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Abstract	

	 Asymmetric	cell	division	is	the	process	in	which	one	cell	divides	to	give	rise	to	two	

daughter	cells	with	different	cell	fates.	This	process	is	important	throughout	development	

and	during	stem	cell	maintenance.	Defects	in	this	process	can	lead	to	developmental	

defects	and	cancer.	There	are	three	important	steps	for	a	cell	to	divide	asymmetrically.	

First	the	cell	must	generate	a	polarity	axis,	such	as	an	anterior-posterior	axis.	Next	the	cell	

must	distribute	cell	fate	determinants,	such	as	transcription	factors,	along	this	polarity	axis.	

Finally,	the	cell	must	orient	its	spindle	along	this	polarity	axis	so	that	when	the	cell	divides	

each	daughter	cell	receives	the	correct	cell	fate	determinants.	My	dissertation	work	aimed	

to	better	understand	this	process.	Specifically,	I	examined	how	a	cell	generates	a	polarity	

axis	and	how	the	spindle	orients	along	this	axis	using	the	early	C.	elegans	embryo	as	a	

model.	

In	the	one-cell	C.	elegans	embryo,	polarity	is	established	by	the	highly	conserved	

PAR	proteins	which	form	two	mutually	exclusive	domains	on	the	membrane,	in	the	

anterior	and	posterior.	These	domains	are	maintained	by	the	kinase	activity	of	PKC-3	in	the	

anterior	and	PAR-1	in	the	posterior.	Polarity	establishment	and	maintenance	at	the	one-cell	

stage	have	been	well	studied,	but	the	mechanisms	of	polarity	establishment	in	the	P1	cell	

had	not	been	examined.	In	my	work,	I	found	that	there	are	two	redundant	pathways	for	

polarity	establishment.	First	I	identified	a	novel	early	pathway	in	which	PAR-1,	and	its	

downstream	cytoplasmic	factors	MEX-5	and	PLK-1	are	required.	Then	through	double	

mutant	analysis,	I	identified	a	redundant	pathway,	similar	to	the	P0	cell	pathway,	in	which	

AIR-1	and	actomyosin	flow	are	required.		
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The	PAR	polarity	proteins	also	control	cytoplasmic	polarity	and	the	orientation	of	

the	spindle	to	generate	an	asymmetric	cell	division.	One	of	the	downstream	targets	of	the	

PAR	proteins	is	LET-99,	which	localizes	into	a	posterior-lateral	band	and	acts	as	the	link	

between	cortical	polarity	and	spindle	positioning.	LET-99	locally	inhibits	the	force	

generating	complex	in	its	band	causing	asymmetric	pulling	forces	which	orient	the	spindle	

along	the	anterior-posterior	axis.	My	work	aimed	to	identify	the	mechanism	by	which	LET-

99	is	localized	to	the	membrane	and	how	it	is	restricted	from	the	anterior.	Through	a	

structure	function	analysis	of	LET-99,	I	found	that	the	C-terminus	of	LET-99	is	required	for	

its	cortical	localization.	I	also	found	that	PAR-3,	PKC-3,	and	CDC-42	are	all	required	for	LET-

99	localization.	Our	analysis	of	different	LET-99	deletions	is	consistent	with	a	role	for	PKC-

3	in	phosphorylating	LET-99	to	inhibit	anterior	localization.	Overall,	my	studies	contribute	

to	our	understanding	of	how	cells	generate	a	polarity	axis	and	regulate	spindle	positioning.
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Chapter	I	

Introduction	 	
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Asymmetric	cell	division	is	an	important	process	needed	to	generate	cellular	

diversity	during	animal	development.	(Sunchu	&	Cabernard,	2020;	Venkei	&	Yamashita,	

2018).	Defects	in	this	process	can	lead	to	developmental	defects	and	cancer	(Knoblich,	

2010;	Morrison	&	Kimble,	2006).	For	order	for	a	cell	to	divide	asymmetrically,	it	must	

successfully	generate	a	polarity	axis,	distribute	its	cell	fate	determinants	along	this	axis,	

and	orient	its	spindle	so	that	when	it	divides	each	daughter	cell	receives	the	correct	cell	

fate	determinants.		

In	many	organisms,	the	PAR	proteins	coordinate	asymmetric	cell	division.	The	PAR	

proteins	are	critical	for	orienting	asymmetric	cell	division	in	early	C.	elegans	embryo	and	

Drosophila	neuroblasts.	They	are	also	critical	for	forming	polarity	in	C.	elegans,	Drosophila,	

and	mammalian	epithelial	cells	and	Drosophila	oocyte.	The	anterior	PARs	are	made	up	of	

PAR-3	and	PAR-6	which	are	PDZ-domain	containing	scaffolding	proteins,	aPKC	(PKC-3	in	C.	

elegans)	which	is	atypical	protein	kinase-C,	and	CDC-42	which	is	a	small	GTPases.	The	

posterior	PARs	are	made	of	PAR-1	which	is	a	serine/threonine	kinase	and	PAR-2	which	is	a	

C.	elegans	specific	RING-finger	protein.	(Goldstein	&	Macara,	2007;	Pickett	et	al.,	2019;	Rose	

&	Gonczy,	2014).		

The	PAR	proteins	also	have	a	role	in	coordinating	spindle	positioning	so	that	the	cell	

divides	along	the	same	axis	as	the	cell	fate	determinants.	The	PARs	control	spindle	

positioning	by	localizing	downstream	factors	and	the	force	generating	complex.	The	force-

generating	complex	is	made	up	of	the	minus-end	directed	microtubule	motor	dynein	and	

the	ternary	complex.	In	C.	elegans,	the	ternary	complex	is	made	up	of	LIN-5	(Numa	in	

humans	and	Mud	in	Drosophila),	the	G-protein	regulators	GPR-1/2	(LGN	in	humans	and	
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Pins	in	Drosophila),	and	are	anchored	to	the	membrane	by	Gα	(Kotak,	2019).	In	C.	elegans,	

the	PARs	coordinate	the	localization	of	LET-99,	a	DEP	domain	containing	protein,	and	LIN-

5	to	orient	the	spindle.	(Galli	et	al.,	2011;	Wu	&	Rose,	2007).	By	coordinating	spindle	

positioning,	the	PARs	ensure	each	daughter	cell	receives	the	correct	cell	fate	determinants	

ensuring	the	asymmetric	cell	division	is	successful.	

	

Polarity	Establishment	in	the	C.	elegans	early	embryo	

In	the	one-cell	C.	elegans	embryo,	polarity	is	established	by	the	highly	conserved	

PAR	proteins	which	form	two	mutually	exclusive	domains	in	the	anterior	and	posterior	on	

the	membrane	(Goldstein	&	Macara,	2007;	Pickett	et	al.,	2019;	Rose	&	Gonczy,	2014).	These	

domains	are	maintained	by	the	kinase	activity	of	PKC-3	in	the	anterior	and	PAR-1	in	the	

posterior	(Benton	&	St	Johnston,	2003;	Hao	et	al.,	2006;	Hurov	et	al.,	2004).	These	PAR	

kinases	are	required	for	regulating	downstream	targets	which	coordinate	the	movement	of	

cell	fate	determinants	and	orient	the	spindle.	

In	C.	elegans,	polarity	is	originally	established	when	the	sperm	fertilizes	the	oocyte	

and	deposits	centrioles	(Cowan	&	Hyman,	2004).	As	the	centrosome	matures,	Aurora-A	

kinase	(AIR-1),	a	mitotic	kinase,	accumulates	on	the	centrosomes	and	locally	inhibits	the	

Rho-GEF	ECT-2	and	thus	the	actomyosin	cytoskeleton	(Klinkert	et	al.,	2019;	Longhini	&	

Glotzer,	2022;	Munro	et	al.,	2004;	Schonegg	et	al.,	2014;	Zhao	et	al.,	2019).	The	local	

relaxation	of	the	actomyosin	cytoskeleton,	in	the	future	posterior	end,	generates	anterior	

directed	flow.	This	flow	moves	the	anterior	PARs,	which	are	originally	uniform	on	the	

membrane,	towards	the	future	anterior	end.	Once	this	flow	moves	the	anterior	PARs	
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towards	the	anterior,	the	posterior	PARs	can	move	onto	the	posterior	membrane	(Boyd	et	

al.,	1996;	Cheeks	et	al.,	2004;	Cowan	&	Hyman,	2004;	Cuenca	et	al.,	2003;	Guo	&	Kemphues,	

1995;	Hao	et	al.,	2006)(Figure	1)	

There	is	also	a	second	redundant	pathway	for	establishing	polarity	in	the	P0	cell,	

that	can	be	observed	in	the	absence	of	actomyosin	flow.	In	mutants	that	inhibit	actomyosin	

flow,	polarity	can	still	be	formed	but	with	a	temporal	delay.	In	this	backup	pathway,	PAR-2	

establishes	polarity	by	binding	to	microtubules	emanating	from	the	sperm	derived	

centrosomes.	When	PAR-2	is	bound	to	microtubules	it	is	sheltered	from	being	

phosphorylated	by	PKC-3	and	thus	can	bind	the	membrane.	This	allows	PAR-2	to	form	a	

domain	where	the	sperm	derived	centrosomes	are	localized.	Once	PAR-2	is	localized	to	the	

membrane	it	can	help	recruit	PAR-1	and	PAR-1’s	kinase	activity	can	maintain	the	domain	

(Motegi	et	al.,	2011;	Zonies	et	al.,	2010)	(Figure	1).	

These	same	polarity	domains	must	be	reestablished	in	every	subsequent	germline	

cell,	such	as	P1,	but	the	mechanism	of	how	polarity	is	reestablished	at	later	cell	stages	and	

under	different	developmental	conditions	has	not	been	studied	in	detail	(Rose	&	Gonczy,	

2014).	After	dividing,	the	P0	cell	gives	rise	to	the	larger	AB	cell	which	will	divide	

symmetrically	and	the	P1	cell	which	will	divide	asymmetrically.	In	the	P1	cell,	PAR-2	is	

inherited	around	the	entire	P1	cell	cortex.	In	response	to	an	unknown	polarity	cue,	the	P1	

cell	forms	the	same	anterior	and	posterior	PAR	domains	as	the	P0	cell.	At	the	four-cell	stage,	

the	P2	cell	also	inherits	PAR-2	uniformly.	In	the	P2	cell,	reciprocal	PAR	domains	form	but	

they	are	oriented	in	a	dorsal-ventral	direction	by	MES-1/SRC-1	signaling	at	the	EMS/P2	cell	

contact	(Arata	et	al.,	2010;	Bei	et	al.,	2002).	Unlike	in	the	P2	cell,	the	AB-	P1	cell	contact	is	
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not	required	for	the	spindle	rotation	or	unequal	division	of	the	P1	cell	(Goldstein,	1993,	

1995).	However,	previous	work	has	shown	that	there	is	actomyosin	flow	in	the	P1	cell	

towards	the	anterior	and	there	is	anterior	directed	flow	of	PAR-6	on	the	cortex	(Munro	et	

al.,	2004).	It	has	also	been	observed	that	the	P1	cell	nucleus	moves	posteriorly	after	the	end	

of	P0	cytokinesis,	making	it	plausible	that	the	centrosome	and	AIR-1	might	be	important	for	

P1	cell	repolarization.	However,	the	timing	of	these	events	and	the	exact	mechanism	by	

which	PAR	polarity	is	established	in	the	P1	cell	is	still	unknown.	
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Figure	1	-	Polarity	Establishment	in	the	P0	cell.	Illustration	of	the	two	pathways	

involved	in	P0	cell	polarization.	Left	shows	the	primary	pathway	in	which	AIR-1	locally	

inhibits	the	actomyosin	cytoskeleton	which	causes	anterior	directed	flow	and	moves	the	

anterior	PARs	out	of	the	posterior.	Right	shows	the	backup	pathway,	which	is	observed	in	

the	absence	of	actomyosin	flow	caused	by	RNAi	of	myosin	light	chain	mlc-4.	In	this	pathway	

PAR-2	is	protected	from	phosphorylation	by	binding	to	microtubules	emanating	from	the	

centrosome	and	can	recruit	PAR-1	to	the	posterior	membrane.	The	two	PAR	domains	are	

then	maintained	by	the	kinase	activity	of	PKC-3	in	the	anterior	and	PAR-1	in	the	posterior.		
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PAR	polarity	and	downstream	targets	

	 The	PAR	proteins	form	two	mutually	exclusive	domains	on	the	membrane	and	

control	downstream	cytoplasmic	polarity	and	spindle	positioning.	Previous	research	has	

identified	how	the	PAR	proteins	interact	with	each	other	and	work	to	maintain	these	

domains	(Goldstein	&	Macara,	2007;	Rose	&	Gonczy,	2014).	In	the	anterior,	PAR-3	acts	as	

the	main	scaffolding	protein;	without	PAR-3	the	other	anterior	PARs	cannot	localize	to	the	

membrane.	The	anterior	PARs	also	cycle	between	two	competing	clusters.	In	one	cluster	

PKC-3	and	PAR-6	are	bound	to	PAR-3	where	they	can	respond	to	polarity	cues	and	in	this	

complex	PKC-3	is	localized	properly	to	the	anterior.	In	the	other	cluster,	PKC-3	and	PAR-6	

bind	to	CDC-42;	in	this	cluster	PKC-3	is	active	and	can	phosphorylate	downstream	targets.	

(Rodriguez	et	al.,	2017).	It	was	shown	in	Drosophila,	that	PKC-3	can	phosphorylate	PAR-1	

and	in	C.	elegans	they	showed	that	PKC-3	can	phosphorylate	PAR-2	and	PAR-1,	keeping	

them	from	the	anterior	of	the	cell	(Hao	et	al.,	2006;	Hurov	et	al.,	2004;	Motegi	et	al.,	2011).		

	 The	posterior	PARs	are	also	important	for	regulating	PAR	polarity	and	downstream	

cytoplasmic	polarity.	PAR-1,	the	posterior	kinase,	has	been	shown	to	directly	

phosphorylate	PAR-3	which	keeps	the	anterior	PARs	out	of	the	posterior	(Benton	&	St	

Johnston,	2003;	Motegi	et	al.,	2011).	PAR-1’s	role	in	regulating	PAR-3	is	conserved	in	

Drosophila	and	mammalian	epithelial	cells,	but	is	redundant	in	the	C.	elegans	one-cell	

embryo	(Goldstein	&	Macara,	2007).	PAR-1	is	also	required	for	all	cytoplasmic	polarity.	

PAR-1’s	kinase	activity	is	required	for	generating	an	anterior	cytoplasmic	gradient	of	MEX-

5	and	MEX-6.	MEX-5	and	MEX-6	are	nearly	identical	cytoplasmic	proteins	that	are	

redundantly	required	for	controlling	cytoplasmic	polarity.	PAR-1	phosphorylates	MEX-5	
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and	this	releases	it	from	slow	diffusing	RNA-containing	complexes.	Because	MEX-5	is	only	

phosphorylated	and	able	to	move	in	the	posterior,	this	leads	to	more	MEX-5	being	trapped	

in	the	anterior	of	the	cell	(Griffin	et	al.,	2011).	MEX-5/6	then	regulate	other	cytoplasmic	

factors	such	as	PLK-1,	PIE-1,	and	POS-1,	which	are	essential	for	proper	development	(Kim	

&	Griffin,	2020;	Rose	&	Gonczy,	2014)(Figure	2).	
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Figure	2	–	PAR	polarity	in	the	early	C.	elegans	embryo.	Illustration	of	the	division	

patterns	of	the	P0,	AB,	and	P1	cells.	In	the	P0	cell	the	PAR	proteins	form	an	anterior	domain	

in	blue	and	a	posterior	domain	in	red,	cytoplasmic	polarity	protein	MEX-5	forms	an	

anterior	domain,	and	the	spindle	lines	up	along	this	axis.	When	the	P0	cell	divides	it	gives	

rise	to	the	AB	cell	in	the	anterior	and	P1	cell	in	the	posterior.	The	AB	cell	divides	

symmetrically	while	the	P1	cell	reestablishes	the	same	PAR	polarity	and	gradient	of	MEX-5	

in	the	cytoplasm	and	also	divides	asymmetrically.		
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The	PAR	proteins	regulate	LET-99	localization	to	mediate	spindle	positioning	

	 Another	downstream	target	of	the	PAR	proteins	is	LET-99.	LET-99	is	localized	in	a	

posterior	lateral-band	on	the	membrane	between	the	two	PAR	domains	and	is	required	for	

orienting	the	spindle	correctly	for	asymmetric	cell	division.	Previous	work	has	shown	that	

LET-99’s	localization	is	dependent	on	PAR-3	in	the	anterior	and	PAR-1	in	the	posterior	

(Tsou	et	al.,	2002;	Wu	&	Rose,	2007)(Figure	3A).	Further	work	showed	that	PAR-5,	a	14-3-

3	protein,	acts	with	PAR-1	to	restrict	LET-99	from	the	posterior.	14-3-3	proteins	bind	

phosphorylated	targets	and	change	their	activity	or	localization.	When	two	PAR-5	binding	

sites	on	LET-99	were	mutated,	this	caused	LET-99	to	localize	in	a	posterior	cap	rather	than	

a	band.	These	results	are	consistent	with	the	model	that	PAR-1	phosphorylates	LET-99	at	

the	two	predicted	PAR-5	binding	sites	(Wu	et	al.,	2016).	These	PAR-5	sites	in	LET-99,	and	

PAR-5	itself,	were	not	required	for	the	anterior	inhibition	of	LET-99.	The	mechanism	by	

which	LET-99	is	restricted	from	the	anterior	has	not	yet	been	shown	.	

LET-99’s	unique	localization	pattern	allows	it	to	act	as	the	link	between	cortical	PAR	

polarity	and	spindle	positioning.	let-99	mutants	show	defects	in	centration,	rotation,	and	

spindle	displacement	(Rose	&	Kemphues,	1998;	Tsou	et	al.,	2002).	LET-99	locally	inhibits	

the	force	generating	complex	to	create	asymmetric	pulling	forces	on	the	nucleus	and	

spindle.	The	force	generating	complex	is	made	up	of	four	important	components	in	C.	

elegans:	two	partially	redundant	Gα	subunits	GOA-1	and	GPA-16,	two	GoLoco	containing	

proteins	GPR-1	and	GPR-2,	the	large	coiled-coil	protein	LIN-5,	and	the	minus	end	directed	

microtubule	motor	dynein	(Figure	3B).	The	force	generating	complex	exerts	pulling	force	

on	astral	microtubules,	causing	the	nuclear-centrosome	complex	to	move	anteriorly	and	
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rotate	onto	the	anterior/posterior	axis.	It	also	generates	asymmetric	pulling	forces	on	the	

spindle	during	cell	division	(Rose	&	Gonczy,	2014).	Where	LET-99	levels	are	highest	GPR-

1/2	are	lowered,	and	in	let-99	mutants	both	GPR-1/2	and	LIN-5	localization	is	uniform	

(Park	&	Rose,	2008)	(Figure	3A).	

LET-99	is	698	amino	acids	long	and	contains	two	predicted	domains.	At	the	N-

terminus	there	is	a	DEP	domain.	The	DEP	domain	is	a	globular	domain	named	after	the	

three	proteins	it	was	first	identified	in,	Dishevelled,	EGL-10,	and	Pleckstrin;	it	is	found	in	

several	proteins	involved	in	G-protein	signaling	(Consonni	et	al.,	2014).	LET-99	also	has	a	

Rho-GAP	like	domain	which	is	a	region	of	the	protein	that	shares	partial	homology	to	Rho-

GAPs	(Figure	3C).	The	function	of	these	domains	in	LET-99	has	not	been	studied.	How	LET-

99	is	localized	to	the	membrane,	restricted	from	the	anterior,	and	interacts	with	the	force	

generating	complex	is	still	unknown.	

	 	



12 
 

	

Figure	3	-	LET-99	acts	as	the	link	between	PAR	polarity	and	spindle	positioning.	(A)	

Illustration	of	LET-	99	localization	in	a	posterior	lateral	band	between	the	anterior	and	

posterior	PAR	domains.	LET-99	inhibits	the	force	generating	complex	in	its	band	area	

forming	caps	of	the	force	generation	complex	in	the	anterior	and	posterior.	(B)	Illustration	

of	the	force-generating	complex	which	is	made	up	of	Ga,	GPR1/2,	and	LIN-5	which	anchor	

dynein	to	the	membrane,	as	dynein	walks	along	the	microtubule	it	generates	a	pulling	force	

on	the	spindle.	(C)	Structure	of	LET-99,	which	is	698	amino	acids	long	and	has	two	

predicted	domains:	a	DEP	domain	and	a	Rho-GAP	like	domain.	
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A B S T R A C T

Asymmetric cell divisions, where cells divide with respect to a polarized axis and give rise to daughter cells with
different fates, are critically important for development. In many such divisions, the conserved PAR polarity
proteins accumulate in distinct cortical domains in response to a symmetry breaking cue. The one-cell C. elegans
embryo is a paradigm for understanding mechanisms of PAR polarization, but much less is known about polarity
in subsequent divisions. Here, we investigate the polarization of the P1 cell of the two-cell embryo. A posterior
PAR-2 domain forms in the first 4 min, and polarization becomes stronger over time. Initial polarization depends
on the PAR-1 and PKC-3 kinases, and the downstream polarity regulators MEX-5 and PLK-1. However, par-1 and
plk-1 mutants exhibit delayed polarization. This late polarization correlates with the time of centrosome matu-
ration and actomyosin flow, and loss of centrosome maturation or myosin in par-1mutant embryos causes an even
stronger polarity phenotype. Based on these and other results, we propose that PAR polarity in the P1 cell is
generated by at least two redundant mechanisms: There is a novel early pathway dependent on PAR-1, PKC-3 and
cytoplasmic polarity, and a late pathway that resembles symmetry breaking in the one-cell embryo and requires
PKC-3, centrosome associated AIR-1 and myosin flow.

1. Introduction

Asymmetric cell division is the process in which one cell divides to
give rise to two daughter cells with different cell fates. This process is
important for generating cell diversity throughout development, as well
as for maintaining stem cell populations in many organisms. One of the
important steps in many asymmetric cell divisions is generating a po-
larity axis that will be bisected by cytokinesis, so that cell fate de-
terminants are segregated differentially to the daughter cells (Sunchu
and Cabernard, 2020; Venkei and Yamashita, 2018). In many organisms,
the cortically localized partitioning-defective (PAR) proteins are required
for generating this polarity axis. For example, the PAR proteins regulate
asymmetric cell division in the C. elegans one-cell embryo and the
Drosophila neuroblast. In these and other systems, groups of PAR pro-
teins become localized to reciprocal, mutually exclusive cortical do-
mains, for example anteriorly localized PARs (aPARs) and posteriorly
localized PARs (pPARs)(Goldstein andMacara, 2007; Pickett et al., 2019;
Rose and G€onczy, 2014).

The initial establishment of PAR polarity domains occurs in response
to various symmetry breaking cues. In the one-cell C. elegans embryo
(called P0), symmetry is broken when the sperm fertilizes the oocyte
(Cowan and Hyman, 2004). At the time of fertilization, the aPAR

proteins, PAR-3 and PAR-6, which are PDZ domain containing scaf-
folding proteins, and PKC-3, which is an atypical kinase C, are uniform on
the cortex (Cuenca et al., 2003; Kemphues et al., 1988; Tabuse et al.,
1998; Watts et al., 1996). The sperm derived centrioles recruit centro-
some components including Aurora A Kinase (AIR-1), which locally in-
hibits actomyosin contractility, generating actomyosin flow away from
the location of the centrosome. This flow moves the aPARs towards the
opposite end of the embryo, which will become the anterior pole (Klin-
kert et al., 2019; Munro et al., 2004; Schonegg et al., 2014; Zhao et al.,
2019). As the aPARs clear from the posterior this allows PAR-1, a ser-
ine/threonine kinase, and PAR-2, a RING domain protein, to move onto
the posterior cortex forming the pPAR domain. (Boyd et al., 1996; Cheeks
et al., 2004; Cowan and Hyman, 2004; Cuenca et al., 2003; Guo and
Kemphues, 1995; Hao et al., 2006). In this and other systems, the
reciprocal PAR domains are then maintained by mutual exclusion. PKC-3
phosphorylates PAR-1 and PAR-2, restricting the pPARs from the ante-
rior. Meanwhile, PAR-1 phosphorylates PAR-3 to inhibit PAR-3 associa-
tion with the cortex, which with other mechanisms in C. elegans restricts
aPARs from the posterior (Benton and St Johnston, 2003; Hao et al.,
2006; Hurov et al., 2004).

There is also a redundant pathway that can establish PAR polarity in
the P0 cell when actomyosin flow is inhibited. In this backup pathway,
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PAR-2 appears to establish polarity by binding to microtubules
emanating from the sperm-derived centrosomes. Microtubule association
shelters PAR-2 from being phosphorylated by PKC-3, allowing PAR-2 to
accumulate on the posterior cortex and then PAR-1 can load onto the
cortex (Motegi et al., 2011; Zonies et al., 2010). This pathway thus
generates the same reciprocal aPAR and pPAR domains, but with a
temporal delay.

PAR domains are important for correctly segregating cytoplasmic
polarity and orienting the spindle, so that the P0 cell divides to give rise to
a larger AB cell and smaller P1 cell with different fates and division
patterns. The PAR polarity axis is reestablished in P1 and every subse-
quent germ-line P cell, which all divide asymmetrically (Rose and
G€onczy, 2014). After P0 cytokinesis, the P1 cell has PAR-2 around the
entire cortex. In response to an unknown polarity cue, an
anterior-posterior PAR polarity axis forms again. At the four-cell stage,
the P2 cell also inherits PAR-2 uniformly; aPAR and pPAR domains form
in this cell, oriented by MES-1/SRC-1 signalling at the EMS/P2 cell
contact (Arata et al., 2010; Bei et al., 2002). In contrast, contact between
the AB and P1 cell is not required for the spindle rotation or unequal
division of the P1 cell (Goldstein, 1993, 1995). However, previous work
has shown that there is actomyosin flow in the P1 cell towards the
anterior and this correlates with the movement of PAR-6 on the cortex
(Munro et al., 2004). The P1 cell nucleus also moves posteriorly after the
end of P0 cytokinesis, making it plausible that the centrosome and AIR-1
might participate in the repolarization of P1, in a mechanism similar to
that used in the P0 cell.

In this study, we sought to understand how PAR polarity is reestab-
lished in the P1 cell. Here we show that the PAR-2 domain starts to form
in the P1 cell within 2 min of the end of P0 cytokinesis, before nuclear
movement towards the posterior or actomyosin flow occurs. We also
found that par-1 and plk-1 mutants exhibit late polarization, and defects
in initial polarization correlate with incorrect cytoplasmic partitioning in
the P0 cell. Our findings support a model whereby the P1 cell polarizes via
at least two redundant pathways. The early pathway requires proper
cytoplasmic polarity, PAR-1, and PKC-3, and clears PAR-2 from the
anterior to form a PAR-2 domain. The late pathway requires centrosome
maturation and actomyosin flow which resembles P0 cell polarization.
These results will further our understanding of how polarity can be
established in response to different cues.

2. Results

2.1. Determining the timing of PAR polarization in the P1 cell

To determine what components are present at the birth of the P1 cell
and the timing of P1 cell polarization, we characterized the formation of
PAR polarity using embryos co-labeled with endogenously tagged
mCh::PAR-2 and PAR-6::GFP (Reich et al., 2019). Embryos were imaged
from the end of P0 cytokinesis (time 0:00) through the end of the P1 cell
cycle, and the cortical localization of PAR-2 and PAR-6 were quantified
throughout the first 10 min of the cell cycle (Fig. 1A–C). During cytoki-
nesis PAR-2moved in with the furrow and only appeared to be present on
the P1 side of the furrow (Fig. 1D). Thus, at the birth of the P1 cell, PAR-2
was localized around the entire cortex as previously described (Cuenca
et al., 2003). Quantification showed that the cortical levels are uniform
on average (time 0, Fig. 1C). In some embryos, the levels of PAR-2 at the
AB-P1 cell contact started to decrease as early as 1 min after P0 cell
cytokinesis, and in all embryos PAR-2 levels decreased at the AB-P1 cell
contact by 2 min. We refer to this decrease as “clearing of PAR-2” and
note that clearing was also accompanied by a corresponding increase of
PAR-2 at the posterior cortex of the P1 cell. PAR-2 continued to clear from
the anterior until 6 min and accumulated further in the posterior for the
whole cell cycle (Fig. 1C, Fig. S1A). As a way to quantify the initial
clearing of PAR-2 versus the formation of a stronger posterior domain
over time in this and mutant backgrounds, we measured the posteri-
or/anterior ratio of PAR-2 at 4 and 8 min after cytokinesis. At 4 min the

posterior levels were three times higher than the anterior, and at 8 min
the posterior levels were seven times higher (Fig. 1E and F). These data
indicate that polarization of the P1 cell with respect to PAR-2 begins by 2
min, a posterior domain of PAR-2 is present by as early as 4 min, and the
PAR-2 domain becomes stronger as the cell cycle continues.

Similar to PAR-2, PAR-6 signal was present in the cytokinetic furrow
but appeared to be move in predominantly from the AB side (Fig. 1D). At
cytokinesis completion, PAR-6 signal appeared highest at the AB-P1 cell
contact and was at low levels throughout the cortex of the P1 cell. For the
first 4 min after cytokinesis, PAR-6 cortical levels increased globally.
After 4 min, PAR-6 levels started to go down in the posterior and
continued to accumulate in the anterior (Fig. 1A–C). We cannot distin-
guish whether the increase in signal at the cell contact is in the AB or P1
cell. However, an increase in PAR-6 levels on the anterior cortex of P1,
just adjacent to the cell contact was detectable after 4 min. Thus,
although we cannot address whether there is an inherited polarity of
PAR-6 on the P1 side of the cell contact initially, these data suggest that
formation of the full anterior PAR-6 domain occurs after the initial po-
larization of PAR-2.

2.2. Early PAR-2 clearing does not correlate with AIR-1 localization and
actomyosin flow

To test the hypothesis that AIR-1 on the centrosome is acting as the
symmetry breaking cue in the P1 cell, we first looked at where the nu-
cleus and centrosome were located during polarization. If centrosomal
AIR-1 is a localized cue as in the one-cell embryo, we predicted that the
nucleus and centrosome would move close to the posterior before the
clearing of PAR-2 from the AB-P1 cell contact. We thus imaged embryos
in DIC and measured the closest distance achieved between the posterior
edge of the P1 nucleus and the posterior cortex (Fig. 2A). On average, the
nucleus was 24.5% of P1 cell length from the posterior, and the P1 nu-
cleus reached its most posterior point at 5.15 min after P0 cytokinesis.
The timing of movement was highly variable (SD ¼ 1.12 min) (Fig. 2B
and C). Because PAR-2 polarization occurs before posterior nuclear
movement, these data do not support the idea that proximity of the
nuclear-centrosome complex to the cortex causes polarization.

To visualize the position of the centrosome specifically, we examined
embryos expressing mCh::PAR-2 and GFP::AIR-1 (Fig. 2D) (Portier et al.,
2007). At the end of P0 cytokinesis, AIR-1 was localized on the posterior
centrosome of the spindle, which at this stage has a disk shape in the
center of the cell (Fig. S1A). AIR-1 was localized in a diffuse cloud around
the disk aster during the first 2 min of the P1 cell cycle and then disso-
ciated from the centrosome by 3 min. Around 4 min, AIR-1 started to
accumulate onto the new maturing centrosomes. We found that on
average, AIR-1 on the centrosome was closest to the posterior (24.09% P1
cell length) at 5.85 min after cytokinesis (Fig. 2E and F). These results do
not support AIR-1 being the symmetry breaking cue in the P1 cell,
because it is not posteriorly localized until approximately 2 min after the
time of PAR-2 clearing.

Previous studies also showed that there is anterior-directed acto-
myosin flow in the P1 cell which correlates with the movement of PAR-
6 to the anterior (Munro et al., 2004). To better understand the timing
and role of this flow we imaged embryos expressing GFP::NMY-2 from
a cortical view, and we also imaged GFP::NMY-2 in a mid-focal plane
with mCh::PAR-2 (Fig. 3A, S1B–C). In some embryos (4/7), some
anterior-directed flow of NMY-2 was visible for the first 1–2 min, but
then ceased; this flow likely reflects the actomyosin movements at the
end of cytokinesis. A strong flow of GFP::NMY-2, similar to what was
previously reported (Munro et al., 2004) started 4–6 min after cyto-
kinesis completion; flow continued through at least 10 min, and an
anterior domain of GFP::NMY-2 became visible both cortically and in
mid-plane (Fig. 3A). These data show that NMY-2 flow, which is
known to correlate with PAR-6 movement, does not occur until after
PAR-2 has already cleared substantially from the anterior of the P1 cell
at 4 min.
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Fig. 1. P1 cell polarization starts within 4 min of cytokinesis. (A) Confocal images of an embryo expressing mCh::PAR-2 and GFP::PAR-6. Anterior is to the left and
posterior to the right in this and all figures. Time zero equals completion of cytokinesis. Scale bar is 10 μm. See also Supplemental Video 1. (B) Illustration of
quantification of cortical fluorescence. Embryos were divided along the AP axis; the cortex was traced in Image J (yellow dotted line) from the cell contact (0%) to the
posterior (100%) and then divided by cytoplasmic intensity. (C) Fluorescence intensity ratio plots every 2 min for the first 10 min of the P1 cell cycle; each line is an
average of multiple embryos. Dotted line highlights the end of the AB- P1 cell contact. (D) Confocal images of the P0 cell cytokinetic furrow with mCh::PAR-2 and PAR-
6::GFP. Each frame represents a 10 s interval. Scale bar is 5 μm. (E) Illustration of how change in fluorescence measurements were taken for each time point. (F)
Quantification of the change in posterior/anterior ratio from 0-4 min and 0–8 min after cytokinesis in control embryos. Means and statistics are reported in Sup-
plemental Table 1.

Fig. 2. Nuclear-centrosome movement in the P1 cell does not correlate with early P1 polarization. (A) DIC images of nuclear movement in the P1 cell in a wild-
type embryo. Scale bar is 10 μm. See also Supplemental Video 2. (B) Quantification of the closest distance measured between the P1 nucleus and the posterior cortex
(C) Quantification of the time after cytokinesis when the nucleus is closest to the P1 cell posterior membrane. The total length of the P1 cell cycle is 16.07 min (Fig. S2
and Supplemental Table 2). (D) Confocal images of embryos expressing mCh::PAR-2 and GFP::AIR-1 every minute from 0 to 4 min after the completion of cytokinesis.
Scale bar is 10 μm. See also Supplemental Video 3. (E) Quantification of the closest distance of GFP::AIR-1 foci to the posterior membrane. (F) Quantification of the
time after cytokinesis when GFP::AIR-1 foci are closest to the P1 cell posterior membrane. Means are reported in Supplemental Table 1.
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Although AIR-1 does not seem to be localized near the posterior at the
time of polarization, we were still interested in whether it could play a
role in P1 cell polarization. AIR-1 is required in the P0 cell for normal
polarization and cytokinesis, and conditional alleles are not available.
Thus, to reduce AIR-1 levels on centrosomes before PAR-2 polarization,
we used a fast-inactivating temperature sensitive mutant, spd-5(or213).

SPD-5 is a centrosome maturation factor required to recruit AIR-1 to the
centrosome (Hamill et al., 2002). Embryos were shifted to the restrictive
temperature (26 !C) during P0 cell NEB, and mCh::PAR-2 and GFP::AIR-1
were examined. By the end of P0 cytokinesis, AIR-1 levels were greatly
reduced on the centrosome (Fig. 3B). The increase in the posterior/-
anterior ratio of mCh::PAR-2 between the end of cytokinesis and 4 min

Fig. 3. Actomyosin flow does not correlate with early P1 cell polarization. (A) Left: Kymograph of GFP::NMY-2 taken across the longest anterior-posterior axis of
the P1 cell in the embryo shown in next panel. Scale bar is 5 μm. Second panel: Confocal fluorescent images of embryo expressing GFP::NMY-2 (Myosin) from a surface
view. See also Supplemental Video 4. Third and fourth panels: Confocal fluorescent images of an embryo expressing GFP::NMY-2 and mCh::PAR-2 from a mid-focal
plane. Scale bar is 10 μm. (B) Epiflourescent images of embryos expressing mCh::PAR-2 and GFP::AIR-1 with or without spd-5(or213); embryos were shifted from 16 !C
to 26 !C at P0 cell NEB. Scale bar is 10 μm. (C) Quantification of the change in posterior/anterior ratio from 0 to 4 min after cytokinesis in control and spd-5(or213)
embryos. (D) Epiflourescent images of embryos expressing mCh::PAR-2 with or without nmy-2(ne3409); embryos were shifted from 16 !C to 26 !C at the end of P0
cytokinesis. Scale bar is 10 μm. (E) Quantification of the change in posterior/anterior ratio of PAR-2 from 0 to 4 min after cytokinesis in control and nmy-2(ne3409)
embryos. Note that specific posterior/anterior ratio values differ from those in other figures where confocal images were measured (see Methods). ns ¼ not significant
(p > 0.05). See Supplemental Table 1 for means and specific P values.
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was similar for controls and spd-5(or213) embryos (Fig. 3C). This result,
along with AIR-1's localization at the time of polarity establishment,
leads us to believe that AIR-1 on centrosomes is not acting as the sym-
metry breaking cue in the P1 cell.

To directly test the role of actomyosin flow in the P1 cell, we used a
fast-inactivating temperature sensitive mutant nmy-2(ne3409) and
imaged mCh::PAR-2 (Fig. 3D) (Fievet et al., 2013; Liu et al., 2010).
NMY-2 is required for cytokinesis and shifting embryos at the start of
furrow ingression led to a failure of cytokinesis; such shifts indicated that
NMY-2 function was affected within 2 min of the shift to restrictive
temperature. To make sure cytokinesis completed and the P1 cell
inherited uniform PAR-2, nmy-2(ne3409) embryos were shifted to a
restrictive temperature (26 !C) at the end of cytokinesis. We found that
there was no significant difference in the timing of PAR-2 clearing

compared to controls shifted in the same way at 4 min (Fig. 3D and E).
These results are consistent with the view that NMY-2 flows do not
stimulate early symmetry breaking in the P1 cell.

2.3. PAR-1 is required for P1 cell polarization

Since the mechanism of polarity establishment in the P1 cell appears
to be different than that of the P0 cell, we examined whether other PAR
proteins might be inherited asymmetrically and serve as a cue for P1
repolarization. In particular we examined PAR-1 and PKC-3 (Fig. 4 and
Fig. S2) because these kinases can function to mutually inhibit each
other's cortical localization in several systems, and their localization
early in the P1 cell has not been examined in detail.

During furrowing, endogenously tagged PAR-1::meGFP appeared to

Fig. 4. PAR-1 is inherited asymmetrically in the P1 cell and is required for early PAR-2 polarization. (A) Confocal images of embryos expressing PAR-1::meGFP.
Time zero equals completion of cytokinesis. Scale bar is 10 μm. (B) Fluorescence intensity ratio plots measured as in Fig. 1, where each line represents a timepoint
every 2 min for the first 10 min; each line is an average of multiple embryos. Dotted line highlights the end of the AB-P1 cell contact. (C) Quantifications of fluo-
rescence intensity at the end of cytokinesis. Dotted line highlights the end of the AB-P1 cell contact. (D) Confocal fluorescent images of mCh::PAR-2 in control (L4440,
RNAi vector only) and genotypes indicated. Scale bar is 10 μm. See also Supplemental Videos 5 and 6. (E) Quantification of the change in posterior/anterior ratio of
mCh::PAR-2 from 0 to 4 min and 0–8 min after cytokinesis. Asterisks (*) indicate statistical significance (p " 0.05). See Supplemental Table 1 for means and specific
P values.
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only move into the furrow from the posterior P1 side (Fig. S2A) (Folk-
mann and Seydoux, 2019). At the end of cytokinesis, PAR-1::meGFP was
present on part of the AB-P1 cell contact. However, PAR-1 was absent
from the anterior corners of the P1 cell adjacent the contact, and cortical
levels increased towards the posterior (Fig. 4A–C). Thus, unlike PAR-2,
cortical PAR-1 was inherited in a posterior cortical gradient. PAR-1
cleared from the contact within 2 min and became more enriched in
the posterior cortex during the cell cycle (Fig. 4A and B). Similar results
were seen with embryos expressing a transgenic PAR-1::GFP (Figs. S2B
and D). PKC-3 showed a similar distribution as described for PAR-6, with
cortical levels of PKC-3 in the P1 cell increasing globally in the first 4 min.
After 4 min, cortical PKC-3 started to clear from the posterior and
continued to accumulate in the anterior (Figs. S2B–C). As with PAR-6, we
cannot distinguish whether early in the cell cycle there is any PKC-3 on
the P1 side of the cell contact. However, we did detect a weak gradient of
cytoplasmic PKC-3 with more at the anterior side of P1 at the end of
cytokinesis. There was also a weak gradient of cytoplasmic PAR-1 with
more in the posterior of the cell (Figs. S2E–F).

The presence of inherited gradients of both cortical and cytoplasmic
PAR-1 in the P1 cell prompted us to examine whether PAR-1 has a role in
P1 cell polarization. Previous work showed that PAR-1 is redundantly
required for cortical polarization in the P0 cell; in par-1 mutant or RNAi
embryos, aPAR and PAR-2 still form reciprocal domains, although the
boundary is shifted towards the posterior. par-1mutants were reported to
reform anterior and posterior PAR domains at the two-cell stage (Rose
and G€onczy, 2014). However, the dynamics of domain formation were
not examined, raising the possibility that a role for PAR-1 in early po-
larization was missed.

We first used RNAi to examine the effects of loss of PAR-1 on local-
ization of mCh::PAR-2 throughout the P1 cell cycle. PAR-2 was inherited
all around the P1 cell at cytokinesis completion, as in controls. However,
in these embryos, clearing of PAR-2 from the anterior cell contact was
substantially delayed and a PAR-2 domain was not apparent until 6 to 8
min after cytokinesis (Fig. 4D). Quantification of the posterior/anterior
ratio of PAR-2 confirmed that there was almost no change in the poste-
rior/anterior ratio of PAR-2 from cytokinesis to 4min. By 8min there was
a posterior/anterior enrichment of PAR-2, but it was weaker than in
controls (Fig. 4E). These results indicate that PAR-1 is required for the
initial polarization of PAR-2.

Analysis of PAR-6::GFP and GFP::PKC-3 in par-1(RNAi) embryos
showed that often cortical aPARs were already present on the P1 cell
adjacent to the cell contact after cytokinesis (Fig. S3A), consistent with
the expanded aPAR domain seen in par-1 one-cells. In addition, there
were higher overall levels of PAR-6 and PKC-3 on the P1 cell membrane
than in controls, as predicted if PAR-1 inhibits cortical aPAR accumula-
tion in this cell (Figs. S3B–C). The cytoplasmic gradient of PKC-3 was still
present in par-1(RNAi) embryos (Fig. S3D).

The delayed polarization of PAR-2 in par-1(RNAi) in the P1 cell was
also exhibited by par-1(b274) null mutant embryos (Fig. 4D and E). To
test if PAR-1's kinase activity is required for early clearing, we analyzed
embryos with the kinase dead allele, par-1(it51) (Guo and Kemphues,
1995). These embryos also exhibited a polarity delay (Fig. 4D and E).
Together these results show that there is an “early” polarization pathway
for PAR-2 that depends on PAR-1 and its kinase activity and a “late”
polarization pathway that doesn't require PAR-1.

2.4. Cytoplasmic polarity and PLK-1 are important for P1 cell polarization

Although PAR-1 is redundant for cortical asymmetry maintenance at
the one-cell stage, it is essential for the generation of downstream cyto-
plasmic asymmetries that specify cell fate (Rose and G€onczy, 2014). In
wild-type one-cell embryos, PAR-1 is present in a cytoplasmic gradient
with higher levels at the posterior, and this gradient is required to
localize MEX-5 and MEX-6 in an opposite anterior gradient such that the
AB cell inherits more MEX-5/6 (Griffin et al., 2011). MEX-5 and MEX-6
are highly similar RNA-binding proteins that are in turn required for

generating the asymmetry of the majority of cell fate determinants
downstream of PAR-1, including the mitotic kinase PLK-1(Kim and
Griffin, 2020; Rose and G€onczy, 2014). Thus, the role of PAR-1 in
polarizing the P1 cell could stem from either the inherited cortical
asymmetry of PAR-1 in the P1 cell just described, or its role establishing
cytoplasmic polarity.

We first verified that in our par-1(RNAi) conditions,MEX-5 and PLK-1
appeared uniform in the one-cell embryo and that the AB and P1 cells
received nearly equal amounts (Fig. S4). Next, to test whether the
inherited cortical PAR-1 asymmetry is important for P1 polarization, we
utilized existing PAR-1 mutants that affect PAR-1 cortical localization:
par-1(T983A), par-1(KRSS), and par-1(ΔKA1) (Folkmann and Seydoux,
2019). In par-1(T983A) mutants the PKC-3 phosphorylation site is
mutated, resulting in uniform PAR-1 at the cortex. In contrast, in
par-1(KRSS) and par-1(ΔKA1)mutants, PAR-1's autoinhibitory domain is
mutated at two important sites or deleted, respectively, and the protein is
also not detectable at the cortex. The effects of these mutants on overall
cytoplasmic polarity at the two-cell stage, which is relevant to P1 polar-
ization, has not been examined and thus we characterized mCh::MEX-5
localization in the meGFP tagged par-1 mutants. In par-1(T983A) em-
bryos, PAR-1 was inherited uniformly on the cortex at reduced levels, and
the levels of MEX-5::mCh were almost uniform between the AB and P1
cell (Fig. 5A and B). In par-1(KRSS) and par-1(ΔKA1) embryos PAR-1 was
not detectable at the membrane. The par-1(KRSS)mutant embryos had a
normal enrichment of MEX-5 in the AB cell, while the par-1(ΔKA1)
mutant had almost uniform levels of MEX-5 (Fig. 5A and B).

We then examined mCh::PAR-2 in the meGFP tagged par-1 mutants.
We found that par-1(T983A) mutant embryos formed a PAR-2 domain
with a higher posterior/anterior enrichment than wildtype embryos at
both 4 and 8 min (Fig. 5C and D). The par-1(KRSS) embryos cleared PAR-
2 similarly to controls at 4 min and 8 min (Fig. 5C and D). Interestingly,
the par-1(ΔKA1) mutant embryos showed a strong decrease in
mCh::PAR-2 polarization at 4 min but formed a weak PAR-2 domain by 8
min (Fig. 5C and D), similar to what was observed for par-1 null mutants.
The opposite effects of the par-1(T983A) and par-1(ΔKA1)mutant effects
on PAR-2 polarization, when neither mutant has cortical or cytoplasmic
asymmetry at this stage, are surprising. Nonetheless, because the par-
1(KRSS) mutant does not have PAR-1 on the membrane but clears nor-
mally, we conclude that PAR-1's cortical localization is not required for
normal polarization. This prompted us to examine downstream polarity
intermediates for a role in P1 polarization.

2.5. plk-1 mutant embryos exhibit delayed P1 polarization

Because MEX-5/6 generate cytoplasmic polarity downstream of PAR-
1, we sought to test their role in P1 polarization. In mex-5(zu199); mex-
6(pk440) mutant embryos, the one-cell PAR-2 domain was smaller than
in controls as previously reported (Cuenca et al., 2003) and the same was
true for mex-5(zu199)mutant embryos. This resulted in strongly reduced
levels of PAR-2 inherited at the AB-P1 cell contact. Because PAR-2 was
already inherited asymmetrically in the P1 cell, we can't make conclu-
sions about the role of MEX-5/6 in P1 cell polarization from these data
(Figs. S5A–C).

We next examined the role of PLK-1. PLK-1 regulates the cell cycle
difference between AB and P1 as well as the posterior enrichment of
several cytoplasmic factors downstream of MEX-5/6 (Kim and Griffin,
2020; Nishi et al., 2008). At the same time, PLK-1 is known to inhibit
cortical aPAR association in the oocyte and prevent premature symmetry
breaking (Reich et al., 2019). We therefore hypothesized that the high
levels of PLK-1 in the P1 cell of par-1 mutants might inhibit symmetry
breaking and cause the late polarization in par-1 embryos. To test this
hypothesis, we examined a plk-1(or683) temperature sensitive mutant
(O'Rourke et al., 2011) to determine if loss of PLK-1 could restore normal
polarization kinetics in par-1(RNAi) embryos. Because PLK-1 also affects
cell cycle timing, we quantified the change in polarization relative to P1
cell cycle length, where 4 min in controls equals 25% of the cell cycle,
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and 8 min equals 50% (Supplemental Table 2). We found that
plk-1(or683) mutant embryos exhibited a PAR-2 polarization delay that
was similar to that observed in par-1(RNAi) embryos (Fig. 6A and B).
Further, the plk-1(or683); par-1(RNAi) embryos showed neither a
rescued nor enhanced polarity defect compared to par-1(RNAi) embryos
(Fig. 6A and B). These results suggest that excess PLK-1 does not cause
the polarity delay in par-1(RNAi) embryos. Rather, the data suggest that
PAR-1 and PLK-1 may act in the same pathway to regulate P1 cell
polarization.

To gain further evidence for a role for PLK-1 in P1 polarization, we
utilized the mex-5(T186A) mutant, which cannot bind to PLK-1 protein.
The mex-5(T186A) mutant protein is localized normally in an anterior;
however, PLK-1 is uniform in this background (Han et al., 2018; Nishi
et al., 2008). In mex-5(T186A) mutant embryos, the P1 cell inherited
PAR-2 uniformly on the membrane at levels comparable to controls, but
PAR-2 cleared to a lesser extent than in control embryos at 4 min
(Fig. 6A–B, Fig. S5C). The same polarity delay was exhibited by
mex-5(T186A); mex-6(RNAi) embryos (Figs. S5A–B). Together these data
support a model in which PAR-1, MEX-5, and PLK-1 are required for P1
cell polarization.

2.6. Centrosome maturation and actomyosin flow are required for late
polarization

Although par-1mutant embryos exhibit a polarity delay, they do form
a PAR-2 domain by 8 min after cytokinesis. Based on our analysis of the
timing of nuclear movement and actomyosin flow, we hypothesized that
late polarization could occur through a similar mechanism to that in the
P0 cell, where centrosome maturation and actomyosin flow are required.

To test if centrosome maturation is required for late PAR-2 clearing,
we carried out par-1(RNAi) on the spd-5(or213); mCh::PAR-2 strain and
shifted the embryos to the restrictive temperature at NEB in the P0 cell.
spd-5(or213); par-1(RNAi) embryos exhibited a similar posterior/ante-
rior ratio of PAR-2 as par-1(RNAi) embryos at 4 min after cytokinesis
(Fig. 7A and B). However, at 8 min, more PAR-2 remained on the AB-P1
cell contact in double mutants compared to par-1(RNAi) embryos
(Fig. 7A and B). Similarly, nmy-2(ne3409); par-1(RNAi) embryos shifted
to the restrictive temperature at the end of cytokinesis exhibited a lower
posterior/anterior ratio of PAR-2 at 8 min than observed in par-1(RNAi)
alone (Fig. 7A and B). Further, although initial PAR-2 clearing in nmy-
2(ne3409) and spd-5(or213) single mutant embryos was normal as shown
earlier, these singles mutants showed significantly less PAR-2 asymmetry

Fig. 5. Cortical PAR-1 is not required for P1 cell polarization. (A) Confocal fluorescent images of mCh::MEX-5 and PAR-1::meGFP in control and genotypes
indicated. Scale bar is 10 μm. (B) Quantification of MEX-5 cytoplasmic asymmetry at the end of P0 cytokinesis, expressed as the ratio of the AB to P1 cytoplasmic
signals. (C) Confocal fluorescent images of mCh::PAR-2 in control and genotypes indicated. Scale bar is 10 μm. (D) Quantification of the change in posterior/anterior
ratio of mCh::PAR-2 from 0 to 4 min and 0–8 min after cytokinesis. ns indicates not significant, asterisks (*) indicate statistical significance (p ! 0.05). See Sup-
plemental Table 1 for means and specific P values.
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than controls at 8 min. These results, together with the timing of myosin
flow and reaccumulation of AIR-1 on the centrosome (Fig. 3, Fig. 2)
suggest that AIR-1 and NMY-2 have a role in P1 cell polarization, but this
pathway is not active until later in the cell cycle.

Interestingly, even though spd-5(or213);par-1(RNAi) and nmy-
2(ne3409);par-1(RNAi) retained higher levels of PAR-2 at the anterior
compared to par-1 single mutants at 8 min, they nonetheless showed
areas cleared of PAR-2 adjacent to the AB-P1 cell contact. In 60% of spd-
5(or213);par-1(RNAi) embryos and 78.5% of nmy-2(ne3409);par-
1(RNAi) embryos PAR-2 clearing initiated from one side, rather than
equally from the cell contract (Fig. S6). These data suggest that in
addition to the early pathway and late pathways for P1 polarization
identified above, there are additional mechanisms for symmetry
breaking present at the two-cell stage.

2.7. Loss of PKC-3 blocks P1 cell polarization

To further probe the mechanism by which PAR-2 is cleared from the
anterior of the P1 cell, we tested whether PKC-3 plays a role, using a
temperature sensitive mutant, pkc-3(ne4250) (Fievet et al., 2013), in the
mCh::PAR-2 background. Even when grown and imaged at 16C, some
pkc-3(ne4250);mCh::PAR-2 embryos exhibited pkc-3mutant phenotypes
such as a symmetric first cell division and incorrect division patterns at
the two-cell stage, suggesting that this allele is a hypomorph even at
permissive temperature. Nevertheless, in such pkc-3(ne4250), the
one-cell embryo still formed a PAR-2 domain and the P1 cell inherited
uniform PAR-2. Surprisingly at the two-cell stage, a PAR-2 domain never
formed in the P1 cell (Fig. 8A and B), but in all embryos a PAR-2 domain
formed in the AB cell by the time of AB cell cytokinesis (n ¼ 7, Fig. S7).

Fig. 6. plk-1 mutants exhibit a delay in P1 polarization. (A) Confocal fluorescent images of mCh::PAR-2 in control (L4440) and genotypes indicated. The data
shown for control and par-1 embryos is the same as shown in Fig. 4 for comparison. plk-1(or683) embryos were shifted to room temperature 30 min before filming.
Scale bar is 10 μm. (B) Quantification of the change in posterior/anterior ratio of mCh::PAR-2 at 0 to 25%, and 0 to 50% P1 cell cycle length relative to total cell cycle
length in each treatment. See Supplemental Table 2 for cell cycle lengths for each genotype. ns indicates not significant, asterisks (*) indicate statistical significance p
" 0.05). See Supplemental Table 1 for means and specific P values.
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These results indicate that PKC-3 is required for early PAR-2 domain
formation in the P1 cell, but this data does not distinguish between a role
for PKC-3 in one-cell polarity or acting more directly in the P1 cell.

We also sought to test whether another anterior PAR, CDC-42, con-
tributes to PAR-2 clearing in the P1 cell. CDC-42 is a small GTPase that
binds to PKC-3 and PAR-6 and is required for active PKC-3 in the one-cell
embryo (Rodriguez et al., 2017; Seirin-Lee et al., 2020). To examine if
CDC-42 is active at the two-cell stage, we used a GFP tagged version of
the WSP-1 G-protein-Binding-Domain, which is a published reporter for
CDC-42 activity (Kumfer et al., 2010). In control embryos, active CDC-42
started to accumulate at the AB-P1 cell contact around 4 min after P0
cytokinesis and continued to accumulate throughout the cell cycle
(Fig. 8C and D).

Because CDC-42 is required for proper P0 cell polarization we could
not examine the P1 cell in a cdc-42 null mutant. Instead, we examined
embryos mutant for CGEF-1, a guanine nucleotide exchange factor that is
partially redundant for activating CDC-42 in the early embryo (Kumfer
et al., 2010). We first imaged GFP::WSP-1(GBD) in cgef-1(gk261) null
mutant embryos and found GFP::WSP-1(GBD) no longer accumulated on

the AB-P1 cell contact (Fig. 8C and D). This result indicates that CGEF-1
activates CDC-42 at the two-cell stage. We next examined mCh::PAR-2;
cgef-1(gk261) embryos. These embryos exhibited partial cdc-42 mutant
phenotypes and were rounder than wild-type embryos (Kumfer et al.,
2010), but the P0 cell had a normal PAR-2 domain at the posterior cortex.
We observed that in cgef-1(gk261) embryos, P1 inherited PAR-2 uniform
on the cortex, and polarization of the PAR-2 domain at 4 min was similar
to controls. To test if CDC-42 has a role in the late pathway, we performed
par-1(RNAi) on mCh::PAR-2; cgef-1(gk261). In this double mutant, we
did not see a significant difference, but we did see a lower mean at 8 min
compared to par-1(RNAi) alone (Fig. 8E and F). These results suggest that
CDC-42, and by implication PKC-3, is required for the late polarization
pathway.

3. Discussion

The mechanisms by which polarity is established in the one-cell
embryo (P0) of C. elegans have been extensively studied, as has polari-
zation in other cell types in other organisms. However, much remains to

Fig. 7. Centrosome maturation and actomyosin flow are required for late polarization in the P1 cell. (A) Epiflourescent images of mCh::PAR-2 in cont-
rol(L4440) and genotypes indicated; all embryos were shifted from 16 !C to 26 !C at the end of P0 cytokinesis or NEB (see Methods). The control and nmy-2(ne3409)
single mutants are repeated from Fig. 3 for comparison. Scale bar is 10 μm. (B) Quantification of the change in posterior/anterior ratio of mCh::PAR-2 from 0 to 4 min
and 0–8 min after cytokinesis. ns indicates not significant, asterisks (*) indicate statistical significance (p " 0.05). See Supplemental Table 1 for means and specific
P values.
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Fig. 8. PKC-3 is required for early and late polarization in the P1 cell. (A) Epiflourescent images of mCh::PAR-2 in control and pkc-3(ne4250) embryo grown and
imaged at 16 !C. Scale bar is 10 μm. (B) Quantification of the change in posterior/anterior ratio of mCh::PAR-2 from 0 to 16 min after cytokinesis. (C) Confocal
fluorescent images of mGFP::WSP-1(GBD) in control and cgef-1(gk261) embryos. Scale bar is 10 μm. (D) Quantification of change in mGFP::WSP-1GBD at AB-P1 cell
contract from 0 to 8 min relative to cytoplasm. (E) Confocal images of mCh::PAR-2 in control (L4440) and genotypes indicated. The data shown for control and par-1
embryos is the same as shown in Fig. 4 for comparison. Scale bar is 10 μm. (F) Quantification of the change in posterior/anterior ratio of mCh::PAR-2 from 0 to 4 min
and 0–8 min after cytokinesis. ns indicates not significant, asterisks (*) indicate statistical significance (p " 0.05). See Supplemental Table 1 for means and specific
P values.
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be learned about how polarity is reestablished and maintained during
successive asymmetric cell divisions and under different developmental
conditions. Here, we characterized polarization of the P1 cell at the
second division of the C. elegans embryo. In the P1 cell, reciprocal aPAR
and pPAR domains form, but the cues for symmetry breaking and
mechanism for polarization have not been investigated. We used
mCh::PAR-2 as a marker for cortical polarity and confirmed that PAR-2 is
inherited uniformly around the P1 cell. The polarization of P1 occurs very
early in the P1 cell cycle, with clearing of PAR-2 from the anterior AB-P1
cell contact region beginning within 2 min after P0 cytokinesis. Clearing
continues and the levels of PAR-2 increase at the posterior so that a
domain is visible at 4 min, but polarization of PAR-2 is stronger at 8 min.

In the P0 cell, the presence of AIR-1 on the centrosome near the cortex
appears to trigger symmetry breaking by inhibiting local myosin
contractility; the resulting anterior directed myosin flow carries clusters
of aPARs away from the centrosome and the presumptive posterior pole.
PAR-1 and PAR-2 then associate with the posterior cortex (Klinkert et al.,
2019; Munro et al., 2004; Schonegg et al., 2014; Zhao et al., 2019).
Nuclear-centrosome movement towards the posterior and
anterior-directed cortical myosin and PAR-6 flow have been observed in
the P1 cell (Munro et al., 2004). However, here we found that strong
cortical myosin flows occur well after the PAR-2 domain has started to
form. Similarly, by analyzing AIR-1's localization on the centrosome in
P1,we conclude that AIR-1 is not in the correct position at the right time
to act as a localized cue for early P1 polarization. Finally, using condi-
tional mutants to inhibit AIR-1 recruitment to the centrosome or reduce
myosin flow right after cytokinesis did not change the initial kinetics of
PAR-2 clearing from the anterior cortex. These data together suggest that
AIR-1 and actomyosin flow are not required for early polarization in the
P1 cell.

Interestingly, we identified several asymmetries inherited by the P1
cell. Although PAR-2 is present uniformly around the P1 cortex after one-
cell cytokinesis, the P1 cell is partially polarized for cortical PAR-1 and
there are opposing cytoplasmic gradients of PAR-1 and PKC-3. It is also
possible that low levels of PKC-3 or other aPARs are inherited in the P1
cell on the anterior cortex. However, due to the resolution limits of light
microscopy, we cannot determine whether the signal on the AB-P1 con-
tact is only in the AB cell or in both cells. Because PKC-3 and PAR-1 are
known to inhibit each other's localization, these inherited cytoplasmic or
cortical gradients, where levels of PKC-3 are higher near the anterior,
could trigger initial clearing of PAR-2. Consistent with this view, we
found that pkc-3(ne4250) mutants showed normal cortical PAR-2 polar-
ity at the end of P0 cytokinesis, but then never formed a normal PAR-2
domain. However, because the pkc-3(ne4250) allele has one-cell de-
fects, these results are also consistent with a non-mutually exclusive
model in which PKC-3 is needed for the proper asymmetry of other
cytoplasmic components that play a role in P1 polarization, as outlined
below. Further, we found that in par-1(RNAi) embryos, the cytoplasmic
gradient of PKC-3 is still present, and PKC-3 is visible on the anterior
cortex of P1, near the AB-P1 cell contact. This suggests that at least in the
background of loss of PAR-1, PKC-3 asymmetry is not sufficient for early
polarization.

Because of PAR-1's initial asymmetry in the P1 cell, we also tested
whether PAR-1 has a functional role in P1 cell polarization. We found
however, that the lack of PAR-1 cortical asymmetry or cortical localiza-
tion did not affect P1 cell polarization. Rather, defects in PAR-2 polari-
zation correlated with loss of overall cytoplasmic polarity when
comparing the par-1(KRSS) and par-1(ΔKA1) mutants, neither of which
is localized to the cortex. Further, we found that PLK-1, which is neces-
sary for the asymmetric posterior localization of a number of cell fate
determinants downstream of PAR-1 and MEX-5, is required for P1 po-
larization. plk-1(or683) embryos and the plk-1(or683); par-1(RNAi)
double mutants showed the same polarity delay as par-1mutant embryos.
These observations suggest that PLK-1 and PAR-1 are acting in the same

pathway to regulate a downstream cytoplasmic factor that is required for
early polarization. We can envision two explanations for the polarity
delay in par-1 and plk-1 mutants. One hypothesis is that a downstream
cytoplasmic target of PAR-1 and PLK-1 is enriched in the P1 cell, and that
cytoplasmic factor either acts as an inherited cue or activates a yet to be
identified cue. The lower levels of this factor present in par-1and plk-1
mutant embryos would result in a failure of early polarization. Alterna-
tively, there may be a cytoplasmic component that normally suppresses
symmetry breaking in the AB cells, and this factor is enriched in the AB
cell by PLK-1. This component would be more uniformly distributed in
the par-1 and plk-1 mutants, such that higher levels now suppress po-
larization of P1 as well. Further experiments are required to identify such
potential activators or inhibitors of polarity. However, it seems unlikely
that PLK-1 is itself the inhibitor since loss of PLK-1 activity did not rescue
the polarization defect in par-1(RNAi) embryos.

Even though par-1 mutant embryos do not polarize at the same time
as wild-type embryos, they do eventually form a weak posterior PAR-2
domain. The time of AIR-1's re-recruitment to centrosomes at the pos-
terior and of NMY-2 flow in wild-type embryos correlates with the timing
of late polarization observed in par-1 mutants. Further, we found that
simultaneous loss of PAR-1 and NMY-2 or SPD-5 resulted in more severe
polarization defects. In addition, nmy-2 and spd-5 single mutants have a
less robust PAR-2 domain at 8 min. These data lead us to propose that
AIR-1 and NMY-2 have a role in the P1 cell, but they act in the late
pathway, after the initial symmetry breaking event described above oc-
curs. It was previously shown that actomyosin flow corresponds with the
movement of PAR-6, and our data is consistent with flow being a major
driver of aPAR clearing in the posterior and accumulation in the anterior
observed after 4 min in the wild-type embryo. In addition, the decrease in
polarization of PAR-2 observed in cgef-1mutants, and the absence of late
polarization in pkc-3mutants described, is consistent with PKC-3 playing
a role in late polarization through exclusion of PAR-2. Cortical PAR-1
may similarly help reinforce reciprocal domains at this stage by inhib-
iting aPARs at the posterior, based on our finding that although a PAR-2
domain forms late in par-1 mutants, it is not as strong as in controls.

All the data in this study supports a model in which there are two
major pathways for timely polarization in the P1 cell (Fig. 9). There is a
novel early pathway that initiates P1 polarization within 2 min after
cytokinesis, which requires PAR-1, PKC-3, MEX-5, PLK-1 and the inher-
itance of normal cytoplasmic polarity. There is a second late pathway,
which involves centrosome maturation and actomyosin flow-dependent
accumulation of aPARs in the anterior. This second pathway enhances
posterior PAR-1 and PAR-2 asymmetry in wild-type embryos as the cell
cycle progresses and can function to polarize PAR-2 when early polari-
zation is blocked. We also propose there are other pathways that can
break symmetry in the P1 cell, because even the double mutants in this
study are able to clear PAR-2. One possible mechanism for this clearing is
that PAR-2 binding to microtubules emanating from the posterior
centrosome at this time could protect it from phosphorylation by PKC-3;
this pathway is redundant in P0 polarity (Motegi et al., 2011). However,
in many par-1 mutants with spd-5 or nmy-2, PAR-2 did not clear from the
anterior AB-P1 cell contact as in controls, but instead cleared laterally, in
one or both of the anterior corners of the P1 cell. It has been previously
reported that in the absence of the normal cue in the one-cell C. elegans
embryos, there are other mechanisms that can spontaneously break
symmetry that are influenced by cell shape (Klinkert et al., 2019); this
phenomenon might be yet another way to break symmetry in the P1 cell.

In summary, our results identify a novel PAR-1 and PLK-1 dependent
mechanism for polarization in the C. elegans embryo, which gives new
insight into how cells in different developmental contexts can establish
PAR polarity. The results also build on previous work in the C. elegans
one-cell and Drosophila neuroblasts showing that cells employ multiple
partially redundant pathways to promote robust polarization during
asymmetric division.
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4. Materials and methods

4.1. C. elegans strains

C. elegans strainsweremaintained onMYOBplateswith E. coliOP50 as
a food source (Brenner, 1974; Church et al., 1995). The following strains
were used in this study, listed in the order they appear in the paper:
Strain # Genotype Source

N2 Wild type, Bristol Strain CGC
KK1264 par-6(it310[par-6::gfp]) I; par-2(it315

[mCherry::par-2]) III
Ken Kemphues,
(Reich et al., 2019)

RL439 par-2(it315[mCherry::par-2]) III; Itls78[(pKO5)
pie-1::GFP::TEV::Stag::air-1 spliced coding þ unc-
119(þ)]

This study

JH2759 unc-119(ed3) III; axls1929[nmy-2::GFP þ
mCherry::par-2]

Zonies et al. (2010)

RL530 axls1929[nmy-2::GFP þ mCherry::par-2]; par-
2(it315[mCH::PAR-2]) III

This study

RL450 spd-5(or213) I; par-2(it315[mCherry::par-2]) III;
Itls78[(pKO5) pie-1::GFP::TEV::Stag::air-1 spliced
coding]

This study

KK1254 par-2(it315[mCherry::par-2]) III Ken Kemphues
RL497 nmy-2(ne3409) I; par-2(it315[mCherry::par-2])

III
This study

JH3616 par-1(ax4206[PAR-1::meGFP]) V Folkmann and
Seydoux (2019)

RL520 par-2(it315[mCherry::par-2]) III; par-1(it51) rol-
4/nTl V

This study

RL521 par-2(it315[mCherry::par-2]) III; par-1(b274) rol-
4/nTl V

This study

JH3679 mex-5(ax3050[mCherry::mex-5]); par-1(ax4206
[PAR-1::meGFP]) V

Folkmann and
Seydoux (2019)

JH3678 mex-5(ax3050[mCherry::mex-5]); par-1(ax4209
[PAR-1(T983A)::meGFP])/nT1
[qIs51(pha::GFP)] V

Folkmann and
Seydoux (2019)

RL563 mex-5(ax3050[mCherry::mex-5]); par-1(ax4207
[PAR-1(K1170S R1171S)::meGFP])

This study

RL564 mex-5(ax3050[mCherry::mex-5]); par-1(ax4208
[PAR-1(ΔKA1)::meGFP])/nT1[qIs51(pha::GFP)]
V

This study

RL444 par-2(it315[mCherry::par-2]) III; par-1(ax4206
[PAR-1::meGFP]) V

This study

RL544 par-2(it315[mCherry::par-2]) III; par-1(ax4209
[PAR-1(T983A)::meGFP])/nT1
[qIs51(pha::GFP)] V

This study

RL542 par-2(it315[mCherry::par-2]) III; par-1(ax4207
[PAR-1(K1170S R1171S)::meGFP])

This study

RL543 par-2(it315[mCherry::par-2]) III; par-1(ax4208
[PAR-1(ΔKA1)::meGFP])/nT1[qIs51(pha::GFP)]
V

This study

RL545 par-2(it315[mCherry::par-2]) III; plk-1(or683) III This study
RL565 par-2(it315[mCherry::par-2]) III; mex-5(egx2

[T186A]) IV.
This study

RL557 spd-5(or213) I; par-2(it315[mCherry::par-2]) III This study
RL473 pkc-3(ne4250) II; par-2(it315[mCherry::par-2])

III
This study

WH517 ojIs40 [wsp-1(GBD)::GFP þ unc-119(þ)] Kumfer et al. (2010)
WH527 cgef-1(gk261) X; ojIs40 [wsp-1(GBD)::GFP þ unc-

119(þ)]
Kumfer et al. (2010)

RL533 par-2(it315par-2(it315[mCherry::par-2]) III; cgef-
1(gk261) X

This study

RL396 par-2(it315par-2(it315[mCherry::par-2]))III;
ltIs37 [pie-1p::mCherry::his-58 þ unc-119(þ)]
him-8(e1489) IV; ruls57[pie-1::GFP::tubulin þ
unc-119(þ)]

This study

KK1228 pkc-3(it309[GFP::PKC-3]) II Ken Kemphues
JH1734 axIs1245 [PAR-1::GFP] Griffin et al. (2011)
OD2425 plk-1(lt18[plk-1::sGFP]::loxp) III. (Martino L. et al.,

2017)
RL298 axEx73[GFP::PIE-1 rol-6]; axIs1731[pie-

1p::mCherry::mex-5::pie-1 30UTR þ unc-199(þ)]
This study

RL566 par-2(it315par-2(it315[mCherry::par-2])) III;
unc-30(e191) mex-5(zu199) IV/nT1 (IV;V)

This study

RL522 par-2(it315par-2(it315[mCherry::par-2])) III;
mex-6(pk440) II; unc-30(e191) mex-5(zu199) IV/
nT1 (IV;V)

This study

4.2. Live imaging

Because all of the proteins under study are maternally provided,
embryos were derived from homozygous mutant hermaphrodites, or
hermaphrodites treated for RNAi, in all cases. Embryos were removed
from gravid hermaphrodites, dissected into egg buffer (25 mM HEPES,
pH 7.4, 120 mMNaCl, 48 mM KCl, 2 mM CaCl2, MgCl2), mounted on 2%
agar pads, and covered with coverslip.

Epifluorescent microscopy was carried out on an Olympus BX60 mi-
croscope equipped with PlanApo N 60X, 1.42 NA oil immersion objective
lens, a CoolLED light source, a Hammatasu Orca 12-bit digital camera,
and MicroManager software. All time-lapse videos were taken at 10 s
intervals, except for temperature sensitive mutants and their controls
which were taken every 30 s.

Confocal microscopy was carried out using the spinning disc module
of an Intelligent Imaging Innovations (3i) Marianas SDC Real-Time 3D
Confocal-TIRF microscope fit with a Yokogawa spinning disc head, a 60
" 1.4 numerical aperture oil-immersion objective, EMCCD camera, and
Slidebook 6 software. Images were taken in a mid-focal plane at 10 s
intervals, except for cortical images of NMY-2 for which 3 Z-planes were
imaged with 0.5-μm steps every 3 s.

4.3. RNAi and temperature sensitive mutants

RNAi was performed by feeding (Timmons and Fire, 1998). The
par-1(RNAi) construct used was obtained from the Ahringer RNAi library
(Kamath et al., 2003). RNAi was conducted for 48hrs at 20 #C to obtained
published strong loss of function phenotypes, such as synchronous
two-cell divisions and symmetric P0 cell division.

Fast-inactivating temperature sensitive mutants were grown and
mounted on slides at 16 #C and then transferred to a stage controlled by a
Linkam PE95/T95 System Controller with an Eheim Water Circulation
Pump to maintain the temperature of the slide. The stage was set to 12 #C
for 16 #C and 26 #C for 26 #C; true temperatures were determined by
inserting the wire probe of an Omega HH81 digital thermometer between
the cover slip and an agar pad with oil on the 60X objective. The shift
from 16 #C to 26 #C occurred in 1 min. The strength of each temperature
sensitive mutant was compared to published mutant or loss of function
phenotypes.

4.4. Quantification

Some images in figures were contrast adjusted for better visualiza-
tion, but all measurements were made on the raw data from original TIFF
files using Fiji as outlined below. Measurements were exported into Excel
for determination of means and ratios, then analyzed for statistical sig-
nificance using Graphpad Prism version 9.0 with the following symbols
used in the figures: ns p > 0.05, *p $ 0.05, **p $ 0.01, ***p $ 0.001,
****p $ 0.0001. Statistical tests used and p values are presented in
Supplemental Table 1.

Analysis of cortical mCh::PAR-2, PAR-6::GFP, PAR-1::meGFP, and
GFP::PKC-3 domains in the P1 cell were done by dividing the embryo
along its longest anterior-posterior axis. Then both the top and bottom
cortices were traced using the segmented line tool (width ¼ 2 pixels) in
Fiji (as in Fig. 1B). Cytoplasmic mean was measured by drawing a small
circle in they cytoplasm, avoiding the cortex and nucleus. Cortical in-
tensity was divided by cytoplasmic mean and adjusted to percent P1 cell
length. This was done for each embryo and then averaged to get a plot for
each time point. The overall cortical levels of PAR-6::GFP and PKC-
3::GFP in the P1 cell were measured by tracing the single membranes
of the P1 cell and dividing by the cytoplasmic mean for each embryo (as
in Fig. S3B).

Analysis of cytoplasmic polarity in N2, PAR-1::meGFP and GFP::PKC-
3 was measured at the end of cytokinesis. As above, embryos were
divided along their longest anterior-posterior axis, but then traces were
made in the cytoplasm approximately 5 pixels below the cortex, using the
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segment line tool (width ¼ 2 pixels) in Fiji (as in Fig S2E). Cytoplasmic
intensity was divided by the background outside of the cell and adjusted
to percent P1 cell length.

To analyze how close the centrosome moves towards the posterior
cortex, the frame where cytokinesis ended and then the frame in which
the nucleus or GFP::AIR-1 foci were closest to the membrane were scored.
At this timepoint the Fiji line tool was used to measure the distance from
the edge of the P1 nucleus or the GFP::AIR-1 foci to the posterior mem-
brane. The distance of the nucleus or GFP::AIR-1 foci was normalized to
P1 cell length (longest anterior-posterior axis) to account for differences
in embryo size.

Analysis of the change in mCh::PAR-2 domain over time was quan-
tified using the Fiji line segment tool (width¼ 2 pixels) to trace the AB-P1
cell contract and the same length of the posterior cortex at zero, four and
8 min after cytokinesis. For embryos filmed on the 3i confocal micro-
scope, cortical traces were normalized to cytoplasmic mean. Because of
the large amount of out of focus fluorescence within the cell, for embryos
filmed with epifluorescence the cortical traces were normalized to the
background outside of the cell. The normalized posterior value was
divided by the normalized anterior value to give a posterior/anterior
ratio for each time point. The difference between time points was found
(example: P/A ratio at 4:00 – P/A ratio at 0:00) to calculate the change
over time.

The mCh::MEX-5 and PLK-1::GFP cytoplasmic ratios were determined
by drawing a small circle in the AB cell and P1 cell, avoiding membranes
and the nucleus. The average mean of the AB cytoplasm was divided by
the P1 cell to find the AB-P1 ratio.

Change in GFP::WSP-1(GBD) was measured by tracing the AB-P1 cell
contact using Fiji line segment tool (width ¼ 2 pixels). This was
normalized to cytoplasmic mean to get a normalized intensity for each
time point. Then the normalized intensity at 8 min was subtracted by the
normalized intensity at 0 min to find the changed in GFP::WSP-1(GBD).

Data availability

Data will be made available on request.
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Introduction	

	 Asymmetric	cell	division	is	the	process	in	which	a	cell	divides	to	give	rise	to	two	

daughter	cells	with	different	cell	fates.	During	intrinsically	asymmetric	cell	divisions,	such	

as	in	the	C.	elegans	P0	cell,	the	cell	must	first	establish	a	polarity	axis.	Next,	it	must	

segregate	its	cell	fate	determinants	along	this	axis,	and	lastly	it	will	orient	its	spindle	along	

this	polarity	axis	so	that	when	the	cell	divides	each	daughter	cell	receives	the	correct	cell	

fate	determinants.	Asymmetric	cell	division	is	conserved	in	all	animals	and	is	important	

throughout	development	and	during	stem	cell	maintenance	(Sunchu	&	Cabernard,	2020;	

Venkei	&	Yamashita,	2018).	

	 In	C.	elegans,	this	polarity	axis	is	set	up	by	the	conserved	PAR	proteins.	The	PAR	

proteins	are	required	for	other	asymmetrically	dividing	cells	such	as	Drosophila	

neuroblasts	or	mammalian	epithelial	cells	(Goldstein	&	Macara,	2007;	Pickett	et	al.,	2019;	

Rose	&	Gonczy,	2014).	In	the	one-cell	C.	elegans	embryo,	the	PAR	proteins	form	two	

mutually	exclusive	domains	on	the	cortex	in	the	anterior	and	posterior	of	the	cell.	The	

anterior	PARs	(aPARs)	are	PAR-3	and	PAR-6,	which	are	PDZ	domain	containing	scaffolding	

proteins,	PKC-3	which	is	an	atypical	protein	kinase	C,	and	CDC-42	which	is	a	small	GTPase	

(Cuenca	et	al.,	2003;	Kemphues	et	al.,	1988;	Tabuse	et	al.,	1998;	Watts	et	al.,	1996).	

Previous	work	has	shown	that	the	aPARs	exist	in	two	clusters.	One	cluster	where	PKC-3	

and	PAR-6	cycle	between	being	bound	to	PAR-3	where	they	can	respond	to	polarity	cues	

and	localize	properly	to	the	anterior.	In	the	other	cluster,	PKC-3	and	PAR-6	binds	to	CDC-42	

and	in	this	cluster	PKC-3	is	active	and	can	phosphorylate	downstream	targets	(Rodriguez	

et	al.,	2017).	



35 
 

The	posterior	PARs	(pPARs)	include	PAR-2	which	is	a	RING	finger	protein	and	PAR-

1	which	is	a	serine/threonine	kinase	(Boyd	et	al.,	1996;	Cowan	&	Hyman,	2004;	Guo	&	

Kemphues,	1995;	Hao	et	al.,	2006).	PAR-1	is	also	present	in	a	posterior	cytoplasmic	

gradient.	PAR-1	restricts	the	localization	of	the	cytoplasmic	polarity	proteins	MEX-5/6,	

which	form	an	anterior	domain	and	regulate	cell	fate	determinants	leading	to	daughter	

cells	with	different	cell	fates	(Griffin	et	al.,	2011;	Kim	&	Griffin,	2020;	Rose	&	Gonczy,	2014).	

PAR	proteins	also	signal	through	downstream	targets	to	orient	the	mitotic	spindle	

with	the	polarity	axis	so	that	each	daughter	cell	receives	the	correct	cell	fate	determinants.	

In	the	C.	elegans	P0	cell,	the	nuclear-centrosome	complex	centers	and	rotates	along	the	

anterior-posterior	axis.	Then	during	anaphase,	the	spindle	displaces	posteriorly	leading	to	

an	unequal	cell	division	with	a	larger	AB	cell	and	smaller	P1	cell.		

For	the	nuclear-centrosomal	complex	to	center	and	rotate	there	must	be	

asymmetric	pulling	forces	on	the	spindle.	PKC-3	and	LET-99	regulate	these	asymmetric	

pulling	forces	on	the	spindle	by	regulating	the	force-generating	complex.	The	force-

generating	complex	is	made	up	of	two	partially	redundant	Gα	subunits	GOA-1	and	GPA-16,	

two	completely	redundant	GoLoco	containing	proteins	GPR-1	and	GPR-2,	the	large	coiled-

coil	protein	LIN-5,	and	the	minus	end	directed	microtubule	motor	dynein	(Rose	&	Gonczy,	

2014).	PKC-3	regulates	the	force	generating	complex	by	phosphorylating	LIN-5,	decreasing	

pulling	forces	in	the	anterior	(Galli	et	al.,	2011).		

Another	mechanism	of	regulating	pulling	forces	is	through	LET-99.	let-99	mutants	

show	defects	in	centration,	rotation,	and	spindle	displacement	(Rose	&	Kemphues,	1998;	

Tsou	et	al.,	2002).	LET-99	localizes	to	a	posterior	lateral	band	on	the	cortex	with	highest	
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levels	where	the	aPAR	and	pPAR	protein	levels	are	lowest.	The	presence	of	LET-99	results	

in	lower	GPR-1/2	levels	in	the	band	region,	generating	asymmetric	pulling	forces.	In	let-99	

mutants	both	GPR-1/2	and	LIN-5	localization	is	uniform	on	the	cortex	causing	uniform	

pulling	forces	on	the	spindle	(Bouvrais	et	al.,	2018;	Krueger	et	al.,	2010;	Park	&	Rose,	

2008).	

Previous	work	has	shown	that	PAR-3	is	required	to	restrict	LET-99	from	the	

anterior	and	PAR-1	and	PAR-5	are	required	for	inhibiting	LET-99	from	the	posterior,	but	

the	cytoplasmic	polarity	mediator	MEX-5	is	not	required	for	LET-99	localization	(Wu	et	al.,	

2016;	Wu	&	Rose,	2007).	PAR-5	is	a	14-3-3	protein,	which	binds	to	phosphorylated	targets	

to	alter	their	activity	or	localization.	LET-99	binds	both	PAR-1	and	PAR-5.	These	and	other	

results	suggest	that	spindle	positioning	and	cytoplasmic	polarity	are	controlled	by	the	PAR	

proteins	by	two	sperate	mechanisms,	and	that	LET-99	is	a	direct	target	of	the	PAR-1	kinase.	

(Wu	&	Rose,	2007).	However,	the	mechanism	by	which	LET-99	localizes	to	the	membrane	

and	how	the	aPARs	inhibit	LET-99	from	the	anterior	have	not	been	identified.		

	

Results	

PAR-3,	PKC-3,	and	CDC-42	are	all	required	for	proper	LET-99	localization.	

Previous	work	showed	that	PAR-3	is	required	for	proper	LET-99	localization,	but	

the	role	of	the	other	aPAR	proteins	was	not	tested.	To	further	investigate	the	mechanism	by	

which	LET-99	is	restricted	from	the	anterior	we	looked	at	YFP::LET-99	localization	

(Bringmann	et	al.,	2007),	after	RNAi	knockdowns	of	par-3,	pkc-3,	and	cdc-42.	We	did	this	

RNAi	in	a	mCh::PAR-2	background,	because	PAR-2	should	be	uniform	on	the	membrane	in	



37 
 

these	mutant	backgrounds.	We	examined	the	YFP::LET-99	pattern	at	NEB,	when	a	band	has	

formed	in	control	embryos	(Figure	1A).	To	quantify	LET-99	localization,	we	traced	the	

cortex	from	the	anterior	to	posterior	pole	and	normalized	it	to	the	cytoplasmic	mean	and	

plotted	it	as	percent	embryo	length	(Figure	1B).	As	was	previously	described,	in	par-

3(RNAi)	LET-99	is	uniform	on	the	cortex	but	at	lower	levels	(Tsou	et	al.,	2002).	We	also	

found	that	in	pkc-3(RNAi)	and	cdc-42(RNAi)	embryos,	LET-99	was	present	at	uniform	

levels.	This	data	supports	the	hypothesis	that	LET-99	could	be	a	direct	target	of	PKC-3.	

	

	

	

Figure	1.	PAR-3,	PKC-3,	and	CDC-42	are	required	for	proper	LET-99	localization.	(A)	

Fluorescent	images	of	YFP::LET-99	in	par-3,	pkc-3,	and	cdc-42	at	NEB.	Scale	bar	is	10μm.	

(B)	Plots	showing	the	average	cortical	intensities	of	YFP::LET-99	localization	at	NEB.	
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The	C-terminus	of	LET-99	is	required	for	membrane	localization	

LET-99	is	a	DEP	domain-containing	protein	and	based	on	BLAST	searches	using	C.	

elegans	and	other	nematode	LET-99	proteins,	it	is	most	related	to	the	DEP	domain-

containing-1	(DEPDC1)	family	of	proteins.	This	family	has	the	DEP	domain	near	the	N-

terminus	of	the	protein	(from	23-107aa	in	LET-99,	Fig.	2).	DEP	domain	was	named	for	the	

proteins	in	which	it	was	first	identified	in	Dishevelled,	EGL-10,	and	Pleckstrin,	but	has	since	

been	found	in	several	proteins	involved	in	G-protein	signaling	(Consonni	et	al.,	2014).	The	

DEP	domain	is	also	negatively	charged	and	in	proteins	such	as	in	Dishevelled,	the	DEP	

domain	was	shown	to	associate	with	positively	charged	lipids	and	to	be	required	for	

membrane	localization.	LET-99	also	has	a	region	that	shares	partial	homology	to	a	Rho-

GAP	domain	found	in	the	DEPDC1	family	of	proteins	when	run	through	the	NCBI-CDD	motif	

search.	We	also	identified	six	potential	PKC-3	phosphorylation	sites	by	using	an	atypical	

protein	kinase	C	consensus	sequence	and	motif	search	tool(Fig.	2A)(Wang	et	al.,	2012).	

To	understand	how	LET-99	is	localized	to	the	membrane	and	restricted	from	the	

anterior	we	used	a	structure	function	approach.	The	YFP::LET-99	transgene	rescues	LET-

99	lethality,	but	this	randomly	integrated	transgene	is	prone	to	silencing.	Thus,	we	first	

tested	two	different	fluorescent	tags	at	the	N-terminus	and	C-terminus.	We	made	four	new	

LET-99	fluorescently	tagged	strains	with	either	mKate2	or	GFP	at	the	N-terminus	or	C-

terminus	using	MOS-1	mediated	single	copy	insertion.	We	tested	the	ability	of	the	

transgenes	to	rescue	normal	LET-99	localization	in	the	let-99(dd17)	background.	GFP::LET-

99	and	LET-99::GFP	had	very	low	signal	in	the	one-cell	stage.	Both	mKate	versions	had	
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visible	LET-99	on	the	cortex	but	only	LET-99::mKate	localized	normally	into	a	band	by	NEB	

(Fig.	S1).	

Previous	work	in	the	lab	showed	that	the	DEP	domain	of	LET-99	is	sufficient	for	

binding	lipids	in	vitro,	which	led	to	the	hypothesis	that	the	DEP	domain	is	required	for	LET-

99	localization	to	the	membrane	(E.	Espiritu	Dissertation	2015).	To	test	this,	constructs	of	

GFP::LET-99	with	deletions	of	the	N-terminal	region	or	C-terminal	regions	were	expressed	

in	Xenopus	cells.	LET-99	was	able	to	localize	to	the	membrane	in	Xenopus	cells	but	the	DEP	

domain	was	neither	required	nor	sufficient	for	membrane	localization.	Surprisingly,	any	

deletion	of	the	C-terminal	region	of	LET-99	did	affect	localization	to	the	membrane	(E.	

Espiritu,	K.	Plance,	and	L.	Rose,	personal	communication).	Based	on	these	preliminary	

results,	we	hypothesize	that	in	C.	elegans,	the	C-terminus	of	LET-99	is	required	for	

membrane	localization	rather	than	the	DEP	domain.		

To	test	this	hypothesis	in	C.	elegans	and	gain	further	insight	into	the	potential	role	of	

the	DEP	domain,	we	designed	deletions	of	the	N-terminus	(∆1-300aa	and	∆130-330)	and	C-

terminus	(∆608-698aa)	of	LET-99.	We	then	crossed	these	deletion	transgenes	into	the	let-

99(dd17)	background.	To	test	what	region	is	required	for	membrane	localization,	we	

examined	the	mKate	signal	using	epifluorescence	microscopy.	The	LET-99(∆1-300)::mKate	

and	LET-99(∆130-330)::mKate	deletions	both	localized	to	the	membrane.	While	the	LET-

99(∆608-698)::mKate	deletion	did	not	localize	to	the	membrane,	whole	cell	intensity	

measurements	showed	that	it	was	expressed	at	levels	similar	to	full	length	LET-99::mKate	

(Fig.	2B-C).	These	data	support	the	hypothesis	that	the	C-terminal	region	is	required	for	
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localizing	LET-99	to	the	membrane	and	that	the	DEP	domain	is	not	required	for	LET-99	to	

localize	to	the	membrane.	

Figure	2.	LET-99::mKate	deletion	constructs	and	fluorescent	localization.	(A)	

Schematic	diagram	of	LET-99	constructs:	full	length	LET-99,	LET-99(∆1-300),	LET-

99(∆130-330),	and	LET-99(∆608-698).	(B)	Whole	cell	means	and	number	of	embryos	for	

each	genotype	shown.	(C)	Fluorescent	images	of	each	genotype	shown	at	NEB.	Scale	bar	is	

10μm.	(D)	Plots	showing	the	average	cortical	intensities	of	LET-99::mKate	localization	at	

NEB	normalized	to	the	cytoplasm.	

0 50 100
0.90

0.95

1.00

1.05

1.10

% Embryo Length
n=12

F
lu

or
es

ce
nc

e 
In

te
ns

ity

0 50 100
0.9

1.0

1.1

1.2

1.3

% Embryo Length
n=12

F
lu

or
es

ce
nc

e 
In

te
ns

ity

0 50 100
0.9

1.0

1.1

1.2

1.3

% Embryo Length
n=11

F
lu

or
es

ce
nc

e 
In

te
ns

ity

0 50 100
0.8

0.9

1.0

1.1

% Embryo Length
n=13

F
lu

or
es

ce
nc

e 
In

te
ns

ity

LE
T
-9

9
::m

K
ate

Full Length let-99(∆1-300) let-99(∆130-330) let-99(∆608-698)

A

D

C

B

P
ro

n
u

lc
ea

r
 M

ee
ti

n
g

N
E
B



41 
 

Analysis	of	LET-99::mKate	cortical	asymmetry	

To	better	understand	how	LET-99	is	restricted	from	the	anterior,	we	further	

analyzed	our	deletion	constructs	for	cortical	asymmetry	by	quantifying	cortical	intensity	

from	the	anterior	to	the	posterior	and	measured	whole	cell	intensity.	The	LET-99(∆1-

300)::mKate	deletion	removes	the	DEP	domain	and	three	potential	PKC-3	phosphorylation	

sites.	It	also	deletes	two	previously	identified	PAR-5	binding	sites,	which	are	predicted	to	

be	PAR-1	phosphorylation	sites	and	are	required	for	restricting	LET-99	from	the	posterior.	

The	LET-99(∆130-330)::mKate	deletion	deletes	these	three	sites	as	well	as	one	of	the	PAR-

5	binding	sites.		

We	found	that	the	LET-99(∆1-300)::mKate	deletion	was	over	two	times	brighter	

than	the	control	embryos	and	its	cortical	trace	was	above	cytoplasmic	levels	at	all	points	

along	the	cortex.	(Fig.	2B-D).	Compared	to	control,	the	LET-99(∆1-300)::mKate	deletion	is	

present	at	higher	levels	in	the	anterior	from	the	time	of	pronuclear	meeting	and	remains	

high	in	the	anterior	throughout	the	cell	cycle.	At	the	time	of	NEB,	although	levels	at	the	very	

anterior	are	still	high,	there	is	a	banded	pattern	in	the	center	of	the	cell	(Fig.	2C-D).	We	

hypothesize	that	LET-99	is	being	pulled	to	the	anterior	during	polarity	establishment	and	

remains	high	because	of	the	deleted	PKC-3	phosphorylation	sites.	The	higher	cortical	levels	

in	the	posterior	compared	to	controls	is	consistent	with	the	deletion	of	the	PAR-5	sites.		

The	LET-99(∆130-330)::mKate	deletion	had	the	lowest	whole	cell	mean	but	was	

still	close	to	the	control	(Fig.	2B).	The	LET-99(∆130-330)::mKate	deletion	appeared	in	a	

posterior	domain	that	extended	further	anteriorly	than	controls,	although	levels	were	still	

slightly	higher	in	the	normal	band	region	(Fig.	2C-D).	These	results	are	consistent	with	

deleting	one	of	the	PAR-5	sites.	The	anterior	expansion	may	be	the	result	of	deleting	three	
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of	the	potential	PKC-3	sites	and	without	them	PKC-3	is	less	efficient	at	inhibiting	LET-99	

from	the	anterior.	Together	these	results	support	the	hypothesis	that	these	three	potential	

PKC-3	sites	are	important	for	LET-99	localization,	but	because	the	LET-99(∆608-

698)::mKate	deletion	was	not	on	the	cortex	we	could	not	test	the	other	two	potential	PKC-3	

sites	at	the	C-terminus.	

	

LET-99(∆130-330)::mKate	rescues	the	spindle	positioning	phenotypes	of	the	null	

mutation	

To	test	how	well	these	different	deletions	rescued	let-99(dd17)	null	phenotypes,	we	

filmed	them	in	Differential	Interference	Contrast	(DIC)	microscopy.	let-99	mutants	have	

defects	in	nuclear	centration,	rotation,	and	spindle	displacement	(Fig.	3A).	In	wildtype	

embryos,	the	nuclear-centrosomal	complex	centers	before	NEB	and	rotates	onto	the	

anterior-posterior	axis,	then	during	anaphase	the	spindle	is	displaced	towards	the	

posterior	end	leading	to	a	larger	AB	cell	and	smaller	P1	cell.	let-99	mutants	fail	to	center	

and	rotate	properly	and	exhibit	a	nuclear	rocking	phenotype	which	is	not	seen	in	controls.	

The	full-length	LET-99::mKate	control	was	viable	in	the	let-99(dd17)	background	and	did	

not	show	any	nuclear	rocking	phenotypes.	When	compared	to	N2	wildtype	controls,	LET-

99::mKate	rescued	nuclear	rotation,	but	did	not	fully	rescue	centration	and	spindle	

displacement.	We	used	our	full-length	LET-99::mKate	as	a	control	for	our	deletions	because	

they	were	generated	in	the	same	way.		

To	test	if	the	deletions	rescued	centration	we	measured	the	position	of	the	nuclear-

centrosomal	complex	at	NEB.	We	found	that	LET-99(∆130-330)::mKate	rescued	centration	
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to	a	similar	degree	as		LET-99::mKate,	while	LET-99(∆1-300)::mKate	and	LET-99(∆608-

698)::mKate	deletions	were	significantly	different	than	full-length	(Fig.	3B	and	F).	We	then	

looked	at	rotation	angle	at	NEB.	We	found	that	LET-99(∆130-330)::mKate	rescued	rotation	

to	the	same	extent	as	full	length,	while	LET-99(∆1-300)::mKate	and	LET-99(∆608-

698)::mKate	deletions	did	not	rotate	properly	by	NEB	(Fig	3C	and	F).	We	also	looked	at	

spindle	displacement	at	anaphase	by	measuring	the	change	in	the	center	of	the	spindle	

from	NEB	to	anaphase.	We	found	that	full	length	and	LET-99(∆130-330)::mKate	deletion	

showed	a	similar	amount	of	spindle	displacement,	while	LET-99(∆1-300)::mKate	and	LET-

99(∆608-698)::mKate	deletions	did	not	rescue	displacement	(Fig	3D	and	F).	We	also	

looked	at	the	size	of	the	AB	and	P1	cell	by	measuring	the	position	of	the	AB-	P1	cell	contract	

and	found	that	it	was	similar	in	all	deletions	(Fig	3E-F).	These	results	support	the	

hypothesis	that	both	the	DEP	domain	and	the	C-terminus	are	required	for	proper	LET-99	

function	and	although	LET-99(∆1-300)::mKate	localizes	to	the	membrane	it	is	not	sufficient	

to	rescue	let-99(dd17).	This	also	showed	that	although	the	LET-99(∆130-330)::mKate	

deletion	does	not	localize	normally	at	NEB	it	is	able	to	rescue	let-99(dd17).	
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Figure	3.	Spindle	positioning	in	LET-99	deletion	constructs.	(A)	Schematic	diagram	of	

how	centration,	rotation,	spindle	displacement,	and	AB-	P1	cell	contact	were	measured	(B)	

Midpoint	of	the	nuclear–centrosome	complex	at	NEB,	expressed	as	percent	embryo	length	

(%EL)	(C)	Rotation	angle	of	nuclear–centrosome	complex	at	NEB.	(D)	Displacement	of	the	

spindle,	measured	as	the	change	in	midpoint	between	the	two	centrosomes	from	NEB	to	

anaphase,	expressed	as	percent	embryo	length	(%EL).	(E)	Position	of	AB-	P1	cell	contact	at	

the	end	of	cytokinesis,	expressed	as	percent	embryo	length	(%EL)	(F)	Means,	standard	

deviations,	and	number	of	embryos	for	each	genotype	and	measurement	shown.		

	 	



46 
 

Discussion	

In	the	process	of	asymmetric	cell	division,	properly	orienting	the	spindle	is	an	

important	step	in	making	sure	the	daughter	cells	inherit	the	correct	cell	fate	determinants.	

In	the	P0	cell,	LET-99	is	critical	for	nuclear-centrosomal	complex	centering	and	rotation	

onto	the	polarity	axis.	LET-99	is	also	important	for	making	sure	there	are	asymmetric	

pulling	forces	on	the	spindle	during	metaphase	and	anaphase	so	that	division	gives	rise	to	a	

larger	AB	cell	and	smaller	P1	cell.	Here,	we	investigated	the	mechanism	by	which	LET-99	is	

localized	to	the	cortex,	how	it	is	restricted	from	the	anterior	of	the	cell,	and	whether	

deleting	different	regions	of	the	protein	affected	its	function.		

	 By	analyzing	YFP::LET-99	localization	in	par-3(RNAi),	pkc-3(RNAi),	and	cdc-

42(RNAi),	we	found	that	they	are	all	require	for	restricting	LET-99	from	the	anterior	of	the	

cell..	As	was	previously	show,	CDC-42	is	required	for	binding	to	and	activating	PKC-3.	Our	

data	is	thus	consistent	with	LET-99	being	a	direct	target	of	PKC-3	(Rodriguez	et	al.,	2017).	

Consistent	with	this	model	we	identified	six	6	potential	PKC-3	phosphorylation	sites	in	

LET-99.	

	 We	made	deletions	across	LET-99	to	test	if	removing	any	of	the	potential	PKC-3	

phosphorylation	sites	would	affect	the	banding	pattern	of	LET-99.	We	found	that	the	LET-

99(∆1-300)::mKate	deletion	which	deletes	three	of	these	sites	was	still	on	the	membrane	at	

higher	levels	than	the	full-length	construct,	but	it	appeared	in	an	anterior	cap	and	did	not	

rescue	the	mutant	phenotype.	We	also	found	that	the	LET-99(∆130-330)::mKate	deletion	

which	also	deletes	three	potential	PKC-3	phosphorylation	sites	and	one	PAR-5	binding	site,	

formed	a	posterior	domain	which	was	extended	further	into	the	anterior	than	controls.	The	
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posterior	cap	is	likely	because	we	deleted	one	of	the	PAR-5	binding	sites	required	for	its	

restriction	from	the	posterior.	It	has	been	shown	that	PKC-3	is	in	an	anterior	gradient	(Wu	

&	Rose,	2007).	The	anterior	extension	of	LET-99	in	LET-99(∆130-330)::mKate	may	be	the	

result	of	PKC-3	being	less	efficient	at	restricting	LET-99,	where	it	is	at	lowest	levels.	LET-99	

might	still	be	restricted	in	the	very	anterior	because	of	the	other	potential	PKC-3	sites	that	

are	still	present.	Because	the	LET-99(∆608-698)::mKate	deletion	was	not	on	the	

membrane,	we	could	not	differentiate	whether	the	two	potential	PKC-3	sites	at	the	C-

terminus	are	required	for	anterior	restriction	of	LET-99.	

By	deleting	different	regions,	we	also	found	that	the	DEP	domain	is	not	required	for	

membrane	localization.	This	shows	that	even	though	DEP	domains	are	required	for	

membrane	localization	in	other	proteins	and	LET-99’s	DEP	domain	can	bind	lipids	in	vitro,	

it	is	not	required	for	membrane	localization	in	C.	elegans.	We	also	found	that	LET-99(∆1-

300)::mKate	did	not	rescue	centration	and	rotation,	and	we	hypothesize	that	the	DEP	

domain	might	be	required	for	LET-99’s	role	in	interacting	with	other	downstream	targets	

involved	in	spindle	positioning.	Instead,	we	found	that	the	C-terminus	is	required	for	

membrane	localization.	

In	summary	our	data	supports	a	model	in	which	LET-99	is	localized	to	the	

membrane	by	sequences	at	the	C-terminus	and	it	is	downstream	of	PKC-3.	But	the	exact	

mechanism	by	which	LET-99	is	restricted	from	the	anterior	is	still	unknown.	Further	

analysis	by	mutating	these	six	PKC-3	sites	is	needed	to	test	whether	they	are	the	specific	

sequences	required	to	restrict	LET-99	from	the	anterior.	These	results	build	on	our	
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knowledge	of	how	the	PARs	control	downstream	targets,	coordinate	asymmetric	cell	

division,	and	how	LET-99	functions	to	regulate	spindle	positioning.		
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Materials	and	Methods	

C.	elegans	strains	

C.	elegans	strains	were	maintained	on	MYOB	plates	with	E.	coli	OP50	as	a	food	source	

(Brenner,	1974;	Church	et	al.,	1995).	The	following	strains	were	used	in	this	study.	

Strain	#	 Genotype		

N2	 Wild	type,	Bristol	Strain	

RL398	 par-2(it315[mCherry::par-2])	III;	unc-22(e66)	let-99(dd17)	IV;	

ddIs64[pie-1p::YFP::let-99(genomic);	unc-119(+)]	

RL474	 daSi59[pLAK03(mex-5p::LET-99::	mKate-GLO::PIE-1	3’UTR)	unc-119+]	

II;	unc-22(e66)	let-99(dd17)	IV	

RL456	 daSi52[pAR767(mex-5p::mKate-GLO::LET-99::pie-1	3‘UTR)	unc-119+]	

II;	unc-119(ed3)III;	unc-22(e66)	let-99(dd17)/nT1	IV;	+/nT1	

RL511	 daSi63[pAR774-18(mex-5p::GFP-GLO::LET-99::pie-1	3‘UTR)	unc-119+]	

II;	unc-119(ed3)III;	unc-22(e66)	let-99(dd17)/nt1	IV	

RL512	 daSi64[pAR775-7(mex-5p::LET-99::GFP-GLO::pie-1	3‘UTR)	unc-119+]	II;	

unc-119(ed3)III;	unc-22(e66)	let-99(dd17)/	nT1	IV;	+/nT1	

RL578	 daSi86[pLAK15-7(mex-5p::LET-99(∆1-300)::mKate2::pie-1	3’UTR)	unc-

119+]	II;	unc-22(e66)	let-99(dd17)/	nT1	IV;	+/nT1	
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RL536	 daSi79[pLAK07-02(mex-5p::LET-99(∆130-330)::mKate2::pie-1	3’UTR)	

unc-119+]	II;	unc-22(e66)	let-99(dd17)/	nT1	IV;	+/nT1	

RL578	 daSi79[pLAK14-11(mex-5p::LET-99(∆608-698)::mKate2::pie-1	3’UTR)	

unc-119+]	II;	unc-22(e66)	let-99(dd17)/	nT1	IV;	+/nT1	

RL469	 daSi56[pAR770.22(mex-5p::mKate2::pie-1	3’UTR)	unc-119+]	II;	unc-

22(e66)	let-99(dd17)/	nT1	IV;	+/nT1	

RL276	 unc-119(ed3)	III;	unc-22(e66)	let-99(dd17)/	nT1	IV;	+/nT1	

	

	

RNA	interference	

	 RNAi	was	performed	by	feeding	(Timmons	&	Fire,	1998).	The	par-3,	pkc-3,	and	cdc-

42	RNAi	construct	used	was	obtained	from	the	Ahringer	RNAi	library	(Kamath	et	al.,	2003).	

L4	stage	worms	were	places	on	RNAi	plates	and	incubated	for	48hrs	at	20°C	to	obtained	

published	strong	loss	of	function	phenotypes,	such	as	defects	in	division	pattern	and	cell	

cycle	timing.	The	strength	of	the	RNAi	was	verified	by	looking	at	the	localization	of	

mCh::PAR-2	which	was	uniform	on	the	membrane	after	anterior	PAR	knockdown.	
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Generation	of	LET-99	constructs	and	transgenic	strains	

The	following	plasmids	were	used	to	generate	let-99	constructs,	using	standard	

restriction	enzyme	cloning	and	Gibson	assembly:	let-99	genomic	DNA	was	obtained	from	

pAR762	and	pAR763,	which	have	modifications	to	allow	cloning	of	the	fluorescent	tag	at	

the	N-terminus	or	C-terminus	respectively	(courtesy	of	Alan	Rose).	mKate2-GLO	and	GFP-

GLO	tags	were	subcloned	from	pDD376	and	pDD373	(Addgene)	(Heppert	et	al.,	2016).	The	

mex-5	promoter	was	subcloned	from	pXF121,	the	pie-1	3’UTR	was	subcloned	from	pXF85,	

and	pXF87	was	used	as	the	MosSCi	vector	backbone	(Fan	et	al.,	2020).	Q5	Site-Directed	

Mutagenesis	Kit	from	New	England	BioLabs	was	used	to	make	deletions	in	let-99	genomic	

sequence	from	pAR762	and	pAR763.	Final	plasmids	were	checked	by	restriction	enzyme	

digest	and	gel	electrophoresis	for	size,	followed	by	Sanger	sequencing	of	the	entire	

insertion	from	mex-5	promoter	to	pie-1	3’UTR.	

Transgenic	strains	were	generated	through	the	MosSCI	single	copy	insertion	

method	(Frøkjaer-Jensen	et	al.,	2008).	Plasmid	constructs	were	injected	into	a	strain	

carrying	the	Chromosome	II	Mos	insertion	ttTi5605	by	InVivo	Biosystems.	Worms	

containing	integrations	were	isolated	and	bred	to	homozygosity.	These	were	then	crossed	

to	RL276	to	generate	strains	homozygous	for	the	transgene	in	the	let-99(dd17)/nT1	

background.	PCR	was	used	to	confirm	the	identity	of	the	transgene	in	balanced	strains,	and	

in	cases	where	the	transgene	rescued	the	let-99(dd17)	mutation	to	viability,	PCR	was	used	

to	confirm	the	presence	of	the	let-99(dd17)	deletion.	Multiple	independent	lines	were	

isolated	for	each	transgene	to	ensure	they	showed	consistent	phenotypes.		
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Live	Imaging	

	 Because	all	of	the	proteins	under	study	are	maternally	provided,	embryos	were	

derived	from	homozygous	mutant	hermaphrodites,	or	hermaphrodites	treated	for	RNAi,	in	

all	cases.	Embryos	were	removed	from	gravid	hermaphrodites,	dissected	into	egg	buffer	

(25	mM	HEPES,	pH	7.4,	120	mM	NaCl,	48	mM	KCl,	2	mM	CaCl2,	MgCl2),	mounted	on	2%	

agar	pads,	and	covered	with	coverslip.		

Confocal	microscopy	was	carried	out	using	the	spinning	disc	module	of	an	

Intelligent	Imaging	Innovations	(3i)	Marianas	SDC	Real-Time	3D	Confocal-TIRF	microscope	

fit	with	a	Yokogawa	spinning	disc	head,	a	60x	1.4	numerical	aperture	oil-immersion	

objective,	EMCCD	camera,	and	Slidebook	6	software.	Images	were	taken	in	488nm	for	

150ms	and	561nm	for	300ms	at	50%	laser	power	in	a	mid-focal	plane	at	10	seconds	

intervals.		

Epifluorescent	microscopy	was	carried	out	on	Olympus	BX53	microscope	outfitted	

with	a	Hamamatsu	Orca	Fusion	BT	camera,	a	SpectraX	light	engine,	and	motorized	turret,	

all	run	by	Olympus	Cellsens	software.	Fluorescent	images	were	taken	at	10	second	

intervals	with	300ms	exposure,	and	50%	laser	power.	Parallel	samples	were	imaged	using	

DIC	optics	only	on	the	same	microscope,	with	images	taken	every	5	seconds.		

	

Quantification		

Some	images	in	figures	were	contrast	adjusted	for	better	visualization,	but	all	

measurements	were	made	on	the	raw	data	from	original	TIFF	files	using	Fiji	as	outlined	
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below.	Measurements	were	exported	into	Excel	for	determination	of	means	and	ratios,	

then	analyzed	for	statistical	significance	using	Graphpad	Prism	version	9.0.	

Analysis	of	cortical	YFP::LET-99	and	LET-99::mKate2	was	performed	at	NEB	by	

dividing	the	embryo	along	its	longest	anterior-posterior	axis,	then	tracing	both	the	top	and	

bottom	cortices	using	the	segmented	line	tool	(width	=	3	pixels)	in	Fiji.	For	confocal	images,	

cytoplasmic	mean	was	measured	by	drawing	a	small	circle	in	the	cytoplasm,	avoiding	the	

cortex	and	nucleus.	Cortical	traces	were	then	normalized	to	the	cytoplasmic	mean	and	all	

embryos	of	each	condition	were	averaged	and	plotted	along	100%	embryo	length.	For	

epifluorescent	images	the	cortical	trace	was	normalized	to	a	cytoplasmic	trace	

approximately	5um	under	the	cortex,	to	correct	for	out	of	focus	light.	Individual	embryo	

measurements	were	then	averaged	to	get	one	plot	for	each	condition.	The	overall	

fluorescent	levels	were	measured	by	tracing	the	whole	cell	at	NEB.	

Spindle	positioning	was	quantified	as	shown	in	Figure	3A.	For	centration,	the	

midpoint	of	the	nuclear-centrosome	complex	at	NEB	was	measured	and	expressed	as	

percent	embryo	length.	Nuclear	rotation	was	measured	as	the	angle	of	the	centrosome	in	

relation	to	the	anterior-posterior	axis.	Spindle	displacement	was	quantified	by	finding	the	

difference	between	the	center	of	the	spindle	at	NEB	and	anaphase	(160s	after	NEB).	The	

position	of	the	AB-	P1	cell	contact	was	measured	by	finding	the	position	of	the	contact	at	

the	end	of	cytokinesis	and	expressing	it	ass	percent	embryo	length.		
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Supplemental	Figures	

	

	

Supplemental	Figure	1.	Testing	LET-99	fluorescent	tags	and	positions.	(A)	Schematic	

diagram	of	LET-99	constructs:	LET-99::mKate,	mKate::LET-99,	LET-99::GFP,	and	GFP::LET-

99.	(B)	Fluorescent	images	of	each	genotype	construct	shown	at	NEB	and	metaphase.		
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Chapter	IV	

Conclusions	and	Future	Directions:	
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The	role	of	cytoplasmic	polarity	and	spindle	positioning	in	P1	cell	polarity.	

	 Our	work	in	Chapter	II,	supported	a	model	in	which	there	are	two	major	pathways	

for	polarity	reestablishment	in	the	P1	cell.	An	early	pathway	requires	PAR-1,	PKC-3,	MEX-5,	

PLK-1	and	the	inheritance	of	normal	cytoplasmic	polarity	from	the	P0	cell.	In	the	absence	of	

early	polarization	there	is	a	secondary	late	pathway,	which	involves	centrosome	

maturation	and	actomyosin	flow-dependent	accumulation	of	anterior	PARs.	To	further	

analyze	the	mechanism	of	the	early	pathway,	downstream	targets	of	PAR-1,	MEX-5,	and	

PLK-1	could	be	tested	to	see	if	they	share	the	same	polarity	defect.	Possible	candidates	

would	include	POS-1,	MEX-1,	and	PIE-1	which	are	inherited	at	high	levels	in	the	P1	cell	

(Rose	&	Gonczy,	2014).	It	would	also	be	interesting	to	test	whether	LGL-1	has	a	role	in	

polarity	establishment	in	the	P1	cell,	because	although	it	is	required	for	polarization	in	

Drosophila	it	is	only	redundantly	required	in	the	P0	cell	in	C.	elegans	(Hoege	et	al.,	2010).	

	 Previous	work	has	also	shown	that	OOC-3,	OOC-5,	and	NPP-1	affect	PAR	polarity	and	

spindle	positioning	in	the	P1	cell	(Basham	&	Rose,	1999,	2001;	Pichler	et	al.,	2000;	Schetter	

et	al.,	2006).	To	test	these	proteins’	role	in	the	P1	cell,	one	could	cross	the	null	mutants	to	

mCh::PAR-2	and	GFP::PAR-6.	By	watching	the	PAR	proteins	dynamically	in	these	mutants,	

you	could	differentiate	if	these	proteins	are	required	for	establishing	polarity	or	if	they	are	

needed	to	maintain	polarity	and	orient	the	spindle	properly	in	the	P1	cell.	It	would	also	be	

interesting	to	check	whether	LET-99	still	forms	its	posterior	lateral	band	in	these	mutants	

and	whether	LIN-5	and	GPR-1/2	localization	is	affected.		

To	test	the	two	redundant	pathways	for	polarity	establishment	in	the	P1	cell,	we	

performed	double	mutant	analysis	of	par-1(RNAi)	with	spd-5	or	nmy-2	temperature	
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sensitive	mutants.	In	these	double	mutants,	PAR-2	cleared	later	than	in	controls	and	single	

mutants.	Also,	in	the	double	mutants,	PAR-2	did	not	clear	from	the	anterior	AB-P1	cell	

contact	as	in	controls,	but	instead	PAR-2	cleared	from	the	corners	of	the	P1	cell.	It	has	been	

previously	reported	that	in	the	absence	of	the	normal	polarity	cues	in	the	C.	elegans	P0	cell,	

there	are	other	mechanisms	that	can	spontaneously	break	symmetry	that	are	influenced	by	

cell	shape	(Klinkert	et	al.,	2019);	this	phenomenon	might	be	yet	another	way	to	break	

symmetry	in	the	P1	cell.	To	test	if	this	mechanism	is	causing	PAR-2	clearing	in	our	double	

mutants,	one	could	perform	this	same	double	mutant	experiment	while	dissolving	the	

eggshell	with	a	chitinase	digestion.	This	would	test	if	P1	cell	shape	affects	the	clearing	in	the	

double	mutants.		

Another	mechanism	of	polarity	establishment	that	has	already	been	described	in	C.	

elegans	is	the	backup	pathway	in	the	P0	cell.	In	the	backup	pathway,	PAR-2	establishes	

polarity	by	binding	to	microtubules	emanating	from	centrosome,	which	protects	it	from	

phosphorylation	by	PKC-3.	This	allows	PAR-2	to	accumulate	on	the	posterior	cortex	in	the	

P0	cell	even	when	there	is	no	actomyosin	flow	to	remove	the	aPARs	(Motegi	et	al.,	2011;	

Zonies	et	al.,	2010).	This	mechanism	might	also	be	present	in	the	P1	cell	protecting	PAR-2	

from	PKC-3	phosphorylation	in	the	posterior.	The	clearing	from	the	corners	might	be	

because	this	is	where	PAR-2	is	not	sheltered	from	phosphorylation.	To	test	this	hypothesis,	

one	could	utilize	a	previously	generated	PAR-2	microtubule	binding	mutant	(Zonies	et	al.,	

2010),	in	combination	with	our	double	mutant,	and	test	for	loss	of	corner	clearing.	This	

work	would	further	our	understanding	of	the	different	ways	polarization	can	occur	under	

different	cellular	conditions.	
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Investigating	how	the	aPAR’s	regulate	symmetric	cell	division	in	the	AB	cell.	

In	the	process	of	investigating	how	polarity	is	established	in	the	P1	cell,	I	observed	

polarity	forming	in	the	AB	cell	in	pkc-3(ne4250ts)	mutants.	This	phenotype	is	interesting	

because	it	implies	that	PKC-3’s	role	in	the	AB	cell	is	to	suppress	PAR-2	from	moving	onto	

the	cortex	and	forming	polarity	in	the	P1	cell.		

In	these	pkc-3(ne4250ts)	mutant	embryos,	the	PAR-2	domain	formed	in	the	anterior	

of	the	cell	opposite	of	where	it	forms	in	the	P1	cell.	This	position	correlates	with	where	the	

centrosome	is	located	in	the	AB	cell	at	the	end	of	cytokinesis.	To	further	investigate	this	

spontaneous	symmetry	breaking	one	could	inhibit	centrosome	maturation	or	actomyosin	

flow	in	this	pkc-3	mutant	and	see	if	this	prevents	the	PAR-2	domain	formation.	In	wild-type	

AB	cells,	the	centrioles	migrate	perpendicular	to	the	anterior-posterior	axis,	and	the	

spindle	forms	on	this	axis.	However,	in	aPAR	mutant	embryos,	the	spindle	then	rotates	

onto	the	AP	axis,	suggesting	that	the	aPARs	are	required	to	prevent	rotation	in	the	AB	cell	

(Bondaz	et	al.,	2019;	Cheng	et	al.,	1995).	Prior	work	has	also	shown	that	PKC-3	can	

phosphorylate	LIN-5	to	inhibit	pulling	forces	in	the	P0	cell	(Galli	et	al.,	2011).	I	hypothesize	

that	PKC-3	directly	inhibits	LIN-5’s	localization	to	the	anterior	of	the	AB	cell	and	prevents	

the	spindle	from	rotating	onto	the	AP	axis.	Analyzing	LIN-5’s	localization	in	pkc-

3(ne4250ts)	would	show	whether	PKC-3	affects	LIN-5’s	localization	in	the	AB	cell.	To	

further	test	if	spindle	positioning	in	the	AB	cell	is	controlled	by	PKC-3	and	LIN-5,	one	could	

perform	double	mutant	analysis	with	of	PKC-3	and	LIN-5	to	see	if	the	rotation	in	these	

mutants	is	LIN-5	dependent.	This	work	would	further	our	understanding	of	how	

polarization	is	suppressed	as	well	as	how	spindle	positioning	is	controlled.		
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Further	analysis	of	how	LET-99	is	restricted	from	the	anterior	of	the	P0	cell.	

As	discussed	in	chapter	III,	we	have	initiated	a	structure	function	analysis	of	LET-99.	

Our	results	showed	that	the	C-terminal	region	(∆608-698aa)	is	required	for	membrane	

localization.	I	have	made	a	number	of	other	constructs	that	will	facilitate	the	continuation	

of	this	approach	to	identify	the	role	of	the	other	domains	in	LET-99.	Figure	1	illustrates	the	

constructs	that	have	already	been	designed	and	whether	the	construct	has	already	been	

made	as	a	plasmid	and	introduced	into	C.	elegans.	Constructs	that	delete	just	the	DEP	

domain	or	RGL	domain	will	be	especially	useful	in	furthering	our	understanding	of	how	

LET-99	interacts	with	the	force-generating	complex.	Motif	programs	also	identified	a	

hydrophobic	region	(H)	at	the	C-terminus	(Kyte	&	Doolittle,	1982).	I	have	designed	a	

construct	that	just	deletes	this	region	that	could	be	used	to	test	if	it	is	required	for	LET-99’s	

membrane	localization.	

In	Chapter	III,	we	also	showed	that	PKC-3	is	required	for	proper	LET-99	localization.	

There	are	six	potential	PKC-3	phosphorylation	sites	in	LET-99	and	deleting	regions	that	

contain	some	of	these	sites	affects	LET-99’s	localization	pattern.	To	test	whether	these	sites	

are	functional,	I	generated	a	phospho-mutant	in	which	all	six	sites	were	mutated	to	alanine.	

This	transgene	has	already	been	isolated	in	C.	elegans,	but	we	are	still	in	the	process	of	

crossing	it	to	let-99(dd17)	and	analyzing	it.	Preliminary	imaging	of	this	strain	supports	our	

hypothesis	that	these	sites	are	required	for	anterior	restriction	of	LET-99.	The	next	step	

would	be	to	make	constructs	that	mutate	a	subset	of	these	sites	to	determine	which	sites	

are	required	for	anterior	restriction.	After	identifying	which	sites	are	required,	one	could	

generate	a	phosphomimetic	version	of	LET-99	by	mutating	these	sites	to	glutamic	acid	(Fig.	

1).	These	experiments	would	further	our	understanding	of	how	LET-99	is	localized	by	the	
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PAR	proteins	and	how	it	functions	in	spindle	positioning.		

	

	

Figure	1.	LET-99	structure	function	analysis.	Illustration	of	LET-99	deletion	constructs	

to	generate	in	C.	elegans	to	test	localization	and	function.	Each	construct	is	followed	with	its	

status	in	being	generated	in	worms:	“Completed”	means	the	line	has	been	generated	in	

worms,	crossed	to	let-99(dd17),	and	analyzed,	“In	Worms”	means	the	transgene	has	been	

generated	in	worms,	“Plasmid	Made”	means	a	plasmid	with	the	construct	has	been	

generated	and	is	ready	to	inject	into	worms,	“Designed”	means	the	plasmid	is	not	complete	

but	is	in	progress.	
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Reconstitute	LET-99	localization	in	S.	cerevisiae		

As	I	showed	in	Chapter	III,	PKC-3	is	required	for	proper	LET-99	localization	and	

previous	work	in	the	lab	showed	that	PAR-1	is	required	for	restricting	LET-99	from	the	

posterior	(Wu	&	Rose,	2007).	To	test	whether	PKC-3	and	PAR-1	are	sufficient	to	localize	

LET-99	into	a	band,	one	could	reconstitute	these	three	proteins	in	S.	cerevisiae	budding	

yeast.	The	only	component	of	the	PAR	system	that	is	conserved	in	S.	cerevisiae	is	CDC-42.	In	

S.	cerevisiae,	CDC-42	localizes	to	the	bud	membrane.	A	previous	study	generated	S.	

cerevisiae	strains	expressing	GFP::PAR-1	and	a	Gic2::PKC-3::Cer.	The	Gic2	domain	recruits	

PKC-3	to	CDC-42	in	the	bud.	When	these	two	proteins	were	expressed	in	the	same	cell,	the	

presence	of	PKC-3	in	the	bud	was	sufficient	to	restrict	PAR-1	localization	to	the	mother	cell	

(Ramanujam	et	al.,	2018).	I	would	generate	a	mKate::LET-99	S.	cerevisiae	strain	and	

express	it	with	GFP::PAR-1	and	Gic2::PKC-3::Cer.	If	PKC-3	and	PAR-1	are	sufficient	for	LET-

99	localization	into	a	band,	LET-99	will	either	be	completely	excluded	from	the	cortex	or	

localize	at	the	bud	neck	as	shown	in	Figure	2.	This	experiment	would	test	if	PKC-3	and	PAR-

1	are	sufficient	to	regulate	LET-99,	furthering	our	understanding	of	how	PAR	proteins	

interact	with	downstream	targets.	
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Figure	2.	Reconstitution	of	LET-99	localization	in	S.	cerevisiae.	Model	of	where	PAR-1,	

PKC-3,	and	LET-99	should	localize	in	reconstitution	of	PAR	polarity	and	LET-99	in	S.	

cerevisiae.	
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