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ABSTRACT The Hppo pathw ay reguktes the transcriptional coactivator YAP to controlcell
proliferation, organ size, and stem cellm antenance.M ultbk factors, such as substrate stiff-
ness, celldensiy, and G protehh—-coupkd receptor sgnalng, regukte YAP through theiref-
fects on the F-acth cytoskekton, although the m echanisn isnotknown.Here we show that
angim otih proteins AM O T130,AM O TL1,and AM O TL2) connect F-acth archiecture to YAP
regubton. First, we show that angibm otins are required to rebcalize YAP to the cytoplsm

T regponse to varbusm anjpultions that perturb the acti cytoskekton. Second, angim o-
tins assochte w ith F-actih through a conserved F-actih-bihdihg dom ain, and m utants defec-
tive for F-acth bindihg show enhanced ability to retain YAP 1 the cytoplksm . Thid, F-acti
and YAP com pete forbinding to AM 0 T130, exphining how F-actih nhibisAM O T130-m edi-
ated cytoplasm i retentbn of YAP. Furthem ore, w e find that IATS can synergize w ih F-acth
perturbations by phosphorylating free AM O T130 to keep i fiom associting wih F-acth.
Togetherthese resultsuncoveram echanim forhow F-acth Evelsm odulte YAP bcalization,
albw ng cells to m ake devebpm entaland proliferative decisbnsbased on d werse puts that
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regulte actih archiecture.

NTRODUCTDN

The H ppo pathway regubtes contact nhbifon ofcellgowth, cell
pwliferation, apoptoss, stem cellm ahtenance and differentiation,
and the devebpm entofcancerinm amm alk and flies {fu and Guan,
2013).The cor H bpo pathway i m am m als consitsofthe M ST1 /2

kinases, which activate the LATS1 /2 knases, which 11 tum phosgpho-
whte and hhibi the hom obgous transcrptional coactivators YA P

and TAZ herafter efened to as YAP), caushg them to mbcalize

fiom the nuckus to the cytoplban .NuckarYAP pom otes grow th,
pwlferatbn, and stem cell mahtenance. YAP Dbcalzes to the
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nuckus 11 cels at bw densty, and athigh density YAP exis the nu-
ckusand cels stop polifemtbn.How YAP regubted I '=gponse
t© celldensiy isnotknown, athough recentevilence suggests that
the olganizatbon of the actih cytoskekton contrbutes though an
unknown m echanim Dupontetal, 2011; Femandez etal, 2011;
SansoresGarch etal,2011;W adaetal, 2011 ;Zhao etal,, 2012).h
addibn, G poteih—couplkd receptors have been shown to m odu-
Bte Hppo spnalng though F-actih M ileretal, 2012;M o etal,
2012; Yu et al, 2012). F-acth can hfluence YAP activiy thmough
both Hippo pathway [ATS)-dependent W ada etal, 2011; Zhao
et al, 2012; Kin et al, 2013) and HPpo pathway-hdependent
m echanim s Dupontetal, 2011 ;Argona etal,2013). hrguigl,
angbmotin fam iy members AMO T, AM O TL1, and AM O TL2 can
ako nhbi YAP both 1 a H bpo pathway-hdependentm annerby
bihdihg and sequestering YAP 1 the cytoplhsn and by activatihg
the YAP hhbiorykhase IATS H ppo dependent;Chan etal,2011;
Param asivam et al, 2011; W ang et al, 2011; Zhao et al, 2011;
Hiate etal, 2013; Leung and Zemika-Goetz, 2013). G ¥en their
ability to assochte w 1h acth stmctures Emkvistetal, 2008;G agne
etal, 2009), we hypotheskzed that angbm otihhsm htm ediate the
effectsofF-actih on YAP.Her we ®eportevilence h supportofthis
hypothesis.
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Acth bihdhg regbn

AMOT130-AAB

[0 1ATS phosphoryhton sie

AM O T130 assochtesw ih F-acth through a dom anh n s N tem nius. ) U20 S cels w ere ttansfected w th
phsam s orexpressbn ofM yctagged fulllength AM O T130, am 1o acids 100-200 ofAM O T130 AM O T130 (100200)),
AM O T130 w th a dektbn i the acth-bihdihg regbn AM O T130- AB),ora fragm ent containnig the acth-bihding
regbn fiused to GFP AM O T130-(157-191)) and in aged at bw densites.Celswere staned forAM O T130 usihg antiM yc
orG FP antbodies and forF-acth usihg phaloddin.DNA was stalhed wth DAPLBar, 20 ym . 8)U20 S celswer
transfected w th a phsn 1 orexpressbn of fulength M yetagged AM O T130 and then staihed forAM O T130 (ushg
antiM yc antbodis) and endogenousm yosih IR , which & am arker orstressfibers.Bar 20 um . C) Representatbn of
angbm oth proten features, hclidig the actih-bihding region flanked by YAPbndig m otifs. D) An algnm entofthe
am ho-tem halregbn ofhum an AM O T130,AM O TL1,and AM O TL2 is shown.The regn containing the acth-bihdng
regbn (inderlned)and LATS phosphoryhtbn site are ndiated box).Num bers conespond to am o acd num bers for

AM O T130.

RESUILTS
The N term alH ppo pathw ay regubtory dom an
ofangim otis contans an actih-biding m otif
O verxpressbn of the bng koform ofAMOT AM O T130) causes
fom atbn of bige F-acth bundks that alo contaih AM O T130
Emkvistetal, 2008;Daietal, 2013; Fgur 1A).W hen expressed
at bwer kvels, AM O T130 bcalizes as puncta on stess fibers but
does not cause obvbus acth bundlng Fhur 1B). To detem he
the spnficance ofAM O T130 bcalizaton to the acth cytoskekton,
we sought to dentfy m utants defective 11 actih bealzaton and
bundlng.Dektbn analsi evealkd that the actih bcalzation do-
mah was contahed wihih an 100-am o acil conserved stretch
nearthe am no tem hus ofallthree angbm oth poteins Foure 1,
A,C,and D, and Suppkm entalFgure S1A).By dektihg hd¥vidual
bbcksofconsered sequence w thh thsegbn,we found thatactin
Dbcalratbn requied a shortm otif € g.,AM O T130 ®stlues169-178;
Fgue 1,C and D).Dekton of this rgbn 1 ilkkength AM O T130
AM O T130- AB;AB acthbihdig;Fgure 1A)ori the acth-bcal-
Zhg fiagm entofAM O TL2 Suppkm entalFgure S1A)dismptsboth
acth bcalzation and bundlng activiy. Note that the AM O T130-
AB mutantand otherfom s ofAM O T130 that cannotbid F-acti
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bcalize o vestubr stuctures fee D icussbn], as obserwwed or
AM O T80 Heleretal, 2010], a shotter form ofAM O T bckig the
acth-bhdig rrgbn. h addion, a sm allfiagm ent AM O T130 esi-
dues 157-191) centered amund the rsiluesdekted n AM O T130-

AB bcalized to F-acth stuctures when fused to green fluorescent
poteh GFP;Fgume 1A).

Acth binding ofAM O T130 is regulted by LATS2 kihase

O f nterest, the conserved sequence bbck 1 the acth-bihdihg -
gbn of angbm otins contains a perfect consensus LATS phospho-
whton site HXRXXS;serine 175 nAM O T130;Fgur 1,C and D),
suggesting that LATS m Jht regukte the actih-bihdig poperti s
ofangibm otins. Consitentw ih this Hea, expression ofIATS2 but
notkhase-dead IATS2) could dsmptboth AM O T130 bcalization
to acth fibers and is actih-bundlng activiy Furw 2,A-C).M uta-
tbn ofthe putative IATS phosphoryktion sie 1 the actih-bihd g
regbn of AM O T130 orAM O TL2 bbcked 1 vizo phosphoryhtion
ofeach potein by IATS2 SuppEm entalFiure S2A)and blbcked
the ability of IATS2 to hhbi the acth-bundlng and bcalization
activiy ofAM O T130 Fhure 2,A-C).Th contrast,AM O T130-S175E
could not bcalize to orbundk actih Fiure 2,A-C). Thus LATS2

Acth egubtesangbm othsand YAP | 1677
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LATS2 hhbis assochtbn ofAM O T130 w th F-actih. A)U20 S celswere transfected w ih the hdicated
AM O T130 and LATS2 phsn flsand in aged at bw densitkes.Celswere stahed forAM O T130 M yc), F-acth ushg
phalbdin,and IATS2 orIATS2KD FLAG).DNA was stahed wih DAPLBar, 20 um . 8, C)Q uantficaton ofthe
phenotypes ofthe cells 1 A .G raphs represent the average fiom three experinents 1 100 each), and enorbars
hdicate SD ofthe averages. hh allcases, brackets on top ofbars represent statisticalspnficance Fihertest,
p < 0.00001). ) Inm unostanihg ofendogenous AM O T130,phosgpho-AM O T130,and actii.HEK 293T celswermr
stahed w th phalodi to visualize acth and w ih the hdiated antbodEs. ) HEK 293T cels grow g at hcreashg
denstieswer costaned wih antiAM O T130 and anti-phosphoAM O T130 p-AM O T130).DNA was stanhed wih DAPL
Bar, 20 um .
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FI3URE 3 : LATS phosphoryltin of AM O T130 prevents is assochtbn w th F-acti, and

AM O T130 bhhdig to F-acthh hhbisIATS phosphorybton. @ ,B) h vizo bihdhg assays

betw een recom bihantM BP-AM O T130 orM BP-AM O T130-S175E and purfied nonm usck F-actin
@A) orrecom bhantG STYAP2 8).M BP-AM O T130 protei bound to beadswas used to pull
down PD)F-acth orG STYAP2.Levelsofbound proteiis and hputare shown. C)Khase assays
ofrecom bnantM BP-AM O T130 prehcubated w ith orw thout purfied nonm usck F-acth) and
LATS2 kihase In m unoprecpiated from HEK293 cells. Phosphorylhted AM O T130 was detected
usihg a phosgpho-8175-gpectic antbody. The Evel ofbound proteis and hputare shown.

phosphoryhtion of AM O T130 ihhbis is bealzatbn to F-acth.
Localization ofendogenousAM O T130 i1 293T cels supported this
conclisbn. I cells at bw densiy, AM O T130 was observed to co-
bcalzew thactinfibers Fure 2D ). h contrast, phospho-AM O T130
Gnalzed wih phospho-serne 175-specfic antbodis; Hiate
etal, 2013) dd not cobcalize wih F-actn fibers and was hstead
observed at regbns of cellcell contact Figure 2D ). As cells be-
cam e mor dense and established mor celtcell contacts, n-
creased phosphoAM O T130 sahig was obsewed at cellcell
jinctbons Fgure 2E). Endogenous phospho-AM O T130 was only
occasbnally seen atvesicks, ke the phospho-m in eticAM O T130-
S175E m utant Eee D iscussion).

Because the LATS phosphowhton sie & h the m ddE of the
AM O T130 acth-bihdig rgbn,we hypothesized that jistasphos-
phorwhtbn hhbisAM O T130 acth bidihg, bidihg ofAM O T130
t© F-actih m ght hterfere w th phogphoryhtion by IATS . To test this
modeli vino, we first determ hed whetherAM O T130 could bnd
diectl to F-acth 1 vioo . Consitentw ith 1 vivo data, 'com bhant
AMOT130 Fyures 3A and Suppkmental Fgur S2B), but not
AM O T130-S175E Fgur 3A), could bhd to F-acth, wheras both
AM O T130 and AM O T130-S175E bound mcom bhant YAP Fgure
3B). Ushg 1 vizo khase assays, we obserwed that IATS2 could
phosphoryhte AM O T130 11 the absence butnot i the presence of
Facthh Fgure 3C).Thirsulk i consistentw ih recentobsewatbns
show 1hg thatIATS phosphoryhtion ofAM O T130 i vivo Isenhanced
by diEmpton of F-actih Daietal, 2013). Thus IATS m ay act, after
pertutbatbns that rmduce F-actih Evel, to phosphowhkte fiee
AM O T130 to keep tfiom rbhdihg to F-acth.

Acthh bhdihg-deficientm utants ofAM O T130 show
enhanced YAP mhibiion

Prevbus stud s show g that YAP is nhbied by F-acth dsmpton
could be expbhed fan nhbiorof YAP was kept sequestered by
bihdihg to F-acth. EAM O T130 functbns h this m anney, then m u-
tants that cannot bid F-actih shoud have enhanced abilty to
hhbi YAP nn vivo. Therrfr we tested whether bealkzatbn to
F-acth affected the abilty ofAM O T130 to hhb i YAP nuckarbcal-
Tatbn and transcriptional activiy. W id-type and m utant fom s of
AM O T130 were transfected nto U20 S cells, and the bcalization of
endogenous YAP was exam hed Fgure 4, A-C). h contwol cels

Volme 25 May1l5,2014

fio AM O T130) YAP =m ahed prinarly i
the nuckus. W ildype AMOT130 and

AMOT130 + + + - .

AM O T130-8175A wer ablk to cause lin -
LATS2 + + - + . ,

actin + 4 ied transbcation of YAP to the cytophsm
KA: onl n cels wih high AM O T130 expres-
D'AMOT13O|:| sbn kvel; Fgur 4C). O f hterst, the
Input: AM O T130-S175A mutantwas kess effective
AMOT130 | — — — than wid-+type AM O T130 at brnghg YAP
— to the cytophsm . h contrast, the m utants
actin o e thatcould notbnd F-actim AM O T130- AB
or AM O T130-S175E) were much momr ef-
LATS2 |mms fective at shithg YAP to the cytophsm

Fgure 4,A-C),and i these casesYAP cob-
calized wih AM O T130 on vestkes Fgure
47), sin ibr to when AM O T130 was coex-
pressed wih IATS2 Suppkmental Fgur
S3A). Sin ibrk, soon after dismpton of
F-acth nHEK 293T celsusihg htmnculn B,
endogenous YAP was obserwed t cobcal-
e wih S175-phosphoryhted endogenous
AM O T130 on stmuctures possbl vestks)
near the phsma membmne Fjur 4D).
W hen we assayed tmanscrpton fiom a synthetic YAP-dependent
pmom oter Dupontetal, 2011), athough allfom sofAM O T130 ar
expressed sin brly Suppkm entmlFure S3B)and show hhibion
ofYAP prwbabl due to overxprssbn), we agan found that the
AM O T130 m utants that coud notbid F-acth wer m or effective
athhbiing YAP Fgume 4E and Suppkm entalFure S3C).Together
these rsuls show that F-acthh bindihg antagonies the abilty of
AM O T130 to nhb i YAP nuckarbcalzation and fincton.

F-actih and YAP com pete forbinding to AM O T130
Bihdig to F-actihh coud hhbithe abiliy ofAM O T130 to diectYAP
t© the cytoplsm bybbckihg etherAM O T130 activation ofIATS or
binhdihhg of AM O T130 to YAP. To addmess this question, we m ade
AM O T130 m utants thatweme specfically defectie ateiheractiat-
g IATS2 orbhding YAP.To dmpthteracton between AM O T130
and YAP,we m utated the three L/PPXY m otifs 1 AM O T130 thatarwe
known to m edBte hiteraction between AM O T130 and the W W do-
mahsofYAP Chanetal,2011;W ang etal,2011;Zhao etal., 2011;
AdEretal, 2013a). Because AM O T130 m utants defective at act-
vatihg IATS had not been dentfied, we m utated bbcks of con-
serwed residues h the am o tem hus of AM O T130, whith was
known to be rquird for IATS2 activaton Parm aswvam et al,
2011), and tested theirability to prom ote LATS2 phosphoryhtion of
YAP. Because m utatbn of silues 13-27 aboliched the abilty of
AM O T130 to activate IATS2 Fgure 4F), this dom ah was tem ed
the IATS activatibn dom an AD).O fhterest, bothAM O T130- AB
and wid+ype AM O T130 pmom oted IATS2 phosphorykbton of YAP
t© a sin Ibrdegmre, suggesting that F-actih bihdihg m ghtnotregu-
Bte AM O T130 activation ofIATS2 .Nextwe used these m utants t©
testhow F-acth rguktes the ability ofAM O T130 t prom ote cyto-
phsn © bcalzaton of YAP. Expressbn of different versbns of
AM O T130- AB wih dektbns 1 ether the YAPbidihg m otfs or
the IAD dem onstrated that the enhanced ability ofAM O T130- AB
to tansbcate YAP to the cytoplhsm dependsm ostly on the L/PPXY
m otfs, wih the IAD m akihg onl a m horcontrbutbn Fguwe 4B).
ThissuggeststhatF-actnbihding prin ardly hterferesw ih AM O T130
bihdng to YAP.

Because the F-actihh-bihdihg doman of AMOT130 & cbsely
flanked by YAPDbihdihg motfs Fgure 1C), we hypothesized that
F-acthh and YAP m ht com pete Hrbinding to AM O T130, whith

Acth egubtesangbm othsand YAP | 1679
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Acth and YAP com pete forbindihg to AM 0 T130,and AM O T130 m utants that cannotbid F-acth are m ore
efficentat nhbiihg YAP. A,B)U20 S celswere ttansfected w th ethercontrolphsan 1 orone ofthe hdiated
AM O T130 phsm ids.The nextday, cellsw ere stahed forendogenous YAP and scored forthe percentofcellsw ith m ore
YAP 1 the nuckus than the cytoplasm N C),m o i the cytophsm than the nuckus C N), orequalsgnali the
cytoplsm and nuckus € N). A)Exampk in ages. B) Average fiom three experinents i 100 each), and the enor
bars ndicate SD of the averages.Brackets on top ofbars represent statistical sgpnficance Fihertest, *p < 0.00001,
**p < 0.02).Bay, 20 um . €) The AM O T130,AM O T130-8175A ,AM O T130-8175E,and AM O T130- ABD expressbn kvels
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could albw F-actihh Bvels to m odubte the ability of AM O T130 to
bid to YAP. Consistent wih this Hea, overrxpressbn of YAP n
U20 S cels bbcked bcalzaton of coexpressed AM O T130 to
F-acth, and both pmwtehs bcalzed to vesitks Guppkmental
Fhurwe S3D).W e nexttested bibchem aly whetherF-acth and YAP
compete for bndihg to AMOT130. AMOT130 ©n beads) was
albwed to bid F-acth and then nhcubated i the presence or
absence of ncreashg am ounts of YAP Fhurwe 4G ). W e obserwed
that hgh YAP concentratbns digphced F-actihh iom AM O T130,
show g that YAP and actih com pete or biidihg to AM O T130.
Togetherthese data poittoward com petiton between F-actih and
YAP orbindig to AM O T130,whih could explai how actih m odu-
BtesAM O T130 regubtion ofYAP.

Angim otihsm edite the effects of actih perturbation

on YAP bcalization

Varbus treatm ents that pertutb F-acth Suppkm entalFure S4A)
cause YAP to exitthe nuckus Dupontetal, 2011 ;Femandezetal,
2011; SansorsGarha etal., 2011; W ada etal, 2011 ; Zzhao etal,
2012). Exam pEks hiclide 1) F-acthh depolym erzaton by htunculn
B orcytochalbsi D ;2) semim w thdmawal, which acts though G pmo-
teh-coupkd rceptors to affect the acth cytoskeketon M ileretal,
2012;M o etal, 2012;Yu etal, 2012); 3) type 2 m yosihh hhbibn,
which affects Factih stess fibers Dupont et al, 2011); and
4) hcreased celldensity Dupontetal,2011).W e found thatangb-
moths énd IATS) ar requied Pregubton of YAP bealzaton n
each case .W e used sm allnterferng RNA &RN A )/shorthaiph RN A
EhRN A ) to knockdown AM O T,AM O TL1,and AM O TL2 n HEK293A
and M CF10A cels Suppkm entalFgur S4B ).A Though knockdown
ofhnd¥dualangim otihshad Iin ied effects, knockdown ofallthee
caused nuckar retenton of YAP and m ahtenance of YAP activiy
afterF-acth depokm erizatbn, type 2 m yoshh hhbibon, semm w th-
dmawal, and hcreased celldensty 1 HEK293A and M CF10A cels
Fgure 5,A-D, and Suppkmen@lFgur S4, C-F). Note that the
effectoftrpl knockdown i HEK293A celsafferhtunculn B treat-
ment or semum stawation could be mscued by overxpression of
AM O T130 orAM O TL2; Fure 5,A and B ) h HEK293A cell, tp
angbm oth knockdown bbcked cytophsn & accum ubton of YAP
to a sin ibrdegee asIATS1/2 knockdown after htunculn B treat-
m ent but had a sgnificantly stonger effect than LATS1/2 knock-
down afterstawation Fgure 5,A and B).Com bied knockdown of
both IATS1/2 and allthree angim otis caused an addiive effect
after htunculn B treatm ent com pared w ih knockdown ofIATS1 /2
or the thrre angbm otihs abne Fure 527 ). However after semum

starvaton, combined IATS1/2 and trpk angbm otih knockdown
did not sgnificantly enhance YAP nuckaretentin com pard w ih

b angbm oth knockdown abne Fgurw 5B).The different k-
e effects of LATS and angbm oth knockdown after Bttunculn or
semm sawaton treatm ent could be expbhed FIATS and angb-
moth rsgpond som ewhat differently to each stin uli. Colectiely
these resuls chow thatIATS and angm otins are m aprm edBtors
ofvarbus hputs that act through the F-acthh cytoskeeton to affect
YAP bcalration.

DISCUSSDN
The F-acth cytoskekton isam aprregubtorofthe H ppo pathway
taget YAP, m edBthg spnak trggerd by substate stfness, cell
densiy, and celldetachm ent, as wellas sgnalng fiom G poten-
coup Ed rceptors Dupontetal,2011;SansorsGarchetal,2011;
W adaetal,2011;M ileretal,2012;M o etal,2012;Yuetal,2012;
Zhao etal, 2012).W e show herw thatangbm otih potes connect
F-acth olganization to YAP regubtion.The AM O T130 poteih bids
puriied F-acthh 1 vioo, and we obserwe it on stess fibers v cels.
Thifitsw ih stud s suggesting that F-acth stuctures that espond
to m echanialfores such as stessfibersar nvoled 1 YAP reguk-
tbhn Dupontetal,2011;W adaetal,2011).Athoughwe show that
AM O T130 can bid F-acth h vizo, t willbe inporant h future
studEs to determ e whether AM O T130 can disthguih between
types of F-actin stuctures h vivo . A diect com petitbn orbihding
t© AM O T130 between F-actih and YA P appears to underte the abil-
1y ofF-acth to keep AM O T130 fiom bindihg and sequesterng YAP
1 the cytoplan .Angm otihhsare m aprm edbtors ofthe effectsof
F-acth on YAP, shce they are requied orthe cytophan i etenton
of YA P thatoccurs when F-acth i dismpted . Togetherthese resuls
suggesta m odel Fhur 5E) h which AM O T130 i sequestered on
F-acth stuctures and stn uli that cause bss of these stmictures,
such as hcreased celldensiy, rsul i lkase ofAM O T130, albw -
g tto bihd and nhbi YAP.

This sin p m odelm ay actuall be m ore com pkx.Forexampk,
1 overxpressbn studEs, we obserwe that the phosphom in etic
form ofAM O T130, which doesnotbind F-actih and has enhanced
abiliy to keep YA P outofthe nuckus, cobcalizesw th YAP 1 vesicu-
Brstuctures i the cytophsan . This mies the possbilty thatm em -
brane festubr bealzaton could phy an addibnal ok 11 YAP
regubton. k i worth nothg that we only obsere bcalizaton of
endogenous phogphoAM O T130 and YAP to possbk vestulr
stmctures soon afterF-acth dismpton. h othersiuations phospho -
AM O T130 cobcalizes wih YAP at cell juinctons. O ne expbnaton
for these esults i that overxpression of AM O T130-S175E m ay
cause accum ubtbn ofvesiculbr htem ed Btes that woull nom aly
be senton t the phsna m em brane. Consitent w th this noton,
overxprssbn of AM O T80, a short orm of AMOT hckihg the

I sihgk celswere quantfied and correhted w ith endogenous YAP bcalizatbn.The graphs pbt the average AM O T130
Evel or ndvdualcels prdered based on AM O T Evelk)and arr scored forthose w th m ore YAP 1 the nuckus than

cytoplsm N C,sold symbolk)ornot N

C +C N,open symbolk). D)Endogenous YAP and phospho-AM O T130

-AM O T130) stannihg N HEK193T cels w ith orw thout tteatm ent w ith Bttunculn B for15m n.DNA is staned w ih
DAPLBay 20 um . E)U20 S celswer transfected w ith the same AM O T130 phsm dsash A,aswellasw th an

8xG TIC -liciferase YAP-dependent prom oterplsn 1 and a phsm d w ith the SV40 prom oterdriving Renilla iciferase .
The next day, cellextracts w ere m ade, and liciferase actviy wasm easured foreach sam pk.The kvel offirefly
liciferase VAP activiy)were nom alized to the kvelofRenilla Liciferase 1 each sam pk.Enorbars hdate the SD
betw een trp Icates. Brackets on top ofbars represent statisticalsinificance Student’stest, *p < 0.005,*p < 0.01). T
allcases, the experin entsw ere done 1 tripcate, and the enorbars hdicate the SD ofthe averages. F) LATS2,YAP,
and the ndicated AM O T130 phsn dswere transfected hito HEK293 cells, and the Bvels ofAM O T130,LATS2, YAP, and
phospho-YAP were analzed by W estem bbttihg . The experin entw as done h trplicate, and enorbars hdicate the SD
ofthe averages. (G ) Com petition betw een actih and YAP forbinding to AM O T130.Recom bihantM BP-AM O T130
protei on beads was prebound to F-acth then hicubated i the presence orabsence of hcreasihg am ounts of

recom bhant G STYAP2.The Evek ofbound proteis and hputare shown.
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Angbm otins and LATS are requied to efficently hhbi YAP afterF-actihh disturbance. ) HEK293A cels

wer transfected w ih conttolsRNA (uciferase) orsRN A aganstAM O T130,AM O TL1,AM O TL2, a com bhatbn ofall
three angbm otins trpk KD ), ora com bhation ofIATS1 and IATS2 [ATS1+2),as ndiated.To test orofftarget
effects, plsm ds orexpressig etherAM O T130 R AM O T130)orAM O TL2 R AM O TL2)w ere transfected the nextday
to test orrescue of the trip-knockdown phenotype . Forty-eght hours bter; allcels w ere treated w th eiher
Btmunculn B ee exam pk In ages) orbkbbitatih BEkbb)and then fixed and staihed for bcalizatibn ofendogenous

YAP.Celswere scored forthe percentage ofcellsw th m ore YAP i the nuckus than the cytoplhsn N

C),more 1 the

cytophsm than the nuckus C N),orequalsinali the cytoplsm and nuckus € N ).Bmackets on top ofbars
represent statisticalsgniicance Fihertest,p < 0.0005). B)HEK293A celswere m anpubted as I A, except that
stead ofdmg treatm ent, ceIs were shifted to m edi w thout serum for2 h and then fixed and staihed forendogenous
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F-acth-bhdig dom ah, causes accum ubton of bige endosom al-
lke comparments Heleretal, 2010). h future sudes twillbe
Inporant to detem he whether bcalzatbn of AM O T130-YAP
com pkxesto vesitksand the phsnamembmrne physa ok L YAP
regubton.

Therre hasbeen som e question aboutthe in portance ofIATS for
F-actih-dependentreguhtion ofYAP Dupontetal,2011;Yuetal,
2012; Zhao etal, 2012; Amgona etal, 2013).0 urwoik, together
w ih other stud s, suggests that IATS functons togetherw th an-
gbm oths to rguhte YAP 1 regponse to F-acth perutbaton.W e
show thatIATS contrbutes to cytopksn i etention of YAP afterF-
acth dismptbn and semwm withdmwal, and sevemrl repoits have
shown that IATS becom es activated and nhhbis YAP by diect
phosphoryhton when F-acth sdimpted W ada etal,2011;Zhao
etal,2012;Armgona etal, 2013).0 urwork hdates thatactivated
IATS can ako act thmugh angim otins to hhib i YAP. IATS phos-
phorylhtibn ofAM O T130 is enhanced by F-acth dismpton i vio
Daietal,2013),and we show thatthe ability ofLATS2 to phospho-
whte AM O T130 i vioo I hcreased h the absence ofF-acth. From
thi study, aswellas fiom sevemlrecenteports, & ckarthatIATS
phosphoryhton of AM 0 T130 thbis is abilty to bihd F-acth
AdEkretal,2013b;Chan etal,2013;Daietal, 2013 ;H ate etal,
2013).W e chow thatIATS phosphoryhtion blocks AM O T130 bid-
g to Factin, alow g it to bind YAP and sequester & i the cyto-
phsan . IATS phosphoryktion of AM O T130 appears to have addi-
tbnal functbns. A mwcent stdy hdiates that AM O T130
phosphoryhton could ako enhance AM O T130 bihdihg to the W W
dom ah-contahig E3 ubluih Igase ATP4, which can both stabi-
Ize AM O T130 and pom ote YAP degradatbn Adkretal,2013ab).
I remans to be determ hed whetherAP4, ke YAP, diectly com -
petes wih F-acth rbndihg to AM O T130. Recent studEes ako
suggest that AM O T130 phosphowhtbn by IATS could enhance
the AM O T130-IATS htermctbn Hiate et al, 2013) and have
effects on the actih cytoskekton Daietal, 2013). Thus LATS can
pomote cytophsn & bcalzaton of YAP 1 rsponse to F-acth
depolym erzation by phosphorykting AM O T130 1 addion to is
wellchamacterized functon n phosphowhthg YAP Fgurwre 5E).

The competibn between F-acth and YAP for bhdhg t©
AM O T130 could ako pmovie a LATS-hdependent m echanim for
F-acth-dependent rgubton of YAP. The LATS-dependent and
-hdependent m echanim s coull albw for com bhatoral rguhton
ofYA P activitybased on both hputs thataffect the acti cytoskeeton,
such as celldensty, and hputs thataffect LATS activiy, such as cel-
cellcontacts Kin etal, 2011), as was recently suggested Amgona
etal, 2013).Togetherthis wotk show s that F-acth, ang bm otis, and
IATS form a rgubtory m oduk that conttolks YAP 1 response to di-
verse Iiputs such as changes 1 celldensiy, substate stfiness, and G
proteh-coupkd rceptorsgnalng Haleretal,2012).

M ATERIALSAND M ETHODS

Cellculure

Human HEK 293, HEK293A, Hela, and U20 S cell Ines wer
gown h DMEM G BCO, Grnd Ebknd, NY) suppkm ented w th
10% toliol etalbovie seum G BCO Jand 1% folhol) penicillin/
steptom ych (hvirogen, G rand Ebnd,NY).Hum an m am m ary epi-
thelml M CF10A cels wer culurd n MEGM BuletKi {onza,
Hopkihton, MA) wih all addides except for the gentam th-
am photercin B m .M edB wasalo com pkm ented w ih 100 ng/m 1
chokrm toxihh 8gm aAXrich, St.Iouis, M O ) and 1% peniilh and
steptom ycihh (hvinogen).Allcelllneswer culured n a hum diied
Tcubatorat37°C wih 5% CO,.

I vioo kihase assays and liciferase assays

Fordetectbn of IATS2-m edBted phosphoryhtion ofangiom otins
wih P32, HEK 293 cels wer tmnsfected h 12-wellphtes wih
LATS2, varbus angm otih constmicts, and LATS activators M ST1,
SAV, and M OB1), ushg Lpofectam me 2000 (mhvixogen). Fory
hours after ttansfection, cells wer ksed 1 inm unoprecbiaton
buffer 60 mM TrisHCLpH 74,150mM NaCl1.0% NoniletP-40,
2% glcew] suppkemented wih 1 pmotease hhbior cocktail
SmaAdrich), 100 nM sodiim vanadate S3ma-AXrich), and
50 mM sodim fluorde Sma-AXrich), and ¥sates wer ckard
by centrifigation at 13,000 yom forl10 m i at4°C.Pwoten Fsate
300 png)waspmwcessed forin m unoprechbiation asdescrbed pre-
vbusly Parmm asivam et al, 2011). Both IATS2 and angbm oth
poteis werr Inmunoprecpiated togetheron the sam e beads.
Kiase assays and W estem bbtthg were carred outas prevbusly
descrbed Parmm asivam etal,2011).

Forkhase assays 1 the presence of F-actih, LATS2-FLIAG was
transfected 1 HEK293 cells togetherw ih isactivators,M ST1 and
M OB1l.After24 h, LATS2 was purfied I phosphate bufferusing
anti-FLAG M 2 antbody Sm a-Adrich) and m agnetic proteln G
beads (@mvixogen) lbwihg the manufacturers’ diectons.
M alose-bihdig potenn M BP)}-AMOT130 was expressed and
purtied as descrbed and elited wih 20 mM m alose 1 supple-
mented actim buffer 6mM Trs-CLpH 8.0,02mM CaCl,50mM
KCL2mM MgCl,and 1 mM ATP;Cytoskekton,Denver, CO ) for
30mhat4°C .Eluted AM O T130 (0 pl, 05 ug)wasthen preicu-
bated w ih orw ithout 10 plofF-acthh kee prordescrption, 5 uM
finalconcentration) forl5 m h atwom tem permture.Contwolrac-
tbns wer taken to 20 plw ih suppkm ented acti buffer. Forki-
nase reactons the AM O T130/F-actih m ix was added to LATS2-
bound beads prrinsed wih suppkmented actih buffer After
Ticubation at 30°C for30 m In, kihase ractions were stopped by
boilng 11 SDS sampk buffer Samplks wer then subfcted to
SDS-PAGE, and phospho-AM O T130 was detected by W estem
bbttng usihg a phosphosgpeciic antbody.

YAP.Celswere scored as h A .Exam pk In ages are shown.Brackets on top ofbars represent statisticalsgnficance
Fichertest, *p < 0.0005, **p < 0.005). €C) Lentviralihfectbn wasused to ntroduce eithercontitolshRNA diected
agaist liciferase) orshRN A aganstallthree angbm otins AM O T130,AM O TL1,and AM O TL2 ; trtb e knockdown) ito
M CF10A cells.Sixty hours after nfectbn, cels were ft untreated, treated w ih cytochakbsih D CytoD ), orstarved of
serum foran addibnall2 h.Celswere then fixed and staihed forendogenous YAP.YAP bcalzatbn was scored ash A .
Exam pk In ages are shown. D)HEK293A celswer transfected tw e w ith conttolora com biatbn of AM O T130,

AM O TL1,and AM O TL2 sRN A &ee Materials and Methods).Cels w ere fixed after 72 h and staied forendogenous
YAP.YAP bcalzatbn w as scored as predom hantly exclided from the nuckus exclided) ordiffuse throughout the cell
@iffise). Exam pk in ages are shown. I allcases, the bargraphs represent averages fiom three experinents i 100
each), and the enorbars hdirate the SD ofthe averages.Nuckiwere visualized w th DAPIL Bay, 20 uym .C, cytophsanm ;
Kd, knockdown;N ,nuckus. E)M odelofF-acth-regulted angbm otin @AM O T) hhbion ofYAP.
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Lucifermse assays were performed 1 U20 S and Hela cels 24 h
afterttansfection . A ltansfectonswer perform ed 1 12-wellphtes
ushg Lipofectam ne 2000 and a com biaton 0of300 ng ofGTIC -
Luc (4615; Addgene, Cambrdge, MA), 20 ng of pRL-SV40P
fefered t as wnilk, 27163; Addgene), and the descrbed
AMOT130phan @ B00ng ©rU20 S and 25 ng orHela celk).Cels
Ysates wer genemted and mactbns perfom ed folbwihg diec-
tbhns descrbed i the Dual Luciferase Reporter Assay System
Pom ega,M adion, W I).

Cellstarvation and drug treatm ents

HEK293A cels wer stawed for 2 h ;mn DMEM without semm .
M CF10A celswer starved ovemiht h DM EM /F12 suppEm ented
wih 100 ng/m lchokm toxih 6gm a-Adrich)and 1% pentilln and
steptom ycihh  (hvioogen). Lattunculn B and cytochakbsihh D wewr
used at1l uM forl h, exceptiorthe phosgphoAM O T130/YAP san-
g Fguwre 4D ), brwhih celswer hcubated oronk 15m h.Note
thatcytochalsh D wasused to dismuptF-actihn in M CF10A celsbe-
cause btmunculh B was too toxic 1 these cels. Bebbstatn was
used at25uM forlh.

In m unocytochem istry
U20 S,Hela,and M CF01A cells culured on coverslpswere fixed in

phosphate buffered salne PBS)/A4% pamfom allehyde forl0 m i
and pem eabilized bbcked wih 0 1% Trion X-100 and 5% nom al
goat semm (hvinogen) or 30 mi. Cels wer subsequently
Ticubated wih appoprate prin ary antbodiEs for 1-2 h at mom

tem perature .Theywer washed thee tin es h PBSw ih 0.1% Trion
X-100 and hcubated wih Akxa Flior-conjigated secondary
antbodies M okculbr Prbes, Grand Ebnd, NY) or1l h at mom

tem pemture. 4 ,6-DEm dho-2-phenylndo DAPI) saihhg and
Alkxa-conjigated phalodih @88 or 568; hvioogen) wer ako
added to the secondary antbody solitbn when appmoprate. A fler
thee washes, coverslpswer m ounted on slidesusihg Vectash®ldd
Vecta Labomatores, Burlhgam e, CA ) and view ed ushg fluorescent
m oscopy N ikon Eclpse E600). Inages wer acquird usihg a
cookd chamge-coupkd device camerm ORCA-ER; Ham am atsu,
Bridgewatey, NJ). In age pmwcessig and analysis were candied out
wih PLab Spectum software 6inal Analtis, Vinna, VA) and
In aged softwar Schneideretal,2012).

I vioo proten-binding assays

AMOTI130 and AMOT130-S175E wer cbned i pDESTM BP
provided by M aren W ahouts Bb)ushg G ateway (hivizogen) stan-
dard pocedurs.M BP-AM O T130 and M BP-AM O T130-8175E wem
expresseedwih 1 mM kopmopyl d-thbgakctoside PTG ) ford hat
25°C and shakng.M BP fusbn poteiis werwr purfied wih m alose
beads NEB, bswih, M A) h phosphate buffer 60 mM NaH,PO 4,
150 mM NaCl10mM -mewxaptoethanol, 01% Trion,and 1 mM
pheny ethylsulonyl fluoride) folow hg the m anufacturers diec-
thns. Expressbn of glhitathbne S-ansferase G ST)-YAP2 pGEX-
5X -2 vector; GE Healthcar, Picataway, NJ) was hduced by addi-
tbnoflmM PTG for2 hat25°C,and then G STYAP2 waspurfied
wih glitathbne beads GE Healhcar) h phosphate buffer and
elited wih 20 mM glitathbne ©r30 m . Nonm usck acthh was
purchased as part of the Acthh Bihndihg Potenh Kit Cytoskekton)
and was polm erized orl h at25°C olbwihg the m anufacturers
diectons. For the 1 vizo pulldown experi ents, bead-ound
AM O T130and AM O T130-S175E werre hcubated ©r30m 1 atmoom
tem permture wih elited G ST-YAP2 and/or 5 uM F-acth 11 phos-
phate buffercontaining 2mM ATP and 2mM M gCl to keep F-acth
smbk Acth Bhdihg Poteih Kitm anual). Com petibon assays wewre
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assem bkd as olbws. First, a constant am ount of actinh was ncu-
bated wih M BP-AM O T130 beads or15m hh atoom tem permture.
Then a constant volim e of etherG ST elitbon buffer or hcreasing
am ounts ofelited G STYAP2 wer added as ndiated h Fguwe 3F.
Sam pkswer then ncubated foran addibnal30 m . hh allcases,
beadswermr washed once w ith phogphate bufferand boiked 1 SD S-
PAGE sam pkE buffer. For the cosedin entation experim ent, M BP-
AM O T130 was elited fiom m alose beadswih 10 mM m alose for
30 m 11 and hcubated w th acth as ©or30 m h atom tem pemture.
Sam pks wer then centrifiged at 150,000 g 1 a Beckm an TLX
bench-top ulracentrifige forl 5 h. Pelets wer sugpended 1 the
sam e volim e as the supematants and boied 11 SD S-PAGE badnhg
buffer Proteh sam pkeswer the subpcted to SDS-PAGE and W est-
em bbtng w ih the specfied antbodEs.

Phsm ds

Sources rphan ds used 1 this study were descrbed prvbusly
Param asvam etal,2011).AI1AM O T130,AM O TL1, and AM O TL2
constiicts were expressed fiom pCDNA4-M yc-H . Laige dekton
mutants m AM O T130, AMOTL1, and AM O TI2 wer constmicted
ushg PCR Ibwed by subcbnig.Ponhtand sn alldekton m uta-
thns h AMOT130 and AMOTL2 wer made ushg the Quik-
Change I Sie mutagenesk kit Statagene, Santa Chm, CA). AL
bcalrzation stiuideswer perfom ed 1 a 12-wellfom at. The varbus
angbm oth phsn ds wer tansfected at 600 ngwel, and LATS2
consticts pPcDNA31IATS2FIAG and pcDNA31IATS2KD -
FIAG )wer transfected at400 ng well

Antbodis

M ouse anti-tubuln and m ouse antiFIAG M 2)wer purchased fiom

SpmaAdrch. The mbbiantd YAP €cl5407), mouse ant-YAP
6c10199), wbbi antM yc €c789), mouse antiM yc 9E10 &c46),
mouse anti:G FP 0996), m ouse anti:AM O T130 B4 6c-166924), and
goat anti-AM O TL2 82501) wer fiom Santa Cmz Bbtechnobgy
Dalbs, TX).M yosh Ta was purchased fiom CellSgnalnhg Technol-
ogy (403 ;Beverky,M A).The mbbiantdAM O T antbodywasgener
ated by the Femandes Bb CHUQ -CHUL Research Centey, Univer
site Taval,Q uebec C iy, Canada).RabbiantiAM O TL1 waspwoviled
by Anthony Schm it Pennsylvan® State Uniersty, State Colege,
PA).AM O T130-S175 phosgpho-specfic antbody was fiom H ioshi
Sasaki Kum am oto Universiy, Kum am oto, Japan).

sRNA /shRN A transfection

Knockdowns h HEK293A celswer perform ed ushg 30 nM contol
SRN A orSM ARTpoolsRNA Dham acon,lafayette, CO )and 3 plof
RNAMAX Lpofectam e (hivizogen).Cells were culured or48 h
after ttansfection. The only exceptns were experin ents w ih cells
athigh densites, orwhich sRNAswemr tansfected tw ice at40 nM
eecond transfection after24 h), and celswerr fixed after72 h ofthe
first tansfectbn . Formescuihg experim ents, plhsm ds brpoteh ex-
pressbn wer tansfected after 24 h of knockdown wih Lio-
fectam e 2000. Sienchg ragents were as olbws. ContolsRN A
firefly liciferase 5 CGUACGCGGAAUACUUCGAS , rfered o as
GI2), AMOT SMARTpool sRNA (awgeting both AM O T80 and
AM O T130; M -015417), AM O TL1 SM ARTpool sRNA M -017595),
AM O TL2 SM ARTpoolsRNA M -013232),LATS1 SM ARTpoolsRN A
M -004632), and IATS2 SM ARTpoolsRNA M -003865).M CF10A-
cellknockdowns werme done ushg entivial hfecton ofshRN A, and
celswem colected after3 d.Forthe studisw ih AM O TL2 knock-
down abne,M CF10A w ih htegmated constcts orstabl knocking
down AM O TL2 and contwl (uciemse) wer used Param asivam
et al, 2011). To genemte a trpk knockdown, sabke AM O TL2
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knockdown cels wer hfected wih a com bihation of AM O T130
and AM O TL1 Eentvial supematants. At the same tine, sabk
contlcelswer hfected w th conttolvialsupematantasa conttoL
Vial supematants wer genemted by the shRNA Corw Facily,
Universty of M assachusetts M edical School W oxester; MA), to
talget GCCATGAGAAACAAATIGG AMOTLl) or TGGTGGAA-
TATCTCATCTA AM O T130).

Realtin e quantiative PCR

Afterappropriate treatm ents to celkon 6-wellM CF10A)orl2-well
phtes HEK293A),m edh wasaspiated offand celswer Ysed w ih
TRo1 Life Technobgks, G rand Ehnd,NY)and pmocessed ortotal
RN A iohtbn accordig to the m anufacturers protocol (DN A was
prepard by olgo-dT Pmom ega) ushg SuperScrpt IReverse Tran-
scrptase (hvidogen). Realtin e quantiative PCR was perfom ed
usihg KAPA SYBR FastM asterM &k Uniersalki Kapa Bbsystem s,
W in hgton, M A). Taiget mRNA Evels wer m easured rhtie to
glcemehyde-3 phosphate dehydmogenase GAPDH)mRNA Ev-
el.The oIbwihg prin erswer used .GAPDH F,CTCCTGCACCAC-
CAACTGCT,and GAPDHR,GGGCCATCCACAGTCTICTG ;CTGF-
F, AGGAGTGGGTGTGTGACGA, and CTGFR, CCAGGCAGTIG -
GCTCTAATC; AMOT¥2, ACTACCACCACCTCCAGTCA, and
AMOTR2, ACAAGGTGACGACTCTCTGC; AMOTL1-F1, GCAGA-
CAGGAAAACTGAGGA,and AMOTL1R1, AAATGTGGTGGGAA-
CAGAGA; and AMO TI2F1, GCTACTGGGGTAG CAACTGA, and
AMOTIL2-R1l, GAAGGCAGTGAGGAACTGAA. AMOT, AMOTI1,
and AM O TL2 prin ers were orerd fiom RealTin e Prin ers Ekis
Park, PA).
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