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Securin overexpression correlates with poor prognosis in various tumours. We have previously shown that
securin depletion promotes radiation-induced senescence and enhances radiosensitivity in human cancer
cells. However, the underlying molecular mechanisms and the paracrine effects remain unknown. In this
study, we showed that radiation induced senescence in securin-deficient human breast cancer cells involving
the ATM/Chk2 and p38 pathways. Conditioned medium (CM) from senescent cells promoted the invasion
and migration of non-irradiated cancer and endothelial cells. Cytokine assay analysis showed the
up-regulation of various senescence-associated secretory phenotypes (SASPs). The IL-6/STAT3 signalling
loop and platelet-derived growth factor-BB (PDGF-BB)/PDGEF receptor (PDGFR) pathway were important
for CM-induced cell migration and invasion. Furthermore, CM promoted angiogenesis in the chicken
chorioallantoic membrane though the induction of IL-6/STAT3- and PDGF-BB/PDGFR-dependent
endothelial cell invasion. Taken together, our results provide the molecular mechanisms for
radiation-induced senescence in securin-deficient human breast cancer cells and for the SASP responses.

ellular senescence is a permanent cell cycle arrest that was initially described as the terminal phase of

primary human cell populations that cannot be stimulated to return to the cell cycle by growth factors.

Therefore, senescence is viewed as a tumour-suppressive mechanism that prevents cancer cell prolifera-
tion"*. Diverse factors, such as oxidative damage, telomere dysfunction, DNA damage response caused by
ionising radiation and several chemotherapeutic drugs can trigger irreversible cellular senescence’. It has been
shown that DNA damage activates the p53 tumour suppressor protein that either orchestrates transient cell cycle
inhibition, which allows for DNA repair, or prevents cell proliferation by triggering cellular senescence or
apoptosis®. To date, senescence has been shown to depend on the p53/p21 pathway for senescence onset and
on the p16™“¢/pRb pathway for senescence maintenance’. However, studies have also revealed a p53-independ-
ent senescent pathway in response to DNA damage®™®.

Although senescence might be a potential tumour suppressive mechanism, senescent cells remain metaboli-
cally active and have undergone widespread changes in protein expression and secretion, ultimately developing
senescence-associated secretory phenotypes (SASPs)’. SASPs include cytokines and chemokines (such as IL-10/
B, IL-6, IL-8, MCP-2 and MIP-1a), growth factors (such as bEGF, EGF and VEGF), several matrix metallopro-
teinases and nitric oxide®. SASPs have many paracrine effects, including tumour suppression, tumour promotion,
aging and tissue repair, some of which have apparently opposing effects'. It is possible that the secretory
characteristics of SASPs are dependent on cell type and cellular context''. Despite considerable progress in the
investigation of senescence, far less is known regarding SASP regulation'.

Securin, also known as the pituitary tumour transforming gene 1 (PTTG1), is a multifunctional protein that
participates in mitosis, DNA repair, apoptosis and gene regulation'. Securin mediates tumorigenic mechanisms
including cell transformation, aneuploidy and apoptosis™. Securin is highly expressed in human cancers and acts
as a marker of invasiveness'’. A recent study has shown that down regulation of securin in vitro and in vivo

| 3:1675 | DOI: 10.1038/srep01675 1



suppresses tumour growth and metastasis'>. Our previous study
showed that securin depletion induced senescence after irradiation
and enhanced radiosensitivity in human cancer cells regardless of
p53 expression®. However, the paracrine effect of radiation-induced
senescence in securin-deficient cancer cells on neighbouring cells
remains unclear.

In this study, we elucidated the molecular mechanism of radi-
ation-induced senescence in human breast cancer cells with lower
securin expression levels. In addition, we showed that radiation-
induced senescent breast cancer cells released SASP factors to pro-
mote the migration, invasion and angiogenesis of neighbouring cells
through both the IL-6/STAT3 and PDGF-BB/PDGFR signalling
pathways. Our results provide the molecular mechanisms of radi-
ation-induced senescence in securin-depleted cancer cells, including
a SASP-induced paracrine effect.

Results

Radiation induced senescence in securin-deficient breast cancer
cells through the ATM and p38 pathways. Western blot analysis
was first used to confirm the securin protein levels in MCF-7 (low
securin expression; p53 wild-type), MDA-MB-231 (high securin
expression; p53-mutant) and securin-knockdown MDA-MB-231-
2A (p53-mutant) human breast cancer cells (Fig. 1A, lower).
Senescence-associated [-galactosidase (SA-B-gal) staining was
performed to characterise radiation-induced senescence in MCF-7
and MDA-MB-231-2A cells (Fig. 1A, upper and middle), which
correlated with the time-dependent reduction of pRB expression
(Fig. 1A, lower). pRB downregulation was also observed in MDA-
MB-231 cells that did not display a senescent phenotype (Fig. 1A,
lower). In addition, p21 was not induced by radiation in these cells
(Fig. 1A, lower). Moreover, radiation-induced apoptosis (as
indicated by caspase-3 cleavage in Fig. 1A, lower, and Annexin V/
Propidium Iodide double staining results in suppl. Fig. S1) in MDA-
MB-231 cells was attenuated in securin-knockdown MDA-MB-231-
2A cells. These results suggest that securin-deficient breast cancer
cells were susceptible to radiation-induced senescence through RB-
and p53/p21-independent pathways.

To determine whether the DNA damage response was involved in
radiation-induced senescence of MCF-7 and MDA-MB-231-2A
cells, the levels of phospho-Chk2 (Th-68) were examined. The results
showed that radiation elevated the levels of Chk2 phosphorylation
(Fig. 1B). Treatment with caffeine (an ATM/ATR inhibitor) inhib-
ited radiation-induced senescence in a dose-dependent manner in
MDA-MB-231-2A cells (Fig. 1C). These findings suggest that the
DNA damage response plays an important role in radiation-induced
senescence in securin-deficient breast cancer cells.

To further investigate the molecular mechanism of radiation-
induced senescence in MCF-7 and MDA-MB-231-2A cells, the activ-
ities of AKT, ERK1/2, and p38 MAPK were examined through phos-
phorylation investigations. As shown in Fig. 1B, radiation increased
the levels of phospho-AKT, -ERK1/2, and -p38. To determine the
role of these signalling pathways, SA-[3-gal staining was performed in
the presence of inhibitors against PI3K/AKT (wortmannin and
LY294002), MEK/ERK1/2 (U0126), and p38 (SB202190 and
$B203580). SB202190 and SB203580 but not U0126 reduced radi-
ation-induced senescence in MDA-MB-231-2A cells (Fig. 1D), indi-
cating that p38 was a mediator of radiation-induced senescence.
Interestingly, wortmannin but not LY294002 attenuated radiation-
induced senescence even though both drugs inhibit AKT phosphor-
ylation (Fig. 1D and 1E). Because wortmannin can also inhibit
ATM?, its inhibitory effect on senescence might be a result of
ATM inhibition.

Radiation-induced SASPs promoted the migration and invasion
of non-irradiated neighbouring cells. Recent evidence shows that
cellular senescence is accompanied by the secretion of 40-80 SASP

types'. To identify the radiation-induced SASPs, a cytokine array
analysis was performed. As shown in suppl. Fig. S2, several
proteins including cytokine IL-6, chemokine IL-8, IGFBP and
GROa were secreted into conditioned medium (CM) of MDA-
MB-231-2A cells (2A-CM). To verify whether these SASPs altered
the behaviour of neighbouring cells, non-irradiated MDA-MB-231
cells were incubated with the CM from irradiated MCF-7 (MCE-7-
CM) and MDA-MB-231-2A (2A-CM) cells, and the levels of cell
migration and invasion were examined using a wound-healing
assay and a Boyden chamber assay, respectively. As shown in
Fig. 2A and 2B, CM stimulated both invasion and migration of
MDA-MB-231 cells. To investigate whether the blockage of
radiation-induced senescence by inhibiting ATM and p38
pathways decreased the ability to promote invasion of
neighbouring MDA-MB-231 cancer cells, the cells were incubated
with CM from radiation-induced senescent MCF-7 and MDA-MB-
231-2A cells or with CM from cells pretreated with caffeine,
wortmannin, SB203580 and SB202190 prior to irradiation. As
shown in Fig. 2C, inhibition of the ATM and p38 pathways
reduced the ability of irradiated MDA-MB-231-2A (left) and
MCE-7 (right) cells to stimulate the invasiveness of non-irradiated
MDA-MB-231 cells. These results show that radiation-induced
senescent breast cancer cells have paracrine activity through
secreting SASP factors to promote the migration and invasion of
non-irradiated neighbouring cells.

The IL-6/STAT3 signalling loop was required for the paracrine
activity of senescent breast cancer cells. IL-6, a multifunctional
cytokine that modulates cell survival and apoptosis, is upregulated
in response to oncogene-induced senescence and is required for
maintaining senescence in an autocrine manner'’. A cytokine array
analysis showed increased IL-6 release in radiation-induced
senescent MDA-MB-231-2A cells (suppl. Fig. S2). The persistently
high levels of IL-6 in 2A-CM were confirmed using an ELISA
(Fig. 3A). Neutralisation using an IL-6 antibody reduced CM-
induced migration and invasion of non-irradiated MDA-MB-231
cells (Fig. 3B). The transcription factor signal transducer and
activator of transcription 3 (STAT3) has been shown to upregulate
IL-6 gene expression, thereby accelerating tumour growth and
metastasis'®. Radiation activated STAT3 in MDA-MB-231-2A
cells, as indicated by phosphorylation (Fig. 3C), which correlated
with an increase in STAT3 transcriptional activity (Fig. 3D).
STAT3 knockdown using siRNA or a dominant-negative mutant
(DN) decreased radiation-induced STAT3 phosphorylation and
IL-6 release (Fig. 3E and suppl. Fig. S3). Consistently, the CM from
irradiated STAT3-knockdown MDA-MB-231-2A cells did not
increase the invasion of non-irradiated MDA-MB-231 cells
(Fig. 3F). Therefore, the STAT3-dependent IL-6 release in 2A-CM
promoted the invasion of non-irradiated neighbouring cells.
Because IL-6 is known to activate STAT3", we hypothesised that
IL-6/STATS3 signalling acted as an autocrine or paracrine loop to
promote cell invasion. Indeed, 2A-CM rapidly induced STAT3 phos-
phorylation (Fig. 4A). To investigate the essential role of STAT3 in
the invasion of MDA-MB-231 cells, endogenous STAT3 was
knocked down using siRNA or a dominant-negative mutant (DN;
Fig. 4B left, and suppl. Fig. S4A). As shown in Fig. 4B (right) and
suppl. Fig. S4B, STAT3-knockdown MDA-MB-231 cells were resist-
ant to 2A-CM-induced cell invasion. To exclude the possibility that
factors other than IL-6 could activate STAT3, MDA-MB-231 cells
were treated with 2A-CM neutralised by an anti-IL-6 antibody. As
shown in Fig. 4C, the IL-6 antibody blocked 2A-CM-induced STAT3
phosphorylation. In addition, CM from senescent STAT3-knock-
down MDA-MB-231-2A cells did not induce STAT3 phosphoryla-
tion (Fig. 4D). These results indicate that the IL-6/STAT3 pathway
may act as a signalling loop to maintain or amplify SASP effects.

| 3:1675 | DOI: 10.1038/srep01675



A MDA-MB- MDA-MB- B MCF-7 MDA-MB-231-2A

X X 6 Gy (post-
MCF-7 231 edi irradiation time,h)0 05 1 2 4 812 24 0 051 2 4 8 1224
phospho-Chk2 (Thr-68) s R - - — e
control 1.02.23.45.36.45.23.3 2.3 1.01.71.10.8 0.6 0.4 0.50.7

Cli i anEEE ~SSsEass
phospho-AKT -34-.. - ——————

6 Gy . 1.02.03.43.31.52.02.123 1.024 262121231814

AKT o e o 0 e ——————

(day 2)
phospho-ERK1/2 w= we w» o
% o 1.02.33.01.90.81.00.40.2 1022271918221620
6 Gy e E ERK1/2 uu 8 & n DD S o -“
(day 5) ; g phospho-p38 - TEE
. 4 R 10262621243436321010131312121312
- P38 = - - - - - - - .“--“.
wzzs MCF-7
— MDA-MB-231 . actin
mmm MDA-MB-231-2A T -231-
» 6 Gy (post-irradiati MCF MDA-MB-231-2A
?‘3 time, days) 0 2
o
2 phospho-p38 ' .
‘@ 1.0 1.9
2 e - -
©
= actin ee WD ——
k)
?
C 40

control 6 Gy (day 2)6 Gy (day 5)

@
S

MDA-MB- MDA-MB-
MCF-7 231 231-2A

6 Gy (post-irradiation
time,day)0 2 5

0 2 5 0
securin G- -

% B-gal positive cells
n
3

3

10 06 09 0 0 0 0 0 O
PRB s s o o .
1.0 0.7 04 1.0 0.9 0.4 1.0 0.5 0.1

active - 5 0 2 27
caspase-3 - - -~ caﬂelneénéM) 125 -125
0 0 0 10 1.5 1.4 1.0 1.0 0. Y= = = w4 W W
actin SESG—
D E MDA-MB-231-2A
caffeine (5 mM,2h) - - 4 - - -
wortmannin (10 uM,2h) - - - 4 - -
“0 LY294002 (25 uM, 2h) - - - - 4 -
172
3 I | 0126 (10pM,2h) _ _ _ _ _
; 30 1 N 6 Gy (post-irradiation
2 time,1h) - 4+ 4+ 4+ + +
173
§ 2 phospho-AKT - -
S 1.0 2.3 0.80.90.7 2.0
Q.
b AKTERSREmEme»
2 10
phospho-ERK1/2 % @) &% ws a8 -
1.0 1.50.9 0.81.0 0.4

ERK1/2 ."...

actin = & an &n o o

Figure 1| Radiation induced senescence in securin-deficient human breast cancer cells through the ATM and p38 MAPK pathways. (A) Upper: MCF-
7, MDA-MB-231, and MDA-MB-231-2A cells were exposed to 6 Gy radiation; then, SA-B-gal staining was performed 2 and 5 days after irradiation.
Middle: the percentages of SA-B-gal-positive cells were quantified. Lower: the total cell extracts of MCF-7, MDA-MB-231, and MDA-MB-231-2A cells
were prepared for western blot analysis. (B) Upper: MCF-7 and MDA-MB-231-2A cells were treated with 6 Gy radiation followed by a 0-24-h recovery
time. The levels of phospho-Chk2, -AKT, -ERK1/2, -p38, and total Chk2, AKT, ERK1/2, p38 were analysed through western blot analyses. Lower: MCF-7
and MDA-MB-231-2A cells were treated with 6 Gy radiation followed by a 0-2-day recovery time. The levels of phospho-p38 and total p38 were analysed
through western blot analyses. (C) MDA-MB-231-2A cells pretreated with or without the ATM/ATR inhibitor caffeine for 2 h were exposed to 6 Gy
radiation; then, SA-[-gal staining was performed 5 days after irradiation. (D) MDA-MB-231-2A cells pretreated with or without a PI3K/AKT inhibitor
(10 uM wortmannin or 25 pM LY294002), an ERK inhibitor (10 pM U0126) and p38 inhibitors (20 uM SB202190 and SB203580) for 2 h were exposed
to 6 Gy radiation. Subsequently, SA-B-gal staining was performed 5 days after irradiation, and the percentages of SA-f-gal positive cells were quantified.
(E) MDA-MB-231-2A cells pretreated with or without an ATM/ATR inhibitor (5 mM caffeine), a PI3K/AKT inhibitor (10 pM wortmannin and 25 pM
LY294002) and an ERK1/2 inhibitor (10 pM U0126) for 2 h were exposed to 6 Gy radiation. Total cell extracts were prepared for Western blot analysis.
A pvalue of <0.01 (**) indicates significant differences between irradiated and untreated samples. A p value of <0.05 (#) and p < 0.01 (##) indicate
significant differences between inhibitor-treated and untreated samples. Quantification of western blot bands was performed using densitometry and the
proteins (A) or phospho-proteins/total protein (B, E); the ratio to actin is indicated.
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Figure 2 | The CM from radiation-induced senescent cells promoted the invasion and migration of non-irradiated MDA-MB-231 cells. (A) Upper:
MDA-MB-231 cells were incubated with fresh medium, serum-free medium or CM for 16 h, and the collected filter membrane was stained with Giemsa.
The effects of cell invasion were examined using a Boyden chamber assay. Lower: The numbers of invading cells were quantified. (B) A wound was
produced on the cell layer with a pipette tip. The cells incubated with 2A-CM and MCF-7-CM were observed at the indicated time. Wound repair after 12—
24 h of stimulation was observed under a microscope. The population of migrated cells was quantified. A p value of <0.01 (**) indicates significant
differences between CM-treated and untreated samples. (C) MCF-7 and MDA-MB-231-2A cells were pretreated with or without an ATM/ATR inhibitor
(caffeine 5 mM), a PI3K/AKT inhibitor (wortmannin 10 pM) and a p38MAPK inhibitor (SB203580, SB202190 20 puM) for 2 h were exposed to 6 Gy
radiation. Subsequently, MDA-MB-231 cells were treated with 2A-CM or MCF-7-CM for 16 h, and the effects on cell invasion were examined using a
Boyden chamber assay. The population of invading cells was quantified. A p value of <0.01 (**) indicates significant differences between CM-treated and
untreated samples. A p value of <0.01 (##) indicates a significant difference in the CM from untreated and inhibitor-treated cells.
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Figure 3 | The effects of IL-6/STAT3 on cell invasion and migration. (A) The levels of IL-6 in CM from MDA-MB-231-2A irradiated with 6 Gy followed
by 0-120 h of recovery time were measured using an ELISA. (B) The effects of neutralisation of IL-6 antibody on CM-induced migration (left) and
invasion (right) of non-irradiated MDA-MB-231 cells were examined using wound-healing and Boyden chamber assays, respectively. The numbers of
invasive/migrated cells was quantified. A p value of <0.01 (**) indicates significant differences between CM-treated and untreated samples. A p value of
<<0.01 (##) indicates a significant difference between the group receiving CM alone and the CM + IL-6 Ab cells. (C) Western blot analysis was performed
to determine the levels of phospho-STAT3 in MDA-MB-231-2A cells treated with radiation followed by 0-48 h recovery time. (D) The 4XM67TATA-Luc
plasmid and the control SV-Luc plasmid were transfected into MDA-MB-231-2A cells. Then, the luciferase activity was measured after radiation. (E) Left:
MDA-MB-231-2A cells were transfected with scrambled (NC) or STAT3 siRNA followed by radiation. The levels of phospho-STAT3 and STAT3 were
ascertained by western blot analyses. Right: IL-6 secreted from cells transfected with STAT3 siRNA followed by radiation was measured using an ELISA.
(F) Treatment was described in Figure 3E. The effects on MDA-MB-231 cell invasion were examined using a Boyden chamber assay. The population of
invading cells was quantified. A pvalue of <0.01 (**) indicates significant differences between CM-treated and untreated samples. A p value of <0.01 (##)
indicates a significant difference between CM from non-transfected and siRNA-transfected cells. Quantification of western blot bands was performed
using densitometry, and the phospho-STAT3/STATS3 ratio to actin is indicated.
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Figure 4 | The role of IL-6/STAT3 in 2A-CM-induced cell invasion. (A) MDA-MB-231 cells were treated with 2A-CM for 0-60 min. The levels of
phospho-STAT3 and total STAT3 were examined through western blot analyses. (B) MDA-MB-231 cells were transfected with scrambled (NC) or STAT3
siRNA followed by 2A-CM treatment. The levels of phospho-STAT3 and total STAT3 in MDA-MB-231 cells treated with 2A-CM were examined by
western blot analyses (left). The effects of cell invasion were analysed using a Boyden chamber assay (right). The population of invading cells was
quantified. A p value of <0.01 (**) indicates significant differences between CM-treated and untreated samples. A p value of <0.01 (##) indicates a
significant difference between CM from non-transfected and siRNA-transfected cells. (C) The effects of neutralisation with an IL-6 antibody on levels of
phospho-STAT3 in non-irradiated MDA-MB-231 cells were examined by western blot analyses. (D) MDA-MB-231-2A cells were transfected with
scrambled (NC) or STAT3 siRNA followed by radiation. The MDA-MB-231 cells were treated by 2A-CM from non-transfected and siRNA-transfected
cells. The levels of phospho-STAT3 were examined by western blot analysis. Quantification of western blot bands was performed using densitometry, and
the phospho-STAT3/STATS3 ratio to actin is indicated. In (C), the STAT3/actin ratio is also indicated.

PDGF/PDGER signalling acted as a mediator between SASPs and  channels to provide stability and control perfusion of blood vessels*.
non-irradiated neighbouring cells. Platelet-derived growth factor ~The PDGEFR (o and B) is a trans-membrane receptor tyrosine kinase
(PDGEF) secreted by senescent cells is a growth factor that regulates  activated by PDGF. Once activated, tyrosine phosphorylation of the
cell growth and division of pericytes, which cover endothelial cell ~receptor activates a number of downstream signalling pathways,
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including PI3K/AKT, ERK1/2, PLC/PKC, and STAT, which are
involved in cell growth and survival, transformation, migration,
vascular permeability, stroma modulation and wound healing®"*.
A cytokine array analysis showed an increased release of the
PDGFR ligand PDGF-BB in the CM of radiation-induced
senescent MDA-MB-231-2A cells (suppl. Fig. S2). To investigate
whether PDGFR promotes the invasion of neighbouring cells,
MDA-MB-231 cells were treated with a PDGFR tyrosine kinase
inhibitor IIT and incubated with 2A-CM. As shown in Fig. 5A and
5B, the PDGFR inhibitor attenuated CM-induced cell invasion and
migration. To confirm the role of the PDGF/PDGEFR pathway, the
PDGF-BB in 2A-CM was neutralised with an antibody. As shown in
Fig. 5C and 5D, the anti-PDGF-BB antibody reduced the CM-
induced invasion and migration of MDA-MB-231 cells.

Both the PI3K/AKT and ERK1/2 pathways act as signalling pro-
teins downstream of PDGFR*"*. Our results showed that the CM
activated AKT and ERK1/2, as indicated by their phosphorylation in
non-irradiated MDA-MB-231 cells (Fig. 5E). Wortmannin but not
LY294002 blocked AKT phosphorylation (Fig. 5F, upper), indicating
that 2A-CM-induced AKT activation was dependent on ATM but
not PI3K. U0126 inhibited 2A-CM-induced phosphorylation of
ERK1/2 (Fig. 5F, lower), confirming the activation of ERK signalling.
Neutralisation of PDGF-BB using an antibody reduced the levels of
phospho-AKT and -ERK1/2 induced by 2A-CM in MDA-MB-231
cells (Fig. 5G). In addition, wortmannin and U0126 reduced 2A-CM-
induced migration and invasion of MDA-MB-231 cells (Fig. 5H).
These results suggest that PDGF-BB/PDGEFR signalling acts as a
mediator to induce AKT and ERK1/2 pathway activation and pro-
mote the invasion and migration of neighbouring cells.

SASPs induced angiogenesis involving the IL-6R/STAT3 and
PDGEF-BB/PDGFR pathways. It has been reported that the CM
from senescent fibroblasts stimulate angiogenesis®’. To investigate
whether the CM from senescent MDA-MB-231-2A breast cancer
cells also promote angiogenesis, the chicken CAM assay was
performed (Fig. 6A-I). 2A-CM induced angiogenesis compared
with the control medium (Fig. 6A-II and -III). U0126 and
wortmannin inhibited CM-induced angiogenesis (Fig. 6A-IV and -
V), indicating that SASPs induced angiogenesis through the AKT
and ERK1/2 pathways. It has been reported that endothelial cells play
an important role in angiogenesis®. To investigate whether SASPs in
CM increase the invasive and migratory ability of endothelial cells,
human umbilical vein endothelial cells (HUVECs) were incubated
with 2A-CM. As shown in Fig. 6B, 2A-CM significantly stimulated
HUVEC invasion and migration. Consistently, wortmannin and
U0126 inhibited HUVEC invasion and migration. In addition,
both AKT and ERK1/2 were activated by 2A-CM in HUVECs,
which were inhibited by wortmannin and U0126, respectively
(Fig. 6C). These results indicated that the PDGF-BB/PDGFR
pathway may mediate SASP-induced angiogenesis. Indeed,
neutralisation of PDGF-BB with an antibody reduced 2A-CM-
induced activation of AKT and ERK1/2 and HUVEC invasion and
migration (Fig. 6D).

We further investigated whether the IL-6/STAT3 pathway was
involved in SASP-induced HUVEC invasion. As shown in Fig. 6E
(left upper and lower), STAT3 activation was induced by 2A-CM
in HUVECs, which was attenuated by neutralisation with an IL-6
antibody. In addition, CM from irradiated STAT3-knockdown
MDA-MB-231-2A cells lost the ability to stimulate HUVEC inva-
sion (Fig. 6E, right). Consistently, the CM from irradiated MDA-
MB-231-2A cells transfected with STAT3-dominant-negative
(DN) plasmids did not activate STAT3 or promote HUVEC inva-
sion (Fig. 6F). Therefore, we propose that SASPs induce angiogen-
esis through the PDGF-BB/PDGFR and IL-6/STAT3 signalling
pathways.

Discussion

Senescence is a metabolically active form of irreversible growth arrest
that halts the proliferation of damaged cells. It is considered a tumour
suppressive program. However, there is increasing evidence suggest-
ing that senescence is also associated with the disruption of the tissue
microenvironment and development of a pro-oncogenic envir-
onment, principally via SASP secretion**. We found that radiation
induced senescence in breast cancer cells with low securin express-
ion; these cells in turn released SASPs to promote the migration and
invasion of neighbouring cancer cells.

Securin correlates with a poor prognosis in multiple tumour types
including breast tumors®. Securin loss has been reported to sensitise
cancer cells to various anticancer agents, and securin downregula-
tion by a full-length antisense mRNA, antisense oligonucleotides,
and siRNA inhibits cell proliferation and tumour formation in sev-
eral cancers”’*°. However, the role of securin in senescence is still
controversial. Securin overexpression induces senescence in normal
fibroblasts but attenuates anticancer drug-induced senescence in
human colon cancer cells’**'. Our previous and current studies
showed that radiation induced senescence in securin-depleted breast
and colon cancer cells®, indicating that securin is a negative regulator
of senescence in cancer cells. Thus, it is possible that securin plays an
opposite role in normal and cancer cells. Ionising radiation is known
to induce senescence in both normal and cancer cells. Our present
findings showed that radiation-induced senescence in both MCF-7
human breast cancer cells with low expression of securin and
securin-knockdown MDA-MB-231-2A cells promoted the invasion
and migration of the neighbouring cells.

The hallmark of senescent cells is irreversible p53/p21- or p16™**/
pRb-dependent cell cycle arrest. Thus, loss of p53 or p16™** path-
way may disrupt the senescence response in cancer cells’>. However,
our previous study showed that securin depletion induces senescence
after irradiation in human cancer cells regardless of functional p53
expression®. In this study, we also found that neither the p53/p21-
nor the p16™**/pRb pathways were required for radiation-induced
senescence in human breast cancer cells. Consistently, it has been
reported that downregulation of p300 histone acetyltransferase activ-
ity induces senescence independent of the p53 and p16™** path-
way™>. Thus, other mechanisms may contribute to stress-induced
senescence. Our results indicated that the ATM and p38 pathways
were required for radiation-induced senescence in human breast
cancer cells with low securin expression.

After radiation, the DNA damage response (ATM/Chk2) is acti-
vated immediately, whereas the SASPs develop slowly over several
days, suggesting that there are other, slower events that facilitate
SASP release™. We found that both MCF-7 and MDA-MB-231-2A
human breast cancer cells activated Chk2 and AKT early and tran-
siently after irradiation; however, p38 MAPK was activated more
slowly. Several studies have indicated that p38 MAPK inhibition
during DNA damage-induced senescence reduces the expression of
SASPs such as IL-6 and IL-8 that may contribute to cancer cell
metastasis®*°. In contrast, a recent report showed that p38 MAPK
is a novel DNA damage response-independent regulator of SASPs™.
Our present study showed that inhibition of both the AKT and p38
MAPK pathways decreased CM-induced invasion of neighbouring
MDA-MB-231 cells, which might be due to the reduction of SASP
secretion. Taken together, we suggest that p38 MAPK activation,
with slow and chronic kinetics, is involved in radiation-induced
senescence in both MCF-7 and MDA-MB-231-2A cells and conse-
quently promotes the invasion and migration of cancer cells through
SASP secretion.

Twelve proteins were upregulated in the CM from radiation-
induced senescent MDA-MB-231-2A cells (Suppl. Fig. S2). We have
demonstrated that both the IL-6/STAT3 and the PDGF-BB signal-
ling pathways were essential for SASP-induced cell migration and
invasion. However, we cannot exclude the possibility that other
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Figure 5 | The effects of PDGF-BB/PDGFR signalling on cell invasion and migration. (A) MDA-MB-231 cells were pre-treated with a PDGFR inhibitor
for 1 h and cultured with 2A-CM for 16 h. The effects of cell invasion were examined using a Boyden chamber assay. (B) MDA-MB-231 cells were pre-
treated with a PDGEFR inhibitor for 1 h and incubated with 2A-CM for 0-24 h. The effects on cell migration were examined through a wound-healing
assay. For (A) and (B), A p value of <0.01 (**) indicates significant differences between CM-treated and untreated samples. A p value of <0.01 (##)
indicates a significant difference between CM from untreated and inhibitor-treated cells. (C) and (D) The effects of neutralisation of a PDGF-BB antibody
on CM-induced invasion and migration of non-irradiated MDA-MB-231 cells were examlned using Boyden chamber and wound-healing assays,
respectively. The numbers of invading/migrated cells was quantified. A p value of <0.01 (**) indicates significant differences between CM-treated and
untreated samples. A pvalue of <0.01 (##) indicates a significant difference between cells treated with CM alone and PDGF-BB Ab +CM. (E) Thelevels of
phospho-AKT, -ERK1/2, total AKT and ERK1/2 in MDA-MB-231 cells treated with CM from irradiated MCF-7 and MDA-MB-231-2A cells were
analysed through western blot analyses. (F) MDA-MB-231 cells were pretreated with U0126, LY294002 and wortmannin followed by 2A-CM treatment.
The levels of active AKT and ERK1/2 were ascertained through western blot analyses. (G) The effects of neutralisation of a PDGF-BB antibody on levels of
phospho-AKT and -ERK1/2 in non-irradiated MDA-MB-231 cells were examined through western blot analyses. (H) MDA-MB-231 cells were pretreated
with 20 uM U0126, 20 uM LY294002 and 10 uM wortmannin for 2 h followed by 2A-CM treatments. The numbers of migratory (left) and invading
(right) cells were examined using Boyden chamber and wound-healing assays, respectively. A p value of <0.01 (**) indicates significant differences
between CM-treated and untreated samples. A p value of <0.01 (##) indicates a significant difference between cells with and without inhibitor
pretreatments. Quantification of western blot bands was performed using densitometry, and the phospho-proteins/total protein ratio to actin is
indicated.
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Figure 6 | CM induced angiogenesis in chicken chorioallantoic membrane and HUVEC invasion through the IL-6/STAT3 and PDGF-BB/PDGFR
pathways. (A) The observation window was opened on fertilised chicken eggs at day 2 of incubation (A-I). Microvessels (arrow head) were observed
under a dissecting scope on chicken embryos treated with control medium and 2A-CM from cells pretreated without or with inhibitors (wortmannin and
U0126, 10 uM) (A-II to -V). (B-F) HUVECs were pretreated with inhibitors, U0126 and wortmannin and incubated with 2A-CM. In (B), the effects of
cell invasion and migration were examined using a Boyden chamber assay with coated and non-coated membranes, respectively. In (C), the levels of
phospho-AKT, total AKT, phospho-ERK1/2 and total ERK1/2 were analysed by western blot analysis. In (D), the effects of neutralisation of a PDGF-BB
antibody on levels of phospho-AKT and -ERK1/2 in HUVECs were examined by western blot analysis (upper part), and the levels of cell invasion and
migration were examined using the Boyden chamber assay (lower). In (E), the effects of neutralisation of IL-6 antibody on levels of phospho-STAT3 in
HUVECs were examined by western blot analysis (left and lower). Right: MDA-MB-231-2A cells were transfected with scrambled or STAT3 siRNA
followed by irradiation. The effects on HUVEC invasion were examined using a Boyden chamber assay. In (F), the levels of phospho-STAT3 in HUVECs
treated with CM from MDA-MB-231-2A cells transfected with STAT3-DN followed by irradiation were determined through western blot analyses (left).
The effects of cell invasion were examined using a Boyden chamber assay (right). A p value of <0.01 (**) indicates significant differences between CM-
treated and untreated samples. A p value of <0.01 (##) indicates a significant difference between cells treated with CM alone and pretreated with
inhibitors (U0126 and wortmannin), neutralised PDGF-BB antibody, STAT3 siRNA, or STAT3-DN. Quantification of western blot bands was performed
using densitometry, and the phospho-proteins/total protein ratio to actin is indicated.
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SASPs also act to promote these autocrine and paracrine phenomena
after irradiation. For example, it has been shown that expression of
IGFBP, which acts as regulator of senescence/immortalisation, is
increased in senescent cells*”. This result suggests that the SASPs
secreted from radiation-induced senescent MDA-MB-231-2A cells
play a functional role to initiate and maintain cellular senescence.
Other SASPs such as MIP-30, GM-CSF and MCP-1, which are
secreted from senescent cells, stimulate the innate immune system
and may eliminate senescent cells'’. Both the chemokine IL-8 and
GROw have also been described as having pro-tumourigenic func-
tions'”. Therefore, we suggest that the SASPs secreted from radi-
ation-induced senescent MDA-MB-231-2A human breast cancer
cells maintain senescence and promote the invasion of neighbouring
cells through autocrine and paracrine activities, respectively. Further
investigations are needed to confirm their roles.

A recent report has demonstrated that STAT3-induced tumori-
genesis is mediated by IL-6 signalling auto-regulation'”. In this study,
we showed that radiation induced senescence and STAT3 activation
in MDA-MB-231-2A human breast cancer cells and subsequently
promoted IL-6 secretion into the CM in a post-irradiation time-
dependent manner, suggesting that STAT3 activation contributes
to IL-6 secretion through autocrine activity. As shown in our results,
dominant-negative transfection and knockdown of STAT3 in MDA-
MB-231-2A cells reduced the invasion of non-irradiated MDA-MB-
231 and HUVECs induced by the CM from radiation-induced sen-
escent MDA-MB-231-2A cells. Therefore, we suggest that IL-6/
STAT?3 promotes the invasion of neighbouring cells through para-
crine activity.

Emerging evidence has revealed that the formation of new blood
vessels (angiogenesis) due to the migration of endothelial cells in the
tumour microenvironment increases cancer cell metastasis through
trans-endothelial invasion******. In this study, we found that the CM
from radiation-induced senescent MDA-MB-231-2A cells promoted
HUVEC invasion and angiogenesis in chicken chorioallantoic mem-
brane through activation of the ATM/AKT and ERK1/2 pathways.
Because HUVEC: are isolated from normal human umbilical veins
and angiogenesis occurs in microvessels (capillaries), using capillary-
derived endothelial cells might provide more physiologically relevant
results. However, it has been demonstrated that HUVECs maintain
the phenotype of endothelial cells in vivo, including angiogenesis*.
In addition, we showed that the microvessels in chicken chorioallan-
toic membrane were reduced by ATM/AKT and ERK1/2 inhibitors.
Thus, by combining the inhibition of ATM/AKT and ERK1/2 during
radiotherapy, breast cancer metastasis after irradiation might be
inhibited through the reduction of angiogenesis.

In conclusion, we suggest that radiation-induced senescence in
MCF-7 (low expression of securin) and MDA-MB-231-2A
(securin-knockdown) cancer cells is p53/p21- and pl16™%*/pRb-
independent but securin dependent. Furthermore, in both MCF-7
and MDA-MB-231-2A cells, the ATM and p38 pathways were
involved in radiation-induced senescence. Secretion of SASPs from
radiation-induced senescent MCF-7 and MDA-MB-231-2A cells
promoted the invasion and migration of neighbouring cells through
the activation of various signalling pathways. Among the released
SASPs, PDGF-BB activated PDGFR signalling, which activated
ATM/AKT and ERK1/2 pathways. Furthermore, IL-6 was induced
by radiation through STAT3 in the breast cancer cells with low
securin expression, which can then activate IL-6/STAT3 signalling
in neighbouring cells.

Methods

Chemicals and antibodies. Propidium iodide (PI) was purchased from Sigma
Chemical Co (St. Louis, MO). U0126, LY294002, wortmannin, SB202190, SB203580
and PDGER tyrosine kinase inhibitor III were purchased from Merck Calbiochem
(San Diego, MA). N-acetyl-L-cysteine and caffeine were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The anti-PDGF-BB and anti-IL-6 antibodies were
purchased from R&D Systems (Minneapolis, MN, USA). The anti-phospho-Chk2

(Th-68), Chk2, Rb (4H1), anti-phospho-p38, anti-phospho-AKT (Ser-473), anti-
AKT, anti-phospho-ERK1/2, anti-phospho-STAT3 (Tyr-705) and anti-STAT3
antibodies were purchased from Cell Signaling Technology, Inc. (Beverly, MA). The
monoclonal anti-securin antibody was purchased from Abcam (Cambridgeshire,
UK). The anti-actin antibody was purchased from Chemicon International
(California, USA). The anti-p21“P"VA™ (Ab-1) mouse mAb (EA10) antibody was
purchased from Merck Calbiochem. Anti-p38 and anti-ERK1/2 were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-caspase-3 was purchased from
Imgenex (San Diego, CA).

Cell culture. The MCF-7 and MDA-MB-231 human breast cancer cell lines, kindly
provided by Dr. Ji-Hshiung Chen (Department of Molecular Biology and Human
Genetics, Tzu Chiu University, Taiwan)®, were grown in DMEM medium (Gibco)
supplemented with 10% foetal bovine serum (FBS), 100 units/ml penicillin,

100 pg/ml streptomycin and 1 mM sodium pyruvate solution. The human securin
small hairpin RNA securin-knockdown MDA-MB-231-2A cells were kindly
provided by Dr. Ji-Hshiung Chen (Department of Molecular Biology and Human
Genetics, Tzu Chi University)® and selected using DMEM containing 0.5 pg/ml
puromycin dihydrochloride. Human umbilical vein endothelial cells (HUVECs:),
purchased from Sciencell Research Laboratories, were grown in endothelial cell
medium (ECM) supplemented with 5% foetal bovine serum (FBS), 100 units/ml
penicillin and 100 pg/ml streptomycin. The cells were cultured at 37°C and 5% CO,
in a humidified incubator and passaged every 2 days (310/Thermo, Forma Scientific,
Inc., Marietta, OH).

X-ray irradiation. Radiation was generated using an X-ray machine (RS2000; RAD
Source Technologies) operating at 160 kVp (peak kilovoltage) and 25 mA, as
described previously®. The cells were replenished with fresh medium and immediately
subjected to X-ray irradiation. A 6-Gy radiation dosage was chosen for this study
according to our previous finding that senescence was induced by 3-6 Gy
irradiation®.

Senescence-associated f-galactosidase (SA-B-gal) staining. Senescent cells were
analysed using a B-gal staining kit (Cell Signaling) in accordance with the
manufacturer’s instructions. The percentage of SA-B-gal-positive cells was then
calculated as described previously®.

Western blot analysis. Preparation of cellular protein extracts and procedures for

western blot analysis were described in our previous studies®*.

Conditioned media and ELISA. To generate the senescent conditioned media (CM),
MDA-MB-231-2A cells were grown in DMEM for 24 h with or without inhibitors
followed by irradiation. After a post-irradiation period of 2 or 5 days, the media were
collected and centrifuged at 2000 X g for 5 min at 4°C to remove the cell debris or
filtered through a 0.22-pum filter (Millipore); then, the CM were stored at —80°C. An
ELISA kit from R&D Systems was used to detect IL-6 (D6050) in accordance with the
manufacturer’s instructions.

Luciferase reporter assay. MDA-MB-231-2A cells were transfected with 100 ng of
pCEP4-SV40-luc or pTATA-TK-luc 4XM67 using FuGENE HD transfection reagent
(Roche) following the manufacturer’s protocol. The transfected cells were exposed to
irradiation 4 and 8 h before the luciferase activity assay was performed according to
the manufacturer’s protocol (Promega) using Sirius luminometer (Berthold
Detection System). The STAT3-dependent luciferase activity or control pCEP4-
SV40-luc were calculated by the resulting activity of each transfectant expressed
relative to the background level obtained from the control group.

Boyden chamber analysis. An invasion assay was performed using gelatin (Sigma)-
coated membranes (pore size, 8 um; BD Biosciences). The membrane was soaked in
0.5 M acetic acid for 24 h to allow for pore enlargement; subsequently, the membrane
was rinsed twice with double deionised water (ddH20O) before being soaked in

100 pg/mL gelatin for 16 h. Approximately 8 X 10° cells were suspended in 1%
(MDA-MB-231) and 5% (HUVECs) serum medium and plated in the top chamber
(Neuro Probe, Inc.). Medium supplemented with 10% serum DMEM or senescent
CM was used as a chemoattractant in the lower chamber. After incubation for 16 h,
the cells remaining on the bottom side of the membrane were stained with Giemsa
(Merck), imaged and counted.

Wound-healing assay. The cells were cultured at a density of 8 X 10° cells per well in
6-well plates for 24 h, resulting in a monolayer more than 90% confluent. The
monolayer cells were scraped with a 200-pl pipette tip to generate a wound and
treated with control medium or CM for various periods. Images were collected after
4-36 h of the same wound position. The wound area was determined by outlining the
wound, and the migrated cells in the wound area were calculated manually.

Antibody arrays. CM and control medium were analysed using antibody arrays kit
(RayBio™ Human Cytokine Antibody Array 5 Map) in accordance with the

manufacturer’s instructions. Signal intensities were quantified using the gel-digitising
software Un-Scan-It gel (ver. 5.1; Silk Scientific, Inc., Orem, UT) and normalised to
the positive control for each sample, which were then normalised across all samples.
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STAT3 siRNA knockdown and overexpression of a STAT3 dominant-negative
plasmid. STAT3 small interfering RNA (siRNA) ([5'/3"] sense: AAG AUA CCU
GCU CUG AAG AAA CUG G; antisense: GCA GUU UCU UCA GAG CAG GUA
UCU U; VHS40491) and scrambled siRNA (12935-100) were purchased from
Invitrogen (Carlsbad, CA). MDA-MB-231-2A cells were transfected with the above
siRNA oligonucleotides using X-tremeGENE siRNA transfection reagent (Roche)
according to the manufacturer’s instructions. MDA-MB-231 cells were transfected
with 1 pg/mland 3 pg/ml of PSG5 vector or pEF-STAT3 dominant-negative plasmid
using FuGENE HD transfection reagent (Roche). After transfection, the cells were
subjected to irradiation or western blot analysis as described above.

The chicken chorioallantoic membrane (CAM) assay. Chicken embryos were
purchased from Animal Health Research Institute (Taiwan, R.O.C.). Briefly, 10-day-
old chick embryos were removed from the shells. Sterilised silicone O-rings were
placed on the chicken CAM surfaces above the dense subectodermal plexus, and 20 pl
of concentrated CM was concentrated tenfold using spin-X UF centrifugal
concentrators (Corning, USA) and then added in the middle of the O-ring and
incubated at 37°C. After 48 h, angiogenesis of the chicken embryos was examined
under a dissecting scope and photographed. At the end of the experiment, the
embryos were sacrificed by opening their air sacs.

Statistical analyses. All data are represented by the mean * standard error of at least
three independent experiments. Statistical analyses were performed using one-way
analysis of variance, and further post hoc testing was performed using the statistical
software GraphPad Prism 4 (Graph-Pad Software, Inc. San Diego, CA). A p value of
<0.05 was considered significant.
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