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Abstract Apigenin (4,5,7,-trihydroxyflavone) is a flavo-
noid found in certain herbs, fruits, and vegetables.
Apigenin can attenuate inflammation, which is associated
with many chronic diseases of aging. Senescent cells—
stressed cells that accumulate with age in mammals—
display a pro-inflammatory senescence-associated secreto-
ry phenotype (SASP) that can drive or exacerbate several
age-related pathologies, including cancer. Flavonoids, in-
cluding apigenin, were recently shown to reduce the SASP
of a human fibroblast strain induced to senesce by
bleomycin. Here, we confirm that apigenin suppresses
the SASP in three human fibroblast strains induced to
senesce by ionizing radiation, constitutive MAPK
(mitogen-activated protein kinase) signaling, oncogenic
RAS, or replicative exhaustion. Apigenin suppressed the
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SASP in part by suppressing IL-1c signaling through
IRAK1 and IRAK4, p38-MAPK, and NF-«kB. Apigenin
was particularly potent at suppressing the expression and
secretion of CXCL10 (IP10), a newly identified SASP
factor. Further, apigenin-mediated suppression of the
SASP substantially reduced the aggressive phenotype of
human breast cancer cells, as determined by cell prolifer-
ation, extracellular matrix invasion, and epithelial-
mesenchymal transition. Our results support the idea that
apigenin is a promising natural product for reducing the
impact of senescent cells on age-related diseases such as
cancer.

Keywords Flavonoids - Human fibroblasts -
Proliferation - Invasion - IL-6 - IL-1A - IRAK1/4 - NF-kB

Introduction

Aging is the largest risk factor for a host of age-related
diseases, both degenerative and hyperplastic, raising the
possibility that interventions into basic aging processes
hold promise for ameliorating multiple age-related dis-
eases, including cancer (Kennedy et al. 2014). Nine
basic aging processes—or hallmarks of aging—were
recently defined as targets for interventions to extend
the health span (years of healthy aging) and, possibly the
life span, of mammalian organisms (Lopez-Otin et al.
2013). Among these hallmarks is cellular senescence.
Cellular senescence is a multifaceted stress response
adopted by cells that have the ability to undergo cell
division (Campisi 2013). The senescence response
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entails an essentially irreversible arrest of cell prolifera-
tion, coupled to a complex senescence-associated secre-
tory phenotype (SASP) that includes numerous cyto-
kines, chemokines, growth factors, and proteases
(Coppe et al. 2008). The growth arrest is a potent tumor
suppressive mechanism. However, because senescent
cells accumulate with age, their chronic presence—most
likely through the SASP—can drive age-related pathol-
ogies, including, ironically, cancer (Campisi 2013,
Muiloz-Espin and Serrano 2014, Baker et al. 2016).
This activity of senescent cells is likely attributable to
the pro-inflammatory nature of the SASP (Freund et al.
2010; Lasry and Ben-Neriah 2015).

To identify novel SASP regulators and small mole-
cules capable of suppressing the SASP, we screened a
library of FDA-approved drugs for ability to suppress
the secretion of IL-6, a robust and common SASP
component (Coppe et al. 2008, Coppe et al. 2010)
without compromising cell viability (Laberge et al.
2012a). This screen identified glucocorticoids as SASP
inhibitors. However, a number of other candidates
emerged from the screen that warranted further investi-
gation. Among these candidates was apigenin (4',5,7,-
trihydroxyflavone; MW, 270.24), a naturally occurring
flavonoid present in several plants and having little or no
toxicity when obtained from the diet (Ross and Kasum
2002, Shukla and Gupta 2010).

Apigenin belongs to the flavone subclass of flavo-
noids (Kim 2003, Osada et al. 2004) and is abundant in a
variety of fruits, vegetables, and herbs. It often exists in
food sources as a glycoside, which improves its solubil-
ity and bioavailability (Ross and Kasum 2002). Like
other flavonoids, apigenin has a variety of biological
activities, including the ability to inhibit proliferation
and induce apoptosis in several cancer cell lines
(Reiners et al. 1999, Gupta et al. 2001, Way et al.
2004, Brusselmans et al. 2005), as well as an ability to
inhibit angiogenesis (Kim 2003, Osada et al. 2004).
Targets of apigenin that could contribute to these anti-
cancer activities include heat shock proteins (Osada
et al. 2004), fatty acid synthase (Brusselmans et al.
2005), the aryl hydrocarbon receptor (Reiners et al.
1999), HER2/neu (Way et al. 2004), and matrix metal-
loproteinases (Kim 2003). Apigenin can also reduce
markers of inflammation in response to lipopolysaccha-
rides, TNF-«, and allergens and was shown to suppress
activities of the inflammatory mediators cyclooxygen-
ase and NF-«B (Liang et al. 1999, Ruiz and Haller 2006,
Lietal 2010, Kang et al. 2011, Duarte et al. 2013).
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Apigenin was recently shown to reduce the secretion
of several SASP factors in a human fibroblast strain
induced to senesce by the clastogen bleomycin via the
IRAK1/IkB« signaling pathway (Lim et al. 2015). To
determine how broadly apigenin suppresses the SASP,
we analyzed its effects using several human fibroblast
strains and senescence inducers, multiplex ELISAs, and
several indicators of IL-1/IRAK/NF-kB signaling.
Importantly, apigenin suppressed the ability of senes-
cent fibroblasts to stimulate aggressive phenotypes of
human breast cancer cells, supporting the idea that
apigenin has potential as an anti-cancer agent.

Materials and methods
Cell culture

Except where noted otherwise, primary human primary
fibroblasts IMR-90 from fetal lung; BJ and HCA2 from
neonatal foreskin) were seeded at 10,000 cells/cm? and
incubated at 37 °C in a 3% O,/10% CO, atmosphere
and Dulbecco’s modified Eagle medium (DMEM)
(VWR, Cat# 45000-312) supplemented with glucose
(4.5 g/l), glutamine (4 mM), 10% fetal bovine serum
(FBS), and antibiotics (100 IU penicillin, 100 pg/ml
streptomycin). Media were replaced every 48 h. HCA2
cells were used because of their higher SASP when
compared to other fibroblast cell strains. The other two
cell strains were used to confirm and extend our results
in a different tissue type and gender. Human breast
cancer cells (MDA-MB231, ZR75.1) were cultured un-
der standard conditions in the same medium in 20%
oxygen.

Induction of senescence by ionizing radiation
and apigenin treatment of cells

Human fibroblasts were seeded and incubated over-
night. The following day (day 0), cells were induced to
senesce by ionizing irradiation (10 Gy X-ray), and im-
mediately given media containing DMSO or apigenin,
and incubated. Non-senescent cells were
mock-irradiated (placed inside the irradiator for the
same interval used for the irradiated samples, but with-
out exposure to radiation), then given serum-free media
containing DMSO or apigenin, and incubated.
Twenty-four hours later (day 1), conditioned media
were collected from non-senescent cells; senescent cells
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were left to incubate, with media replaced every 48 h.
On day 9, senescent cells were given serum-free media
with DMSO or apigenin, and conditioned media were
collected 24 h later.

Quantification of IL-6 in conditioned media

IL-6 levels in conditioned media were quantified using
the Perkin-Elmer Alphal.ISA protocol (Cat# AL322F).

SA-3-gal assay

Senescence-associated beta-galactosidase (SA-3-gal) ac-
tivity was determined using the BioVision Senescence
Detection Kit (Cat# K320-250) protocol. For each exper-
iment, approximately 100—150 cells were counted.

EdU proliferation assay

DNA synthesis was assessed by incorporation of EdU
and visualization by fluorescence microscopy using the
Invitrogen Click-iT Edu HCS Assay (Cat# C10350/
C10351) protocol. For each experiment, approximately
100150 cells were counted.

Invasion assay

MDA-MB231 cells (80,000 cells/well) were plated atop
a layer of Matrigel in the upper chambers of Transwells
(BD Biosciences). The lower chambers were filled with
conditioned media (lacking apigenin) from non-
senescent or senescent HCA2 fibroblasts previously
treated with DMSO or apigenin for 10 days. After
18 h, cells that migrated to the underside of the upper
chamber filter were stained and counted by light micros-
copy, as described (Coppé et al. 2010).

H-RASY'? and MKK6EE-induced senescence

HCAZ2 and BJ fibroblasts were infected with a control
lentivirus (L3P) or lentiviruses expressing H-RASY'? or
MKKG6EE, and selected as described (Coppe et al. 2008,
Freund et al. 2011). After selection, infected cells were
reseeded and given media containing DMSO or
apigenin (10 pM), and the media were refreshed after
48 h. After another 48 h, the cells were given serum-free
media containing DMSO or apigenin, conditioned me-
dia were collected 24 h later, and IL-6 levels were
quantified by AlphalLISA, normalizing to cell number.

NF-kB reporter assay

HCAZ2 fibroblasts were infected with a lentivirus carry-
ing a NF-kB-firefly luciferase reporter (SA Biosciences,
Cat# CLS-013L) according to the supplier’s protocol.
After selection, the cells were seeded at 10,000 cells/
em?, induced to senesce by X-irradiation, then given
media containing DMSO or apigenin, and cultured for
10 days, with media refreshed every 48 h. On day 8,
non-senescent cells were seeded at 5000 cells/cm?. On
day 9, all cultures were given serum-free media with
DMSO or apigenin. Twenty-four hours later, cells were
lysed and luciferase activity measured using the
Promega Luciferase Assay System (Cat# E1500).

IL-1 alpha stimulation of cytokine secretion

Fibroblasts were seeded at 10,000 cells/cm? in two 12-
well plates, irradiated to induce senescence, given media
containing DMSO or apigenin, and incubated for
10 days. On day 8, two additional plates were seeded
with non-senescent cells at 5000 cells/cm” and incubat-
ed overnight. On day 9, non-senescent cells were given
media containing DMSO or apigenin and incubated for
48 h. On day 11, all the cultures were washed, given
serum-free media containing DMSO or apigenin plus
the indicated amounts of recombinant IL-1 alpha (R&D
Systems, Cat# 200-LA-010), and incubated overnight.
The following day, conditioned media were collected
and analyzed for IL-6 using an AlphalLISA, normalizing
to cell number.

Western blotting

Cell lysates (25 pg protein) were resolved using Life
Technologies NuPage 4-12% Bis-Tris Gels (Cat#
NP0336) and transferred onto PVDF membranes. The
membranes were blocked using 5% BSA and incubated
with primary antibodies in blocking buffer overnight at
4 °C. The membranes were then incubated with the
appropriate secondary antibody (BioRad Cat# 172-
1011, anti-mouse; or #170-6515, anti-rabbit) followed
by detection using a chemiluminescence ECL kit
(Amersham LifeSciences Inc.). To control for protein
loading, the membrane was stripped and probed with an
antibody against actin or tubulin. Primary antibodies
were as follows: p38 Thr180/Tyr182 phosphoryla-
tion—PhosphoSolutions, Cat# 1901802; total p38—
Cell Signaling, Cat# 9212; IRAK4 Thr345/Ser346
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phosphorylation—Cell Signaling, Cat# 7652; total
IRAK4—Santa Cruz, Cat# SC34770; IRAK1 Thr387
phosphorylation—Cell Signaling, Cat# 4365; actin—
Chemicon International, Cat# MAB3128; ZO-1—
Santa Cruz, Cat# sc10804; cytokeratin 18—Santa
Cruz, Cat# sc28284; vimentin—Millipore, Cat#
ab1620; tubulin—Sigma, Cat# T8203.

Immunofluorescence

Cells were cultured in 8-well chamber slides, fixed in 4%
formaldehyde (Sigma) for 10 min at 4 °C and perme-
abilized in PBS + 0.5% Triton for 10 min at 4 °C. Slides
were blocked for 30 min in 4% goat serum (Invitrogen).
Primary antibody (anti-ZO1 (described above) was diluted
in blocking buffer at 1:100 dilution and incubated with
cells for 1 h at room temperature. Cells were washed,
incubated with secondary antibody (Invitrogen
AlexaFluor 488 goat/anti-rabbit, Cat# A-11008) 1:1000
for 30 min at room temperature, washed, and mounted
with Slow-Fade Gold (Molecular Probes). Images were
acquired using an Olympus BX20 fluorescence micro-
scope with Spotfire software (Diagnostics Instruments)
and processed with Photoshop CS (Adobe).

Statistical analysis

Results presented are representative of at least three
separate experiments using three biological replicates.
We used the Student’s 7 test to compare the results from
treated to untreated samples, normalized to DMSO-
treated non-senescent controls where applicable. An
asterisk indicates significance of p < 0.05, double aster-
isks indicate significance of p < 0.01, and triple asterisks
indicate significance of p < 0.005.

Results
Suppression of IL-6 expression upon apigenin treatment

Upon screening a library of FDA-approved compounds
for ability to regulate the secretion of IL-6 (Laberge et al.
2012a), a prominent component of the human and
mouse SASP (Coppe et al. 2008; Coppe et al. 2010),
we identified apigenin as significantly more active than
the vehicle (DMSO) control. Apigenin reduced IL-6
secretion by primary human fibroblasts (HCA2, from
neonatal foreskin) made senescent by ionizing radiation

@ Springer

(IR; 10 Gy X-irradiation) to a greater extent than several
other compounds in the library, with activity similar that
of the most active compound in the library
(corticosterone) (Fig. 1a).

We determined 10 uM to be the lowest dose at which
apigenin maximally attenuated IL-6 secretion by senes-
cent HCA2 fibroblasts (Fig. 1b) and showed a similar
dose response for BJ fibroblasts (Fig. S1A), also from
neonatal foreskin, as described (Lim et al. 2015). We
used 10 uM apigenin for subsequent experiments.

Apigenin does not cause apoptosis and moderately
reduces fibroblast proliferation

To better understand how apigenin suppressed senescence-
associated IL-6 secretion and determine whether it had
deleterious effects on non-senescent cells, we asked whether
it induced apoptosis or inhibited cell proliferation. Apigenin
was reported to induce apoptosis of cancer cells
(Jayasooriya et al. 2012). To determine whether this was
the case for normal cells, we treated non-senescent and IR-
induced senescent HCA2 cells with DMSO or 10 uM
apigenin and assessed apoptosis by activated caspase-3
levels (Fig. 1c). Apigenin failed to increase caspase-3 activ-
ity in both cell types, whereas 1 uM staurosporine (positive
control) increased activity both types of cells. In addition,
10 1M apigenin moderately reduced proliferation (Fig. 1d).
We treated proliferating HCA2 cells with 0, 5, 10, and
20 uM apigenin for 5 days. Over this period, untreated cells
increased in number approximately 4-fold, whereas 5, 10,
and 20 puM apigenin reduced this cell number by approxi-
mately 5, 25, and 50%, respectively.

Apigenin does not affect SA-(3-gal expression, cell
morphology, or growth arrest

In addition to arresting growth, senescent cells develop
an enlarged morphology and express a neutral
senescence-associated [3-galactosidase (SA-f3-gal)
(Dimri et al. 1995). Apigenin did not significantly alter
SA-3-gal expression by non-senescent or senescent
populations of three human fibroblast strains (BJ,
HCAZ2, as well as IMR-90 from female fetal lung)
(Fig. 2a). In addition, apigenin had no significant effect
on the senescence growth arrest, as measured by incor-
poration of the fluorescent thymidine analogue EdU into
newly synthesized DNA over a 24-h period (Fig. 2b).
Finally, the enlarged morphology of senescent cells
remained unchanged by apigenin (data not shown).
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Fig. 1 Apigenin downregulates IL-6 secretion and moderately
reduces fibroblast proliferation but does not induce apoptosis. a
The indicated compounds from the Prestwick Library were used at
2 uM to treat primary human HCA2 fibroblasts immediately
following X-irradiation at 10 Gy. Cells were treated for 10 days,
after which conditioned media (CM) were collected and analyzed
using the Perkin-Elmer IL-6 AlphalLISA assay. CM from non-
senescent (NS) cells treated with vehicle (DMSO) provided a
baseline for IL-6 secretion. Senescent cells were also treated with
DMSO (negative control) and corticosterone (100 nM) (positive
control). b HCA2 fibroblasts were induced to senesce (10 Gy X-
irradiation) and immediately treated with increasing concentra-
tions of apigenin for 10 days. CM were collected and analyzed

Apigenin suppresses oncogene- and replication-induced
IL-6 secretion

In addition to the genotoxic stress caused by IR, other
stressors induce a senescence response and SASP, includ-
ing activated oncogenes or signaling kinases and telo-
mere erosion caused by repeated replication (Coppe et al.
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for IL-6 secretion. IL-6 levels secreted by senescent cells were set
at 100%. ¢ HCA2 cells were induced to senesce as above and
7 days later were reseeded in 96-well plates (10,000 cells/well) and
allowed to recover for 24 h. In parallel, non-senescent cells were
seeded at 2500 cells/well. After 24 h, both senescent and non-
senescent cells were treated with DMSO, 1 uM staurosporin or
10 uM apigenin, incubated for 48 h, and then caspase-3 activity
was measured by luminescence using the Promega ApoTox Glo
kit and arbitrary units. d HCA2 fibroblasts were seeded at
5000 cells/well in five 12-well plates, one for each day of a 5-
day treatment with DMSO, 5, 10, or 20 uM apigenin. Three
samples corresponding to each concentration were counted from
one plate daily to determine cell number

2008, Rodier et al. 2009, Freund et al. 2011). To deter-
mine whether apigenin was capable of suppressing IL-6
secretion by human fibroblast strains induced to senes-
cence by activated oncogenes or signaling kinases, we
infected HCA2 cells with an insertless lentivirus (L3P) or
lentiviruses expressing oncogenic RAS (H-RASY'?)
(Beausejour et al. 2003) or a constitutively active MAP
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Fig. 2 Effects of apigenin treatment on senescence-associated
phenotypes. a Human BJ, IMR90, and HCA?2 fibroblasts were
non-senescent (NS) or induced to senesce as described in the
legend to Fig. 1 (IR) and treated with DMSO or apigenin for
10 days. Thirty-six hours before collection of senescent samples,
NS cells were plated at IO,OOO/cm2 and allowed to recover over-
night, and media on NS and IR cultures were replaced with serum-
free media containing DMSO or apigenin. The following day, cells
were stained for SA-{3-gal activity and 100—150 cells were count-
ed. b Cells were prepared as in (a) except 10,000/cm? of senescent
or non-senescent cells were seeded into each well of a 8-well slide,
and EdU was added to the serum-free media and 100-150 cells
were counted. ¢ HCA2 fibroblasts were infected with L3P

kinase kinase 6 mutant (MKK6EE) (Freund et al. 2011),
both of which induce a strong senescence response. After
selection, the infected cells were reseeded and given
DMSO or 10 uM apigenin. Four days later, we measured
secreted IL-6 levels (Fig. 2c). Whether cells senesced in
response to oncogenic H-RASY'? or MKK6EE, apigenin
(as well as the positive control, cortisol) significantly
suppressed IL-6 secretion (Fig. 2c¢). Similarly, apigenin
reduced the level of IL-6 secreted by replicatively senes-
cent HCA?2 fibroblasts (60 population doublings) by
almost 60% (Fig. 2d).
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(insertless vector), MKK6EE, or H-RASV!? containing lentivi-
ruses. Infected cells were selected with 1 pg/ml puromycin for
24 h, allowed to recover for 4 days, and reseeded. Five days later,
all media were replaced with serum-free media containing
apigenin or DMSO for 24 h. Then, CM was collected and analyzed
for IL-6 secretion. d Replicatively senescent (PD 60.2) HCA2
fibroblasts were seeded at 10,000/cm® onto 12-well plate and
allowed to recover for 48 h. Cells were then treated with DMSO
or apigenin (media refreshed every 48 h). On day 8, non-senescent
cells were seeded onto 6-well plates at 10,000/cm2 and allowed to
recover overnight. On day 9, all samples were given serum-free
media supplemented with DMSO or apigenin, and collected 24 h
later (day 10) and analyzed for IL-6 secretion

Kinetics of apigenin suppression of IL-6 secretion

To determine the kinetics with which apigenin reduces
IL-6 secretion by senescent HCA?2 fibroblasts, we con-
ducted three experiments.

First, we treated cells with DMSO or apigenin im-
mediately after IR (day 0) (Fig. 3a). On each following
day, for 10 consecutive days, we replaced the
apigenin-containing media with DMSO-containing me-
dia, thus releasing the cells from the treatment. On day
10, we collected conditioned media and quantified IL-6.
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Fig. 3 Effect of timing of apigenin treatment on IL-6 secretion. a,
b HCA2 fibroblasts were seeded at 10,000/cm? into two 24-well
plates and induced to senesce by IR. 10 days later, we varied the
length of continuous treatment with apigenin starting immediately
after IR in one plate (a), and in the other plate, we varied the day of
initiation of treatment with apigenin after IR (b). Duplicate sam-
ples were treated with media containing apigenin or DMSO and
refreshed every 48 h. On day 9, media were replaced with serum-
free media containing apigenin or DMSO, and 24 h later, cells
were counted and conditioned media analyzed for IL-6 secretion. ¢
HCA2 fibroblasts were seeded at 10,000/cm? into a 24-well plate
and induced to senesce by IR. Immediately following IR, media
were refreshed with DMSO or apigenin and incubated for 10 days
(media refreshed every 48 h with DMSO or apigenin). On day 10,
cells were washed and incubated with serum-containing media
except for the first sample (day 11) that was replaced with se-
rum-free media. Samples for subsequent time points were similar-
ly washed and media replaced with serum-free media 24 h before
collection. After the final time point on day 20, CM for all time
points were analyzed for IL-6

As expected, senescent cells that were never exposed to
apigenin secreted the highest levels of IL-6. IL-6 secre-
tion progressively decreased with increasing time of
apigenin exposure, reaching maximal reduction after
6 days of treatment.

In the second 10-day experiment (Fig. 3b), we delayed
the initiation of apigenin treatment after IR for varying

intervals and then quantified IL-6 secretion. As expected,
continuous treatment (no treatment delay) reduced IL-6
secretion maximally. No treatment (day 10) yielded the
highest IL-6 secretion level. Interestingly, treatment at day
8 for 48 h was sufficient to produce a robust decrease in IL-
6 secretion (>4-fold), indicating that apigenin can suppress
a fully formed SASP, which takes about 7 days to develop
(Coppe et al. 2008).

Finally, we examined the recovery of IL-6 secretion
after apigenin treatment. We treated senescent cells with
apigenin or DMSO continuously for 10 days, then washed
the cells, and added a standard culture medium (Fig. 3c).
Over the next 10 days, we collected conditioned media and
then quantified IL-6 levels. The ability of apigenin to
suppress 1L-6 secretion lasted 4-5 days after removal,
reaching levels achieved by DMSO-treated cells in 5—
6 days. Interestingly, IL-6 secretion by DMSO-treated cells
also rose during this period, possibly due to nutrient re-
plenishment and mTOR signaling, which drives the SASP
(Laberge et al. 2015).

Secretion profile of apigenin-treated senescent cells

To obtain a broader view of how apigenin suppressed the
SASP, we used a bead-based ELISA assay (Luminex) to
quantify the levels of 51 cytokines, some, but not all, of
which were shown to be SASP factors by semi-quantitative
antibody arrays. We used IMR90 and BJ cells to compare
their responses and determine whether effects were cell of
origin or sex specific (Fig. S1B; Fig. S2).

Ten days after IR, both fibroblast strains developed a
typical SASP compared to sham-irradiated controls,
showing increased expression and secretion of several
pro-inflammatory cytokines, including IL-8, IL-6, and
GROA (Fig. 4a; Fig. S2A-B, S3) as described (Coppe
etal. 2008, Lim et al. 2015). This increase was reduced
by apigenin in both strains to similar extents.

As expected (Coppe et al. 2008), certain markers of
acute inflammation, such as TGF 3, were relatively low in
the secretory profile of senescent IMR90 and BJ cells,
whereas many other markers of inflammation, such as
IL-6 and IL-8, were markedly upregulated (Fig. S2A, B).
In addition to known SASP factors, we identified a novel
SASP factor, the chemokine interferon-y-inducible protein
10 (IP10/CXCL10). This chemokine was secreted at high
levels by senescent fibroblasts, equaling the level of IL-6.
Similar to other prominent SASP factors, IP10/CXCL10
secretion was robustly reduced by apigenin (Fig. 4b).
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Fig. 4 Effects of apigenin on the SASP and its regulation. a We
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screening) secreted by treated (apigenin) and untreated (DMSO),
NS, or IR senescent IMR90 fibroblasts. Levels of IP10, IL-8,
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of IP10 in DMSO- and apigenin-treated non-senescent (NS) and

Apigenin reduces NF-kB activity stimulated by IL-1A

The NF-«kB transcription factor is a major positive reg-
ulator of inflammatory responses (Baker et al. 2011),
including much of the SASP (Freund et al. 2011).
Further, apigenin reduced NF-«B activity and improved
survival after an acute, otherwise lethal, inflammatory
stimulus (Nicholas et al. 2007). To determine whether
apigenin reduced the SASP by suppressing NF-kB ac-
tivity, we used a lentiviral-delivered reporter consisting
of NF-kB transcriptional response elements driving fire-
fly luciferase. We expressed this reporter in HCA2
fibroblasts, induced the cells to senesce by IR, and then
measured IL-6 secretion and luciferase activity. As ex-
pected, senescent cells showed a robust increase in IL-6
secretion, which was abolished by apigenin (Fig. S4A).
In parallel, senescent cells showed a 4- to 5-fold increase
in NF-kB activity, which was reduced to <2-fold by
apigenin (Fig. S4B).

The NF-«B activity in senescent cells is driven in
large measure by an IL-1A-NF-kB-positive feedback
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senescent (IR) BJ fibroblasts. ¢ The kinetics of phosphorylation of
IRAK4, IRAK1, and p38MAPK in non-senescent BJ fibroblasts
stimulated with IL-1A and treated or not with apigenin, was
examined using stabilization of phosphorylation by calyculin A
(Cal). d IRAK4 phosphorylation in response to apigenin treatment
was compared between senescent and non-senescent BJ
fibroblasts

loop: the cells express cell surface-bound IL-1A, which
acts in a juxtacrine manner to induce several genes,
including IL-1A itself (Orjalo et al. 2009). To determine
whether apigenin’s ability to reduce the SASP depended
on this IL-1A feeback loop, we treated non-senescent
and senescent HCA2 cells with DMSO or apigenin,
added increasing concentrations of recombinant IL-1A,
and then analyzed conditioned media for IL-6. Apigenin
reduced IL-1A-stimulated IL-6 secretion in both non-
senescent and senescent cells at all IL-1A concentrations
tested (Fig. S4C), consistent with its ability to suppress
NF-kB activity. Thus, the anti-inflammatory effects of
apigenin are likely mediated in part by its ability to
suppress NF-kB activity initiated by IL-1A.

Apigenin reduces IRAK1/4 and p38MAPK
phosphorylation

IL-1A signaling stimulates the SASP owing to phos-
phorylation the signal transduction proteins IRAK1 and
IRAK4, then ultimately of p38MAPK on Thr180
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(Freund et al. 2011). Apigenin was shown to inhibit
p38MAPK phosphorylation in prostate cancer cells,
albeit at a higher concentration (40 uM) (Shukla and
Gupta 2007). To determine whether apigenin alters
IRAK1/IRAK4/p38MAPK phosphorylation in normal
cells at a concentration that inhibited the SASP (10 uM),
we stimulated non-senescent BJ fibroblasts with IL-1A
in the presence of the phosphatase inhibitor calyculin.
Using western blotting, we then analyzed for the phos-
phorylated forms of IRAK1 (Thr387), IRAK4 (Thr345/
Ser346), and p38MAPK (Thr180/Tyr182) (Fig. 4c).
Phosphorylation of the three proteins was substantially
reduced by apigenin.

Noting the reduction of IRAK4 phosphorylation,
proximal to the start of the IL-1A cascade, we sought
to examine the effects in senescent cells without exog-
enous stimulation by IL-1A. We therefore made primary
BJ fibroblasts senescent by irradiation and showed they
also exhibited a decrease in IL-1A-mediated IRAK4
phosphorylation with apigenin treatment (Fig. 4d).
This decrease suggests that NF-kB activity in senescent
cells could at least in part be reduced by apigenin
through inhibition of IRAKA4.

Apigenin suppresses ability of the SASP to stimulate
breast cancer cell aggressiveness

The SASP can disrupt epithelial organization and
promotes premalignant epithelial cell proliferation
and invasion in culture and in vivo (Krtolica et al.
2001, Coppe et al. 2008, Coppe et al. 2010, Laberge
et al. 2015). We therefore determined the ability of
apigenin to counterbalance the effects of the SASP on
breast cancer cell aggressiveness. We treated senes-
cent (IR-induced) HCA2 cells with vehicle or
apigenin for 10 days, washed the cells, and then col-
lected conditioned media (CM) over the next 24 h. We
added the CM to relatively aggressive MDA-MB231
and non-aggressive ZR75.1 human breast cancer cells
and monitored their ability to proliferate (Fig. 5a). As
expected, the SASP-containing CM from senescent
cells stimulated the proliferation of both breast cancer
cell lines to a significantly greater extent than CM
from non-senescent cells. Importantly, apigenin sig-
nificantly reduced the ability of the SASP to stimulate
cancer cell proliferation.

Apigenin also suppressed the ability of the SASP to
stimulate MDA-MB231 cells to invade a basement
membrane in Boyden chambers (Fig. 5b). SASP-

containing CM from senescent fibroblasts stimulated
3.5-fold more invasion than CM from non-senescent
fibroblasts, and apigenin reduced this stimulation to
non-senescent levels. Consistent with this finding,
apigenin suppressed the ability of the SASP to induce
an epithelial-mesenchymal transition (EMT) and confer
on epithelial cells their invasive and metastatic proper-
ties, which is an important step during cancer progres-
sion (Laberge et al. 2012b). By immunofluorescence
(Fig. 5c) and/or western blotting (Fig. 5d), control,
non-aggressive, ZR75.1 cells expressed the tight junc-
tion protein ZO-1 and epithelial cytoskeletal protein
keratin (K)-18, as well as detectable levels of the mes-
enchymal cytoskeletal protein vimentin. As expected
(Coppe et al. 2008, Coppe et al. 2010), SASP-
containing CM reduced ZO-1 and K-18 expression
and increased vimentin expression, consistent with in-
ducing an EMT. However, CM from apigenin-treated
senescent fibroblasts reestablished the higher expression
of ZO-1 and K-18 and lower expression of vimentin
(Fig. 5c, d). Thus, apigenin can indirectly reduce the
aggressive phenotype of breast cancer cells stimulated
by the SASP.

Discussion

Discovering new molecules that can prevent or attenuate
the deleterious effects of the SASP, and also have low or
non-existent negative side effects, holds promise for the
development of safe therapeutic interventions into the
many age-related diseases in which the SASP has been
implicated. We followed up on earlier results from a high
content screen to identify compounds that either eliminate
senescent cells or suppress the SASP (Laberge et al.
2012a). Among the compounds that robustly reduced the
secretion of IL-6, a sentinel SASP factor, was apigenin,
one of the few natural products included in the library (the
Prestwick Library of FDA-approved compounds). Here,
we examined the effects of apigenin on several aspects of
the senescent phenotype of normal human fibroblasts.
Apigenin reduced IL-6 secretion by two independent
strains of senescent human fibroblasts (HCA2 and BJ)
in a dose-dependent manner. At 10 pM, apigenin sig-
nificantly and near-maximally reduced IL-6 secretion by
these normal cells. Because apigenin was shown to
induce apoptosis and inhibit cell proliferation in cancer
cell lines (Reiners et al. 1999, Gupta et al. 2001, Way
et al. 2004, Brusselmans et al. 2005, Shukla and Gupta
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Fig. 5 Apigenin suppresses the ability of the SASP to induce
cancer cell aggressiveness. a MDA-MB231 (left panel) and
ZR75.1 (right panel) breast cancer cells were cultured in presence
of conditioned media (CM) from DMSO- or apigenin (Api)-treat-
ed fibroblasts and monitored for proliferation over 3 days. b CM
were prepared from non-senescent (NS) cells or senescent (IR)
cells, treated or not with apigenin (Api). CM were assayed for
ability to stimulate MDA-MB231 human breast cancer cells to
invade a basement membrane, as described in the “Materials and
methods” section. Invasion stimulated by NS CM was given a
value of one, and other conditions were normalized to this value.

2007, Jayasooriya et al. 2012), we tested it for these
activities in normal human fibroblasts. At 10 uM,
apigenin did not induce apoptosis in non-senescent or
senescent normal cells and, while robustly reducing
IL-6 secretion, only decreased proliferation of
non-senescent cells by ~25% while the flavonoid was
present. We saw significant decreases in IL-6 secretion
with concentrations as low as 1 uM. These data suggest
that a plasma concentrations of ~1.5 uM apigenin,
which is achievable through dietary sources
(Gradolatto et al. 2005), can be an effective suppressor
of the SASP.
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Error bars indicate the standard deviation around the mean. ¢
ZR75.1 cells were incubated with the indicated CM for 3 days
and immunostained for the tight junction protein ZO-1. d Using
western blotting, we analyzed the expression of ZO-1, the epithe-
lial marker cytokeratin 18 (K-18), and the mesenchymal marker
vimentin (Vim) in ZR75-1 cells. The effect of CM from apigenin-
treated NS and IR fibroblasts on the expression of these three
markers is presented on lanes 2 and 4, whereas lanes 1 and 3
show the expression in cells cultured in CM from DMSO-treated
NS and IR fibroblasts, respectively

One proposed mechanism for the ability of apigenin
to suppress inflammation is inhibition of NF-kB activ-
ity. At 100 uM, apigenin suppressed TNF-oc-activated
NF-kB activity in transformed mouse intestinal cells at
the level of phosphorylation and degradation of the
inhibitory network (Ruiz and Haller 2006). By contrast,
at 20 uM, apigenin reduced TNF-a-stimulated
NF-kB-reporter activity without affecting the phosphor-
ylation or degradation of NF-kB pathway components,
DNA binding activity or translocation of NF-kB to the
nucleus in NIH-3T3 immortalized fibroblasts
(Funakoshi-Tago et al. 2011a, 2011b). Thus, apigenin
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can act on NF-kB activity by different mechanisms in
different cell types. We found that apigenin inhibited
NF-kB activity at 10 uM in normal human fibroblasts
primarily by inhibiting signaling through IL-1A, an
important upstream regulator of the inflammatory arm
of'the SASP (Orjalo et al. 2009). Thus, apigenin did not
alter the phosphorylation state of MSK 1, which phos-
phorylates the activation domain of NF-xB (Reber et al.
2009).

However, apigenin was shown to inhibit the phos-
phorylation state of p38MAPK in cancer cell lines (Noh
etal. 2010), and we showed p38MAPK is important for
the SASP of normal human cells (Freund et al. 2011).
Indeed, here we show that apigenin inhibited
p38MAPK phosphorylation on thr380, a critical residue
for its activation, in two normal human fibroblast
strains. Accordingly, apigenin suppressed the expres-
sion and secretion of several SASP factors. These fac-
tors included IL-6 and IL-8, which are important pro-
inflammatory cytokines, and GROA, a potent growth
factor; all three were shown to promote aggressive phe-
notypes in human breast cancer cells (Coppe et al. 2008;
Coppe et al. 2010).

Of interest, we also identified IP10 as a SASP
factor and target of suppression by apigenin. As its
name suggests, IP10 is induced by interferon-gamma,
along with CXCL9 and CXCL11, which together
promote a Thl response to viral infection, in essence
a response to cellular damage. Interestingly, serum
levels of IP10 increase during normal aging
(Antonelli et al. 2005) and may promote abnormal
immune responses in the elderly. The receptor for
IP10, CXCR3, activates NF-kB which has a binding
site in the promoter of IP10. Thus, IP10 can stimulate
its own transcription, creating a feedback loop that
has the potential to reinforce the SASP in a fashion to
that of IL-1A (Orjalo et al. 2009).

In flavones such as apigenin, the ABC three-ring
backbone is similar in structure to ATP (Funakoshi-
Tago et al. 2011a, 2011b). Because flavones are known
to inhibit ATP hydrolysis, apigenin could compete with
ATP for binding to p38MAPK, and other kinases as
well, and thus inhibit multiple kinases simultaneously.
The pleotropic nature of this inhibition could make
determining the precise mechanism(s) of action of
apigenin challenging. However, as a potential interven-
tion into cancer and possibly aging, having multiple
targets involved in inflammation and growth could re-
sult in a synergy that would make it a promising

compound for regulating several pathways involved in
healthy longevity.
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