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Inflammation underlies most age-related diseases, including can-
cer, but the etiology is poorly understood. One proposed factor is
the presence of senescent cells, which increase with age. The
senescence response arrests the proliferation of potentially onco-
genic cells, and most senescent cells secrete high levels of proin-
flammatory cytokines and other proteins. The complex senescence-
associated secretory phenotype is likely regulated at multiple
levels, most of which are unknown. We show that cell surface-
bound IL-1� is essential for signaling the senescence-associated
secretion of IL-6 and IL-8, 2 proinflammatory cytokines that also
reinforce the senescence growth arrest. Senescent human fibro-
blasts expressed high levels of IL-1� mRNA, intracellular protein,
and cell surface-associated protein, but secreted very little protein.
An IL-1 receptor (IL1R) antagonist, neutralizing IL-1� antibodies,
and IL-1� depletion by RNA interference all markedly reduced
senescence-associated IL-6/IL-8 secretion. Depletion of the key
IL-1R signaling component IRAK1 also suppressed this secretion,
and IL-1� neutralizing antibodies prevented IRAK1 degradation,
indicating engagement of the IL-1R signaling pathway. Further-
more, IL-1� depletion reduced the DNA binding activity of NF-�B
and C/EBP�, which stimulate IL-6/IL-8 transcription. IL-1� was a
general regulator of senescence-associated IL-6/IL-8 secretion be-
cause IL-1� blockade reduced IL-6/IL-8 secretion whether cells
senesced owing to DNA damage, replicative exhaustion, oncogenic
RAS, or chromatin relaxation. Furthermore, conditioned medium
from IL-1�-depleted senescent cells markedly reduced the IL-6/IL-
8-dependent invasiveness of metastatic cancer cells, indicating that
IL-1� regulates the biological effects of these cytokines. Thus, cell
surface IL-1� is an essential cell-autonomous regulator of the
senescence-associated IL-6/IL-8 cytokine network.
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Cellular senescence is a potent anticancer mechanism that
arrests the proliferation of cells at risk for neoplastic trans-

formation. Several lines of evidence suggest this cellular re-
sponse may also contribute to aging (1, 2). This apparent
paradox—that cell senescence can be both beneficial (tumor
suppressive) and deleterious (pro-aging)—is consistent with the
evolutionary theory that aging phenotypes are a consequence of
the declining force of natural selection with age (3, 4). Under
conditions in which most organisms evolve, high rates of mor-
tality from extrinsic causes preclude selection for traits that are
beneficial at old age. Moreover, traits that are beneficial to young
organisms (e.g., tumor suppression) can even be detrimental
later in life, a scenario termed ‘‘antagonistic pleiotropy’’ (5, 6).

How might the senescence response be antagonistically pleio-
tropic? While the senescence growth arrest can suppress cancer,
the accumulation of nondividing senescent cells might compro-
mise tissue regeneration or repair. Furthermore, senescent cells
develop a complex senescence-associated secretory phenotype
(SASP) (7–10). The SASP includes high level secretion of
inflammatory cytokines, principally IL-6 and IL-8. Chronic
inflammation is a near-universal feature of aging mammals and

can drive the pathogenesis of many age-related diseases, ranging
from atherosclerosis to late-life cancer (11–13).

Cellular senescence can be caused by myriad stimuli. These
causes include dysfunctional telomeres, nontelomeric DNA
damage, strong mitogenic signals (especially those caused by
oncogene activation), and perturbations to chromatin organiza-
tion (2). All of these situations are implicated in the etiology of
cancer and increase with age.

Senescent cells have been identified in vivo in preneoplastic
lesions and aging tissues (1, 2, 14). Furthermore, damaged or
senescent cells in preneoplastic or neoplastic tissues also express
the inflammatory cytokines IL-6 and IL-8 (15–17), which are
major components of the SASP (10, 15, 16). Thus, there is
significant evidence that both cellular senescence and the asso-
ciated inflammatory cytokine secretion occur in vivo.

The SASP entails over-expression and secretion of numerous
proteins that can alter tissue microenvironments. The SASP
inflammatory cytokines are of particular interest because they
promote so many age-related pathologies (11–13). IL-6 and IL-8
are the most robustly expressed of the SASP cytokines (10, 15,
16). In addition to being inflammatory mediators, IL-6 and IL-8
were recently shown to belong to a small number of secreted
factors that also reinforce the senescence growth arrest through
autocrine and paracrine mechanisms (15, 16, 18, 19).

Very little is known about mechanisms that initiate and
maintain the SASP. IL-1� and IL-1� are minor SASP compo-
nents (10). Both proteins are secreted at low levels, compared to
IL-6 and IL-8. IL-1 (both � and � forms) is a multifunctional
cytokine that regulates inflammatory and immune responses
primarily by initiating a signal transduction cascade that ulti-
mately induces IL-6 and IL-8 expression (20). Recombinant
IL-1� and IL-1� bind the same receptor (IL-1R) and exert
similar biological effects. However, IL-1� is active solely as a
mature secreted form, whereas IL-1� is rarely secreted at high
levels and acts either intracellularly or as a cell surface-bound
protein (20). Moreover, IL-1�, in contrast to IL-1�, can function
as an uncleaved precursor protein (pIL-1�) as well as a processed
(cleaved) protein.

Upon binding its receptor, IL-1R, IL-1 induces the formation
of a complex containing IL-1R and its coreceptor (IL-1RAcP).
This complex triggers a series of cytoplasmic events that ulti-
mately activate the transcription factor NF-�B. NF-�B then
transactivates numerous genes, including those encoding IL-6
and IL-8.

Here we show that the expression and secretion of IL-6 and
IL-8 by senescent human fibroblasts depend on cell surface-
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bound IL-1�. Our findings identify a hierarchy by which the
SASP is controlled and provide a unique context (the senescence
response) in which IL-1� acts.

Results
IL-1� and IL-1� Expression Increase in Senescent Cells. IL-1 expres-
sion is known to increase when human fibroblasts undergo
senescence, but little is known about its functional role in the
senescence response (21). We verified the senescence-associated
rise in expression by quantifying mRNA levels for the 2 major
agonistic IL-1 family proteins, IL-1� and IL-1�. We exposed
presenescent human fibroblasts (strain HCA2) to a senescence-
inducing dose of bleomycin, which generates extensive DNA
damage. RT-PCR showed that, relative to untreated presenes-
cent controls, transcripts encoding both proteins increased
steadily over 7 days (Fig. 1A). Quantitative real time PCR
(qPCR) confirmed a 6- to 7-fold senescence-associated increase
in these transcript levels [supporting information (SI) Fig. S1 A].
The gradual increase over several days matched the kinetics with
which the SASP develops (10). In these and subsequent exper-
iments, we confirmed senescence by growth arrest (not shown),
morphology, and staining for senescence-associated �-galacto-
sidase (SA-�-gal) (Fig. S1B).

To determine the significance of the rise in mRNA levels, we
analyzed intracellular IL-1� and IL-1� protein levels by immu-
nofluorescence. Both proteins were barely detectable in prese-
nescent cells, but the levels increased significantly when cells
became senescent (see Fig. S1B). Intracellular IL-1� and IL-1�
were distributed throughout the cell.

IL-1� Is Primarily Cell Surface-Associated in Senescent Cells. IL-1� is
rarely secreted or detected in body fluids, although low levels
were detected by antibody arrays in conditioned (CM) from
senescent, but not presenescent, cells (10). We validated the
antibody array results for IL-1� and IL-1� using more quanti-
tative ELISAs (Fig. 1B). CM from presenescent cells contained

undetectable levels of either form of IL-1, although basal levels
of IL-6 and IL-8 were detectable. Senescent cells secreted nearly
undetectable levels of IL-1�, averaging 45 � 10�6 pg/cell, which
was within experimental error. They secreted slightly higher
levels of IL-1� (74 � 10�6 pg/cell). As expected (10), secreted
IL-6 and IL-8 levels were extremely high (25,366 � 10�6 and
129,836 � 10�6 pg/cell, respectively). Thus, despite high levels of
IL-1� and IL-1� mRNA and intracellular protein, neither pro-
tein is secreted at high levels by senescent cells.

Because IL-1�, but not IL-1�, is often cell surface-associated,
we examined cells for surface-associated IL-1� by FACS analysis
using a fluorescent-labeled anti-IL-1� monoclonal antibody
(Fig. 1C). The proportion of detectably labeled cells was con-
sistently higher in the senescent population (79%) compared to
the presenescent population (20%). This finding suggests that
IL-1� acts primarily in a juxtacrine manner.

IL-1�, but Not IL-1�, Regulates IL-6 and IL-8 Secretion by Senescent
Cells. Among the genes known to be induced by IL-1 are the
SASP factors IL-6 and IL-8 (20). To examine the role of IL-1 in
IL-6/IL-8 secretion by senescent cells, we used recombinant IL-1
receptor antagonist (rIL-1ra), a selective competitive inhibitor
of IL-1� and IL-1� binding (22). We added rIL-1ra to cells
induced to senesce by bleomycin, and 6 days later collected CM
over the next 24 h. rIL-1ra markedly reduced IL-6 and IL-8
secretion by senescent cells (Fig. 2A). To determine the contri-
butions of IL-1� and IL-1� to this reduction, we repeated the
experiment using IL-1� or IL-1� monoclonal antibodies, which
block interactions between IL-1 ligands and IL-1R (23, 24).
IL-1�, but not IL-1�, antibody substantially reduced IL-6 and
IL-8 secretion (see Fig. 2 A), comparable to the reduction caused
by rIL-1ra. Thus, senescence-associated IL-6/IL-8 secretion is
controlled by IL-1�, not IL-1�, and is mediated by IL-1R.

IL-1� Stimulates Senescence-Associated IL-6/IL-8 Secretion Through
IL-1R Signaling. Interleukin-1 receptor-associated kinase 1
(IRAK1) is a key component of the IL-1/IL-1R signaling path-

Fig. 1. IL-1� and IL-1� mRNA and protein levels increase in senescent cells. (A) HCA2 fibroblasts were either untreated or treated with bleomycin (50 �g/ml)
for 3 h. Total RNA was collected at the indicated intervals thereafter, and transcript levels for IL-1�, IL-1�, and GAPDH were determined by semiquantitative
RT-PCR. Pre, presenescent cells. (B) Cells were either untreated or treated with bleomycin and allowed to recover for 6 d. Conditioned media were collected over
the next 24 h and analyzed for IL-1�, IL-1�, IL-6 and IL-8 by ELISA. (C) Cells were either untreated or treated with bleomycin and allowed to recover for 7 d. The
cells were collected, washed, incubated in PBS with or without FITC-labeled monoclonal antibodies against IL-1�, and processed by FACS analysis to determine
the amount of cell surface-bound IL-1�. The low-intensity peak is background fluorescence for unlabeled cells. The histograms were gated as indicated by the
horizontal lines and the percent of total fluorescence signal is shown.
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way (25). When IL-1 binds IL-1R, IRAK1 is stimulated by
myeloid differentiation primary-response protein 88 and IRAK4
to bind the IL-1R/IL-1RAcP complex. IRAK4 then phosphor-
ylates IRAK1, which recruits or activates additional factors,
ultimately allowing nuclear translocation of NF-�B. NF-�B
transactivates a variety of genes, including IL-6 and IL-8 (26).
After participating in IL1R signaling, IRAK1 is degraded (25).
We therefore assessed the status of the IL-1/IL-1R signaling
pathway by analyzing steady state IRAK1 protein levels. We
incubated senescent cells with neutralizing antibodies against
IL-1�, IL-1�, IL-6 or IL-8, and measured IRAK1 levels by
Western blotting (Fig. 2B). IRAK1 was barely detectable in
control senescent cells and cells exposed to IL-1�, IL-6, or IL-8
antibodies, indicating active IL-1R signaling. By contrast,
IRAK1 levels were markedly higher in cells exposed to IL-1�
antibody, indicating blocked IL1R signaling.

We also depleted cells of IRAK1 protein by RNA interference
(RNAi) using lentiviruses encoding short hairpin (sh) RNAs
against IRAK1 or GFP (control) (Fig. S2). IRAK1 depletion
(�90%) prevented the increased IL-6 secretion that occurs 7
days following treatment with a senescence-inducing dose of
bleomycin (Fig. 2C). Together, these findings suggest that IL-
1/IL-1R signaling is engaged solely by IL-1� in senescent cells,
and that IL-1R signaling is responsible for IL-6 and IL-8
secretion by senescent cells.

We confirmed that IL-1� is crucial for IL-6/IL-8 secretion by
senescent cells by depleting cells of IL-1� by RNAi. We verified
loss of IL-1� expression by RT-PCR (Fig. 3A) and immunoflu-

orescence (Fig. S3). Two shRNAs (#1 and #3) strongly depleted
IL-1�, with shRNA #1 being more potent than #3. We analyzed
IL-1�-deficient cells for IL-6 and IL-8 secretion when presenes-
cent and after bleomycin-induced senescence (Fig. 3B). Consis-
tent with the neutralizing antibody and IRAK1 depletion ex-
periments (see Fig. 2), reduced IL-1� expression suppressed
senescence-associated IL-6/IL-8 secretion.

Finally, NF-�B and C/EBP�, transcription factors that are
important for IL-6/IL-8 expression in senescent cells (15, 16),
were targets of IL-1�. NF-�B is a known target of IL-R signaling
(26); it is not known whether this is true for C/EBP�. We
prepared nuclear extracts from control and IL-1�-depleted
presenescent and bleomycin-induced senescent cells, and mea-
sured NF-�B (p65) and C/EBP� DNA binding activities (Fig.
3C). As expected, senescent control cells had more NF-�B (p65)
and C/EBP� DNA binding activity than presenescent control
cells. IL-1� depletion significantly reduced NF-�B and C/EBP�
DNA binding activities in senescent cells and reduced NF-�B
activity in presenescent cells. These findings indicate that both
NF-�B and C/EBP� are targets of the IL-R signaling that
regulates IL-6/IL-8 expression in human fibroblasts.

Fig. 2. Expression and secretion of IL-6 and IL-8 depend on IL-1� signaling.
(A) HCA2 cells were either untreated or treated with bleomycin and allowed
to recover for 6 d. Neutralizing antibodies or rIL-1ra were added for 24 h. CM
were collected and analyzed for IL-6 (black bars) and IL-8 (gray bars) by ELISA.
Cytokine levels were normalized to those secreted by untreated control cells.
Neutralizing antibodies and recombinant proteins were added at the follow-
ing final concentrations: IL-1�, 0.6 �g/ml; IL-1�, 0.8 �g/ml; rIL-1ra, 240 ng/ml.
(B) Whole cell lysates were prepared from cells treated with the indicated
neutralizing antibodies 7 d after bleomycin treatment and analyzed by West-
ern blotting for IRAK1 and actin (control) protein levels. (C) Cells infected with
shGFP or shIRAK1-expressing lentiviruses were treated with bleomycin and
allowed to recover for 6 d. CM were collected over the next 24 h and analyzed
for IL-6 by ELISA.

Fig. 3. Inhibition of IL-1� suppresses the IL-6/IL-8 cytokine response. (A)
HCA2 cells were infected with shGFP- or shIL-1�-expressing lentiviruses, se-
lected, and expanded. Total mRNA was collected and transcripts for IL-1� and
GAPDH were quantified by RT-PCR. (B) Cells infected with shGFP or shIL-1�-
expressing lentiviruses were either untreated or treated with bleomycin and
allowed to recover for 6 d. CM were collected over the next 24 h and analyzed
for IL-6 (black bars) or IL-8 (gray bars) by ELISA. Levels were normalized to
those found in untreated shGFP control cells. (C) Nuclear extracts were pre-
pared from presenescent (Pre) and bleomycin-induced senescent (Sen) cells
expressing shGFP or shIL-1� and analyzed for NF-�B (p65) and C/EBP� activities
using TransAM DNA binding ELISAs.
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IL-1� Regulates IL-6 and IL-8 Secretion Caused by Multiple Senescence
Inducers. To determine whether regulation of IL-6/IL-8 secretion
by IL-1� is general or specific to DNA damage-induced senes-
cence, we treated cells with sodium butyrate (NaB), a histone
deacetylase inhibitor that induces a senescence-like arrest (27,
28). NaB does not cause DNA damage, but rapidly induces a
SASP, presumably by relaxing chromatin, which histone deacety-
lase inhibitors do, although they affect only a small fraction of
genes (29). IL-1�-depleted cells treated with NaB secreted
strikingly less IL-6 (Fig. 4A) and IL-8 (not shown), compared to
NaB-treated control cells. Moreover, IL-1� neutralizing anti-
bodies or rIL-1ra inhibited IL-6/IL-8 secretion by replicatively
senescent cells (Fig. 4B), which senesce primarily because of
short dysfunctional telomeres (10). Similar results were obtained
using cells induced to senesce by oncogenic RASV12 expression
(30) (Fig. S4). Thus, IL-1� is an essential positive regulator of
senescence-associated IL-6/IL-8 secretion, regardless of the se-
nescence inducer.

Recombinant IL-1� Restores IL-6/IL-8 Secretion to IL-1�-Deficient
Senescent Cells. To more critically test the idea that IL-1� is the
primary trigger for IL-1R signaling and IL-6/IL-8 expression in
senescent cells, we added recombinant IL-1� (rIL-1�) to prese-
nescent cells or IL-1�-deficient senescent cells, which express
low levels of IL-1�. rIL-1� stimulated presenescent fibroblasts to
secrete IL-6 and IL-8 in a dose-responsive manner (Fig. S5).
Moreover, rIL-1� completely restored IL-6 (Fig. 5A) and IL-8
(not shown) secretion to IL-1�-deficient senescent cells. rIL-1�
stimulated �60% more IL-6 secretion compared to untreated
senescent cells, possibly because the rIL-1� concentration (10

ng/ml) exceeded endogenous IL-1� levels in senescent cells. It is
difficult to estimate the total amount of active IL-1� in cells
because both intracellular and surface-associated forms contrib-
ute to this value. We conclude that extracellular stimulation of
IL-1R by rIL-1� is sufficient to induce IL-6/IL-8 in presenescent
cells and rescue the diminished IL-6/IL-8 secretion by IL-1�-
deficient senescent cells.

We also stably expressed IL-1� and IL-1� in presenescent
cells. Lentiviral vectors efficiently over-expressed IL-1� and
IL-1� proteins, as determined by immunofluorescence (Fig.
S6A). ELISAs showed that IL-1�-expressing cells secreted 72-
fold more IL-6 compared to unmodified or insertless vector-
expressing cells. By contrast, IL-1�-expressing cells secreted only
18-fold more IL-6 (Fig. 5B). Morever, IL-1�, but not IL-1�,
expression reduced cell proliferation (not shown) and increased
p21 expression (Fig. S6B), consistent with the finding that the
IL-6/IL-8 network can reinforce a growth arrest (15, 16) and
supporting the conclusion that IL-1� regulates IL-6/IL-8 secre-
tion by senescent cells.

IL-1�-Deficiency Reduces the Ability of Senescent Cells to Promote
Cancer Cell Invasion. IL-6/IL-8 can stimulate cancer cells to invade
a basement membrane, a crucial step in metastasis (31–33).
Morever, both cytokines are important for the cancer cell
invasiveness stimulated by the SASP (10). We therefore assayed
CM from control and IL-1�-deficient senescent cells for their
ability to stimulate human breast cancer cells (MDA-MB-231) to
invade a basement membrane (Fig. 6). CM from IL-1�-depleted
cells were significantly less able to stimulate MDA-MB-231 cell
invasion compared to CM from control cells. Moreover, the
extent of decreased invasion correlated with the degree of IL-1�
depletion (see Fig. 3). This result confirms the importance of
IL-1� for stimulating IL-6/IL-8 secretion, and shows that IL-1�
is also responsible for at least this (cancer cell invasiveness)
biological activity of IL-6 and IL-8.

Discussion
Inflammation is the first immune response to infection or
irritation. It entails a number of events, including recruitment of
immune cells, tissue remodeling, and increased blood flow. As a
short-term response, inflammation is crucial for killing invading
organisms or eliminating foreign particles. However, chronic
inflammation is implicated in almost every major disease asso-
ciated with aging, including cancer (11–13). Cellular senescence,
a well-established tumor suppressive mechanism (2, 34), has also
been proposed to drive aging and age-related disease (1, 2), most
recently through the SASP (10). Senescent cells secrete proin-

Fig. 4. IL-1� regulates IL-6/IL-8 secretion by cells induced to senesce by
different stimuli. (A) HCA2 cells infected with shGFP or shIL-1�-expressing (#1
and #3) lentiviruses were either untreated or treated with 2 mM NaB for 2 d.
CM were collected over the next 24 h and analyzed for IL-6 by ELISA. Levels
were normalized to those found in untreated shGFP control cells. (B) CM with
or without neutralizing antibodies or rIL-1ra were collected for 24 h from
replicatively senescent HCA2 cells, and IL-6 was assessed by ELISA. The neu-
tralizing antibodies and rIL-1ra were added at the following final concentra-
tions: IL-1�, 0.6 �g/ml; IL-1�, 0.8 �g/ml; rIL-1ra, 240 ng/ml.

Fig. 5. Recombinant IL-1� complements IL-1� deficient senescent cells. (A)
HCA2 cells infected with shGFP or shIL-1�-expressing (#1 and #3) lentiviruses
were treated with bleomycin and allowed to recover for 6 d. Recombinant
IL-1� (10 ng/ml) was added over the next 24 h and CM were collected for IL-6
assessment by ELISA. (B) CM collected for 24 h from IL-1�- or IL-1�-expressing
HCA2 cells were analyzed for IL-6 secretion by ELISA.
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f lammatory cytokines, proteases, and other proteins that can
alter tissue microenvironments. IL-6 and IL-8 are among these
secreted proteins and can act in an autocrine manner to reinforce
the senescence growth arrest (15, 16). Other SASP factors affect
neighboring cells, promoting degenerative or hyperproliferative
changes (7–9, 35) and stimulating cancer cell invasiveness (10).
IL-6 and IL-8 play major roles in the invasion promoting activity.
Thus, the mechanisms that control IL-6/IL-8 expression and
secretion by senescent cells are of great interest, and potential
importance for developing strategies to restrain their inflamma-
tory effects.

We identified the multifunctional cytokine IL-1� as a key
positive regulator of IL-6/IL-8 expression and secretion by
senescent human fibroblasts. This IL-1�-dependence was ob-
served for multiple senescence inducers. Moreover, IL-1� was
essential for the senescence-associated secretion of IL-6/IL-8
through continuous stimulation of the IL-1R by cell surface-
associated IL-1�. Furthermore, CM from IL-1�-deficient senes-
cent cells markedly reduced the invasiveness of a highly meta-
static human breast cancer cell line, which we previously showed
depended on IL-6 and IL-8 (10). This result identifies IL-1� as
crucial for the ability of senescent cells to create a tissue
microenvironment that promotes cancer progression (11, 12).

Early research on IL-1� demonstrated that it initiates an
inf lammatory response by binding its plasma membrane-
associated IL-1R (36). However, IL-1� is rarely secreted in vivo
and not commonly detected in body fluids, except in severe
pathological states (in which cell death might account for its
release) (20). As an intracellular molecule, IL-1� can regulate
cell growth, senescence, differentiation, and gene expression
(37–42). In addition, an active form of IL-1� was shown to be
anchored to the plasma membrane, and surface-bound IL-1�
was shown to act in a juxtacrine manner through the IL-1R (43,
44). Our findings suggest this is also the case in senescent human
fibroblasts. We detected IL-1� intracellularly and on the plasma
membrane. Because IL-6/IL-8 secretion was neutralized by
extracellular anti-IL-1� antibodies and CM from senescent cells
contained nearly undetectable IL-1� levels, we conclude that
IL-1� up-regulates IL-6/IL-8 secretion by senescent cells prin-
cipally as the plasma membrane-bound form. Senescent cells
secreted low levels of IL-1�, but IL-1� was incapable of engaging
IL-1R signaling because IL-6/IL-8 secretion continued unabated
in the presence of IL-1� neutralizing antibodies. Thus, IL-1�, not

IL-1�, is the primary upstream driver of IL-6/IL-8 secretion by
senescent human cells.

Engagement of the cell surface IL-1R was essential for the
IL-6/IL-8 response of senescent cells. As a competitive inhibitor
of ligands that bind IL-1R, rIL-1ra prevented IL-1� (and IL-1�)
from binding IL-1Rs. This interference disrupted the autocrine,
receptor-mediated, positive feedback loop that entails IL-1�
stimulating its own expression through activation of NF-�B (45).
This autocrine production of IL-1� was halted by IL-1ra. Pre-
vious findings showed that intracellular IL-1� can provide a
complete signal for IL-6/IL-8 expression—in the absence of cell
surface receptor signaling (42). We cannot exclude the possibil-
ity that intracellular IL-1� also plays a role in regulating IL-6/
IL-8 secretion by senescent cells. However, the rIL-1ra and
neutralizing antibody experiments clearly demonstrated that
sustained IL-1R stimulation by surface-bound IL-1� is required
to maintain senescence-associated IL-6/IL-8 secretion.

IL-1� is known to stimulate IL-6/IL-8 expression through
NF-�B (26, 45). In addition, C/EBP� was recently shown to be
important for IL-6/IL-8 expression by senescent cells (15, 16).
IL-1� depletion reduced the DNA binding activities of both
these transcription factors in senescent cells. Thus, IL-1� regu-
lates the senescence-associated IL-6/IL-8 cytokine network
through both NF-�B and C/EBP�.

Inflammation is a vital physiological mechanism for survival
in an environment replete with pathogenic microorganisms.
When chronic, however, inflammation contributes to a variety of
pathologies, including many age-related diseases (11–13). Al-
though cellular senescence is an effective tumor suppressor
mechanism, it also entails the secretion of proinflammatory
cytokines, possibly to alert neighboring cells to tissue damage
(17). Recent findings show that mice harboring chronic DNA
damage caused by short telomeres also secrete inflammatory
mediators (46). Our finding that IL-1� signaling is an upstream
regulator of senescence-associated IL-6/IL-8 secretion suggests
possibilities for mitigating the proinflammatory effects of se-
nescent cells by specifically inhibiting IL1R signaling.

Materials and Methods
Cells. HCA2 primary foreskin fibroblasts were obtained from J. Smith (Univer-
sity of Texas, San Antonio) and cultured as described (8, 10, 17, 47). To
generate lentiviruses, 293FT packaging cells (Invitrogen) were used. Presenes-
cent cells completed �35 population doublings and had a 24 h BrdU labeling
index of �75%. Cultures were considered replicatively senescent when they
had labeling indices of �5%. For damaged-induced senescence, cells were
treated with bleomycin at 50 �g/ml for 3 h. On the day 7 following treatment,
cells were stained for SA-�-gal (47).

Viruses and Infections. Lentivirus-expressing oncogenic RASV12 was described
(17). Lentiviruses encoding shRNAs against GFP and IL-1� were purchased
from Open Biosystems. The shRNA sequences are provided in SI Methods. Virus
titers were adjusted to infect 95% to 99% of cells. Infected cells were selected
in puromycin for 4 d.

Immunofluorescence. Cells were cultured in 4-well chamber-slides (Nunc),
fixed in paraformaldehyde, and permeablized in PBS (PBS)/0.5% Triton X-100,
as described (10, 17). Slides were blocked with 5% FBS in PBS. Primary anti-
bodies were diluted (1:200) in blocking buffer and incubated with fixed cells
for 1 h at room temperature. Slides were washed, incubated with secondary
antibodies (1:500 dilution) for 1 h at room temperature, washed, and
mounted with ProLong Gold antifade reagent (Invitrogen).

Antibodies. IL-1� (MAB200), IL-1� (MAB601), IL-6 (AF-206-NA), IL-8 (MAB208),
and IL-1�-Fluorescein (FAB200F) antibodies were obtained from R&D Systems,
IRAK1 (sc-5288) and p53 (sc-126) antibodies were from Santa Cruz Biotech-
nology, Inc., and p21 (556430) antibody was from BD Biosciences.

Recombinant Proteins. Recombinant IL-1� (200-LA), IL-1b (201-LB), IL-1ra (280-
RA) and EGF (236-EG) were obtained from R&D Systems.

Fig. 6. CM from IL-1� deficient cells fails to support cancer cell invasiveness.
The Boyden chamber invasion assay was used to determine the effects of CM
from senescent HCA2 cells infected with shGFP or shIL-1�-expressing (#1 and
#3) lentiviruses on the invasiveness of MDA-MB-231 human breast cancer cells.
Data are presented as relative invasiveness of the cells through the Matrigel,
where the levels are normalized to invasiveness stimulated by CM from shGFP
control cells.
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NF-�B and C/EBP� Binding Activity Assays. Nuclear extracts were prepared
using the Nuclear Extract Kit (40010) from Active Motif. NF-�B and C/EBP� DNA
binding activities were determined using the TransAM NF-�B p65 kit (40096)
or C/EBP �/� kit (44196), respectively, both from Active Motif.

Semiquantitative RT-PCR and Real Time qPCR. Details regarding the RT-PCR and
real time qPCR are provided in SI Methods.

CM and ELISA. CM were prepared by washing cells twice in PBS and incubating
in serum-free DMEM containing antibiotics for 24 h. Cell number was deter-
mined in every experiment. ELISAs were performed using kits and procedures
from R&D Systems (IL-6 #D6050, IL-8 #D8000C, IL-1� #DLA50 and IL-1�

#DLB50). The data were normalized to cell number and reported as 10�6 pg
secreted protein per cell per day.

Western Blots. Western blots were performed as described (10, 17).

Detection of Membrane-Bound IL-1� by Flow Cytometry. For detection of
membrane-bound IL-1� by flow cytometry, 2.5 � 105 cells were washed twice
with PBS, removed from the culture plate with 10 mM EDTA/PBS, pelleted,
washed twice with 0.5% BSA/PBS, blocked with human IgG, and incubated
with FITC-labeled monoclonal IL-1� antibodies (10 �l/1.0 � 105 cells) for 45 min
at 4 °C in the dark. The cells were washed twice with 0.5% BSA/PBS and
resuspended in PBS for analysis using a BD LSR flow cytometer.

Invasion Assay. Details regarding the invasion assay are provided in SI
Methods.
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SI Methods
Semiquantitative RT-PCR and Real Time qPCR. Total RNA was
isolated and purified from fibroblasts using TRIzol (Invitrogen)
and Phase Lock Gel Heavy (Eppendorf). The first-strand cDNA
was obtained by reverse transcription using SuperScript III
Reverse Transcriptase (Invitrogen) according to the manufac-
turer’s protocol. PCR followed, using the cDNA as a template
and GoTaq Green Master Mix (Promega), as per the manufac-
turer’s instructions. qPCR was performed using the ABI Prism
7900HT system. Reactions were performed in triplicate using the
SYBR Green PCR Master Mix (ABI). Briefly, each reaction (10
�l) contained 5 �l 2� Master Mix, 800 nM primer, dH2O, and
2 �l diluted cDNA. Each cycle had a 15 s denaturation step at
95 °C and a 1 min annealing/extension step at 60 °C. Each run
ended with a dissociation step to detect nonspecific amplifica-
tion. The data were analyzed using Applied Biosystem SDS v2.0
software and a 30-cycle cut-off value for cycle threshold. Dis-
sociation curves were inspected for specific product; samples
showing a different melting curve were omitted from the anal-
ysis. � Cycle threshold values were calculated for each group of
samples, and the median was determined and used as the
calibrator (UserBulletin #2, ABI Prism 7700 Sequence Detec-
tion System, 1997).

Primers for RT-PCR and qPCR were as follows.
For RT-PCR:
IL-1� sense: AACCAGTGCTGCTGAAGGA
IL-1� antisense: TTCTTAGTGCCGTGAGTTTCC

IL-1� sense: CTGTCCTGCGTGTTGAAAGA
IL-1� antisense: TTGGGTAATTTTTGGGATCTACA
GAPDH sense: CGAATTTGGCTACAGCAACAGG
GAPDH antisense: GTACATGACAAGGTGCGGCTC
shRNA Sequences.
Sequences of the shRNAs purchased from Open Biosystems

were as follows:
shIL-1� #1: Catalog No. RHS3979–9626392, target GCCCT-

CAATCAAAGTATAATT
shIL-1� #3: Catalog No. RHS3979–9626394, target CGT-

GATTCTAAGAATCTCAAA
shIRAK1 #4: Catalog No. RHS3979–9568920, target CAT-

TGTGGACTTTGCTGGCTA
shIRAK1 #7: Catalog No. RHS3979–98488687, target GC-

CACCGCAGATTATCATCAA
shGFP: Catalog No. RHS4459 (sequence not provided by the

manufacturer)

Invasion Assay. Twenty-four-well chamber inserts precoated with
Matrigel (BD Biosciences) were partly submerged in 300 �l of
CM (collected over 24 h from cells at 1 � 105 cells/ml). We
placed MDA-MB-231 cells (1 � 105/200 �l serum-free media) in
the upper chambers and incubated overnight. Cells that migrated
to the underside of the inserts were fixed with 2.5% glutaralde-
hyde/PBS and stained with 0.5% toluidine blue/2% Na2CO3.
Cells attached to the upper side of the filter were removed with
cotton tips. Cells on the underside of the filters were counted by
light microscopy.
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Fig. S1. IL-1� and IL-1� expression in presenescent and senescent cells. (A) RNA samples from Fig. 1A were assessed for IL-1� and IL-1� transcript levels by
qRT-PCR, as described in Methods. Transcript levels 7 d after bleomycin (bleo) treatment were normalized to those quantified in untreated control cells
(presenescent), which were given an arbitrary value of 1. (B) HCA2 fibroblasts, presenescent (Pre) or 7 d after bleomycin treatment (Sen), were immunostained
for IL-1� (green) and IL-1� (red). Nuclei were counterstained with DAPI (blue). The SA-�-gal values for Pre and Sen cells are indicated.
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Fig. S2. IRAK1 depletion by RNAi. Whole cell lysates were prepared from cells infected with shGFP- or shIRAK1-expressing lentiviruses and analyzed by Western
blotting for IRAK1 and actin (control) protein levels.

Orjalo et al. www.pnas.org/cgi/content/short/0905299106 3 of 7

http://www.pnas.org/cgi/content/short/0905299106


Fig. S3. IL-1� depletion by RNAi. HCA2 cells were infected with shGFP or shIL-1�-expressing (#1 and #3) lentiviruses, selected and expanded. Recombinant IL-1�

(10 ng/ml) was added for 24 h to presenescent cells and analyzed by immunofluorescence for IL-1�. IL-1 is known to up-regulate its own synthesis in an autocrine,
receptor-mediated positive-feedback loop (1, 2).

1. Hiscott J, et al. (1993) Characterization of a functional NF-kappa B site in the human interleukin 1 beta promoter: evidence for a positive autoregulatory loop. Mol Cell Biol
13:6231–6240.

2. Niu J, Li Z, Peng B, Chiao PJ (2004) Identification of an autoregulatory feedback pathway involving interleukin-1alpha in induction of constitutive NF-kappaB activation in pancreatic
cancer cells. J Biol Chem 279:16452–16462.
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Fig. S4. Inhibition of IL-1� signaling suppresses IL-6 secretion by cells induced to senescent by oncogenic RAS. Cells were infected with lentiviruses expressing
RASV12 or no insert. Eight days later, neutralizing antibodies or rIL-1ra were added over the next 24 h at the concentrations described in the legend to Fig. 4,
and CM were collected for IL-6 assessment by ELISA.
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Fig. S5. Recombinant IL-1� induces IL-6 and IL-8 secretion in a dose-dependent manner. Recombinant IL-1� was added at 1, 5, and 10 ng/ml to HCA2 cells. As
negative controls, recombinant IL-1ra or recombinant EGF were added at 10 ng/ml. The CM were collected for 24 h, precipitated with trichloroacetic acid, and
resuspended in Laemmli sample loading buffer. These samples were analyzed by Western blotting and probed for IL-6 and IL-8 protein.
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Fig. S6. IL-1�, not IL-1�, induces p21 expression. (A) HCA2 cells were infected with CMV-IL-1�- or CMV-IL-1�-expressing lentiviruses and analyzed for IL-1�

(green) or IL-1� (red) by immunofluorescence. (B) Whole cell lysates were prepared from presenescent cells infected with CMV-IL-1�- or CMV-IL-1�-expressing
lentiviruses and analyzed by Western blotting for p53, p21, and actin (control) protein levels.
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