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Focal adhesion kinase (FAK) is a non-receptor kinase that dditates tumor
aggressiveness. The effects of FAK inhibition include as®ng proliferation, limiting
metastasis, and inhibiting angiogenesis. PF-573228 is an P-competitive inhibitor of
FAK. Treating lung cancer cells with PF-573228 resulted inAK inactivation and changes
in the expressions of lamin A/C and nuclear deformity. Sinckamin A/C downregulation
or de ciency was associated with cellular senescence, the snescence-associated
b-galactosidase (SAb-gal) assay was used to investigate whether PF-573228 treatent

drove cellular senescence, which showed more SA-gal-positive cells in culture. p53
is known to play a pivotal role in mediating the progression focellular senescence,
and the PF-573228-treated lung cancer cells resulted in a gher p53 expression
level. Subsequently, the FAK depletion in lung cancer cellwas employed to con rm

the role of FAK inhibition on cellular senescence. FAK deflen and pharmacological
inhibition of lung cancer cells elicited similar patterns focellular senescence, lamin
A/C downregulation, and p53 upregulation, implying that FK signaling is associated
with the expression of p53 and the maintenance of lamin A/C leels to shape regular
nuclear morphology and manage anti-senescence. Conversgl FAK inactivation led
to p53 upregulation, disorganization of the nuclear matrixand consequently cellular
senescence. Our data suggest a new FAK signaling pathway, ithat abolishing FAK
signaling can activate the senescence program in cells. Ggering cellular senescence
could be a new therapeutic approach to limit tumor growth.

Keywords: non-small cell lung cancer, senescence, focal adhe sion kinase, nuclear deformity, lamin A/C

INTRODUCTION

Focal adhesion kinase (FAK) is a multifunctional non-recepyrosine kinase that participates in
a variety of signaling axe$-5). In response to extracellular stimuli, FAK translocateshe focal
adhesion complex, and mediates molecular signaling for eelkdents &9). In focal adhesion,
FAK cascades signal the focal adhesion complex to promote cdifepation and migration

Frontiers in Oncology | www.frontiersin.org

1 January 2019 | Volume 9 | Article 22


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2019.00022
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2019.00022&domain=pdf&date_stamp=2019-01-30
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:chjeya@cc.kmu.edu.tw
https://doi.org/10.3389/fonc.2019.00022
https://www.frontiersin.org/articles/10.3389/fonc.2019.00022/full
http://loop.frontiersin.org/people/670058/overview
http://loop.frontiersin.org/people/505513/overview
http://loop.frontiersin.org/people/640315/overview
http://loop.frontiersin.org/people/580650/overview
http://loop.frontiersin.org/people/473214/overview

Chuang et al. FAK Inhibition and Cellular Senescence

(4, 9, 10. In addition to the focal adhesion complex and have been characterized based on the inhibition of FAK gttal
cytoplasm, FAK is also present in the cell nucley<.(). Nuclear activity 36). In this study, we hypothesized that inhibiting
FAK acts as a cotranscriptional factor in gene transcriptind s  the enzymatic function of FAK would stop lung cancer cell
involved in p53 degradation, in contrast to its enzymaticdtion ~ growth and invasion. Interestingly, the enzymatic inaation
in protein phosphorylation, 11, 12). Whereas, FAK in the focal of FAK resulted in nuclear deformity. When we investigated
adhesion complex a ects the expressions of cyclin B1 and cyclitne cause and e ect of nuclear deformity by PF-573228, we
D1 to program tumor cell proliferation, 13, 14), nuclear FAK observed that p53 upregulation, lamin A/C downregulationd an
elicits p53 degradation to drive cell cycle progressioh {2). cellular senescence in the lung cancer cells exposed to PF&7322
The biological roles of FAK in cell migration and proliferatio  Strikingly, perturbation of FAK signaling led to downregtita
have also been implicated in pathological progression and iof lamin A/C and cellular senescence rather than prolifeeativ
the development of cancer. There are several lines of ewdenarrest, and halted migration of the lung cancer cells. These
suggesting that FAK activity can manipulate tumor phenotypegesults showed that treatment with a FAK inhibitor could be
leading to uncontrolled proliferation, neovascularizaticand a therapeutic approach to abrogate tumor growth. In addition,
metastasis §, 15, 16), and the FAK signaling to tumor cell these ndings revealed the crucial role of FAK signaling ittia
propagation represents tumorigenic capacify 11). Given the senescence, and thatinhibition of FAK resulted in the pregien
crucial roles of FAK in these malignant processes, FAK isfsenescence.
regarded to be a potential target for anti-cancer therapy (9).
Experiments have shown that FAK depletion results in silegicin MATERIALS AND METHODS
of cancer-promoting gene expressions in human hepatocellular
carcinoma (HCC) xenotransplants in nude and severe combineMaterials
immunode ciency (SCID) mice 19). Moreover, the enzymatic Detailed information on the materials is listed in
function of FAK involves in proliferation and metastasis (5  Supplementary Table S1
20). Suppressing the catalytic activity of FAK or sequesteriig§ F
in the cytoplasm has been reported to potentially perturb FAKCell Culture and Drug Treatment
signaling, which implies that chemical inhibitors of the gnmtic =~ A549 cells, H1299 cells, and H460 cells were purchased
activity of FAK may be a pharmacological strategy to limitean from ATCC. The cells were cultured in RPMI 1640 medium
growth and metastasi$|(7, 21, 22). supplemented with 10% fetal bovine serum (FBS) atC3ih a
Triggering cell apoptosis and arresting cell cycle progressiohumidi ed atmosphere at 5% Cg and treated with PF-573228
with pharmacological regimens are common strategies totlimi(TOCRIS, Bristol, UK) at concentrations of 0, 0.1, 1, ond\.
tumor cell growth. FAK inhibition represents an anti-cancer .
therapeutic strategy, as FAK inhibitors have e ects on antiVestern Blot Analysis
angiogenesis, anti-proliferation, and anti-invasion ee@, 15  The cells were harvested and lysed in 1x RIPA bu er (Merck,
23). Besides, inducing cellular senescence in tumor cellddcouDarmstadt, Germany) containing protease and phosphatase
be a new therapeutic approach to limit tumor cell growe¥)  inhibitors. The protein concentration was determined using
Although therapy-induced senescence (TIS) in cancer cedlg ma Bio-Rad DC protein assay kit (Bio-Rad, California, USA).
result from de cient apoptosis 45), driving cancer cells to For Western blot analysis, 3@g of total protein was applied
cellular senescence could be a way to limit tumor propagatiotf? SDS-PAGE and transferred to a PVDF membrane. The
(26). In general, chemotherapy-induced DNA damage, telomergembranes were blocked in 5% skim milk for 2h in TBST
shortening, and oncogenic stress are the three main patiwbg bu er (20mM Tris-Cl, 150mM NacCl, 0.1% Tween 20, pH
causes of senescenég,(27-32), and the induction of cellular 7.4). After blocking, the membranes were probed with the
senescence with these drug regimens is a side e ect. Cabes ofrimary antibody overnight. Antibodies against FAK, p-FAK,
gal-positive lung cancer biopsies in response to chemotheragyclin B1, p53, and lamin A/C were used in immunoblotting.
have been reported2d, 29, 33). Inducing cellular senescence The given protein bands were identied by horseradish
could be a new approach to limit cancer growth based omperoxidase-conjugated secondary antibodies and develojed w
phenotypic aging without DNA damage or genomic instabilityan enhanced chemiluminescence solution.

(31, 34). Chromatin or nuclear skeleton disorganization could .
be a cause of cellular senescence instead of oncogenangs FlOw Cytometry Cell Cycle Analysis

replicative failure §, 26). The cells were harvested and washed with PBS bu er, and then
Recent pharmacological advances in cancer therapy have l&@d in 70% (v/v) ethanol. The xed cells were stained with

to an increased focus on developing chemical compounds th&ropidium iodide solution and injected into an Attune NxT Flow

are able to target specic molecules in tumor cells to bothCytometer (Life Tech, California, USA) to analyze the celleyc

improve e cacy and lower toxicity 4, 35. PF-573228, which pro le.

competes with ATP binding to abolish the catalytic functioh o L.

FAK, can inhibit the phosphorylation of FAK at tyrosine 576757 |MmMuno uorescent Staining and

and FAK kinase function 36, 37). Consequently, PF-573228 Immuno uorescent Microscopic Imaging

e ciently suppresses both the growth and metastasis of epithel A Leica DMi8S epi uorescence microscope (Wetzlars, Germany)

carcinoma ¢, 36). The pharmacological e ects of PF-573228equipped with an X-Cite XCT10A (Lumen Dynamics,
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Wiesbaden, Germany) light source, Iters and objectiveg9, 15. Given the role of FAK signaling in tumor growth
(10x, 20x, 40x, and 63x) was used to observe uorescentlsignand metastasis, we hypothesized that inhibiting the catalyt
in the cells. In addition to epi uorescence, confocal imagesactivity of FAK may disrupt FAK signaling and blunt tumor
were captured using an OLYMPUS FV1000 confocal laserll proliferation. Therefore, we treated three distinct non-
scanning microscope equipped with a light source, lters andsmall cell lung cancer cell lines (A549 lung adenocarcinoma
objectives (10x, 20x, 40x, 63%, and 100x). Cells were seedmdls and H460 and H1299 large cell carcinoma cells) with
on 12-mm coverslips in a 24-well culture plate. The cells werBF-573228, an enzymatic inhibitor of FAK. PF-573228 was
harvested and xed in 4% paraformaldehyde in PBS for 10 minadministered to the lung cancer cells for 4 days at three
and permeabilized in 0.5% Triton in PBS for 5min. Afterdoses: 0.1, 1, or XM. The growth curves showed that
xation, the cells were subjected to immuno uorescent siag  10mM PF-573228 e ectively induced cessation of cell growth
with antibodies recognizing FAK and emerin. Phalloidin- (Figures 1A-Q.

TRITC was used as an additional reagent. Cell nuclei were We then examined the expression level of the cell cycle
stained with 0.2ng/mL 4% 6-diamidino-2-phenylindole regulator cyclin B1, which has been reported to be a downstream

(DAPI). e ector of FAK signaling. Western blot analysis showed
. . that cyclin B1 expression levels were much lower after the

Senescence-Associated b-Galactosidase cells were exposed to i PF-573228 Figures 1D-F. To

Staining further characterize the eect of PF-573228 treatment on

The cells were xed with 4% paraformaldehyde for 15min.cell cycle progression, we analyzed the cell cycle distributio
After  xation, acidic b-galactosidase (SBgal) was Using ow cytometry analysis. The results showed that a
assayed in senescence assay buer (1 mg/mL 5-bromdow PF-573228 concentration had little inuence on cell
4-chloro-3-indolyl b D-galactopyranoside (X-gal), 5mM cycle progressionFgures 1G-), whereas a high PF-573228
KzFe(CN), 5mM KsFe(CN), 2mM MgCh, 150mM NaCl, concentration (16nM) halted cell cycle progression at the G2/M
40mM citric acid, and 40mM NgsHPO4; at pH 6.0) in transition (Figures 1J,K. This showed that PF-573228 treatment
the dark at 37C for 16h. SAb-gal activity was detected e ectively suppressed multiplication of lung cancer cells.

based on SA-gal-hydrolyzed X-gal, which produces
blue color. All chemical reagents were purchased fronPF -573228 Administration Inactivates FAK

Sigma-Aldrich. Since phosphorylation of FAK at Tyr-576 and Tyr-577 (p-FAK)
represents enzymatic activation of FAK7, an antibody against
Cell Growth Assay p-FAK was used to conrm the kinase activity of FAK and

The cells were trypsinized, resuspended in 1xPBS, and staineerify the e ect of PF-573228 on FAK inactivation. FAK adtjvi
with trypan blue (Sigma-Aldrich). The number of cells waswas practically blocked by B PF-573228 in A549 cells

counted with a hemocytometer. (Figures 2A,Q. To further con rm the inactivation of FAK by
o ] ) PF-573228 treatment, we also examined the phosphorylation of
Lentiviral Production and Infection tyrosine 397 in FAK (pTyr-397). The results showed that the

Lentivirus-associated plasmids encoding luciferase, afl F intensity of pTyr-397 was decreased after PF-573228 tradtme
short hairpin RNA (shRNA) were obtained from the National (Figure SJ. FAK is a key regulator of integrin signaling for focal
RNAi Core Facility of Academia Sinica, Taiwan. The productioradhesion assembl\3§ 39). In addition to FAK inhibition, PF-
and infection of lentiviruses were performed according t@ th 573228 has been shown to perturb integrin-based signaling fo

guidelines of the National RNAi Core Facility. focal adhesion maturatior3g).
Lo . Treatment of the lung cancer cells with PF-573228 resulted
Statistical Analysis in failure of FAK activation, and translocation to focal afion

The experimental data were digitized and analyzed. Dat@as observed inimmuno uorescent imagingigure 2B). When

are presented as the mean the standard error of the the cells were cultured in PF-573228-free medium, more FAK
mean (SEM). One-way ANOVA was used to compargranslocated to focal adhesions, which appeared as plaque-like
digitized data and measurements from independenpatterns in the cell periphery that formed at the tips of stress
experiments in two or more groups, and the Studentspers, as visualized in cells stained with phalloidin-lagzIF-
T-test was used to compare two independent samples. Actin and an antibody against FAKFigure 2B). By contrast,

p < 0.05 was considered to indicate a statistically signi canin the A549 cells treated with PF-573228, only a few FAK

di erence. molecules translocated to focal adhesions, and tiny FA&ebda
focal adhesions formed at the tips of F-actin bundles, intitica
RESULTS failure of focal adhesion maturatiorFigure 2B). The sizes of
. focal adhesions were measured and the areas of FAK at the tips
PF-573228 Causes Cessation of the of the actin stress bers were digitized using Image Pro sarfew
Propagation of Lung Cancer Cells The sizes of focal adhesions ranged from 12 ta@8 in the cells

Focal adhesion signaling is involved in cell proliferationda without PF-573228 treatment, whereas the extent of FAkedas
FAK plays a key role in the focal adhesion complex thafocal adhesion was approximately 3—fn? after PF-573228
relays focal adhesion signals to the cell proliferation progra treatment Figure 2D).

Frontiers in Oncology | www.frontiersin.org 3 January 2019 | Volume 9 | Article 22


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Chuang et al. FAK Inhibition and Cellular Senescence
A B (o
-~ 10 uM -~ 10 uM +’}0uM
-+ 1uM - 1uM
1.0x10y o4 um 1.0x107 1.0x10'3 5 04 um
= 0uM N = 0uM
2 1.0x10% 2 1.0x10° é 1.0x10°
: 5 :
= P<0.01
3 1.0x10% P<0.001 3 1.0x10° 3 1.0x10° £<0 30 p<001
o (5] [3}
1.0x10%— T T T T .0x1044— T T T T 1.0x10%— T T T T
TS 1 2 3 4 day AT T day 0 1z 3 4 day
duration of PF-573228 duration of PF-573228 duration of PF-573228
administration administration administration
D E F
PF-573228 0 1 10 (uM) PF-573228 0 10 (uM) PF-573228 0 1 10 (uM)
cyclin B1 (SIS cyclin B1 SN cyclin B1 Sssas
actin actin actin
G H |
600 600 600
] G1 G1 1 G1
—
500 s G2/M 5004 — s G2/M =0 — G2/M
J— — — — —
S 250 S 250- S 250
0 0- 0-}
0 500 1000 0 500 1000 0 500 1000
PI-A (10%) PI-A (10%) PI-A (10%)
J K
o/ .
600 100 A sub G1
1 G, G2/ us
500 s M 80% E
J— — nG2/M
Gl
60% -
8 250-] 40%
20% 1
0% - T T T
500 0 0.1 1 10 (uM)
PI-A (109)
PF-573228
FIGURE 1 | PF-573228 inhibited lung cancer cell growth. Three differg types of lung cancer cells,(A) A549 lung adenocarcinoma and(B) H460, and (C) H1299
large cell carcinoma, were selected for the PF-573228 admistration regimen. Cell growth curves of the three lung carer cell lines treated with various doses of
PF-573228 for 4 days were established. The administrationfd®F-573228 at 10mM to the lung cancer cells effectively suppressed cell growitin vitro, as proliferative
activity totally ceased in the cells exposed to 10nM PF-573228. (D) On the third day, PF-573228-treated cells were harvested ath subjected to Western blot analysis
for cyclin B1. Cyclin B1 levels were much higher in A549 cellwith 1 mM PF-573228 or without PF-573228 treatment than in the cellgreated with higher
concentrations of PF-573228.(E) After 10mM PF-573228 treatment, cyclin B1 levels declined markedlyniH460 cells. (F) PF-573228 administration slightly reduced
cyclin B1 levels in H1299 cells. A549 cells were harvested ahsubjected to ow cytometry analysis for cell cycle pro ling dter PF-573228 treatment for 3 days. The
concentrations of PF-573228 were OmM (G), 0.1 mM (H), 1 mM (1) and 10mM (J), respectively,(K) After 10mM PF-573228 treatment, the G2/M ratio was signi cantly
extended. The apoptotic ratio was also increased in A549 céd with 10mM PF-573228 treatment.
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FIGURE 2 | PF-573228 as a catalytic inhibitor inactivated the kinaseuhction of FAK.(A) FAK expression levels and FAK activity, as measured by the pbphorylation
of FAK at tyrosine 576 and 577, were quanti ed by Western blot aalysis after treatment of lung cancer cells with PF-573228r 3 days. (B) The cells were stained
with phalloidin to visualize F-actin (red) and a FAK antibgdo visualize the FAK distribution (green). In cells withoBf-573228 administration, FAK translocated to
focal adhesions at the tips of actin stress bers, and the fochadhesions were relatively large. When cells were exposed L0 mM PF-573228, FAK translocation to
focal adhesions was reduced, and the sizes of the focal adheésns were smaller. Nuclei in cells treated with PF-573228 we deformed, as visualized with DAPI
staining, whereas most nuclei in cells without PF-573228 &ratment were oval shaped.(C) The p-FAK/FAK ratios in the cells with exposure to ilM and 10 mM
PF-573228 were reduced to less than half and one tenth compad with the cells without PF-573228 treatment, respectival (D) The sizes of FAK-based focal
adhesions were 19nm?2 on average in the cells without PF-573228 treatment and 6.4nm?2 on average in the cells without PF-573228 treatment.

Aberrant Nuclear Appearance and Lamin (Figure 2B), changes in lamin A/C expression levels were
A/C Downregulation Occur Concurrently in assessed. The e ects of FAK signaling on the expressions of lam
the Lung Cancer Cells Exposed to A/C anq other nuclear skeletal proteins |nf¢rred that the leac .
PE.573228 deformity caused by PF-573228 was attributable to changes i

) lamin A/C expression.

In the absence of PF-573228, most cells contained oval oou 1 jhyestigate changes in lamin A/C expressions in cells

nuclei, as visualized by DAPI stainingigure 2B). Interestingly, exposed to PF-573228, PF-573228-treated cells were harveste

a distorted nuclear morphology was observed in the A549 cellg, subjected to Western blot analysis. Inhibition of FAKty

treated with PF-573228F(gure 2B). As DAPI staining was |eq 1o lower p-FAK levelsHigures 3B,G and deformed nuclei

insu cient to clearly visualize the nuclear appearance inalkt i, the Jung cancer cellsgure 3A). To quantify the expressions

an antibody against emerin4(), a nuclear inner membrane of |amin A and C, the intensities of their protein bands were

protein, was used to visualize the nuclear shape in the PFZB732 yormalized tob-actin (Figure 3B). The expressions of lamin A

treated A549 cells. Emerin staining revealed that the wéfl®out  3nq C were much lower in the A549, H460, and H1299 cells

PF-573228 treatment harbored oval-like nuclei. By contrasst  treated with PF-573228 compared to those without PF-573228

nuclei were larger and had irregular shapes with invagimabio  treatment Figure 3B and Figures S2A,B. The lamin A and

the cells upon exposure to bM PF-573228Kigure 3A). C band intensities were quanti ed and plotted in bar charts.
Lamin A/C is the nuclear skeleton responsible for maintagnin The ratios of lamin Ab-actin and lamin Ch-actin in A549

and stabilizing the nuclear architecture41-44). Because cells exposed to PF-573228 were reduced by one third and one

interrupting  FAK  signaling resulted in nuclear deformity half, respectively, compared to A549 cells without PF-573228
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FIGURE 3 | Downregulation of lamin A and lamin C and nuclear deformity iA549 cells exposed to PF-573228.(A) After PF-573228 treatment of A549 cells, the cells
were xed and stained with phalloidin to label F-actin (red)rsd an antibody against emerin (green) to outline the nucleahape. Cells treated with PF-573228 were
extremely large and had deformed nuclei, whereas mostly oVdike nuclei were present in the cells without PF-573228 &atment. (B) The cells treated with 120mM
PF-573228 exhibited a decrease in p-FAK levels. Lamin A andinin C expression levels were much lower in A549 cells exposeto 10 mM PF-573228. (C) The
p-FAK/FAK ratios in A549 cells exposed to IiM and 10 mM PF-573228 were less than half and one tenth of those in A549alls without PF-573228 treatment,
respectively.(D,E) Decreased lamin A and lamin C levels appeared in A549 cellsstited with PF-573228.

treatment Eigures 3D,B. Similar trends of downregulation of PF-573228 Kigures 3A,B, we examined the development of

lamin A and lamin C by PF-573228 treatment were also detecteckllular senescence in lung cancer cells treated with PF28732

in the two other lung cancer cell lineEigures S2A,B. The SAb-gal activity in cells was assayed ioysitu staining
using the chromogenic substrate X-gal, which coloredsgel-
positive cells blue. As noted Figure 4A, blue cells were clearly

Lung Cancer Cells Ar_e Pestlned to visible in the cells treated with PF-5732Z8dgure 4A), whereas
Senesce!"ce Afte_r Inhibition of FAK a sporadic distribution of blue-colored cells was observed
Enzymatic Function in the cells without PF-573228 treatmenFigure 4A). The

Mutant LMNA, mutations that a ect lamin A/C expression, bar chart in Figure 4B shows that nearly 90% of the cells
and lamin A/C depletion in cells have been associated witlexposed to a higher dose of PF-573228 were positive for SA-
premature aging and cellular senescenBeg 30, 32, 42, 45. b-gal, compared to 20% of the cells exposed to a lower
Based on the concurrent lamin A/C downregulation anddose of PF-573228, and1% of the cells without PF-573228
nuclear deformity observed in lung cancer cells exposed teatment.
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FIGURE 4 | Cellular senescence occurred in lung cancer cells after FAihibition. (A) A549 cells were exposed to 0, 1mM, or 10mM PF-573228 for 7 days.
SA-b-gal-positive cells appeared sporadically in cells withduPF-573228 treatment. The cells treated with InM PF-573228 were slightly enlarged, with few
b-gal-positive cells. The cells treated with 10nM PF-573228 were quite large, and most wereb-gal positive. (B) The ratio of SAb-gal-positive cells to the total
population was calculated and plotted in a bar chart. SAb-gal-positive cells represented< 1% of the total A549 cell population without PF-573228 treanent, 21%
in the 1mM PF-573228-treated A549 cell population, and more than 80%n the 10mM PF-573228-treated A549 cell population.(C) A549 cells were treated with 0, 1,
or 10mM PF-573228 for 4 days. p53 was not obviously increased in InM PF-573228 treated-A549 cells and was signi cantly elevatd in 10mM PF-573228-treated
A549 cells. (D) p53 levels approximately tripled in A549 cells exposed to 1M PF-573228 compared to cells with or without 1mM PF-573228 treatment.

Upregulation of p53 in Cells Exposed to administration, o -target e ects could also have turned o
PF-573228 other kinases, for example, cyclin-dependent kinases. Tdrexe
Disruption of FAK signaling by PF-573228 caused cellulapignaling perturbations of other kinases may have caused the
senescence. However, the mechanisms by which inhibition ®@thogenic senescence in the lung cancer cells.

FAK signaling a ects senescence programming remain unclear. !f FAK has an anti-senescence e ect, FAK depletion would
Cellular senescence in chemotherapy-a ected cancer cefls hgause anti-senescence to fail and escalate senescen@npragr
been observed in several studigg, @9, 46). In addition, clinical ~ To clarify the role of loss of FAK signaling in the development
studies have reported that p53 plays a role in the developme#ff cellular senescence and nuclear deformity with changes in
of cellular senescence in chemotherapy-a ected cancer(@élls 1amin A and lamin C expressions, we used an shRNA targeting
47). p53 is known to be a transcription factor in programed FAK to deplete the expression of FAK in lung cancer cells.

senescence and cell cycle arrés),(and it may play a similar role  After introducing shFAK into lung cancer cells, cells harbgrin
in the cellular senescence program in lung cancer cells edjose ShFAK were selected. To assess FAK knockdown, two shFAK

PF-573228 as in cells in which FAK signaling is interrupted.  clones were selected for Western blot analysis and sermscen
To investigate whether or not p53 plays a role in PF-57322gassays, which showed that shFAK successfully caused FAK

induced cellular senescence, p53 expression levels weriexiam depletion in A549, H460, and H1299 cellsigure 5A and

in PF-573228-treated cells. Western blot analysis showatl thFigure S4A. In addition, the impact of FAK depletion on the

p53 expression levels increased signi cantly by more than 3ownregulation of lamin C and cyclin B1 and upregulation of

fold compared to cells without PF-573228 treatment and cellB53 was validatedqgure 5AandFigure S44). We also assessed

treated with a low concentration of PF-5732Fddures 4C,;  huclear appearance using emerin staining, which revealed tha

andFigure S3. A549 cells without FAK depletion harbored oval-like nuciy.
contrast, the ratio of nuclei harboring slightly larger anegular

Engagement of FAK Signaling With Nuclear shapes was increased in the cells with FAK deplefaguie 5B).

Integrity and p53 Expression Similar results were obtained in the H460 and H1299 cells

FAK is not the only molecule targeted by PF-573228%).( (Figures S4B,Q. In addition, lung cancer cells harboring shLuc
Although FAK enzymatic activity was blocked by PF-573228r shFAK were subjected to senescence assays, which teveale

Frontiers in Oncology | www.frontiersin.org 7 January 2019 | Volume 9 | Article 22


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Chuang et al. FAK Inhibition and Cellular Senescence

FIGURE 5 | FAK depletion resulted in nuclear deformity and cellular sescence. (A) A549 cells with FAK depletion by shRNA were seeded and inculied for 7 days.
Western blot analysis revealed low FAK levels in the cellsttvishFAK and higher levels in the cells with shLuc. Upon FAK géetion, lamin C and cyclin B1 levels
decreased, and p53 expression levels increasedB) The cells were xed and stained with an antibody against emeni (green) to outline the nuclear shape. Cells with
FAK depletion were slightly larger, with a higher proportioof deformed nuclei (arrowhead), whereas mostly oval-likeuclei were present in cells without FAK depletion.
(Scale bar, 50mm) (C) SA-b-gal-positive cells were sporadically visible in A549 celwith shLuc. By contrast, more SAb-gal-positive cells were observed among cells
with shFAK. (Scale bar, 100mm) (D) The bar chart shows that< 1% of the cells in the shLuc population were SAb-gal-positive, whereas more than 10% of the shFAK
cell population was SAb-gal positive.

more SAb-gal-positive A549 cells harboring shFARIgure 5C). (24, 27, 33, 48), and replicative senescence is able to cease tumor
By contrast, few SA-gal-positive cells were visible in those growth (47, 50). However, this cellular senescence is reversible
harboring shLuc. The SA-gal-positive cells represented.7% (31,51, 52). Senescent cells expressing low levels of p16 have been
of the shLuc A549 population. In the two shFAK cell clonesshown to reversibly exit senescence when p53 expression levels
SAb-gal-positive cells representedll and 15%, respectively fall (52).

(Figure 5D). Similar results were observed in H460 and H1299 In this study, FAK signaling downregulated the expression of
cells Figures S4D—Fr. However, H460 cells grew in single and p53, and inhibition of FAK signaling upregulated the expressio
multiple layers Figure S4D), and it was di cult to measure the of p53 in A549 cellsRigures 4C,D 5A). The A549 cells that

ratio of SAb-gal-positive cells. entered senescence due to PF-573228 administration éedhibi
regrowth and return to a non-senescent state after withaddaw

Senescent Cells Reactivate Their of PF-573228 from the culturd{gures 6A-Q. The proliferative

Proliferative Activity After PF-573228 activity of A549 cells was based on cyclin B1 expressionthgter

Withdrawal From Cell Culture cells were incubated in PF-573228-free meditigre 6D).

Aging and cellular senescence are often present in replicati . . .
failure, oncogenic induction, and telomere shorteniB8gi4, 49). \ﬁeStoratlon of Lamin a and Lamin C

In clinical cases, chemotherapy or radiation has been showXPressions in Senescent Lung Cancer

to induce cellular senescence, and DNA damage or genomfcells After PF-573228 Withdrawal

instability is thought to be the pathological cause. TherapyWe then tested whether senescence in lung cancer cells with
induced senescence can be classi ed as replicative senescdr&K inhibition was reversible or irreversible. The threendu
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FIGURE 6 | Recovery of the proliferative activity of lung cancer celsfter PF-573228 withdrawal.(A) The population of SAb-gal-positive A549 cells declined after the
cells were released from PF-573228 inhibition(B) The proportion of SAb-gal-positive A549 cells was 80% when cells were exposed to PF-573228, and only 25%
after PF-573228 withdrawal.(C) Initially, the cells were senescent, and proliferation ceasl in the three lung cancer cell lines with PF-573228 treatnma. After
PF-573228 withdrawal, the A549 cells grew exponentially, H299 cells grew linearly, and H460 cells continued to exhibcessation of division.(D) When cells were
exposed to PF-573228, cyclin B1 expression level was extreely low. After the cells were released from PF-573228 inhitoon, cyclin B1 levels gradually increased in
A549 cells and H1299 cells. However, cyclin B1 remained at lw levels in H460 cells after PF-573228 withdrawal.P < 0.05.

cancer cells lines were cultured in medium containing@®PF-  signaling @3, 53). FAK-associated cross-talk between EGFR and
573228 to induce cell senescence in a 5-day induction courdategrin pathways have been shown to lead to tumor growth
after which the expressions of lamin A and lamin C decreasednd metastasis in lung cance3Y 53-55). Phosphorylation at
(Figure 7A). After the induction of senescence, PF-573228yrosine 576/577 (p-FAK) has been reported to result in cétaly
withdrawal was scheduled over 6 days. Lamin A and lamin @ctivity and to be involved in tumor cell proliferation and
expressions in A549 cells and H1299 cells gradually recoveretetastasis4, 12, 15 16). Therefore, inhibition of the enzymatic
after PF-573228 withdrawaFigures 7A,B. By contrast, lamin function of FAK has been proposed to be a therapeutic strategy
A and lamin C levels in H460 cells remained lower wherto limit tumor growth, angiogenesis, and metastasis’( 16, 23).
senescent H460 cells were incubated in PF-573228-freaumedi In the present study, we tested the pharmacological e ect of PF-
(Figures 7A,B. After PF-573228 withdrawal, senescent A54%73228 on inhibiting FAK activity and limiting lung canceelt
cells escaped from senescence, as the-§&l-positive A549 cell growth. When lung cancer cells were treated with PF-573228,
population declined to nearly half by the fth day of PF-73228an abnormal nuclear shape was observed. A similar cytolbgica

withdrawal Figure 8A). phenomenon has been reported in previous studi€s, however
the molecular mechanism has not been clearly elucidated. In
DISCUSSION addition, nuclear lobulation and distorted nuclear morphgio

have been reported in cells with the LNMA mutation or lamin
FAK is a signaling mediator of integrin-based signaling and®/C downregulation {1-43). The LNMA mutation or lamin A/C
is associated with epidermal growth factor receptor (EGFRYlownregulation has been shown to result in nuclear distartio
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FIGURE 7 | Restoration of lamin A and lamin C expressions in lung canceells after PF-573228 withdrawal (WD)(A) The senescent cells were released from
PF-573228 inhibition for the indicated period. Western blbanalysis revealed that the expression levels of lamin A addmin C were gradually restored in A549 cells
and H1299 cells. However, the lamin A and lamin C levels remeed lower in H460 cells when senescent H460 cells were incultad in PF-573228-free medium.(B)
The expression levels of lamin A and lamin C in A549 cells ireased after the cells were released from PF-573228 inhibith. However, H460 cells expressed lower
levels of lamin A and lamin C when exposed to PF-573228, and fain A and lamin C expression in H460 cells remained lower wheRF-573228-treated cells were
cultured in PF-573228-free medium. Lamin A and lamin C levelin H1299 cells decreased when cells were exposed to PF-57328. After PF-573228 withdrawal, the
expression levels of lamin A and lamin C gradually increased H1299 cells previously treated with PF-573228.

with a pathogenic tendency to develop aging and senescendeerentiation rather than stem cell renewab$). In addition,
(8, 30,42, 57). The nuclear deformity in PF-573228-treated lungnuclear FAK and Oct-4 have been shown to coordinate gene
cancer cellsKigures 2B 3A-C) supports a pathophysiological expression programming with the expression of Oct-4 in stem
impact from the inactivation of FAK signaling to downregwdat cell renewal. However, the role of nuclear FAK in gene expess
lamin A/C. programming does not seem to be associated with changes in
In this study, we examined the expressions of laminamin A/C expressions. Furthermore, we found that PF-573228
A/C and assayed SB-gal activity in lung cancer cells treatment does not dramatically a ect nuclear translocatio
exposed to PF-573228. Our experimental results demonstratei FAK in A549 cells Figure S5. This implied that FAK-
that FAK inhibition and FAK depletion elicited similar mediated signaling to maintain lamin A/C expression may not
downregulation of lamin A/C, upregulation of p53, and cellularbe through transcriptional regulation. By contrast, inaetion
senescenceF{gures 4A,C,0 5A,C). These results imply that of FAK signaling or nestin silencing3() has been shown to
FAK signaling regulates the expression of lamin A/C to mamta signi cantly downregulate lamin A/C and cause round or oval
a regular nuclear shape and activate anti-senescence pregranuclei to become lobulated or irregular in shape. Our results
(Figure 8B. The nding that FAK signaling aects lamin indicated that FAK-mediated signaling is crucial to mainta
A/C expressions and in uences the cellular context in whichnuclear shape and, potentially, for chromatin reorganization
lamin A/C organizes the nuclear architecture is an important In addition to the downregulation of lamin A/C, this study
biological theme. The degradation of lamin A/C has recentlyshowed that FAK inhibition-mediated p53 upregulation also
been reported to be regulated by Aktl or cdk5 signalidig £8). played a crucial role in cellular senescence, and that p53 was
Akt signaling was shown to slightly alter the amount of laminincreased during FAK inhibition either by a small compound or
A/C in cells, but this small change in lamin A/C expressionsshRNA-mediated downregulation. Lim et al. demonstrated that
did not seem to have a notable e ect on nuclear shape. Onuclear FAK could promote p53 downregulation via enhanced
the other hand, nuclear FAK has also been shown to act addm2-dependent p53 ubiquitination in a kinase-independent
a transactivator to regulate gene expressions and stem celanner (L1). However, in our study, both the amount of
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FIGURE 8 | Disruption of FAK signaling with cellular senescence. Re#eation of FAK signaling was observed in A549 cells in whickenescence was induced by 5
days of PF-573228 treatment after PF-573228 withdrawal(A) The proportion of SAb-gal-positive A549 cells declined to half when the senescercells were cultured
in PF-573228-free medium. In addition, A549 cells grew expoentially after A549 cells were released from inhibition by0ImM PF-573228. *P < 0.05. (B) The
proposed scheme shows that integrin-based signaling actiates FAK to trigger cell proliferation, to manage lamin A/C gxession to maintain nuclear shape and
program anti-senescence. Blockade of FAK signaling by PF83228 induced cell cycle arrest and senescence.

FAK protein and its enzymatic function a ected the expressionled to cellular senescence in lung cancer cells. We also
level of p53. PF-573228 treatment suppressed the enzymatésted the sensitivity of human normal lung epithelial cells,
activity of FAK but did not signi cantly a ect its abundance. BEAS-2B, to PF-573228 treatment. It appeared that a high
However, an obvious e ect on cell senescence was observeddancentration of PF-573228 could attenuate the propagation of
the inhibitor treatment group. This result implies an importan BEAS-2B cells. However, the BEAS-2B cells cultured in medium
role of FAK enzymatic function in suppressing senescenceontaining serum still underwent cell cycle progression wath
Downstream signaling such as the PI3K/Akt axis may play &w proliferative rate Figure S6A. This implies that oncogene
critical role in modulating Mdm2 function and p53 regulation, addiction occurs in lung cancer cells for FAK signaliag)( We
and p53 activation may suppress cell proliferation and furthealso evaluated whether FAK inhibition causes cellular e
trigger senescence. However, FAK inhibition also repressed BEAS-2B cells. The results showed that a high dose of PF-
the proliferation of p53 null cancer cells such as H1299 cell§73228 treatment promoted cellular senescence in BEAS-2B cell
and induced senescence. FAK inhibition also reduced lami(Figures S6B,J. However, the ratio of SA-gal positive cells
A/C expressions in H1299 cells, with changes in chromatimwas< 3% (igure S6Q. This implies that normal cells are more
integrity followed by the induction of senescence. Thes@sensitive to high concentrations of PF-573228 than lusgoer
observations indicate that the induction of cellular seeese cells and FAK inhibitors have a therapeutic potential for amc
by perturbations in lamin A/C-mediated chromatin alterati® treatment. However, there was no evidence showing that FAK
is independent of p5330, 34, 60). signaling can result in anti-senescence and convert senesc
Downregulation or degradation of lamin A/C and cells to non-senescent cells upon FAK inhibitor withdrawal i
upregulation of p53 by PF-573228 treatment or FAK depletiorA549 cells Figures 8A,B. We calculated the ratios of S
are the main causes of cellular senescence. Baell et altag@porgal-positive and SA-gal-negative A549 cells after PF-573228
that inhibition of histone acetyltransferase could indweglular  withdrawal and plotted curves with the timing of PF-573228
senescence2(), and that the pharmacological e ects of VM- withdrawal. The slope of the curve for SAgal-negative cells
8014 and VM-1119 on chromatin remodeling caused cellulaover 5 days indicated a reduction of 5,402 cells per day in the
senescence2(). The induction of senescence by PF-573228jnear variation of SAs-gal-negative cell numbers-igure 8A).
VM-8014, and VM-1119 may also be due to defective chromatiisAb-gal-negative cells increased exponentially after PF-87322
remolding. Because FAK and lamin A/C are also involved irwithdrawal in A549 cells, and the curves of the B&al-negative
chromatin remodeling 43, 55, 61), this cellular senescence is cell growth were convergent with the growth curve of totakQ5
likely to be reversibleRigures 6A—C 8A). Therefore, when the cells Figure 8A). These results may be due to reversion of some
enzymatic activity of FAK is restored, lamin A/C and cyclih B of the senescent cells to non-senescent cells, as describiesl in
expression levels recovéigures 7A,B 6D). schematic representation of FAK signaling in anti-seneseamd
Inhibition of FAK signaling may have a therapeutic role PF-573228 treatment signaling cellular senescefigeie 8B).
in limiting cancer cell growth. In the present study, we Previously, therapeutic outcomes were measured in terms
demonstrated that disruption of the FAK signaling pathwayof anti-angiogenesis, anti-proliferation, and anti-inias
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(16, 39, 62. In this study, FAK inhibition limited lung wrote the draft. M-SH, MH, and C-JY reviewed and edited the
cancer cell propagation by inducing cellular senescenamanuscript. All authors reviewed the manuscript.

(Figure 8B). Driving cell senescence programing is a new trend

for the treatment of tumor diseasegd), as this therapeutic FUNDING

approach does not chemically elicit genomic evolution in

cancer cells and does not severely damage non-cancer cdllsis work was supported by the Ministry of Science and
(63). Although cellular senescence does not kill tumor cellsTechnology [MOST 102-2314-B-037-028-MY3] to C-JY;
limiting cancer growth could eliminate cancer cell maligog.  Kaohsiung Municipal Ta-Tung Hospital [grant number
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FAK appears to be an attractive target for pharmacological

strategies for cancer therapy. Our data reveal a signaingCKNOWLEDGMENTS
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