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Abstract

Cellular senescence refers to an irreversible growth arrest that is triggered by various intrinsic and extrinsic stresses. Many
recent studies have demonstrated that cellular senescence plays a crucial role in the regression of tumors exposed to ionizing
radiation (IR), but the underlying mechanism remains unknown. Here we show that the activation of integrin 4 is essential
for IR-induced cellular senescence. IR treatment results in the phosphorylation of integrin p4 at tyrosine residue 1510,
leading to activation of the integrin a6p4-Src-AKT signaling pathway. We further reveal that the IR-induced
phosphorylation of integrin 4 is regulated by the cholesterol content and membrane fluidity. We also find that IR-
induced p53-caspase signaling is independent of integrin a6P4-Src-AKT signaling. Finally, we show that siRNA- or
inhibitor-mediated blockade of integrin a6p4-Src-AKT signaling switches the post-irradiation fate from senescence to
apoptosis, under p53 activated condition, in both cancer cells and tumor tissues of xenograft mice. On the basis of our
finding that, integrin a6p4 is specifically activated and acts primarily to induce premature senescence in irradiated cancer

cells, we propose that this integrin may be a valuable target and biomarker for radiotherapy.
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Introduction

Radiotherapy (RT) is a major therapeutic regimen for a
wide range of malignant tumors [1]. Numerous studies have
focused on effective strategies for using ionizing radiation
(IR) to induce apoptosis in malignant cells. However,
accumulating evidence indicates that apoptosis is not
the only mechanism responsible for the IR-induced
cessation of cell growth [2, 3]. It is now recognized that
the self-renewal capacity can alternatively be lost through
premature senescence, and that such cells fail to undergo
apoptosis in response to IR [2, 4, 5]. Indeed, recent in vitro
and in vivo studies have demonstrated that cellular senes-
cence plays a crucial role in IR-induced tumor regression
[2, 3,6, 7].

Cellular senescence is a metabolically active state of
irreversible growth arrest [8]. Almost four decades since
the first observation of replicative senescence, cellular
senescence was demonstrated in a variety of tumor
cells and tumor tissues from mice and humans [4].
Senescence is primarily triggered by DNA-damage
responses (DDRs) and characterized by specific pheno-
types [9-12]. Recent studies demonstrated that cellular
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Fig. 1 Lipid rafts are increased undergoing IR-induced cellular
senescence. a—d Human lung carcinoma A549 cells were irradiated
with 6 Gy IR. The relative cell numbers were determined on the
indicated days, with the viable cell number on day 0 after irradiation
set to 1 (a). Cells were irradiated and subjected to SA-p-Gal staining
(b), Annexin V staining (c), and immunoblotting (d). e A549 cells
were exposed to 6 Gy IR, and lipid rafts were fractionated on day 3
post-IR. Equal volumes of each fraction were resolved by SDS-PAGE,
and immunoblotting was performed with the indicated antibodies.
Clathrin heavy chain (HC) was used as a marker for cytoplasmic
fractions. f Cells exposed to 6 Gy IR were stained with CTX-B on day

senescence is also involved in embryonic development [13].
Senescence is mainly controlled through p53 and p16-pRb
pathways [14]. Activation of p53 by the DDR triggers
senescence-associated growth arrest, primarily by inducing
the expression of p2l, a cyclin-dependent kinase (CDK)
inhibitor [15]. However, the DDR-activated p53 ironically
also induces many pro-apoptotic molecules. We still do not
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3 post-IR, and observed under confocal microscopy (upper panel). The
fluorescence intensities of CTX-B per area (mm?) were quantified from
50 different cells (lower graph). g Cells exposed to 6 Gy IR were
stained with SL2 (10 uM) for 10min at room temperature and
observed under a two-photon microscope (upper panel). The SL2
fluorescence intensities per area (mm?) were quantified from 30 dif-
ferent cells (lower graph). Scale bars indicate 20 ym. The values
represent the mean + SD of three independent experiments; ***, **
and # indicate p<0.001, p<0.01, and p>0.05, respectively, as
assessed by # test

understand exactly how DDR-activated p53 induces senes-
cence instead of apoptosis.

Lipid rafts are membrane microdomains that are enriched
in glycosphingolipids and cholesterol and act as platforms
for the recruitment of signaling proteins [16, 17].
The integrins, a large family of heterodimeric glycoprotein
receptors are enriched in lipid rafts [18], and function
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Fig. 2 Disruption of lipid rafts switches the cell fate from senes-
cence to apoptosis in IR-exposed cells. a A549 cells pre-incubated
with 0.1 mM MBCD were irradiated with 6 Gy IR for 3 days, and lipid
rafts were fractionated. Equal volumes of lipid rafts (Rafts; fractions
8-10) and non-lipid rafts (Nonrafts; fractions 3—-6) were resolved by
SDS-PAGE, and immunoblotting was performed with the indicated
antibodies. b Morphological changes and SA-p-Gal positivity were
observed 3 days after irradiation (left panel). Senescent cells were
quantified (right graph). ¢, d A549 cells were sequentially treated with
0.1 mM MBCD, an MBCD/cholesterol mixture (MBCD + Chol; to

as the major receptors for cell adhesion to connect
the intracellular and extracellular environments [19].
Mammals express 18 different o and P integrin subunits
that assort into 24 unique off heterodimers [19-21]. Integ-
rins are increasingly being recognized as attractive ther-
apeutic targets for various diseases, particularly cancers
[22]. Indeed, lipid rafts and integrins are thought to be
involved in chemo- and radio-resistance during cancer
treatment [23, 24]. However, the roles of lipid rafts and
integrins in IR-induced cellular senescence are not yet
known.
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replete cholesterol), and then IR. Annexin V-positive cells were
determined 1 day after irradiation (c). Cells were lysed and immuno-
blotted with the indicated antibodies (d). e-g A549 cells pre-incubated
with 20 uM Lovastatin were irradiated with 6 Gy IR. Morphological
changes and SA-B-Gal-positive cells were observed at day 4 after
irradiation (left panel). Senescent cells were quantified (right graph)
(e). Annexin V-positive cells were determined (f). Immunoblotting
was performed (g). Scale bars indicate 10 um. The values represent the
mean + SD of three independent experiments; *** indicates p <0.001,
as assessed by 7 test

Here, we provide evidence that lipid rafts are involved in
the IR-induced cellular senescence of cancer cells. We show
that lipid raft disruption shifts the cell fate from senescence
to apoptosis in irradiated cells. We further report that IR
induces dimerization of integrin f4 with integrin a6 and
phosphorylation of integrin 4 at tyrosine residue 1510 in
lipid rafts, which leads to the activations of Src-AKT sig-
naling pathway. Finally, we reveal that this activated AKT
blocks p21 cleavage and caspase activation, eventually
leading to senescence instead of apoptosis in IR-exposed
cancer cells.
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Fig. 3 The integrin a6p4-Src-AKT signaling pathway is essential
for the IR-induced cellular senescence. a—d A549 cells were trans-
fected with each indicated siRNA and then exposed to 6 Gy IR.
Immunoblotting was performed with the indicated antibodies at var-
ious time intervals after irradiation. Actin served as the loading

Results

Lipid rafts are crucial for the IR-induced cellular
senescence

Consistent with our previous reports [6, 25, 26], A549 cells
exposed to 6 Gy IR exhibited typical senescence pheno-
types (Fig. 1a—d). To explore whether these senescent cells
exhibited changes in their lipid rafts, we first obtained lipid
raft fractions from IR-exposed senescent AS549 cells, and
examined the expression levels of the main protein com-
ponents of lipid rafts, including flotillin-1, caveolin-1, and
polymerase I and transcript release factor (PTRF) [16].
Western blotting revealed that the expression levels of
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control. e Positivities of SA-p-Gal (upper panel) and Annexin V (lower
panel) were assessed in each Si-treated/irradiated cell group. The
values represent the mean + SD of three independent experiments; ***
and # indicate p <0.001 and p > 0.05, respectively, as assessed by ¢ test

flotillin-1, caveolin-1, and PTRF were increased in the
senescent cells compared to proliferating cells (Fig. le). To
visualize lipid rafts on the surface of cells, we bound
ganglioside GM1, with bacterial-derived cholera toxin B
subunit (CTX-B) [27]. Quantification of the fluorescence
intensity of GM1 per area (mm?) revealed that this intensity
was higher in senescent cells (Fig. 1f), as immunoblot
analysis of GM1 (Fig. le). Lipid rafts are less fluid (more
rigid) than phospholipid membranes, and plasma
membranes with more lipid rafts might exhibit decreased
fluidity [28]. Thus, we examined plasma membrane
fluidity with the hydrophobic two-photon dye, S-Laurdan2
(SL2) [29]. Quantification revealed that the intensity SL2
per area (mm?) was also increased in senescent cells
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(Fig. 1g). These results demonstrate that the proportion
of lipid rafts in the plasma membrane was increased
in A549 cells in which IR had induced premature
senescence.

To investigate whether lipid rafts are critical for IR-
induced premature senescence, we disrupted the lipid rafts
by using methyl-beta-cyclodextrin (MBCD). MBCD treat-
ment shifted the partitioning of flotillin-1 and caveolin-1
from lipid rafts to non-lipid raft fractions in both control and
IR treated cells (Fig. 2a). We found cells treated with
MBCD followed by IR exposure underwent apoptosis
instead of senescence (Fig. 2b—d). Exposure to IR was
associated with less positivity for SA-p-Gal (a senescence
marker) and more positivity for Annexin V (an apoptosis
marker) in MPBCD-treated cells compared to IR-alone cells
(Fig. 2b,c). IR exposure had no effect on p53 activation or
PUMA induction, but dramatically decreased p21 induction
and increased PARP cleavage in MPCD-treated cells
(Fig. 2d). Furthermore, repletion of cholesterol using a
MpBCD/Cholesterol mixture (MPCD + Chol) restored the
p21 induction and reduced PARP cleavage compared to
those seen in MPBCD-treated cells after irradiation (Fig. 2d).
The apoptotic cell population was lower in the cholesterol-
replete cells compared to non-replete cells treated with
MPBCD and IR (Fig. 2¢). Additionally, when cholesterol was
depleted using Lovastatin [30], IR exposure induced
apoptosis instead of cellular senescence in A549 cells
(Fig. 2e-g). In 6 Gy IR-exposed MCF7 cells exhibited
typical senescence phenotypes (Supplementary Figure Sla-
d), MBCD treatment also shifted the cell fate from senes-
cence to apoptosis, and cholesterol repletion blocked this
MPBCD-mediated apoptosis (Supplementary Figure Sle and
f). These data suggest that lipid rafts are critical for the
ability of 6 Gy IR to induce premature senescence in A549
and MCF?7 cancer cells.

Integrin B4-Src-AKT signaling is critical for the IR-
induced cellular senescence

To identify molecules involved in the IR-induced cellular
senescence, we performed a phospho-antibody array ana-
lysis. Ingenuity Pathway Analysis (IPA) revealed that 433
phosphoproteins showed altered expression in IR-induced
senescent MCF7 cells (Supplementary Figure S2a). The
phosphorylation statuses of integrin 4, Src, and AKT,
which all participate in the same signaling pathway, were
altered in IR-induced senescent cells (Supplementary Fig-
ure S2b): following 6 Gy IR of A549, MCF7, and H460
cells, integrin B4, Src, and AKT1/2 were phosphorylated
(Supplementary Figure S2c).

Next, we employed siRNA (Si) against integrin 4, Src,
or AKT to establish the roles of these molecules in the IR-
induced cellular senescence. We found that integrin p4
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depletion diminished the phosphorylations of Src and
AKT in 6 Gy IR-exposed cells (Fig. 3a). However, the
depletion of Src or AKT had no effect on the phosphor-
ylation status of integrin p4 (Fig. 3b, c). AKT phosphor-
ylation was abolished in Src-depleted cells, but Src
phosphorylation was unchanged in AKT-depleted cells
(Fig. 3c). These results indicate that 6 Gy IR activates the
integrin p4-Src-AKT signaling cascade. In integrin 4 Si-,
Src Si-, or AKT Si-treated cells, p21 accumulation was
dramatically diminished, but the accumulations of p53 and
PUMA were not affected (Fig. 3a—c). These changes were
consistent in all Si-transfected cells, even in longer incu-
bation durations (1, 2, and 3 days) (Fig. 3d). The accumu-
lation of p21 was inversely correlated with PARP cleavage
(C-PARP), regardless of p53 activation or PUMA induction
(Fig. 3d). Integrin B4 Si, Src Si, or AKT Si treatment was
associated with decreased SA-f-Gal positivity and
increased Annexin V positivity in both A549 and MCF7
cells (Fig. 3e). No off-target effect of integrin 4 was
confirmed by the treatment other siRNAs against integrin 4
(Supplementary Figure S3). Next, we examined cellular
response to IR exposure in p53 mutant MDA-MB231 cells.
The proportion of SA-B-Gal-positive MDA-MB231 cells
was much lower than that of p53 wild-type A549 and
MCF7 cells following IR exposure (Supplementary
Figure S4a—d). Cell fate was not shifted from senescence to
apoptosis in the absence of integrin f4 in MDA-MB231
cells by IR exposure (Supplementary Figure S4e—g). When
non-transformed human diploid fibroblast (HDF) cells were
exposed to IR, we found that ~40% of the cells were SA-f-
Gal positive and cell fate was shifted from senescence to
apoptosis in the absence of integrin B4 (Supplementary
Figure S5). These results indicate that p21 could be induced
by the p53-independent mechanism as previously described
[31], ultimately inducing cellular senescence. However, p53
is indispensable to shift cell fate from senescence toward
apoptosis.

To examine whether other integrin family members
were also involved in IR-induced cellular senescence, we
depleted A549 cells of integrin pl, —3, or —5, which
are commonly expressed in mammalian cells [19], and
then performed IR exposure. Depletion of integrin Pl
or integrin PB3 rather slightly increased the SA-B-Gal
positivity, but had no effect on apoptosis among
irradiated cells (Supplementary Figure S6a—c). Depletion of
integrin PS5 did not affect the SA-p-Gal positivity, but sig-
nificantly increased apoptosis among irradiated cells (Sup-
plementary  Figure S6a—c). The siRNA-mediated
knockdowns of integrin f1, —3, —4, and —5 were con-
firmed by qRT-PCR analysis (Supplementary Figure S6d).
Together, our results suggest that integrin 34 is specifically
involved in the IR-induced cellular senescence of cancer
cells.

SPRINGER NATURE



250

S. H. Jung et al.

a Con IR b c
X . .,
g 38 Mock ASC-8 Mock PP2
= : .
=! _— IR(h) 0 1 6240 1 624 IRth) 0 1 6 240 1 6 24
(? 70
3 P-Sc | —=—=— - Psc [ ——— -
< = = P-AKT [ ——— —J°  pakT [ —= =]
g p53 | e - 5 p53 | -—— -
4l - 28 28
PUMA | —— —-—T PUMA | - =]
€ 100 p21 | —- =1 p21 | === [
2 90 90
z 8 C-PARP | ——]" crare | —7
2 60 i [ ——— ——— ;
g Actin | 43 ACHn | e e e e e e e e |43
% 40 (kDa) (kDa)
O 20
Q
T 0
& 5 o o
g gt
<
d IR (1h) e IR (1h)
Mock MBCD
Non
) R+ -+ Rafts rafts
Integrin o6 - %0 z IR (6 Gy) . A . N
Integrin 4 | e = e | i
) = P-Integrin p4 |- - — g0
P-integrin p4 [Lipm a0 | §
P-Src [ we ~T70 | E Integrin p4 | —— | 150
o
Actin 43 | T Integrin a6 | == Lgo
}-56
Integrin a6 [= = = =1 ¢ Flottilin-1 | == e=
Integrin p4 [e= —e—e=] . - Caveolin-1 | == =
P-Integrin p4 ) 180 | B 7
P-S — 70 | € Actin —— 43
-Sre (kDa)
(kDa)
f Filipin ~ Phalloidin  Merge g
- 2~ 35 = 100
g 2 3 s E 8
[TENA *kk
z x 25 g -
o 2 2 o 60
el 45 £
15} : > 40
2 g 1 3
L= S 20
Ss 05 8
= 0 2 0
0 1 6 ° 01 6 24
o -
IR (h
™ IR (h)
h Mock Oleic Acid 1 Oleic
Mock .
IR IR acid
3 ; O Con
(hy 01 6122424 0 1 6 122424 3 H R
5 e
P-Integrin p4 LK - ° <
120 5  £100
P-Src 168" w. 2 Z g0
70 = -;
P-AKT | == = = — - - % o0
56 a
28 3 T Q 20
PUMA ——— - . - ——— ] &
z 2 £ o
. ;
p21 - B v 5 2 8%
ACHn | ————— — — - ——— - 43 - 3 = 0

SPRINGER NATURE

(kDa)

Official journal of the Cell Death Differentiation Association



|

Integrin a634-Src-AKT signaling induces cellular senescence by counteracting apoptosis in irradiated. ..

251

Fig. 4 Integrin f4 and a6 dimerize during the IR-induced cellular
senescence. a—c¢ A549 cells pre-incubated with an inhibitor of integrin
B4 (ASC-8) or Src (PP2) were irradiated with 6 Gy IR. SA-B-Gal
positivity was observed 3 days after irradiation. Scale bars indicate 10
um (a). Immunoblotting was performed with the indicated antibodies
at various time intervals after irradiation. Actin served as the loading
control (b, ¢). d A549 cells pre-incubated with 0.5 mM MBCD were
irradiated with 6 Gy IR. At 1h post-irradiation, immunoprecipitates
were prepared with anti-a-integrin 4, and then immunoblotted with
anti-o-integrin o6. e A549 cells were irradiated with 6 Gy and incu-
bated for 1 h, and lipid rafts were fractionated. Equal volumes of lipid
rafts (Rafts; fractions 8—10) and nonlipid rafts (Nonrafts; fractions 3-6)
were resolved by SDS-PAGE, and immunoblotting was performed
with the indicated antibodies. Actin was used as a marker of nonraft
fractions. f A549 cells were irradiated with 6 Gy, incubated for the
indicated times, and then labeled with filipin and Alexa Fluor 488
phalloidin. The fluorescence intensities of filipin per area (mm?) were
quantified from 15 different cells using the ImageJ program. Scale bars
indicate 20 pm. g A549 cells were irradiated with 6 Gy and incubated
for the indicated times, and the cholesterol contents in cells were
measured using an Amplex Red cholesterol assay kit. The results are
expressed with respect to the amount of protein. h, i A549 cells pre-
incubated with oleic acid were irradiated with 6 Gy IR. Cell lysates
prepared at the indicated time intervals were immunoblotted (h), and
SA-B-Gal staining (i) was performed. Scale bars indicate 10 um. The
values represent the mean + SD of three independent experiments; ***
indicates p <0.001, as assessed by ¢ test
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Fig. 5 The phosphorylation domain of integrin 4 critically contributes
to switching the fate of IR-exposed cells from apoptosis to senescence.
RKO colon cancer cells were transfected with empty vector (EV) or
gene encoding wild-type ITGB4 (WT) or a truncated mutant of /TGB4
lacking the residues downstream of amino acid 1355 (ACYT), and
then exposed to 6 Gy IR. a Cell lysates were prepared at the indicated
time points after irradiation, and subjected to immunoblotting. LE and
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Integrin 4 and a6 dimerize during the IR-induced
cellular senescence

When we inhibited the activities of integrin p4 with ASC-8
or Src with PP2, the IR-induced premature senescence was
clearly diminished (Fig. 4a). Under these circumstances,
p21 accumulation was decreased and PARP cleavage was
increased (Fig. 4b, c). However, blocking the activation of
integrin 4 or Src did not affect p53 accumulation or PUMA
induction (Fig. 4b, c). As the integrin 4 subunit associates
exclusively with the a6 subunit to form the a6p4 hetero-
dimer [32], we used co-immunoprecipitation (IP) to exam-
ine whether such dimerization was associated with the IR-
induced cellular senescence. At 1h after IR exposure, we
saw dramatic increases in the dimerization of these two
integrin subunits and the phosphorylation of integrin 4, but
no change in the expression levels of integrin a6 of integrin
B4 (Fig. 4d). The phosphorylated Src was recruited to the
integrin a6p4 dimers (Fig. 4d). The phosphorylation of
integrin p4 and its heterodimerization with integrin a6 were
both abolished (Fig. 4d), and enhanced levels of
phosphorylated integrin 4 were observed in the lipid rafts
at 1 h post-irradiation by MBCD treatment (Fig. 4e). These
data indicate that lipid rafts are critical for the IR-induced
phosphorylation of integrin (4.

(o
RKO cells RKO cells
OCon mIR OCon mIR
# #
.
60 30
50 R 25
[2]
40 @ 20
30 o 15
°
20 2 10
10 § 5
0 0
= Y
Z REES o 25 3%
O] [ON@) O (ONS]
E E3 E k<

SE indicate long and short exposure, respectively. b SA-p-Gal-positive
cells were examined (left) and quantified (right) at 3 days after IR
exposure. ¢ Annexin V positivity was assessed 1 day after irradiation.
The values represent the mean + SD of three independent experiments;
** and # indicate p <0.01 and p > 0.05, respectively, as assessed by ¢
test
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Fig. 6 Blockade of caspase a Mock Z-VAD-FMK d Mock Z-VAD-FMK
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roles of integrin p4 and AKT siRNA  Con Integrin 4 Con Integrin p4 siRNA  Con AKT Con AKT
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Filipin is an antibiotic polyene used as a histochemical
cholesterol marker [33]. The proportion of filipin-stained
cells gradually and time-dependently increased following
irradiation (Fig. 4f), indicating that irradiation triggered a
sustained increase in cholesterol level. We observed a
similar increase of the cholesterol content in irradiated cells
using Amplex red (Fig. 4g). Next, we examined the effect
of a membrane fluidizer (oleic acid) [34] on the activation of
the integrin a6p4-Src-AKT signaling cascade in irradiated
cells. We found that oleic acid-treated cells exposed to IR
exhibited decreases in integrin f4-Src-AKT activation and
p21 induction, but no evident change in the levels of p53 or
PUMA (Fig. 4h). The proportion of senescent cells was
decreased in IR-exposed oleic acid-treated cells (Fig. 4i).
These results support that integrin a6p4-Src-AKT signaling
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is dependent on the cholesterol content and membrane
fluidity during IR-induced senescence.

To define the role of integrin 4 in IR-induced cellular
senescence, we transfected RKO cells having no endogen-
ous integrin P4 expression [35] with vectors encoding
integrin P4 wild-type gene (ITGB4 WT) or the integrin 4
ACYT mutant gene (ITGB4 ACYT) lacking the tyrosine
phosphorylation site-containing cytoplasmic tail [36]. The
expression of ITGB4 WT increased the phosphorylations of
integrin B4, Src, and AKT, and the expression of p21, as
compared to those in IR-exposed RKO cells transfected
with empty vector (EV) (Fig. 5a). In contrast, ITGB4
ACYT-transfected cells exposed to IR showed no activation
of integrin P4-Src-AKT signaling or induction of p21
(Fig. 5a). Meanwhile, p53 accumulation and PUMA
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Fig. 7 Integrin a6p4-Src-AKT a b IR
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induction were consistently observed in IR-exposed EV-, senescence and decreased apoptosis, whereas the over-
ITGB4 WT-, and ITGB4 ACYT-transfected cells (Fig. 5a). expression of ITGB4 ACYT did not significantly affect
The overexpression of ITGB4 WT triggered cellular  either of these parameters (Fig. 5b, ¢). EV-transfected RKO

Official journal of the Cell Death Differentiation Association SPRINGER NATURE



254

S. H. Jung et al.

cells showed faint signals of phospho-Src/phospho-AKT
and exhibited SA-B-Gal positivity in a small proportion of
cells after IR exposure (Fig. 5a). IR exposure induces ROS
generation and ROS activates Src/AKT [37, 38]. To deter-
mine if IR-induced ROS was involved in Src/AKT phos-
phorylation and senescence induction in the absence of
integrin P4, we treated cells with NAC, a ROS scavenger,
prior to irradiation of RKO cells (Supplementary Fig-
ure S7). We found that faint signals of phospho-Src/phos-
pho-AKT disappeared and SA-B-Gal positivity decreased to
control level in response to pretreatment of IR-exposed
RKO cells with NAC, suggesting that IR-induced ROS
contributes to Src/AKT activations and senescence pheno-
type to a small extent. Collectively, our data demonstrate
that the phosphorylation of integrin $4 and its dimerization
with integrin o6 in lipid rafts primarily involves in IR-
induced senescence of cancer cells via activation of the Src-
AKT-p21 signaling pathway, and is critical to prevent IR-
induced apoptosis pathway.

The ability of integrin a6B4-Src-AKT signaling to
block caspase activation is indispensable for the IR-
induced cellular senescence

In IR-exposed cancer cells, blockade of integrin a684-Src-
AKT signaling resulted in the disappearance of p21 (tar-
geted by p53) and the appearance of C-PARP (Figs. 3 and
4). However, such blockade did not prevent p53 accumu-
lation or PUMA (also targeted by p53) expression, and
these factors can tip the balance toward apoptosis instead of
cellular senescence. p21 is rapidly induced by p53 in
response to DNA damage, and is selectively cleaved by
caspase activation in apoptotic cells [39, 40]. We therefore
examined whether inhibition of caspase activation could
redirect the cell fate from apoptosis to senescence in IR-
exposed cells depleted of integrin f4 or AKT. Indeed,
treatment with Z-VAD-FMK (a pan-caspase inhibitor) res-
cued p21 accumulation in IR-exposed cells depleted of
integrin B4 or AKT (Fig. 6a, d), and redirected such cells
from apoptosis to senescence (Fig. 6b, c, e, and f). These
data demonstrate that the integrin a6p4-Src-AKT signaling
pathway critically contributes to the IR-induced cellular
senescence by preventing the activation of caspases.

Integrin a6B4-Src-AKT signaling is also required for
IR-induced cellular senescence in the tumor tissues
of xenograft mice

To explore the biological significance of our findings
in vivo, we examined integrin a6p4-Src-AKT signaling in
xenograft mice. Since we previously showed that 12 Gy IR
exposure effectively induces premature senescence in
xenograft mice [5], we treated xenograft mice with integrin
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B4 Si or the Src inhibitor, PP2, and exposed the mice to 12
Gy IR (Fig. 7). The tumor volumes of mice treated with
integrin 4 Si or PP2 in combination with IR were similar to
those in mice exposed to IR alone (Fig. 7a). We performed
Ki-67 immunostaining to evaluate cell proliferation, and
observed that the Ki-67-positive cell population was
decreased in the IR-alone exposed group relative to non-
irradiated control group, but no further decrease was evident
in mice treated with integrin p4 Si or PP2 prior to IR
(Fig. 7b, c). TUNEL-positive apoptotic cells were more
evident in the tumors of mice treated with integrin 4 Si or
PP2 prior to IR, compared to the IR-alone group (Fig. 7b,
¢). To evaluate senescent cells, we assessed p21-positive
cells and p21 protein levels in tumor tissues. Both values
were markedly higher in the IR-alone group compared to
the groups that were treated with integrin $4 Si or PP2 prior
to IR (Fig. 7b—d). Moreover, SA-B-Gal positivity was
apparent only in the tumor tissues of IR-alone mice
(Fig. 7e). These findings confirmed that integrin a6p4-Src-
AKT signaling is critical for the ability of IR to induce the
cellular senescence of cancer cells in an in vivo mouse
model. On the basis of our findings, we conclude that IR-
triggered integrin a6p4-Src-AKT signaling counteracts the
p53-caspase signaling pathway that is also activated by IR
exposure, guiding the cell fate to senescence in irradiated
tumor cells and tissues (Fig. 7f). Therefore, integrin P4
could be a valuable target for radiotherapy as well as PI3K/
AKT.

Discussion

Exposure to IR triggers intracellular signaling cascades that
overlap with the pathways that are initiated by receptor-
ligand interactions. Several studies have found that mem-
brane receptors are involved in the responses of tumor cells
to IR [41, 42]. Various kinases, including protein kinase C
(PKC), AKT, and Raf-1, were previously shown to be
activated by IR treatment [43, 44]. However, the receptor
signaling pathway responsible for IR-induced cellular
senescence remained unknown. We speculated that
radiation-induced cascades emanating in the plasma mem-
brane could be involved in activating cytoplasmic mole-
cules to induce cellular senescence. We herein show that
IR-induced integrin a6p4 heterodimerization and integrin
B4 phosphorylation require an IR-induced alteration of
membrane fluidity, and that integrin a6p4-Src-AKT sig-
naling is critical for the IR-induced cellular senescence. We
show that IR also activates the p53-caspase signaling
pathway in an integrin oa6P4-Src-AKT  signaling-
independent manner. In irradiated cells, DNA-damage sig-
naling activates p53; this rapidly induces p21, but p21 may
be selectively cleaved by caspase activity under apoptotic
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conditions [39, 40]. Previously, inhibition of caspase
activity was shown to switch doxorubicin-induced apopto-
sis to senescence [45], and AKT was shown to prevent
apoptosis by inhibiting the pro-apoptotic mediator, caspase-
9 [46]. Here we reveal that IR activates AKT through the
integrin a6p4-Src-AKT signaling cascade, and that this
inhibits caspase activity and tips the balance toward cellular
senescence instead of apoptosis. Activated pS3 governs a
wide variety of cell responses such as cell cycle arrest,
senescence, apoptosis. Genomic instability fueled by p53
loss drives additional events to accelerate transformation,
metastasis, and drug resistance [47]. However, the under-
lying mechanism by which p53 induces different biological
responses remains unclear. One proposed mechanism is
qualitative modulation of p53 activity via post-translational
modification that can alter pS3 affinity for different target
genes [47]. Our data show the importance of integrin a6p4-
Src-AKT signaling cascade as much as pan-caspase inhi-
bitor in IR-induced cellular senescence (Fig. 6). We
observed numerous senescent cells in the tumor tissues of
IR only-exposed mice, whereas the proportions of apoptotic
cells were clearly increased in the tumor tissues of mice
treated with integrin 4 Si or a Src inhibitor prior to irra-
diation (Fig. 7). Together, our findings show for the first
time that the integrin a6p4-Src-AKT signaling cascade is
critical for the IR-induced cellular senescence of cancer
cells in vitro and in vivo.

The cholesterol content is known to alter membrane
fluidity [48], which in turn affects the mobility of membrane
proteins [49, 50]. We observed a rapid increase of the
cholesterol content and decrease of membrane fluidity in
irradiated cancer cells (Figs. 1 and 4). We also found that
integrin 4 was phosphorylated at tyrosine residue 1510 in
irradiated cells (Figs. 3 and 4). In addition, the dimerization
of integrin a6 and P4 was dramatically increased by IR
exposure, in the absence of any change in their protein
expression levels (Fig. 4). Collectively, our findings suggest
that IR exposure alters membrane fluidity by increasing the
cholesterol content, while also contributing to integrin a6p4
dimerization and integrin 4 phosphorylation. Sun et al.
recently reported that integrin a5 activity is regulated by
membrane fluidity and cholesterol content in vascular
endothelial cells under oscillatory shear stress [50]. Here we
demonstrate that the membrane receptor, integrin a6p4, is
the most upstream essential molecule in IR-induced cellular
senescence, and that it blocks the simultaneously activated
apoptotic pathway in IR-exposed cells.

The cytoplasmic tails of the integrin B subunits are
critical for the activations of these integrins [51]. Six of the
f integrin tails (those of 1, B2, B3, pS, p6, and P7) share a
high level of sequence homology [22]; they contain two
NPXY or NPXY-like motifs that bind to phosphotyrosine-
binding (PTB) domains in a conserved binding pocket
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[22, 51]. Eke et al. [52] demonstrated that selective phar-
macological targeting of integrin f1 helped overcome the
resistance of tumor cells to radiotherapy. Ramirez et al. [53]
suggested that integrin a2 expression could be a potential
biomarker for cancer diagnosis and prognosis. Rapisarda
et al. [54] found integrin B3 as a potential therapeutic
target during early carcinogenesis and aging. Integrin
B4 is large, and its tail bears no homology to the short
tails of the other integrin B subunits [55]. Phosphorylation
of integrin B4 is required for signaling downstream of
ERK to promote either cell survival or apoptosis [56, 57],
and for signaling pathways involved in tumor growth and
invasion [35]. integrin B4 is upregulated in various tumor
types [32], and enhances the signaling functions of multiple
oncogenic receptor tyrosine kinases (RTKs) [20]. In
addition, integrin 4 mediates an adhesion-independent
tumor-suppressive effect [58]. integrin a6p4 is unique
among the 24 known mammalian integrins, in that it has
distinctive cytoskeletal and signaling functions. As based on
observations of our and other groups, we propose that
integrin p4 having unique functions could be an attractive
target for cancer therapy, in particular for radiotherapy
[52, 59].

Materials and Methods
Cell lines and reagents

MCF7, RKO, H460 and A549 cells were obtained from the
American Type Culture Collection (ATCC) (Manassas,
USA), and cultured in DMEM or RPMI 1640 medium
(WelGENE, Daegu, Korea) containing 10% FBS (Lonza,
Basel, Switzerland) and 1% penicillin-streptomycin solution
(WelGENE) at 37 °C under 5% CO,. The cell lines were
certified by short tandem repeat analysis. Cells were
exposed to a '*’Cs y-ray source (Atomic Energy of Canada
Ltd., Chalk River, Ontario, Canada) at a dose rate of 3.2 Gy/
min. Other materials used were procured from the following
sources: methyl-B-cyclodextrin (MPCD), cholesterol, and
oleic acid (Sigma, St. Louis, MO, USA); anti- integrin p4
antibody and clone ASC-8 for blocking integrin 4 activity
(Merck Millipore, Billerica, MA, USA); Lovastatin and PP2
(Merck Millipore, Billerica, MA, USA); Z-VAD-FMK
(R&D Systems, Minneapolis, MN, USA).

Immunoblotting

For western blot analysis (WB), cell lysates were prepared
in RIPA lysis buffer containing protease inhibitors (Roche,
Basel, Switzerland) and phosphatase inhibitors (Sigma).
Lysates were mixed with 2x Laemmli sample buffer, boiled,
and subjected to sodium dodecyl sulfate polyacrylamide gel

SPRINGER NATURE



256

S. H. Jung et al.

electrophoresis (SDS-PAGE). After transferring proteins to
a nitrocellulose membrane, WB was performed by blocking
the membrane with 5% non-fat dried milk, and incubating
with various primary antibodies (Abs), followed by horse-
radish peroxidase-conjugated secondary Abs. WB detection
was conducted with ECL reagents (Thermo Fisher Scien-
tific, Waltham, MA, USA). Primary antibodies included
phospho-AKT at S473 (P-AKT), phospho-Src at Y416 (P-
Src), AKT, Src, FAK, cleaved PARP (C-PARP), and
PUMA (Cell Signaling Technology, Danvers, MA, USA);
Flotillin-1 and p21 (SantaCruz, Dallas, TX, USA); Clathrin
and Caveolin-1 (Biosciences, San Diego, CA, USA); PTRF
and integrin P4 (Abcam, Cambridge, UK); p53 (DO7,
Leica, Milton Keynes, UK); Actin (SantaCruz); phospho-
integrin 4 at Y1510 (P-integrin $4) (Assay Biotechnology,
Sunnyvale, CA, USA); and GM1 (Sigma).

RNA interference and plasmid transfection

Cells were transfected with siRNA duplexes and plasmids,
using RNAIMAX (Invitrogen, Carlsbad, CA, USA) and
Lipofectamine 2000 reagent (Invitrogen), respectively,
according to the manufacturer’s instructions. The following
siRNAs were used:

Con Si (5'-CCUACGCCACCAAUUUCGUdTAT-3"),

Integrin Pl Si (5'-CAGACAUCAUUCCAAUUGUdT
dT-3")

Integrin B3 Si (5'-CAGAUGUCAUUCCAUAUCAd
TdT-3")

Integrin P4 Si
TdT-3"),

Integrin p4 Si #1 (5'-GACUUCGUGUGCGGACAGUd
TdT-3"),

Integrin p4 Si #2 (5'-ACGUCAUCAGCCUGACAGAd
TdT-3"),

Integrin BS Si (5’-CUGUUGAAGGUACAUCGUUd
TdT-3")

Src Si (5- GGCUGAGGAGUGGUAUUUUATAT-3"),
and

AKT Si (5-GACAACCGCCAUCCAGACUdTAT-3").

The plasmid expressing the pRKS alpha6, pRKS beta4,
and pRKS5 betad4 1355 T (ACYT) were a gift from Filippo
Giancotti (Addgene plasmid # 16036, # 16037, and #16038,
respectively) [36].

(5'-CUGGUAAACAUCACCAUCAd

Isolation and characterization of lipid rafts

A549 cells were lysed with 1 mL of lysis buffer (1% Triton
X-100, 25 mM HEPES, pH 6.5, 150 mM NaCl, 1 mM
EDTA, 1 mM PMSF, and protease inhibitor cocktail). Equal
amount of proteins was subjected to discontinuous sucrose
gradient ultracentrifugation (40, 30, and 5%) using an
SW41 Ti rotor (39,000r.p.m.) for 18 h at 4°C. After
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centrifugation, the sucrose gradients were fractionated into
13 fractions, including the pellet. An opaque buoyant band
corresponding to the lipid rafts was collected at the interface
between the 30 and 5% sucrose gradients [28]. Aliquots of
fractions collected from the bottom of the gradient were
analyzed by immunoblotting. The protein concentration was
determined using the bicinchoninic acid method (Thermo
Fisher Scientific, Waltham, MA, USA), according to the
manufacturer’s protocols.

Two-photon fluorescence microscopy

Two-photon fluorescence microscopy images of S-
Laurdan2 (SL2)-labeled cells were obtained with spectral
confocal and multiphoton microscopes (Leica TCS SP2)
using a x10-100 objective, numerical aperture (NA)=
1.30. The two-photon fluorescence microscopy images
were obtained with a DM IRE2Microscope (Leica) by
exciting the probes with a mode-locked titanium-sapphire
laser source (Coherent Chameleon, 90 MHz, 200 fs)
set at a wavelength of 800nm and output power
1488 mW, corresponding to ~10 mW average power in the
focal plane. To obtain images at 410-530 nm (channel 1)
range, internal PMTs were used to collect the signals
in an 8 bit unsigned 512 x 512 pixels at 400 Hz scan speed
[28].

Phosphoprotein profiling

The Phospho Explorer Antibody Microarray, designed and
manufactured by Full Moon Biosystems Inc. (Sunnyvale,
CA, USA), contains 1318 antibodies from over 30 signaling
pathways. Each antibody has two replicates printed on a
coated glass microscope slide, along with multiple positive
and negative controls. The antibody array experiment was
performed by Full Moon Biosystems, according to their
established protocols [60]. The slides were scanned on an
Axon GenePix array scanner, and the images were analyzed
with GenePix Pro 6.0 (Molecular Devices, Sunnyvale, CA,
USA). The fluorescence signal (I) of each antibody was
obtained from the fluorescence intensity of its antibody
spot. A ratio computation was used to measure the extent of
protein phosphorylation. The phosphorylation ratio was
calculated as follows: phosphorylation ratio = phosphory-
lated value/unphosphorylated value [61].

SA-B-Galactosidase staining

Cells and tumor were stained for f-galactosidase activity, as
described by Dimri et al [62]. Briefly, cells were washed in
PBS and fixed for 5 min in 3.7% formaldehyde. Fixed cells
were then incubated at 37 °C (without CO,) with a fresh
staining solution of 1mg/ml 5-bromo-4-chloro-3-indolyl
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B-D-galactoside (X-Gal), prepared in a solution consisting
of 40 mM citric acid/sodium phosphate (pH 6.0), 5 mM
potassium ferrocyanide, S mM potassium ferricyanide, 150
mM NaCl, and 2 mM MgCl,. Staining was evident after
12-16 h. Cell senescence was measured using the Senes-
cence P-Galactosidase Staining Kit for quantification of
senescent cells (Enzo Life Science, Farmingdale, NY,
USA).

Annexin V and propidium iodide staining

The apoptosis-mediated cell death was examined using an
FITC-Annexin V apoptosis detection kit (BD Biosciences),
as per the manufacturer’s instructions. Briefly, cells were
incubated with 5ul of FITC Annexin V, followed by
addition of 5 pl of propidium iodide (PI) and incubation in
the dark for 30 min. The stained cells were analyzed by flow
cytometric analysis (BD Biosciences).

Cholesterol assay

For staining of cholesterol in cultured cells, cells were fixed
with 3% paraformaldehyde for 1 h, washed with cold PBS,
incubated with 1.5 mg glycine/mL for 10 min to quench the
paraformaldehyde, stained with 0.05 mg/mL filipin (Sigma)
for 2h, and more incubated with Alexa Fluor 488-
Phalloidin (1:1000, ThermoFisher Scientific) for 30 min
[63]. And then washed and imaged by confocal microscopy.
An Amplex red assay kit was used to measure the choles-
terol content in samples according to the manufacturer’s
protocol (Invitrogen).

Tumor-xenograft mice and in vivo experiments

Xenograft mice were established as described previously
[64]. In brief, a single-cell suspension of H460 cells (1 x 10°
cells) was injected subcutaneously into the lateral hind leg
of 6-week-old BALB/c nude mice (n=>5). The average
tumor volume was determined as (L x W2)/2; tumor length
(L) and width (W) were measured using a caliper. When the
tumor reached an average volume of ~100 mm?, an integrin
p4 SiRNA (Bioneer, Daejeon, Korea) mixture or PP2
(Calbiochem) with AteloGenes Local Use (KOKEN,
Koraku, Tokyo) was injected to surround the whole tumor
mass. After 1 day, xenografted tumors were locally exposed
to IR of 12 Gy. Local regional irradiation of xenografted
tumor was performed under anesthesia; irradiation was
achieved using a %°Co source irradiator (Theratron 780;
Atomic Energy of Canada Ltd.) operating at 1.3 Gy/min.
Mice were killed for further experiments at 8 days after the
IR exposure. Tumors were fixed overnight in 4% formalin,
embedded in paraffin, following which they were subjected
to immunohistochemistry for detection of p21 and Ki67,
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using the Vectastain Elite ABC kit (Vector Laboratories
Inc., Burlingame, CA, USA), as per the manufacturer’s
protocol. Subsequently, the slices were counterstained by
hematoxylin. Apoptosis in tumor tissue was assayed using
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay kit (Millipore), as per the manu-
facturer’s protocol. Sections were counterstained with
hematoxylin. Negative control sections were incubated with
distilled water in the absence of TdT. Labeling indices for
Ki67, p21, and TUNEL-positive cells were obtained from 5
randomly chosen viewing fields per tumor section,
according to standard procedures. All animal studies were
conducted in accordance with the guidelines of the Insti-
tutional Animal Care and Use Committee of the Korea
Institute of Radiological and Medical Sciences (Approval
No. KIRAMS 2016-0064).

Statistical analysis

One-way ANOVA or ¢ tests, with statistical significance P
<0.05, were performed. The data are presented as mean +
SD or mean + SEM.
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