moderate staining; and 6⫹, strong staining. Thus, the range in the semiquantitative assessment scores was from 0 to 12.
Statistical analysis was performed using SPSS for Windows (SPSS 10.1;
SPSS, Inc., Chicago, IL). The mean and SE for each age group was determined
for the immunohistochemical staining scores and the Mann-Whitney U tests to
compare the distribution of scores between groups. A two-sided P of ⱕ0.05
was considered statistically significant.
Detection of Maspin Secreted by KCs in CM. After 72 h, CM was
collected from proliferating, confluent, senescent KC cultures and centrifuged
to remove any residual cells and frozen at ⫺80°C. Five-ml aliquots were
thawed on ice and concentrated 10-fold using a Centricon-10 concentrator
(Amicon, Beverly, MA). On the basis of protein concentration, equal quantities
of protein were run on a 12% SDS-PAGE, proteins were transferred to
Immobilon P membrane and probed with anti-maspin Ab (BD PharMingen).
Relative levels of secreted maspin were determined by scanning laser densitometric analysis.
Endothelial Cell (EC) Migration Assay. The EC migration assay was
performed as described previously (23). Briefly, human dermal microvascular
ECs were starved overnight in media containing 0.1% BSA, harvested, resuspended into Dulbecco’s Modified Eagle’s Medium (DMEM) with 0.1% BSA,
and plated on one side of a modified Boyden chamber (Neuroprobe). Test
substances were added to the other side of the wells, and the cells were allowed
to migrate for 4 h at 37°C. Membranes were recovered, fixed, stained, and the
number of cells that had migrated from one side of the semiporous gelatinized
membrane/10 high-power fields counted. Data are reported as the mean number of cells migrated/10 high-power fields (⫻400). Each substance was tested
in quadruplicate. Growth factors (R&D Systems, Minneapolis, MN) were used
where indicated at the following concentrations: vascular endothelial growth
factor (100 pg/ml); interleukin 8 (40 ng/ml); and basic fibroblast growth factor
(20 ng/ml). Neutralizing Abs for angiogenic cytokines (R&D Systems) were
used at the following concentrations: antivascular endothelial growth factor
(20 g/ml); anti-interleukin 8 (20 mg/ml); and antibasic fibroblast growth
factor (10 g/ml). Neutralizing Abs for maspin (SC-8543; Santa Cruz Biotechnology) and a nonspecific IgG (BD PharMingen) were used at a concentration of 10 g/ml.

Tissue Culture. Primary KCs were isolated from freshly excised neonatal
foreskins as described (14). Briefly, normal KCs were grown using a lowcalcium (0.07 mM) KC growth media (Clonetics Corp., San Diego, CA). KCs
were harvested while they were either proliferating (⬍50% confluent), confluent, or senescent. Early confluency was defined by ⬎60% of KC in the dish
being juxtaposed or in contact with adjacent KCs. After reaching early confluency, parallel dishes were maintained up to 5 more days, with media
changes every 2 days. At this time, ⬎95% of KCs were in contact with
adjacent cells giving the culture a crowded appearance. Senescent KC cultures
were obtained after 60 –70 population doublings and were unable to proliferate
despite addition of fresh KC growth media, as described previously (15).
RNA Analysis. RNA was extracted from KCs in culture using Trizol
reagent (Invitrogen, Carlsbad, CA) as described previously (19). After RNA
isolation, semiquantitative reverse transcription-PCR was performed essentially as previously described (21), using ␤-actin as an internal normalization
standard. Reverse transcription-PCR primer sequences and PCR conditions
will be provided upon request.
Western Blot Analysis. To prepare whole cell protein extracts, cells were
suspended in 1.5-ml Eppendorf vials with 3-[(3-cholamidopropyl)dimethylamResults
monio]-1-propanesulfonic acid buffer and sonicated for 30 s followed by 30
min of vigorous shaking at 4°C as described previously (14). After centrifuInduction of Maspin in Senescent KCs. We have asked which of
gation, supernatants were collected, and the protein concentration of each
the tumor-suppressive or tumor-promoting genes that were previously
sample determined by Bio-Rad (Hercules, CA) protein assay. Immunoblotting
identified in different types of senescent tumor cells (6, 7, 24) are
assays were carried out by standard procedures using mouse monoclonal Abs
up-regulated in normal epithelial cells undergoing senescence. For
against maspin (BD PharMingen, San Diego, CA) or ␤-actin (Sigma Chemical
Co., St. Louis, MO). Bands were detected using horseradish peroxidase- this analysis, we have compared proliferating cultures of normal
labeled secondary Abs and enhanced chemiluminescence detection kit (Am- human KCs and KC cultures that became senescent after multiple
passages or after being maintained at confluence for 3 days. As
ersham Pharmacia, Piscataway, NJ).
Tissue Samples and Immunohistochemistry. Normal human skin speci- previously described (15), both types of nonproliferating KC cultures
mens were obtained from individuals undergoing elective plastic surgery develop terminal growth arrest, express SA-␤-gal and acquire other
procedures. Samples of normal appearing skin were fixed in formalin and morphological and biochemical characteristics of senescent cells (data
embedded in paraffin following standard histological methods. Fourteen dif- not shown). RNA from different KC cultures was used for reverse
ferent tissue blocks were selected for study, including the following age transcription-PCR assays for the expression of 27 senescence-associgroups: group 1, ⬍15 years old (n ⫽ 4: 3 males, 1 female); group 2, 34 – 49 ated genes, including secreted growth regulators, secreted tumoryears old (n ⫽ 5: 2 males, 3 females); and group 3, 65– 84 years old (n ⫽ 5:
promoting factors, intracellular growth inhibitors, and some others.
3 males, 2 females).
The results of reverse transcription-PCR assays for the expression of
Four-m thick tissue sections were deparaffinized followed by antigen
some of these genes in two proliferating, one confluent, and one
retrieval [10 mM citrate buffer (pH 6.0); microwaving 500 W; 15 min] as
senescent KC culture are shown in Fig. 1A. Some of the tested genes
described previously (22). Primary Ab to detect maspin was obtained from
Novocastra Laboratories Ltd. (clone EAW 24) and used at a final concentration showed increased expression in confluent and senescent KCs relative
of 10 g/ml. Control Ab (pooled IgG) was obtained from BD PharMingen. to proliferating cells, and such increases were especially common
After 1 h of incubation at room temperature, subsequent immunostaining was among secreted tumor-suppressive factors or intracellular growth inperformed using avidin-biotin immunoperoxidase technique following the hibitors (Fig. 1A). These changes, however, were not always strong or
manufacturer’s instruction (Vectastain, Vector Laboratories; Burlingame, CA). clearly reproducible in different KC cultures. However, a strong and
2957

Downloaded from cancerres.aacrjournals.org on April 15, 2021. © 2004 American Association for Cancer
Research.

MASPIN SECRETION BY SENESCENT KERATINOCYTES

Fig. 1. Induction of maspin gene expression in senescent keratinocytes (KCs). A, reverse transcription-PCR analysis of RNA of the
indicated genes in KC cultures that are proliferating (P; two independent
cultures), confluent (C), or senescent (S). B, reverse transcription-PCR
analysis of maspin RNA in KC cultures from the same individual that
are proliferating (P), on days 1 (C1), 3 (C3), or 5 (C5) after reaching
confluence. C, Western blot analysis of maspin protein in whole cell
extracts of KC cultures derived from the same individual that are
proliferating (P), senescent (S), or confluent on days 1 (C1), or 3 (C3)
after reaching confluence.

reproducible increase in gene expression in both senescent and confluent cells was observed for tumor suppressor maspin, and we have
therefore analyzed maspin expression in more detail.
Maspin RNA levels in confluent KC cultures increased over time at
confluence (Fig. 1B), along with the development of the senescent
phenotype (data not shown). In contrast to KCs, maspin RNA was
nearly undetectable in proliferating or senescent fibroblasts or
HT1080 fibrosarcoma cells (data not shown). To confirm the results
of RNA analysis, whole cell extracts of KC cultures were examined

by Western blotting using an anti-maspin Ab. Fig. 1C demonstrates
low constitutive maspin levels in proliferating KCs and increased
expression of maspin protein in confluent, as well as senescent KCs.
Maspin Expression in Human Skin Samples Is Age Associated.
Maspin expression by KCs in vivo was characterized using formalinfixed, paraffin-embedded sections of normal human skin obtained
from 14 individuals of a wide range of ages. All samples were
immunostained at the same time. The relative extent and intensity of
maspin expression were assessed after immunostaining, using a semi-

Fig. 2. Maspin expression in normal human skin. Top panels
portray representative immunohistochemically stained sections to
detect maspin. Immunoperoxidase stained, magnification, ⫻100.
A, age group 1 with top one-third of epidermis with faint expression (score ⫽ 4); insert, IgG control stain. B, age group 2 with top
one-third of epidermis with moderate expression (score ⫽ 6). C,
age group 3 with entire epidermis with strong expression
(score ⫽ 12). Bottom panel portrays semiquantitative assessment
of maspin expression for all samples within each age group
(mean ⫾ SE). See “Materials and Methods” for details. Differences in maspin expression between group 1 and group 2
(P ⫽ 0.01). Differences in maspin expression between group 1 and
group 3 (P ⫽ 0.01). Differences in maspin expression between
group 2 and group 3 (P ⫽ 0.02).
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Fig. 3. Enhanced secretion of maspin by senescent keratinocytes (KCs) and effects of
media conditioned by different KC cultures on in vitro angiogenesis. A, Western blot
analysis of ⫻10 concentrated serum-free conditioned media (CM) to detect secreted
maspin in cultures of proliferating (P) KCs, confluent (C) KCs, and senescent (S) KCs.
See “Materials and Methods” for details. B–D, serum-free CM from (B) proliferating KC
culture, (C) senescent KC culture, and (D) confluent KC culture were assayed for their
ability to stimulate or inhibit EC migration alone or in the presence of anti-maspin
antibody (␣-M), vascular endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), or interleukin 8 (IL-8). See “Materials and Methods” for details. Values are
reported as the number of cells migrated in 10 high-power field (HPF) ⫹ SE.

quantitative procedure on a scale of 1 to 12 (see “Materials and
Methods”). Fig. 2, top panels, portrays representative maspin immunohistochemical staining results in normal human skin from young,
middle-age, and older individuals. For data analysis, all of the donors
were separated into three groups. In the youngest age group (0 –15
years old, group 1), maspin expression was generally faint and confined to KCs in the upper epidermal layers. Individual maspin staining
scores ranged from 0 to 4 in this group (mean ⫽ 3.0). By contrast in
the group 2 samples (34 – 49 years old), maspin expression was of a
stronger intensity and tended to include not only KCs in the upper
epidermis but also mid-epidermal layer KCs with staining scores
ranging from 6 to 8 (mean ⫽ 7.2). In the oldest set of skin samples

obtained for group 3 (65– 84 years old), maspin expression was strong
and diffusely involved all epidermal layers of KCs with staining
scores ranging from 8 to 12 (mean ⫽ 10.4). For all samples, there was
no maspin staining of dermal fibroblasts, and IgG control staining
revealed no significant positivity in either the epidermis or dermis
(Fig. 2A, inset).
A summary of all of the scores for maspin expression in the three
different age groups is portrayed in Fig. 2, bottom panel. A clear-cut
trend is apparent in which increased maspin expression by epidermal
KCs is observed when comparing the staining results for individuals
in group 1, to group 2, and to group 3 (65– 84 years old). These
differences between groups were statistically significant (Ps comparing group 1 to group 2 ⫽ 0.01; group 1 to group 3 ⫽ 0.01; and group
2 to group 3 ⫽ 0.02). Taken together, these immunohistochemical
staining results indicate that there is a correlation in the extent and
intensity of maspin expression by KCs in human skin samples with
the chronological age of the individual.
Antiangiogenic Role for Maspin Secreted by Senescent KCs. To
determine whether maspin was being secreted, CM was examined for
maspin. Fig. 3A reveals that low levels of maspin could be detected in
concentrated (⫻10) serum-free CM derived from proliferating KC
cultures, but there was a 3- and 11-fold increase in maspin levels in
the CM derived from confluent and senescent KC cultures, respectively. These levels of secreted maspin are consistent with the relative
mRNA levels and whole cell extract-derived protein levels for proliferating versus confluent versus senescent KC cultures as depicted in
Fig. 1. In the next set of experiments, the antiangiogenic role for the
secreted maspin in CM was determined.
Antiangiogenic activity is the best documented tumor-suppressive
function of maspin (25). To determine whether maspin produced by
senescent KCs has biological activity, serum-free CM from proliferating, confluent, or senescent KC cultures were collected and added to
human ECs in migration assays carried out in the presence or absence
of different angiogenic factors. These EC migration assays were
selected as they permit replicative analysis using relatively small
amounts of CM and reflect angiogenic activity.
When tested alone, CM from any KC cultures failed to alter
significantly the migration of human dermal microvascular endothelial cells in vitro, relative to the BSA control (Fig. 3B–D). The
addition of either of the angiogenic factors vascular endothelial
growth factor, basic fibroblast growth factor, or interleukin 8 to CM
for proliferating KCs resulted in marked stimulation of endothelial
cell migration (Fig. 3B). In contrast, the addition of vascular endothelial growth factor, basic fibroblast growth factor, or interleukin 8 to
the CM from either senescent (Fig. 3C) or confluent KCs (Fig. 3D)
results in only minor (Fig. 3D) or no stimulation of EC migration (Fig.
3C). These findings demonstrate that CM from the confluent or
senescent cultures, but not from proliferating KCs, contains high
levels of antiangiogenic activity.
To determine whether maspin, which is overexpressed by the
senescent and confluent KCs, was responsible for blocking the ability
of angiogenic factors to stimulate EC migration in vitro, a neutralizing
Ab against maspin (10, 26) was added to CM from each KC culture.
As expected, the addition of anti-maspin Ab to media conditioned by
the proliferating KC did not alter EC migration in the presence or
absence of angiogenic factors (Fig. 3B). The addition of anti-maspin
Ab to CM from senescent or confluent KC in the absence of angiogenic factors also had no effect on EC migration (Fig. 3, C and D).
However, the addition of anti-maspin Ab to CM from senescent or
confluent KCs containing any of the angiogenic factors fully restored
the ability of these factors to stimulate EC migration, blocking the
antiangiogenic effect of CM (Fig. 3, C and D). These results demon-
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strate that maspin is the principal antiangiogenic factor secreted by
senescent KC cultures.
Discussion
Senescence in normal human fibroblasts or fibrosarcoma cells is
associated with increased expression of many secreted proteins that
promote tumor growth and with paracrine tumor-promoting activities
in vitro and in vivo (3, 6, 9). On the other hand, senescent epithelial
tumor cells up-regulate not only tumor-promoting factors but also
secreted tumor-suppressive proteins (7, 24). In the present study, we
focused on maspin, a unique serine protease that can block tumor
growth, invasion, and metastasis (11). The data presented in this
report revealed that maspin is up-regulated in senescent cultures of
normal human KCs in vitro and in aging KCs in vivo and that the
induction of maspin secretion exerts paracrine antiangiogenic activity
in CM of senescent KCs. These results suggest that secretion of
maspin by senescent KCs may play an anticarcinogenic role in aging
skin, not only by its well-known anti-invasive property but also by
blocking angiogenesis.
Maspin has been characterized as a potent tumor suppressor, which
is frequently down-regulated in breast and prostate cancers (10, 27,
28). Transfection of maspin into a transplantable breast cancer tumor
line led to increased tumor encapsulation, less invasiveness, and a
better prognosis (11), whereas maspin expression in a model of
prostate cancer bone metastasis was shown to inhibit osteolysis, tumor
growth, and angiogenesis (12). In addition to its other tumor-suppressive activities, maspin appears to have an apoptosis-sensitizing effect
(10, 29). Many studies suggested that maspin, unlike most other
serpins, does not possess a proteolytic inhibitory activity (30), but
others have found that maspin inhibits urokinase-type plasminogen
activator and that this activity correlates with the effect of maspin in
inhibiting prostate cancer cell motility and invasion in vitro (11, 12).
Maspin was also shown to function as a potent angiogenesis inhibitor
(25) active in breast and prostate carcinomas (11, 29, 31–35). The
antiangiogenic activity of this protein is maintained even after mutation of the reactive site loop of serpins, indicating that this function of
maspin does not involve the inhibition of proteolysis (25). Maspin was
recently shown to interact with type I and III collagen, and this effect
on extracellular matrix was proposed to play a role in the antiangiogenic function of maspin (36).
On the cellular level, maspin was reported to be predominantly a
soluble intracellular protein with some expression on the cell surface
(37). Jiang et al. (32) demonstrated that maspin’s effect on cell
invasion and motility correlates with a location on the cell surface and
in the pericellular space, whereas maspin’s apoptosis-sensitizing effect correlates with intracellular localization. In the present study, we
have found that in vitro antiangiogenic activity of maspin is transmitted through CM of maspin-producing senescent KCs, indicating that
this activity is associated with the secreted maspin. Direct evidence
for maspin secretion by KCs was provided by examining serum-free
CM (Fig. 3A). Compared with relatively low levels detected in CM
from proliferating KC cultures, there was a 3- and 11-fold increase in
secreted maspin levels in CM-derived from confluent and senescent
KC cultures, respectively. Although senescent cells secrete numerous
factors into the media (4), the ability of anti-maspin Ab to abrogate the
antiangiogenic activity of media conditioned by senescent KCs (Fig.
3B–D) indicates that this activity can be attributed entirely to maspin.
Maspin expression is not universal but appears to be restricted to
specific cell types, including myoepithelial cells of breast, basal cells
of prostate, mucosal and glandular epithelia of gastrointestinal tract,
and stratified layers of skin. In some cases, its expression levels can
even vary between locations within the same tissue type (37). In the

present study, we have found that maspin RNA and protein expression
in KCs correlate with senescence in cell culture and with chronological age in skin samples, providing an important new example of
concordance between in vitro senescence and in vivo aging. The
correlations that we have observed in skin samples, albeit statistically
significant, are based on the analysis of only a small number of
individuals (14 total), and therefore, they should be viewed as preliminary until a larger-scale study is performed. Our findings in
human skin samples are in agreement with an earlier study that
maspin is one of the proteins that show age-dependent expression in
rat colon (38).
What is the mechanism of senescence- and age-dependent induction of maspin? Zou et al. (10) demonstrated that maspin gene
transcription is strongly induced by DNA-damaging agents in different epithelial tumor cell lines. Maspin expression in aging tissues
could therefore reflect epigenetic stabilization of stress effects accumulated over the lifetime, e.g., through changes in promoter methylation. Importantly, maspin down-regulation in cancers has been associated with aberrant methylation of maspin promoter (28).
Alternatively, high levels of maspin could reflect the pattern of
transcription factors in senescent cells. Zou et al. (10) reported that
maspin is directly induced by p53 (through the binding of p53 to its
consensus binding site on the maspin promoter) and that p53 is
required for the induction of maspin by DNA damage. We have
found, however, that homozygous knockout of p53 in colon carcinoma cells only delays but does not abolish induction of maspin by a
DNA-damaging agent (7). On the basis of the p53 immunostaining
profiles (data not shown) and our previously published results on
senescent KCs (19), it does not appear that maspin expression in
senescent KCs requires functional p53. The maspin promoter, however, contains other transcription factor binding sites such as Ets,
which was shown to regulate maspin expression in prostate (39) and
AP-1, and we have previously shown that both Ets-1/2 and AP-1
regulate the expression of the senescence-associated cyclin-dependent
kinase inhibitor p16 in KCs (15). Additional studies are indicated to
define the molecular basis underlying the regulation of maspin expression by senescent KCs and aging human skin.
Senescence of normal human fibroblasts was shown to result in
paracrine tumor-promoting activity in vitro and in vivo (9). Fibroblast
senescence is associated with sequential up-regulation of cyclin-dependent kinase inhibitors p21Waf1/Cip1/Sdi1 and p16Ink4A. p21 expression in fibrosarcoma cells (6) and in normal fibroblasts (our unpublished data) activates transcription of several mitogenic, antiapoptotic,
proteolytic, and angiogenic factors and produces mitogenic and apoptotic activities in CM. In the present study, we have observed that
maspin gene expression was strongly induced in senescent KCs.
Maspin is also induced in senescent colon carcinoma cells (7), but it
is undetectable in senescent fibroblasts or fibrosarcoma cells (data not
shown), suggesting that maspin is associated with senescence primarily in epithelial tissues. The induction of maspin by senescent KCs has
resulted in paracrine antiangiogenic activity detectable by in vitro
assays. It remains to be determined whether senescent KCs or other
epithelial cells possess any other tumor-suppressive or tumor-promoting paracrine activities. Our findings, however, provide the first
evidence that normal senescent cells possess an activity that can
inhibit rather than promote tumorigenesis in the surrounding tissues.
Such activities need to be taken into account in evaluating the role of
cell senescence in carcinogenesis and cancer treatment.
Acknowledgments
We thank Dr. Eugenia Broude for helpful discussions.

2960

Downloaded from cancerres.aacrjournals.org on April 15, 2021. © 2004 American Association for Cancer
Research.

MASPIN SECRETION BY SENESCENT KERATINOCYTES

References
1. Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp
Cell Res 1961;37:585– 621.
2. Mathon NF, Lloyd AC. Cell senescence and cancer. Nat Rev Cancer 2001;1:203–13.
3. Campisi J. Cellular senescence as a tumor-suppressor mechanism. Trends Cell Biol
2001;11:S27–31.
4. Roninson IB. Tumor cell senescence in cancer treatment. Cancer Res 2003;63:2705–
15.
5. Chang BD, Broude EV, Dokmanovic M, et al. A senescence-like phenotype distinguishes tumor cells that undergo terminal proliferation arrest after exposure to
anticancer agents. Cancer Res 1999;59:3761–7.
6. Chang BD, Watanabe K, Broude EV, et al. Effects of p21Waf1/Cip1/Sdi1 on cellular
gene expression: implications for carcinogenesis, senescence, and age-related diseases. Proc Natl Acad Sci USA 2000;97:4291– 6.
7. Chang BD, Swift ME, Shen M, Fang J, Broude EV, Roninson IB. Molecular
determinants of terminal growth arrest induced in tumor cells by a chemotherapeutic
drug. Proc Natl Acad Sci USA 2002;99:389 –94.
8. Kramer DL, Chang BD, Chen Y, et al. Polyamine depletion in human melanoma cells
leads to G1 arrest associated with induction of p21WAF1/CIP1/SDI1, changes in the
expression of p21-regulated genes, and a senescence-like phenotype. Cancer Res
2001;61:7754 – 62.
9. Krtolica A, Parrinello S, Lockett S, Desprez PY, Campisi J. Senescent fibroblasts
promote epithelial cell growth and tumorigenesis: a link between cancer and aging.
Proc Natl Acad Sci USA 2001;98:12072–7.
10. Zou Z, Anisowicz A, Hendrix MJ, et al. Maspin, a serpin with tumor-suppressing
activity in human mammary epithelial cells. Science (Wash. DC) 1994;263:526 –9.
11. Shi HY, Zhang W, Liang R, et al. Blocking tumor growth, invasion, and metastasis
by maspin in a syngeneic breast cancer model. Cancer Res 2001;61:6945–51.
12. Cher ML, Biliran HR Jr, Bhagat S, et al. Maspin expression inhibits osteolysis, tumor
growth, and angiogenesis in a model of prostate cancer bone metastasis. Proc Natl
Acad Sci USA 2003;100:7847–52.
13. Komarova EA, Diatchenko L, Rokhlin OW, et al. Stress-induced secretion of growth
inhibitors: a novel tumor suppressor function of p53. Oncogene 1998;17:1089 –96.
14. Chaturvedi V, Qin JZ, Denning MF, Choubey D, Diaz MO, Nickoloff BJ. Apoptosis
in proliferating, senescent, and immortalized keratinocytes. J Biol Chem 1999;274:
23358 – 67.
15. Chaturvedi V, Cesnjaj M, Bacon P, et al. Role of INK4a/Arf locus-encoded senescent
checkpoints activated in normal and psoriatic keratinocytes. Am J Pathol 2003;162:
161–70.
16. Nickoloff BJ. Characterization of lymphocyte-dependent angiogenesis using a SCID
mouse: human skin model of psoriasis. J Investig Dermatol Symp Proc 2000;5:67–73.
17. Nickoloff BJ, Chaturvedi V, Bacon P, Qin JZ, Denning MF, Diaz MO. Id-1 delays
senescence but does not immortalize keratinocytes. J Biol Chem 2000;275:27501– 4.
18. Nickoloff BJ. Creation of psoriatic plaques: the ultimate tumor suppressor pathway.
A new model for an ancient T-cell-mediated skin disease. Viewpoint. J Cutan Pathol
2001;28:57– 64.
19. Qin JZ, Chaturvedi V, Denning MF, et al. Regulation of apoptosis by p53 in
UV-irradiated human epidermis, psoriatic plaques and senescent keratinocytes. Oncogene 2002;21:2991–3002.

20. Campisi J. The role of cellular senescence in skin aging. J Investig Dermatol Symp
Proc 1998;3:1–5.
21. Noonan KE, Beck C, Holzmayer TA, et al. Quantitative analysis of MDR1 (multidrug
resistance) gene expression in human tumors by polymerase chain reaction. Proc Natl
Acad Sci USA 1990;87:7160 – 4.
22. Umekita Y, Ohi Y, Sagara Y, Yoshida H. Expression of maspin predicts poor
prognosis in breast-cancer patients. Int J Cancer 2002;100:452–5.
23. Lingen MW, Polverini PJ, Bouck NP. Inhibition of squamous cell carcinoma angiogenesis by direct interaction of retinoic acid with endothelial cells. Lab Investig
1996;74:476 – 83.
24. Dokmanovic M, Chang BD, Fang J, Roninson IB. Retinoid-induced growth arrest of
breast carcinoma cells involves co-activation of multiple growth-inhibitory genes.
Cancer Biol Ther 2002;1:24 –7.
25. Zhang M, Volpert O, Shi YH, Bouck N. Maspin is an angiogenesis inhibitor. Nat Med
2000;6:196 –9.
26. Zucchi I, Bini L, Valaperta R, et al. Proteomic dissection of dome formation in a
mammary cell line: Role of tropomyosin-5b and maspin. Proc Natl Acad Sci USA
2001;98:5608 –13.
27. Sheng S, Pemberton PA, Sager R. Production, purification, and characterization of
recombinant maspin proteins. J Biol Chem 1994;269:30988 –93.
28. Domann FE, Futscher BW. Editorial: maspin as a molecular target for cancer therapy.
J Urol 2003;169:1162– 4.
29. Sheng S, Carey J, Seftor EA, Dias L, Hendrix MJ, Sager R. Maspin acts at the cell
membrane to inhibit invasion and motility of mammary and prostatic cancer cells.
Proc Natl Acad Sci USA 1996;93:11669 –74.
30. Bass R, Fernandez AM, Ellis V. Maspin inhibits cell migration in the absence of
protease inhibitory activity. J Biol Chem 2002;277:46845– 8.
31. Costello JF, Vertino PM. Methylation matters: a new spin on maspin. Nat Genet
2002;31:123– 4.
32. Jiang N, Meng Y, Zhang S, Mensah-Osman E, Sheng S. Maspin sensitizes breast
carcinoma cells to induced apoptosis. Oncogene 2002;21:4089 –98.
33. Maass N, Hojo T, Ueding M, et al. Expression of the tumor suppressor gene maspin
in human pancreatic cancers. Clin Cancer Res 2001;7:812–7.
34. Reddy KB, McGowen R, Schuger L, Visscher D, Sheng S. Maspin expression
inversely correlates with breast tumor progression in MMTV/TGF-alpha transgenic
mouse model. Oncogene 2001;20:6538 – 43.
35. Shi HY, Liang R, Templeton NS, Zhang M. Inhibition of breast tumor progression by
systemic delivery of the maspin gene in a syngeneic tumor model. Mol Ther
2002;5:755– 61.
36. Blacque OE, Worrall DM. Evidence for a direct interaction between the tumor
suppressor serpin, maspin, and types I and III collagen. J Biol Chem 2002;277:
10783– 8.
37. Pemberton PA, Tipton AR, Pavloff N, et al. Maspin is an intracellular serpin that
partitions into secretory vesicles and is present at the cell surface. J Histochem
Cytochem 1997;45:1697–706.
38. Lee H, Greeley GH, Englander EW. Age-associated changes in gene expression
patterns in the duodenum and colon of rats. Mech Ageing Dev 2001;122:355–71.
39. Zhang M, Magit D, Sager R. Expression of maspin in prostate cells is regulated by a
positive Ets element and a negative hormonal responsive element site recognized by
androgen sensor. Proc Natl Acad Sci USA 1997;94:5673– 8.

2961

Downloaded from cancerres.aacrjournals.org on April 15, 2021. © 2004 American Association for Cancer
Research.

Tumor Suppressor Maspin Is Up-Regulated during
Keratinocyte Senescence, Exerting a Paracrine Antiangiogenic
Activity
Brian J. Nickoloff, Mark W. Lingen, Bey-Dih Chang, et al.
Cancer Res 2004;64:2956-2961.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/64/9/2956

This article cites 38 articles, 19 of which you can access for free at:
http://cancerres.aacrjournals.org/content/64/9/2956.full#ref-list-1
This article has been cited by 5 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/64/9/2956.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/64/9/2956.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on April 15, 2021. © 2004 American Association for Cancer
Research.

