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ABSTRACT

Rhoassociatedkinasel (ROCK1jegulatestumor metastasisby maintaining cellular cytoskeletonhomeostasis
However,the preciserole of ROCK1n non-smalkcell lung cancer(NSCLCG3poptosisremainslargely unknown.
In this study, we examined the function of ROCK1lin NSCLSsurvival using RNA interference-mediatec
knockdown. Our results showedthat ROCKXknockdownreducedA549lung cancercell viability in vitro. It alsc
inhibited A549 cell migration and proliferation. Transfectionof ROCKIsiRNAwas assocated with increase(
expressionof large tumor suppressorkinase 2 (LATS2and c-Jun N-terminal kinase (JNK).Moreover, ROCK
knockdowninduced A549 cell apoptosisand inhibition of proliferation were suppressedoy LATSZXnockdowr
or JNKinactivation, suggesting that ROCK1deficiency triggers NSCLGpoptosis in a LATSZINK pathway-
dependent manner. Functional analysis further demonstrated that ROCK1knockdown dysregulatec
mitochondrial dynamics and inhibited mitochondrial biogenesis. This effect too was reversed by LATS
knockdownor JNKinactivation. We have thus identified a potential pathway by which ROCKHXownregulation
triggersapoptosisin NSCL®y inducingLATS2INKdependentmitochondrial damage.

INTRODUCTION to identify potentialtreatmenttargetsto reduceNSCLC
cell survival,invasion,andproliferation.

Non-smaltcell lung cancefNSCLC)is a main causeof
cancerdeathworldwide andaccountgor approximately

80i 85% of all lung cancercasegl]. Recentadvancesn

Rhoassociatedkinase 1 (ROCK1) was originally
describedasa downstreaneffector of thesmall GTPase

diagnosisand treatmenthave improvedthe survival of
patients with early stage NSCLC [2]. Although a
growing number of studies have examined the
molecularmechanism®f NSCLC carcinogenesighey
remain largely unknown. In addition, the mild
symptoms and clinical signs that characterizeearly
stageNSCLC canprecludeearly detectionandNSCLC
progressesrapidly. Most patients are diagnosedat
advancedstages,resulting in poor prognosisand low
survival rates[3]. Importantly, someNSCLC subtypes
are highly resistantto radiotherapy/chemotheramnd
are thereforetreatedmainly by surgery[4]. Additional
studies are neededto improve understandingof the
pathogenesiandmolecularmechanismef NSCLC and

RhoA. As a serine/threonin&inase,ROCK1 plays an
important role in sustaining cellular cytoskeleton
turnover by promoting the formation F-actin [5, 6].
Interestingly, F-actin synthesis and degradationare
closely associatedvith the migration and mobilization
of varioustypes of tumors,including liver cancer[7],
endometrialcancer[8], prostatecancer[9], colorectal
cancer[10], breastcancer[11] and lung cancer[12].
This suggestshatROCK1 might alsoaffectlung cancer
developmentand progression13]. Other studieshave
demonstratedthat ROCK1 enhances mitochondrial
function [14], augmentscellular energy metabolism
[15], and promotescell cycle transition [16]. These
findings indicate that ROCK1 may modulate lung
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cancer bioenergeticsand proliferation. Although a
recentstudy demonstratedhat ROCK1 is involved in
lung cancemigration/invasiorj12], the mechanismgy
which ROCK1 impacts lung carcer survival are not
fully understood.

At the molecularlevel, large tumor suppressokinase2

(LATS2) hasbeenidentified as a novel pro-apoptotic
factor. Togetherwith macrophagetimulatingl (Mst1),

LATS2 interactswith BCL-xL to inhibit the activity of

mitochondriarelated antiapoptotic proteins such as
Bcl2 or c-IAP1 [17, 18], leading to an imbalance
betweerBax andBcl2. Under physiologicalconditions,
Bcl2 interacts with Bax to block Bax-mediated
mitochondrial damage[19, 20]. Once inactivated by

LATS2, Bax is separatedrom Bcl2 andinsertedinto

the outer mitochondrial membrane [21], leading to

mitochondrialdamage.ln addition, LATS2 actsasan
agonist of the JNK pathway by promoting post

transcriptional modification of JNK [22, 23]. Once
phosphorylated,JNK translocatesinto the nucleus,
where it induces the transcription of pro-apoptotic
proteinssuch as Bad and Bax and ultimately leadsto

apoptosis. The causal relationship between ROCK1
upregulationand LATS2 inhibition wasfirst described
in the context of type2 diabetes[24, 25]. Whether
ROCK1 promotes cancer cell viability by inhibiting

LATS2 and subsequentlyblocking Bax- or JNK-

inducedmitochondrialapoptosisn NSCLC remainsto

bedeterminedTheaim of this studywasto chaacterize
therole of ROCK1in lung cancersurvival with a focus
on the LATS2-JNK signaling pathway. To that end,
A549 cells were transfected with siRNA against
ROCK1 in a lossof-function assay, and LATS2

expressionand JNK transcriptionwere measured.To

determine whether LATS2 and JNK acted as
downstreameffectorsof ROCK1, ROCK1-knockdown
A549 cells werethentreatedwith LATS2 siRNA anda

JNK inhibitor.

RESULTS

ROCK1 knockdown reducesA549 cell viability and
inducescell apoptosis

A549 cells weretransfectedvith siRNA againstROCK1
(si/ROCK1)to observethe effectsof ROCK1in NSCLC
developmentand progressionComparedo the control,
si/ROCK1 transfectionreducedcell viability in anMTT
assay(FigurelA), indicatingthatROCK1wasnecessary
for cancersurvival. An LDH releaseassaywas then
performed to confirm this result. Under normal
conditions,LDH is containedin the cytoplasm[26, 27];
during cellular membrane breakdown indicative of
decreasedell viability, LDH is releasednto the culture
medium [28, 29]. Comparedto the control group,

si/ROCK1 transfection increasedLDH levels in the
culture medium (Figure 1B), suggestingthat ROCK1
deficiencyis associatedvith cell membraneoreakdown.
Next, we examinedhe effectsof ROCK1 knockdownon
cell apoptosidby measuringhe activity andtranscription
of caspas@ protein, a key apoptosis promoter that
triggerscell membrandreakdowr30, 31]. As shownin
Figure1C, 1D, comparedo the control group,caspase
activity and transcriptionwere dysregulatedn response
to sifROCK1 transfectionFinally, TUNEL stainingwas
usedto quantify numbersof apoptotic A549 cells. As
shownin Figure 1E, 1F, comparedo the control group,
the number of TUNEL-positive cells increasedafter
exposureto si/ROCK1, confirming that inhibition of
ROCK1 upregulatedapoptosisin A549 cells. Together,
theseresultsindicatethat ROCK1 knockdownactivates
apoptosisand thus reducesNSCLC cell viability in
in vitro.

ROCK1 knockdown reducesNSCLC migration and
proliferation

Cancer cell invasion and proliferation are crucial to
cancer progression;we therefore examined whether
ROCKZ1 also regulated A549 cell proliferation and
mobilization [32]. As shownin Figure 2A, a CCK-8
assaydemonstratedhat cell proliferationwasimpaired
by si/ROCK1. Accordingly, cyclin-D and cyclin-E
transcriptionwere also downregulatedin A549 cells
after transfectionof si/fROCK1 (Figure 2B, 2C). These
results indicate that ROCK1 knockdown inhibits
NSCLC proliferation.

Next, we examinedhe effectsof ROCK1 on A549 cell
migration and invasionin vitro. In a transwell assay,
A549 cell migration was drastically reduced after
si/ROCK1 transfection(Figure 2D). At the molecular
level, CXCR-4 and CXCR-7 have beenidentified as
key promoters of cancer adhesion and migration.
Interestingly,transfectionof si/fROCK1 decreasedheir
transcription in A549 cells (Figure 2E, 2F). These
results confirmed that inhibition of ROCK1 impairs
NSCLC proliferationandmigration.

ROCK1
pathways

knockdown activates LATS2-JNK

Previous studies have demonstrated that ROCK1
activation is associatedwith LAST2 suppressiorn33].
Interestingly,recentexperimentshaveidentified LATS2
asa novel regulatorof cancersurvival andinvasion[34,
35]. We thereforeexploredwhetherROCK1 knockdown
mediatedA549 cell apoptosisvasattributableto LATS2
activation. Comparedto the control group, si’ROCK1
treatmenincreased ATS2 RNA (Figure3A) andprotein
levels (Figure 3B), suggestingthat ROCK1 knockdown
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promotesLATS?2 transcriptionand translation.Notably,
the pro-apoptotic mitochondrial protein INK functions
downstream of LATS2 [36, 37]. Given that JNK
activation promotesmitochondrialapoptosig7, 38], we
examinedvhetherROCK1knockdowninducedapoptosis
was mediatedby JNK activationin A549 cells. In an
ELISA, si/ROCK1 transfectionincreasedJNK kinase
activity (Figure3C); thisincreasevasaccompaniedy an
upregulationof JNK transcription(Figure3D). Together,
thesedataindicatethat ROCK1 knockdownis associated
with anactivationof LATS2 andJNK in NSCLCin vitro.

Loss of LATS2 or JNK abolishes the tumor-
suppressingeffectsof ROCK1 knockdown

To further explore potential causal relationships
between ROCK1 expressionand the LATS2-JNK
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pathway in A549 cells [39], siRNA against LATS2

(Si/lLATS2) was transfected before si/ROCK1
transfection to interrupt ROCK1 deficiencyinduced
LATS2 activation. An MTT assaydemonstratedhat
si/ROCK1treatmenteduceccell viability in A549 cells
comparedo the control group, while co-transfectionof

Si/LATS2 restoredcell viability almostto controllevels
(Figure4A). A similar effect wasobservedn the LDH

release assay; although si/ROCK1 transfection
increasedLDH levels in the medium, si/LATS2 co-

transfection reversed this increase (Figure 4B). In

agreementwith theseresults, si/lROCK1 transfection
increasedwhile co-transfectionof si/LATS2 reduced,
the numberof TUNEL-stainedA549 cells (Figure4C,

4D). These data indicate that ROCK1 knockdown

induced A549 cell apoptosiscould be abolished by
LATSZ2 inhibition.

*
= « PS5 T
4+ 1 *é’_ 3-
— 3— oo i
2 g 8 2 r
% 2 ' ; 14 s
B 1 e i
@© . @©
o
g 0
&) NTENEA
ot

Figure 1. ROCKIegulates A549 cell viability. (A) MTT assayfor A549cells. A549 cells were transfectedwith siRNAagainstROCK 1
(siIROCK19r control siRNA(si/Ctrl). (B) An LDHreleaseassaywasusedto measureLDHlevelsin the mediumof A549cellstransfectedwith
SiRNAagainstROCK {si/ROCK 19r control siRNA(si/Ctrl). (O ELISAvasusedto analyzeCaspase activity in responseto si/ROCKbr si/Ctrl
transfection.(D) AgPCRassaywasusedto measureCaspase transcription.(E F) TUNElIstainingwasusedto measurenumbersof apoptotic

cellsin responseo si/ROCKbr si/Ctrltransfection.*p<0.05.
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Figure2. ROCKXknockdowndecreasesell migration and proliferation. (A) ACCKB assaywasusedto quantify proliferationin A549
cellstransfectedwith siRNAagainstROCK{si/ROCK19r control siRNAsI/Ctrl). (B, O AgPCRassaywasusedto analyzeCyclinD and CyclinE
transcription. (D) Transwellassayfor A549cells.Numbersof migrated cellswere quantified after SfROCKDr si/Ctrl transfection.(g F) A
gPCRassaywasusedto analyzeCXCR and CXCCR transcription.*p<0.05.
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Figure3. The LATS2INKpathway is activated after ROCKXknockdown. (A) A gPCRassaywas usedto analyzeL AT S2ranscription.

(B) Westernblots were usedto detect LATS2rotein levelsin responseto silROCKziransfection.(Q An ELISAvasusedto measureJNK
activity in responseto siRNAmediated ROCKknockdown. (D) A gPCRassaywas used to analyze JNKtranscription after si/ROCK1
transfection.*p<0.05.
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To determinewhether JNK inactivation also blunted
ROCK1 knockdowninduceddamage A549 cells were
incubatedwith the JNK pathway inhibitor SP600125
before si/fROCKL1 transfection.As was observedafter
transfection of  si/LATS2, SP60012&nduced
inactivationof the INK pathwayalsorestoredA549 cell
viability in the MTT assay (Figure 4A). Moreover,
inhibition of JNK alsoattenuatedROCK1 knockdown
inducedincreasesn mediumLDH levels (Figure 4B).
In addition, SP600125 also inhibited ROCK1
knockdowninducedincreasesn A549 cell apoptosisas
indicatedby TUNEL staining (Figure 4C, 4D). These
resuls suggesthat inhibition of either LATS2 or JNK

LATS2 knockdown or JNK inactivation attenuate
ROCK1 knockdown-induced mitochondrial
apoptosis

To investigatethe molecular mechanismsunderlying
LATS2-mediatedA549 cell death,we next examined
mitochondrialapoptosisasmitochondriaarea potential
target of the LATS2-JNK pathway[40, 41]. First, we
evaluated mitochondrial function by analyzing
cytoplasmATP levels. Comparedo the control group,
ATP productionwasreducedn A549 cells transfected
with si/ROCK1 (Figure 5A). Interestingly, this effect
wasreversedy si/LATS2 or SP60125suggestinghat

ROCK1 may sustain mitochondrial metabolism by

impairs the tumorsuppressive effects of ROCK1
inhibiting the LATS2-JNK pathway.To further confirm

knockdownandpromotesA549 cell survival.
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Figure4. Inactivation of the LATS2INKpathway abolishesthe tumor-suppressivesffects of ROCKknockdown.(A) MTTassay
of cell viability. sSiRNAagainstLAT SZsi/LAT S2and SP60012%vere usedinhibit LATS2ipregulationand JNKactivation,respectively (B) An

LDHreleaseassaywasusedto measureLDHlevelsin the medium. (G D) TUNElLstainingwasusedto quantify numbersof apoptotic cells
after si/LAT S2ransfectionand SP600125dministration.*p<0.05.
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this finding, levels of the mitochondrial respiration
related proteins cyclooxygenasd/2 (COX-1/2) were
measuredAs shownin Figure5B, 5C, comparedo the
control group, COX-1 and COX-2 levels were
significantly downregulatedn responseto si/fROCK1
transfection. However, LATS2 knockdown or
JNKinhibition reversed this effect, confirming that
ROCK1 knockdowninduced  disruption of
mitochondrial metabolismis a result of LATS2/IJNK
pathwayactivation.

In additionto decreased\TP production,we foundthat
generation of ROS increased after si/ROCK1
transfection(Figure 5D, 5E), suggestingthat ROCK1
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deficiency increasesoxidative stressinjuries in A549
cells. However,inhibition of the LATS2/INK pathway
attenuatedthis accumulationof ROS in A549 cells
(Figure 5D, 5E). Transcriptionof mitochondrial pro-
apoptoticproteinsBax and Bad was similarly affected
by si/ROCK1 transfectionand LATS2/INK pathway
inhibition. Comparedo the control group,Bax andBad
transcription were upregulated by si/ROCK1
transfection and restored by inactivation of the
LATS2/INK pathwayin A549 cells (Figure 5F, 5G).
Taken together, our results indicate that ROCK1
knockdown triggers mitochondrial apoptosis,and that
blockade of the LATS2-JNK pathway inhibited this
effect.
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Figure5. ROCKMHeficiencypromotes mitochondrial apoptosisby activating the LATS2INKpathway. (A) ATPproductionwas
measuredin A549cellsafter transfectionof siRNAagainstLATSZsi/LATS2and SP60012%&dministrationthat inhibited LAT S2ipregulation
and JNKactivation, respectively.(B, O gPCRwas usedto analyzeCOXL and COX2 transcription. (D, E) Immunofluorescenceavas usedto
measuregenerationof ROSn A549cells.(F G) AgPCRassaywasusedto detectchangesn BaxandBadlevelsin A549cells.*p<0.05.
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Mitochondrial dynamics and mitochondrial
biogenesisare controlled by the ROCK1-LATS2-
JNK pathway

Recentstudiesindicate that changesin mitochondrial
dynamics and inhibition of mitochondrial biogenesis
occur early in the mitochondrial apoptosisinduction
process[29, 42]. To further understandhe regulatory
mechanism by which the ROCKI-LATS2-JNK

pathway  induced mitochondrial ~ apoptosis,
mitochondrialdynamicsand biogenesisvere analyzed.
First, immunofluorescencewas used to identify

alterationsin mitochondrialmorphologyin A549 cells
after transfection of si/ROCKL1 together with either
SI/LATS2 or SP600125treatment. Comparedto the
control group, si/ROCK1 transfection increased
numbers of fragmented mitochondria, the length of

which was reducedto ~2.7 ¢ m(Figure 6Ai 6C). The
addition of either si/LATS2 or SP600125reduced
numbers of fragmented mitochondria and increased
averagemitochondriallength to ~9.7 ¢ m(Figure 6AI

6C). Theseresults indicate that ROCK1 knockdown
altered mitochondrial dynamics in a LATS2/IJNK
pathwaydependentmanner. To further examine this

possibility, we examined transcription of the
mitochondrialdynamicsassociatedanarkersDrp1, Fis1,
andMid49. Comparedo the control group, Drp1, Fis1,
and Mid49 transcriptlevelsincreasedafter transfection
with si/fROCKZ1; this effect wasabrogatedy si/LATS2

or SP600125Figure6Di 6F).

To understand  the influence  of the

ROCKI1/LATS2/JNK pathway on mitochondrial
biogenesisalterationsin P G C lakd Sirt3 expression
were measuredusing doubleimmunofluorescencen

A549 cells [43]. As shownin Figure 6G, P G C latH
Sirt3 expressionwere downregulatedy si/ROCK1in

A549 cells, andloss of LATS2 or inactivationof JNK

reversedhis effect; thus,ROCK1 knockdowninhibited

mitochondrialbiogenesisvia the LATS2/INK pathway.
Together, these results suggest that
ROCKI1/LATS2/JNK pathway activity promotes
NSCLC apoptosis by inducing dysregulation of

mitochondrial dynamics and inhibiting mitochondrial
biogenesis.

DISCUSSION

Methodsfor detectingdiagnosingandtreatingNSCLC
haveimprovedgreatlyin recentdecadesHowever,the
molecular mechanismsunderlying the development,
progressionand metastasiof NSCLC remainlargely
unknown, and additional basic researchand clinical
trials are needed [44]. NSCLC development and
progression are affected by both genetic and
environmentalfactors and are driven by activation of

multiple oncogenes and inactivation of tumor
suppressogenes[45, 46]. Furthermore prognosesare
generallypoor for patientswith lung cancer,especially
those with advancedstage diseaseat the time of

diagnosis.Geneticfactors, including mutations,proto

oncogenemismatches,and CpG island methylation
modifications in antroncogenepromoter regions, are
associatedwith NSCLC pathogenesis[47]. In the
present study, we identified ROCK1 as a novel

promoterof NSCLC viability. Mechanistically ROCK1
knockdownupregulated . ATS2 andthus activatedthe
JNK pathway, which promotedmitochondrialdamage
by increasing mitochondrial apoptosis, dysregulating
mitochondrial dynamics, and inhibiting mitochondrial
biogenesis.Our findings suggestthat inhibition of

ROCK1 and/oractivation of the LATS2/IJNK pathway
might be a promisingapproachor suppressingN\SCLC
survivalvia mitochondrialinjury.

The tumorsuppressiveeffects of ROCK1 knockdown
havebeenobservedn manydifferent typesof cancers.
For example, esophagealsquamouscell carcinoma
invasion and migration are attenuatedby ROCK1

deletion in vitro [48]. In addition, T G Ribduced
epitheliatmesenchymaltransition in NSCLC is also

regulated by ROCK1 in a miR-3355p-dependent
manner [49]. In addition, increased cytoplasmic
ROCK1 levels are necessary for maintaining
proliferationandsurvivalin humanmyelomacells [50].

In prostatecancer,increasedROCK1 expressionhas
beendefinedas an early biomarkerfor poor prognosis
dueto its associationwith geneticinstability in tumor

cells [51]. Similarly, we found here that moderate
cytoplasmicROCKZ1 expressiorwas vital for NSCLC

survival.  RNA interferencemediated ROCK1

knockdowndrasticallyincressed numbersof apoptotic
cellsin vitro. Severalcompoundshave beenidentified

that inhibit ROCK1 activity and might thereforeprove

effective for treatingNSCLC. For example, histamine
[52], fibroblastderived hepatocytegrowth factor [53],

triptolide [54], andmelatonin[55, 56] havebeenusedto

inhibit ROCK1 activation.However,additionalclinical

studies and preclinical experimentsare neededto

support the use of these and other compoundsas
clinically usefultargetedtherapeuticagentsin NSCLC

patients.

The effectsof ROCKU1 inhibition on NSCLC apoptosis
aredependenbnincreased ATS2 expressiorand JNK
activation that induce mitochondrial damage. In
addition to controlling cellular energy metabolism,
mitochondria are also important regulatorsof redox
balance,calcium homeostasisprotein oxidation, and
cell death[57i59]. Indeed, mitochondriaare the key
targetof severalanticancerdrugs,suchasfluorouracil
[60], silibinin [61], resveratro[62], sorafenib[63], and
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matrine [64]. Here, we report that mitochondrial
function and morphology were controlled by the
LATS2-JNK pathway. Increased LATS2 expression
may increasetranscriptionof mitochondrialdynamics
relatedproteins,suchasDrpl, Fisl,andMid49, leading
to  mitochondrial fragmentation and reduced
mitochondrial potential. IncreasedLATS2 levels were
also associatedwith decreasesin the levels of
transcription of factors related to mitochondrial

biogenesis,suggestingthat LATS2 activation might
interrupt mitochondrial selfrenewal. Taken together,
theseresultssuggesthat the tumorsuppressiveffects
of the LATS2-IJNK pathwayare likely dueto both the
inductionof mitochondrialfragmentatioranddisruption
of mitochondrialturnover.To our knowledgethisis the
first studyto describehis relationshipbetween ATS2-

JNK pathwayactivationand mitochondrialdamagein

NSCLS.

Figure6. The ROCKAATS2NKpathway affects mitochondrial dynamicsand mitochondrial biogenesisin A549cells. (Ai Q
Immunofluorescencevasusedto observemitochondrialmorphologyin A549cells.siRNAagainstL AT SZsi/LAT S2and SP60012%vere used
inhibit LATS2ipregulationand JNKactivation, respectively Mitochondrial length and number of cellswith fragmentedmitochondriawere
recorded.(Di F) A gPCRassaywasusedto analyzeDrpl,Fisl,and Mid49 transcriptionin A549cellsin responseio ROCKknockdown,LATS2
knockdown, and JNKinhibition. (G) Double immunofluorescencewas used to observe alterations in Sirt3 and PGCU levels; relative

immunofluorescencintensitieswere evaluated *p<0.05.
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