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Abstract	
	
Precise	control	of	the	timing	and	amplitude	of	protein	activity	in	living	cells	can	explain	how	cells	
compute	responses	to	complex	biochemical	stimuli.	The	small	GTPase	RhoA	can	promote	either	
focal	adhesion	(FA)	growth	or	cell	edge	retraction,	but	how	a	cell	chooses	between	these	opposite	
outcomes	is	poorly	understood.	Here,	we	developed	a	photoswitchable	RhoA	guanine	exchange	
factor	(psRhoGEF)	to	obtain	precise	optical	control	of	endogenous	RhoA	activity.	We	find	that	low	
levels	of	RhoA	activation	by	psRhoGEF	induces	edge	retraction	and	FA	disassembly,	while	high	
levels	 of	 RhoA	 activation	 induces	 both	 FA	 growth	 and	 disassembly.	 We	 observed	 that	 mDia-
induced	Src	activation	at	FAs	occurs	preferentially	at	lower	levels	of	RhoA	activation.	Strikingly,	
inhibition	of	Src	causes	a	switch	from	FA	disassembly	to	growth.	Thus,	rheostatic	control	of	RhoA	
activation	 reveals	 how	 cells	 use	 signal	 amplitude	 and	 biochemical	 context	 to	 select	 between	
alternative	responses	to	a	single	biochemical	signal.	
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INTRODUCTION	
	
A	fundamental	but	poorly	understood	aspect	of	cellular	behavior	is	how	one	biochemical	signal	
can	 generate	 different	 outputs	 depending	 on	 molecular	 or	 cellular	 context.	 For	 example,	
overexpression	of	individual	members	of	the	Rho	family	of	small	GTPases	induces	specific	actin-
based	 structures,	with	Cdc42	promoting	 filopodia	 formation	and	extension,	Rac1	 lamellipodia	
formation	and	extension,	and	RhoA	actinomyosin	contractility	(1).	However,	experiments	with	
fluorescent	reporters	have	shown	that,	even	within	the	same	cell,	individual	GTPases	are	activated	
at	sites	and	times	of	seemingly	opposite	morphological	responses.	For	instance,	in	migrating	cells,	
RhoA	is	activated	both	at	the	leading	edge,	which	is	extending,	and	at	the	lagging	edge,	which	is	
retracting	(2-5).	Similarly,	RhoA	is	required	for	focal	adhesion	(FA)	growth	in	response	to	various	
extracellular	stimuli	(1,	6),	but	has	also	been	implicated	in	the	reverse	process	of	FA	disassembly	
(7,	 8).	Given	its	apparent	ability	to	induce	opposing	changes,	RhoA	signaling	to	FAs	could	serve	
as	 a	model	 system	 for	 understanding	 how	 a	 single	 regulatory	 protein	 can	 produce	 divergent	
downstream	effects.	 	
	 While	mechanisms	from	RhoA	to	FA	assembly	have	been	extensively	studied	(1,	6),	much	
less	is	known	about	the	mechanisms	linking	RhoA	to	FA	disassembly.	FA	formation	is	a	reliable	
static	outcome	of	many	extracellular	stimuli,	but	FA	disassembly	has	primarily	been	studied	in	
the	context	of	cell	migration,	when	FAs	are	continuously	assembled	and	disassembled	(6).	Indeed,	
localized	 FA	 disassembly	 allows	 cell	 regions	 to	 detach	 from	 their	 environment	 and	 thus	 is	 of	
essential	importance	in	cell	migration	and	cancer	metastasis	(9).	RhoA	has	been	hypothesized	to	
drive	lagging	edge	retraction	based	on	biosensor	imaging	in	migrating	cells	(2,	5),	but	it	is	unclear	
whether	 RhoA	 is	 responsible	 for	 FA	 disassembly	 during	 this	 process,	 or	 how	 such	 a	 function	
would	be	reconciled	with	the	better	understood	function	of	RhoA	in	FA	growth.	The	mDia-family	
proteins	and	the	kinases	ROCK1	and	ROCK2	(hereafter	referred	to	collectively	as	mDia	and	ROCK),	
two	groups	of	RhoA	effectors,	 have	been	 implicated	 in	FA	disassembly	based	on	 trailing	 edge	
phenotypes	in	migrating	cells	perturbed	with	dominant-negative	constructs,	RNAi,	or	chemical	
inhibitors	(7,	 8,	 10).	However,	such	manipulations	disrupt	protein	function	throughout	the	cell	
over	long	periods	of	time,	and	mDia	and	ROCK	also	have	well	characterized	roles	in	FA	assembly	
and	growth	at	the	leading	edge	(11-16).	Any	observed	deficits	in	FA	disassembly	in	migrating	cells	
upon	interference	with	mDia	or	ROCK	function	could	thus	be	secondary	to	earlier	deficits	in	FA	
growth	at	the	leading	edge.	Consequently,	it	has	not	been	possible	to	specifically	perturb	RhoA	or	
its	effectors	to	selectively	study	FA	disassembly.	
	 To	clearly	elucidate	molecular	mechanisms	governing	cell	responses	to	specific	protein	
activities,	such	as	FA	disassembly	 in	response	to	RhoA,	a	method	to	activate	a	specific	protein	
separately	from	other	signaling	pathways	at	a	particular	time	would	be	useful.	Here,	we	report	
the	 engineering	 of	 a	 photoswitchable	 activator	 of	 endogenous	 RhoA,	 psRhoGEF.	 By	 applying	
different	doses	of	light	for	rheostatic	RhoA	activation,	we	find	that	lower	RhoA	activity	promotes	
FA	disassembly	while	higher	RhoA	activity	promotes	both	FA	growth	and	disassembly.	ROCK-
family	kinases	and	myosin	are	required	for	the	RhoA-induced	FA	disassembly,	indicating	a	role	for	
force	in	FA	disassembly	in	addition	to	its	well	characterized	role	in	FA	growth.	Interestingly,	Src	
can	be	activated	at	FAs	specifically	in	response	to	lower	RhoA	activation	levels,	and	inhibition	of	
Src-family	kinases	shifts	the	outcome	of	RhoA	activation	from	FA	disassembly	to	growth.	These	
results	thus	elucidate	a	specific	role	of	Src	in	RhoA-induced	FA	disassembly,	and	explain	how	a	
biochemical	signal	can	produce	opposite	outcomes	depending	on	context.	They	also	demonstrate	
how	 new	 optical	 control	 of	 protein	 activity	 overcomes	 limitations	 of	 traditional	 methods	 in	
investigating	complex	cellular	behaviors.	
	
	
RESULTS	
	
Strategies	for	optical	control	of	endogenous	RhoGTPases	
Previously	 two	 general	 strategies	 have	 been	 devised	 for	 optical	 control	 of	 Rho-family	GTPase	
activity.	The	first	strategy	involves	expressing	optically	controllable	forms	of	the	GTPase	itself.	For	
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example,	RhoA	fused	to	cryptochrome	2	(CRY2)	is	clustered	by	blue	light,	resulting	in	its	activation	
by	 unknown	mechanisms	 (17).	 Alternatively,	 RhoA	 can	 be	 sequestered	 to	mitochondria	 via	 a	
protein-protein	interaction	that	occurs	in	the	dark	but	not	in	blue	light,	so	that	it	can	be	released	
throughout	the	cell	upon	illumination	(18).	However,	these	existing	methods	involve	introduction	
of	exogenous	Rho-family	GTPases	over	a	background	of	endogenous	expression.	The	addition	of	
more	 copies	 of	 a	 Rho-family	 GTPase	 can	 lead	 to	 unnatural	 phenotypes,	 e.g.	 by	 overwhelming	
mechanisms	that	target	endogenous	GTPases	to	specific	subcellular	locations	or	by	sequestering	
regulators	such	as	RhoGDIs	which	are	expressed	at	limited	concentrations	(19).	Specifically,	it	has	
been	demonstrated	that	expression	of	any	Rho-family	GTPase	(Cdc42,	Rac,	and	RhoA)	competes	
with	endogenous	Rho-family	GTPases	for	binding	to	RhoGDI-family	proteins.	Because	RhoGDIs	
sequester	the	GDP-bound	fraction	of	Rho-family	GTPases	and	protect	them	from	degradation,	the	
introduction	of	 exogenous	Rho	GTPases	 results	 in	 reduced	 levels	 of	 endogenous	GTPases	 and	
constitutive	activation	of	the	remaining	fraction	(20,	21)	(fig.	 S1A-B).	 Thus,	 introducing	 additi
onal	 GTPase	 molecules	 can	 produce	 artifactual	 effects	 on	 cellular	 behavior.	 	
	 A	different	strategy	that	may	produce	fewer	artifactual	results	is	to	use	light	to	control	
upstream	 activators	 of	 endogenous	 Rho-family	 GTPases,	 rather	 than	 introducing	 exogenous	
fusion	 proteins	 of	 the	GTPases	 themselves.	Naturally,	Dbl	 family	 guanine	 nucleotide	 exchange	
factors	 (GEFs)	 constitute	 the	primary	means	by	which	 cells	 regulate	 the	 activity	of	 each	Rho-
family	GTPase	(3,	 22).	Various	Dbl-family	GEFs	catalyze	activation	of	specific	Rho-family	GTPases	
by	converting	 the	 inactive	GDP-bound	 to	 the	active	GTP-bound	 form,	which	 then	binds	 to	and	
activate	 downstream	 effectors	 (23 ) 	 (fig. 	 S 1A ).	 Indeed,	 RhoA	 function	 has	 been	 optically	
modulated	by	using	light-induced	heterodimeric	interactions	such	as	CRY2-CIBN	to	increase	the	
concentrations	 of	 a	 RhoGEF	 at	 the	 plasma	membrane,	where	 the	 functional	 subpopulation	 of	
RhoA	 resides	 (24-26).	 However,	 this	 involves	 overexpression	 of	 an	 active	 form	 of	 a	 RhoGEF	
throughout	the	cytosol,	which	may	cause	the	nonspecific	effect	prior	to	light-induced	membrane	
recruitment	(26).	Alternatively,	a	single-chain	photoswitchable	GEF	can	be	made	by	fusing	a	GEF	
catalytic	 domain	 to	 two	 copies	 of	 a	 photodissociable	 variant	 of	 the	 green	 fluorescent	 protein	
Dronpa	(pdDronpa)	so	that	the	active	site	is	caged	in	the	dark	(27,	28).	Cyan	 light	 induces	 disso
ciation	 of	 the	 fluorescent	 protein	 domains	and	 restoration	 of	 GEF	 activity,	 after	 which	 vi
olet	 light	 can	 induce	 fluorescent	 protein	 domain	 re-association	 and	 protein	 re-caging.	 Thi
s	 process	 is	 reminiscent	 of	 the	 natural	 activation	 mechanism	 of	 some	 GEFs	 in	 which	 an	
upstream	 signal	 induces	 release	 of	 an	 intramolecular	 inhibitory	 interaction	 (23).	 By	 avoi
ding	 overexpression	 of	 RhoA	 and	 the	 resulting	 titration	 of	 RhoGDIs	 stabilizing	 endogeno
us	 Rho-family	 GTPases,	 this	 strategy	 may	 preserve	 more	 native-like	 signaling	 states	 (fig.	
S1C).	 	
	
Development	of	photoswitchable	GEFs	for	RhoGTPases	
We	thus	set	out	to	construct	a	photocontrollable	GEFs	for	RhoGTPases.	A	photoswitchable	Cdc42	
GEF	 had	 been	 previously	 constructed	 by	 fusing	 photodissociable	 dimeric	Dronpa	 (pdDronpa)	
fluorescent	 protein	 domains	 to	 each	 end	 of	 the	 Dbl-homology	 (DH)	 domain	 of	 intersectin,	
followed	 by	 a	 CAAX	 sequence	 for	 localization	 to	 the	 plasma	 membrane	 (27,	 28).	 Baseline	
dimerization	of	pdDronpa	sterically	blocks	the	intersectin	active	site,	while	illumination	causes	
pdDronpa	 dissociation	 and	 allows	 intersectin	 to	 bind	 to	 and	 activate	 Cdc42	 (27,	 28).	 We	
investigated	whether	 this	 design	 could	 be	 optimized	 and	 generalized.	We	 first	 optimized	 the	
photoswitchable	 intersectin	by	 testing	pdDronpa	variants	 and	 linker	 lengths	 for	 light-induced	
filopodia	formation,	finding	an	improved	variant	we	termed	psCdc42GEF	(fig.	 S2).	psCdc42GEF	
robustly	mediated	filopodia	formation	on	the	whole	cell	area	after	photostimulation	by	500-nm	
light.	We	then	created	a	photoswitchable	Rac	GEF	(psRacGEF)	using	the	DH	domain	of	Tiam1	(fig
.	 S3).	psRacGEF	robustly	mediated	lamellipodia	ruffling	when	activated	with	cyan	light	(Movie	
S1).	 	

We	finally	attempted	to	create	a	photoswitchable	RhoA	GEF	based	on	the	RhoA-specific	
activator	PDZRhoGEF	(PRG)	(29,	30).	Previous	in	vitro	findings	mapped	specificity	determinants	
to	only	the	PRG	DH	domain	(30),	so	we	first	tested	constructs	in	which	photodissociable	Dronpa	
domains	(tetrameric	DronpaN	or	dimeric	pdDronpaM)	were	attached	to	both	termini	of	the	PRG	
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DH	domain,	similarly	to	psCdc42GEF	and	psRacGEF.	However,	HEK293A	cells	expressing	these	
constructs	 produced	 a	 variety	 of	 responses	 to	 light,	 including	 filopodia	 formation	 and	 cell	
spreading	(fig.	 S4A,B),	suggestive	of	Cdc42	and	Rac	activation.	These	findings	indicated	that	the	
DH	domain	alone	in	PDZRhoGEF	is	not	sufficient	to	impart	specificity	for	RhoA	over	other	GTPases	
in	cells,	in	contrast	to	the	DH	domains	of	the	Cdc42	GEF	intersectin	or	the	Rac	GEF	Tiam1.	 	 	
	 We	thus	explored	whether	other	elements	in	PRG	could	confer	RhoA	specificity	in	cells.	
While	ITSN	and	Tiam1	specifically	bind	to	their	substrates	using	only	the	DH	domain	(fig.	S2A,	
S3A),	the	crystal	structure	of	the	RhoA-PRG	complex	shows	both	the	DH	and	PH	domains	of	PRG	
contacting	RhoA	(Fig.	 1A)	(31,	32).	In	addition,	a	“GEF	switch”	sequence	immediately	upstream	
of	 the	 PRG	 DH	 domain	 has	 also	 been	 suggested	 to	 interact	 with	 RhoA	 and	 contribute	 to	 its	
activation	(31).	Indeed,	constructs	in	which	the	switch	sequence,	DH	domain,	and	PH	domain	were	
flanked	by	pdDronpaM	or	its	higher-affinity	derivative	pdDronpaV	(Fig.	1B)	demonstrated	RhoA-
specific	effects	upon	illumination	(fig.	 S4A,B).	Finally,	we	optimized	linker	lengths	while	testing	
the	photodissociable	pairs	of	pdDronpaV-pdDronpaV,	pdDronpa1-pdDronpa1,	and	pdDronpa1-
pdDronpa1	N145K	 (fig.	 S4C),	which	 form	a	 series	with	 decreasing	 affinity	 (28).	 pdDronpaV-
PRGsDHPH-GSS1-pdDronpaV	was	most	reliable	in	inducing	cell	contraction	and	was	designated	
psRhoGEF	(fig.	 S4D).	 	
	 psRhoGEF-induced	 acute	 RhoA	 activation	 resulted	 in	 immediate	 and	 strong	 cellular	
contraction	in	HEK293A	cells	(Fig.	1C-D	and	Movie	S2).	psRhoGEF	with	an	inactivating	R868G	
mutation	 (29,	 30)	 failed	 to	 induce	 contraction	 (Fig.	 1D),	 confirming	 the	 cellular	 response	 of	
psRhoGEF	 is	 indeed	 due	 to	 interaction	 with	 RhoA	 upon	 illumination.	 Finally,	 pdDronpaV	
fluorescence	was	restored	and	psRhoGEF	effects	were	reversed	with	400-nm	light	(Fig.	1E-G).	
	 For	comparison,	we	also	tested	two	other	optobiochemical	systems	for	RhoA	activation,	
OptoGEF-RhoA	 (26)	 and	 photo-recruitable	 (PR)-GEF	 (25).	 In	 OptoGEF-RhoA,	 a	 light-induced	
CRY2-CIBN	 interaction	 (26),	while	 in	 PR-GEF,	 the	 PDZ-LOVpep	 interaction	 (25)	 (fig.	 S5A).	We	
noticed	we	needed	to	reduce	OptoGEF-RhoA	and	PR-GEF	plasmid	amounts	to	prevent	baseline	
cell	contraction	in	HEK293A	cells,	but	once	this	was	done	(fig.	S5B),	both	OptoGEF-RhoA	and	PR-
GEF	mediated	cell	shrinkage	upon	illumination	(fig.	S4B-C,	S5C).	Thus,	all	three	optobiochemical	
systems	 functioned	 effectively.	One	point	 of	 difference	between	 the	 systems	was	 reversibility;	
after	illumination	was	terminated,	the	light-induced	localization	of	PR-GEF	and	OptoGEF-RhoA	
immediately	reversed	(fig.	S6A-B).	In	contrast,	psRhoGEF	remained	in	its	uncaged	conformation	
for	over	25	min,	while	400-nm	of	illumination	immediately	returned	it	to	its	caged	state	(fig.	S6C-
D).	We	proceeded	to	perform	experiments	with	psRhoGEF	as	its	performance	was	less	affected	by	
expression	conditions	in	our	hands,	and	as	its	single-chain	nature	simplified	co-expression	with	
other	constructs.	
	
Acute	RhoA	activation	is	sufficient	for	neuronal	growth	cone	retraction	
We	used	psRhoGEF	to	determine	whether	acute	activation	of	RhoA	is	sufficient	for	axon	retraction	
during	 neuronal	 differentiation.	 In	 developing	 neurons,	 repellent	 cues	 induce	 local	 RhoA	
activation	in	growth	cones	(33).	RhoA	activity	is	required	for	growth	cone	retraction	in	response	
to	these	cues	(34),	presumably	by	inducing	actinomyosin	contraction	(35,	 36).	However,	 it	has	
been	unclear	whether	activation	of	endogenous	RhoA	alone	is	sufficient	to	induce	growth	cone	
retraction,	as	the	receptors	for	repellant	cues	activate	additional	signaling	pathways	as	well	(37).	 	
	 To	address	this	question,	we	expressed	psRhoGEF	in	embryonic	rat	hippocampal	neurons	
and	locally	illuminated	migrating	growth	cones	with	500-nm	light	(fig.	 S7A).	We	observed	that	
illumination	of	forward-migrating	growth	cones	immediately	induced	their	backward	movement,	
with	retraction	persisting	for	at	least	20	min	after	illumination	(fig.	S7B,	Movie	S3).	Overall,	60%	
of	psRhoGEF-expressing	growth	cones	demonstrated	retraction	at	20	min.	In	contrast,	neurons	
expressing	monomeric	Dronpa145K	did	not	show	an	immediate	response	to	light	(Movie	S4),	and	
demonstrated	retraction	20	min	later	in	only	13%	of	cases,	a	statistically	significant	difference	
(fig.	S7C).	These	results	demonstrate	that	a	local	increase	in	RhoA	activity	is	sufficient	to	induce	
growth	cone	retraction,	as	proposed	in	a	model	of	axon	guidance	receptor	signaling	(35,	36).	 	
	
Dose-dependent	effects	of	RhoA	activation	on	focal	adhesion	dynamics	
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RhoA	has	well	established	functions	in	promoting	focal	adhesion	(FA)	formation,	but	its	potential	
role	 in	 FA	 disassembly	 is	 less	 clear.	 Following	 early	 observations	 that	microinjection	 of	 RhoA	
induces	 FA	 formation	 in	 confluent	 fibroblasts	 (1),	multiple	 experiments	 have	 established	 that	
RhoA	and	its	ROCK	effectors	are	required	for	FA	induction	by	extracellular	stimuli	such	as	LPA	or	
growth	factors	(11,	12,	38).	If	FA	disassembly	is	considered	as	the	reverse	of	FA	assembly,	then	it	
might	be	expected	that	RhoA	activation	would	inhibit	FA	disassembly.	Indeed,	chronic	activation	
of	RhoA	was	found	to	inhibit	FA	disassembly	in	fibroblasts,	whereas	chronic	inhibition	of	RhoA	
induced	FA	disassembly	(39).	In	addition,	acute	pharmacological	inhibition	of	ROCK	or	myosin	II,	
which	is	activated	by	ROCK,	induces	FA	disassembly	(15,	40),	 consistent	 with	 a	 role	 for	 myosi
n	 in	 maintaining	 FAs.	 On	 the	 other	 hand,	 other	 experiments	 suggest	 a	 function	 for	 RhoA	
activation	 in	 FA	 disassembly	 with	 faster	 kinetics.	 Microinjection	 of	 RhoA	 induces	 rapid	
contraction	of	subconfluent	fibroblasts	(41).	We	also	observed	that	photoinduction	of	psRhoGEF	
induced	rapid	shrinkage	of	subconfluent	HEK293A	cells	(Fig.	1C-D).	 	

We	 hypothesized	 that	 acute	 RhoA	 activation	 can	 induce	 FA	 disassembly	 during	 cell	
retraction.	To	test	this,	we	expressed	psRhoGEF	in	U87-MG	astrocytoma	cells,	and	visualized	FAs	
with	mCherry-tagged	paxillin	before	and	after	illumination	of	500-nm	light.	Indeed,	we	observed	
that	acute	RhoA	activation	induced	FA	disassembly	at	the	retracted	region	within	30	min	(Fig.	2A,	
Movie	 S5).	We	 further	 investigated	 the	 effect	 of	 different	 RhoA	 level	 on	 FA	 dynamics,	 taking	
advantage	of	the	easy	dosability	of	 light.	Applying	different	light	intensities	to	induce	different	
levels	of	RhoA	activation	(Fig.	2A-C),	we	found	unexpectedly	that	 lower	 light	doses	 favored	FA	
disassembly	 and	 cell	 contraction	 (Fig.	 2D-E).	 In	 contrast,	 illumination	with	 higher	 light	 doses	
induced	FA	enlargement	 in	non-retracting	areas	 together	with	FA	disassembly	 from	retracting	
areas	(Fig.	2A),	so	that	mean	integrated	FA	area	remained	unchanged	(Fig.	2E).	Categorization	of	
cells	by	their	FA	response	to	the	higher	light	dose	showed	significant	fractions	responding	with	
increasing	or	decreasing	FA	area	(Fig.	2F).	DronpaK-expressing	 cells	 showed	 no	 changes	 in	 t
otal	 cell	 area,	 total	 FA	 area,	 or	 the	 occurrence	 of	 FA	 growth	 or	 shrinkage	 at	 either	 light	
dose	 (Fig.	2G-J),	 confirming	 the	 effects	 required	 RhoGEF	 activity.	 Thus,	 we	 observed	 that	
psRhoGEF-induced	 acute	 RhoA	 activation	 can	 cause	 FA	 disassembly	 and	 cell	 contraction,	
and	 this	 cellular	 function	 of	 RhoA	 is	 favored	 under	 lower	 light	 doses.	 	
	 If	 the	 FA	 disassembly	 we	 observed	 was	 directly	 due	 to	 RhoA,	 and	 not	 secondary
	 to	 a	 coordinated	 cell-wide	 changes	 such	 as	 enhanced	 migration,	 we	 would	 expect	 that	 l
ocal	 RhoA	 activation	 would	 lead	 to	 FA	 disassembly	 selectively	 in	 that	 region.	 Indeed,	 loc
al	 psRhoGEF	 illumination	 often	 caused	 FA	 disassembly	 selectively	 in	 the	 illuminated	 regi
on,	 and	 was	 never	 observed	 to	 cause	 FA	 disassembly	 outside	 the	 illuminated	 region	 (fig.
	 S8).	
	
ROCK	 activity	 and	 actomyosin	 contractility	 are	 required	 for	 both	 FA	 assembly	 and	
disassembly	
We	 next	 investigated	 the	 downstream	 signaling	 pathways	 mediating	 this	 dose-dependent	
function	 of	 RhoA	 on	 FA	 dynamics.	 ROCK	 has	 well	 established	 functions	 as	 RhoA	 effectors	
mediating	 FA	 growth.	 ROCK	 phosphorylates	 and	 inactivates	 myosin	 light	 chain	 phosphatase,	
resulting	in	myosin	light	chain	phosphorylation,	myosin	II	activation,	and	increased	actinomyosin	
contractility	 (42).	 First,	 we	measured	 the	 activity	 of	 ROCK	 depending	 on	 light	 doses,	 and	 as	
expected,	higher	light	doses	applied	on	psRhoGEF	induced	stronger	ROCK	activation	(Fig.	3A).	As	
expected,	illumination	of	psRhoGEF	also	induced	phosphorylation	of	myosin	light	chain	(fig.	S9).	
ROCK	activity	and	actomyosin	contractility	have	established	roles	in	RhoA-induced	FA	growth	and	
maturation	(16).	Indeed,	FA	size	was	significantly	reduced	in	cells	treated	with	the	ROCK	inhibitor	
Y-27632	 or	 the	 myosin	 II	 inhibitor	 blebbistatin	 (Fig.	 3B-C).	 Treatment	 with	 Y-27632	 or	
blebbistatin	 also	 prevented	 FA	 growth	 induced	 by	 strong	 psRhoGEF	 activation	 (Fig.	 3D-E),	
suggesting	the	FA	growth	after	strong	psRhoGEF	activation	is	dependent	on	ROCK	and	myosin	II.	
Interestingly,	 inhibition	 of	 ROCK	 and	 myosin	 II	 also	 prevents	 the	 FA	 disassembly	 and	 cell	
shrinkage	 that	 is	 observed	 at	 lower	 rates	with	 strong	 psRhoGEF	 activation	 (Fig.	 3F-G).	 These	
results	 indicate	 that	RhoA-mediated	ROCK	activity	 is	 crucial	 for	FA	disassembly	 as	well	 as	FA	
growth.	Indeed,	time-lapse	imaging	of	FA	disassembly	after	RhoA	activation	revealed	centripetal	
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stretching	 of	 FAs	 prior	 to	 their	 removal,	 indicating	 a	 role	 for	 actin	 contractility	 (Movie	 S5).	
Consistently,	FA	disassembly	induced	by	low-intensity	activation	of	psRhoGEF	was	also	prevented	
by	ROCK	or	myosin	II	inhibitors	(Fig.	3H,	fig.	S10).	These	results	indicate	that	ROCK	and	myosin	
activities	are	required	for	RhoA-induced	FA	disassembly,	in	addition	to	their	well	characterized	
roles	in	FA	growth.	 	
	
RhoA	recruits	Src	to	FAs	in	a	dose-dependent	manner,	producing	opposite	outcomes	
We	next	asked	whether	FA	growth	vs.	disassembly	outcomes	induced	by	different	RhoA	activity	
levels	are	due	to	differential	activation	of	other	downstream	molecules.	One	effector	of	RhoA	is	
mDia1,	which	mediates	recruitment	to	FAs	of	Src	kinase	(8),	whose	activity	is	necessary	for	FA	
disassembly	in	migrating	cells	(8,	9).	(43,	44)Src	phosphorylation	of	the	FA	components	p130Cas	
and	cortactin	has	been	shown	to	accelerate	their	dissociation	from	FAs	and	be	required	for	FA	
turnover	in	migrating	cells	(43-45).	

We	thus	investigated	the	effect	of	different	RhoA	levels	on	the	Src	activity	at	FAs	after	
illumination	of	psRhoGEF-expressing	cells	with	different	light	doses.	Strikingly,	the	lower	level	of	
psRhoGEF	activation	induced	Src	activation	at	FAs	more	efficiently	(Fig.	4A-B),	without	altering	
total	 Src	 distributions	 (fig.	 S11).	 	 These	 results	 imply	 that	 FA	 disassembly	 by	 weak	 RhoA	
activation	may	 be	 due	 to	 the	more	 efficient	 Src	 activation	 at	 FAs.	 To	 test	 this	 hypothesis,	 we	
examined	 the	 effects	 of	 perturbing	 Src	 activity	 on	 the	 response	 of	 FAs	 to	 low	 level	 of	 RhoA	
activation.	 Indeed,	FA	disassembly,	 induced	by	 low	 light	dose	on	psRhoGEF,	was	prevented	by	
pretreatment	of	a	Src	inhibitor	PP2	(Fig.	4C,	Fig.	S12A-B,	fig.	S10).	 	

We	further	wondered	the	roles	of	active	Src	on	the	FA	disassembly,	induced	by	high	light	
dose	 on	 psRhoGEF.	 We	 observed	 that	 application	 of	 the	 Src	 inhibitor	 PP2	 or	 expression	 of	
dominant-negative	Src	K295R	blocked	FA	disassembly	after	psRhoGEF	photoinduction	(Fig.	4D-
H,	fig.	S12C,	Movie	S6).	In	fact,	some	FAs	appeared	to	grow	inwards	while	still	being	attached	to	
their	 original	 position	 at	 the	 edge	 of	 the	 cell	 (Fig.	 4D,	 fig.	 S12C,	 Movie	 S6).	 Correspondingly,	
photoinduction	of	psRhoGEF	under	PP2	incubation	increased	the	overall	FA	area	per	cell	(Fig.	4H).	
In	contrast,	increasing	Src	activity	by	expression	of	a	constitutively	active	Src	Y527F	resulted	in	
the	faster	rate	of	cell	shrinkage	and	focal	adhesion	loss	in	response	to	psRhoGEF	(fig.	S12D-E).	
These	results	demonstrate	that	Src	activity	is	required	for	RhoA-induced	FA	disassembly,	and	that	
inhibition	 of	 Src	 activity	 is	 sufficient	 to	 switch	 the	 response	 of	 FAs	 to	 RhoA	 activation	 from	
disassembly	to	growth.	 	
	
RhoA	induces	cell	retraction	at	regions	of	low	basal	RhoA	activity	 	 	 	
Upon	global	light	stimulation	of	psRhoGEF,	one	side	of	the	cell	also	remained	attached	while	the	
other	side	retracted	with	FAs	in	the	retracting	region	disappearing	within	30	min	(Fig.	1C,	2A,	3
D,	4D,	Movie	S5).	As	 we	 found	 lower	 light	 doses	 favored	 FA	 disassembly	 (Fig.	 2),	 we	 won
dered	 whether	 edge	 retraction	 of	 a	 given	 cell	 by	 global	 light	 stimulation	 could	 be	 relate
d	 to	 underlying	 asymmetry	 in	 basal	 RhoA	 activity	 in	 the	 cell.	 	

To	 examine	 spatial	 distributions	 of	 RhoA	 activity	 in	 living	 cells	 expressing	 psRho
GEF,	 we	 created	 a	 RhoA	 FRET	 biosensor	 that	 could	 be	 imaged	 without	 interference	 by	 t
he	 cyan	 light	 used	 to	 induce	 psRhoGEF.	 The	 Large-Stokes-Shift	 orange	 fluorescent	 protein
	 LSSmOrange	 and	 the	 far-red	 mKate2	 are	 an	 appropriate	 FRET	 pair,	 which	 are	 minimall
y	 excited	 at	 the	 500-nm	 wavelengths	 used	 to	 induce	 psRhoGEF.	 Thus	 we	 created	 a	 Rho
A	 biosensor	 composed	 of	 LSSmOrange,	 the	 rhotekin	 RBD,	 a	 long	 linker,	 mKate2,	 and	 Rh
oA,	 modifying	 a	 previous	 design	 that	 had	 used	 cyan	 and	 yellow	 fluorescent	 proteins	 (46
)	 (Fig.	 5A-B).	 	

To	 test	 the	 activity	 and	 specificity	 of	 our	 RhoA	 biosensor,	 we	 compared	 FRET	 le
vels	 in	 cells	 expressing	 DronpaK	 only,	 PRG	 DHPH	 fused	 to	 DronpaK,	 ITSN-DH,	 Tiam-DH	
or	 PRG	 DHPH	 alone.	 FRET	 was	 significantly	 higher	 in	 cells	 expressing	 the	 PRG	 DHPH	 do
mains	 (Fig.	 5C-D),	 indicating	 this	 sensor	 responds	 to	 RhoGEF	 with	 increased	 FRET	 (Fig.	
5A).	 In	 contrast,	 the	 biosensor	 did	 not	 respond	 to	 ITSN	 or	 Tiam	 (Fig.	 5C-D),	 confirming	
specificity	 for	 activation	 by	 RhoGEFs.	 We	 also	 generated	 constitutively	 active	 or	 inactive	
biosensors	 by	 introducing	 G14V	 or	 T17N	 mutations	 in	 the	 RhoA	 domain,	 respectively	 (Fi
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g.	 5E).	 As	 expected,	 the	 RhoA	 G14V	 biosensor	 exhibited	 higher	 FRET	 level	 than	 the	 Rho
A	 T17N	 biosensor	 (Fig.	 5F-G).	 	

We	then	introduced	the	wild	type	biosensor	(WT)	or	negative	mutant	T17N	biosensor	t
ogether	with	psRhoGEF.	 Illumination	 caused	 increased	 FRET	 in	 the	 WT	 but	 not	 T17N	 bio
sensor	 (Fig.	 6A-B),	 as	 expected.	 Interestingly,	 the	 biosensor	 responded	 in	 a	 dose-depende
nt	 manner	 to	 light	 (Fig.	 6C),	 verifying	 that	 psRhoGEF	 enables	 rheostatic	 control	 of	 RhoA
	 activity.	 Finally,	 this	 FRET	 response	 was	 observed	 after	 the	 illumination	 of	 psRhoGEF,	 b
ut	 not	 its	 negative	 mutant	 R868G	 (Fig.	 6D-E).	

Strikingly,	 visualization	 of	 RhoA	 activity	 distributions	 using	 the	 new	 RhoA	 biosen
sor	 revealed	 significantly	 lower	 RhoA	 activity	 at	 cell	 edges	 that	 subsequently	 retract	 upo
n	 psRhoGEF	 stimulation	 (Fig.	 6D	 and	 6F).	 These	 results	 suggest	 that	 underlying	 asymmet
ry	 of	 RhoA	 activity	 may	 determine	 which	 region	 of	 a	 given	 cell	 retracts	 after	 further	 ac
ute	 global	 RhoA	 activation.	 We	 note	 however,	 that	 this	 association	 may	 be	 a	 mixture	 of	
effect-effect	 and	 cause-effect	 relationships.	 For	 example,	 more	 recently	 extended	 edges	 of	
the	 cell	 may	 have	 younger	 and	 smaller	 FAs	 and	 thereby	 contain	 lower	 concentrations	 of	
integrins	 and	 native	 RhoGEFs.	 These	 younger	 FAs	 may	 already	 be	 more	 likely	 to	 underg
o	 disassembly	 than	 older	 FAs.	 	 	
	 In	summary,	our	results	imply	that	RhoA	activation	can	regulate	downstream	pathways	
in	a	dose-dependent	manner:	Low-level	activation	efficiently	induces	rapid	Src	phosphorylation	
at	 FAs	 leading	 to	 FA	 disassembly.	 In	 contrast,	 high-level	 RhoA	 activation	 strongly	 induces	
phospho-ROCK	and	more	slowly	induces	phospho-Src.	This	 leads	to	a	balanced	response	of	FA	
growth	and	disassembly,	which	can	be	biased	toward	FA	growth	by	Src	inhibition	(Fig.	7).	It	has	
been	suggested	that	RhoA	has	different	affinity	to	each	downstream	effectors;	RhoA-mDia	and	
RhoA-ROCK	complexes	exhibit	dissociation	constants	of	6	and	130	nM	respectively	(47).	Thus,	
low	concentrations	of	active	RhoA	could	selectively	activate	mDia	signaling	to	Src	to	induce	FA	
disassembly.	 In	 contrast,	 high	 levels	 of	 active	RhoA	may	 additionally	 activate	ROCK	 to	 induce	
stronger	 actomyosin	 contractility	 and	 FA	 growth.	 In	 conclusion,	 our	 results	 revealed	 that	 FA	
dynamics	can	be	controlled	by	amplitude-modulation	of	RhoA	activity	via	differential	activation	
of	downstream	pathways.	
	
	
DISCUSSION	
	
In	 this	 study,	 we	 developed	 a	 single-chain	 photoswitchable	 activator	 of	 RhoA	 using	 a	
photodissociable	dimeric	variant	of	the	fluorescent	protein	Dronpa.	Using	psRhoGEF	to	rapidly	
and	selectively	activate	RhoA,	we	confirmed	that	acute	RhoA	activation	at	lower	levels	can	induce	
FA	disassembly,	and	dissected	downstream	pathways	 involved	 in	this	response.	We	found	that	
both	ROCK	and	Src	kinase	are	required	for	the	RhoA-induced	FA	disassembly,	but	Src	activation	
at	 FAs	 is	 more	 efficiently	 induced	 by	 lower	 levels	 of	 RhoA.	 Finally,	 inhibition	 of	 Src	 activity	
switches	 the	 response	 of	 FAs	 to	 RhoA	 activity	 from	 disassembly	 to	 enlargement.	 Thus	 RhoA	
activity-dependent	activation	of	Src	at	FAs	mediates	the	decision	between	the	opposite	outcomes	
of	FA	growth	versus	disassembly	(Fig.	4H).	 	
	 While	 functions	of	RhoA	effectors	 such	 as	 the	ROCK	and	mDia	 in	 FA	growth	 are	well	
characterized	(16),	their	roles	in	FA	disassembly	have	been	much	less	studied.	For	example,	FAs	
shrink	or	disappear	upon	inhibition	or	depletion	of	ROCK	or	mDia	(16).	The	same	proteins	have	
been	implicated	in	FA	disassembly	based	on	more	complex	experiments	examining	rates	of	FA	
disassembly	at	the	lagging	edge	of	migrating	cells	where	FA	disassembly	can	be	reliably	observed	
(6-8,	10,	16).	However,	ongoing	migration	itself	requires	polarization	of	cells	and	FA	assembly	at	
the	 leading	 edge,	 processes	 that	 also	 require	 RhoA	 effectors	 (6).	 Thus,	 chronic	 and	 global	
manipulations	of	these	pathways	cannot	unambiguously	reveal	direct	roles	for	RhoA	effectors	in	
FA	disassembly	vs.	secondary	roles	via	affecting	migration.	In	contrast	to	the	use	of	dominant-
negative	 or	 constitutively	 active	 constructs,	 or	 stimulation	 by	 extracellular	 stimuli,	 optical	
induction	 of	 psRhoGEF	 allows	 control	 of	 endogenous	 RhoA	 with	 tight	 temporal	 control	 and	
without	 activation	 of	 other	 signaling	 pathways.	 This	 allows	 immediate	 responses	 to	 RhoA	
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activation	to	be	assessed	without	feedback	or	crosstalk.	 	
	 Our	 observation	 that	 cells	 can	 convert	 rheostatic	 RhoA	 signaling	 into	 opposite	 FA	
responses	provides	an	example	of	how	the	same	signal	can	be	used	to	create	distinct	outcomes	
via	 amplitude	 encoding.	 Interestingly,	 RhoA	may	 also	 be	 involved	 in	 the	 ability	 of	 neurons	 to	
respond	to	different	concentrations	of	the	chemokine	SDF-1α	by	either	enhancing	or	inhibiting	
axonal	growth.	While	both	responses	require	RhoA,	enhancement	or	inhibition	requires	mDia	or	
ROCK,	 respectively	 (48).	 However,	 in	 these	 earlier	 experiments,	 individual	 signaling	 proteins	
could	not	be	 specifically	 activated,	 and	biological	pathways	 could	only	be	activated	by	SDF-1a	
application,	whose	downstream	effects	have	not	been	comprehensively	mapped.	Thus,	whether	
RhoA	 activity	 levels	 determine	 the	 response	 switch,	 or	 whether	 the	 SDF-1α	 receptor	 CXCR4	
engages	different	signaling	pathways	depending	on	the	size	of	the	activated	receptor	population,	
could	not	be	ascertained.	In	our	current	experiments,	by	directly	modulating	RhoA	activity	levels,	
we	were	 able	 to	 determine	 that	 RhoA	 activity	 amplitude	 alone	 is	 sufficient	 to	 drive	 a	 switch	
between	two	different	outcomes.	 	
	 Another	case	of	opposing	responses	resulting	from	different	levels	of	activity	of	a	single	
protein	is	provided	by	another	family	of	small	GTPases,	the	Ras	family.	Here,	a	low	level	of	Ras	
activity	 induces	 proliferation	 of	 mammalian	 cells	 through	 activation	 of	 various	 effectors	 that	
promote	protein	synthesis	and	transcription	of	growth-promoting	genes,	whereas	a	high	level	of	
Ras	 activity	 caused	 by	 Ras	 mutation	 or	 amplification	 induces	 transcription	 of	 the	 cell	 cycle	
inhibitor	 p16	 and	 growth	 arrest	 (49).	 However,	 this	 switch	 in	 Ras	 function	 occurs	 only	 upon	
mutation	or	amplification	of	Ras,	a	permanent	genetic	change,	and	thus	cannot	be	dynamically	
regulated.	 In	 contrast,	 the	 amplitude	 modulation	 of	 RhoA	 function	 we	 observed	 provides	 a	
mechanism	by	which	pathway	inputs	can	dynamically	select	between	alternative	outputs.	In	other	
known	examples	of	amplitude-dependent	outcomes,	it	has	not	yet	demonstrated	that	amplitude-
modulation	of	a	single	intracellular	signal	can	select	between	two	induced	outcomes	(as	opposed	
to	a	simple	response	vs.	no-response	decision).	For	example,	 in	mammalian	chondrocytes	and	
Xenopus	embryos,	a	low	level	of	extracellular	Wnt	activates	calcium	release	from	internal	stores,	
while	 a	 high	 level	 activates	 the	 β-catenin	 pathway	 (50).	However,	 the	mechanism	behind	 this	
switch	appears	 to	be	concentration-dependent	utilization	of	different	Wnt	receptors,	and	 thus	
response	selection	occurs	outside	 rather	 than	 inside	 the	cell.	 In	Drosophila	 embryos,	different	
concentrations	of	an	epidermal	growth	factor	homolog	produce	different	 levels	of	Ras	activity,	
leading	to	a	binary	choice	between	transcription	or	no	transcription	(51),	but	in	this	case,	one	of	
the	outcomes	is	identical	to	the	default	unstimulated	state.	 	

Finally,	 the	 photoswitchable	 GEFs	 described	 here	 should	 be	 broadly	 useful	 tools	 for	
investigating	 the	 functions	 of	 endogenous	 Cc42,	 Rac1,	 and	 RhoA.	 For	 example,	 experiments	
comparing	 the	 functions	 of	 these	 GTPases	 can	 now	 be	 performed	 with	 a	 consistent	 set	 of	
conditions.	Photoswitchable	GEFs	should	also	enable	spatiotemporal	control	of	any	combination	
of	 Cdc42,	 Rac1,	 or	 RhoA	 through	 the	 expression	 of	 the	 corresponding	 combination	 of	
photoswitchable	 GEFs.	 This	 enables	 simpler	 experimental	 designs	 compared	 to	methods	 that	
utilize	 light-induced	heterodimerization	to	recruit	GEFs	 to	 the	membrane	(24-26).	 In	addition,	
unlike	optically	controlled	fusion	proteins	of	Rho	GTPases,	these	photoswitchable	GEFs	should	
avoid	artifactual	effects	arising	from	the	titration	of	a	limiting	number	of	RhoGDI	molecules	(20).	
We	thus	expect	that	psCdc42GEF,	psRacGEF,	and	psRhoGEF	will	be	widely	useful	for	investigating	
the	 functions	 of	 Rho-family	 GTPases	 with	 high	 spatiotemporal	 specificity	 and	 with	 minimal	
perturbation	to	signaling	networks.	
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Fig.	1.	Photoswitchable	RhoGEF	demonstrates	that	acute	RhoA	activation	induces	cell	retr
action.	 	
(A)	 Co-crystal	 structure	 of	 PDZ	 RhoGEF	 (PRG)	 and	 RhoA	 (PDB	 3T06).	 (B)	 Photoswitchab
le	 RhoGEF	 comprises	 the	 PRG	 RhoA-interacting	 regions	 (GEF	 switch,	 DH	 domain,	 and	 PH	
domain)	 fused	 to	 a	 pdDronpaV	 domain	 at	 each	 end	 with	 a	 C-terminal	 CAAX	 sequence.	 (
C)	 Native	 fluorescence	 of	 pdDronpa	 in	 psRhoGEF	 and	 Lifeact-mCardinal	 before	and	after	
500-nm	light	stimulation,	showing	induced	cell	retraction.	An	area	was	enlarged	(right)	to	better	
visualize	the	retracted	edge	of	the	cell.	A	dotted	line	indicates	original	cell	outline,	and	an	asterisk	
indicates	the	region	of	the	cell	that	has	retracted.	The	 experiment	 was	 repeated	 >10	 times.	 S
ee	 also	 Supplementary	 Fig.	 4.	 (D)	 Illumination-induced	 cell	 area	 change	 was	 observed	 in	
cells	 expressing	 psRhoGEF,	 but	 not	 psRhoGEF-R868G	 (n	 =	 39,	 34,	 41	 or	 47,	 p	 =	 0.046,	
by	 two	 tailed	 Student’s	 t-test).	 (E)	 Native	 fluorescence	 of	 pdDronpa	 in	 psRhoGEF	 (upper	
panels)	 and	 Lifeact-mCardial	 (lower	 panels),	 before	 (left),	 after	 500-nm	 stimulation	 (mid
dle),	 and	 the	 subsequent	 illumination	 of	 400-nm	 light	 (right).	 A	 dotted	 line	 indicates	
original	cell	outline	 and	 white	 arrow	 indicates	 the	 region	 of	 the	 cell	 that	 has	 changed.	 (F	
and	 G)	 The	 normalized	 intensity	 change	 of	 pdDronpa	 in	 psRhoGEF	 (F)	 and	 cell	 size	 cha
nge	 (G),	 after	 400-nm	 light	 and	 the	 subsequent	 500-nm	 light	 illumination	 (n	 =	 45,	 p	 va
lues	 were	 estimated	 by	 two	 tailed	 Student’s	 t-test).	
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Fig.	2.	Focal	adhesion	responses	to	psRhoGEF	depend	on	activity	level.	 	
(A)	 The	 representative	 psRhoGEF	 and	 paxillin-mCherry	 images,	 before	 and	 30	 min	 after	
illumination	of	different	light	doses.	(B)	RhoA	pull-down	assay	confirmed	different	levels	of	active	
RhoA	(Rho-GTP)	by	 different	 light	 doses	 on	 psRhoGEF-expressing	 cells	 (n	=	4).	(C)	Different	
magnitude	 of	 500-nm	 light	 induces	 different	 level	 of	 off-switched	 psRhoGEF.	 P-value	 was	
calculated	by	one-way	ANOVA	test	(n	=	37,	25,	18,	17	or	28).	 	 (D	and	E)	The	 changes	 of	 cell	size	
(D)	 and	 total	 FA	 area	 (E)	 in	 psRhoGEF-expressing	 cells	 in	 a	 30-min	 interval	without	 or	with	
different	doses	of	illumination	(n	=	37,	25,	18,	17	or	28).	Statistical	significance	was	calculated	by	
Tukey’s	multiple	 comparisons	 test.	 (F)	Proportion	of	psRhoGEF-expressing	 cells	 exhibiting	FA	
growth	or	FA	shrinkage	in	30	minutes	after	different	light	doses	(n	=	35,	25	or	28).	All	p	values	
were	calculated	by	Fisher’s	exact	 test.	 (G)	Representative	 images	 of	 paxillin-mCherry	 in	 the	
DronpaK-expressing	U87-MG	cells	before	and	after	light	stimulation	of	different	light	dose.	(H	 a
nd	 I)	 Changes	 in	 cell	size	(H)	and	total	FA	area	(I)	in	the	DronpaK-expressing	cells	in	a	30-min	
interval	after	illumination	or	without	illumination	(n	=	46,	26,	38).	Data	are	represented	as	mean	
±	s.e.m.	(J)	Proportion	of	the	DronpaK-expressing	cells	exhibiting	FA	growth	or	FA	shrinkage	in	
30	minutes	after	illumination	(n=	46,	26,	38).	
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Fig.	3.	ROCK	activity	and	actomyosin	contractility	are	required	for	both	FA	assembly	and	
disassembly.	
(A)	Levels	of	phosphorylated-ROCK2	(p-ROCK2)	in	U87-MG	 cells	expressing	psRhoGEF	 before	
or	 after	 different	 light	 doses.	 pROCK2	 was	 quantified	 relative	 to	 ROCK2.	 ANOVA	 was	 per
formed	 and	 statistical	 differences	 were	 calculated	 by	 post-hoc	 Dunnett’s	 test	 (n	=	4).	 (B)	
Representative	 images	 of	 FAs,	 labelled	 by	 paxillin-mCherry,	 in	 psRhoGEF-expressing	 cells	
incubated	with	DMSO,	10	μM	ROCK	inhibitor	Y-27632,	or	2	μM	myosin	II	inhibitor	blebbistatin	
(BB)	for	30	min.	(C)	Quantitation	of	FA	sizes.	For	 multiple	 comparisons	 between	 groups,	 ANO
VA	 was	 performed	 and	 statistical	 differences	 were	 calculated	 by	 post	 hoc	 Dunnett’s	 test	
(n=18,	23	or	14).	(D)	Representative	paxillin-mCherry	images	in	the	psRhoGEF-expressing	cells	
preincubated	with	DMSO,	Y-27632	or	BB	for	30	min,	in	a	30-min	interval	without	or	after	high	
dose	of	 illumination.	A	dotted	 line	 indicates	original	cell	outline,	and	an	asterisk	 indicates	 the	
region	of	the	cell	that	has	retracted.	(E	and	F)	Cell	proportions	exhibiting	FA	enlargement	(E)	or	
FA	disassembly	(F)	in	30	min	without	or	after	high	dose	of	illumination,	assessed	by	Fisher’s	exact	
test	 (n	=	26,	24,	23,	22,	18,	or	14).	 (G)	The	changes	 in	 cell	 size	 in	psRhoGEF-expressing	cells	
preincubated	with	DMSO,	Y-27632	or	BB	for	30	min,	in	a	30-min	interval	without	or	after	high	
dose	of	illumination,	assessed	by	two-tailed	Student’s	t-test	(n	=	26,	24,	23,	22,	18,	or	14,	p	=	0.004	
by	 two-tailed	Student’s	 t-test).	 (H)	Total	FA	area	change	 in	psRhoGEF-expressing	cells	 treated	
with	 DMSO,	 Y-27632	 or	 BB	 for	 30	 min,	 in	 a	 30-min	 interval	 without	 or	 with	 low	 dose	 of	
illumination	(p	=	0.02	by	two	tailed	Student’s	t-test,	n	=	71,	26,	23,	21,	13	or	20).	 	 	 	
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Fig.	4.	Src	is	recruited	to	focal	adhesions	by	low	level	RhoA	activation	and	mediates	their	
disassembly.	 	
(A)	 Representative	 images	 showing	 differential	recruitment	of	active	p-Src	at	focal	adhesions	
(labelled	by	paxillin-mTagBFP)	upon	different	doses	of	illumination	for	indicated	times.	(B)	Co-lo
calization	 of	 paxillin	 and	 p-Src	 is	 estimated	 by	 the	 Pearson’s	 correlation	 coefficient.	 All	 p
-values	 were	 calculated	 by	 two	 tailed	 Student’s	 t-test	 (n	 =	 15,	 16,	 12	 or	 8).	 (C)	Total	 FA	
area	change	in	psRhoGEF-expressing	cells	pre-treated	with	DMSO	or	10	μM	PP2	for	30	min,	in	a	
30-min	 interval	without	 or	with	 low	dose	of	 500-nm	 light	 illumination	 (p	=	0.008,	 two-tailed	
Student’s	 t-test,	 n	=	71,	26,	56	or	37).	 (D)	Representative	 images	of	 FAs	 (labelled	by	paxillin-
mCherry)	in	psRhoGEF-expressing	U87-MG	cells	before	and	30	min	after	high	dose	of	illumination,	
with	preincubation	of	DMSO	or	10	μM	PP2	for	30	min.	Peripheral	FAs	in	the	boxed	areas	are	shown	
with	higher	magnification	on	 the	 right.	 (E)	The	 changes	 of	 cell	 size	 in	psRhoGEF-expressing	
cells	treated	with	DMSO	or	10	μM	PP2	for	30	min,	in	a	30-min	interval	without	or	with	low	dose	
of	500-nm	light	illumination	(p	=	0.0004,	two-tailed	Student’s	t-test,	n	=	26,	24,	56	or	21).	(F	and	
G)	 Proportion	 of	 PP2-treated	 psRhoGEF-expressing	 cells	 exhibiting	 FA	 enlargement	 (F)	 or	 FA	
disassembly	 (G)	 in	30	min	after	or	without	high	dose	of	 illumination.	 Illumination	 induces	FA	
enlargement	only	under	PP2	treatment	(p	=	0.014,	by	Fisher’s	exact	test,	n	=	26,	24,	25	or	23).	 (
H)	 Total	 FA	area	change	in	psRhoGEF-expressing	cells	treated	with	DMSO	or	10	μM	PP2	for	30	
min,	in	a	30-min	interval	without	or	with	high	dose	of	500-nm	light	illumination.	 Strong	RhoA	
activation	caused	an	increase	in	overall	FA	area	(p	=	0.024,	two-tailed	Student’s	t-test,	n	=	26,	24,	
25	or	23).	
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Fig.	5.	The	RhoA	biosensor	with	LSS-mOrange/mKate2	as	a	FRET	pair.	 	 	
(A)	The	 schematic	 design	 of	 a	 RhoA	 biosensor	 with	 a	 FRET	 pair,	 LSS-mOrange	 and	 mKat
e2 . 	 (B ) 	 Spectral	 profile	 of	 LSSmOrange	 and	 mKate2.	 Orange	 lines	 present	 the	 profile	 of	
LSSmOrange	and	dark	red	lines	show	the	one	of	mKate2.	The	dotted	and	solid	lines	are	excitation	
and	emission	spectrum,	respectively.	The	cyan	line	shows	peak	excitation	wavelength	of	Dronpa.	
(C	and	D)	Representative	images	(C)	and	the	average	levels	of	FRET/LSSmOrange	emission	ratios	
(D)	in	the	cells	expressing	the	RhoA	biosensor	together	with	DronpaK,	PRG	DHPH-DronpaK,	ITSN-
DH,	Tiam-DH	or	PRG	DHPH	domain	(n	=	13,	18,	40,	28,	or	152,	p	values	were	calculated	by	Tukey’s	
multiple	comparisons	 test).	 (E)	 The	 RhoA	 biosensor	 mutants	 containing	 dominant	negative	
(T17N)	or	constitutively	active	mutant	(G14V)	RhoA.	(F	and	G)	Representative	images	(F)	and	the	
average	levels	(G)	of	the	FRET/LSS-mOrange	emission	ratios	in	the	cells	expressing	T17N	RhoA	
biosensor	or	G14V	RhoA	biosensor	(p	=	4.08e-27,	by	two-tailed	Student’s	t-test,	n	=	82	or	90).	 	
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Fig.	6.	Global	psRhoGEF	activation	induces	retraction	from	cell	edges	of	lower	RhoA	basal	
activity.	 	
(A	 and	 B)	 The	 representative	 images	 (A)	 and	 the	 average	 levels	 of	 FRET/LssmOrange	 e
mission	 ratios	 (B)	 with	 or	 without	 500-nm	 light	 in	 cells	 expressing	 psRhoGEF	 together	
with	 either	 wild	 type	 (WT)	 or	 negative	 mutant	 (T17N)	 RhoA	 sensor.	 (n	 =	 36,	 34,	 19	 or	
17,	 p	 =	 1.68e-13	 by	 one-way	 ANOVA	 test,	 p	 =	 0.0007	 by	 two	 tailed	 Student’s	 t-test).	 (C)	
The	 FRET	 ratio	 changes	 in	 cells	 expressing	 psRhoGEF	 without	 or	 with	 a	 different	 light	
doses	 of	 illumination	 (p	 =	 1.93e-10	 by	 one-way	 ANOVA	 test,	 n	 =	 36,	 38	 or	 34).	 (D	 and	
F)	 Representive	 images	 (D)	 and	 quantification	 (E)	 showing	 the	 changes	 of	 FRET	 ratios	
with	 or	 without	 light	 stimulation	 in	 cells	 co-expressing	 psRhoGEF	 or	 psRhoGEF	 R868G	
mutant	 (n	 =	 22,	 42,	 14,	 or	 21).	 Statistical	 significance	 is	 calculated	 by	 two-tailed	 Studen
t’s	 t-test.	 (F)	 The	 FRET/LSSmOragne	 ratio	 of	 the	 RhoA	 biosensor	 in	 ROI1	 (retracting	 reg
ion)	 and	 ROI2	 (non-retracting	 region)	 (n	 =	 22,	 p	 =	 0.031	 by	 two-tailed	 Student’s	 t-test).	
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Fig.	 7.	 Model	 of	 RhoA	 signaling	 to	 FA	 dissembly	 or	 growth.	 Left,	 sub-maximal	 activat
ion	 of	 RhoA	 induces	 the	 Src	 activation	 at	 FAs	 to	 phosphorylate	 FA	 components	 such	 as	
Cas.	 The	 low	 amount	 of	 ROCK	 and	 myosin	 II	 activation	 that	 occurs	 induces	 contractility	
that	 is	 required	 for	 disassembly	 of	 FAs.	 Right,	 at	 higher	 levels	 of	 RhoA	 activation,	 the	 Sr
c	 activation	 at	 FAs	 is	 less	 efficient,	 while	 ROCK	 and	 myosin	 II	 are	 activated	 to	 higher	 le
vels.	 Thus,	 it	 showed	 the	 mixed	 FA	 responses	 but	 causes	 the	 force-stimulated	 FA	 growth	
when	 the	 latter	 is	 inhibited.	 	
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MATERIALS	 AND	 METHODS	
	
DNA	 construction	 and	 plasmids	
Plasmids	 were	 constructed	 by	 standard	 molecular	 biology	 methods	 such	 as	 polymerase	 c
hain	 reaction	 (PCR)	 and	 In-fusion	 cloning	 (Clontech).	 Mutations	 for	 specific	 amino	 acids	
were	 generated	 by	 overlap-extension	 PCR.	 All	 cloning	 junctions	 and	 PCR	 products	 were	
verified	 by	 sequencing	 process.	 The	 pcDNA3	 vector	 was	 used	 for	 the	 expression	 in	 mam
malian	 cells,	 and	 pLL3.7	 vector	 was	 used	 for	 virus	 production.	 Full	 plasmid	 sequences	 a
re	 available	 upon	 request,	 and	 main	 constructs	 will	 be	 available	 in	 Addgene	 after	 public
ation.	
	
Cell	 culture	 and	 reagents	
HEK293A	 cells	 were	 maintained	 in	 Dulbecco’s	 modified	 Eagle	 medium	 (DMEM)	 suppleme
nted	 with	 2	 mM	 L-glutamine	 (GE	 Healthcare	 Life	 Sciences),	 10%	 fetal	 bovine	 serum	 (FB
S,	 GE	 Healthcare	 Life	 Sciences),	 1	 unit/mL	 penicillin	 (Corning),	 100	 g/mL	 streptomycin	 (
Corning),	 non-essential	 amino	 acid	 (NEAA,	 Life	 Technologies),	 and	 1	 mM	 sodium	 pyruvat
e	 (Life	 Technologies).	 U87-MG	 cells	 were	 maintained	 in	 Dulbecco’s	 modified	 Eagle	 mediu
m	 (DMEM)	 supplemented	 with	2	mM	L-glutamine,	 10%	 FBS,	 1	 unit/mL	penicillin,	 100	g/m
L	 streptomycin,	 and	 1	mM	sodium	 pyruvate.	 Cells	 were	 cultured	 in	 a	 humidified	 95%	 air,
	 5%	 CO2	 incubator	 at	 37°C.	 For	 the	 transient	 transfection	 of	 psRhoGEFs	 constructs	 or	 D
ronpaK,	 we	 used	 Lipofectamine	 2000	 (Life	 Technologies)	 or	 lentiviruses	 which	 were	 pre
pared	 by	 KIST	 Virus	 Facility.	 Src	 inhibitor	 PP2,	 ROCK	 inhibitor	 Y-27632,	 myosin	 II	 inhibi
tor	 Blebbistatin	 was	 purchased	 from	 Sigma.	
	
Live-cell	 imaging	 and	 analysis	
For	 all	 imaging	 experiments,	 cover-glass-bottom	 dishes	 (SPL	 Life	 Sciences)	 were	 prepare
d	 by	 coating	 10	 μg/ml	 or	 indicated	 concentrations	 (for	 psRacGEF	 experiments)	 of	 fibron
ectin	 bovine	 protein	 (Invitrogen)	 for	 at	 least	 2	 hrs	 at	 37°C.	 Cells	 expressing	 each	 constr
uct	 were	 cultured	 on	 fibronectin-coated	 cover-glass-bottom	 dishes	 and	 incubated	 in	 medi
a	 with	 0.5%	 FBS	 overnight	 before	 imaging	 experiment.	 During	 imaging,	 cells	 were	 kept	 i
n	 the	 imaging	 chamber	 maintained	 with	 5%	 CO2	 and	 37°C	 (Live	 Cell	 Instruments).	 Imag
es	 were	 collected	 by	 a	 Nikon	 Ti-E	 inverted	 microscope	 with	 Nikon	 C-LHGFI	 HG	 Mercury	
lamp	 and	 a	 cooled	 charge-coupled	 device	 camera.	 Cell	 imaging	 videos	 were	 produced	 wi
th	 MetaMorph	 program	 (Molecular	 Devices).	 	
	 Dronpa	 variants	 were	 imaged	 with	 a	 1/8	 neutral	 density	 filter,	 482/35-nm	 excitation	
filter,	 506-nm	 dichroic	 mirror,	 536/40-nm	 emission	 filter,	 and	 200	 ms	 of	 exposure	 time.	
mCardinal-tagged	 Lifeact	 was	 imaged	 with	 a	 1/4	 neutral	 density	 (ND	 4)	 filter,	 531/40-n
m	 excitation	 filter,	 562-nm	 dichroic	 mirror,	 593/52-nm	 emission	 filter,	 and	 200	 ms	 of	 ex
posure	 time.	 Time-lapse	 images	 of	 Lifeact	 were	 obtained	 every	 one-minute,	 for	 10	 min	
before	 photoswitch	 and	 for	 50	 min	 after	 photoswitch.	 Dronpa	 variants	 were	 photoswitch
ed	 off	 by	 illumination	 on	 a	 100×	 oil	 objective	 (numberical	 aperture	 1.45,	 working	 distan
ce	 0.13	 mm,	 Nikon)	 using	 the	 same	 excitation	 and	 dichroic	 filters	 as	 for	 imaging	 but	 wi
thout	 a	 neutral	 density	 filter	 for	 30	 seconds.	 For	 different	 light	 doses,	 Dronpa	 was	 phot
oswitched	 by	 illumination	 using	 a	 100x	 oil	 objective	 without	 a	 neutral	 density	 filter	 (full
	 dose)	 or	 1/2,	 1/4,	 or	 1/8	 neutral	 density	 (50%,	 25%,	 or	 12.5%)	 for	 30	 seconds.	 	
	 Focal	 adhesion	 (FA)	 area	 for	 each	 cell	 at	 each	 time	 point	 was	 automatically	 calculate
d	 using	 the	 Focal	 Adhesion	 Analysis	 Server	 (FAAS)	 (52).	 Cells	 were	 categorized	 as	 showi
ng	 FA	 growth	 or	 FA	 shrinkage	 if	 total	 FA	 area	 change	 during	 the	 experiment	 was	 highe
r	 than	 the	 standard	 deviation	 in	 the	 non-stimulated	 population.	 	
	 For	 the	 FRET	 imaging,	 mKate	 emission	 from	 FRET	 was	 imaged	 by	 438/24-nm	 excita
tion	 filter,	 593-nm	 dichroic	 mirror,	 641/75-nm	 emission	 filter	 for	 200	 ms	 of	 exposure	 ti
me.	 LSSmOrange	 emission	 image	 was	 collected	 with	 438/24-nm	 excitation	 filter,	 562-nm	
dichroic	 mirror,	 593/40-nm	 emission	 filter,	 for	 200	 ms	 of	 exposure	 time.	After	 backgroun
d-subtraction,	 the	 pixel-by-pixel	 ratio	 images	 of	 FRET/LSSmOrange	 were	 calculated	 by	 th
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e	 NIS	 program.	 The	 average	 FRET/LSSmOrange	 ratio	 in	 total	 cell	 area	 (R)	 or	 its	 relative
	 change	 after	 stimulation	 (DR/R)	 were	 calculated	 for	 the	 statistical	 analysis	 of	 FRET	 res
ponses.	 	
	 Total	 internal	 reflection	 fluorescence	 (TIRF)	 images	 of	 mCherry-tagged	 paxillin	 before	
and	 after	 psRhoGEF	 activation	 were	 acquired	 under	 Nikon	 Ti-E	 inverted	 microscope	 equi
pped	 with	 fiber-coupled	 488-nm	 and	 561-nm	 lasers	 to	 excite	 Dronpa	 and	 mCherry,	 resp
ectively.	 NIS-elements	 software	 was	 used	 for	 image	 acquisition	 and	 analysis.	
	
Local	 control	 of	 growth	 cone	 dynamics	 in	 rat	 hippocampal	 neurons	
Primary	 rat	 hippocampal	 neurons	 were	 dissected	 on	 day	 18	 and	 digested	 with	 10–20	 U
/mL	 papain	 (Worthington)	 in	 Hank’s	 Balanced	 Salt	 Solution	 (HBSS)	 with	 2	 U/μL	 DNaseI	
for	 25	 min	 at	 37°C.	 Neurons	 were	 then	 dissociated	 with	 Neurobasal	 (Life	 Technologies)	
with	 10%	 FBS	 and	 plated	 on	 coverslips	 coated	 with	 poly-D-lysine	 (Sigma).	 Neurons	 were
	 maintained	 with	 5%	 CO2	 and	 37°C,	 in	 Neurobasal	 supplemented	 with	 B27	 (Life	 Technol
ogies),	 2	 mM	 GlutaMAX	 (Life	 Technologies),	 and	 10%	 FBS.	 Local	 control	 of	 growth	 cone	
dynamics	 experiment	 was	 conducted	 with	 full	 power	 of	 Argon	 laser	 for	 350	 ms	 on	 DIV
7	 with	 a	 TCS	 SP8	 confocal	 laser	 scanning	 microscope	 (Leica).	
	
Rho	 GTPase	 pull-down	 assay	
U87-MG	 cells	 stably	 infected	 by	 lentviral	 psRhoGEF,	 psRacGEF	 or	 psCdc42GEF	 were	 lysed
	 with	 1X	 MLB	 buffer	 (EMD	 Millipore)	 containing	 25	 mM	 (for	 RhoA)	 or	1	mM	NaF	 or	 for	
Rac1/Cdc42),	 1mM	 sodium	 orthovanadate,	 and	 protease	 inhibitor	 cocktail	 tablet	 (Roche).	
All	 samples	 were	 quantified	 and	 agitated	 overnight	 at	 4°C	 with	 23	 μl	 of	 Rhotekin	 RBD	
agarose	 bead	 (for	 RhoA)	 or	 10-20	 μl	 of	 PAK-1	 PBD	 agarose	 bead	 (for	 Rac1/Cdc42)	 (EM
D	 Millipore).	 Equal	 amounts	 of	 protein	 were	 subject	 to	 SDS-PAGE	 and	 blotted	 with	 anti-
Rho	 antibody	 (3	 μg/mL,	 #05-778,	 EMD	 Millipore),	 anti-Rac	 antibody,	 (1	 μg/mL,	 #05-389,
	 EMD	 Millipore),	 anti-Cdc42	 antibody	 (1	 μg/mL,	 #05-542,	 EMD	 Millipore)	 or	 anti-GAPDH
	 antibody	 (1:1000	 dilution,	 #SC47724,	 Santa	 Cruz	 Biotechnology).	 We	 developed	 western	
blot	 membranes	 with	 enhanced	 chemiluminescence	 (ECL)	 solution	 and	 images	 were	 capt
ured	 with	 a	 luminescent	 image	 analyzer	 ChemiDoc	 (Bio-Rad,	 USA)	 or	 Amersham	 Imageq
uant	 800	 (Cytiva,	 USA).	
	
Western	 blotting	
U87-MG	 cells	 infected	 by	 psRhoGEF	 containing	 lentiviruses	 were	 cultured	 for	 around	 30	
hrs	 and	 then	 starved	 in	 0.5%	 FBS	 media	 for	 overnight.	 These	 cells	 were	 lysed	 with	 cell	
lysis	 buffer	 (Cell	 signaling)	 containing	 1	 mM	 PMSF,	 5	 mM	 NaF,	 and	 protease	 inhibitor	 co
cktail	 (Cytoskeleton).	 Equal	 amounts	 of	 protein	 were	 subject	 to	 SDS-PAGE	 and	 blotted	 wi
th	 polyclonal	 anti-phosphorylated	 ROCK2	 (Ser1366)	 antibody	 (1.3	 μg/mL,	 #ab228008,	 Ab
cam)	 or	 polyclonal	 anti-ROCK2	 antibody	 (1:1000	 dilution,	 #8236,	 Cell	 Signaling	 Technolo
gy).	 We	 developed	 western	 blot	 membranes	 with	 enhanced	 chemiluminescence	 (ECL)	 sol
ution	 and	 images	 were	 captured	 with	 a	 luminescent	 image	 analyzer	 ChemiDoc	 (Bio-Rad,	
USA).	
	
Immunostaining	
Paxillin-mTagBFP	 and	 psRhoGEF	 co-expressed	 cells	 were	 fixed	 with	 4%	 paraformaldehyd
e	 for	 10	 min,	 and	 permeabilized	 with	 0.1%	 triton	 X-100	 for	 15	 min.	 Cells	 were	 incubat
ed	 in	 5%	 BSA	 in	 PBS	 for	 1	 hr,	 and	 then	 with	 rabbit	 anti-phospho	 Src	 Tyr416	 (0.69	 μg/
mL,	 #2101,	 Cell	 Signaling),	 rabbit	 anti-Src	 (1.39	 μg/mL,	 #2109,	 Cell	 Signaling),	 or	 rabbit	
anti-phospho	 myosin	 light	 chain	 2	 Thr18/Ser19	 (0.2	 μg/mL,	 #3674,	 Cell	 Signaling)	 antib
ody	 for	 overnight	 at	 4°C.	 After	 three	 times	 of	 washing	 with	 PBS,	 cells	 were	 incubated	 w
ith	 goat	 anti-rabbit	 antibody	 conjugated	 to	 Alexa-fluor	 594	 (20	 μg/mL,	 #A-11037,	 Therm
o	 Fisher	 Scientific)	 for	 1	 hr.	 After	 three	 times	 of	 washing	 with	 PBS	 for	 10	 min	 each,	 th
e	 stained	 cells	 were	 mounted	 and	 observed	 under	 a	 TIRF	 microscopy.	 For	 quantifying	 of
	 p-Src	 and	 c-Src	 at	 focal	 adhesions,	 the	 TIRF	 images	 of	 p-Src	 and	 paxillin-mTagBFP	 of	 t
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he	 same	 cell	 were	 applied	 to	 the	 Pearson’s	 correlation	 test	 via	 NIS	 program	 (Nikon).	 	
	
Statistical	 tests	
P	 values	 were	 calculated	 using	 two-tailed	 Student’s	 t-test,	 the	 Dunnett’s	 multiple	 compar
isons	 test,	 one-way	 ANOVA	 test	 or	 Tukey’s	multiple	comparisons	test	 (GraphPad	 Prism	 8)	
for	 continuous	 variables,	 following	 confirmation	 of	 normality	 calculated	 by	 the	 Shapiro-W
ilk	 test	 calculator	 (Statistics	 Kingdom),	 or	 using	 Fisher’s	 exact	 test	 calculator	 (Social	 Scie
nce	 Statistics,	 2018)	 for	 categorical	 variables.	 	
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