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Background:The senescentmicroenvironment is permissive to disease progression, and the role of oxidants in this process
remains uncharacterized.
Results: Senescent fibroblasts promote tumor invasion through redox/calcium regulation of the cytokine IL-1�.
Conclusion: Senescence-associated oxidants and calcium drive the secretory phenotype, altering the microenvironment.
Significance:Targeting senescent cells with antioxidant-based therapeutics may restrict inflammation and combat age-related
disease progression.

Senescent cells accumulate in aged tissue and are causally
linked to age-associated tissue degeneration. These non-divid-
ing, metabolically active cells are highly secretory and alter tis-
sue homeostasis, creating an environment conducive to meta-
static disease progression. IL-1� is a key senescence-associated
(SA) proinflammatory cytokine that acts as a critical upstream
regulator of the SA secretory phenotype (SASP).We established
that SA shifts in steady-state H2O2 and intracellular Ca2� levels
caused an increase in IL-1� expression and processing. The
increase in intracellular Ca2� promoted calpain activation and
increased the proteolytic cleavage of IL-1�. Antioxidants and low
oxygen tension prevented SA IL-1� expression and restricted
expression of SASP components IL-6 and IL-8. Ca2� chelation or
calpain inhibition prevented SA processing of IL-1� and its ability
to induce downstream cytokine expression. Conditioned medium
from senescent cells treatedwith antioxidants or Ca2� chelators
or cultured in low oxygenmarkedly reduced the invasive capac-
ity of proximalmetastatic cancer cells. In this paracrine fashion,
senescent cells promoted invasion by inducing an epithelial-
mesenchymal transition, actin reorganization, and cellular
polarization of neighboring cancer cells. Collectively, these
findings demonstrate how SA alterations in the redox state and
Ca2� homeostasis modulate the inflammatory phenotype
through the regulation of the SASP initiator IL-1�, creating a
microenvironment permissive to tumor invasion.

Cellular senescence is an important tumor-constraining
mechanism that halts cellular proliferation in response to dam-
age that occurs during replication. However, senescent cells
accumulate with age (1) and adopt a secretory phenotype that is
causally linked to tissue degeneration (2). The senescence-as-
sociated (SA)2 secretory phenotype (SASP) is regulated in large

part by high level expression of IL-1� (3–6). Suppression of
IL-1� expression or its biological function can extend cellular
life span and restrict SA gene expression, but themechanism of
this age-dependent induction is unknown.
IL-1� is synthesized as a precursor protein that is subse-

quently cleaved into two functional fragments by the Ca2�-
activated protease calpain (7). The resulting C-terminal frag-
ment of IL-1� (mature IL-1�) can bind IL-1 receptor I at the cell
surface. IL-1 receptor I ligation elicits the production of inflam-
matory mediators, including IL-6 and IL-8 (6). The N-terminal
propiece of IL-1� has a canonical nuclear localization sequence
and can translocate into the nucleus. Once in the nucleus, the
IL-1� propiece has been shown to act as a nuclear oncoprotein
(8) and to promote the transcription of inflammatory genes (4, 9).
These findings imply that IL-1� precursor processing may be
required for full functionandsuggest that the regulatedexpression
and subsequent processing of IL-1� are of functional significance.
Recent evidence in immune cells supports this possibility, demon-
strating that the processed form of IL-1� is more effective in
inducing the production of inflammatory mediators (10).
Our findings indicate that SA IL-1� expression is induced by

endogenous increases in intracellularH2O2. SA increases in intra-
cellular Ca2� levels provide sufficient quantities of this required
cofactor for calpain activation.Consequently, calpain is aberrantly
active in senescent cells and results in enhanced IL-1� processing.
Reducing SA oxidative stress restricts inflammatory gene expres-
sion and effectively prevents senescent cells from adopting the
SASP. Chelating Ca2� during senescence inhibits calpain activa-
tion and IL-1� processing and attenuates the SASP phenotype.
Functionally, restricting SA oxidative stress or aberrant Ca2� sig-
naling prevents senescent fibroblasts from promoting an invasive
phenotype inproximalmetastaticcancerepithelial cells.Together,
these findings demonstrate how oxidant accumulation and Ca2�

deregulation during senescence coordinately influence the SASP
and its impact on the tumormicroenvironment.

EXPERIMENTAL PROCEDURES

Reagents—Calpain inhibitor (MDL28170; catalog no. 208719)
waspurchased fromCalbiochem.N-Acetyl-L-cysteine (catalogno.
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A7250), recombinant catalase (catalog no. C40), and BAPTA-AM
(catalog no. A1076) were purchased from Sigma-Aldrich. Wnt/
�-catenin inhibitor ICG-001 (catalog no. S2662) was purchased
from Selleck Chemical. Anti-N-terminal IL-1� (amino acids
2–112) antibody (catalog no. AF4154) was purchased from
R&D Systems. Anti-�-calpain antibodies were purchased from
Abcam. Inactive �-calpain was determined using an anti-N-
terminal end domain I antibody that is targeted to an epitope
that is cleaved during activation (catalog no. ab28257, Abcam).
Total �-calpain was determined using an anti-C-terminal end
domain IV antibody (catalog no. ab39170, Abcam). Anti-E-cad-
herin antibody was purchased from Santa Cruz Biotechnology.
Anti-N-cadherin antibody (catalog no. 2019-1) was purchased
from Epitomics. Neutralizing antibody to mature IL-1� (catalog
no. MAB200) was purchased from R&D Systems. Neutralizing
antibody to IL-8 (catalog no. 554726) was purchased from
Pharmingen. Neutralizing antibody to IL-6 (catalog no. P620) was
purchased fromThermo Scientific.
Cell Culture—MDA-MB-231 and A549 cells were cultured

in DMEM supplemented with 10% FBS. IMR-90 primary
human fetal lung fibroblasts were cultured inminimal essential
medium with 10% FBS and incubated at 21 or 3% oxygen ten-
sion at 37 °C with 5% CO2. These cells were lifted in 0.05%
trypsin/EDTA and serially passaged at a dilution of 1:4. Cells
were transfected using FuGENE HD transfection reagent at a
ratio of 2.5:1 reagent to plasmid DNA.
2�,7�-Dichlorodihydrofluorescein Diacetate (H2DCFDA) Stain-

ing and ImageStreamXAnalysis—The cell-permeant oxidation-
sensitive dye H2DCFDA (Invitrogen) was loaded into cells
according to the manufacturer’s protocol, followed by analysis
by imaging flow cytometry. The oxidation-insensitive dye 5(6)-
carboxy-2�,7�-dichlorofluorescein diacetate (CDCF; Invitro-
gen) was used as a control so that any changes in fluorescence
seen between groups with the oxidation-sensitive dye could be
directly attributed to changes in dye oxidation. Briefly, cells
were loaded with 1 �M H2DCFDA or CDCF in PBS for 45 min,
followed by several PBS washes. The fluorescence intensity of
oxidized DCF was measured using an Amnis ImageStreamX
flow cytometer. The IDEAS software program was used to
determine the mean fluorescence intensity and standard devi-
ation for each sample. Mean fluorescent values for H2DCFDA-
treated cells were normalized to values for control CDCF-
treated passage (p) 15 and p25 cells.
Real-time PCR—RNA was isolated from samples using

TRIzol (Invitrogen) following the manufacturer’s instructions.
cDNA was synthesized using SuperScript III (Invitrogen) with
randomhexamers.Real-timePCRwasperformedwithanApplied
Biosystems 7500 real-time thermocycler with SYBR Green. Spe-
cific primers were used for each target, and the PCR conditions
were as follows: 95 °C for 10min, followed by 40 cycles of melting
at 95 °C for 15 s, and annealing and elongation at 60 °C for 1 min.
Product specificity was verified with a melt curve.
Immunofluorescence Microscopy—For filamentous actin stain-

ing, cells were fixed in an appropriate volumeofmethanol-free 4%
formaldehyde diluted in PBS. These cells were then stained with
Alexa Fluor 488-phalloidin conjugate (Invitrogen) according to
the manufacturer’s protocol. Cells expressing a DsRed-IL-1�
N-terminal fusion construct were seeded on glass coverslips 1 day

prior to imaging.Thenextday, thesecellswerewashed three times
with1�PBSand fixed in anappropriate volumeof 3parts acetone
to 2 parts PBS. Cells were imaged using anOlympus FV1000 con-
focalmicroscope.Nuclei were stainedwithDAPI thatwas present
in the Prolongmountingmedium (Invitrogen).
Senescence-associated �-Galactosidase Assay—Cells were

stained for�-galactosidase (catalog no. 98603, Cell Signaling) at
pH 6 following the manufacturer’s instructions. Briefly, cells
were fixed and stained overnight in a dry incubator at 37 °C.
Staining was detected the following day using a light micro-
scope. Cells positive for staining turned blue.
Calcium Imaging—Intracellular calcium levels were deter-

mined using ratiometric analysis of the calcium-binding dye
Fura-2-AM (Invitrogen). This cell-permeable dye excites at 340
nm when bound to calcium and at 380 nm when unbound.
Fluorescence intensities were then measured at an emission
wavelength of 510 nm. These intensities were represented as a
ratio of 340 to 380 nm.
Western Blot Analysis—Cells were lysed in an appropriate

volume of radioimmune precipitation assay buffer (50mMTris-
HCl, 150mMNaCl, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 0.1 mM Na3VO4, and protease inhibitors) at pH 7.5
for 15 min, with rotation at 4 °C. Cell debris was pelleted by
centrifugation at 14,000 rpm at 4 °C, and the protein-contain-
ing supernatant was analyzed for protein concentration using
BCA (Thermo Scientific). Equal amounts of protein were then
subjected to PAGE and subsequently transferred to nitrocellulose
membranes, followed by overnight incubation with primary anti-
bodies at 4 °C. Blots were visualized using chemiluminescence.
Where exogenous catalase uptake was measured, the cells were
vigorouslywashed three times prior to cellular lysis to exclude any
catalase that may have been attached to the cell surface.
CalpainActivityAssay—Calpain activitywasmeasured using

a calpain activity assay kit (catalog no. K240-100, BioVision).
Briefly, 1 � 106 cells were pelleted by centrifugation, followed
by resuspension in extraction buffer on ice for 20 min. Equal
amounts of lysate (normalized to total protein) were incubated
with fluorescently labeled calpain substrate at 37 °C for 1 h.
Relative fluorescence was measured in a plate reader with a
400-nm excitation filter and 505-nm emission filter.
Matrigel Invasion Assay—24-well chamber inserts precoated

with Matrigel (BD Biosciences) were partly submerged in 750
�l of conditioned medium (CM) collected over 18 h. MDA-
MB-231 cells were placed in the top chamber in serum-free
medium and allowed to invade over 22 h. Non-invading cells
were removed from the insert with cotton-tipped applicators.
Invaded cells were fixed in 100%methanol for 20min at�20 °C
and mounted on Prolong mounting medium containing DAPI
for visualization.
Primers for Real-time PCR—Theprimers usedwere as follow:

IL-1�, AACCAGTGCTGCTGAAGGA (sense) and TTCTTA-
GTGCCGTGAGTTTCC (antisense); actin, ACCAACTGGG-
ACGACATGGAGAAA (sense) andTAGCACAGCCTGGAT-
AGCAACGTA (antisense); IL-6, CCACACAGACAGCCACT-
CACC IL-6 (sense) and CTACATTTGCCGAAGAGCCCTC
(antisense); and IL-8, CTCTCTTGGCAGCCTTCCTGATT
(sense) and AACTTCTCCACAACCCTCTGCAC (antisense).

Redox Control of SASP through IL-1�

32150 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 45 • NOVEMBER 8, 2013



RESULTS

Senescence-associated IL-1� Expression Is Regulated by Cel-
lular H2O2—IL-1� expression increases as cells near their rep-
licative life span (3–6), and this elevated expression coincides
with an increase in oxidation of the redox-sensitive fluorophore
H2DCFDA (Fig. 1,A and B) and supports prior work indicating

that senescence is accompanied by increases in steady-state
H2O2 concentration (SS-[H2O2]) (11). Because SA increases in
IL-1� and SS-[H2O2] occur concurrently, we first determined if
shifts in SS-[H2O2] influence the expression of SA IL-1�. Pri-
mary human fibroblasts (IMR-90) approach their replicative
life span in 21% O2 at or near 50 population doublings (�p25),

FIGURE 1. SA IL-1� expression is regulated by cellular H2O2. A, histogram of data obtained using an ImageStreamX flow cytometer to investigate the
fluorescence intensity of the reactive oxygen species-sensitive dye H2DCFDA in IMR-90 cells. Presenescent (�p15; n � 8070) and senescent (�p25; n � 3458)
cells were quantified for DCF intensity. One representative image is shown from the bin corresponding to the mean intensity of the 505–560-nm emission
channel for each population. Positive DCF staining is shown in green in the cell image inlay. Mean fluorescent values for cells treated with H2DCFDA were
normalized to control DCF-treated values for �p15 and �p25 cells. B, bar graph of the ImageStreamX data. The IDEAS software program was used to calculate
the mean intensity of the DCF signal for each sample, and the results are plotted with error bars that represent S.D. C, SA �-galactosidase staining in
presenescent (�p15) and senescent (�p25) IMR-90 fibroblasts cultured in 21% O2. D, quantitative real-time PCR (qRT-PCR) of the IL-1� transcript from
presenescent (�p15) and senescent (�p25) IMR-90 fibroblasts cultured in 21 or 3% O2. E, Western blot analysis of intracellular catalase after overnight
incubation with 500 units/ml recombinant catalase added to cell culture medium. GAPDH was used as a loading control. F, qRT-PCR of the IL-1� transcript from
senescent cells with and without 500 units/ml recombinant catalase. G, Western blot analysis of IL-1� protein using an antibody directed against an N-terminal
epitope (amino acids 2–112) in �p15 and �p25 cells. N-Acetyl-L-cysteine (NAC) was used at a concentration of 2 mM, and recombinant catalase (Cat) was used
at 500 units/ml. Data represent n � 3. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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which coincides with increased SS-[H2O2] (11) and SA�-galac-
tosidase activity (Fig. 1C). Maintaining cells in a low (3%) O2
environment reduces SS-[H2O2] and oxidative damage and
delays the onset of senescence (11–13). IL-1� expression was
increased in senescent (�p25) cells cultured in 21%O2, but not
in the replicative age-matched controls cultured in 3% O2 (Fig.
1D). To further define the oxidant dependence of this process,
late passage (�p25) cells were treated with recombinant cata-
lase, and IL-1� levels were determined. When added to the
medium, catalase gains entry into cells, where it specifically
scavenges H2O2 (14). Exogenous catalase loading was con-
firmed (Fig. 1E) and significantly reduced IL-1� expression in

�p25 cells (Fig. 1F). In addition, treatment with catalase or the
glutathione precursor N-acetyl-L-cysteine abrogated SA IL-1�
expression in late passage cells (Fig. 1G). Notably, production of
SA IL-1� was accompanied by preferential processing to its
17-kDa form (Fig. 1G). Together, these data indicate that shifts
in oxidant production control SA increases in IL-1� expression
and processing.
Senescence-associated Shifts in Intracellular Ca2� Activate

Calpain and Promote IL-1� Processing—Calpain, a protease
that processes IL-1�, is functionally dependent on the availabil-
ity of Ca2�, the homoeostasis of which can be oxidant-sensitive
(15–17). To determine whether senescent cells display altera-

FIGURE 2. SA shifts in intracellular Ca2� activate calpain and promote IL-1� processing. A, ratiometric Ca2� imaging of presenescent (�p15) and
senescent (�p25) primary IMR-90 fibroblasts. B, ratiometric Ca2� imaging of senescent (�p25) IMR-90 fibroblasts maintained at 21% oxygen tension or moved
to 3% oxygen tension. Cells were assayed 1 week after changing the oxygen tension. C, Western blot analysis of inactive and total �-calpain in presenescent and
senescent cells. D, quantification of C. E, calpain activity measured using fluorescently labeled substrate in presenescent (�p15) and senescent (�p25) primary
IMR-90 fibroblasts. RFU, relative fluorescence units. F, Western blot analysis of inactive and total �-calpain and IL-1� in senescent cells 6 h post-treatment with
and without 3 �M BAPTA-AM (pulsed for 1 h). FL IL-1�, full-length IL-1�; ppIL-1�, IL-1� propiece. G, calpain activity measured using fluorescently labeled
substrates in senescent cells with and without 3 �M BAPTA-AM (pulsed for 1 h) at the indicated times post-treatment. Data represent n � 3. *, p � 0.05; ***, p �
0.001; ns, not significant.
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tions in [Ca2�]i, we used the cell-permeant Ca2�-binding ratio-
metric fluorophore Fura-2-AM and monitored [Ca2�]i in both
�p15 and �p25 cells. Senescent cells displayed higher basal
[Ca2�]i than presenescent cells (Fig. 2A), which was attenuated
in cells acutely exposed to low oxygen (3%) (Fig. 2B). Ca2� is a
required cofactor for calpain activity; thus, we next determined
the degree of calpain activation in �p15 and �p25 cells. Upon
Ca2�-dependent activation, calpain undergoes autolysis, which
involves the removal of several N-terminal residues (18). Utiliz-
ing antibodies that recognize either theN-terminal epitope that
is lost upon activation or total calpain, we determined the
degree of calpain activation by immunoblotting. Total calpain
levels were similar between �p15 and �p25 cells; however, the
amount of inactive calpain was decreased in �p25 cells (Fig. 2,
C andD), suggesting that calpain in these cells is primarily in its
active state. We next measured calpain activity in �p15 and
�p25 cells using fluorescently tagged substrates. This assay
quantitatively confirmed our findings, displaying an 	6-fold
increase in calpain activity during senescence (Fig. 2E). To link SA
increase in [Ca2�]i to calpain activation, we next treated �p25
cells with BAPTA-AM, a Ca2�-specific chelator, andmeasured
calpain activation quantitatively and by immunoblotting. Ca2�

chelation restricted calpain activity, albeit in a modest and
short-lived fashion (Fig. 2, F and G). Furthermore, SA IL-1�
processing was effectively prevented when �p25 cells were
treated with BAPTA-AM (Fig. 2F). Together, these data iden-
tify SA shifts in Ca2� homeostasis that are linked to aberrant
calpain activation and IL-1� processing.
SA IL-1� Is Localized to theNucleus in aRedox- andCalpain-

dependent Fashion—IL-1� processing is often accompanied by
its cellular redistribution (9, 19). To determine IL-1� localiza-
tion,�p15 and�p25 IMR-90 cells were transiently transfected
with a DsRed-IL-1� N-terminal fusion construct, and its cellu-
lar distributionwasmonitoredwhen exposed to low or ambient
O2 tension. DsRed-IL-1�was localized primarily in the nucleus
in �p25 cells, but not in �p15 cells cultured in 21% O2 (Fig. 3,
A and B). Cells maintained at 3% O2 abrogated the SA IL-1�
nuclear localization compared with their age-matched controls
maintained at 21% O2 (Fig. 3C). Treatment with recombinant
catalase prevented IL-1� nuclear localization (Fig. 3D), further
implicating H2O2 in this process. Furthermore, SA IL-1� was
excluded from the nucleus of cells treated with a calpain inhib-
itor (Fig. 3E), indicating calpain involvement. Together, these
findings support a role for oxidants and calpain in SA IL-1�
nuclear localization.
Oxidative Stress and Ca2� Regulate the SASP—SA IL-1� has

been reported to functionally act as an initiator of the SASP (1,
6, 20), which is characterized by high levels of inflammatory
cytokines, such as IL-6 and IL-8. We confirmed, this finding
using a neutralizing antibody against the secreted formof IL-1�
(mature IL-1�), which inhibited the SA expression of both IL-6
and IL-8 (Fig. 4A). Interestingly, IL-1� neutralization also
inhibited the expression of nascent IL-1�, suggesting a feed-
forwardmechanism (Fig. 4A). To investigate whether the SASP
is also under redox control, we monitored SA IL-6 and IL-8
expression in cells exposed to 21 and 3% O2 or treated with an
antioxidant. Both IL-6 and IL-8 mRNA levels were increased
during senescence, but only IL-6 (not IL-8) expression was

attenuated by lowoxygen tension (Fig. 4,A andB).However, SA
expression of both cytokines was prevented by the addition of
the H2O2-scavenging enzyme catalase (Fig. 4C). Treatment of
senescent cells with BAPTA-AM also reduced the expression
of IL-8, but not IL-6, at 5 and 7 h post-treatment (Fig. 4, D and
E). IL-6 levels decreased modestly, but insignificantly (p �
0.10), at 7 h post-treatment. Later time points may be needed
to determine whether the effect on IL-6 is delayed. Inhibition
of the IL-1�-processing enzyme calpain caused a reduction
in the expression of both IL-6 and IL-8 (Fig. 4F). Our findings
further support a role for IL-1� as an upstream regulator of
the SASP (6) and now implicate both redox and Ca2�-depen-
dent processes in its ability to regulate the prominent SASP
factors IL-6 and IL-8.

FIGURE 3. SA IL-1� is localized to the nucleus in a redox- and calpain-de-
pendent fashion. A–E, confocal microscopy of a DsRed-IL-1� construct 16 h
post-transient transfection into IMR-90 fibroblasts passaged as indicated at
21 or 3% O2 tension. Catalase (Cat) was added exogenously at 500 units/ml 3 h
post-transfection. The calpain inhibitor (Calp) was used at a concentration of
40 �M and was added to the medium 3 h post-transfection. Data represent
n � 3.
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Limiting SA Oxidant Production or Intracellular Ca2�

Restricts SASP-mediated Tumor Cell Invasion—SASP factors
can act on neighboring tissue, promoting the invasive proper-
ties of premalignant cells (1). We next tested whether the inva-
sive behavior of metastatic breast cancer cells (MDA-MB-231)

is sensitive to exposure to CM from IMR-90 fibroblasts cul-
tured in 21 or 3%O2 or treated with antioxidants. CM collected
from cells exposed to 3% O2 failed to induce significant Matri-
gel invasion compared with CM from cells exposed to 21% O2.
CM from �p15 cultures exposed to 21 or 3%O2 had no impact

FIGURE 4. Oxidative stress and Ca2� regulate the SASP. A, qRT-PCR of IL-6, IL-8, and IL-1� transcripts in senescent cells with or without neutralizing antibody
to secreted mouse IL-1� (�mIL-1�). B, qRT-PCR of the IL-8 transcript from presenescent (�p15) and senescent (�p25) IMR-90 fibroblasts cultured in 21 or 3%
O2. C, qRT-PCR of the IL-6 transcript from presenescent (�p15) and senescent (�p25) IMR-90 fibroblasts cultured in 21 or 3% O2. D, qRT-PCR of IL-6 and IL-8
transcripts from senescent IMR-90 fibroblasts with and without 500 units/ml recombinant catalase. E, qRT-PCR of the IL-8 transcript from senescent IMR-90
fibroblasts with and without 3 �M BAPTA-AM (pulsed for 1 h) at the indicated times post-treatment. F, qRT-PCR of the IL-6 transcript from senescent IMR-90
fibroblasts with and without 3 �M BAPTA-AM (pulsed for 1 h) at the indicated times post-treatment. G, qRT-PCR of IL-6 and IL-8 transcripts from senescent
IMR-90 fibroblasts with and without 4 �M calpain inhibitor (Inh.) 18 h post-treatment. Data represent n � 3. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ns not
significant.
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on the invasive capacity ofMDA-MB-231 cells (Fig. 5,A andB).
Similarly, senescent CM collected from cells treated with
recombinant catalase significantly reduced the number of
invading cells (Fig. 5C), whereas direct catalase exposure of the
MDA-MB-231 cells had no impact on their invasive potential
(Fig. 5D). Collectively, these data demonstrate that the ability
of senescent CM to drive the invasive potential of proximal
cancer cells is redox-sensitive. We next exposed �p25 cells to
BAPTA-AM and a calpain inhibitor and monitored the ability
of senescent CM to promote invasion. BAPTA-AM modestly
but significantly impaired invasion driven by exposure to senes-
cent CM, similar to its impact on IL-6 and IL-8 (Fig. 5E). Treat-
ment of �p25 cells with a calpain inhibitor also significantly

reduced the resultant invasion of breast cancer cells cultured in
this CM (Fig. 5F). MD-MB-231 cells are highly invasive, and
therefore, it was of interest to test the effects of CM on the less
invasiveA549 lung carcinomacells.Much like the effect onMDA-
MB-231 cells, CM from �p25 fibroblasts increased invasion rela-
tive to CM from�p15 fibroblasts (Fig. 5,G andH). Overall, these
findings establish that SASP impairment in response to low oxy-
gen, antioxidant treatment, Ca2� chelation, or calpain inhibition
can limit paracrine signaling that promotes neighboring tumor
cell invasion.
Actin Remodeling in MDA-MB-231 Cells Is Driven by Expo-

sure to Conditioned Medium from Senescent Cells—We next
evaluated the distribution of filamentous actin in MDA-MB-

FIGURE 5. Limiting SA oxidant production or intracellular Ca2� restricts SASP-mediated tumor cell invasion. A, representative images of invaded
MDA-MB-231 breast cancer cells submerged in CM collected over 18 h from IMR-90 fibroblasts cultured and passaged as indicated. B, quantification of Matrigel
invasion assay as described for A. Data represent n � 3 
 S.E. C, Matrigel invasion assay of MDA-MB-231 breast cancer cells submerged in CM from senescent
IMR-90 fibroblasts with and without treatment with 500 units/ml catalase (Cat) prior to CM collection. D, Matrigel invasion assay of invaded MDA-MB-231 breast
cancer cells in serum-containing medium collected over 18 h with and without the addition of 500 units/ml recombinant catalase. E, Matrigel invasion assay of
MDA-MB-231 breast cancer cells submerged in CM from senescent IMR-90 fibroblasts with and without 3 �M BAPTA-AM (pulsed for 1 h). CM was collected 18 h
post-treatment. F, Matrigel invasion assay of MDA-MB-231 breast cancer cells submerged in CM from senescent IMR-90 fibroblasts with and without 4 �M

calpain inhibitor. CM was collected 18 h post-treatment. G, representative images of invaded A549 lung carcinoma cells submerged in CM collected over 18 h
from IMR-90 fibroblasts passaged as indicated. H, quantification of Matrigel invasion assay as described for G. Data represent n � 3. *, p � 0.05; **, p � 0.01; ***,
p � 0.001; ns not significant.
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231 cells exposed to fibroblast CM, as actin reorganization and
polarization are critical steps in the process of epithelial trans-
formation (21, 22). MDA-MB-231 cells treated with CM from
early and late passage cells cultured in lowO2maintained actin
stress fibers and amore cuboidal phenotype (Fig. 6,A,B, andD).
MDA-MB-231 cells exposed to CM from late passage IMR-90
cells maintained in 21% O2 displayed a distinct alteration in
cellular polarity and loss of stress fibers, as shown in Fig. 6C.
These data further support the notion that senescent fibroblasts
promote proximal epithelial invasion and delineate a mechanism
by which SASP-dependent transformation is responsive to shifts
in oxygen tension.
Redox Control of SASP-mediated Tumor Cell Invasion and

Transformation—The SASP factors IL-6 and IL-8 have been
shown to promote epithelial-mesenchymal transition (EMT)
(23, 24) that accompanies cancer cell invasion. This was con-
firmed by treating senescent CM with neutralizing antibodies
to both IL-6 and IL-8 and monitoring tumor cell invasion (Fig.
7A). A hallmark of EMT is loss of expression of the tight junc-
tion component and epithelial marker E-cadherin (25). MDA-
MB-231 cells incubated with senescent CM repressed E-cad-
herin expression in breast cancer cells comparedwithCM from
�p15 fibroblasts (Fig. 7B). Canonical Wnt signaling is another
hallmark of EMT and results in the accumulation of the mes-
enchymal marker �-catenin (26–28). Exposure of MDA-MB-
231 cells to senescent CM increased �-catenin levels (Fig. 7B),

demonstrating both a loss of an epithelial phenotype and acqui-
sition of a more mesenchymal phenotype. However, the levels
of the mesenchymal marker N-cadherin were unaffected by
exposure to senescent CM (Fig. 7B), which is likely explained by
the fact that MDA-MB-231 cells display unusually high basal
expression of this protein (29).We nextmonitored EMTmark-
ers in A549 lung carcinoma cells exposed to CM from early and
late passage cells. Similar to the breast cancer cells, A549 cells
increased their expression of �-catenin when cultured with
senescent CM (Fig. 7C). However, distinct from the breast can-
cer cells, A549 cells increased their levels of N-cadherin,
whereas expression of E-cadherin was unaffected by exposure
to senescent CM (Fig. 7C). Overall, the alterations in the levels
of these mesenchymal markers suggest the engagement of an
EMTprocess. The lack of effect on E-cadherin in the A549 cells
may be explained by the recent observation that its localization
rather than its expression can be altered during EMT (30).
Accumulation of �-catenin results in its translocation to the

nucleus, where it acts as a coactivator of T cell factor/lymphoid
enhancer factor-dependent transcription (31). Formation of
this nuclear complex causes EMT and increases tumor inva-
siveness (32). To determine whether senescent CM promotes
epithelial invasion through this pathway, tumor cells were
treated with the�-catenin/T cell factor-specific transcriptional
inhibitor ICG-001 (33), and invasionwasmonitored. Senescent
CM-induced invasion in both cell lines was decreased by ICG-

FIGURE 6. Actin remodeling in MDA-MB-231 cells is driven by exposure to CM from senescent cells. A–D, confocal microscopy of filamentous actin
(stained with Alexa Fluor 488-phalloidin conjugate) in MDA-MB-231 breast cancer cells after incubation with CM from IMR-90 fibroblasts cultured to senes-
cence at 21 or 3% O2 tension. Nuclei were stained with DAPI. Data represent n � 3.
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001 (Fig. 7,D and E). These findings suggest that senescent CM
affects neighboring epithelial invasion and transformation
through the �-catenin/T cell factor signaling complex (Fig. 7F).
Our data are consistent with a report that came out during
preparation of this manuscript describing the SASP as able to
drive EMT inmesothelioma cells (34) and now demonstrate an
oxidant-dependent regulation of SASP-driven EMT through
�-catenin.

DISCUSSION

Here, we have provided evidence that the cellular redox state
is an important parameter controlling the senescent pheno-
type. We established that increases in SS-[H2O2] (11) drive IL-1�
expression during cellular senescence and may account for the
increase in IL-1� levels in organismal models of senescence
(3–6). We established that this redox-dependent increase in
IL-1� expression occurs at the transcriptional level and can be

modulated with the use of antioxidants. This is of functional
significance, as IL-1� is an important upstream regulator of the
SASP (6), providing a possible strategy to restrict other down-
stream components of the SASP. Indeed, we found that antiox-
idants can also restrict the SA levels of IL-6 and IL-8.
We have presented evidence that IL-1� processing is influ-

enced by cellular life span and the accumulation of intracellular
Ca2�. Our findings establish that SA processing of precursor
IL-1� involves the Ca2�-dependent protease calpain. We
believe that this differential processing event may be indirectly
influenced by the redox environment of the cell, as alterations
in redox state are often coupled to shifts in Ca2� homeostasis.
Future work will be directed at defining the precise redox trig-
gers that drive shifts in SA calcium homeostasis. Altered Ca2�

flux leading to calpain-dependent processing of IL-1� has also
been implicated in cells of hematopoietic origin in response to
infection with Listeriamonocytogenes (35) and when cation chan-

FIGURE 7. Redox control of SASP-mediated tumor cell invasion and transformation. A, Matrigel invasion assay of MDA-MB-231 breast cancer cells
submerged in CM from senescent IMR-90 fibroblasts (Sen) with and without neutralizing antibody against IL-6 or IL-8. B, Western blot analysis of epithelial
marker E-cadherin and mesenchymal markers �-catenin and N-cadherin in MDA-MB-231 cells cultured in IMR-90 CM. C, Western blot analysis of epithelial
marker E-cadherin and mesenchymal markers �-catenin and N-cadherin in A549 cells cultured in IMR-90 CM. D, representative images of invaded MDA-MB-231
breast cancer cells and A549 lung carcinoma cells submerged in CM collected over 18 h from senescent IMR-90 fibroblasts with and without 5 �M ICG-001
added to CM immediately prior to use. E, quantification of D. F, model demonstrating how redox/Ca2�-stressed senescent fibroblasts synergistically promote
epithelial invasion in adjacent epithelial cells through their secretory phenotype. Data represent n � 3 
 S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001. TCF, T cell
factor.
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nels are forcedopen (36).Theseprevious studies demonstrate that
uncoupling the intracellular/extracellular Ca2� gradient activates
calpain and increases the processing and secretion of IL-1�. Our
data add an additional element, showing that replicative aging ini-
tiates Ca2� flux and promotes IL-1� processing.

The redox-dependent expression and subsequent processing
of IL-1�provide a therapeutic avenue to limit the activity of this
central regulator of SA inflammation. The feasibility of this
approach was demonstrated using H2O2-specific antioxidants,
showing they can dramatically reduce SA IL-1� expression and
ultimately prevent expression of the downstream SASP factors
IL-6 and IL-8. Interestingly, IL-8 expression is not sensitive to
low O2 exposure, which is likely explained by the fact that IL-8
expression can be regulated by hypoxia-inducible factor-1�
(37–39), which is stabilized in the 0.1–4% O2 range (40).
Although antioxidants limit the expression of IL-1�, they may
also prevent the Ca2�-dependent processing of this factor. This
may enhance the efficacy of this approach because processing
seems to be required for full function of this cytokine. Indeed,
IL-1� processing was found to enhance its biological activity
and increase its ability to drive IL-6 and IL-8 expression (10).
Our findings suggest that, as cells age, they enhance the
processing of SA IL-1�, creating foci where the duration and
amplitude of the inflammatory responsemay be dramatically
enhanced either in an autocrine or a paracrine fashion by
IL-1� itself.

It is hypothesized that SA increases in IL-1� expression and
processing drive the SASP, creating a microenvironment that is
conducive tometastatic diseaseprogression.Our findings indicate
that senescent cells can be rendered incapable of promoting
neighboring cell invasion and transformation by modulating
the redox state, Ca2� levels, or the IL-1�-processing enzyme
calpain. This age-related phenotype shift serves to propagate
inflammation-associated disease and promote tumor invasion,
with senescent cells serving as the seeding grounds for these
processes (Fig. 7F). Although we have established that antioxi-
dants can restrict the capacity of SASP-driven tumor cell inva-
sion in vitro, recent work has established that ablation of senes-
cent cells in vivo can limit age-associated cataracts and muscle
loss (2). In this context, the SA redox environment becomes a
very important therapeutic target for antioxidant-based treat-
ment of age-associated degenerative disease.
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