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Cellular senescence is widely believed to play a key role in tumor
suppression, but the molecular pathways that regulate senescence
are only incompletely understood. By using a secretome proteo-
mics approach, we identified insulin-like growth factor binding
protein 3 (IGFBP3) as a secreted mediator of breast cancer se-
nescence upon chemotherapeutic drug treatment. The senescence-
inducing activity of IGFBP3 is inhibited by tissue-type plasminogen
activator-mediated proteolysis, which is counteracted by plasmin-
ogen activator inhibitor 1 (PAI-1), another secreted mediator of
senescence. We demonstrate that IGFBP3 is a critical downstream
target of PAI-1-induced senescence. These results suggest a role for
an extracellular cascade of secreted proteins in the regulation of
cellular senescence.
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Cellular senescence was originally described as irreversible
proliferation arrest that limits the proliferation of human
primary cells in culture (1). This phenomenon, “replicative se-
nescence,” is caused by progressive shortening of telomeres. In
addition, a variety of stressful or oncogenic stimuli can elicit
a senescence response. These include DNA damage, oxidative
stress, and expression of certain oncogenes such as ras and raf (2,
3). Accumulating evidence suggests that cellular senescence plays
important roles in tumor suppression and organismal aging, but
how senescence is regulated is largely unknown.

In addition to irreversible arrest of proliferation, senescent cells
often display common phenotypes such as enlarged, flattened
morphology, increased lysosome biogenesis, decreased protein
synthesis and degradation, senescence-associated B-gal (SA p-gal)
activity, and increased expression of cell cycle inhibitors (2, 3).
Further, recent studies have begun to uncover profound alter-
ations in protein secretion from senescent cells, which is collec-
tively called the senescence-associated secretory phenotype
(SASP) (4, 5) or senescence-messaging secretome (SMS) (6).
These include increased secretion of inflammatory cytokines such
as interleukins and chemokines, proteases, and growth regulators.
These SASP or SMS factors may recruit immune cells for clear-
ance of senescent cells, affect the architecture or function of
surrounding tissues, modulate tumor progression, and contribute
to aging and age-related diseases.

Most cancer cells express telomerase and do not undergo
replicative senescence. However, cancer cells from a variety of
tissues undergo senescence upon treatment with chemothera-
peutic drugs or ionizing radiation (7, 8). Senescent cancer cells
are characterized by proliferation arrest, flat and enlarged mor-
phology, and SA f-gal activity, which is similar to the senescence
phenotype of primary cells. A previous report demonstrated that
naive MCF-7 breast cancer cells undergo senescence upon ex-
posure to conditioned medium from senescent MCF-7 cells in-
duced to senesce by treatment with doxorubicin, a widely used
chemotherapeutic drug for breast cancer (9). This observation
suggested the presence of secreted mediator(s) of senescence in
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the conditioned medium of senescent MCF-7 cells, which may
contribute to the potent anticancer activity of doxorubicin. By
using quantitative secretome proteomics, we identified insulin-
like growth factor (IGF) binding protein 3 (IGFBP3) as a medi-
ator of doxorubicin-induced senescence of MCF-7 cells. Extra-
cellular IGFBP3 levels increased upon various senescence-
inducing stimuli, and IGFBP3 induced senescence in several
different cell types. We demonstrate that tissue-type plasminogen
activator (t-PA)-plasminogen activator inhibitor-1 (PAI-1) sys-
tem regulates the senescence-inducing activity of IGFBP3.

Results and Discussion

Increased Extracellular IGFBP3 upon Breast Cancer Senescence. As
reported previously (9), conditioned medium from doxorubicin-
treated, senescent MCF-7 breast cancer cells inhibited the pro-
liferation of naive MCF-7 cells (Fig. 14) and induced senescence
phenotype in these cells (Fig. 1B). We sought to identify the
factor(s) mediating this “senescence bystander effect” by using
a quantitative secretome proteomics approach. MCF-7 cells were
induced to senesce by doxorubicin treatment, and the proteins
secreted in the conditioned medium were identified and quan-
tified (in comparison with nonsenescent MCF-7 cells) by isotope-
coded affinity tag (ICAT) technology (10, 11). At the protein
prophet probability score of 0.9 or higher (corresponding to
a false identification rate of 0.8%), 1,020 proteins were identified
and quantified. The list of proteins displaying more than twofold
abundance changes (up or down) is shown in Datasets S1 and S2.
After initial exploratory experiments and literature searches, we
decided to focus on IGFBP3, which displayed 4.49-fold increased
levels in senescent MCF-7—conditioned medium.

IGFBP3 is a major IGF-binding protein in blood and also
functions as a cytokine acting in an autocrine and paracrine
fashion (12, 13). The latter function of IGFBP3 is at least partly
IGF-independent. IGFBP3 expression and secretion were shown
to increase upon replicative senescence of primary fibroblasts (14,
15) or in response to DNA damage and hypoxia (16). We have
confirmed the increased extracellular IGFBP3 levels upon doxo-
rubicin-induced senescence of MCF-7 cells (Fig. 1 C and D). Al-
though IGFBP3 was identified as a p53 target gene (17), IGFBP3
mRNA levels did not change upon doxorubicin treatment (see
Fig. 54), which suggested a posttranscriptional mechanism for
IGFBP3 induction. Increased extracellular IGFBP3 levels were
also observed upon different senescence-inducing stresses such as
etoposide, UV, and hydrogen peroxide (Fig. 1 £ and F).
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Fig. 1. Increased extracellular IGFBP3 upon MCF-7 cell senescence. (A)
Senescent MCF-7 conditioned medium inhibits cell proliferation. Naive MCF-
7 cells were plated at 5 x 10* cells per well and treated with the conditioned
medium from doxorubicin-treated, senescent MCF-7, or control MCF-7 cells
or with nonconditioned medium for 3 d, and the cell numbers were de-
termined (*P < 0.05 vs. control or nonconditioned medium). (B) Senescent
MCF-7-conditioned medium induces senescence. SA fp-gal staining was per-
formed after 3-d treatment with each medium (*P < 0.05 vs. control or
nonconditioned medium). (C) Increased extracellular IGFBP3 upon doxoru-
bicin-induced senescence. Eight days after doxorubicin treatment of MCF-7
cells, conditioned medium was collected and concentrated. Conditioned
medium from untreated cells was also included as control. Ten micrograms
of each protein sample was analyzed for IGFBP3 levels by immunoblotting.
Secreted PGK1 serves as a loading control. (D) Time course of IGFBP3 in-
duction upon doxorubicin-induced senescence. On the indicated days after
doxorubicin treatment of MCF-7 cells, extracellular IGFBP3 levels were de-
termined by ELISA (*P < 0.05 vs. untreated cells; D0). (E) Increased extra-
cellular IGFBP3 upon different stresses. MCF-7 cells were treated with 1 pM
doxorubicin (DOX) for 2 h, 20 uM etoposide (ETO) for 48 h, 500 pM H,0O, for
2 h, or 2 J/m? UV light. Four days after initiating each treatment, extracel-
lular IGFBP3 levels were determined by ELISA (*P < 0.05 vs. control; CTL). (F)
Senescence induction by different stresses. MCF-7 cells were treated as in E,
and, 4 d later, cells were stained for SA g-gal (*P < 0.05 vs. control; CTL).

IGFBP3 Mediates Senescence. We then assessed the role of IGFBP3
in senescence induction. Lentiviral IGFBP3 expression in MCF-
7 cells caused striking proliferation arrest as determined by the
lack of BrdU incorporation and Ki-67 staining (Fig. 2 A and B),
which was accompanied by the induction of SA f-gal activity
(Fig. 2C). Further, addition of purified recombinant IGFBP3
protein to the culture medium of MCF-7 cells resulted in dose-
dependent induction of SA p-gal activity (Fig. 2D), increased G1
and decreased S and G2/M fractions (Fig. S14), reduced BrdU
incorporation (Fig. S1B), and reduced mitotic phospho-histone
H3 staining (Fig. S1C). Lentiviral IGFBP3 expression in IMR-90
human primary fibroblasts also resulted in abrogation of Ki-67
staining (Fig. S24), induction of SA p-gal activity (Fig. S2B), and
formation of senescence-associated heterochromatic foci (Fig.
S2 C-E). Exogenous IGFBP3 was also shown to induce senes-
cence in human primary vascular endothelial cells (18). These
results suggest that IGFBP3 is sufficient for induction of
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senescence. We note that the concentration of recombinant
IGFBP3 necessary to induce senescence phenotype (Fig. 2D) is
higher than the IGFBP3 levels observed by ELISA upon doxo-
rubicin-induced senescence (Fig. 1D). This disparity could be
explained by the possibility that the effective concentration of
autocrine and paracrine IGFBP3 to which the cells are exposed
is likely higher than the concentration of IGFBP3 after diffusion
in the culture medium, which is measured by ELISA. It is also
possible that the recombinant IGFBP3 we used is not as potent
as endogenously secreted IGFBP3 in inducing senescence.

Next, we examined the role of endogenous IGFBP3 in doxo-
rubicin-induced senescence by shRNA-mediated knockdown. As
shown in Fig. 2F, extracellular IGFBP3 was efficiently silenced
by shRNAs, which also alleviated doxorubicin-induced senes-
cence of MCF-7 cells (Fig. 2F), suggesting that IGFBP3 medi-
ates doxorubicin-induced senescence in these cells. Doxorubicin
treatment also increased the extracellular IGFBP3 levels of ZR-
75-1 breast cancer cells (Fig. S34) and ARPE-19 retinal pigment
epithelial cells (Fig. S3C), and IGFBP3 knockdown alleviated
doxorubicin-induced senescence in these cell types (Fig. S3 B and
D). Further, oxidative stress by hydrogen peroxide treatment
resulted in enhanced extracellular IGFBP3 levels (Fig. 1E) and
the induction of senescence (Fig. 1F) in MCF-7 cells, which was
diminished by IGFBP3 knockdown (Fig. 2G), suggesting that
IGFBP3 also mediates oxidative stress-induced senescence.

IGFBP3 binds to IGFs and can function as an inhibitor of IGF
signaling. In accordance with this finding, IGFBP3 suppressed the
baseline and IGF-induced levels of phosphorylated AKT (Fig.
2H), which is a downstream target of IGF signaling. We then
assessed the role of AKT in IGFBP3-induced senescence by using
constitutively active AKT (i.e., myr-AKT). As shown in Fig. 2 1
andJ, myr-AKT expression in MCF-7 cells resulted in elevation of
phosphorylated AKT levels and abrogation of IGFBP3-induced
senescence, suggesting that IGFBP3 induces senescence through
suppression of AKT activity. The p53 and Rb tumor suppressor
pathways play key roles in different types of senescence. Senes-
cence induced by IGFBP3 was abolished by knockdown of p53 or
Rb (Fig. 2 K and L), which suggests the requirement of p53 and
Rb tumor suppressor pathways for IGFBP3-induced senescence.
Taken together, these results suggest that IGFBP3 functions as
a secreted mediator of senescence, acting through suppression of
AKT and requiring p53 and Rb.

t-PA Proteolyzes IGFBP3 and Inhibits Senescence Induction. To
identify the proteins interacting with IGFBP3 in the extracellular
space, we expressed C-terminally FLAG-His-tagged IGFBP3 in
293T cells and isolated tagged IGFBP3 and its interacting pro-
teins from the conditioned medium by nickel agarose purifica-
tion followed by anti-FLAG immunoprecipitation. The sample
was analyzed by mass spectrometry for protein identification.
The list of identified proteins is shown in Dataset S3. One of the
proteins identified was t-PA, a protease known to proteolyze
plasminogen to generate plasmin. This finding raised a possibility
that t-PA proteolyzes IGFBP3. We tested this possibility by
coexpressing IGFBP3 and t-PA in 293T cells. As shown in Fig.
3A4, coexpression of t-PA resulted in proteolysis of IGFBP3, but
not SFRP1 (a secreted Wnt antagonist; control). Interestingly,
urokinase [or urokinase-type plasminogen activator (u-PA)],
a paralogue of t-PA that also proteolyzes plasminogen to plas-
min, could not proteolyze IGFBP3 (Fig. 34). Proteolysis of
IGFBP3 by t-PA was also demonstrated by in vitro proteolysis
assays using recombinant t-PA (Fig. 3B). Purified u-PA was in-
capable of proteolyzing IGFBP3 in vitro (Fig. 3B). A previous
in vitro proteolysis study showed that t-PA and u-PA can pro-
teolyze IGFBP3 (19), which is in partial disagreement with our
in vitro and coexpression analyses. The reason for this discrep-
ancy is not clear.
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Fig. 2. IGFBP3 mediates MCF-7 cell senescence. (A) IGFBP3 inhibits BrdU incorporation. MCF-7 cells were infected with empty lentiviral vector or IGFBP3-
expressing lentivirus and were selected with 2 pg/mL puromycin. Four days after infection, the cells were labeled with BrdU for 24 h and stained with
antibodies against BrdU and IGFBP3. Immunofluorescence microscopy was used to detect the cells displaying no or low IGFBP3 expression (low IGFBP3) and
those displaying high IGFBP3 expression (high IGFBP3), and the percentage of BrdU-positive cells was scored (*P < 0.05). (B) IGFBP3 abrogates Ki-67 staining.
MCF-7 cells were treated as in A, and the cells were stained for Ki-67 and IGFBP3 at 4 d after infection (*P < 0.05). (C) SA g-gal induction by lentiviral IGFBP3
expression. MCF-7 cells were infected with empty lentiviral vector or IGFBP3-expressing lentivirus and were stained for SA p-gal 4 d after infection (*P < 0.05
vs. vector). (D) SA p-gal induction by recombinant IGFBP3. MCF-7 cells were treated with the indicated concentration of IGFBP3 for 4 d and were stained for SA
p-gal (*P < 0.05 vs. untreated control). (E) shRNA-mediated knockdown of IGFBP3. MCF-7 cells were infected with lentiviruses expressing shRNA against
luciferase or IGFBP3. The levels of extracellular IGFBP3 were determined by immunoblotting. (F) IGFBP3 knockdown alleviates doxorubicin-induced senes-
cence. The cells in E were treated with 1 pM doxorubicin, and, 8 d later, stained for SA B-gal. (G) IGFBP3 knockdown alleviates hydrogen peroxide-induced
senescence. The cells in E were treated with 500 uM H,0,, and, 4 d later, stained for SA p-gal. (H) Effect of IGFBP3 on AKT phosphorylation. IGFBP3 and IGF1
were incubated together at equal molar ratios (0.5 pg/mL IGFBP3 and 0.12 pg/mL IGF-I) or alone for 30 min before addition to MCF-7 cells. The cells were
treated overnight with IGFBP3 and/or IGF1. Phospho-AKT (Ser437) and total AKT levels were assessed by immunoblotting. (/) Expression of constitutively
active AKT in MCF-7 cells. MCF-7 cells were infected with lentiviruses expressing constitutively active AKT (myr-AKT) or empty vector, and the levels of
phospho-AKT and total AKT were analyzed by immunoblotting. (J) Constitutively active AKT abrogates IGFBP3-induced senescence. The cells in / were treated
with IGFBP3 for 4 d and were stained for SA p-gal. (K) shRNA-mediated knockdown of p53 and Rb. MCF-7 cells were infected with lentiviruses expressing
shRNA against luciferase (control), p53, or Rb. The levels of Rb and p53 were determined by immunoblotting. (L) Knockdown of p53 or Rb abrogates IGFBP3-
induced senescence. The cells in K were treated with IGFBP3 for 4 d and were stained for SA p-gal.

These results suggest that PAI-1 protects IGFBP3 from pro-
teolysis by t-PA. We also examined the expression of PAI-1 and
IGFBP3 in human breast cancer and surrounding tissues by

We next analyzed the effect of t-PA on IGFBP3-mediated
senescence. As shown in Fig. 3C, t-PA abolished IGFBP3-in-
duced senescence of MCF-7 cells. Furthermore, t-PA reduced

the extracellular IGFBP3 levels upon doxorubicin treatment
(Fig. 3D) and abolished doxorubicin-induced senescence of
MCEF-7 cells (Fig. 3E), which is mediated by IGFBP3 (Fig. 2F).
These results suggest that IGFBP3 proteolysis by t-PA resulted
in the inactivation of senescence-inducing activity of IGFBP3.

PAI-1 Prevents IGFBP3 Proteolysis by t-PA and Induces Senescence.
The protease activity of t-PA and u-PA is negatively regulated by
a secreted inhibitor, PAI-1. As shown Fig. 44, IGFBP3 pro-
teolysis by t-PA in 293T cell-conditioned medium was abolished
by coexpression of PAI-1. Coexpression of PAI-1 alone resulted
in significant elevation of IGFBP3 levels (Fig. 44, lane 4), which
may be a result of inactivation of endogenously secreted t-PA
by PAI-1. Purified recombinant PAI-1 was also able to inhibit
IGFBP3 proteolysis by recombinant t-PA in vitro (Fig. 4B).

12054 | www.pnas.org/cgi/doi/10.1073/pnas.1120437109

immunohistochemistry staining of consecutive tissue sections.
We observed that, in 11 of 14 breast cancer cases analyzed,
tumor epithelial cells stained positive for PAI-1 and IGFBP3
whereas stromal fibroblasts were negative (staining of five tumor
cases shown in Fig. 4C and Fig. S4), suggesting a correlation
between PAI-1 and IGFBP3 expression in vivo.

PAI-1 is a transcriptional target of p53 (20) and is known to be
induced upon DNA damage (21). Consistent with this finding,
doxorubicin treatment of MCF-7 cells dramatically increased
PAI-1 mRNA levels (Fig. 54) and extracellular PAI-1 protein
levels (Fig. 5B). We note that mature PAI-1 lacks cysteines,
which likely explains why PAI-1 was not detected in our ICAT
proteomic analysis (Dataset S1). PAI-1 expression was also in-
duced by other senescence-inducing stresses such as etoposide,
hydrogen peroxide, and UV light (Fig. S5), suggesting a general
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Fig. 3. t-PA proteolyzes IGFBP3 and inhibits senescence induction. (A)
IGFBP3 proteolysis by t-PA in the conditioned medium. (Left) 293T cells were
transfected with IGFBP3 or SFRP1 (both C-terminally FLAG-His-tagged) to-
gether with t-PA or vector (“V") as indicated. Secreted IGFBP3 or SFRP1 was
purified from the conditioned medium by nickel agarose chromatography
followed by anti-FLAG immunoprecipitation, and was detected by anti-FLAG
immunoblotting. (Right) The effect of t-PA and u-PA on IGFBP3-FLAG-His
was examined by cotransfection in 293T cells as described. (B) IGFBP3 pro-
teolysis by t-PA in vitro. Purified C-terminally FLAG-His-tagged IGFBP3 was
incubated with recombinant t-PA or u-PA (10 ng each) for 30 or 120 min at
37 °C, and detected by anti-FLAG immunoblotting. (C) t-PA abrogates
IGFBP3-induced senescence. MCF-7 cells were infected with lentiviruses
expressing t-PA or empty vector, treated with IGFBP3 for 4 d, and stained for
SA p-gal. (D) t-PA reduces extracellular IGFBP3 levels upon doxorubicin
treatment. MCF-7 cells were infected with lentiviruses expressing t-PA or
empty vector and treated with 1 pM doxorubicin. Four days after doxoru-
bicin treatment, the extracellular IGFBP3 levels were examined by anti-
IGFBP3 immunoblotting. (E) t-PA alleviates doxorubicin-induced senescence.
MCF-7 cells were infected with lentiviruses expressing t-PA or empty vector,
treated with 1 pM doxorubicin, and, 8 d later, stained for SA f-gal.

role for PAI-1 in stress response. We then tested the effect of
PAI-1 shRNA knockdown on extracellular IGFBP3 levels and
senescence induction upon doxorubicin treatment of MCF-7
cells. As shown in Fig. 5 C and D, PAI-1 knockdown resulted in
concomitant decrease in extracellular IGFBP3 levels and sup-
pression of senescence induction. These results suggest that
doxorubicin-induced DNA damage enhances the secretion of
PAI-1, which in turn results in elevated extracellular IGFBP3 and
induction of senescence in MCF-7 cells (Fig. 5I). The reduction of
IGFBP3 levels upon PAI-1 knockdown was alleviated by the
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addition of anti—t-PA antibody to the culture medium (Fig. 5E),
supporting the role for t-PA in mediating IGFBP3 reduction upon
PAI-1 knockdown.

PAI-1 was previously identified as an inducer of senescence in
human and mouse fibroblasts (22). We therefore tested whether
senescence induced by PAI-1 is mediated by IGFBP3. As shown
in Fig. 5 F and G, recombinant PAI-1 increased extracellular
IGFBP3 levels and induced senescence in MCF-7 cells, which was
abolished by knockdown of IGFBP3. IGFBP3 knockdown also
abolished PAI-1-induced senescence in IMR-90 fibroblasts and
ARPE-19 cells (Fig. S6). Consistent with IGFBP3 acting down-
stream of PAI-1, PAI-1 knockdown, which abolished doxorubicin-
induced senescence (Fig. 5D), did not affect IGFBP3-induced

A IGFBP3 B
—_— PAI-1
tPA - o+ o+ - 4'
PAM - - + 4+ t-PA

0 30 120 30 120 30 120

SRR I L

control

Fig. 4. PAI-1 prevents IGFBP3 proteolysis by t-PA. (4) PAI-1 prevents IGFBP3
proteolysis in the conditioned medium. 293T cells were transfected with
IGFBP3-FLAG-His together with t-PA or PAI-1 as indicated. Secreted IGFBP3-
FLAG-His was detected by anti-FLAG immunoblotting as in Fig. 3A. (B) PAI-1
protects IGFBP3 from proteolysis by t-PA. Purified IGFBP3-FLAG-His was in-
cubated with recombinant t-PA (10 ng) with or without recombinant PAI-1
(10 or 100 ng) for 30 or 120 min at 37 °C, and was detected by anti-FLAG
immunoblotting. (C) Immunohistochemical analysis of PAI-1 and IGFBP3 in
human breast carcinoma and surrounding tissues. Representative consecu-
tive paraffin sections (case 8701) stained for PAI-1 (brown) or IGFBP3
(brown). The upper four images show lower magnification and the lower
four show higher magnification. Control, negative control staining without
primary antibody; SF, stromal fibroblasts; TE, tumor epithelial cells.
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doxorubicin for 2 h. On the indicated days after initiating the doxorubicin treatment, total RNA was isolated. Total RNA from untreated cells (D0) was also
included as control. RT-PCR analysis was performed for mRNA levels of PAI-1, IGFBP3, and RNA polymerase Il (Pol II; loading control). (B) Increased extracellular
PAI-1 upon doxorubicin-induced senescence. Eight days after doxorubicin treatment of MCF-7 cells, the abundance of PAI-1 in the conditioned medium was
examined by anti-PAI-1 immunoblotting. (C) PAI-1 knockdown results in concomitant decrease in IGFBP3 levels. MCF-7 cells were infected with lentiviruses
expressing shRNA against luciferase or PAI-1 and treated with 1 pM doxorubicin. Eight days after doxorubicin treatment, the levels of PAI-1 and IGFBP3 in the
conditioned medium were determined by immunoblotting. (D) PAI-1 knockdown inhibits doxorubicin-induced senescence. MCF-7 cells expressing shRNA
against PAI-1 or luciferase were treated with 1 pM doxorubicin, and, 8 d later, stained for SA B-gal. (E) Anti-t-PA antibody alleviates IGFBP3 reduction upon
PAI-1 knockdown. MCF-7 cells were infected with lentiviruses expressing shRNA against luciferase or PAI-1. The cells were treated with 1 pM doxorubicin and
then cultured in the presence of 1 pg/mL anti-t-PA antibody (sc-5239; Santa Cruz Biotechnology) or 1gG for 7 d. The levels of IGFBP3 and PGK1 in the con-
ditioned medium were determined by immunoblotting. (F) PAI-1 increases extracellular IGFBP3 levels. MCF-7 cells were treated with 2.4 pg/mL of
recombinant PAI-1 for 4 d, and the levels of extracellular IGFBP3 were determined by ELISA. (G) IGFBP3 knockdown abrogates PAI-1-induced senescence.
MCF-7 cells were infected with lentiviruses expressing shRNAs against IGFBP3 or luciferase, treated with recombinant PAI-1 for 4 d, and stained for SA p-gal.
(H) PAI-1 knockdown does not affect IGFBP3-induced senescence. MCF-7 cells were infected with lentiviruses expressing shRNA against luciferase or PAI-1. The
cells were treated with 0.5 pg/mL recombinant IGFBP3 for 4 d or left untreated, and were stained for SA -gal. (/) Role of PAI-1-t-PA-IGFBP3 cascade in stress-

induced senescence.

senescence (Fig. SH). These results suggest that IGFBP3 is a
critical downstream mediator of PAI-1-induced senescence.

The PAI-1-t-PA cascade has a well-established role in the
regulation of blood clot lysis through activation of plasminogen.
t-PA has also been implicated in other biological processes such
as synaptic plasticity and behavioral responses (23). This study
identified IGFBP3 as a target of the PAI-1-t-PA cascade and
revealed the role of the PAI-1-t-PA-IGFBP3 pathway in the
regulation of stress-induced senescence (Fig. 5I). PAI-1 has long
been considered as a marker of aging and senescence because its
expression increases during organismal aging (24) and in cells
undergoing replicative senescence (25, 26). It was shown, how-
ever, that PAI-1 is not only a marker of senescence, but also
a critical downstream target of p53 in the induction of senescence
(22). Ectopic expression of PAI-1 was sufficient to induce senes-
cence in human and mouse fibroblasts (22). Our study extended
these observations by identifying IGFBP3 as a critical downstream
target of senescence induction by PAI-1. Regulation of senescence
by an extracellular cascade of secreted proteins is noteworthy
because it would allow non-cell-autonomous modulation of pro-
or antisenescent state in a local microenvironment that is likely
exposed to the same type and intensity of stresses.

IGFBP3 inhibits the proliferation of a number of cancer cell
lines and the IGFBP3 gene is frequently silenced by promoter
methylation in cancers of a variety of tissues such as colon,
stomach, breast, ovary, and liver (12, 13), which led to the clas-
sification of IGFBP3 as a tumor suppressor. Our study identified
IGFBP3 as a secreted mediator of stress-induced senescence and
raised a possibility that IGFBP3 suppresses tumors by inducing
senescence in preneoplastic cells. Extracellular IGFBP3 levels
increased upon several different stimuli that induce DNA
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damage or oxidative insult (Fig. 1E), which are also mutagenic
and hence potentially tumor-promoting. Inactivation of IGFBP3
by promoter methylation may allow preneoplastic cells to evade
stress-induced senescence and accumulate further mutations to
develop into a full-blown tumor. In addition, our results also
implicate IGFBP3 in the response of established tumors to
chemotherapy. A potent antitumor activity of doxorubicin was in
part attributed to the senescence bystander effect (9), and our
results suggest that this effect is mediated by IGFBP3. By
spreading senescence to tumor cells that escaped the direct
impact of chemotherapy, IGFBP3 may improve the treatment
efficacy and prognosis. It is now worth considering IGFBP3 as
a new type of cancer therapy that inhibits cancer proliferation by
inducing senescence.

Materials and Methods

Cell Culture. MCF-7 and ZR-75-1 cells were cultured in minimum essential
medium supplemented with 10% (vol/vol) FCS and non-essential amino
acids. IMR-90 fibroblasts were cultured in DMEM supplemented with 10%
(volivol) FCS. ARPE-19 cells were cultured in DMEM/F-12 1:1 supplemented
with 10% (vol/vol) FCS. 293T cells were cultured in DMEM supplemented
with 10% (vol/vol) calf serum. Calcium phosphate coprecipitation was used
for plasmid DNA transfection. The cells infected with lentiviruses were se-
lected with 2 pg/mL puromycin for 48 h. Recombinant IGFBP3 was from R&D
Systems. Recombinant His-PAl-1 was expressed and purified from Escherichia
coli. Doxorubicin, hydrogen peroxide, and BrdU were from Sigma-Aldrich.
Etoposide was from Calbiochem/EMD Biosciences. The target sequences for
shRNAs are as follows: human IGFBP3 shRNA-1, GCACAGATACCCAGAACTT;
IGFBP3 shRNA-2, GGGTGTCTGATCCCAAGTT; luciferase, GCACTCTGATTGA-
CAAATACGATTT; Rb shRNA-1, GGTTGTGTCGAAATTGGATCA; Rb shRNA-2,
CAGAGATCGTGTATTGAGATT; p53 shRNA, GACTCCAGTGGTAATCTACT; and
PAI-1 shRNA, AAGTGAAGATCGAGGTGAA.
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Senescence-associated f-gal assays were conducted as described pre-
viously (27).

Immunoblotting, Immunofluorescence, and ELISA. Unless otherwise noted in
the figure legends, 30 pg of whole cell lysate or 10 pg of conditioned me-
dium was separated by SDS/PAGE and analyzed by immunoblotting as de-
scribed previously (28). Immunofluorescence was performed as described
previously (28). IGFBP3 ELISA was performed by using human IGFBP-3
Quantikine ELISA Kit (R&D Systems).

Immunohistochemistry. Consecutive paraffin sections of invasive breast ductal
carcinoma and surrounding tissues from patients who did not receive che-
motherapy were stained for PAI-1 (mouse monoclonal anti-PAI-1; 3785;
American Diagnostica) or IGFBP3 (mouse monoclonal anti-IGFBP3; MAB305;
R&D Systems) by using VECTASTAIN ABC kit (Vector Laboratories) and 4plus
HRP Universal Detection kit (Biocare Medical), and were counterstained
with hematoxylin. Deidentified tumor samples were provided by the Cancer
Therapy and Research Center Tumor Bank, and immunohistochemistry was
performed by the Pathology Core Laboratory of the University of Texas
Health Science Center at San Antonio.

In Vitro Proteolysis Assays. C-terminally FLAG-His—tagged IGFBP3 purified
from transfected 293T cell conditioned medium was incubated with in-
dicated amount of recombinant t-PA (American Diagnostica), u-PA (GenWay
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TGC, 3’ primer, GCTCTGAGACTCGTAGTCAACT; PAI-1 5" primer, AGCTC-
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