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Cellular senescence has emerged as a critical tumor suppressive mechanism in recent years, but relatively little is known about
how senescence occurs. Here, we report that secreted Frizzled-related protein 1 (SFRP1), a secreted antagonist of Wnt signaling,
is oversecreted upon cellular senescence caused by DNA damage or oxidative stress. SFRP1 is necessary for stress-induced senes-
cence caused by these factors and is sufficient for the induction of senescence phenotypes. We present evidence suggesting that
SFRP1 functions as a secreted mediator of senescence through inhibition of Wnt signaling and activation of the retinoblastoma
(Rb) pathway and that cancer-associated SFRP1 mutants are defective for senescence induction.

fter a limited number of cell divisions, primary cells in culture

undergo an irreversible proliferation arrest called replicative se-
nescence (17). Different stresses such as DNA damage or oncogene
expression can also induce similar, persistent proliferation arrest,
which is called stress-induced senescence (6, 22). Accumulating evi-
dence suggests that cellular senescence plays important roles in or-
ganismal aging and tumor suppression (6, 22), but the signaling path-
ways mediating senescence are only incompletely understood.

In addition to persistent proliferation arrest, senescent cells
often display characteristic phenotypes such as flat and enlarged
morphology, senescence-associated beta-galactosidase (SA-B-Gal)
activity (13), senescence-associated heterochromatic foci (SAHF)
(28), and increased expression of cell cycle inhibitors (6, 22). Fur-
ther, a number of studies identified altered protein secretion from
senescent cells, which is collectively called the senescence-associ-
ated secretory phenotype (SASP) (10) or senescence-messaging
secretome (SMS) (24). These include increased secretion of in-
flammatory cytokines such as interleukins and chemokines, pro-
teases, and regulators of insulin-like growth factor (IGF) signal-
ing. These SASP or SMS factors may recruit immune cells for
clearance of senescent cells, affect the architecture or function of
surrounding tissues, modulate tumor progression, and contribute
to aging and age-related diseases.

We undertook a quantitative proteomic analysis of proteins
secreted from human primary fibroblasts induced to senesce by
DNA damage, Ras oncogene, or replicative telomere shortening
and identified the oversecretion of a number of SASP/SMS factors.
This analysis also identified the oversecretion of secreted Frizzled-
related protein 1 (SFRP1), a secreted antagonist of Wnt signaling,
upon DNA damage-induced senescence. SFRP1 oversecretion oc-
curred upon treatment with different DNA damaging agents or in
response to oxidative stress and was required for stress-induced
senescence. We present evidence suggesting that secreted SFRP1
mediates senescence by inhibiting the Wnt signaling pathway and
activating the retinoblastoma (Rb) pathway and that SFRP1 mu-
tations found in human cancers impair the senescence-inducing
activity of SFRP1.

MATERIALS AND METHODS

Reagents. Recombinant SFRP1 was from R&D Systems. Etoposide was
from Calbiochem/EMD Biosciences. Caffeine, doxorubicin, hydrogen
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peroxide, brefeldin A, heparin, Hoechst 33258, bromodeoxyuridine
(BrdU), and pyrvinium pamoate were from Sigma-Aldrich. Hygromycin
and trypan blue were from Invitrogen. Lithium chloride was from Acros
Organics. cDNAs for SFRP1, SFRP3, and SFRP4 were from the Dana
Faber/Harvard Cancer Center DNA resource core. cDNAs for SFRP2,
SFRP5, and Wnt3 were from Open Biosystems. DKK1 cDNA was a gift of
Sergei Sokol (Addgene plasmid 15494). Human Bik cDNA was cloned by
reverse transcription-PCR (RT-PCR). pCDFI1-MCS2-EF1-Puro (for
cDNA expression) and pSIF1-H1-Puro (for short hairpin RNA [shRNA]
expression) lentiviral vectors were from System Biosciences. The target
sequences for shRNAs are as follows: human SFRP1 shRNA-1, AGAAGA
AGGACCTGAAGAA; SFRP1 shRNA-3, TGAAGAAGCTTGTGCTGTA;
luciferase shRNA, GCACTCTGATTGACAAATACGATTT; {-catenin
shRNA-1, AGGTGCTATCTGTCTGCTCTA; B-catenin shRNA-2, GCTT
GGAATGAGACTGCTGATCT; scrambled shRNA, CCTAAGGTTAAGT
CGCCCTCGCT; Rb shRNA-1, GGTTGTGTCGAAATTGGATCA; Rb
shRNA-2, CAGAGATCGTGTATTGAGATT; p53 shRNA-1, GACTCCA
GTGGTAATCTACT; and p53 shRNA-2, GAAATTTGCGTGTGGAGTA.
Cell culture. IMR-90 and MRC-5 fibroblasts (purchased from ATCC)
and RPE-28 cells (purchased from Coriell Institute) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum. 293 and 293T cells were cultured in DMEM supplemented
with 10% calf serum. Human mammary epithelial cells and their culture
medium were purchased from Lonza. MCEF-7 cells were cultured in min-
imum essential medium supplemented with 10% fetal calf serum and
nonessential amino acids. Lipofectamine 2000 reagent (Invitrogen) was
used for transfection of IMR-90 cells. Calcium phosphate coprecipitation
was used for transfection of other cell types. Lentiviruses were prepared by
transfection in 293T cells following the protocol of System Biosciences.
The cells infected with lentiviruses were selected with 2 pg/ml puromycin
for 48 h. For coinfection experiments, the infected cells were selected with
2 pg/ml puromycin and 0.15 mg/ml hygromycin for 48 h.
Senescence-associated beta-galactosidase assays (13) and detection of
senescence-associated heterochromatic foci (SAHF) (28) were conducted
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as described previously. A minimum of 100 cells were counted. For anti-
body blocking experiments, cells were treated with 1 pg/ml of neutralizing
antibodies or IgG 24 h after etoposide treatment or SFRP1 viral infection.
In selected experiments, antibodies were incubated with an equal amount
of blocking peptide or immunogen for 30 min before being added to the
cells. For coculture experiments, young IMR-90 cells were green fluores-
cent protein (GFP) labeled by infection with GFP-expressing lentivirus.
These cells were cocultured with etoposide-treated IMR-90 cells (20 uM
for 2 days), SFRP1-expressing IMR-90 cells, or control cells for 4 days. The
GFP-positive cells were scored for SAHF.

Protein sample preparation, ICAT reagent labeling, and mass spec-
trometry. To induce senescence, (i) IMR-90 cells were treated with 20 uM
etoposide for 48 h and then cultured without etoposide for 6 days;
(ii) IMR-90 cells were infected with c-H-RasV12-expressing lentivirus
(empty vector lentivirus as a control), selected with 2 pg/ml puromycin
for 48 h, and cultured until 8 days postinfection; or (iii) IMR-90 cells were
cultured until they senesced by replicative telomere shortening. Senescent
and control nonsenescent IMR-90 fibroblasts were washed six times with
phosphate-buffered saline (PBS), and the medium was changed to
DMEM without serum. The cells were cultured for another 24 h, and the
culture supernatant was harvested. The supernatant was centrifuged, fil-
tered through a 0.45-pum-pore-size filter (Millipore), and concentrated
using a 3,000-Da-cutoff Centriprep spin column (Millipore). The sample
was further concentrated using a 3,000-Da-cutoff Microcon spin column
(Amicon). A 100-g protein sample (for replicative senescence and Ras-
induced senescence) or 200-pg protein sample (for etoposide-induced
senescence) was used for isotope-coded affinity tag (ICAT) reagent label-
ing (senescent cell sample, isotopically light ICAT reagent; control nonse-
nescent cell sample, isotopically heavy ICAT reagent). The two labeled
samples (senescent and nonsenescent) were combined, digested with
trypsin, and fractionated by cation exchange chromatography. ICAT re-
agent-labeled peptides were purified using the biotin tag present in the
reagent and analyzed by microcapillary high-performance liquid chroma-
tography-tandem mass spectrometry (wLC-MS/MS) using a Thermo
Fisher linear trap quadrupole (LTQ) mass spectrometer as described pre-
viously (16, 25, 36). Tandem mass spectra were searched against the hu-
man International Protein Index (IPI) protein database using the
SEQUEST algorithm (14). Peptide/protein identification was validated by
Peptide/ProteinProphet software tools (21, 30). A ProteinProphet score
of 0.5 was used as a cutoff. Protein abundance ratios were calculated using
the ASAPRatio software tool (26).

Immunoblotting, immunofluorescence, and antibodies. Unless oth-
erwise noted in the figure legends, 30 g of whole-cell lysate or 10 pg of
conditioned medium was separated by SDS-PAGE and analyzed by im-
munoblotting as described previously (36). Soluble 3-catenin protein lev-
els were determined as described previously (42) using 5 ug of soluble
fractions. Immunofluorescence was performed as described previously
(36). The following antibodies were used: rabbit polyclonal anti-SFRP1
(H-90; Santa Cruz Biotechnology), goat polyclonal anti-SFRP1 (C-19;
Santa Cruz Biotechnology), rabbit monoclonal anti-SFRP1 (D5A7, used
for immunoblotting; Cell Signaling), rabbit polyclonal anti-SPARC (H-
90; Santa Cruz Biotechnology), mouse monoclonal antinucleolin (C23;
Santa Cruz Biotechnology), rabbit polyclonal anti-B3-catenin (GenScript),
mouse monoclonal anti-Rb (G3-245; BD Pharmingen), rabbit polyclonal
anti-p53 (FL-393; Santa Cruz Biotechnology), mouse monoclonal anti-
p21 (SX118; BD Pharmingen), mouse monoclonal anti-LAMP2 (555803;
BD Pharmingen), rabbit monoclonal anti-mammalian target of rapamy-
cin (anti-mTOR) (7C10; Cell Signaling), mouse monoclonal anti-FLAG
(M2; Sigma-Aldrich), mouse monoclonal antitubulin (DM1A; Sigma-Al-
drich), mouse monoclonal anti-BrdU (BD Pharmingen), rabbit polyclonal
anti-Ki-67 (Abcam), rabbit polyclonal anti-trimethylated lysine-9 histone
H3 (ab8898; Abcam), rabbit polyclonal antiactin (ab1801; Abcam), rabbit
monoclonal anti-caspase 3 (8G10; Cell Signaling), rabbit polyclonal anti-
poly(ADP-ribose) polymerase (anti-PARP) (9542; Cell Signaling), and
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goat polyclonal anti-phosphoglycerate kinase 1 (anti-PGK1) (sc-17943;
Santa Cruz Biotechnology).

RT-PCR. Total cellular RNA was prepared using TRIzol reagent (In-
vitrogen), and RT-PCR was performed as described previously (37). The
following PCR primers were used: RNA polymerase II (Pol II) 5" primer,
GGATGACCTGACTCACAAACTG, and 3’ primer, CGCCCAGACTTC
TGCATGG; SFRP1 5" primer, AACGTGGGCTACAAGAAGATG, and 3’
primer, CAGCGACACGGGTAGATGG; CXCL1 5’ primer, CTTCCTCC
TCCCTTCTGGTC, and 3’ primer, GAAAGCTTGCCTCAATCCTG; in-
terleukin la (IL-1at) 5" primer, CCGTGAGTTTCCCAGAAGAA, and 3’
primer, ACTGCCCAAGATGAAGACCA; IL-8 5" primer, AAATTTGGG
GTGGAAAGGTT, and 3’ primer, TCCTGATTTCTGCAGCTCTGT; c-
myc 5 primer, GCTGCTTAGACGCTGGATTT, and 3’ primer, CTCCT
CCTCGTCGCAGTAGA; CDC25A 5' primer, TAAGACCTGTATCTCG
TGGCTG, and 3’ primer, CCCTGGTTCACTGCTATCTCT; and cyclin
D1 5" primer, GAACAAACAGATCATCCGCAAAC, and 3’ primer, GC
GGTAGTAGGACAGGAAGTTG.

Luciferase reporter assay. Super TopFlash reporter was described
previously (43). A luciferase assay was performed as described previously
(37).

Statistical analysis. WINKS statistical analysis software (Texasoft,
Cedar Hill, TX) was used. Data are expressed as the means = standard
deviations. Statistical significance was determined by analysis of variance
(ANOVA) and a post hoc Newman-Keuls analysis. A P value of <0.05 was
considered significant.

RESULTS

Quantitative proteomics identifies SFRP1 oversecretion upon
DNA damage-induced senescence. We employed a quantitative
proteomics approach to identify the protein secretion changes
associated with cellular senescence that is induced by different
stimuli. Human IMR-90 fibroblasts were induced to senesce by
etoposide, oncogenic Ras (c-H-RasV12), or replicative telomere
exhaustion, and the proteins secreted in the conditioned medium
were identified and quantified (in comparison with nonsenescent
IMR-90 cells) by isotope-coded affinity tag (ICAT) technology
(16, 35). The complete lists of proteins identified and quantified in
the three secretome analyses are shown in Table S1 in the supple-
mental material. We determined that a number of previously re-
ported SASP/SMS factors are oversecreted in different combina-
tions from three types of senescent cells. In addition, we also
identified novel protein secretion changes such as oversecretion of
SFRP1 upon etoposide-induced senescence.

SFRP1 is a secreted antagonist of Wnt signaling and functions
as a tumor suppressor (4, 15, 20). We verified the increased secre-
tion of SFRP1 upon etoposide treatment of IMR-90 fibroblasts
and a second human primary fibroblast line, MRC-5, by immu-
noblotting of the secreted protein samples (Fig. 1A). Whereas
SFRP1 mRNA expression did not change upon etoposide treat-
ment (Fig. 1B), SFRP1 protein abundance in the whole-cell lysate
of IMR-90 cells treated with brefeldin A, an inhibitor of protein
transport from endoplasmic reticulum (ER) to the Golgi com-
partment, displayed pronounced increase upon etoposide treat-
ment (Fig. 1C). This suggests that SFRP1 oversecretion upon eto-
poside treatment is due to enhanced SFRP1 protein entry to the
secretory pathway. Increased intracellular SFRP1 upon etoposide
treatment was not observed in the absence of brefeldin A, which
suggests that SFRP1 entering the secretory pathway is quickly se-
creted. A previous study demonstrated that a significant fraction
of secreted SFRP1 is attached to the cell surface and can be effi-
ciently released to the culture medium by heparin treatment (15).
We found that heparin increases the levels of free extracellular
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FIG 1 Stress-induced SFRP1 secretion. (A) Secretion of SFRP1 from etoposide-treated IMR-90 and MRC-5 cells. IMR-90 and MRC-5 cells were treated
with 20 uM etoposide for 48 h. On the indicated days after initiating the etoposide treatment, conditioned medium was collected and concentrated.
Conditioned medium from untreated cells (day 0 [DO]) was also included as a control. Ten micrograms of each conditioned medium was analyzed for
SFRP1 levels by immunoblotting. SPARC (secreted protein, acidic, cysteine rich) served as a loading control. (B) RNA levels of SFRP1 after etoposide
treatment of IMR-90 cells. IMR-90 cells were treated with 20 uM etoposide for 48 h. At the indicated time points after initiating the etoposide 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 SFRP1 and
RNA polymerase II (Pol II, loading control). (C) Increased SFRP1 entry to the secretory pathway upon etoposide treatment. IMR-90 cells were left
untreated (DO) or treated with 20 wM etoposide for 48 h. At the indicated time points after initiating the etoposide treatment, whole-cell lysates were
prepared with or without brefeldin A (BFA) treatment (5 pg/ml for 2 h) and were analyzed for SFRP1 levels by immunoblotting. Nucleolin and actin
served as loading controls. (D) Etoposide (ETO) increases extracellular SFRP1 levels in the presence of heparin (HEPA). IMR-90 cells were treated with
50 wg/ml heparin or 20 wM etoposide or both for 48 h. Four days after each treatment was initiated, the SFRP1 protein present in the conditioned medium
was determined by anti-SFRP1 immunoblotting. (E and F) Inhibition of SFRP1 secretion by caffeine. IMR-90 cells were left untreated, treated with 20 uM
etoposide for 48 h, or treated with 5 mM caffeine (CAFF) overnight prior to treatment with 20 wM etoposide for 48 h. Four days after etoposide treatment,
the secretion of SFRP1 and SPARC was analyzed by immunoblotting (E), and the DNA damage response was assessed by yH2AX staining (F). (G)
Etoposide-induced SFRP1 secretion is p53 dependent. IMR-90 cells were infected with lentiviruses expressing shRNA against luciferase (shLuc, control)
or shRNA against p53 (shp53) and were selected with 2 pg/ml puromycin. The selected cells were treated with 20 wM etoposide for 48 h. Five days after
the etoposide treatment was initiated, conditioned medium was collected and was analyzed for SFRP1 and SPARC levels by immunoblotting (right). p53
knockdown was verified by anti-p53 immunoblotting of the whole-cell lysates (left). (H) p53 induces SFRP1 secretion. IMR-90 cells were infected with
empty vector or FLAG-p53-expressing lentivirus. Four days later, the expression of p53 and tubulin was analyzed by immunoblotting of the whole-cell
lysates (left), and the secretion of SFRP1 and SPARC was analyzed by immunoblotting of the conditioned medium (right). (I) Secretion of SFRP1 from
IMR-90 cells undergoing replicative senescence (REP) or Ras-induced senescence (RAS) was analyzed by anti-SFRP1 immunoblotting. CTL, control. (J)
Different stresses induce SFRP1 secretion. IMR-90 cells were treated with 20 pM etoposide (ETO) for 48 h, 1 pM doxorubicin (DOX) for 2 h, 500 uM
H,O0, for 2 h, or 2 J/m* UV light. Conditioned medium was collected at 4 days posttreatment and was analyzed for SFRP1 and SPARC levels by
immunoblotting.

SFRP1 and that etoposide further increases the levels of free
SFRP1 in the presence of heparin (Fig. 1D).

Caffeine-sensitive kinases such as ATM (ataxia-telangiectasia
mutated) and ATR (ATM-Rad3-related) play pivotal roles in the
DNA damage response. We found that caffeine blocks both DNA
damage signaling and SFRP1 oversecretion upon etoposide treat-
ment (Fig. 1E and F). ATM was recently shown to mediate senes-
cence-associated inflammatory cytokine secretion (34). However,
these inflammatory cytokines appear to be induced at tran-
scriptional levels through NF-kB and C/EBPB (1, 11, 23, 32),
suggesting that the downstream pathway mediating posttran-
scriptional SFRP1 induction is distinct. We also found that p53
knockdown abrogates SFRP1 oversecretion upon etoposide
treatment (Fig. 1G). Furthermore, lentiviral p53 expression in
IMR-90 cells resulted in increased secretion of SFRP1 (Fig. 1H).
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These results suggest that DNA damage enhances SFRP1 secretion
by a p53-dependent mechanism. This is again in contrast to senes-
cence-associated inflammatory cytokine secretion, which does
not require p53 and is restrained by p53 (11).

A recent study suggested a role for a specialized cytoplasmic
compartment, the TOR-autophagy spatial coupling compartment
(TASCC), in protein secretion upon Ras-induced senescence (29).
TASCC is detected as a discrete cytoplasmic blob-like structure
where mTOR and LAMP2 colocalize (29). Whereas TASCC was
readily detectable upon Ras-induced senescence of IMR-90 cells,
we were not able to detect similar TASCC-like structures upon
etoposide treatment or SFRP1 expression (Fig. 2A). Like endoge-
nous SFRPI, lentivirally expressed, C-terminally FLAG-tagged
SFRP1 displayed increased secretion upon etoposide-induced se-
nescence (Fig. 2B). However, FLAG-tagged SFRP1 did not colo-
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FIG 2 Lack of TASCC formation upon etoposide treatment or SFRP1 expression. (A) Subcellular location of mTOR and LAMP2 upon senescence induced by
etoposide, SFRP1, or oncogenic Ras. The formation of TASCC (TOR-autophagy spatial coupling compartment) was assessed by staining for mTOR and LAMP?2.
Whereas TASCC was readily detectable upon Ras-induced senescence (arrows), TASCC formation was not observed upon etoposide-induced or SFRP1-induced
senescence. (B) Etoposide increases the secretion of FLAG-tagged SFRP1. IMR-90 cells were infected with lentiviruses expressing C-terminally FLAG-tagged
SFRP1 and were treated with etoposide. The levels of secreted FLAG-tagged SFRP1 were determined by anti-FLAG immunoblotting. (C) Lack of colocalization
of FLAG-tagged SFRP1 and mTOR. IMR-90 cells were infected with lentiviruses expressing C-terminally FLAG-tagged SFRP1 or empty vector and were treated

with etoposide. Four days later, the cells were stained for mTOR and FLAG.

calize with mTOR upon etoposide-induced senescence (Fig. 2C),
unlike IL-8, which displayed colocalization with mTOR in TASCC
upon Ras-induced senescence (29). These results suggest that
TASCC is not involved in the oversecretion of SFRP1 upon eto-
poside-induced senescence.

While SFRP1 secretion did not increase upon Ras-induced or
replication-induced senescence of IMR-90 cells (Fig. 11; see also
Table S1 in the supplemental material), cells undergoing stress-
induced senescence (by etoposide, doxorubicin, UV, or hydro-
gen peroxide treatment) displayed enhanced SFRP1 secretion
(Fig. 1J).

SFRP1 mediates senescence. Because SFRP1 expression is
frequently silenced by promoter methylation in various types
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of human cancers (4, 20, 38), we sought to determine whether
SFRP1 mediates cellular senescence, which is widely consid-
ered a key tumor-suppressive mechanism. We first examined
whether SFRP1 downregulation by RNA interference (RNAi) or
by neutralizing antibody inhibits senescence induction. SFRP1 se-
cretion from IMR-90 cells was efficiently suppressed by two dif-
ferent short hairpin RNAs (shRNAs) (Fig. 3A), which resulted in
alleviation of etoposide-induced senescence (Fig. 3B and C). Fur-
thermore, addition of anti-SFRP1 antibody to the culture medium
also diminished etoposide-induced senescence of IMR-90 cells
(Fig. 3D), suggesting a role for secreted extracellular SFRP1 in
mediating etoposide-induced senescence. Anti-SFRP1 antibody
did not have any effect on Ras-induced senescence of IMR-90 cells
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FIG 3 SFRP1 downregulation alleviates etoposide-induced senescence. (A) shRNA knockdown of SFRP1. IMR-90 cells were infected with lentiviruses express-
ing shRNA against luciferase (shLuc; control) or shRNAs against SFRP1 (shSFRP1-1 and shSFRP1-3) and were selected with 2 pg/ml puromycin. Five days after
infection, conditioned medium was collected and was analyzed for SFRP1 and SPARC levels by immunoblotting. (B and C) SFRP1 knockdown attenuates
etoposide-induced senescence. The effect of SFRP1 knockdown on etoposide-induced senescence of IMR-90 cells was analyzed 6 days after etoposide treatment.
(B) SA-B-Gal staining. (C) Senescence-associated heterochromatic foci (SAHF). A minimum of 100 cells were counted. *, P < 0.05 compared to shLuc plus 20
M etoposide. (D) SFRP1 antibody inhibits etoposide-induced senescence. IMR-90 cells were treated for 48 h with etoposide. Beginning 24 h after treatment, the
cells were incubated with either 1 pug/ml of control rabbit IgG, anti-SFRP1 antibody (rabbit polyclonal H-90; Santa Cruz Biotechnology), or anti-SFRP1 antibody
(Ab) plus immunogen (block [B]). Cells were assayed for SA--Gal staining 5 days after etoposide treatment. *, P < 0.05 compared to etoposide plus the IgG
control or to etoposide plus anti-SFRP1 and block. (E) SFRP1 antibody does not affect Ras-induced senescence. IMR-90 cells were infected with c-H-RasV12-
expressing lentivirus (empty vector lentivirus as a control). Beginning 4 days after infection, the cells were incubated with either 1 pug/ml of control rabbit IgG or
anti-SFRP1 antibody. Eight days after infection, the cells were stained for SA-B-Gal. (F) SFRP1 knockdown abolishes oxidative stress-induced senescence.
IMR-90 cells were treated with 500 uM H,O, for 2 h. The following day, the cells were infected with lentiviruses expressing shRNA against luciferase or SFRP1.

On day 6 after H,O, treatment, the cells were analyzed for SA-B-Gal. *, P < 0.05.

(Fig. 3E). As mentioned above, SFRP1 is oversecreted upon dif-
ferent senescence-inducing stresses including hydrogen peroxide
treatment. We found that SFRP1 knockdown efficiently inhibits
hydrogen peroxide-induced senescence of IMR-90 cells (Fig. 3F),
which suggests that SFRP1 also plays a role in oxidative stress-
induced senescence.

We then tested whether SFRP1 upregulation induces senes-
cence. Lentiviral SFRP1 expression in IMR-90 cells caused a
striking proliferation arrest as determined by the lack of BrdU
incorporation and Ki-67 staining (Fig. 4A and B), which was
accompanied by senescence phenotypes including flat and en-
larged morphology (Fig. 4C left), senescence-associated 3-Gal ac-
tivity (Fig. 4C), senescence-associated heterochromatic foci
(Fig. 4D), and induction of genes representing a senescence-asso-
ciated secretory phenotype (Fig. 4E). SFRP1 did not induce cell
death or apoptosis in IMR-90 cells, whereas apoptosis induced by
BH3-only protein Bik was readily detectable (Fig. 4F to H). Fur-
thermore, addition of purified recombinant SFRP1 protein to the
culture medium resulted in a senescence phenotype in IMR-90
cells (Fig. 41). Consistent with the role of secreted SFRP1 in senes-
cence induction, we also observed that nonsenescent IMR-90 cells
acquire a senescence phenotype upon coculture with senescent
IMR-90 cells which were induced to senesce by etoposide or by
SFRP1 expression (Fig. 4]). This “spreading of senescence” was
suppressed by the addition of anti-SFRP1 antibody to the culture
medium (Fig. 4]).
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The role of SFRP1 in cellular senescence was also examined in
epithelial cells. Upon etoposide treatment, human primary retinal
pigment epithelial cells (RPE-28) displayed SFRP1 oversecretion
(Fig. 5A) and underwent senescence (Fig. 5B and C). Etoposide-
induced senescence of RPE-28 cells was alleviated by SFRP1
shRNAs (Fig. 5B) or by the addition of anti-SFRP1 antibody to
the culture medium (Fig. 5C). Furthermore, the addition of re-
combinant SFRP1 to the culture medium resulted in a senescence
phenotype in RPE-28 cells (Fig. 5D). The SFRP1-induced senes-
cence phenotype was also observed in primary mammary epithe-
lial cells (Fig. 5E). Interestingly, MCE-7 breast cancer cells, which
lack SFRP1 expression due to promoter methylation (38), also
displayed a senescence phenotype upon recombinant SFRP1
treatment (Fig. 5F).

Taken together, these results suggest that SFRP1 functions as a
secreted mediator of senescence.

Senescence induction by Wnt inhibition. SFRP1 directly
binds to the Wnt family proteins and prevents their binding to the
Frizzled family receptors, thereby functioning as a secreted inhib-
itor of Wnt signaling. Downregulation of Wnt signaling was pre-
viously shown to occur upon replicative and Ras-induced senes-
cence of human primary fibroblasts, and RNAi knockdown of
Wnt2 caused senescence in these cells (44). Therefore, we were
interested in whether SFRP1 induces senescence by inhibiting the
Wnt signaling.

Binding of extracellular Wnt to Frizzled receptor results in dis-

Molecular and Cellular Biology


http://mcb.asm.org

SFRP1 Functions as a Secreted Mediator of Senescence

>
w

80
100 o 25
o
o I B o 2 *
2 80 & ‘B 20
g 60 2 40 — 15
> o )
g 40 ® T 10
3 * X 5 * :
= 20 X »n 5
0 0 ES 0
<& > O Vector  SFRP1
Q‘O QQ‘ QQ'
A S &
& &
Vv *
o
\ector Vector SFRP1 2
= 680
3
Hoechst H3K9me3 POL I g_ 50
: * SFRP1 2 ©
anti-FLAG Merge 6 5 w
25 @ 20
= Qo
SFRP1-FLA 24 CXCL1 E ©
o
e 0
Hoechst Hakomes 'k 3 IL-1o = TR A SN
32 KL L
rLAG s 1 IL-8 ol
anti-| erge
9 B Day 5 Day 2
Vector SFRP1
& QN & H I J 20 12
X0 Q? IS *
kDa FEER A ! g:: -S“' i
35— kKDa &5 £ H 2 T4
R - Caspase-3 S @R = :_:: g,
116 —%= s #== ws < PARP 2 T §¢
® » 8 7]
cleaved i x4 X2
cleaved 89— - < &4 M 5
15— - Caspase-3 PARP < 0 y °
. ! 2 © & &L ¢ & &
e nucleolin R & PP & xS 6‘3‘
Eesnansam  tubulin 0 R S «eg" 4
° 3 0 - o~ O %' ]
H s ° < o’QQ-
© ng/ml SFRP1

GFP-marked cells co-cultured with:

FIG 4 SFRP1 induces senescence. (A and B) SFRP1 inhibits cell proliferation. IMR-90 cells were infected with empty lentiviral vector or C-terminally
FLAG-tagged SFRP1 lentivirus and were selected with 2 wg/ml puromycin. (A) BrdU incorporation. Four days after infection, the cells were labeled with BrdU
for 24 h and stained with antibodies against BrdU and SFRP1. Immunofluorescence microscopy was used to detect the cells displaying no SFRP1 or low SFRP1
expression (Low SFRP1) and those displaying high SFRP1 expression (High SFRP1), and the percentage of BrdU-positive cells was scored. (B) Ki-67 staining. Five
days after infection, the cells were stained for Ki-67 and FLAG (SFRP1). *, P < 0.05. (C and D) SFRP1 lentivirus induces senescence phenotypes. IMR-90 cells
were infected with empty lentiviral vector or SFRP1 lentivirus and were selected with 2 pg/ml puromycin. Five days after infection, the cells were stained for
SA-B-Gal (C) or SAHF (D). *, P < 0.05 compared to vector control. (E) SFRP1 induces senescence-associated secretory phenotype genes. The expression of
CXCLI, IL-1e, and IL-8 was examined by RT-PCR 5 days after SFRP1 viral expression of IMR-90 cells. RNA polymerase II (Pol II) served as a loading control.
(F) Trypan blue staining. IMR-90 cells expressing SFRP1 (5 days after infection) or Bik (2 days after infection) were assessed for cell death by dye exclusion assays.
(G) Caspase 3 cleavage. IMR-90 cells expressing SFRP1 or Bik were assessed for caspase 3 cleavage by immunoblotting with tubulin as a loading control. (H)
PARP cleavage. IMR-90 cells expressing SFRP1 or Bik were assessed for PARP cleavage by immunoblotting with nucleolin as loading control. (I) Recombinant
SFRP1 induces senescence in IMR-90 cells. IMR-90 cells were treated with the indicated concentration of recombinant SFRP1 for 4 days and were stained for
SA-B-Gal. *, P < 0.05 compared to untreated control. (J) Nonsenescent IMR-90 cells acquire a senescence phenotype upon coculture with senescent cells.
Nonsenescent IMR-90 cells were infected with GFP-expressing lentivirus. These GFP-labeled IMR-90 cells were cocultured with either senescent IMR-90 cells
(induced to senesce by etoposide treatment [left] or by SFRP1 lentiviral expression [right]), or nonsenescent IMR-90 cells (untreated or vector infected) for 4
days. Where indicated, the cells were treated with 1 pg/ml of control IgG or anti-SFRP1 antibody beginning 24 h after initiation of coculture. The GFP-positive
cells were scored for the development of senescence-associated heterochromatic foci (SAHF). ¥, P < 0.05. Note that the GFP-positive cells in coculture were not
positive for the DNA damage marker yH2AX, indicating that the spreading of senescence is not due to residual etoposide or SFRP1-induced DNA damage.

soluble B-catenin levels (Fig. 6A). SFRP1 knockdown abolished

ruption of a multiprotein complex containing glycogen synthase
etoposide-induced reduction of soluble 3-catenin levels (Fig. 6B),

kinase 3 (GSK3) and its substrate (3-catenin, leading to prevention

of B-catenin phosphorylation by GSK3 and accumulation of sol-
uble B-catenin, which translocates to the nucleus and activates the
transcription of Wnt target genes in conjunction with the T cell
factor (TCF) family transcription factors (8, 9). We tested whether
SFRP1 can inhibit Wnt signaling in IMR-90 cells. Lentiviral
SFRP1 expression in IMR-90 cells resulted in reduced soluble
B-catenin (Fig. 6A). Interestingly, etoposide treatment of IMR-90
cells, which stimulates SFRP1 secretion (Fig. 1A), also reduced
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suggesting that SFRP1 mediates the downregulation of Wnt sig-
naling upon etoposide treatment. Suppression of Wnt signaling
by SFRP1 and etoposide treatment was also verified by Wnt-re-
sponsive reporter assays: Wnt3 efficiently activated the Super
TopFlash reporter in IMR-90 cells, which was almost completely
repressed by coexpression of SFRP1 (Fig. 6C). SFRP1 was also able
to repress the basal TopFlash reporter activity in IMR-90 cells
(data not shown). Furthermore, etoposide treatment repressed
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FIG 5 SFRP1 mediates senescence in epithelial cells. (A) Secretion of SFRP1 from etoposide-treated RPE-28 cells. RPE-28 retinal pigment epithelial cells were
treated with 20 M etoposide for 48 h. Four days after the etoposide treatment was initiated, conditioned medium was collected and concentrated. Conditioned
medium from untreated cells (D0) was also included as a control. Ten micrograms of each conditioned medium was analyzed for SFRP1 levels by immunoblot-
ting. SPARC served as aloading control. (B) SFRP1 shRNAs attenuates etoposide-induced senescence in RPE-28 cells. RPE-28 cells were infected with lentiviruses
expressing shRNA against luciferase or shRNAs against SFRP1 and were selected with 2 wg/ml puromycin. The effect of SFRP1 shRNAs on etoposide-induced
senescence of RPE-28 cells was analyzed 6 days after etoposide treatment. *, P < 0.05 compared to shLuc plus 20 uM etoposide. (C) SFRP1 antibody inhibits
etoposide-induced senescence in RPE-28 cells. RPE-28 cells were treated for 48 h with etoposide. Beginning 24 h after treatment, the cells were incubated with
1 pg/ml of control rabbit IgG, anti-SFRP1 antibody, or anti-SFRP1 antibody plus immunogen (block [B]). Cells were assayed for SA--Gal staining at 5 days after
etoposide treatment. ¥, P < 0.05 compared to etoposide plus the IgG control or to etoposide plus anti-SFRP1 plus block. (D) Recombinant SFRP1 induces
senescence in RPE-28 cells. RPE-28 cells were treated with the indicated concentration of recombinant SFRP1 for 4 days and were stained for SA-B-Gal. *, P <
0.05 compared to untreated control. Human primary mammary epithelial cells (E) or MCF-7 breast cancer cells (F) were treated with the indicated concentration

of recombinant SFRP1 for 4 days and were stained for SA-B-Gal. *, P < 0.05 compared to untreated control.

the basal TopFlash reporter activity in IMR-90 cells, and this re-
pression was abolished by anti-SFRP1 antibody (Fig. 6D). These
results suggest that etoposide treatment of IMR-90 cells results in
silencing of Wnt signaling through SFRP1.

We then asked whether activation of Wnt signaling can coun-
teract SFRP1-induced and etoposide-induced senescence. As
shown in Fig. 6E, coexpression of Wnt3 resulted in significant
suppression of SFRP1-induced senescence. The bypass of SFRP1-
induced senescence by Wnt3 was accompanied by reactivation of
Wnt signaling, as determined by soluble 3-catenin levels (Fig. 6F)
and Super TopFlash reporter assays (Fig. 6G). SFRP1-induced se-
nescence was also inhibited by lithium chloride treatment, which
inhibits GSK3 and activates Wnt/B-catenin signaling (Fig. 6H).
Furthermore, etoposide-induced senescence was alleviated by ex-
pression of Wnt3 (Fig. 6I). These results suggest that SFRP1 and
etoposide induce senescence via inhibition of Wnt signaling.
Wnt3 also abrogated hydrogen peroxide-induced senescence of
IMR-90 cells (Fig. 6]), suggesting that inhibition of Wnt signaling
also mediates oxidative stress-induced senescence.

The role of Wnt inhibition in senescence was further con-
firmed by pharmacological inhibition of Wnt signaling and
shRNA-mediated suppression of B-catenin. Using a Xenopus egg
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extract screening method, pyrvinium pamoate was recently iden-
tified as a potent inhibitor of Wnt signaling (40). We found that
treatment of IMR-90 cells with pyrvinium pamoate results in the
induction of a senescence phenotype (Fig. 6K). Furthermore,
shRNA-mediated silencing of 3-catenin (Fig. 6L) caused senescence
in IMR-90 cells (Fig. 6M). Interestingly, 3-catenin shRNA-2, which
almost completely knocked down -catenin expression, caused a
high frequency of SA-B-Gal-positive cells whereas (3-catenin
shRNA-1, which only partially silenced 3-catenin expression,
generated fewer SA-B-Gal-positive cells. This suggests that there is
a correlation between the extent of Wnt target suppression and
senescence induction. Although oncogene-induced senescence
was proposed as a consequence of DNA damage (3, 12), phos-
phorylated histone H2AX staining was not observed upon senes-
cence induced by SFRP1, B-catenin knockdown, or pyrvinium
pamoate treatment (data not shown).

SFRP1 belongs to the SFRP family of secreted Wnt antagonists.
In humans, there are five SFRP family members, all of which can
inhibit Wnt signaling (4, 20). As shown in Fig. 6N, all five SFRP1
family members induced senescence in IMR-90 cells upon lenti-
viral expression, indicating that senescence induction is a shared
property among SFRP family members. In addition to the SFRP
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FIG 6 Wntinhibition results in senescence. (A) SFRP1 reduces soluble B-catenin levels in IMR-90 cells. IMR-90 cells were infected with vector, SFRP1, or Wnt3
lentivirus or treated with 20 wM etoposide. Five days later, soluble B-catenin levels were analyzed by immunoblotting using 5 g of each soluble fraction. (B)
SFRP1 knockdown abrogates etoposide-induced reduction of soluble 3-catenin levels. IMR-90 cells were infected with lentiviruses expressing sShRNA against
luciferase (shLuc) or shRNA against SFRP1 (shSFRP1-3). The cells were treated with 20 WM etoposide, and 5 days later, soluble 3-catenin levels were analyzed
by immunoblotting using 5 pg of each soluble fraction. (C) SFRP1 silences Wnt-dependent transcription in IMR-90 cells. IMR-90 cells were cotransfected with
Super TopFlash reporter, cytomegalovirus (CMV)-B-Gal, and empty vector, SFRP1, or Wnt3 where indicated, and the luciferase activity was determined 48 h
after transfection. Transfection efficiencies were normalized using CMV-B-Gal activity. (D) Etoposide treatment represses TopFlash reporter activity. IMR-90
cells were treated with 20 WM etoposide or left untreated for 24 h prior to transfection. The cells were transfected with Super TopFlash reporter and CMV--Gal
for 4 h, and 1 pg/ml anti-SFRP1 antibody (H-90) or IgG was added after removal of the transfection mixture. The luciferase activity was determined 48 h after
transfection. Transfection efficiencies were normalized using CMV-B-Gal activity. *, P < 0.05. (E) Wnt3 counteracts SFRP1-induced senescence. IMR-90 cells
were infected with the indicated lentiviruses, and 5 days after infection, the cells were stained for SA-B-Gal. *, P < 0.05. (F) Wnt3 counteracts SFRP1-induced
reduction of soluble 3-catenin levels. Soluble (3-catenin levels were analyzed by immunoblotting. (G) Wnt3 counteracts SFRP1-induced repression of TopFlash
reporter activity. IMR-90 cells were transfected with Super TopFlash reporter and CMV-f-Gal in conjunction with SFRP1 or Wnt3 as indicated. *, P < 0.05. (H)
LiCl treatment suppresses SFRP1-induced senescence. IMR-90 cells were infected with vector or SFRP1 lentivirus, and 3 days after infection, the cells were treated
with 20 mM LiCl for 48 h and stained for SA-B-Gal. *, P < 0.05. (I) Wnt3 counteracts etoposide-induced senescence. IMR-90 cells were infected with Wnt3 or
empty vector lentivirus. The cells were treated with 20 WM etoposide or left untreated, and the SA-B-Gal activity was analyzed 6 days after etoposide treatment.
*, P < 0.05. (J) Wnt3 counteracts oxidative stress-induced senescence. IMR-90 cells were treated with 500 uM H,O, for 2 h. The subsequent day, the cells were
infected with lentiviruses expressing Wnt3 or empty vector. On day 6 after H,O, treatment, the cells were analyzed for SA-B-Gal. *, P < 0.05. (K) Pharmacological
inhibition of Wnt signaling results in senescence. IMR-90 cells were treated with dimethyl sulfoxide (DMSO) control or 1 wM pyrvinium pamoate for 4 days and
were stained for SA-B-Gal. (L) shRNA knockdown of B-catenin. IMR-90 cells were infected with lentiviruses expressing scrambled shRNA (sh scr), shRNA
against 3-catenin-1 (sh B-cat#1), or shRNA against B-catenin-2 (sh B-cat#2) (sh B-cat 2) and 5 days after infection, B-catenin protein levels were analyzed by
immunoblotting. Nucleolin served as a loading control. (M) B-Catenin knockdown results in senescence. IMR-90 cells were infected with the indicated
lentiviruses and at 5 days postinfection stained for SA-B-Gal. (N) All five SFRP family members induce senescence. IMR-90 cells were infected with lentiviruses
expressing the indicated SFRP family members. At 5 days postinfection, the cells were stained for SA-B-Gal. *, P < 0.05 compared to vector control. (O) DKK1
induces senescence. IMR-90 cells were infected with vector or DKK1 lentivirus. At 5 days postinfection, the cells were stained for SA-B-Gal. *, P < 0.05 compared
to vector control.

family proteins, Wnt signaling is also negatively regulated by an-
other class of secreted antagonists. The DKK family proteins bind
to Wnt coreceptors, LRP5/LRP6, and silence Wnt/B-catenin sig-
naling (31). Like SFRP family genes, the DKK family genes are
silenced by promoter methylation in different tumor types (31).
We found that lentiviral expression of DKK1 also induces senes-
cence in IMR-90 cells (Fig. 60).

Collectively, these results underscore the role of inhibition of
Wnt signaling in cellular senescence.

Role of Rb and p53 pathways in senescence induction by Wnt
inhibition. Although the molecular mechanism of cellular senes-
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cence is not yet fully understood, the Rb and p53 pathways were
shown to play important roles in the establishment of senescence
phenotypes (6,22). Hence, we investigated the status of the Rb and
p53 pathways upon SFRP1-induced or (3-catenin RNAi-induced
senescence as well as the roles of Rb and p53 in the senescence
induction.

As shown in Fig. 7A, lentiviral SFRP1 expression in IMR-90
cells resulted in dephosphorylation of Rb, but the expression of
p53 and a p53 transcriptional target, p21, remained unchanged,
suggesting that SFRP1 activates the Rb pathway, but not the p53
pathway. SFRP1 did not affect the expression of p16 (Fig. 7A, left),
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FIG 7 Role of Rb and p53 pathways in senescence induction by Wnt inhibition. (A) Rb dephosphorylation upon SFRP1 expression. IMR-90 cells were infected
with vector or SFRP1 lentivirus, and 5 days after infection, Rb, p53, p21, p16, and tubulin expression was analyzed by immunoblotting. SFRP1 induced Rb
dephosphorylation but did not affect p53, p21, or p16 expression. For comparison, Rb, p16, and tubulin expression upon Ras-induced senescence was also
analyzed by immunoblotting. (B) Knockdown of Rb and p53 in IMR-90 cells. IMR-90 cells were infected with the indicated lentiviruses. Five days after infection,
Rb, p53, nucleolin, and tubulin expression was analyzed by immunoblotting. sh, shRNA. (C) Knockdown of Rb or p53 abolishes SFRP1-induced senescence.
IMR-90 cells were coinfected with the indicated lentiviruses. Five days postinfection, the cells were stained for SA-B-Gal. ¥, P < 0.05 compared to SFRP1 plus
shLuc. (D) p53 knockdown attenuates Rb dephosphorylation by SFRP1. IMR-90 cells were coinfected with the indicated lentiviruses, and 5 days after infection,
Rb expression was analyzed by immunoblotting. (E) B-Catenin knockdown results in Rb dephosphorylation. IMR-90 cells were infected with lentiviruses
expressing scrambled shRNA (sh scr), shRNA against B-catenin-1 (sh B-cat 1), or shRNA against 3-catenin-2 (sh B-cat#2), and 5 days after infection, Rb, p53,
and p21 expression was analyzed by immunoblotting. Nucleolin served as a loading control. (F) Knockdown of Rb or p53 abolishes 3-catenin RNAi-induced
senescence. IMR-90 cells were coinfected with the indicated lentiviruses and 5 days after infection stained for SA-B-Gal. *, P < 0.05 compared to sh 3-catenin 2

plus shLuc.

a cyclin-dependent kinase inhibitor which plays a key role in the
regulation of Rb phosphorylation. In contrast, Rb dephosphory-
lation as well as p16 induction was observed upon Ras-induced
senescence (Fig. 7A, right). We next assessed the role of the Rb and
p53 pathways in SFRP1-induced senescence by shRNA-mediated
knockdown. Rb and p53 were efficiently silenced by correspond-
ing shRNAs (Fig. 7B), and upon SFRP1 expression, we observed
significantly attenuated senescence induction in cells with Rb or
p53 knockdown (Fig. 7C). This suggests that in addition to RbD,
p53isrequired for SFRP1-induced senescence even though SFRP1
does not activate the p53 pathway (Fig. 7A). A possible explana-
tion for this may be derived from the finding that SFRP1-induced
Rb dephosphorylation was diminished in cells with p53 knock-
down (Fig. 7D).

In parallel, we also examined the contribution of the Rb and
p53 pathways to B-catenin RNAi-induced senescence. B-Catenin
knockdown resulted in dephosphorylation of Rb but did not in-
duce p53 or p21 (Fig. 7E). B-Catenin RNAi-induced senescence
was significantly impaired in cells with Rb or p53 knockdown (Fig.
7F). These results are strikingly similar to the above-mentioned
results for SFRP1-induced senescence, which suggests that down-
regulation of Wnt/B-catenin signaling culminates in the activa-
tion of the Rb pathway and induction of senescence.

Cancer-associated SFRP1 mutants are defective for senes-
cence induction. Although the primary mode of SFRP1 inactiva-
tion in tumors appears to be transcriptional silencing by promoter
methylation (4, 20, 38), there are also reports of cancer-associated
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mutations in the coding region of SFRP1 such as a nonsense mu-
tation that prematurely terminates protein translation at codon
151 (N150) in colon cancer (5) and a C140Y point mutation in
glioblastoma (the latter mutation was retrieved from the Sanger
Institute Catalogue of Somatic Mutations In Cancer web site
[http://www.sanger.ac.uk/cosmic]) (2). Both of these mutations
affect the N-terminal cysteine-rich domain implicated in Wnt in-
teraction, but their functional consequences have not yet been
determined.

We first tested the activity of these two SFRP1 mutants by
Super TopFlash reporter assays. As shown in Fig. 8A, whereas
wild-type SFRP1 efficiently silenced Wnt3-mediated activation of
the Super TopFlash reporter, N150 and C140Y mutants only
modestly inhibited Wnt3-induced Super TopFlash activation. Im-
portantly, compared with wild-type SFRP1, these two mutants
displayed a considerably impaired ability to induce senescence in
IMR-90 cells (Fig. 8B). The expression of SFRP1 N150 was detect-
able in the brefeldin A-treated cell lysate (Fig. 8C, left) but not in
the conditioned medium (Fig. 8C, right), suggesting that this mu-
tant has a defect in secretion or is unstable in the extracellular
space. The SFRP1 C140Y mutant displayed expression levels com-
parable to those of the wild-type SFRP1 both in the brefeldin A-
treated lysate and in the conditioned medium (Fig. 8C). Further,
these two SFRP1 mutants displayed a compromised ability to in-
duce dephosphorylation of Rb (Fig. 8D). Unlike wild-type SFRP1,
the C140Y mutant was unable to inhibit IMR-90 cell proliferation
(Fig. 8E to H). These results indicate that the cancer-associated
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FIG 8 Cancer-associated SFRP1 mutants are defective for senescence induction. (A) Cancer-associated SFRP1 mutants display compromised Wnt-inhibitory
activity. 293 cells were cotransfected with Super TopFlash reporter, CMV-B-Gal, and plasmids encoding Wnt3, SFRP1, SFRP1 mutants found in human cancers
(N150 or C140Y), or empty vector as indicated. The luciferase activity was determined 48 h after transfection. Transfection efficiencies were normalized using
CMV-B-Gal activity. ¥, P < 0.05. (B) Cancer-associated SFRP1 mutants are defective for senescence induction. IMR-90 cells were infected with the indicated
lentiviruses and at 5 days postinfection stained for SA-B-Gal. *, P < 0.05. (C) Expression levels of wild-type and mutant SFRP1. IMR-90 cells were infected with
lentiviruses encoding SFRP1 or the N150 or C140Y mutant (all C-terminally FLAG tagged). Five days postinfection, the expression levels of wild-type and mutant
SFRP1 were analyzed by anti-FLAG immunoblotting of the brefeldin A-treated cell lysate (left) and the conditioned medium (right). (D) SFRP1 mutants display
impaired ability to induce dephosphorylation of Rb. IMR-90 cells were infected with vector lentivirus or lentivirus encoding SFRP1, N150, or C140Y, and 5 days
after infection, Rb expression was analyzed by immunoblotting. Tubulin served as a loading control. (E to H) The SFRP1 C140Y mutant is unable to inhibit cell
proliferation. IMR-90 cells were infected with empty lentiviral vector or lentiviruses expressing wild-type or C140Y mutant SFRP1. Cell proliferation was assessed
by BrdU incorporation (E and F) and by Ki-67 staining (G and H) as described in the legend of Fig. 4A and B. The cells expressing wild-type or C140Y SFRP1 are

indicated by arrowheads in panels E and G. *, P < 0.05.

SFRP1 mutants are defective for antagonizing Wnt signaling and
inducing senescence.

DISCUSSION

Given the frequent SFRP1 gene silencing in a wide variety of tu-
mor types as well as SFRP1-mediated inhibition of tumor cell
proliferation, SFRP1 has long been considered a tumor suppres-
sor, but its biological function(s) relevant to tumor suppression
remained poorly defined. This study revealed a novel senescence-
inducing activity of SFRP1 and raised a possibility that SFRP1
suppresses tumors by acting as a secreted mediator of cellular
senescence.

We have found that different stresses such as DNA or oxidative
damage induce SFRP1 secretion from human primary fibroblasts
(Fig. 1A and J) and that secreted SFRP1 in turn mediates senes-
cence phenotypes in stressed fibroblasts (Fig. 3B to D and F).
Lentiviral expression of SFRP1 caused proliferation arrest and se-
nescence phenotypes in primary fibroblasts (Fig. 4A to E). Fur-
thermore, addition of purified recombinant SFRP1 to the culture
medium induced senescence in primary fibroblasts (Fig. 4I),
which suggests that extracellular SFRP1 can directly induce senes-
cence. SFRP1 also mediated senescence in epithelial cells. Upon
etoposide treatment, retinal pigment epithelial cells oversecreted
SFRP1 (Fig. 5A), and SFRP1 shRNAs or anti-SFRP1 antibody
treatment attenuated etoposide-induced senescence in these cells
(Fig. 5B and C). Further, recombinant SFRP1 induced a senes-
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cence phenotype in retinal pigment epithelial cells (Fig. 5D),
mammary epithelial cells (Fig. 5E), and MCEF-7 breast cancer cells
(Fig. 5F). MCEF-7 cells are one of many cancer cell lines whose
SFRP1 loci are silenced by promoter methylation (38), and senes-
cence induction by reexposing MCF-7 to SFRP1 is consistent with
the notion that the evasion of SFRP1-induced senescence contrib-
utes to tumorigenesis. Lending further support to this notion is
the finding that the senescence-inducing activity of SFRP1 is im-
paired in SFRP1 mutants found in glioblastoma and colon cancer
(Fig. 8B). Inactivation of SFRP1 by promoter methylation or by
mutation of the coding region may allow preneoplastic cells to
escape stress-induced senescence and accumulate further muta-
tions to develop into a full-blown tumor. We note, however, that
SFRP1 is reported to sensitize cells to apoptosis (27), which might
also contribute to tumor suppression.

We also provided several lines of evidence suggesting that
SFRP1 induces senescence by antagonizing Wnt signaling. SFRP1
expression in IMR-90 fibroblasts, which induced senescence phe-
notypes, also resulted in reduced soluble 3-catenin levels (Fig. 6A)
and repression of Wnt/B-catenin-dependent transcription (Fig.
6C). SFRP1-induced senescence was inhibited by coexpression of
Wnt3 (Fig. 6E) or by lithium chloride-mediated stimulation of
Wnt signaling (Fig. 6H). Furthermore, cancer-associated SFRP1
mutants that display compromised senescence-inducing activity
were also defective for antagonizing Wnt signaling (Fig. 8A). We
also demonstrated senescence-inducing activity for all five SFRP
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family members (Fig. 6N) as well as DKK1 (Fig. 60), which be-
longs to a distinct class of secreted Wnt antagonists. The role of
Wnt inhibition in cellular senescence was also supported by senes-
cence induction upon pharmacological inhibition of Wnt signal-
ing (Fig. 6K) and upon knockdown of B-catenin (Fig. 6M). Pre-
vious work by Ye et al. indicated that Wnt2 expression and Wnt
signaling are repressed in human fibroblasts undergoing replica-
tive senescence or Ras-induced senescence and that Wnt2 RNAi
induces senescence phenotypes in human fibroblasts (44). Our
study extended these observations by revealing the role of secreted
Wnt antagonists in senescence induction and further established
the link between Wnt downregulation and cellular senescence.

In terms of the downstream target of SFRP1, we demonstrated
that SFRP1-induced senescence is accompanied by dephosphory-
lation of Rb (Fig. 7A) and that Rb knockdown abolishes SFRP1-
induced senescence (Fig. 7C), indicating the critical importance of
the Rb pathway in SFRP1-induced senescence. p53 knockdown
also abolished SFRP1-induced senescence (Fig. 7C); however, we
believe this is secondary to the compromised Rb dephosphoryla-
tion by SFRPI in p53 knockdown cells (Fig. 7D) since SFRP1
expression in primary fibroblasts did not induce p53 or a p53
transcriptional target, p21 (Fig. 7A). B-Catenin RNAi-induced
senescence was also accompanied by Rb dephosphorylation
(Fig. 7E), and Rb knockdown abolished -catenin RNAi-induced
senescence (Fig. 7F), further supporting the role of the Rb path-
way in Wnt downregulation-induced senescence.

One possible mechanism for Rb activation by Wnt downregu-
lation is through repression of Wnt/f3-catenin target genes such as
CDC25A, c-Myg, and cyclin D, which play critical roles in the G,/S
transition and regulate Rb phosphorylation. However, we did not
observe significant changes in the expression of these Wnt target
genes upon SFRP1-induced senescence (data not shown). Alter-
natively, a nontranscriptional function(s) of Wnt/B-catenin path-
way may modulate Rb phosphorylation and senescence induc-
tion. Recent work demonstrated that Wnt signaling inactivates
GSK3 by sequestering the enzyme in multivesicular bodies
(MVBs), which affects the half-life of 20% of all cellular proteins
(39). Interestingly, B-catenin also localizes in MVBs and is re-
quired for MVB formation (39). Altered half-lives of critical sig-
naling proteins upon Wnt downregulation might contribute to Rb
dephosphorylation and senescence induction.

While a large body of evidence supports the role of SFRP1 and
other SFRP family members as human tumor suppressors, inacti-
vation of SFRP family members in mice, thus far, has not been
shown to result in tumorigenesis. SFRP1 knockout mice displayed
abnormal bone formation but did not develop tumors up to 2
years of age (41). We tested the effect of SFRP1 expression in
mouse embryonic fibroblasts and did not observe proliferation
arrest or senescence phenotypes. There are a number of important
differences between human and mouse cells including a critical
difference in sensitivity to oxidative stress (33). In fact, mouse
embryonic fibroblasts were reported to undergo senescence upon
Wnt signaling due to increased mitochondrial biogenesis and
concomitant generation of reactive oxygen species (45). Although
the lack of tumors in SFRP knockout mice could be due to com-
pensation by remaining SFRP family members, it is also possible
that there are species differences in senescence induction and tu-
mor suppression by SFRPs.

Wnt signaling is deregulated in a large number of human tu-
mor types, and together with Notch signaling, it was classified as
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one of 12 commonly altered, core signaling pathways in human
pancreatic cancers (19). Recently, several chemical inhibitors of
Wnt signaling were developed and were reported to display anti-
tumor activity (7, 18, 40). A chemical screen for compounds that
both stabilize Axin and promote -catenin turnover identified an
FDA-approved drug, pyrvinium pamoate, as a potent inhibitor
of Wnt signaling (40). Pyrvinium selectively activates casein
kinase 1o, which results in stabilization of Axin and degrada-
tion of B-catenin and Pygopus, a nuclear cofactor of B-catenin.
Pyrvinium treatment of colon cancer cells with deregulated Wnt
signaling efficiently inhibited proliferation (40). Consistent with a
link between Wnt downregulation and cellular senescence, we
found that pyrvinium displays senescence-inducing activity
(Fig. 6K). Compounds that mimic or enhance the action of
SFRP1 and other secreted Wnt antagonists may become a new
class of anticancer agents that suppress cancer proliferation by
inducing senescence.

Based on the results presented here, we propose that SFRP1 is
an extracellular component of stress-induced senescence signal-
ing that responds to potentially carcinogenic stresses such as DNA
damage and oxidative insult and induces cellular senescence in an
autocrine and paracrine fashion, which may lead to non-cell-
autonomous tumor suppression. As noted above, the other four
SFRP family members as well as DKK1 are also able to induce
senescence although the stimuli that induce the secretion of these
Wnt antagonists are not well understood. Future work should
clarify the precise roles of secreted Wnt antagonists in cellular
senescence and tumor suppression.
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