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Abstract:	

Mitosis	is	an	important	stage	in	the	cell	cycle	when	the	duplicated	chromosomes	are	

segregated	to	the	daughter	cells.	Errors	in	segregation	of	chromosomes	can	lead	to	

genomic	 instability	 that	 underlies	 multiple	 developmental	 diseases	 and	 cancer.	

Aurora-B,	which	is	a	member	of	the	Chromosome	Passenger	Complex	(CPC),	is	a	key	

mitotic	 kinase	 and	 plays	 an	 important	 role	 in	 ensuring	 high	 fidelity	 mitosis	 by	

phosphorylating	 numerous	 substrates	 in	 the	 mitotic	 spindle.	 Most	 of	 the	 CPC	 is	

localized	 to	 the	 inner-centromere	 during	 pro-metaphase.	 This	 localization	 of	 the	

CPC	 to	 the	 inner-centromere	 is	 important	 for	 the	 concentration-dependent	 auto-

activation	 of	 the	 CPC	 during	 mitosis.	 The	 inner-centromeric	 CPC	 also	 regulates	

localization	of	multiple	proteins	to	the	inner-centromeres,	which	are	important	for	

proper	mitotic	progression.	How	the	CPC	is	maintained	in	the	inner-centromere	at	

high	concentration	during	pro-metaphase	and	the	effect	of	 this	high	concentration	

of	the	CPC	on	the	organization	and	composition	of	the	inner-centromere	are	unclear.	

In	 Chapter	 2,	 I	 will	 show	 that	 the	 liquid-liquid	 phase	 separation	 driven	 by	 the	

centromere-targeting	 region	 of	 the	 CPC	 is	 important	 for	 its	 inner-centromere	

localization	and	function	and	may	underlie	the	mesoscale	organization	of	the	inner-

centromere.	Once	localized	to	the	inner-centromere	the	key	substrates	that	Aurora-

B	phosphorylates	to	ensure	error-free	mitosis	are	often	localized	100’s	of	nm	away	

from	the	site	of	peak	kinase	localization.	It	is	unclear	how	the	activity	of	the	Aurora-

B	 kinase	 reaches	 its	 distant	 substrates.	 In	 Chapter	 3,	 I	will	 describe	 a	mechanism	

that	enables	the	phosphorylation	of	distant	outer	kinetochore	substrates	by	the	CPC.	

I	will	 show	 that	 inner-centromeric	 and	microtubule-bound	non-inner	 centromeric	
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CPC	 cooperate	 to	 ensure	 proper	 phosphorylation	 of	 the	 outer	 kinetochore	

substrates,	which	is	important	for	correction	of	improper	kinetochore-microtubule	

attachment.	 Apart	 from	 regulating	 kinetochore-microtubule	 attachment	 Aurora-B	

also	 regulates	 the	 assembly	 of	 the	 outer	 kinetochore	 during	 mitosis.	 Aurora-B	

activity	 at	 the	 kinetochore	 changes	 in	 response	 to	 the	 kinetochore-microtubule	

attachment	 status	 and	 this	 change	 is	 important	 for	 proper	mitosis.	 However,	 the	

outer	 kinetochore	 organization	 is	 thought	 to	 remain	 unchanged	 before	 and	 after	

kinetochore-microtubule	 attachment.	 It	 is	 thus	 unclear	 if	 the	 same	 interactions	

underlie	 the	 organization	 of	 the	 core	 outer	 kinetochore	 before	 and	 after	 mature	

kinetochore-microtubule	attachment.	In	Chapter	4,	I	will	present	data	that	suggests	

that	 different	 pathways	 play	 a	 role	 in	 the	 maintenance	 of	 the	 outer	 kinetochore	

before	and	after	mature	kinetochore-microtubule	attachment.	 I	will	 show	 that	 the	

outer	kinetochore	maintenance	is	dependent	on	the	CPC	and	Plk1	activity	before	but	

not	after	mature	kinetochore-microtubule	attachment.	
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Kinetochore:	

Kinetochores	are	multi-protein	structures	that	are	assembled	on	specific	loci	

on	 mitotic	 chromosomes	 called	 centromeres	 during	 mitosis.	 They	 enable	 the	

movement	 of	 the	 chromosomes	 by	 coupling	 them	 with	 either	 the	 ends	 of	 the	

depolymerizing	microtubules,	 through	 a	 complex	 structure	 composed	 of	 multiple	

microtubule	 binding	 proteins,	 or	 to	 the	walls	 of	 the	microtubules,	 through	motor	

proteins.	Kinetochores	also	monitor	the	progression	of	mitosis	and	are	the	site	for	

initiation	of	spindle	assembly	checkpoint,	which	monitors	kinetochore-microtubule	

attachments	and	prevents	anaphase	onset	until	 all	 the	 chromosomes	are	properly	

attached	to	the	kinetochores.	Kinetochores	also	act	as	a	scaffold	on	which	multiple	

kinases	 and	 phosphatases	 are	 dynamically	 localized	 to	 regulate	 the	 events	 of	

chromosome	segregation.	

	

Structure	and	assembly	pathways	of	kinetochores:	

Although	 kinetochores	 are	 thought	 to	 be	 functionally	 conserved	 the	

structural	 components	 often	 show	differences	 in	 either	 evolutionary	 conservation	

or	 essentiality	 in	 different	 organisms	 (Drinnenberg	 et	 al.,	 2016;	 Musacchio	 and	

Desai,	 2017).	 In	 the	 interest	 of	 simplicity,	 I	 will	 concentrate	 on	 describing	

mammalian	kinetochore	in	this	section.	Kinetochores	are	composed	of	more	than	90	

proteins	some	of	which	are	core	structural	proteins	and	others	localize	dynamically	

to	the	kinetochores	during	various	steps	of	mitosis	(Stukenberg	and	Burke,	2015).	

The	 kinetochore	 is	 assembled	 on	 the	 specific	 loci	 on	 the	 mitotic	 chromosomes,	

which	is	specified	epigenetically	through	the	presence	of	a	histone	H3	variant	CENP-
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A	 in	most	 eukaryotes,	 however,	 some	 exceptions	 exist	 (Drinnenberg	 et	 al.,	 2016;	

Musacchio	and	Desai,	2017).		

	

Constitutive	Centromere	Associated	Network	(CCAN):	

Constitutive	 Centromere	 Associated	 Network	 (CCAN)	 forms	 the	 inner	

kinetochore	and	is	the	scaffold	for	the	assembly	of	the	outer	kinetochore.	The	CCAN	

consists	 of	 multiple	 proteins,	 which	 connects	 the	 outer	 kinetochore	 with	 the	

centromeric	chromatin	(Foltz	et	al.,	2006;	Okada	et	al.,	2006).	CCAN	is	 localized	to	

the	CENP-A	chromatin	throughout	the	cell	cycle.	CCAN	in	mammals	is	composed	of	

two	 branches	 that	 connect	 the	 centromeric	 DNA	 with	 the	 outer-kinetochore	

(Musacchio	and	Desai,	2017)	(Fig.	1-1).		

The	CENP-T	branch	is	comprised	of	four-proteins,	which	are	thought	to	form	

CENP-TWSX	complex	(Amano	et	al.,	2009;	Hori	et	al.,	2008).	CENP-T	and	CENP-W	

have	a	histone	fold	domain	and	structurally	resemble	H2A-H2B	dimer	CENP-S	and	

CENP-X	also	have	DNA	binding	properties	and	together	CENP-TWSX	are	thought	to	

wrap	DNA	in	a	fashion	similar	to	nucleosomes	(Nishino	et	al.,	2012;	Takeuchi	et	al.,	

2014).	 However,	 differences	 in	 phenotypes	 associated	 with	 loss	 of	 different	

members	of	CENP-TWSX	complex	suggest	a	more	complex	organization	(Amano	et	

al.,	2009;	Hori	et	al.,	2008).	The	CENP-C	branch	begins	with	CENP-C	protein	in	the	

CCAN,	which	directly	interacts	with	the	CENP-A	nucleosome	through	the	C-terminus	

of	CENP-A	and	through	its	interaction	with	the	middle	portion	of	CENP-A	(Falk	et	al.,	

2016;	Guse	et	al.,	2011;	Kato	et	al.,	2013;	Westhorpe	et	al.,	2015).	CENP-C	plays	a	

role	in	the	recruitment	of	a	complex	comprised	of	CENP-L	and	CENP-N,	CENP-N	also	
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directly	interacts	directly	with	the	CENP-A	CATD	domain	(Carroll	et	al.,	2009;	Weir	

et	 al.,	 2016).	 Together	 CENP-C	 and	 CENP-LN	 proteins	 are	 also	 important	 for	

maintaining	the	stability	of	the	CENP-A	nucleosome	(Guo	et	al.,	2017).	The	CENP-LN	

complex	 then	 recruits	 the	 CENP-HIKM	 complex	 composed	 of	 CENP-H,	 CENP-I,	

CENP-K,	and	CENP-M	(McKinley	et	al.,	2015;	Weir	et	al.,	2016).	CENP-HIKM	complex	

also	 interacts	with	 CENP-C	 (Weir	 et	 al.,	 2016).	 CENP-HIKM	 interacts	 and	 recruits	

CENP-OPQU	complex	comprised	of	CENP-O,	CENP-P,	CENP-Q,	and	CENP-U	(Foltz	et	

al.,	2006;	Okada	et	al.,	2006).	CENP-U	interacts	directly	with	Plk1	kinase	and	is	one	

of	 the	main	 recruiters	 of	 Plk1	 to	 the	 kinetochore	 (Kang	 et	 al.,	 2006).	 CENP-Q	 can	

bind	microtubules	although	 the	 function	of	 this	microtubule	 interaction	 is	unclear	

(Amaro	 et	 al.,	 2010).	 The	 CENP-HIKM	 complex	 and	 the	 CENP-TWSX	 complex	

interact	 with	 each	 other	 and	 co-operate	 for	 their	 localization	 to	 the	 centromeres	

(Basilico	et	al.,	2014).	Interactions	within	the	CCAN	complex	are	dynamic	during	the	

cell	cycle,	and	the	dependencies	for	their	localizations	change	in	different	stages	of	

the	 cell	 cycle	 (Nagpal	 et	 al.,	 2015).	 The	 conservation	 and	 essentiality	 of	 these	

complex	members	are	also	varied	amongst	different	organisms	(Drinnenberg	et	al.,	

2016;	Musacchio	and	Desai,	2017).	CENP-B	 is	 the	only	protein	at	 the	centromeres	

that	can	recognize	DNA	in	a	sequence-specific	manner	and	may	represent	a	genetic	

aspect	 of	 centromere	 specification	 (Masumoto	 et	 al.,	 1989).	 It	 localizes	 to	 the	

centromere	through	its	direct	interaction	with	the	α–satellite	DNA.	CENP-B	interacts	

with	N-terminus	of	CENP-A	and	also	interacts	with	CENP-C.	CENP-B	contributes	to	

the	phasing	of	the	CENP-A	nucleosomes	and	for	its	stability	(Fachinetti	et	al.,	2015;	

Hasson	et	al.,	2013).	
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Outer	kinetochore:	

	KMN	 network	 is	 a	 10-protein	 assembly	 which	 comprises	 of	 the	 Knl1	

complex	(Knl1	and	Zwint),	Mis12	complex	(Mis12,	Dsn1,	Nnf1	and	Nsl1)	and	Ndc80	

complex	 (Ndc80/Hec1,	 Nuf2,	 Spc25,	 and	 Spc24)	 and	 is	 the	 core	 of	 the	 outer	

kinetochore	 (Bharadwaj	 et	 al.,	 2004;	 Cheeseman	 et	 al.,	 2006;	 2004;	 Desai	 et	 al.,	

2003;	Kline	et	al.,	2006;	McCleland	et	al.,	2003).	KMN	is	assembled	during	mitosis	in	

a	phosphorylation-dependent	manner	(Emanuele	et	al.,	2008;	Huis	 in	 't	Veld	et	al.,	

2016;	Musacchio	and	Desai,	 2017;	Rago	et	 al.,	 2015).	CENP-C	and	CENP-T	are	 the	

key	recruiters	of	the	KMN	members	to	the	kinetochore	(Musacchio	and	Desai,	2017)	

(Fig.	 1-1C).	KMN	 is	 assembled	on	 the	CCAN	upon	nuclear	 envelope	breakdown	 in	

presence	of	CDK1	and	Aurora-B	activity	(Gascoigne	and	Cheeseman,	2013;	Yang	et	

al.,	 2008).	 The	 N-terminus	 of	 CENP-C	 interacts	 with	 the	 Mis12	 complex	 in	 an	

Aurora-B	 phosphorylation-dependent	 manner	 (Fig.	 1-1B,C).	 Phosphorylation	 on	

S100	 and	 S109	 of	 Dsn1	 by	 Aurora-B	 kinase	 allows	 the	 interaction	 of	 the	 Mis12	

complex	with	 the	CENP-C	and	 its	 subsequent	 recruitment	 (Przewloka	et	al.,	2011;	

Screpanti	 et	 al.,	 2011).	 The	 mis12	 complex	 then	 interacts	 with	 Knl1	 and	 Ndc80	

complex	through	their	RWD	domain	and	with	Zwint	through	an	elongated	coiled	coil	

(Petrovic	 et	 al.,	 2014).	CENP-C	can	 thus	 recruit	one	molecule	of	KMN	assembly	 to	

the	kinetochore	(Fig.1-1B,	C).	

CENP-T	 through	 its	N-terminus	 can	 interacts	with	 two	molecules	 of	Ndc80	

complex	through	a	CDK1	phosphorylation	on	T11	and	T85	of	CENP-T	(Huis	in	't	Veld	

et	 al.,	 2016;	 Rago	 et	 al.,	 2015)	 (Fig.1-1A,C).	 CDK1	 also	 phosphorylates	 CENP-T	 on	

T201	and	allows	the	recruitment	of	one	molecule	of	KMN	to	the	CENP-T	through	the	
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interaction	of	Mis12	complex	with	the	CENP-T	(Huis	in	't	Veld	et	al.,	2016);	Aurora-B	

activity	is	also	required	for	this	interaction	(Rago	et	al.,	2015)	(Fig.1-1A,C).	Although	

CENP-T	 can	 recruit	 two	 molecules	 of	 Ndc80	 complex	 and	 one	 molecule	 of	 KMN	

assembly	and	CENP-C	can	recruit	one	molecule	of	KMN	in-vitro	(Huis	in	't	Veld	et	al.,	

2016;	Rago	et	al.,	2015).	 In-vivo	measurements	of	metaphase	kinetochore	suggest	

that	only	~40%	of	the	CENP-C	recruits	KMN	to	the	kinetochore	and	CENP-T	is	also	

not	functional	to	its	full	potential	(Suzuki	et	al.,	2015).	This	discrepancy	between	in-

vitro	 and	 in-vivo	 binding	 of	 CENP-T	 and	CENP-C	with	KMN	and	Ndc80c	 indicates	

that	 the	 recruitment	 of	 KMN	 and	 Ndc80c	 at	 the	 kinetochore	 is	 dynamic	 and	

regulated.	In	Chapter	4,	I	will	provide	the	molecular	basis	for	the	dynamic	regulation	

of	KMN	organization	during	mitosis.	

KMN	and	CCAN	are	 the	scaffolds	on	which	multiple	protein	complexes	 that	

create	a	structure	called	fibrous	corona	are	assembled.	Fibrous	corona	is	a	term	used	

to	 describe	 the	 fuzzy	 structure	 seen	 outside	 the	 outer	 plate	 of	 kinetochore	 in	 the	

electron	 microscopy	 images	 of	 kinetochores	 in	 the	 absence	 of	 microtubules	

(Musacchio	 and	 Desai,	 2017;	 Stukenberg	 and	 Burke,	 2015).	 Recruitment	 of	 the	

proteins	 downstream	 of	 KMN	 is	 responsive	 to	 the	 attachment	 status	 of	 the	

kinetochore.	 Before	 the	 kinetochore	 attachment	 various	 proteins	 like	 CENP-E,	

Mad1,	Mad2,	 Bub1,	 BubR1,	 Bub3,	 RZZ	 complex	 (Rod,	 Zw10,	 and	 Zwilch),	 Spindly,	

Dynein,	 Ndel1,	 Nde1,	 Lis1	 etc.	 are	 recruited	 to	 the	 kinetochore	 (Stukenberg	 and	

Burke,	 2015).	 Some	 of	 the	 inner	 and	 outer	 kinetochore	 components	 and	 the	

majority	 of	 the	 Dynein	 recruitment	 module	 undergoes	 expansion	 in	 a	

phosphorylation-dependent	manner,	which	 is	seen	 in	Xenopus	levis	egg	extracts	or	
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at	 mammalian	 kinetochores	 after	 long	 duration	 in	 absence	 of	 microtubules	

(Sacristan	 et	 al.,	 2018;	 Thrower	 et	 al.,	 1996;	 Wynne	 and	 Funabiki,	 2015;	 2016).	

These	proteins	are	important	for	making	the	motor-dependent	attachment	with	the	

walls	 of	 the	 microtubules	 and	 for	 initiating	 spindle	 assembly	 checkpoint.	 After	

formation	 of	 the	 stable	 mature	 kinetochore-microtubule	 attachment,	 a	 combined	

process	 of	 Dynein	 dependent	 stripping	 and	 changes	 in	 kinase	 and	 phosphatase	

levels	 at	 the	 kinetochore	 removes	most	 of	 these	 proteins	 (Stukenberg	 and	Burke,	

2015).	 Another	 set	 of	 proteins	 such	 as	 SKA	 complex,	 Astrin-SKAP,	 PP1	 etc.,	 are	

recruited	 to	 the	 kinetochore	 upon	 mature	 kinetochore-microtubule	 attachment,	

which	 either	 function	 in	 stabilizing	 these	 attachments	 and	 coupling	 the	 force	

generated	 by	 the	 depolymerizing	 microtubules	 to	 move	 chromosomes	 or	 are	

important	 for	 silencing	 the	 spindle	 assembly	 checkpoint	 (Musacchio	 and	 Desai,	

2017).	 Detailed	 recruitment	 mechanisms	 and	 functions	 of	 these	 proteins	 are	

discussed	at	relevant	locations	later.	

Functions	of	kinetochores:	

Kinetochores	 can	 be	 thought	 to	 carry	 out	 at	 least	 six	 functions	 in	 order	 to	

preserve	genomic	stability	(Fig.1-2).	The	proteins	that	carry	out	these	functions	at	

kinetochore	 are	 not	 mutually	 exclusive	 and	 often	 the	 same	 protein	 carries	 out	

multiple	 functions,	which	may	underlie	 the	coordination	amongst	 these	processes.	

First,	 the	 kinetochores	 are	 a	 site	 for	 the	 nucleation	 of	 microtubules	 post-nuclear	

envelope	breakdown	(Mishra	et	al.,	2010;	Sikirzhytski	et	al.,	2018;	Tulu	et	al.,	2006).	

After	 nuclear	 envelope	 breakdown,	 the	 kinetochore	 searches	 the	 3D	 space	 and	

makes	 initial	 contact	 with	 the	 spindle	 microtubules,	 this	 process	 termed	 as	 the	
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search	 and	 capture	 process	 (Kirschner	 and	 Mitchison,	 1986).	 The	 kinetochore-

nucleated	 microtubules	 may	 increase	 the	 effective	 interaction	 volume	 of	 the	

kinetochore	and	allow	for	a	quick	contact	with	the	spindle	microtubules	in	3D	space	

(Stukenberg	and	Burke,	2015).	Although	the	identity	of	the	microtubule	nucleator	is	

not	known,	the	nuclear	pore	complex	proteins	that	localize	to	the	kinetochores	are	

involved	 in	 this	 process	 (Mishra	 et	 al.,	 2010).	 Apart	 from	 this,	 the	 kinetochore	

volume	also	expands	early	on	and	this	has	a	similar	effect	of	reducing	the	duration	

to	 form	 initial	 contact	with	 the	 spindle	microtubules	 (Magidson	et	 al.,	 2015).	This	

process	 is	 important	 for	 completing	 mitosis	 in	 a	 reasonable	 amount	 of	 time	 by	

shortening	the	search	and	capture	process	of	microtubules.	

Second,	 after	 the	 nuclear	 envelope	 breakdown,	 the	 kinetochores	make	 the	

initial	attachment	with	the	microtubules	through	the	action	of	kinetochore	localized	

motor	proteins	such	as	CENP-E	and	Dynein	(Stukenberg	and	Burke,	2015;	Tanaka,	

2012).	 These	 initial	 attachments	 are	with	 the	wall	 of	 the	microtubule	 and	 enable	

early	 movements	 such	 as	 rotation	 and	 congression	 of	 mitotic	 chromosomes	

(Magidson	 et	 al.,	 2015).	 These	 initial	 kinetochore-microtubule	 attachments	 are	

termed	 as	 “lateral	 attachments”	 (Tanaka,	 2012).	 The	 rotational	 and	 congressional	

movements	may	ensure	biorientation	and	allow	efficient	formation	of	kinetochore-

microtubule	 attachment	 with	 the	 plus-ends	 of	 the	 microtubule.	 The	 lateral	

attachment	 may	 play	 a	 central	 role	 in	 prevention	 of	 improper	 kinetochore-

microtubule	attachments.	

Third,	 the	 kinetochore,	 upon	 establishment	 of	 the	 lateral	 attachments	

transition	 to	 form	 stable	 load-bearing	 attachments	 with	 plus	 ends	 of	 the	



	 16	

microtubules.	 The	Ndc80	 complex	mediates	 these	 attachments	 to	 the	 ends	 of	 the	

microtubules	 (Cheeseman	 et	 al.,	 2006;	 DeLuca	 et	 al.,	 2006;	 Kline	 et	 al.,	 2006;	

McCleland	 et	 al.,	 2003;	 Miller	 et	 al.,	 2008).	 These	 kinetochore-microtubule	

attachments	 are	 termed	 as	 “end-on”	 attachments	 (Tanaka,	 2012).	 These	 are	 the	

attachments	 that	 drive	 the	 movement	 of	 the	 sister	 chromatids	 during	 anaphase.	

Unlike	 motor	 driven	 movements	 where	 ATP	 hydrolysis	 is	 used	 to	 power	 the	

movements	 of	 the	 chromatid,	 during	 anaphase	 the	 end-on	 attached	 chromatid	

moves	 by	 the	 force	 generated	 by	 using	 the	 potential	 energy	 stored	 in	

depolymerizing	microtubules	after	GTP	hydrolysis.	A	composite	“foot”	like	structure	

formed	 by	 the	 oligomeric	 arrays	 of	 Ndc80	 complexes	 and	 SKA	 complexes	 on	

microtubules	 is	 suggested	 to	 couple	 the	 depolymerizing	 microtubules	 with	 the	

chromatid	movements	during	anaphase	 (Janczyk	et	 al.,	 2017).	The	mechanism	 for	

the	 transition	of	 lateral	 attachments	 to	 end-on	attachments	 is	 still	mysterious	but	

Aurora-B	and	kinesin	CENP-E	and	MCAK	are	known	 to	play	 a	 role	 in	 this	process	

(Shrestha	and	Draviam,	2013;	Shrestha	et	al.,	2017).	End-on	attachments	are	highly	

regulated	 to	 ensure	 proper	 bi-orientation	 and	 genomic	 stability.	 The	 end-on	

attachments	 are	 prevented	 during	 prometaphase	 by	 CPC	 dependent	

phosphorylation	of	Ndc80	complex,	which	reduces	its	affinity	for	microtubules	and	

by	 the	 RZZ	 complex	 (Cheerambathur	 et	 al.,	 2013;	 DeLuca	 et	 al.,	 2011).	 The	

mechanism	of	how	CPC	phosphorylates	various	substrates	to	allow	proper	lateral	to	

end-on	attachment	transition	is	unclear.	In	Chapter	3	of	this	thesis	I	will	describe	a	

mechanisms	 that	will	 answer	 these	 long	 standing	 questions.	 I	 will	 show	 the	 data	

that	suggest	that	the	CPC	localized	on	the	microtubules	cooperates	with	the	inner-
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centromere	localized	CPC	to	phosphorylate	the	outer	kinetochores.	This	mechanism	

may	 underlie	 the	 transition	 of	 lateral	 to	 end-on	 kinetochore-microtubule	

attachments.	

Fourth,	kinetochores	are	the	site	of	initiation	of	the	regulatory	process	called	

the	spindle	assembly	checkpoint	 (SAC)	 (Stukenberg	and	Burke,	2015).	Unattached	

kinetochores	 prevent	 anaphase	 onset	 by	 generating	 a	 diffusible	 protein	 complex	

called	the	mitotic	checkpoint	complex	(MCC),	which	consists	of	Mad2,	BubR1,	Bub3,	

and	Cdc20	(Fang	et	al.,	1998a;	1998b;	Fraschini	et	al.,	2001;	Hardwick	et	al.,	2000;	

Hwang	et	al.,	1998;	Sudakin	et	al.,	2001).	The	SAC	signaling	starts	by	recruitment	of	

the	kinase	Mps1	to	the	kinetochore	by	the	key	microtubule-binding	complex,	Ndc80	

complex	when	it	is	not	attached	to	microtubules	(Nijenhuis	et	al.,	2013;	Saurin	et	al.,	

2011).	Mps1	kinase	then	phosphorylates	MELT	repeats	on	the	Knl1,	which	becomes	

the	 site	were	Bub1	 and	Bub3	 localize	 (London	 and	Biggins,	 2014;	Overlack	 et	 al.,	

2015;	 Shepperd	 et	 al.,	 2012;	 Vleugel	 et	 al.,	 2015;	 Yamagishi	 et	 al.,	 2012).	

Kinetochore	 localized	 Bub1	 and	 RZZ	 complex	 recruits	 Mad1	 to	 the	 kinetochore	

(London	and	Biggins,	2014;	Meraldi	and	Sorger,	2005;	Moyle	et	al.,	2014)	(Fig.1-3).	

Mad1	localization	to	the	kinetochore	is	sufficient	to	trigger	SAC	arrest	(Maldonado	

and	 Kapoor,	 2011).	 Mad1	 is	 the	 receptor	 for	 closed	Mad2,	 which	 localizes	 to	 the	

kinetochore	and	 triggers	 the	 conformational	 change	 in	 an	open	Mad2	molecule	 to	

allow	formation	of	closed	Mad2	and	Cdc20	complex	(De	Antoni	et	al.,	2005;	Vink	et	

al.,	2006).	This	Mad3-Cdc20	induces	the	formation	of	more	diffusible	closed	Mad3-

Cdc20	complexes	by	a	self-propagating	prion-like	mechanism	and	thus	formation	of	

more	MCC	 (De	Antoni	 et	 al.,	 2005;	 Luo	 et	 al.,	 2000;	 2002;	 2004).	MCC	 sequesters	
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Cdc20,	an	activator	of	 the	E3	ubiquitin	 ligase	called	Anaphase	Promoting	Complex	

or	the	Cyclosome	(APC/C),	and	keeps	it	in	an	inactive	state	(Luo	et	al.,	2000;	2002;	

2004)	 (Fig.1-3).	 MCC	 thus	 inhibits	 activation	 of	 the	 APC/C	 and	 prevents	 it	 from	

degrading	Cyclin	B	and	Securin	to	prevent	anaphase	onset	(Stukenberg	and	Burke,	

2015).	 Upon	 end-on	 attachment	 the	 competitive	 binding	 of	 microtubules	 to	 the	

Ndc80	 complex	 displaces	 the	 Mps1	 kinase	 from	 the	 kinetochore	 (Hiruma	 et	 al.,	

2015;	 Ji	et	al.,	2015).	A	Dynein	dependent	process	called	stripping	 then	physically	

removes	 spindle	 assembly	 checkpoint	 proteins	 from	 the	 kinetochores	 in	 order	 to	

silence	 the	 SAC	 (Howell	 et	 al.,	 2001).	 A	 concomitant	 recruitment	 of	 phosphatases	

PP1	 through	 its	 interaction	 with	 Knl1	 and	 SKA	 complex	 then	 leads	 to	

dephosphorylation	of	multiple	substrates	at	kinetochores	including	MELT	repeats	is	

also	required	to	turn	off	the	SAC	(Nijenhuis	et	al.,	2014;	Sivakumar	et	al.,	2016).		

Although	the	detailed	mechanism	of	 the	SAC	signaling	 is	know	the	role	key	

mitosis	kinases	like	Aurora-B	and	Plk1	play	in	maintenance	of	the	SAC	is	unclear.	In	

Chapter	 4,	 I	 will	 investigate	 this	 question	 and	 will	 show	 data	 that	 suggest	 that	

Aurora-B	 and	 Plk1	 allow	maintenance	 of	 the	 SAC	 arrest	 by	 stabilizing	 the	 outer-

kinetochore	structure	in	absence	of	microtubules.	

Fifth,	 the	 inner-kinetochore	 members	 such	 as	 CENP-I	 and	 CENP-C	 are	

required	 to	maintain	 the	 epigenetic	 identity	 of	 the	 centromeres	 through	multiple	

cell	 cycles	 (Falk	 et	 al.,	 2016;	 Okada	 et	 al.,	 2006).	 The	 exact	 mechanism	 of	 this	

function	is	unclear.	Sixth,	finally,	the	kinetochore	serves	as	the	site	for	localization	of	

multiple	 kinases	 and	 phosphatases	 to	 allow	 for	 the	 initiation	 of	 mitotic	 signaling	

networks,	 which	 controls	 the	 inner-centromere	 regions	 and	 provide	 unique	
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properties	 to	 these	 chromosome	 loci	 during	 mitosis.	 This	 function	 of	 the	

kinetochore	has	been	discussed	in	detail	in	the	next	section.	
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Figure	 1-1:	 Two	 branches	 of	 outer	 kinetochore	 assembly	 mediated	 by	 the	

Constitutive	Centromere	Associated	Network	(CCAN)	in	mitosis.	(A)	Cartoon	of	

CENP-T	 (T)	 branch	 of	 Knl1	 complex,	 Mis12	 complex,	 and	 Ndc80	 complex	 (KMN)	

recruitment.	 (B)	 Cartoon	 of	 CENP-C	 (C)	 branch	 of	 KMN	 recruitment.	 (C)	 Current	

model	of	the	kinetochore	organization	showing	CENP-T	and	CENP-C	branch	of	KMN	

recruitment	together.	Abbreviations	used	in	the	figure	are:	CENP-C	(C);	CENP-L	and	

CENP-N	 complex	 (LN);	 CENP-H,	 CENP-I,	 CENP-K	 and	 CENP-M	 complex	 (HIKM);	

CENP-T,	CENP-W,	CENP-S	and	CENP-X	complex	(TWSX);	CENP-O,	CENP-P,	CENP-Q,	

and	 CENP-U	 complex	 (OPQU);	 KNL1	 complex	 (KNL1);	 Ndc80	 complex	 (Ndc80c);	

Mis12	complex	 (Mis12c).	KMN	comprises	of	1:1:1	complex	of	of	Knl1,	Mis12c	and	

Ndc80c.
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Figure	 1-2:	 Various	 functions	 of	 kinetochore.	
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Figure	 1-3:	 Model	 of	 Spindle	 Assembly	 Checkpoint	 (SAC)	 initiation	 at	

unattached	 kinetochore.	 Cartoon	 of	 the	 kinetochore	 showing	 KMN	 recruited	 to	

CENP-C	driving	 localization	 of	 spindle	 assembly	 checkpoint	 proteins	 to	 allow	 SAC	

arrest.	Localization	of	spindle	assembly	checkpoint	proteins	Rod,	Zw10	and	Zwilch	

complex	(RZZ);	Bub1;	Bub2;	BubR1;	Mad1	to	kinetochore	catalyzes	the	formation	of	

Mitotic	 Checkpoint	 Complex	 (MCC)	which	 inhibits	 Anaphase	 Promoting	 Complex/	

Cyclosome	 (APC/C).
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(This	 section	 is	 previously	 published	 as	 “A	 Centromere-Signaling	

Network	Underlies	the	Coordination	amongst	Mitotic	Events.”	

Trivedi	 P,	 Stukenberg	 PT.	 Trends	 Biochem	 Sci.	 2016	 Feb;41(2):160-

174.)	

A	 Centromere	 Signaling	 Network	 (CSN)	 underlies	 coordination	

amongst	mitotic	events:	

There	 is	 increasing	 evidence	 that	 regulators	 of	 the	 spindle	 assembly	 checkpoint,	

kinetochore	microtubule	attachments	and	sister	chromatid	cohesion	are	part	of	an	

interconnected	mitotic	regulatory	circuit	with	two	positive	feedback	loops	and	the	

Chromosome	 Passenger	 Complex	 (CPC)	 at	 its	 center.	 If	 true,	 this	 conceptual	

breakthrough	 needs	 to	 be	 integrated	 into	 models	 of	 mitosis.	 In	 this	 review,	 we	

describe	 this	 circuit	 and	 point	 out	 how	 the	 double	 feedback	 loops	 could	 provide	

insights	 into	 the	 self-organization	of	 some	mitotic	processes	 and	 the	 autonomy	of	

every	chromosome	on	the	mitotic	spindle.	We	will	also	provide	working	models	for	

how	mitotic	events	may	be	coordinated	by	this	circuit.		

	

Are	mitotic	events	coordinated?	

	 During	mitosis	 the	 cell	 is	dramatically	 reorganized	and	a	number	of	 events	

occur	 simultaneously	 (Fig.	 1-4).	 Traditionally,	 the	 activation	 of	 the	 spindle	

checkpoint,	 sister	 chromatid	 cohesion	 and	 the	 generation	 of	 kinetochore-

microtubule	 attachments	 were	 thought	 to	 have	 distinct	 regulation.	 This	

simplification	has	been	necessary	to	dissect	these	very	complex	cellular	processes.	
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However,	 these	 mitotic	 processes	 share	 kinase	 and	 phosphatase	 regulators.	 A	

number	of	recent	papers	suggest	that	these	regulators	also	control	each	other	and	a	

regulatory	 circuit	 can	 now	 be	 drawn	 that	 connects	 the	major	 regulators	 of	 these	

three	 seemingly	 distinct	 mitotic	 events.	 Moreover,	 employing	 this	 circuit	 can	

provide	answers	to	paradoxical	situations	that	arise	during	mitosis	such	as	how	the	

Aurora	kinase	phosphorylates	kinetochores	(where	the	kinase	is	low),	while	at	the	

same	 time	 Aurora	 B	 activity	must	 be	 kept	 in	 check	 on	 inner	 centromere	 cohesin	

substrates	 (where	 the	kinase	 is	high)	 to	protect	cohesion.	While	 it	 is	possible	 that	

isolated	circuits	independently	regulate	these	events,	we	will	explore	the	possibility	

that	 these	 interconnected	 circuits	 coordinate	 mitotic	 events	 to	 provide	 robust	

regulation	of	mitosis.	

	 We	propose	to	name	this	greater	regulatory	circuit	the	Centromere	Signaling	

Network	 (CSN).	 The	 CSN	 is	 a	 kinase	 phosphatase	 signaling	 network	 that	 contains	

four	kinases:	Aurora	B	kinase,	which	 is	part	of	 the	CPC,	MPS1	kinase,	Bub1	kinase	

and	 Haspin	 kinase,	 as	 well	 as	 Sgo1,	 which	 binds	 Protein	 Phosphatase	 2a	 (PP2A).	

Plk1	kinase	is	also	involved	(Espeut	et	al.,	2015;	Ghenoiu	et	al.,	2013;	Schubert	et	al.,	

2015;	Zhou	et	al.,	2014),	however	we	have	limited	our	discussion	of	Plk1	because	its	

kinetochore	 functions	 are	 poorly	 understood.	 One	 major	 reason	 to	 explore	 the	

concept	that	the	CSN	proteins	coordinate	mitotic	events	is	that	sets	of	CSN	proteins	

regulate	different	events	in	mitosis	(Fig.1-5).	First,	formation	of	proper	kinetochore-

microtubule	attachments	is	regulated	by	Aurora	B,	Mps1,	Sgo1	(Cimini	et	al.,	2006;	

DeLuca	et	al.,	2011;	Hauf	et	al.,	2003;	Jelluma	et	al.,	2008b;	Knowlton	et	al.,	2006;	Liu	

et	al.,	2009;	Meppelink	et	al.,	2015;	Meraldi	and	Sorger,	2005;	Salimian	et	al.,	2011;	
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Welburn	et	al.,	2010).	Second,	the	activation	of	the	spindle	checkpoint,	which	arrests	

the	 cell	 cycle	 until	 kinetochores	 make	 mature	 kinetochore	 attachments	 and	 is	

regulated	by	Aurora	B,	Mps1,	Bub1	(Abrieu	et	al.,	2001;	Biggins	and	Murray,	2001;	

Hauf	et	al.,	2003;	Kallio	et	al.,	2002;	Matson	et	al.,	2012;	Meraldi	and	Sorger,	2005;	

Sacristan	 and	 Kops,	 2015;	 Santaguida	 et	 al.,	 2011;	 Stukenberg	 and	 Burke,	 2015).	

Third,	cohesin	is	removed	from	chromosome	arms	while	it	is	protected	at	the	inner	

centromere	 region,	 which	 is	 regulated	 by	 Aurora	 B,	 Haspin	 and	 Sgo1	 (Dai	 et	 al.,	

2006;	 Resnick	 et	 al.,	 2006;	 Tanno	 et	 al.,	 2010).	 Fourth,	 the	 inner	 centromere	 is	

identified	on	each	chromosome	as	a	chromosome	territory	 for	CPC	 localization	by	

the	entire	circuit	 (Boyarchuk	et	al.,	2007;	Dai	et	al.,	2005;	Kawashima	et	al.,	2010;	

Kelly	 et	 al.,	 2010;	 Liu	 et	 al.,	 2015;	Niedzialkowska	 et	 al.,	 2012;	 Ricke	 et	 al.,	 2012;	

Tsukahara	et	al.,	2010;	Wang	et	al.,	2010;	2011b).		

	 Another	reason	to	consider	that	 the	CSN	may	coordinate	mitosis	 is	 that	 the	

four	 events	 occur	with	 spatial	 and	 temporal	 regularity	 (Fig.1-4).	 For	 example,	 the	

spindle	 checkpoint	 is	 generated	 on	 chromosomes	 that	 are	 not	 aligned	 at	 the	

metaphase	 plate,	 while	 on	 the	 same	 spindle;	 aligned	 kinetochores	 are	 not	

generating	the	signal.	Since	chromosomes	are	regulated	differently,	depending	upon	

their	 location	on	 the	spindle,	 this	 is	a	 form	of	 spatial	 regulation.	A	second	 form	of	

spatial	regulation	is	the	fact	that	cohesin	is	differentially	regulated	on	chromosomes	

arms	and	centromeres.	There	is	also	temporal	regulation.	For	example,	kinetochores	

first	generate	“lateral”	kinetochore-microtubule	attachments,	which	then	mature	to	

“end-on”	attachments	(Fig.1-4).	Finally,	there	is	coordination	between	events	as	the	
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kinetochore-microtubule	 attachment	 status	 is	 coupled	 to	 the	 generation	 of	 the	

spindle	checkpoint	signal.	

	 The	 importance	 of	 linking	 the	 regulators	 of	 distinct	 events	 through	 a	

common	circuit	is	that	the	CSN	may	act	as	an	information	processor	that	integrates	

information	regarding	the	environment	of	each	chromosome	and	produces	outputs	

that	 ensure	 genomic	 stability.	 For	 example,	 it	 was	 recently	 shown	 that	 the	

microtubule	plus	end	binding	protein	EB1	and	microtubules	 regulate	 the	CPC	and	

this	 also	 controls	 Bub1	 and	 Haspin	 activity	 to	 connect	 spindle	 status	 with	

kinetochore	regulation	(Banerjee	et	al.,	2014).	Because	many	of	these	events	happen	

at	 distinct	 times	 on	 different	 chromosomes	 we	 also	 highlight	 how	 the	 CSN	 may	

underlie	 chromosome	 autonomy,	 wherein	 each	 chromosome	 regulates	 itself	

independently	of	adjacent	chromosomes	on	the	same	spindle.		

	

The	Centromere	Signaling	Network		

	 Recent	 work	 suggests	 that	 CSN	 proteins	 can	 regulate	 each	 other	 and	

pathways	can	be	drawn	that	are	composed	of	two	positive	feedback	loops	that	are	

interdependent	 because	 they	 share	 the	 CPC	 (Fig.1-6A).	 A	 central	 feature	 of	 these	

loops	 is	 that	 they	 recruit	 the	 CPC	 to	 inner	 centromeres	 through	 two	 histone	

phosphorylation	events	(Fig.1-6B,	C).	The	haspin	kinase	phosphorylates	histone	H3	

on	 Thr-3	 (H3-pT3),	 which	 is	 directly	 bound	 by	 the	 survivin	 subunit	 of	 the	 CPC	

(Fig.1-6C)	 (Kelly	 et	 al.,	 2010;	Wang	 et	 al.,	 2010;	 Yamagishi	 et	 al.,	 2010).	A	 second	

loop	 contains	 the	 Bub1	 kinase,	 which	 phosphorylates	 Histone	 H2A	 on	 T120	

(Boyarchuk	et	al.,	2007;	Kawashima	et	al.,	2010;	Ricke	et	al.,	2012)	(Fig.1-6C).	H2A-
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pT120	 recruits	 Sgo1,	 which	 can	 bind	 the	 Borealin	 subunit	 of	 the	 CPC	 (Fig.1-6A)	

(Kawashima	et	al.,	2010;	Liu	et	al.,	2015;	Ricke	et	al.,	2012).	We	will	describe	below	

the	recent	data	from	many	groups	that	allow	one	to	draw	the	circuit	in	this	manner	

and	 the	 interesting	 regulatory	 properties	 that	 may	 be	 a	 function	 of	 the	 double	

positive	feedback	nature	of	the	circuit.		

	

Signaling	network	regulating	the	H3-pT3	histone	mark	(cohesion	sub-network)	

The	Haspin	kinase	both	recruits	the	CPC	and	it	is	thought	to	be	recruited	to	

chromosomes	 in	 a	 CPC	 dependent	manner.	Haspin	 kinase	 phosphorylates	 histone	

H3	on	T3	during	mitosis	The	Survivin	subunit	of	the	CPC	directly	binds	H3-pT3	to	

recruit	 the	 CPC	 to	 the	 inner-centromere	 (Kelly	 et	 al.,	 2010;	Niedzialkowska	 et	 al.,	

2012;	Wang	 et	 al.,	 2010;	 Yamagishi	 et	 al.,	 2010)	 (Fig.1-6A).	 The	 CPC	 in	 turn	 can	

stimulate	 haspin	 recruitment	 through	 phosphorylation,	 generating	 a	 positive	

feedback	 loop	 (Wang	 et	 al.,	 2011b).	 Haspin	 kinase	 is	 auto-inhibited	 by	 a	 domain	

known	as	the	Haspin	basic	inhibitory	segment	(HBIS)	and	multisite	phosphorylation	

of	HBIS	 by	Plk1	 and	CDK1	during	mitosis	 neutralizes	 the	HBIS	 to	 activate	Haspin	

(Ghenoiu	et	al.,	2013).	Aurora	has	been	shown	to	activate	Plk1	at	kinetochores	and	

thus	may	also	indirectly	activate	Haspin	(Carmena	et	al.,	2012a).		

		 	The	inner	centromere	localization	of	the	CPC	is	highest	 in	the	center	of	the	

chromosomes	 between	 the	 kinetochores	 (Fig.1-6C)	 suggesting	 that	 there	 are	

mechanisms	 that	allow	the	CPC	 to	 locate	 the	central	axis	of	mitotic	chromosomes.	

The	cohesin	complex,	which	physically	holds	sister	chromosomes	together,	is	found	

in	 the	 central	 axis	 between	 the	 sister	 chromatids	 (Giménez-Abián	 et	 al.,	 2004).	
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Haspin	is	not	abundant	and	difficult	to	localize	on	chromosomes	so	the	localization	

is	 implied	 from	 H3pT3	 patterns	 and	 biochemical	 interactions.	 Current	 models	

suggest	 that	 the	 spatial	 pattern	 of	 H3-T3	 phosphorylation	 on	 the	 chromosome	 is	

controlled	by	 the	 localization	of	Haspin	by	 the	Cohesin	 complex	 (Yamagishi	 et	 al.,	

2010).	Haspin	binds	to	the	cohesin	regulator	Pds5	in	yeast	(Yamagishi	et	al.,	2010).	

A	similar	mechanism	is	thought	to	work	in	mammals,	because	knockout	of	the	Pds5	

homologue	Pds5B	 (but	not	Pds5A)	 results	 in	 low	H3-T3	phosphorylation	 and	 low	

Aurora	 B	 at	 the	 inner-centromere	 (Carretero	 et	 al.,	 2013).	 This	 suggests	 that	 the	

H3pT3	 loop	directs	 the	CPC	to	 the	central	axis	of	 the	mitotic	chromosome	and	we	

will	refer	to	this	part	of	the	CSN	as	the	cohesion	sub-network	(Fig.1-6C).		

	

	Signaling	network	regulating	the	pH2aT120	mark	(kinetochore	sub-network)	

		 There	 must	 also	 be	 mechanisms	 to	 localize	 the	 CPC	 to	 the	 chromosome	

region	between	kinetochores	 (Fig.1-6C),	which	may	be	 the	 function	 of	 the	 second	

positive-feedback	 loop	 of	 the	 CSN.	 The	 kinase	 Bub1	 recruits	 the	 CPC	 to	 the	

centromere	 by	 phosphorylating	 the	 histone	H2A	 at	 T120	 (Boyarchuk	 et	 al.,	 2007;	

Kawashima	et	al.,	2010;	Ricke	et	al.,	2012).	Sgo1	binds	 this	phospho-histone	mark	

and	brings	the	CPC	to	the	inner-centromere	through	its	CDK1-dependent	interaction	

with	 Bir1	 (survivin)	 in	 S.	 pombe	 (Tsukahara	 et	 al.,	 2010)	 (Fig.1-6A).	 A	 similar	

pathway	 exists	 in	 humans	 although	 the	 domain	 that	 binds	 Sgo1	 has	 been	

transferred	 to	 the	 Borealin	 subunit	 (Tsukahara	 et	 al.,	 2010)	 (Fig.1-6B).	 Bub1	 is	

recruited	 to	 kinetochores	 by	 the	 MPS1	 kinase,	 and	 MPS1	 in	 turn	 is	 targeted	 to	

kinetochores	by	Aurora	B	phosphorylation,	completing	a	second	positive	 feedback	
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loop	(Hiruma	et	al.,	2015;	Ji	et	al.,	2015;	London	et	al.,	2012;	Nijenhuis	et	al.,	2013;	

Saurin	et	al.,	2011;	Shepperd	et	al.,	2012;	van	der	Waal	et	al.,	2012;	Yamagishi	et	al.,	

2012).	Because	both	Bub1	and	Mps1	are	localized	to	kinetochores,	this	pathway	will	

phosphorylate	histones	between	the	two	kinetochores	to	direct	the	CPC	to	the	inner	

centromere	 region.	We	will	 refer	 to	 this	 part	 of	 the	 CSN	 as	 the	 kinetochore	 sub-

network	(Fig.1-6A).		

	 The	 CSN,	 as	 drawn	 in	 Figure	 1-6A,	 shows	 a	 simple	 linear	 relationship	

between	the	proteins	in	the	kinetochore	sub-network.	This	model	is	based	on	recent	

experiments	that	combine	cell	biological	observations	and	have	strong	biochemistry	

as	support.	However,	we	note	that	some	older	experiments	suggest	independence	of	

Bub1	and	Aurora	B	(Meraldi	and	Sorger,	2005)	and	it	is	hard	to	reconcile	all	data	in	

the	 literature.	 Thus,	 the	 network	 may	 be	 more	 of	 a	 web	 with	 some	 redundant	

pathways	regulating	proteins	in	the	network.		

	 It	 is	 unclear	 how	proteins	 at	 kinetochores	 can	 affect	Aurora	B	 in	 the	 inner	

centromeres	 and	 vice-versa,	 which	 are	 hundreds	 of	 nanometers	 away	 from	 each	

other.	 Bub1	 was	 recently	 shown	 to	 activate	 RNA	 Polymerase	 II-dependent	

transcription	at	kinetochores	and	transcription	is	required	to	for	the	movement	of	

Sgo1	from	kinetochores	to	inner	centromeres	where	it	protects	cohesion	(Liu	et	al.,	

2015).	Sgo1	can	also	bind	to	cohesin	(Liu	et	al.,	2015).	Thus,	 the	pool	of	Sgo1	that	

binds	 inner	 centromere	 Aurora	 B	 may	 be	 bound	 to	 cohesin	 and	 not	 H2ApT120	

(Fig.1-7).	 Aurora	 B	 can	 bind	 RNA,	 which	 regulates	 its	 activity	 and	 localization	

(Jambhekar	 et	 al.,	 2014)	 and	 an	 important	 area	 of	 future	 research	 is	 how	

transcription	regulates	the	CPC	and	the	entire	CSN.		
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Functions	of	the	CSN		

	 It	 has	 been	 unclear	 how	 the	 CPC	 could	 regulate	 so	 many	 mitotic	 events.	

During	 pro-metaphase	 the	 CPC	 prevents	 or	 corrects	 improper	 kinetochore	

attachments	(Cimini	et	al.,	2006;	DeLuca	et	al.,	2011;	Hauf	et	al.,	2003;	Knowlton	et	

al.,	 2006;	 Lan	 et	 al.,	 2004;	Welburn	 et	 al.,	 2010),	 preserves	 centromeric	 cohesion	

(Dai	et	al.,	2006;	Resnick	et	al.,	2006;	Tanno	et	al.,	2010),	and	generates	the	spindle	

assembly	 checkpoint	 (Biggins	 and	 Murray,	 2001;	 Hauf	 et	 al.,	 2003;	 Kallio	 et	 al.,	

2002;	 Matson	 et	 al.,	 2012;	 Santaguida	 et	 al.,	 2011).	 We	 suggest	 that	 the	 CPC	

coordinates	these	events	through	its	role	within	the	CSN.	To	demonstrate	this	point	

we	 will	 describe	 how	 the	 network:	 1)	 epigenetically	 defines	 the	 area	 between	

kinetochores	 to	 become	 the	 inner-centromere,	 2)	 regulates	 centromeric	 cohesion	

protection	 and	 3)	 allows	 proper	 coordination	 of	 kinetochore-microtubule	

attachments.	

	

The	inner	centromere	localization	of	the	CPC	is	an	emergent	property	of	the	CSN.		

	 Self-organizing	 systems	 underlie	 many	 biological	 processes	 by	 employing	

circuits	 with	 emergent	 properties	 to	 build	 resultant	 structures.	 Self-organizing	

systems	are	based	on	emergence,	where	a	new	property	arises	 from	the	collective	

behavior	of	agents	 that	 themselves	do	not	contain	 that	property.	Self-organization	

requires	a	positive	feedback	system	to	elicit	dramatic	changes	to	a	system	(Solé	and	

Bascompte,	2012).	We	suggest	that	the	CSN	provides	the	emergent	properties	that	

drive	 the	 formation	of	 the	key	aspects	of	 inner	centromere	using	self-organization	
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principles	 including	 the	 localization	 of	 the	 CPC	 and	 the	maintenance	 of	 cohesion	

(which	we	will	discuss	in	another	section).		

In	 late	 G2	 and	 early	 prophase	 the	 CPC	 is	 located	 throughout	 the	 nucleus.	

During	prophase	there	is	a	dynamic	reorganization	of	the	CPC	as	it	dissociates	from	

the	 chromosome	 arms	 and	 then	 accumulates	 at	 the	 inner	 centromere	 (Fig.1-4)	

(Carmena	 et	 al.,	 2012b).	 Histone	 H3	 phosphorylation	 on	 T3	 follows	 a	 similar	

pattern,	 providing	 a	 positive	 signal	 for	 these	 movements,	 but	 how	 H3T3	

phosphorylation	is	spatially	and	temporally	controlled	is	unclear.	The	CSN	network	

may	drive	these	dynamics	to	provide	spatial	information	for	CPC	localization.	To	do	

this,	the	CSN	must	identify	chromatin	region	between	the	kinetochores.	However,	if	

the	signal	was	only	derived	from	kinetochores	then	one	would	predict	that	the	CPC	

would	 decrease	 as	 a	 function	 of	 distance	 from	 the	 kinetochores.	 This	 is	 not	 true;	

rather,	 it	 is	 highest	 in	 the	 center	 of	 chromosomes	 between	 the	 kinetochores,	

suggesting	that	there	must	be	another	mechanism	to	identify	the	central	region.		

	 	The	interaction	between	haspin	and	cohesin	may	identify	the	central	axis	of	

the	 chromosome.	Like	 the	CPC,	 cohesin	 is	 found	 throughout	 interphase	chromatin	

(through	 its	 recruitment	 by	 CTCF)	 (Wendt	 et	 al.,	 2008).	 The	 bulk	 of	 cohesin	 is	

removed	 from	 chromatin	 during	 prophase	 by	 phosphorylation	 by	mitotic	 kinases	

including	CDK1,	Plk1	and	the	CPC	kinase	Aurora	B	(Nishiyama	et	al.,	2013;	Sumara	

et	 al.,	 2002),	 and	 since	 the	 sisters	 remained	 cohesed	 along	 the	 central	 axis	 of	

chromosomes	 it	 is	 reasonable	 the	cohesin	 remains	high	 in	 this	 location	 (Fig.1-6D)	

(Waizenegger	et	al.,	2000).	The	maintenance	of	cohesion	in	the	central	axis	engages	

the	cohesion	 loop	of	 the	CSN	 to	 spatially	 locate	H3pT3	and	 the	CPC	 to	 the	central	
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zone	 between	 the	 two	 sisters	 (Carretero	 et	 al.,	 2013;	 Kelly	 et	 al.,	 2010;	

Niedzialkowska	et	al.,	2012;	Wang	et	al.,	2010;	Yamagishi	et	al.,	2010).		

	 Mitotic	 chromosomes	 are	 bisected	 by	 a	 second	 axis	 of	 histone	

phosphorylation	that	is	established	by	the	second	positive	feedback	loop	(Fig.1-6D)	

(Boyarchuk	et	al.,	2007;	Hiruma	et	al.,	2015;	Ji	et	al.,	2015;	Kawashima	et	al.,	2010;	

London	 et	 al.,	 2012;	 Nijenhuis	 et	 al.,	 2013;	 Ricke	 et	 al.,	 2012;	 Saurin	 et	 al.,	 2011;	

Shepperd	et	al.,	2012;	Tsukahara	et	al.,	2010;	van	der	Waal	et	al.,	2012;	Yamagishi	et	

al.,	2010;	2012).	Bub1	phosphorylates	chromatin	near	kinetochores	(Liu	et	al.,	2015;	

Yamagishi	 et	 al.,	 2010).	 This	 targets	 Sgo1	 to	 chromatin	 between	 kinetochores,	

where	it	binds	the	CPC.	Thus	the	CPC,	which	binds	both	H3pT3	and	Sgo1,	is	localized	

by	 two	 orthogonal	 axes	 that	 are	 established	 on	 mitotic	 chromosomes:	 one	 axis	

between	the	sister	chromosomes	and	one	axis	between	the	kinetochores	(Fig.1-6	C,	

D)	 (Yamagishi	 et	 al.,	 2010).	 The	 positive	 feedback	 nature	 of	 the	 two	 independent	

loops	may	 reinforce	 the	 inner	 centromere	 location	 after	 initial	 recruitment	 of	 the	

CPC	 and	 the	 inner	 centromere	 chromosome	 region	 emerges	 as	 a	 function	 of	 the	

centromere-signaling	network.		

	 There	 is	 abundant	 evidence	 that	 the	 CSN	 may	 drive	 this	 rapid	 change	 of	

mitotic	chromosomes	and	we	will	highlight	the	key	findings	that	show	that	the	inner	

centromere	localization	of	the	CPC	is	an	emergent	property	of	the	two-loop	circuit.	

In	 a	 pioneering	 paper	 the	 Dasso	 group	 showed	 that	 the	 CPC	 was	 distributed	

throughout	chromatin	after	depletion	of	Bub1,	even	though	kinetochores	could	form	

(Boyarchuk	et	al.,	2007).	Similarly,	Aurora	B	remains	localized	to	chromosome	arms	

in	cells	depleted	of	haspin	 (Yamagishi	et	al.,	2010).	 In	early	prophase	 the	CPC	can	
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localize	 along	 the	 inner	 chromatid	 axis	 as	 if	 this	 is	 an	 intermediate	 of	 the	 CPC	

moving	to	 inner	centromere	(Yamagishi	et	al.,	2010).	Thus	the	 localization	pattern	

of	the	CPC	when	one	disrupts	either	loop	suggests	a	dynamic	process	involving	two	

feedback	loops.		

		 The	network	as	written	is	dominated	by	kinases,	although	the	Sgo1	protein	

can	 bind	 PP2A.	 Positive	 feedback	 systems	must	 be	 limited	 to	 prevent	 them	 from	

dominating	 a	 system	 and	 there	 are	 likely	 additional	 phosphatase	 networks	 that	

need	to	be	included	to	build	robust	models	for	mitotic	regulation.	For	example,	the	

protein	 Repo-Man	 recruits	 PP1	 to	 dephosphorylate	 Histone	 H3	 on	 T3	 and	 limit	

Haspin	activity.	This	may	allow	CPC	to	be	released	from	chromosome	arms	so	that	it	

can	be	concentrated	at	the	inner	centromere	during	early	mitosis	(Qian	et	al.,	2011).	

Repo-Man-PP1	 must	 be	 displaced	 from	 inner	 centromeres	 to	 allow	 the	

accumulation	 of	 the	 CPC	 during	 early	mitosis.	 This	may	 be	 achieved	 by	 Aurora	 B	

itself,	 which	 inhibits	 chromosome	 binding	 of	 PP1-Repo-Man	 by	 direct	

phosphorylation	(Qian	et	al.,	2013)	and	we	suggest	that	there	is	only	enough	Aurora	

B	to	counter	Repo-Man	activity	within	the	regions	between	kinetochores.	However,	

there	 may	 be	 additional	 mechanisms	 to	 reverse	 Haspin	 phosphorylations	 on	

chromosome	arms	 in	prometaphase	and	metaphase	when	CDK	 inhibits	PP1-Repo-

Man	 interaction	 and	 Repo-Man	 binding	 to	 the	 chromatin	 (Trinkle-Mulcahy	 et	 al.,	

2006;	Vagnarelli	et	al.,	2006;	2011).	This	may	be	through	local	reactivation	of	Repo-

Man,	which	can	bind	PP2A	to	reactivate	it	(Qian	et	al.,	2013).		

	 On	chromosomes	that	have	neocentromeres,	which	are	ectopic	centromeres	

that	occasionally	arise	at	the	non-centromeric	location	of	a	chromosome,	the	CPC	is	
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found	at	the	neocentromere.	The	CPC	is	not	 found	on	the	original	centromere	that	

got	 inactivated	but	still	has	alpha	satellite	repeat	DNA,	that	define	the	centromere,	

arguing	 that	 it	 is	 localized	 by	 epigenetic	 mechanisms	 (Bassett	 et	 al.,	 2010).	

Centromeres	are	epigenetically	identified	by	presence	of	a	histone	H3	variant	CENP-

A,	yet	how	this	translates	to	epigenetic	identification	of	the	inner	centromere	is	less	

well	understood.	Note	that	 the	CSN	dependent	mechanisms	that	we	 just	discussed	

link	the	epigenetic	mechanisms	of	CENP-A	specification	that	localize	kinetochores	to	

specification	of	the	inner	centromere.		

	

Regulation	of	sister	chromatid	cohesion	by	the	CSN	

	 Sister	chromatids	must	be	held	together	until	anaphase	in	order	to	faithfully	

segregate	 the	 genetic	 material	 to	 the	 daughter	 cells.	 This	 is	 accomplished	 by	 the	

ring-shaped	 cohesin	 complex,	 which	 physically	 pairs	 the	 sister	 chromatids.	

Cohesion	is	established	coincident	with	DNA	replication,	to	enable	faithful	pairing	of	

the	 two	 sister	 DNA	 strands	 (Nasmyth	 and	 Haering,	 2009;	 Peters	 et	 al.,	 2008).	

Cohesin	 is	 removed	 from	 the	 chromatin	 in	 two	 steps	 during	 mitosis	 in	 higher	

eukaryotes	(Waizenegger	et	al.,	2000).	The	prophase	pathway	removes	most	of	the	

cohesin	 from	 chromosome	 arms,	 but	 centromeric	 cohesin	 is	 protected	 from	 this	

pathway	 (Fig.1-8A)	 (Waizenegger	 et	 al.,	 2000).	 This	 generates	 a	 new	 state	where	

mitotic	 chromosomes	 are	 paired	 by	 centromeric	 cohesin	 that	 is	 maintained	 until	

every	 chromosome	 obtains	 bipolar	 microtubule	 attachment	 (Fig.1-8A).	 At	 that	

point,	 centromeric	 cohesion	 is	 released	 by	 activation	 of	 the	 protease	 Separase,	

which	 cleaves	 chromatin-bound	 centromeric	 cohesin	 to	 drive	 the	 metaphase-to-



	 35	

anaphase	transition	(Fig.1-8A)	(Buonomo	et	al.,	2000;	Hauf	et	al.,	2001;	Uhlmann	et	

al.,	1999;	2000).	

	 The	release	of	cohesin	from	chromosome	arms	in	prophase	is	controlled	by	

three	 factors:	 Pds5	 (Pds5	 A/B	 in	 mammals),	 which	 directly	 binds	 cohesin;	Wapl,	

which	can	release	chromatin-bound	cohesin	(Gandhi	et	al.,	2006;	Kueng	et	al.,	2006),	

presumably	by	opening	the	ring;	and	Sororin,	which	competes	for	the	Wapl	binding	

site	on	Pds5	and	 therefore	protects	 chromatin-bound	cohesin	 (Dreier	et	 al.,	 2011;	

Hara	 et	 al.,	 2014;	 Nishiyama	 et	 al.,	 2010).	 The	 spatial	 segregation	 of	 cohesin	 on	

mitotic	 chromosomes	 is	 thus	 determined	 by	 the	 recruitment	 of	 Wapl:	 Wapl	 is	

recruited	to	cohesin	on	the	chromosome	arms,	whereas	cohesin	at	the	centromere	is	

protected	from	Wapl	binding	(Gandhi	et	al.,	2006;	Hara	et	al.,	2014;	Hauf	et	al.,	2001;	

Kueng	et	al.,	2006;	Nishiyama	et	al.,	2010).	Proteins	in	the	CSN	control	these	events	

and	 we	 suggest	 that	 these	 dynamics	 can	 be	 explained	 by	 one	 branch	 of	 the	 CSN	

acting	 at	 chromosomes	 arms	 in	 prophase,	while	 both	 positive	 feedback	 loops	 are	

engaged	at	centromeres.	Aurora	B	and	Cdk1	phosphorylate	Sororin	on	multiple	sites	

and	 reduce	 its	 interaction	with	 Pds5,	 allowing	Wapl	 to	 bind	 and	 remove	 cohesin	

from	the	chromosome	arms	(Fig.1-8A,	B)	 (Hara	et	al.,	2014).	 In	addition,	Plk1	can	

directly	 phosphorylate	 and	 release	 cohesin	 (Fig.1-8A,	 B)	 (Tang	 et	 al.,	 2006).	

However,	we	are	left	with	a	paradox:	how	is	 it	that	the	CPC	removes	cohesin	from	

chromosome	 arms,	 yet	 cohesin	 is	 protected	 in	 the	 centromere	 where	 the	 CPC	 is	

highest?	We	suggest	the	answer	lies	in	the	feedback	loops,	which	can	be	redrawn	as	

a	 spatially	 segregated	 negative	 feedback	 system	 (Fig.1-8B,	 C).	 That	 Pds5	 recruits	

haspin	 suggests	 the	 cohesin	 complex	 indirectly	 recruits	 the	CPC,	which	drives	 the	
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dissociation	of	cohesin	(Carretero	et	al.,	2013;	Yamagishi	et	al.,	2010).	This	simple	

feedback	system	allows	the	CPC,	via	the	cohesion	sub-network	of	the	CSN,	to	quickly	

bind	and	remove	cohesin	from	the	arms.	However,	the	CPC	recruits	the	Bub1	kinase	

to	 the	 region	 between	 kinetochores	 (Hauf	 et	 al.,	 2003;	 Santaguida	 et	 al.,	 2011;	

Saurin	 et	 al.,	 2011;	 van	 der	 Waal	 et	 al.,	 2012),	 driving	 the	 association	 of	 Sgo1	

preserves	 centromeric	 cohesion	 by	 recruiting	 the	 phosphatase	 PP2A,	 which	

removes	the	Aurora	B	and	Plk1	phosphorylations	to	preserve	cohesion	(Kitajima	et	

al.,	 2006;	 McGuinness	 et	 al.,	 2005;	 Shintomi	 and	 Hirano,	 2009).	 Thus,	 on	

chromosome	arms	there	is	a	simple	feedback	loop	where	cohesin	recruits	the	CPC	to	

release	 cohesin.	 However,	 between	 kinetochores	 the	 negative	 feedback	 system	 is	

negated	because	the	CPC	can	also	recruit	the	inhibitor	of	cohesion	release.	This	is	a	

spatially	segregated	negative	feedback	circuit	that	drives	the	self-organization	of	the	

mitotic	chromosome	by	removing	cohesion	from	all	chromatin	unless	it	is	between	

kinetochores.	Apart	 from	 recruiting	 the	 CPC	 to	 cohesin,	 Haspin	 may	 also	 play	 a	

positive	role	in	protecting	cohesin	(Dai	et	al.,	2006).	

	 This	insight	provides	important	lessons	about	the	system.	First,	the	feedback	

loops	contain	regulators	of	the	various	processes	(i.e.,	Sgo1)	because	they	perform	

their	 functions	 as	 part	 of	 this	 whole	 centromere	 network.	 In	 other	 words,	 Sgo1	

performs	 two	 functions	 in	 the	 circuit:	 to	 recruit	more	CPC	 through	 its	 interaction	

with	 Borealin,	 and	 to	 preserve	 cohesion	 (Kitajima	 et	 al.,	 2006;	 Liu	 et	 al.,	 2015;	

Tsukahara	 et	 al.,	 2010).	The	preservation	of	 cohesin	would	 also	 recruit	more	CPC	

through	 the	 CSN.	 Second,	 the	 system	 ensures	 robustness.	When	 centromeric	 CPC	

activity	 increases	 the	 system	 will	 recruit	 more	 Sgo1/PP2A	 to	 ensure	 that	 the	
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cohesin-releasing	activity	will	never	overwhelm	 the	preserving	activity.	Third,	 the	

system	approaches	a	steady	state	that	can	only	be	reversed	by	an	external	signal.	In	

this	case,	centromeric	cohesion	is	robustly	maintained	until	the	APC/C	activates	the	

Separase	protease,	which	cleaves	cohesin	to	drive	the	segregation	of	chromosomes.	

Although	this	system	is	robust,	it	is	not	a	true	steady	state	because	cohesin	cannot	

be	 reattached	 and	 chromosomes	will	 eventually	 lose	 their	 cohesion	 and	 exit	 from	

mitosis,	which	may	contribute	to	cohesion	fatigue	(Daum	et	al.,	2011).		

	

CSN	regulation	of	kinetochore-microtubule	interaction	

Human	 kinetochores	 bind	 approximately	 17	 microtubules	 and	 aneuploidy	

can	develop	 if	 a	 kinetochore	 is	 pulled	by	microtubules	 attached	 to	 opposite	 poles	

(merotely)	 in	 anaphase	 (McEwen	 et	 al.,	 2001;	 Stukenberg	 and	 Foltz,	 2010).	 Thus,	

mitosis	 depends	 upon	 the	 sister	 kinetochores	 generating	 bipolar	 kinetochore	

microtubule	attachments,	meaning	 that	one	 sister	kinetochore	binds	microtubules	

from	 one	 pole,	 while	 the	 other	 sister	 kinetochore	 binds	 microtubules	 emanating	

from	the	opposite	pole.	It	 is	likely	that	cells	prevent	merotely	by	orienting	the	two	

sister	 kinetochores	 toward	 the	 two	 opposites	 poles	 before	 they	 make	 stable	

attachments	 (Alexander	 and	 Rieder,	 1991;	Magidson	 et	 al.,	 2015;	 Stukenberg	 and	

Foltz,	2010).	It	is	believed	that	the	motors	dynein	and	Centromere	protein	E	(CENP-

E)	rotate	chromosomes	to	achieve	this	orientation	(Ditchfield	et	al.,	2003;	Magidson	

et	al.,	2011;	Shrestha	et	al.,	2017).	Based	on	these	observations	it	is	suggested	that	

one	 of	 the	 central	 mechanisms	 to	 prevent	 merotely	 is	 to	 ensure	 these	 motors	

initially	bind	microtubules	before	kinetochores	generate	“end-on”	Ndc80	complex-
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mediated	 attachments	 that	 segregate	 chromosomes	 in	 anaphase	 (Alexander	 and	

Rieder,	1991;	Magidson	et	al.,	2015).		

	 We	 suggest	 that	 incorporating	 the	 CSN	 into	 the	 regulation	 of	 kinetochore	

microtubule	 attachments	 enable	 models	 with	 the	 attributes	 of	 a	 bistable	 switch	

(Fig.1-9A).	 First,	 the	 CSN	 may	 initially	 generate	 a	 stable	 system	 where	 lateral	

attachments	dominate	and	end-on	attachments	are	 inhibited.	Second,	after	end-on	

attachments	form	there	is	a	new	stable	state	where	end-on	attachments	dominate.	

Third,	the	first	state	has	mechanisms	that	ensure	the	transition	to	the	second	state.	

We	will	outline	each	of	these	states	below	and	note	that	mathematical	modeling	is	

required	to	test	if	this	is	truly	a	bistable	system.		

The	CSN	promotes	lateral	attachment	by	recruiting	two	microtubule	motors,	CENP-

E	and	Dynein	(Johnson	et	al.,	2004;	Kasuboski	et	al.,	2011).	The	CSN	plays	a	crucial	

role	 in	 the	 formation	 of	 motor-dependent	 attachments	 by	 both	 recruiting	 and	

regulating	 dynein	 and	 CENP-E	 (Johnson	 et	 al.,	 2004;	 Kasuboski	 et	 al.,	 2011).	 For	

example,	 current	models	 suggest	Mps1	 and	Bub1	 recruit,	 and	Aurora	B	 regulates,	

CENP-E	 to	 properly	 align	 chromosomes	 (Abrieu	 et	 al.,	 2001;	 Cheeseman	 et	 al.,	

2002).	 Thus,	 the	 entire	 CSN	 network	may	 be	 needed	 to	 properly	 control	 CENP-E	

(Fig.1-9A).		

	 At	 the	same	 time	CSN	promotes	 lateral	attachment	 it	also	 inhibits	 “end-on”	

attachments	(Fig.1-9B).	Aurora	B	directly	prevents	pre-mature	“end-on”	attachment	

by	 phosphorylating	 the	 Ndc80	 complex	 and	 inhibiting	 its	 interaction	 with	

microtubules	 (Abrieu	 et	 al.,	 2001;	 Cheerambathur	 et	 al.,	 2013;	 Cheeseman	 et	 al.,	

2006;	 Ghenoiu	 et	 al.,	 2013;	 Sarangapani	 et	 al.,	 2013).	 It	 is	 unclear	 how	 Aurora-B	
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localized	to	the	inner-centromere	phosphorylates	Ndc80	at	the	kinetochore,	which	

is	 100s	 of	 nanometers	 away.	 In	 Chapter	 4	 of	 this	 thesis	 I	 will	 investigate	 this	

question	and	show	data	 for	a	new	mechanism	 that	 suggests	 the	microtubules	and	

centromere	 bound	 CPC	 cooperate	 to	 phosphorylate	 Ndc80	 at	 the	 kinetochores.	

Apart	from	direct	phosphorylation	of	Ndc80	by	the	Aurora-B	the	proteins	involved	

in	 Dynein	 recruitment	 to	 the	 kinetochore	might	 also	 inhibit	 “end-on”	 attachment	

(Famulski	 and	 Chan,	 2007;	 Gassmann	 et	 al.,	 2008;	 2010)	 and	 this	 might	 also	 be	

ultimately	 controlled	 by	 Aurora	 B	 (Suijkerbuijk	 et	 al.,	 2012)[97]	 (Fig.1-9B).	 Since	

microtubules	 displace	 Mps1	 bound	 to	 Ndc80	 it	 is	 reasonable	 to	 assume	 that	

unattached	Ndc80	complex	would	recruit	more	Mps1	to	the	kinetochore	(Hiruma	et	

al.,	2015;	Ji	et	al.,	2015;	Nijenhuis	et	al.,	2013).	This	increase	in	Mps1	would	lead	to	

an	 increase	 in	 the	 CPC	 levels	 at	 centromeres,	 due	 to	 the	 CSN,	which	may	 further	

inhibit	“end-on”	attachment	(Hauf	et	al.,	2003;	Hiruma	et	al.,	2015;	Santaguida	et	al.,	

2011;	Saurin	et	al.,	2011).	This	positive	 feedback	 loop	between	Mps1	and	 the	CPC	

may	lead	to	robust	inhibition	of	“end-on”	attachment	(Fig.1-9B).		

	 This	 robust	 inhibition	 of	 end-on	 attachment	 through	 positive	 feedback	 by	

three	 kinases	 in	 the	 kinetochore	 sub-network	 of	 the	 CSN	 has	 to	 be	 controlled	 to	

allow	 the	 kinetochores	 to	 initiate	 “end-on”	 attachment	 (Fig.1-9B).	 This	 is	

accomplished	 through	 recruitment	 of	 phosphatases	 by	 the	 CSN	 to	 decrease	 and	

counteract	kinase	activity.	The	CSN	recruits	phosphatase	PP2A	at	two	locations:	to	

the	 inner-centromere,	 through	 BUB1	 dependent	 recruitment	 of	 Sgo1-PP2A	

(Boyarchuk	et	al.,	2007;	Kawashima	et	al.,	2010;	Ricke	et	al.,	2012;	Tsukahara	et	al.,	

2010;	 Yamagishi	 et	 al.,	 2010);	 and	 to	 the	 kinetochore,	 through	 BUB1,	 Plk1	 and	
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Aurora	B	dependent	recruitment	of	BUBR1-PP2A	(Kruse	et	al.,	2013;	Nijenhuis	et	al.,	

2014;	Xu	et	al.,	2013).	These	two	pools	of	phosphatases	allow	the	formation	of	initial	

“end-on”	attachments	by	countering	CPC-dependent	destabilization	of	the	“end-on”	

attachment.	Sgo1-PP2A	reduces	the	activity	of	the	CPC	by	dephosphorylating	the	T-

loop	 of	 Aurora	 B	 thus	 reducing	 the	 overall	 activity	 of	 the	 CPC	 (Meppelink	 et	 al.,	

2015).	Plk1	mediated	BUBR1-PP2A	dephosphorylates	the	kinetochore	substrates	of	

the	 CPC	 and	 allows	 PP1	 recruitment	 to	 Knl1,	 which	 also	 dephosphorylates	 the	

kinetochore	 substrates	 and	 promotes	 “end-on”	 attachments	 (Kruse	 et	 al.,	 2013;	

Maresca	and	Salmon,	2009;	Nijenhuis	et	al.,	2014;	Xu	et	al.,	2013).		

	 Once	 proper	 “end-on”	 attachments	 begin	 to	 form	 there	 are	 at	 least	 three	

events	 that	 down-regulate	 the	 CSN	 to	 stabilize	 the	 initial	 “end-on”	 attachment	

(Fig.1-9B).	First,	the	microtubule	binding	to	the	Ndc80	complex	competes	off	Mps1	

and	 reduces	 its	 levels	 at	 kinetochore,	which	 subsequently	 causes	 reduction	 in	 the	

CPC	 levels	 at	 the	 centromere	 to	 stabilize	 “end-on”	 attachments	 (Hauf	 et	 al.,	 2001;	

Hiruma	 et	 al.,	 2015;	 Ji	 et	 al.,	 2015;	Nijenhuis	 et	 al.,	 2013;	 Santaguida	 et	 al.,	 2011;	

Saurin	 et	 al.,	 2011;	 van	 der	 Waal	 et	 al.,	 2012).	 Second,	 microtubule	 dependent	

pulling	 forces	 generated	 by	 bipolar	 attachment	 physically	 pulls	 the	 outer	

kinetochore	away	from	the	inner-centromere	localized	CPC	(Liu	et	al.,	2009;	2010;	

Uchida	et	al.,	2009).	This	physical	separation	of	the	outer	kinetochore	from	Aurora	B	

would	reduce	the	phosphorylation	of	the	Ndc80	complex	(Hiruma	et	al.,	2015;	Ji	et	

al.,	2015;	Liu	et	al.,	2009;	2010;	Uchida	et	al.,	2009).	Third,	recruitment	of	PP1	to	the	

“end-on”	 attached	 kinetochores	 leads	 to	 further	 stabilization	 of	 the	 attachments	

(Hagting	 et	 al.,	 2002;	Kim	et	 al.,	 2010).	Multiple	pools	 of	 PP1	 are	 recruited	 to	 the	
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kinetochore	 that	 stabilizes	 “end-on”	 attachments	 and	 localization	of	most	of	 these	

pools	 of	 PP1	 are	 inhibited	 by	 Aurora	 B	 activity	 (Hagting	 et	 al.,	 2002;	 Kim	 et	 al.,	

2010).		

	

Coordination	of	Kinetochore-microtubule	attachment	formation	and	the	Spindle	

assembly	checkpoint	(SAC)	

The	 formation	 of	 kinetochore	 microtubule	 attachments	 and	 the	 spindle	

assembly	 checkpoint	must	 be	 coordinated	 to	 ensure	 faithful	 genome	 segregation.	

The	CSN	may	allow	this	coordination.	Mps1,	BUB1	and	the	CPC,	which	inhibit	end-

on	 attachment	 and	 promote	 lateral	 attachments,	 also	 activate	 and	 maintain	 the	

spindle	 assembly	 checkpoint	 (Sacristan	 and	 Kops,	 2015;	 Stukenberg	 and	 Burke,	

2015)	 (Fig.1-9B).	This	 could	ensure	 that	 the	checkpoint	 is	activated	at	unattached	

kinetochores.	 Similarly,	 the	 proteins	 or	 events	 involved	 in	 promoting	 end-on	

attachment	 (BubR1-PP2A,	 Knl1-PP1	 and	 Ndc80-microtubule	 interaction)	 are	 also	

involved	in	silencing	the	spindle	assembly	checkpoint	(Maresca	and	Salmon,	2009;	

Sacristan	and	Kops,	2015;	Stukenberg	and	Burke,	2015).	In	fact,	the	most	important	

step	 for	 spindle	 assembly	 checkpoint	 silencing	 is	 Ndc80-mediated	 end-on	

attachment	 itself.	 Microtubule	 binding	 to	 Ndc80	 displaces	 Mps1	 from	 the	

kinetochores,	which	leads	to	silencing	of	the	spindle	assembly	checkpoint	(Hiruma	

et	al.,	2015;	Ji	et	al.,	2015).	The	displacement	of	MPS1	would	also	down	regulate	the	

CSN	to	lower	Bub1	and	Aurora	B	coupling	end-on	attachment	to	dramatic	changes	

to	the	kinetochore.		
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	 Since	MPS1	and	Bub1	are	displaced	from	metaphase	kinetochores,	one	could	

imagine	that	it	is	difficult	to	restart	the	SAC	once	chromosomes	are	aligned.	Yet,	the	

addition	of	taxol	to	metaphase	cells	quickly	reinitiates	spindle	checkpoint	signaling	

(Jelluma	et	al.,	2008a).	It	is	tempting	to	speculate	that	the	reversibility	of	this	system	

is	 ensured	 because	 the	 cohesion	 sub-network	 maintains	 some	 CPC	 at	 inner-

centromeres	even	when	kinetochore	sub-network	is	down	regulated,	which	would	

enable	 rapid	 binding	 of	 MPS1	 to	 unattached	 molecules	 of	 Ndc80	 (Hiruma	 et	 al.,	

2015;	Ji	et	al.,	2015;	Nijenhuis	et	al.,	2013).		

	 The	 generation	 of	 the	 SAC	 signal	 involves	 tens	 to	 hundreds	 of	

phosphorylation	 on	 numerous	 substrates	 at	 each	 kinetochore	 by	 Aurora	 B,	 Plk1,	

Mps1	and	Bub1	thus	it	is	an	emergent	property	of	the	network.	The	generation	of	so	

many	 phosphorylations	 can	 ensure	 that,	 once	 generated,	 the	 signal	 is	 robustly	

maintained	 until	 there	 is	 both	 active	 recruitment	 of	 phosphatases	 and	 down	

regulation	 of	 the	 kinases	 that	 accompanies	 the	 transition	 to	 mature	 kinetochore	

microtubule	attachments.		
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Figure	1-4:	Table	showing	the	temporal	order	of	events	during	mitosis.	Spatial	

and	 temporal	 changes	 to	 the	 CPC	 location	 on	 the	 chromosome,	 Sister-chromatid	

cohesion	 and	 Kinetochore-microtubule	 attachment	 are	 described	 as	 the	 cell	 goes	

through	 different	 stages	 of	 mitosis.	 Below,	 morphology	 of	 the	 cells	 during	 each	

phase	 of	 mitosis	 with	 the	 CPC	 (green)	 localization	 on	 the	 chromosomes	 (blue)	

depicted	 at	 each	 stage	 of	 mitosis	 (mitotic	 spindle	 is	 represented	 in	 purple).	

	

	 	

Glossary
Centromere: region of the
chromosome where the kinetochore
is assembled in mitosis. This region is
specified epigenetically in most of the
organisms by the presence of the
histone H3 variant CENP-A.
Chromosome passenger complex
(CPC): a four-protein complex
comprising kinase Aurora-B and
three regulatory subunits (INCENP,
Borealin, and Survivin) that regulates
numerous mitotic events.
‘End-on’ kinetochore–microtubule
attachment: a type of kinetochore–
microtubule attachment that is
mediated through the interaction of
the kinetochore-localized Ndc80
complex with the plus end of spindle
microtubules.
Inner centromere: a chromatin
region between two sister
centromeres. This is also the site on
the mitotic chromosome where the
CPC is localized and cohesin is
protected until anaphase.
Kinetochore: a specialized protein
structure that is assembled on the
centromeres during mitosis,
generates the spindle checkpoint
signal, and attaches spindle
microtubules to chromatids.
‘Lateral’ kinetochore–microtubule
attachment: a type of kinetochore–
microtubule attachment that
precedes end-on kinetochore–
microtubule attachment, and is
formed through interaction of the
kinetochore-localized motor proteins
with lateral walls of spindle
microtubules.
Neocentromeres: ectopic
centromeres that occasionally arise at
the noncentromeric location of a
chromosome. Given that they
functionally replace normal
centromeres at chromosome regions
lacking the alpha-satellite DNA
sequences that underlie most
centromeres, neocentromeres
demonstrate that centromeres are
specified by epigenetic rather than
genetic mechanisms.
Spindle assembly checkpoint
(SAC): a cell cycle feedback system
initiated at the improperly attached
kinetochore, which inhibits the onset
of anaphase until all the kinetochores
are properly attached with the mitotic
spindle.

kinetochore attachments, is regulated by Aurora B, Mps1, and Bub1 [5,15–22]. Third,
cohesin is removed from chromosome arms while it is protected at the inner-centromere
region, which is regulated by Aurora B, Haspin, and Sgo1 [23–25]. Fourth, the inner centro-
mere is identified on each chromosome as a chromosome territory for CPC localization by the
entire circuit [26–36].

Another reason to consider that the CSN may coordinate mitosis is that the four events occur
with spatial and temporal regularity (Figure 1). For example, the spindle checkpoint is
generated on chromosomes that are not aligned at the metaphase plate, while on the same
spindle aligned kinetochores are not generating the signal. This is a form of spatial regulation
since chromosomes are regulated differently, depending upon their location on the spindle. A
second form of spatial regulation is the fact that cohesin is differentially regulated on
chromosome arms and centromeres. There is also temporal regulation. For example, kinet-
ochores first generate ‘lateral’ kinetochore–microtubule attachments, which then
mature to ‘end-on’ attachments (Figure 1). Finally, there is coordination between events
because the kinetochore–microtubule attachment status is coupled to the generation of the
spindle checkpoint signal.

The importance of linking the regulators of distinct events through a common circuit is that the
CSN may act as an information processor that integrates information regarding the environment
of each chromosome and produces outputs that ensure genomic stability. For example, it was
recently shown that the microtubule plus end-binding protein 1 (EB1) and microtubules regulate
the CPC, and that this also controls Bub1 and Haspin activity to connect spindle status with
kinetochore regulation [37]. Given that many of these events happen at distinct times on different
chromosomes, we also highlight how the CSN may underlie chromosome autonomy, wherein
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Figure 1. The Temporal Order of Events during Mitosis. Spatial and temporal changes to the chromosome
passenger complex (CPC) location on the chromosome, sister-chromatid cohesion and kinetochore–microtubule attach-
ment are described as the cell goes through different stages of mitosis. Morphology of the cells during each phase of mitosis
with the CPC (green) localization on the chromosomes (blue) depicted at each stage of mitosis (mitotic spindle is
represented in purple).
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Figure	1-5,	The	Centromere	Signaling	Network	(CSN)	contains	sets	of	proteins	

that	 regulate	 multiple	 mitotic	 events.	 Schematic	 representation	 of	 the	 CSN	 is	

shown	with	block	arrows	pointing	at	 the	process	 regulated	by	 the	proteins	 in	 the	

CSN.	

	

	 	

each chromosome regulates itself independently of adjacent chromosomes on the same
spindle (Box 1).

The Centromere Signaling Network
Recent work suggests that CSN proteins regulate each other and pathways can be
drawn that are composed of two positive feedback loops that are interdependent because
they share the CPC (Figure 3A). A central feature of these loops is that they recruit the
CPC to inner centromeres through two histone phosphorylation events (Figure 3B,C). Haspin
kinase phosphorylates histone H3 on Thr3 (H3-pT3), which is directly bound by the survivin
subunit of the CPC (Figure 3C) [26–28]. A second loop contains Bub1 kinase, which
phosphorylates Histone H2A on T120 [29–31] (Figure 3C). H2A-pT120 recruits Sgo1, which
can bind the Borealin subunit of the CPC (Figure 3A) [30,31,33]. We describe below the
recent data from many groups that allow one to draw the circuit in this manner and the
interesting regulatory properties that may be a function of the double positive feedback
nature of the circuit.

Signaling Network Regulating the H3-pT3 Histone Mark (Cohesion Subnetwork)
Haspin kinase both recruits the CPC and it is thought to be recruited to chromosomes in a CPC-
dependent manner. Haspin kinase phosphorylates histone H3 on T3 during mitosis [26–28,34].
The Survivin subunit of the CPC directly binds H3-pT3 to recruit the CPC to the inner centromere
(Figure 3A) [26–28,35]. The CPC in turn can stimulate Haspin recruitment through phosphor-
ylation, generating a positive feedback loop [36]. Haspin kinase is autoinhibited by a domain
known as the Haspin basic inhibitory segment (HBIS) and multisite phosphorylation of HBIS by
Plk1 and Cyclin-dependent kinase 1 (CDK1) during mitosis neutralizes the HBIS to activate
Haspin [2]. Aurora has been shown to activate Plk1 at kinetochores and, thus, may also indirectly
activate Haspin [38].

Key Figure

The Centromere Signaling Network (CSN) Contains Sets of Proteins that
Regulate Multiple Mitotic Events

Kinetochore
subnetwork

Histone H2A-
pT120

Cohesion
subnetwork

Mitosis is governed by a signaling network that contains two
posi!ve feedback loops, which we propose to name the
centromere signaling network

The circuit contains regulators from dis!nct mito!c events,
sugges!ng that it coordinates these events (large open
arrows)

The requirement of two dis!nct histone phosphoryla!ons
ensures the signal can only be generated on chroma!n

The two posi!ve feedback loops emerge on different areas of
the chromosome because one requires cohesion (Red), while
the other loop requires kinetochores (Green)

Histone H3-
pT3

Haspin Bub1 Mps1

Sgo1
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Figure 2. Schematic representation of the CSN with block arrows pointing at the process regulated by the proteins in the
CSN. Abbreviations: Bub1, budding uninhibited by benzimidazoles 1; CPC, chromosome passenger complex; Mps1,
Monopolar spindle 1; Sgo1, Shugoshin-like 1.
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Figure	1-6:	CPC	localization	pathways	and	epigenetic	determination	of	inner-

centromere.	 (A)	 Current	 model	 of	 the	 Chromosome	 Passenger	 Complex	 (CPC)	

localization	 to	 the	 inner-centromere	by	binding	 to	 two	phospho-histone	marks	(in	

red).	 (B)	 Image	 showing	 the	 CPC	 (green)	 localized	 to	 the	 inner-centromere	 on	 a	

mitotic	 chromosome	 (original	 image	 from	 [119]).	 (C)	 Representation	 of	 the	

centromere	 signaling	 network	 (CSN).	 (D)	 Representation	 of	 the	 location	 of	 the	

cohesion	and	the	kinetochore	sub-network	of	the	CSN	on	the	mitotic	chromosome.		

	

	 	

The inner centromere localization of the CPC is highest in the center of the chromosomes
between the kinetochores (Figure 3C), suggesting that there are mechanisms that allow the CPC
to locate the central axis of mitotic chromosomes. The cohesin complex, which physically holds
sister chromosomes together, is found in the central axis between the sister chromatids [39].
Haspin is not abundant and is difficult to localize on chromosomes; thus, the localization is
implied from H3-pT3 patterns and biochemical interactions. Current models suggest that the
spatial pattern of H3-T3 phosphorylation on the chromosome is controlled by the localization of
Haspin by the Cohesin complex [27]. Haspin binds to the cohesin regulator Pds5 in yeast [27]. A
similar mechanism is thought to work in mammals, because knockout of the Pds5 homolog
Pds5B (but not Pds5A) results in low H3-T3 phosphorylation and low Aurora B at the inner
centromere [40]. This suggests that the H3-pT3 loop directs the CPC to the central axis of the
mitotic chromosome, and we refer to this part of the CSN as the cohesion subnetwork
(Figure 3C).

Signaling Network Regulating the pH2A-T120 Mark (Kinetochore Subnetwork)
There must also be mechanisms to localize the CPC to the chromosome region between
kinetochores (Figure 3C), which may be the function of the second positive feedback loop of the
CSN. The kinase Bub1 recruits the CPC to the centromere by phosphorylating the histone H2A
at T120 [29–31]. Sgo1 binds this phosphohistone mark and brings the CPC to the inner
centromere through its CDK1-dependent interaction with Bir1 (Survivin) in Schizosaccharomy-
ces pombe [32] (Figure 3A). A similar pathway exists in humans, although the domain that binds
Sgo1 has been transferred to the Borealin subunit [32] (Figure 3B). Bub1 is recruited to
kinetochores by the MPS1 kinase, and MPS1 in turn is targeted to kinetochores by Aurora
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Figure 3. Chromosome Passenger Complex (CPC) Localization Pathways and Epigenetic Determination of
Inner Centromeres. (A) Representation of the centromere signaling network (CSN). (B) Image showing the CPC (green)
localized to the inner centromere on a mitotic chromosome. (C) Current model of CPC localization to the inner centromere
by binding to two phospho-histone marks (in red). (D) Representation of the location of the cohesion and the kinetochore
subnetwork of the CSN on the mitotic chromosome. Reproduced from [109] (B). Abbreviations: Bub1, budding uninhibited
by benzimidazoles 1; Mps1, Monopolar spindle 1; Sgo1, Shugoshin-like 1.
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Figure	1-7:	Two	models	of	anchoring	CPC	to	the	inner-centromere.	A)	Model	1:	

The	CPC	binds	H3	pT3	and	Cohesin	bound	Sgo1	at	the	same	time.	B)	Model	2:	The	

CPC	binds	H3	pT3	and	H2a	pT120	at	the	same	time.	

	

	 	

B phosphorylation, completing a second positive feedback loop [41–48]. Given that both Bub1
and Mps1 are localized to kinetochores, this pathway phosphorylates histones between the two
kinetochores to direct the CPC to the inner-centromere region. We refer to this part of the CSN
as the kinetochore subnetwork (Figure 3A).

The CSN as drawn in Figure 3A shows a simple linear relation between the proteins in the
kinetochore subnetwork. This model is based on recent experiments that combine cell biological
observations and have strong biochemistry as support. However, we note that some older
experiments suggest independence of Bub1 and Aurora B [15] and it is hard to reconcile all data
in the literature. Thus, the network may be more of a web, with some redundant pathways
regulating proteins in the network.

It is unclear how proteins at kinetochores can affect Aurora B in the inner centromeres, which is
hundreds of nanometers away. Bub1 was recently shown to activate RNA Polymerase II-
dependent transcription at kinetochores and transcription is required for the movement of Sgo1
from kinetochores to inner centromeres, where it protects cohesion [33]. Sgo1 can also bind
to cohesin [33]. Thus, the pool of Sgo1 that binds inner centromere Aurora B may be bound
to cohesin and not H2A-pT120 (Figure 4). Aurora B can bind RNA, which regulates its activity
and localization [49] and an important area of future research is how transcription regulates the
CPC and the entire CSN.

Functions of the CSN
It has been unclear how the CPC could regulate so many mitotic events. During prometaphase,
the CPC prevents or corrects improper kinetochore attachments [5–9,50], preserves centro-
meric cohesion [23–25], and generates the spindle assembly checkpoint (SAC) [5,18–21].
We suggest that the CPC coordinates these events through its role within the CSN. To
demonstrate this point, we describe how the network: (i) epigenetically defines the area between
kinetochores to become the inner centromere; (ii) regulates centromeric cohesion protection;
and (iii) allows proper coordination of kinetochore–microtubule attachments.

The Inner-Centromere Localization of the CPC Is an Emergent Property of the CSN
Self-organizing systems underlie many biological processes by using circuits with emergent
properties to build resultant structures. Self-organizing systems are based on emergence,
where a new property arises from the collective behavior of agents that themselves do not
contain that property. Self-organization requires a positive feedback system to elicit dramatic
changes to a system [51]. We suggest that the CSN provides the emergent properties that drive
the formation of the key aspects of inner centromere using self-organization principles, including
the localization of the CPC and the maintenance of cohesion (which we discuss below).
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H2a-pT120 H3-pT3H3-pT3H3-pT3 Sgo1
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Figure 4. Two Models of Anchoring Chromosome Passenger Complex (CPC) to the Inner Centromere. (A)
Model1: the CPC binds H3-pT3 and H2A-pT120 simultaneously. (B) Model 2: the CPC binds H3-pT3 and Cohesin-bound
Sgo1 simultaneously. Abbreviation: Sgo1, Shugoshin-like 1.
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Figure	1-8:	Regulation	of	 sister	 chromatid	 cohesion	by	 the	CSN.	 (A)	Two	step	

cohesin	 removal	 from	 the	 chromosomes	 during	 mitosis.	 (B)	 Signaling	 network	

regulating	sister	chromatic	cohesion	during	mitosis.	Cohesion	removing	part	of	the	

network	 is	 represented	 by	 red	 arrows	 and	 green	 arrows	 represent	 cohesion-

protecting	 network.	 (C)	 Simplified	 diagram	 of	 the	 cohesion	 regulation	 during	 the	

mitosis.	

	

	 	

binding to the chromatin [59–61]. This may be through local reactivation of Repo-Man, which
can bind PP2A to reactivate it [58].

On chromosomes that have neocentromeres, the CPC is found at the neocentromere but
not the region of alpha satellite repeats that define the inactivated centromere, arguing that the
CPC is localized by epigenetic mechanisms [62]. Centromeres are epigenetically identified by
recruiting a histone H3 variant Centromere protein A (CENP-A), yet how this translates to
epigenetic identification of the inner centromere is less well understood. Note that the CSN-
dependent mechanisms that we have discussed link the epigenetic mechanisms of CENP-A
specification that localize kinetochores to specification of the inner centromere.

Regulation of Sister Chromatid Cohesion by the CSN
Sister chromatids must be held together until anaphase to faithfully segregate the genetic
material to the daughter cells. This is accomplished by the ring-shaped cohesin complex, which
physically pairs the sister chromatids [63,64]. Cohesion is established coincident with DNA
replication, to enable faithful pairing of the two sister DNA strands [63,64]. Cohesin is removed
from the chromatin in two steps during mitosis in higher eukaryotes [56]. The prophase pathway
removes most of the cohesin from chromosome arms, but centromeric cohesin is protected
from this pathway (Figure 5A) [56]. This generates a new state where mitotic chromosomes
are paired by centromeric cohesin that is maintained until every chromosome obtains bipolar
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Figure 5. Regulation of Sister Chromatid Cohesion by the Centromere Signaling Network (CSN). (A) Two-step
cohesin removal from the chromosomes during mitosis. (B) Signaling network regulating sister chromatic cohesion during
mitosis. Cohesion removing part of the network is represented by red arrows, and green arrows represent the cohesion-
protecting network. (C) Simplified diagram of cohesion regulation during mitosis. Abbreviations: Bub1, budding uninhibited
by benzimidazoles 1; CDK1, Cyclin-dependent kinase 1; CPC, chromosome passenger complex; Mps1, Monopolar
spindle 1; Plk1, Polo-like kinase 1; PP2A, Protein phosphatase 2a; Sgo1, Shugoshin-like 1; Wapl, Wings apart-like.
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Figure	1-9:	Regulation	of	kinetochore-microtubule	interaction	by	the	CSN.	(A)	

Network	coordinating	lateral	and	“end	on”	kinetochore-microtubule	attachment.		

(B)	Representation	of	the	signaling	network	that	 is	active	on	the	laterally	attached	

kinetochore	 (red)	 or	 on	 “end	 on”	 attached	 kinetochore	 (black).	 The	 signaling	

network	 represented	 by	 green	 arrows	 is	 part	 of	 the	 CSN;	 the	 dominant	 signaling	

network	 is	 represented	 in	 the	 yellow	 patch.	 Dotted	 lines	 represent	 inactive	 or	

weakened	 networks.	 Red	 lines	 indicate	 activation	 of	 spindle	 assembly	 checkpoint	

(SAC).	

	

	 	

second state. We outline each of these states below and note that mathematical modeling is
required to test whether this is truly a bistable system.

The CSN promotes lateral attachment by recruiting two microtubule motors: CENP-E and
Dynein [87,88]. The CSN has a crucial role in the formation of motor-dependent attachments by
both recruiting and regulating dynein and CENP-E [87,88]. For example, current models suggest
that Mps1 and Bub1 recruit, and Aurora B regulates, CENP-E to properly align chromosomes
[22,89]. Thus, the entire CSN network may be needed to properly control CENP-E (Figure 6A).

At the same time that CSN promotes lateral attachment, it also inhibits ‘end-on’ attachments
(Figure 6B). Aurora B directly prevents premature ‘end-on’ attachment by phosphorylating the
Ndc80 complex and inhibiting its interaction with microtubules [9,22,90–92]. Proteins involved in
Dynein recruitment to the kinetochore might also inhibit ‘end-on’ attachment [93–95] and this
might also be ultimately controlled by Aurora B [96] (Figure 6B). Since microtubules displace
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Figure 6. Regulation of Kinetochore–Microtubule Interaction by the Centromere Signaling Network (CSN). (A)
Network coordinating lateral and ‘end on’ kinetochore–microtubule attachment. (B) Representation of the signaling network
that is active on the laterally attached kinetochore (red) or on ‘end-on’ attached kinetochore (black). The signaling network
represented by green arrows is part of the CSN; the dominant signaling network is represented in the yellow patch. Dotted
lines represent inactive or weakened networks. Red lines indicate activation of spindle assembly checkpoint (SAC).
Abbreviations: Bub1, budding uninhibited by benzimidazoles 1; CDK1, Cyclin-dependent kinase 1; CENP-E, Centromere
protein E; CPC, chromosome passenger complex; Mps1, Monopolar spindle 1; Plk1, Polo-like kinase 1; PP, Protein
phosphatase; RZZ, Rod, Zw10, and Zwilch; Sgo1, Shugoshin-like 1; Wapl, Wings apart-like.
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Chapter	2	

Phase	separation	by	the	chromosome	passenger	complex	

underlies	the	biophysical	organization	of	the	inner	centromere	

	

	

	

	

	

	

	

This	 chapter	 is	 from	 the	 manuscript	 titled:	 “Phase	 separation	 by	 the	

chromosome	passenger	complex	underlies	the	biophysical	organization	

of	the	inner	centromere”	

Prasad	Trivedi	and	P.Todd	Stukenberg.	(Submitted	to	Nature	Cell	Biology).	
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Phase	 separation	 is	 emerging	 as	 an	 organizational	 principle	 for	 interphase	

chromatin	but	it	is	unknown	if	phase	separation	also	underlies	the	organization	and	

function	of	mitotic	chromosomes.	The	inner	centromere	is	a	specialized	chromatin	

region	 between	 the	 sister	 kinetochores	 that	 displays	 distinct	 biochemical	

composition	 and	 behavior	 from	 the	 rest	 of	 the	 mitotic	 chromosome.	 Inner	

centromeres	 contain	 high	 concentrations	 of	 the	 chromosome	 passenger	 complex	

(CPC),	 which	 stabilizes	 sister	 chromatid	 cohesion	 and	 initiates	 mitotic	

signaling(Carmena	 et	 al.,	 2012b;	 Trivedi	 and	 Stukenberg,	 2016).	 Here	 we	

demonstrate	 that	 subunits	 of	 the	 CPC	 undergo	 phase-separation	 in	 vitro	 and	 that	

inner	 centromere	 targeting	 and	mitotic	 functions	of	 the	CPC	are	dependent	on	 its	

ability	 to	 phase	 separate.	 Phase	 separation	occurs	 at	 CPC	 concentrations	 found	 at	

the	 inner	 centromeres,	 but	 not	 at	 cytoplasmic	 concentrations.	 CPC	 coacervates	

enrich	 inner	 centromere	 components	 and	 chromatin	 and	bundles	 of	microtubules	

induce	phase	separation.	We	suggest	the	CPC	is	concentrated	by	phase	separation	at	

the	 inner	 centromere	 and	 the	 resulting	 coacervates	 impart	 unique	 biochemical	

activities	to	this	chromosome	territory.	

The	 CPC	 lies	 at	 the	 heart	 of	 a	 signaling	 module	 that	 allows	 each	 mitotic	

chromosome	 to	 measure	 its	 local	 environment	 and	 generate	 outputs	 such	 as	

correcting	 improper	 kinetochore-microtubule	 attachments	 and	 generating	 the	

spindle	 checkpoint	 signal	 to	 ensure	 accurate	 chromatid	 segregation(Hindriksen	et	

al.,	 2017;	 Trivedi	 and	 Stukenberg,	 2016).	 Mitotic	 signaling	 is	 initiated	 by	

concentrating	 the	 CPC	 on	 inner-centromeric	 chromatin	 between	 kinetochores,	

which	stimulates	auto-activation	of	Aurora	B	kinase(Sessa	et	al.,	2005;	Wang	et	al.,	
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2011a).	The	CPC	subunits,	Survivin	and	Borealin,	facilitate	the	concentration	in	the	

inner	 centromere	 by	 recognizing	 two-histone	 phosphorylation	 marks	 on	 histone	

H2A	and	H3	(H2ApT120	and	H3pT3)(Yamagishi	et	al.,	2010).	Survivin	directly	binds	

H3	 pT3(Kelly	 et	 al.,	 2010;	Wang	 et	 al.,	 2010),	while	 Borealin	 interacts	with	 Sgo1,	

which	binds	H2ApT120(Tsukahara	et	al.,	2010).		

A	number	of	 facts	 suggest	 there	must	be	additional	mechanisms	 to	 localize	

the	 CPC	 to	 the	 inner	 centromere.	 Aurora	 B,	 INCENP,	 and	 Borealin	 subunits	 are	

stably	 attached	 to	 inner	 centromeres	 as	 measured	 by	 FRAP,	 while	 the	 Survivin	

anchor	 turns	 over	 approximately	 five	 times	 faster(Bekier	 et	 al.,	 2015;	 Delacour-

Larose	et	al.,	2004;	Wheelock	et	al.,	2017).	It	 is	also	unclear	whether	the	relatively	

weak	 (~1-8	 uM)	 affinity	 between	 Survivin	 and	 a	 phosphorylated	 histone	 tail	 is	

sufficient	to	explain	the	long-lived	chromatin-association	of	the	CPC(Du	et	al.,	2012;	

Niedzialkowska	et	al.,	2012).	 In	addition,	 It	 is	unclear	how	Sgo1	contributes	as	an	

anchor	 for	 most	 of	 the	 CPC	 since	 the	 concentration	 of	 the	 Sgo1	 protein	 is	

approximately	 five	 times	 less	 than	 that	 of	 the	 CPC	 components	 during	mitosis,	 as	

measured	in	frog	eggs	(Wühr	et	al.,	2014).	

The	property	of	HP1	 to	phase	 separate	has	been	 suggested	 to	underlie	 the	

organization	of	interphase	heterochromatin(Larson	et	al.,	2017;	Strom	et	al.,	2017).	

The	CPC	displaces	HP1	during	mitosis	(Fischle	et	al.,	2005;	Hirota	et	al.,	2005)	and	

high	concentrations	of	the	CPC	specifically	bind	inner	centromeric	heterochromatin.	

We	 therefore	 tested	 whether	 phase	 separation	 enables	 the	 CPC	 to	 localize	 and	

organize	 the	 inner	 centromere.	 First,	 we	 asked	 whether	 the	 CPC	 could	 phase	

separate	 in	vitro.	 To	do	 this	we	expressed	 the	 centromeric	 targeting	 region	of	 the	
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CPC	containing	the	proteins	Survivin,	Borealin,	and	the	58	N-terminal	amino	acids	of	

INCENP	 (ISB)	 in	 E.	 coli	 (Fig.2-1A,	 Extended	 Data	 Fig.2-1A,B).	 ISB	 underwent	

spontaneous	 phase	 separation	 under	 the	 condition	 of	 high	 protein	 concentration,	

low	salt	or	presence	of	molecular	crowding	agent	 like	PEG-3350,	which	mimic	 the	

protein-rich	crowded	environment	of	 the	cell	 (Fig.2-1B,C,D).	We	conclude	 that	 the	

centromere-targeting	region	of	the	CPC	can	phase	separate	in	vitro.		

The	ISB	coacervates	display	properties	that	are	characteristic	of	a	liquid-like	

state	similar	to	what	has	been	seen	with	other	phase	separating	proteins	(Banani	et	

al.,	 2017;	 Larson	 et	 al.,	 2017;	 Strom	 et	 al.,	 2017;	Woodruff	 et	 al.,	 2017).	 They	 are	

highly	circular	in	shape,	the	larger	coacervates	undergo	shear	upon	placement	of	a	

coverslip,	and	the	coacervates	also	undergo	fusion	at	early	time	points	after	phase	

separation	 (Fig.2-1E,	 Extended	 Data	 Fig.2-2A,	 B,).	 We	 tested	 the	 biophysical	

behavior	 of	 these	 coacervates	 by	 Fluorescence	 Recovery	 After	 Photobleaching	

(FRAP).	 The	 recovery	 kinetics	 (t1/3-95.44s,	 53.7%	 mobile	 fraction)	 is	 similar	 to	

what	 has	 been	 measured	 for	 INCENP	 in	 vivo	 (t1/2	 83.2s±33.5,	 ~53-60%	 mobile	

fraction)(Wheelock	 et	 al.,	 2017)	 (Fig.2-1G,	 H;	 Extended	 Data	 Fig.2-2L).	 Some	

proteins	 that	 phase	 separate	 maintain	 their	 liquid-like	 state	 whereas	 others	

undergo	gelation	over	time(Banani	et	al.,	2017).	We	bleached	a	sub-region	of	a	GFP-

ISB	 coacervate	 and	 saw	 little	 internal	 rearrangement	 over	 minutes	 time	 scale,	

suggesting	 that	 ISB	 coacervates	 undergo	 gelation	 over	 time	 (Fig.2-1F).	 The	 fusion	

events	 seen	 in	 Fig.2-1E	 were	 not	 observed	 five	 minutes	 or	 longer	 after	 phase	

separation.	 We	 often	 saw	 coacervates	 that	 appeared	 to	 be	 arrested	 mid-fusion	

suggesting	gelation	occurred	before	fusion	could	be	completed	(Fig.2-2	I,	J,	K).		
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The	size	of	ISB	coacervates	depends	on	the	concentration	of	salt,	ISB	protein	

or	on	the	molecular	crowding	agent	(Extended	Data	Fig.2-2	C-H).	Interestingly,	the	

phase	 diagram	 of	 ISB	 and	 salt	 concentration	 predicts	 that	 the	 ISB	 would	 phase	

separate	 near	 concentrations	 that	 are	 estimated	 to	 be	 present	 at	 the	 inner	

centromere	(10	µM),	but	exist	in	a	soluble	state	at	cytoplasmic	CPC	concentrations	

(0.1	 µM)	 (Mahen	 et	 al.,	 2014;	 Zaytsev	 et	 al.,	 2016)(	 Fig.2-1I).	 In	 comparison,	 ISB	

phase	 separates	 at	 concentrations	 approximately	 30-fold	 lower	 than	

phosphorylated	HP1α(Larson	et	al.,	2017).		

A	 key	 property	 of	membrane-less	 organelles	 is	 their	 ability	 to	 concentrate	

macromolecules	 (Banani	 et	 al.,	 2017).	 We	 tested	 whether	 inner	 centromere	

components	 interact	 with	 the	 ISB	 condensates	 in	 vitro.	 HP1α	 is	 removed	 from	

heterochromatin	by	Aurora	kinase	activity	(Fischle	et	al.,	2005;	Hirota	et	al.,	2005)	

but	then	recruited	to	inner	centromeres	by	direct	binding	to	the	CPC	during	mitosis	

(Ainsztein	et	al.,	1998;	Kang	et	al.,	2011).	HP1α	was	recruited	into	ISB	coacervates	

under	 conditions	 where	 HP1α	 is	 unable	 to	 phase	 separate	 (Fig.2-2A).	 Aurora-

B/INCENP790-847	partitioned	into	the	ISB	coacervates	(Fig.2-2B).	These	two	parts	of	

the	CPC	are	not	been	shown	to	interact	and	are	separated	by	an	elongated	α-helix,	

which	suggests	 that	phase	separation	enables	 the	 two	regions	 to	 interact.	We	also	

observed	 an	 enrichment	 of	 a-satellite	 RNA	 and	 DNA	 and	 histone	 H3.3	

mononucleosome	 in	 ISB	 coacervates	 (Fig.2-2	 C,D,	 Extended	 Data	 Fig.	 3-3A).	 In	

contrast,	molecules	that	either	don’t	interact	with	CPC	or	are	not	inner	centromere	

components	 such	 as	 GFP,	 GFP-Mad2,	 or	 Cy3-azide	 showed	 marginal	 or	 no	

enrichment	 in	 the	 ISB	 phase	 (Fig.2-2E,	 Extended	 Data	 Fig.2-3B,C.).	 The	 CPC	 is	
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concentrated	at	 inner	centromeres	because	the	Survivin	subunit	directly	binds	the	

N-terminus	 of	 histone	 H3	 after	 it	 is	 phosphorylated	 on	 threonine-3	 by	 Haspin	

kinase(Du	et	 al.,	 2012;	Kelly	 et	 al.,	 2010;	Niedzialkowska	et	 al.,	 2012;	Wang	et	 al.,	

2010).	ISB	coacervates	specifically	enriched	histone	H3	peptides	phosphorylated	at	

the	 T3	 position	more	 than	 unphosphorylated	 peptides.	 Survivin	 (H80A),	which	 is	

deficient	 in	 binding	 H3	 pT3	 peptides	 in	 solution	 and	 recruiting	 the	 CPC	 to	 inner	

centromeres(Niedzialkowska	et	al.,	2012),	did	not	enrich	H3pT3	over	H3	peptides	in	

coacervates	(Fig.2-2G,	H,	Extended	Data	Fig.2-3D).	We	conclude	that	ISB	coacervates	

concentrate	 key	 inner	 centromere	 components	 and	 can	 simultaneously	 phase	

separate	and	recognize	histone	marks.		

Interestingly,	α/β-tubulin	dimers	are	also	highly	enriched	in	ISB	coacervates	

(Fig.2-2F).	Enrichment	of	the	α/β-tubulin	in	the	condensates	of	centrosome	proteins	

can	induce	nucleation	of	microtubules	by	locally	concentrating	tubulin	dimers	above	

the	 critical	 concentration(Woodruff	 et	 al.,	 2017).	 Similarly,	 ISB	 coacervates	

nucleated	 microtubules	 at	 concentrations	 of	 α/β-tubulin	 dimers	 that	 are	 20-fold	

below	the	critical	concentration.	No	microtubule	nucleation	was	seen	in	absence	of	

ISB	 or	 GTP	 (Extended	 Data	 Fig.2-3E).	 The	 physiological	 importance	 of	 this	

microtubule	nucleation	activity	is	unclear.	Interestingly,	the	CPC	has	been	shown	to	

be	 important	 for	nucleation	of	microtubules	near	 chromosomes,	 although	 this	has	

been	 attributed	 to	 its	 ability	 to	 inhibit	 the	 microtubule	 depolymerase	

MCAK(Sampath	et	al.,	2004).		

ISB	 spontaneously	 phase	 separates	 in	 physiological	 conditions	 at	

concentrations	 approximately	 15uM,	 which	 is	 higher	 than	 that	 measured	 at	 the	
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inner	centromere	(10uM).	We	therefore	asked	whether	components	found	near	the	

inner	 centromere	 could	 induce	 phase	 separation	 of	 ISB	 at	 a	 concentration	 below	

that	 measured	 in	 the	 inner	 centromere.	 Indeed,	 α-satellite	 DNA,	 histone	 H3.3	

polynucleosomes	 and	 microtubule	 bundles	 induced	 phase	 separation	 under	

conditions	where	ISB	exists	in	homogeneous	phase	(Fig.2-2I-K).	These	observations	

suggest	that	the	initial	local	concentration	of	the	CPC	by	the	phospho-histone	marks	

nucleates	 phase	 separation	 at	 the	 inner	 centromere	 and	other	 factors	 such	 as	 the	

presence	of	chromatin	and	microtubule	can	further	enhance	the	phase	separation	of	

the	CPC	at	the	inner	centromere.		

We	 tested	 whether	 the	 CPC	 exists	 in	 a	 phase-separated	 state	 at	 the	 inner	

centromere	 as	 suggested	 by	 our	 in	 vitro	 analysis	 of	 the	 centromere	 targeting	

subunits.	Since	the	phase-separation	of	the	ISB	is	salt	sensitive,	we	tested	whether	

the	 cell-permeable	 monovalent	 cation,	 ammonium	 acetate,	 could	 disrupt	 CPC	

coacervates	at	inner	centromeres,	as	shown	for	the	phase	separation	and	gelation	of	

repeats	 containing	 RNA	 in	 cells(Jain	 and	 Vale,	 2017).	 90mM	 ammonium	 acetate	

inhibited	phase	separation	of	 ISB	 in	vitro	 (Extended	Data	Fig.2-3A).	We	found	that	

incubating	cells	in	90mM	ammonium	acetate	for	2	minutes	displaced	the	CPC	from	

the	inner	centromere	of	chromosomes	of	mitotic	cells	as	measured	by	quantitative	

immunofluorescence	 of	 Aurora-B	 (Fig.2-3A-C,	 Extended	 Data	 Fig.2-4A).	 The	

approximately	 two-fold	 reduction	 in	 the	 amount	 of	 inner-centromeric	 CPC	 upon	

treatment	with	 the	ammonium	acetate	was	reversible,	as	we	observed	a	complete	

recovery	of	the	CPC	after	washing	out	the	ammonium	acetate	for	an	additional	two	

minutes.	We	found	that	presence	of	PEG-3350	allows	phase	separation	to	occur	 in	



	 56	

the	presence	of	high	NaCl	concentrations	in	vitro	(Fig.2-1	B-D,	Extended	Data	Fig.2-

4B),	which	provided	an	opportunity	to	determined	if	the	reduction	of	CPC	levels	was	

indeed	due	to	disruption	of	phase	separation	and	not	due	to	other	effects	of	raising	

the	 ionic	 concentration.	 We	 treated	 mitotic	 chromosome	 spreads	 of	 HeLa	 Kyoto	

cells	 engineered	with	 a	 fusion	 of	mCherry	 on	 the	 endogenous	 INCENP	 gene	with	

buffer	 containing	 either	 low	 salt	 (25mM	 NaCl)	 or	 high	 salt	 (200mM	 NaCl)	 and	

measured	the	amount	of	inner-centromeric	INCENP.	High	salt	significantly	reduced	

the	 levels	of	 INCENP	at	 inner	centromeres.	 In	contrast,	 the	CPC	was	maintained	at	

high	levels	in	presence	of	high	salt	if	we	also	added	PEG-3350	(Fig.2-3D-F,	Extended	

Data	Fig.2-4B).	We	propose	that	the	CPC	exists	 in	a	phase-separated	state	at	 inner	

centromeres.	

We	identified	a	mutant	of	ISB	that	is	defective	in	phase	separation	to	directly	

test	the	hypothesis	that	phase	separation	controls	CPC	localization	and	function.	We	

deleted	two	regions,	Δ139-160	and	Δ163-180,	in	the	central	unstructured	region	of	

Borealin	that	were	predicted	to	have	a	high	propensity	to	drive	granule	 formation	

by	catGranule	algorithm,	which	was	previously	shown	to	correlated	with	ability	to	

phase	separate(Ambadipudi	et	al.,	2017;	Bolognesi	et	al.,	2016)	(Fig.2-3G,	Extended	

Data	Fig.2-4C-D).	We	concentrated	on	basic	patches	because	of	the	strong	regulation	

of	ISB	phase	separation	by	ionic	concentration	in	vivo	and	in	vitro.	ISB	lacking	139-

160	 amino	 acids	 of	 Borealin	was	 deficient	 in	 both	 spontaneous	 and	DNA	 induced	

phase	separation	(Fig.2-3H-J).	In	contrast,	the	ISBΔ163-180	behaves	similar	to	ISBWT	in	

these	assays.	These	deletions	did	not	compromise	ISB	complex	formation	or	caused	
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any	 gross	 structural	 change	 as	 indicated	 by	 similar	 gel-filtration	 chromatography	

profiles	(Extended	Data	Fig.2-1A,B).	

We	 depleted	 the	 endogenous	 Borealin	 by	 siRNA	 and	 complemented	 with	

either	 LAP	 (GFP	 and	 S-peptide)	 tagged	wild-type	Borealin	 (BorealinWT)	 or	 lacking	

the	 amino	 acids	 139-160	 (BorealinΔ139-160)	 (Extended	 Data	 Fig.2-5	 A).	 We	 then	

assessed	the	amount	of	CPC	in	the	inner	centromere	and	midzone	microtubules	 in	

anaphase	 by	 quantitative	 immunofluorescence	 in	 the	 first	 cell	 cycle	 following	

knockdown	 and	 replacement.	 The	 BorealinΔ139-160	 had	 two-fold	 lower	 CPC	 in	 the	

inner	 centromere	 and	midzones	 compared	 to	 the	WT	 (Fig.2-3K-M,	 Extended	Data	

Fig.2-5B-E).	 BorealinΔ139-160	 cells	 were	 deficient	 in	 both	 maintaining	 the	 spindle	

assembly	checkpoint	in	response	to	paclitaxel	and	correcting	improper	kinetochore-

microtubule	attachments	(Fig.2-4A-F,	Extended	Data	Fig.2-6A-D).	We	conclude	that	

phase	 separation	 of	 the	 CPC	 is	 important	 for	 its	 localization	 to	 the	 inner-

centromeres	and	midzone	microtubules	and	its	mitotic	functions.	

Our	studies	suggest	that	phase	separation	underlies	the	unique	properties	of	

the	 inner	 centromere.	 Specifically	 we	 demonstrate	 that	 apart	 from	 recognizing	

phospho-histone	marks	the	centromere	targeting	subunits	of	the	CPC	also	undergo	

phase	separation.	The	CPC	exists	in	a	phase-separated	state	in	the	inner	centromere.	

We	 have	 also	 reconstituted	 a	 number	 of	 biochemical	 properties	 of	 the	 inner-

centromere	 in	 the	 ISB	 coacervates.	We	 propose	 that	 the	 initial	 localization	 of	 the	

CPC	 through	 phospho-histone	 marks	 (nucleation)	 concentrates	 the	 CPC	 on	

chromatin	until	it	reaches	a	critical	concentration	that	induces	phase	separation	on	

inner	centromeric	chromatin	(Fig.2-4G).		
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Phase	 separation	 of	 the	 CPC	 at	 the	 inner	 centromere	 has	 important	

implications	 for	 understanding	 CPC-dependent	 mitotic	 signaling	 and	 centromeric	

cohesion	 protection	 that	 can	 be	 explored	 in	 further	 studies.	 Components	 of	 the	

inner	centromere	preferentially	partition	to	the	ISB	condensate,	suggesting	that	the	

phase	 separation	by	 the	CPC	determines	 the	 composition	of	 the	 inner	 centromere	

and	gives	 the	 inner	centromere	membrane-less	organelle	 like	properties	 that	may	

underlie	 its	 key	 functions	 in	 the	 inner	 centromere	 such	 as	 cohesion	 protection	

(Fig.2-4G).	 Phase	 separation	 by	 the	 CPC	 provides	 a	 mechanism	 for	 the	 local	

enrichment	 of	 the	 Aurora-B	 kinase	 at	 the	 inner	 centromere	 and	 thus	 may	 affect	

kinase	 activation	 kinetics	 and	 the	 gradients	 of	 kinase	 activity	 emanating	 from	 the	

inner	 centromere.	 In	 addition,	 the	 CPC	 localizes	 to	 merotellically-attached	

kinetochores(Knowlton	 et	 al.,	 2006)	 where	 both	 centromeric	 chromatin	 and	

microtubules	 are	 in	 close	 proximity.	We	 have	 shown	 that	 both	microtubules	 and	

chromatin	induced	phase	separation	suggesting	that	phase	separation	at	merotelic	

attachments	 drives	 the	 prevention	 or	 correction	 of	 improper	 kinetochore-

microtubule	attachments.	
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Figure	legends:	

Figure	 2-1:	 The	 centromere-targeting	 region	 of	 the	 CPC	 phase	 separates	 in	

vitro	 under	 physiological	 conditions.	 (A)	Schematic	of	 the	CPC	showing	various	

domains	 in	 the	 CPC	 subunits,	where	DD	 is	 dimerization	 domain.	 Red	 dotted	 lines	

indicate	interactions	between	subunits.	Orange	dotted	box	indicates	the	INCENP1-58-

Survivin-Borealin	 (ISB)	 region	used	 for	biochemical	analysis	 in	 this	 study.	 (B)	DIC	

micrographs	 of	 the	 ISB	 coacervates	 under	 indicated	 conditions.	 (C)	 Turbidity	

generated	by	 the	phase	separation	of	 the	 ISB	complex	under	 indicated	conditions.	

(D)	The	phase-separated	droplets	of	the	GFP-ISB	complex	contain	fluorescence.	(E)	

Time-lapse	 images	 demonstration	 the	 fusion	 of	 ISB	 coacervates.	 (F,	 G,	 H)	 FRAP	

analysis	 of	 GFP-ISB	 coacervates.	 GFP-	 INCENP1-58	was	 photo	 bleached	 in	 the	 ISB	

coacervates	and	recovery	of	florescence	was	monitored	(white	dotted	box	indicates	

the	bleached	area).	 (Top)	Pseudo-colored	kymograph	of	 the	 florescent	 intensity	at	

the	 orange	 dotted	 line	 (shown	 in	 the	 bottom)	 of	 the	 FRAP	 experiment.	 Color	

corresponds	 to	 the	 florescent	 intensity	as	shown	on	 the	 top	right.	 (Bottom)	Time-

lapse	 images	 from	 the	 FRAP	 experiment	 (H)	 Graph	 of	 florescence	 recovery	 after	

photo	 bleaching	 over	 time	 (upon	 complete	 coacervate	 bleaching	 as	 shown	 in	 G)	

showing	mean	and	SEM	at	each	time	point	(n=14).	Green	line	indicates	curve	fitted	

with	one	phase	association	kinetics	equation.	Mobile	 fraction	 is	50.86%	with	95%	

confidence	 interval	 ranging	 from	48.89%	 to	 52.82%.	 T1/2	 is	 99.71	 sec	with	 95%	

confidence	interval	ranging	from	90.13	to	111.6	sec.	(I)	Phase	diagram	of	ISB	phase	

separation	 as	 a	 function	 of	 NaCl	 and	 ISB	 concentration.	 Red	 dotted	 line	 indicates	
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conditions	 with	 physiological	 ionic	 strength.	 Blue	 (homogenous	 phase)	 and	 Red	

(droplet	phase)	filled	circles	show	the	actual	conditions	sampled	in	the	experiment.	

Brown	 shaded	 region	 indicates	 the	 cytoplasmic	 CPC	 concentration	 and	 green	

shaded	region	indicates	centromeric	CPC	concentration.	Scale	bar	is	5um.	
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Figure	2-2:	 Inner	centromere	components	are	both	specifically	concentrated	

in	ISB	coacervates	and	can	induce	ISB	phase	separation.	A-H	ISB	coacervates	

were	mixed	with	the	indicated	fluorescent	inner	centromere	constituents	and	

images	 for	 enrichment.	 Representative	 micrograph	 and	 graph	 for	 respective	

partition	 coefficients	 showing	 enrichment	 of	 (A)	 alexa553-HP1α	 (n=171),	 (B)	

alexa553-xAurora-B/INCENP790-856	 (n=200),	 (C)	 2X	 α-satellite	 DNA-Cy3	 (n=193),	

(D)	 2X	 α-satellite	 RNA-Cy3	 and	 (E)	 GFP	 (n=133)	 and	 (F)	 rhodamine-α/β-tubulin	

dimer	(n=111)	in	ISB	phase.	(G)	Representative	micrographs	showing	enrichment	of	

FITC-histone	 H3	 peptide	 or	 FITC-histone	 H3pT3	 peptide	 in	 ISB-WT	 or	 ISB-H80A	

mutant	coacervates.	Control	micrographs	for	FITC	peptide	alone	and	ISB-WT	or	ISB-

H80A	mutant	coacervates	alone	are	shown	 in	Extended	Data	 figure	3D.	 (H)	Graph	

showing	partition	coefficient	of	the	H3	and	H3pT3	peptide	in	ISB-WT	or	ISB-H80A	

mutant	 coacervates	 from	F	 (at	 least	63	 coacervates	were	analyzed	per	 condition).	

For	 statistical	 analysis	 two	 tailed	 Mann-Whitney	 test	 was	 applied,	 ***	 indicates	

P<0.0001	 and	 *	 indicates	 P=0.0386.	 I-K,	 Inner	 centromere	 proximal	 components	

drive	ISB	phase	separation	(I)	Micrographs	showing	phase	separation	of	12uM	ISB-

WT	induced	by	60ng/ul	2X	α-satellite	DNA	in	presence	of	buffer	containing	165mM	

NaCl.	(J)	Micrographs	showing	phase	separation	of	8uM	ISB-WT	induced	by	60ng/ul	

H3.3	 poly-nucleosomes	 in	 presence	 of	 buffer	 containing	 150mM	 NaCl.	 (K)	

Micrographs	 showing	 phase	 separation	 of	 GFP-ISB	 induced	 on	 bundles	 of	

rhodamine	labeled	microtubules.	Scale	bar	is	5um	except	for	K	were	it	is	3um.	
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Figure	2-3:	The	CPC	exists	in	a	phase-separated	state	in	inner	centromeres.	(A)	

Schematic	of	the	experimental	setup	for	B	and	C.	(B)	Images	showing	localization	of	

CENP-T	 (red)	 and	 Aurora-B	 (grey)	 in	 HeLa-TReX	 cells	 in	 control	 treatment	 (no	

treatment),	upon	treatment	with	90mM	NH4OAc	or	2min	after	NH4OAc	washout.	(C)	

Graph	 showing	 normalized	 fluorescent	 intensity	 of	 Aurora-B/CENP-T	 under	

indicated	conditions	 from	B.	All	 the	 inner	centromeres	 from	at	 least	10	cells	were	

analyzed	per	condition.	For	statistical	analysis	One-Way	ANOVA	followed	by	Dunn’s	

multiple	comparison	test	was	applied.	(D)	Schematic	of	the	experimental	setup	for	E	

and	 F.	 (E)	 Images	 of	 chromosome	 spread	 showing	 DAPI	 (blue)	 and	 INCENP-

mCherry	 (red)	 in	 indicated	 conditions,	 white	 boxes	 in	 the	 images	 point	 to	 the	

regions	that	are	shown	in	the	magnified	insets	on	the	right	of	the	image.	(F)	Graph	

showing	 normalized	 fluorescent	 intensity	 of	 INCENP-mCherry	 at	 the	 inner	

centromeres	 under	 indicated	 conditions	 from	 E.	 At	 least	 318	 chromosomes	were	

analyzed	per	condition.	For	statistical	analysis	Mann-Whitney	test	was	applied	(ns	

indicated	 P=0.2873).	 (G)	 Cartoon	 showing	 distinct	 regions	 of	 the	WT	 and	mutant	

Borealin	used	 in	H-L.	 (H)	Graph	showing	existence	of	 ISBWT	or	 ISBΔ139-160	 in	either	

droplet	 phase	 or	 homogenous	 phase	 under	 conditions	 of	 increasing	 ISB	

concentration	 in	 buffer	 containing	 150mM	 NaCl.	 (I)	 Graph	 showing	 existence	 of	

30uM	ISBWT,	ISBΔ163-180	or	ISBΔ139-160,	in	either	droplet	phase	or	homogenous	phase	

under	 conditions	 of	 increasing	 NaCl	 concentration.	 (J)	 Micrographs	 showing	

existence	 of	 coacervates	 at	 indicated	 condition	 in	 presence	 or	 absence	 of	 2X	 α-

satellite	DNA.	(K)	Schematic	of	the	experimental	setup	for	L	and	M	used	to	analyze	

first	mitosis	after	knockdown	of	endogenous	Borealin	with	3’UTR	siRNA	and	rescue	
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with	 either	 LAP-BorealinWT	 or	 LAP-BorealinΔ139-160.	 (L)	 Micrographs	 showing	

staining	of	Aurora-B	and	CENP-T	cells	rescued	with	either	LAP-BorealinWT	or	LAP-

BorealinΔ139-160.	 (M)	 Graph	 showing	 normalized	 intensity	 of	 Aurora-B/CENP-T	 or	

CENP-T	 from	experiment	 shown	 in	L.	All	 inner	 centromeres	 from	at	 least	11	 cells	

per	condition	were	analyzed.	For	statistical	analysis	 two-tailed	Mann-Whitney	test	

was	applied.	For	 the	whole	 figure	 ***	 indicates	P<0.0001	and	ns	 indicates	P>0.05.	

Scale	bar	is	5um.		
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Figure	 2-4:	 The	 phase	 separation	 property	 of	 the	 CPC	 is	 important	 for	 its	

mitotic	 functions.	 (A)	Schematic	of	 the	experimental	 setup	 for	B	used	 to	analyze	

duration	of	taxol	induced	mitotic	arrest	in	first	mitosis	replacement	of	endogenous	

Borealin	 with	 either	 LAP-BorealinWT	 or	 LAP-BorealinΔ139-160.	 (B)	 Representative	

frames	from	the	time-lapse	images	of	cells	undergoing	mitosis	in	presence	of	100nM	

paclitaxel.	 “NEBD”	 refers	 to	 the	 time	 of	 nuclear	 envelope	 break	 down	 and	 “exit”	

refers	 to	 the	 time	of	mitotic	 exit.	Duration	 from	NEBD	 to	 exit/death	 is	 defined	 as	

duration	 of	 mitotic	 arrest.	 (C)	 Graph	 showing	 duration	 of	 mitotic	 arrest	 in	 cells	

rescued	 with	 LAP-BorealinWT	 or	 LAP-BorealinΔ139-160	 (at	 least	 220	 cells	 were	

analyzed	from	3	independent	experiment	per	condition).	For	statistical	analysis	two	

tailed	students	T-test	with	Welch’s	correction	was	applied.	***	Indicates	P<0.0001.	

(D)	Schematic	of	the	experimental	setup	for	E	used	to	analyze	mitotic	progression	in	

first	mitosis	after	knockdown	of	endogenous	Borealin	and	rescue	with	either	LAP-

BorealinWT	 or	 LAP-BorealinΔ139-160.	 (E)	 Representative	 frames	 from	 the	 time-lapse	

images	 of	 cells	 recued	 with	 either	 LAP-BorealinWT	 or	 LAP-BorealinΔ139-160	

undergoing	mitosis.	Yellow	arrow	points	to	the	lagging	chromosomes	in	anaphase.	

(F)	Graph	showing	percent	of	anaphases	with	lagging	chromosomes	in	cells	rescued	

with	 LAP-BorealinWT	 or	 LAP-BorealinΔ139-160	 (at	 least	 86	 cells	 were	 analyzed	

precondition	 and	 3	 independent	 experiment	 were	 conducted).	 For	 statistical	

analysis	two-tailed	unpaired	T-test	was	applied.	***	Indicates	P=0.0002.	For	B	and	D	

SiR-DNA	was	used	to	visualize	DNA.	Scale	bar	is	5um.	Cumulative	frequency	graph	

of	 duration	 of	 taxol	 arrest	 and	 duration	 of	 various	 phases	 of	mitosis	 is	 shown	 in	

Extended	 Data	 figure	 3-5.	 (G)	 Model	 for	 the	 localization	 of	 the	 CPC	 to	 the	 inner	
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centromere	 driven	 by	 initial	 nucleation	 by	 phospho-histone	 marks	 followed	 by	

phase	 separation	 of	 the	 CPC.	 Furthermore,	 some	 components	 are	 enriched	 in	 the	

CPC	phase	(blue	stars),	while	other	are	excluded	(Purple	8-pointed	star).	
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Extended	 Data	 figure	 2-1:	 ISB-WT	 and	 mutant	 protein	 complexes.	 (A)	

Superdex-200	gel	filtration	profile	of	ISBWT	(red),	ISBΔ139-160	(green),	and	ISBΔ163-180	

(blue)	broken	grey	line	shows	the	profile	of	the	FPLC	standard.	Brown	bar	indicated	

the	fractions	from	gel	filtration	run	on	SDS-PAGE	and	coomassie	stained	(B).		
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Extended	Data	figure	2-2:	Phase	separation	properties	of	the	CPC	centromere-

targeting	 region.	 (A)	 Circularity	 of	 the	 GFP-ISB	 coacervates	 from	 experiment	

shown	 in	 figure	 2-1D.	 (B)	 Surface	 wetting	 and	 shearing	 of	 the	 ISB	 coacervates	

(orange	 arrow)	 under	 the	 indicated	 conditions.	 (C)	 Micrographs	 showing	 ISB	

coacervates	 under	 increasing	 NaCl	 concentration.	 (D)	 Graph	 showing	 area	 of	 the	

coacervates	from	C	under	increasing	NaCl	concentration.	(E)	Micrographs	showing	

ISB	coacervates	under	increasing	ISB	concentration.	(F)	Graph	showing	area	of	the	

coacervates	 from	E	under	 increasing	 concentration	of	 the	 ISB.	 (G)	Micrographs	of	

ISB	 coacervates	 formed	 in	 presence	 of	 increasing	 concentration	 of	 PEG-3350.	 (H)	

Graph	showing	area	of	coacervates	under	increasing	concentration	of	PEG-3350.	For	

statistical	analysis	in	D,	F,	and	H	One-Way	ANOVA	was	applied	followed	by	Dunn’s	

multiple	comparison	test.	(I	and	J)	Electron	micrographs	of	ISB	coacervates	formed	

under	 indicated	 conditions	 showing	 highly	 circular	 coacervates	 and	 coacervates	

arrest	mid-fusion	due	to	gelation.	A	few	apparently	aggregated	networks	could	also	

be	 observed	 under	 condition	 of	 low	 salt	 and	 are	 shown	 as	 contrast	 to	 spherical	

coacervates.	 (K)	 DIC	 micrographs	 of	 20uM	 ISB	 showing	 coacervates	 arrest	 mid-

fusion	 (yellow	 arrow).	 (L)	 Control	 from	 GFP-ISB	 FRAP	 analysis	 (Fig.2-1F-H)	

showing	 no	 significant	 bleaching	 of	 GFP-ISB	 coacervates	 over	 the	 duration	 of	

imaging.	Scale	bar	5um	except	for	I	and	J	were	it	is	1um	and	for	the	middle	panel	in	J	

it	is	2um.	
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Extended	 Data	 figure	 2-3:	 Enrichment	 of	 macromolecules	 in	 ISB	 phase	 and	

nucleation	of	microtubules	from	the	ISB	coacervates.	Representative	images	and	

graph	showing	partition	coefficient	of	(A)	Histone	H3.3	mono-nucleosome,	(B)	Cy3-

azide	and	(C)	GFP-xMad2	in	ISB	phase.	(D)	Control	images	for	experiment	show	in	

Figure	2-2	G,	H.	(E)	Images	showing	nucleation	of	microtubules	upon	enrichment	of	

Cy3-α/β-tubulin	 dimers	 in	 ISB	 coacervates.	 Nucleation	 was	 observed	 from	 ISB	

coacervates	at	1.25uM	α/β-tubulin	dimers	concentration	in	presence	of	GTP	and	not	

seen	in	the	absence	of	GTP.	Scale	bar	5um.	
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Extended	Data	figure	2-4:	Effect	of	increased	monovalent	cation	on	stability	of	

ISB	coacervates	and	Cat-granule	profiles	of	CPC	components.	(A)	Micrographs	

of	 ISB	 coacervates	 in	 indicated	 conditions	 (same	 conditions	 as	 in	 Figure	2-3	A-C).	

(B)	Micrographs	of	 ISB	 coacervates	 in	buffer	 containing	 indicated	 amount	of	NaCl	

and	 PEG-3350	 (same	 condition	 as	 in	 figure	 2-3	 D-F).	 (C)	 Catgranule	 profile	 of	

Borealin,	Survivin	and	INCENP	showing	high	propensity	of	Borealin	central	domain	

to	 form	 granules.	 (D)	 Alignment	 of	 Borealin	 region	 predicted	 to	 drive	 granule	

formation.	 Orange	 and	 brown	 box	 indicate	 the	 putative	 regions	 diving	 granule	

formation.	Scale	bar	5um.	
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Extended	Data	figure	2-5:	Phase-separation	property	of	the	CPC	is	 important	

for	 its	 inner	 centromeres	 localization.	 (A)	Western	 blots	 showing	 endogenous	

Borealin,	LAP-Borealin	and	Tubulin	 levels.	Cells	were	treated	as	 indicated	in	Fig.2-

3K	and	lysates	for	western	blotting	were	collected	8	hours	after	second	thymidine	

release.	(B)	Micrographs	showing	staining	of	INCENP	and	ACA	in	cells	rescued	with	

either	LAP-BorealinWT	or	LAP-BorealinΔ139-160.	Cells	were	treated	as	shown	in	Fig.2-

3K.	 (C)	 Graph	 showing	 normalized	 intensity	 of	 INCENP/ACA	 from	 experiment	

shown	 in	 B.	 All	 inner	 centromeres	 from	 at	 least	 10	 cells	 per	 condition	 were	

analyzed.	 (D)	Micrographs	showing	staining	of	 INCENP	and	ACA	 in	anaphase	cells	

rescued	 with	 either	 LAP-BorealinWT	 or	 LAP-BorealinΔ139-160.	 Cells	 were	 treated	 as	

shown	 in	 Fig.2-3K.	 (E)	 Graph	 showing	 normalized	 intensity	 of	 INCENP	 at	 the	

midzones	 from	 experiment	 shown	 in	 D.	 Midzones	 from	 at	 least	 15	 cells	 per	

condition	 were	 analyzed.	 In	 C	 and	 E,	 for	 statistical	 analysis	 two-tailed	 Mann-

Whitney	test	was	applied.	***	Indicates	P<0.0001,	*	P=0.0108.	Scale	bar	is	5um.		
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Extended	 Data	 figure	 2-6:	 Phase	 separation	 by	 the	 CPC	 is	 important	 for	

maintenance	 of	 taxol	 induced	mitotic	 arrest	 but	 only	marginally	 affects	 the	

time	 to	 align	 chromosomes.	 (A)	 Cumulative	 frequency	 plot	 of	 the	 duration	 of	

mitotic	 arrest	 in	 presence	 of	 100nM	paclitaxel	 from	 figure	 2-4	A-C.	 For	 statistical	

analysis	 two-tailed	 unpaired	 t-test	 was	 applied.	 Cumulative	 frequency	 plot	 of	 the	

duration	 of	 Nuclear	 envelop	 break	 down	 (NEBD)	 to	 anaphase	 (B),	 NEBD	 to	

metaphase	 (C),	 and	metaphase	 to	 anaphase	 (D);	 data	 from	 experiment	 shown	 in	

figure	2-4	D-F.	For	statistical	analysis	two-tailed	t-test	with	Welch’s	correction	was	

applied.	Mean	±	 SEM	 is	 shown	 in	 parenthesis	with	 “n”	 indicating	 the	 sample	 size.	
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Materials	and	methods:	

	

Protein	purification:	

BL21-pLysS	 (DE3)	 cells	 were	 transformed	 with	 a	 tri-cistronic	 pET28a	 vector	

containing	 6XHis-INCENP1-58,	 Survivin,	 Borealin	 (WT,	 Δ139-169,	 or	 Δ163-180)	

sequence;	for	GFP-ISB,	GFP	was	cloned	between	6His	and	INCENP1-58	to	yield	6His-

GFP-ISB	construct.	Cells	were	then	grown	in	presence	of	30mg/ml	Kanamycin	to	OD	

0.8	and	protein	expression	was	induced	with	0.45	M	IPTG	for	16-18hrs	at	18°C.	The	

media	was	also	supplemented	with	60mg/L	ZnCl2	and	0.2%	glucose.	Cells	were	then	

pelleted	 and	 lysed	 in	 buffer	 containing	 500mM	 NaCl;	 50mM	 Tris	 pH7.5,	 0.5mM	

TCEP,	 5%	 glycerol,	 5mM	 Imidazole	 and	 protease	 inhibitor	 cocktail	 (Roche)	 using	

EmulsiFlex-C3	Homogenizer.	 The	 lysate	was	 then	 cleared	with	 centrifugation	 and	

incubated	with	 Ni-NTA	 beads	 (Qiagen)	 for	 4	 hours	 at	 4°C.	 After	 washing	 Ni-NTA	

beads	 (Qiagen)	 with	 200ml	 buffer	 containing	 500mM	 NaCl,	 50mM	 Tris	 pH7.5,	

0.5mM	TCEP,	25mM	Imidazole,	and	5%	glycerol.	The	protein	was	eluted	with	buffer	

containing	500mM	NaCl,	50mM	Tris	pH7.5,	0.5mM	TCEP,	250mM	Imidazole,	and	5%	

glycerol.	The	eluted	protein	was	then	gel	filtered	on	Superdex-200	column	10/300	

GL	 size-exclusion	 column	 (GE	 Life	 Sciences)	 in	 buffer	 containing	 500mM	 NaCl,	

50mM	 Tris	 pH7.5,	 0.5mM	 TCEP	 and	 5%	 glycerol.	 The	 desired	 fractions	 were	

collected	 and	 concentrated	with	Amicon	Ultra-4	Centrifugal	 Filter	Unit	with	3KDa	

cutoff.	 6His-HP1α(Larson	 et	 al.,	 2017)	 and	 xAurora-B/INCENP790-856(Rosasco-

Nitcher	 et	 al.,	 2008)	 was	 expressed	 and	 purified	 by	 following	 the	 previously	

published	 purification	 scheme.	 GFP	 was	 expressed	 from	 a	 pET28a-GFP	 vector	 in	
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BL21-pLysS	(DE3)	cells.	Cells	were	lysed	in	PBS	containing	0.5mM	TCEP	and	5mM	

Imidazole	 and	 purified	 using	 Ni-NTA	 beads	 (Qiagen).	 After	 washing	 with	 PBS	

supplemented	 with	 0.5mM	 TCEP	 and	 25mM	 Imidazole,	 GFP	 was	 eluted	 in	 PBS	

supplemented	with	0.5mM	TCEP	and	250mM	Imidazole.	GFP	was	 then	dialyzed	 in	

PBS	 supplemented	 with	 0.5mM	 TCEP.	 GFP-xMad2	 was	 generated	 by	 cloning	 the	

gene	 encoding	6His-eGFP	onto	he	N-terminus	of	 Xenopus	Mad2	 in	 a	Pet28	 vector	

and	the	protein	purified	from	E.	coli	on	Ni2+-Agarose.	

	

Phase	separation	assay:	

Phase	separation	was	induced	by	diluting	the	indicated	amount	of	ISB	in	the	low	salt	

buffer	(50mM	Tris	pH7.5,	1mM	DTT)	to	achieve	the	indicated	final	concentration	of	

protein	and	NaCl.	To	induce	phase	separation	in	presence	of	a	molecular	crowding	

agent	the	ISB	at	the	indicated	concentration	was	incubated	in	the	buffer	containing	

5%	PEG-3350,	50mM	Tris	pH7.5,	1mM	DTT	and	indicated	amount	of	NaCl.	Indicated	

concentration	of	 2X-α-satellite	DNA,	histone	H3.3	poly-nucleosome	 (containing	12	

nucleosomes)	 (Active	 motif),	 2X-α-satellite	 RNA,	 or	 paclitaxel	 stabilized	

microtubules	was	incubated	with	8uM	ISB	in	buffer	containing	150mM	NaCl,	50mM	

Tris	pH7.5	and	1mM	DTT.	Phase	separation	was	observed	by	adding	a	drop	of	the	

reaction	on	 the	coverslip	and	 imaged	on	63X	objective	 in	Zeiss	Observer	Z1	wide-

field	microscope	by	fluorescence	and	DIC	imaging	or	on	JEOL	1230	for	transmission	

electron	microscopy.	For	time	lapse	imaging	of	ISB	droplet	fusion,	ISB	dorplets	were	

formed	in	indicated	condition	and	immediately	images	under	DIC	every	second.		
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Partitioning	of	constituents	into	ISB	coacervates:	

ISB	 coacervates	were	made	by	 incubating	3-6uM	 ISB	 in	 buffer	 containing	150mM	

NaCl,	 50mM	 Tris	 pH7.5,	 1mM	 DTT	 and	 5%	 PEG-3350.	 400uM	 (unless	 otherwise	

stated)	 of	 the	 indicated	 agent	molecules	were	 incubated	with	 ISB	 coacervates	 for	

2mins	 at	 room	 temperature	 and	 imaged	 immediately.	 For	 calculating	 partition	

coefficients	with	histone	peptides	the	ISB	coacervates	were	generated	by	incubating	

20uM	 of	 ISB	 in	 buffer	 containing	 150mM	 NaCl,	 50mM	 Tris	 pH7.5,	 1mM	 DTT.	

Florescence	 signal	was	 calculated	 by	 using	Volocity	 (V6.3,	 PerkinElmer).	 Partition	

coefficient	 was	 calculated	 by	 dividing	 florescence	 signal	 per	 unit	 area	 inside	 the	

coacervates	 by	 the	 florescence	 signal	 per	 unit	 area	 outside	 the	 coacervates	 after	

subtraction	 of	 background	 florescence.	 Background	 florescence	was	 calculated	 by	

imaging	the	coacervates	in	absence	of	fluorescent	agent	molecules.		

Unmodified	 histone	 H3	 or	 H3	 pT3	 synthetic	 peptides	

(ARTKQTARKSTGGKAPRKQLY-fluorescein	 (note	 the	 additional	 tyrosine,	 to	 allow	

concentration	 measurement	 at	 280	 nm,	 and	 C-terminal	 fluorescein)	 (GenScript)	

were	 previously	 described.	 400nM	 rhodamine	 labeled	 α/β-Tubulin	 dimers	

(Cytoskeleton	 Inc.),	 400nM	 HP1α-Alexa555,	 100nM	 xAurora-B/xINCENP790-856-

Alexa555,	 400nM	Cy3-2X-α-satellite	 DNA,	 400nM	2X-α-satellite	 RNA,	 400nM	Cy3-

azide,	 400nM	 GFP,	 400nM	 GFP-xMad2	 were	 incubated	 with	 phase	 separated	 ISB	

coacervates.	2X-α-satellite	RNA	was	made	by	in	vitro	transcription	of	2X-α-satellite-

DNA	PCR	product,	which	was	amplified	 from	vector	containing	2X-α-satellite-DNA	

sequence	(a	kind	gift	from	Dan	Foltz)	using	primer	containing	the	T7	transcription	

initiation	 sequence	 (Fw:	
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TAATACGACTCACTATAGGGAGAAAGTGGATATACAGACCCC;	 Rv:	

TCCACTTGCAGACTTTACAAACAG)	 .	 The	 in	 vitro	 transcription	 was	 carried	 out	 by	

using	Megascript	T7	Transcription	Kit	(Thermo	Fisher)	spiked	with	Cy3-UTP,	RNA	

was	 then	 treated	with	DNAase	and	 isolated	by	using	RNA	Clean	and	Concentrator	

Kit	 (Zymo	Research).	 Cy3-2X-α-satellite-DNA	was	made	 by	 PCR,	 spiked	with	 Cy3-

dCTP;	using	primers	listed	above	and	purified	using	gel	extraction.	HP1α-Alexa555	

and	xAurora-B/xINCENP790-856-Alexa555	was	made	by	purifying	HP1α	and	xAurora-

B/xINCENP790-856	as	previously	described	(REF)	and	labeling	with	Mix-n-StainTM	CF-

555	 labeling	 kit	 (Sigma-Aldrich)	 followed	 by	 dialysis	 to	 remove	 unreacted	 dye	

molecules.		

	

Microtubule	preparation	and	microtubule	dependent	phase	separation:	

	 Paclitaxel-stabilized	 microtubules	 were	 prepared	 by	 polymerizing	 bovine	

brain	tubulin	dimers	spiked	with	rhodamine	labeled	α/β-Tubulin	dimers	in	BRB80	

(80mM	PIPES,	 1mM	MgCl2,	 1mM	EGTA,	 pH	 6.8	with	NaOH),	 1mM	DTT	 and	 1mM	

GTP	with	increasing	concentration	of	paclitaxel,	paclitaxel	stabilized	MTs	were	then	

separated	 from	the	un-polymerized	tubulin	dimers	by	centrifuging	through	a	40%	

glycerol	 cushion	at	137,	000	x	g.	6uM	GFP-ISB	was	 incubated	with	1uM	paclitaxel	

stabilized	 rhodamine-MTs	 in	 buffer	 containing	 50mM	 Tris	 pH7.5,	 150mM	 NaCl,	

1mM	 DTT	 and	 20uM	 paclitaxel	 for	 15min	 at	 room	 temperature.	 A	 drop	 of	 the	

reaction	was	squished	between	coverslips	and	images	at	63X	on	Zeiss	Observer	Z1	

wide-field	microscope.	
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Cell	culture	and	stable	cell	line	generation:	

	HeLa	 T-REx	 cell	 (ThermoFisher	 Scientific)	 and	 HeLa	 Kyoto	 cells	 with	

endogenously	 tagged	 INCENP-mCherry	 and	 Aurora-B-GFP	 (a	 gift	 from	 Jan	

Ellenberg)(Neumann	 et	 al.,	 2010)	 were	 grown	 in	 Dulbecco’s	 modified	 Eagle’s	

medium	(DMEM,	Invitrogen)	supplemented	with	10%	fetal	bovine	serum	(Gibco)	in	

presence	of	5%	CO2	in	a	humidified	incubator	at	37°C.		

In	order	to	generate	HeLa	T-REx	cells	stably	expressing	LAP-BorealinWT	and	

LAP-BorealinΔ139-160,	 the	 BorealinWT	 transgene	 fragments	 were	 sub-cloned	 in	 to	

pCDNA5/FRT	 vector	 (Invitrogen)	 containing	 N-terminal	 LAP	 (GFP	 and	 S-peptide)	

tag	 sequence.	 LAP-	 BorealinΔ139-160	 was	 generated	 by	 deleting	 region	 coding	 for	

Borealin	139-160aa	by	site	directed	mutagenesis.	The	resulting	LAP-BorealinWT	and	

LAP-BorealinΔ139-160	 plasmids	 were	 co-transfected	 with	 the	 pOG44	 plasmid	

(Invitrogen)	 using	 Lipofectamine	 2000	 (Invitrogen).	 Cells	 were	 subjected	 to	

selection	 for	 15	days	 in	 presence	 of	 200ug/ml	Hygromycin	B	 (Invitrogen).	 To	 get	

cells	with	homogenous	expression	of	the	transgenes,	selected	colonies	were	pooled	

and	FACS	sorted	for	GFP	(for	LAP-Borealin	transgenes)	expression.		

	

Plasmid	and	siRNA	transfection:	

Plasmid	 transfection	 was	 done	 using	 Lipofectamine	 2000	 (Invitrogen)	

according	to	manufacture’s	protocol.	

For	 knockdown	 and	 replacement	 experiments	 Borealin	 3’UTR	 siRNA	

(AGGUAGAGCUGUCUGUUCAdTdT)(Klein	 et	 al.,	 2006)	 was	 transfected	 by	 using	

RNAiMAX	 (Invitrogen)	 according	 to	 manufacturers	 protocol.	 To	 analyze	 mitotic	
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phenotypes	in	the	first	mitosis	after	complementation	Borealin	stable	cell	lines	were	

plated	in	presence	of	2mM	thymidine,	24hrs	after	plating	cells	were	release	in	fresh	

media	 and	 siRNA	was	 transfected.	Another	 round	of	 siRNA	 transfection	was	done	

after	12hrs	of	the	1st	siRNA	treatment	and	2mM	Thymidine	was	added.	After	11-44	

hours	 of	 2nd	 siRNA	 treatment	 cells	were	 released	 from	 thymidine	 in	 fresh	media.	

For,	immunofluorescence	analysis	cells	were	fixed	after	8-10	hours	and	for	live	cell	

imaging	cell	were	treated	as	indicated.		

	

Live	cell	imaging:	

For	 live	 cell	 imaging,	 cells	 were	 plated	 in	 the	 4	 well	 imaging	 chamber	

(Labtek)	in	presence	2mM	thymidine	followed	by	siRNA	treatment.	3-4	hours	after	

2nd	 thymidine	 release	 200nM	 SiR-DNA	 (Cytoskeleton	 Inc.)	 dye	 was	 added	 to	 the	

cells.	1.5	hours	post	SiR-DNA	treatment	time-lapse	images	were	taken	16hrs	at	5min	

interval	 on	 a	 Zeiss	 Observer-Z1	 in	 an	 humidified	 environmental	 chamber	

maintained	 at	 37°C	 in	 presence	 of	 5%CO2.	 Movies	 were	 analyzed	 using	 Volocity	

software	(V6.3,	PerkinElmer).	

	

Fluorescence	recovery	after	photo	bleaching	(FRAP):		

	 GFP-ISB	 coacervates	 were	 generated	 by	 incubating	 6uM	 GFP-ISB	 in	 buffer	

containing	 150mM	 NaCl,	 50mM	 Tris	 pH7.5,	 1mM	 DTT	 and	 5%	 PEG-3350	

supplemented	 with	 oxygen	 scavenging	 solution	 containing	 40	 mM	 Glucose,	 130	

mg/ml	 Glucose	 oxidase,	 and	 24	 mg/ml	 Catalase.	 GFP-ISB	 coacervates	 were	 then	

placed	in	a	flow	chamber	constructed	by	placing	two	strips	of	double-sided	tape	on	
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a	 coverslip	 and	 placing	 a	 second	 coverslip	 on	 top	 of	 it	 to	 form	 a	 grove.	 FRAP	

experiment	was	performed	on	a	Zeiss	880	confocal	microscope	by	acquiring	2	time	

points	 before	 bleaching	 and	 then	 bleaching	 with	 20	 cycles	 of	 488	 laser	 at	 100%	

power	 and	 imaging	 every	 1.5	 sec	 for	 265	 sec.	 Fluorescence	 intensities	 were	

measured	 using	 Volocity	 (V6.3,	 PerkinElmer).	 Recovered	 intensity	 corrected	 for	

photo	 bleaching	 that	 occurred	 due	 to	 imaging	 was	 termed	 as	 Percent-corrected	

recovered	 intensity	 (Nt)	 and	 was	 calculated	 by	 using	 following	 equation	 at	 each	

time	point.	

	

𝑁𝑡 =
𝐹𝑡 − 𝐹0𝑝𝑜𝑠𝑡𝑏𝑙𝑒𝑎𝑐ℎ /𝐹𝑡𝑢𝑛𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑
𝐹0𝑝𝑟𝑒𝑏𝑙𝑒𝑎𝑐ℎ/𝐹0𝑢𝑛𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑 ∗ 100	

	

Where,	

Nt	=	Percent-corrected	recovered	intensity.	

Ft	=	Fluorescence	intensity	at	time	(t).	

F0postbleach	=	Fluorescence	intensity	just	after	bleaching.	

Ftunbleached	=	Fluorescence	intensity	at	time	(t)	of	unbleached	coacervate.	

F0prebleach	=	Fluorescence	intensity	before	bleaching.	

F0unbleached	=	 Fluorescence	 intensity	 of	 unbleached	 coacervate	 at	 the	 same	 time	 as	

F0prebleach.	

	

	 Graph	of	Nt	vs	time	was	fitted	with	one-phase	association	equation	by	least	

square	fitting	method	using	Prism	software	(GraphPad)	(shown	in	Green	in	Fig.	1H).	
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Mobile	fraction	and	T1/2	with	95%	confidence	interval	was	extracted	from	this	curve	

using	Prism	software	(GraphPad).	

	

Mitotic	chromosome	spreads:	

100ng/ml	 KaryoMAX	 Colcemid	 (Gibco)	 was	 added	 to	 HeLa	 Kyoto	 cells	

expressing	 endogenously	 tagged	 INCENP-mCherry	 and	Aurora-B-eGFP	 for	 1	 hour.	

Mitotic	 cells	were	 collected	by	mitotic	 shake	off	 spun	down	and	 resuspended	 in	a	

hypotonic	buffer	(25mM	KCl,	0.27%	Na-Citrate	in	distilled	water)	for	15min	at	37°C.	

Swollen	cells	were	then	broken	open	and	chromosomes	were	spread	on	coverslips	

using	 a	 Cytospin	 4	 (ThermoShandon).	 The	 coverslip	 was	 then	 transferred	 to	 the	

indicated	buffer	(20mM	HEPES,	5mM	MgCl2,	25mM	NaCl	or	220mM	NaCl,	0	or	10%	

PEG-3350,	 1mM	 DTT,	 20mM	 β-glycerophosphate,	 1X	 protease	 inhibitor	 cocktail	

(Roche))	for	5	min	and	washed	once	more	with	the	same	buffer.	The	chromosomes	

were	 then	 fixed	 with	 2%	 PFA	 in	 PBS	 for	 15	 min.	 The	 chromosomes	 were	 then	

stained	with	DAPI	and	mounted	on	a	slide	for	imaging.	Chromosomes	were	imaged	

at	 63X	 on	 a	 Zeiss	 Observer-Z1.	 The	 intensity	 of	 INCENP-mCherry	 and	 DAPI	were	

quantitated	 at	 the	 inner	 centromere	 by	 using	 Volocity	 (V6.3,	 PerkinElmer).	 These	

values	were	plotted	using	Prism	software	(GraphPad)	and	indicated	statistical	tests	

where	applied.	

	

Immunofluoresence	microscopy:	

	Cells	were	seeded	on	poly-L-Lysine	(Sigma)	coated	coverslips	and	treated	as	

indicated.	Cells	were	then	fixed	with	4%	paraformaldehyde	in	PHEM	buffer	(25mM	



	 86	

HEPES,	60mM	Pipes,	10mM	EGTA,	and	4mM	MgCl2,	pH	6.9)	containing	0.5%	Triton-

X	100	for	20	minutes	at	room	temperature.	After	3X	Tris	buffered	saline	(TBS)	wash,	

cells	were	blocked	for	1hour	with	3%	BSA	in	TBS-T	at	room	temperature.	Cells	were	

then	incubated	with	primary	antibodies	in	3%	BSA	in	TBS-T	(TBS	+	0.1%	Tween20)	

for	 1	 hour	 at	 room	 temperature.	 Cells	were	 then	washed	 3X	with	 TBS-T	 (10	min	

each),	 and	 incubated	 with	 fluorescent	 secondary	 antibodies	 (1:2000)	 (Jackson	

Immuno-Research).	 Cells	were	 then	washed	 4	 times	with	TBS-T	 and	 stained	with	

0.5µg/ml	 DAPI	 for	 5	 minutes	 before	 mounting	 on	 the	 slides	 using	 ProlongGold	

antifade	(Invitrogen)	and	sealed	with	nail	polish.	Image	acquisition	was	performed	

as	described	previously(Banerjee	et	 al.,	 2014).	 Image	processing	and	analysis	was	

done	 using	 Volocity	 (V6.3,	 PerkinElmer).	 To	 quantify	 fluorescence	 levels	 at	

centromeres,	we	used	an	intensity	threasholding	algorithm	to	mark	all	centromeres	

on	 the	 basis	 of	 CENP-T	 or	 ACA	 intensity.	 To	 eliminate	 changes	 in	 florescence	

intensity	due	to	differences	in	centromere	size,	the	total	fluorescence	intensity	was	

divided	 by	 the	 total	 volume	 of	 the	 selected	 area.	 Background	 intensity	 was	

subtracted	 and	 the	 intensity/volume	 of	 the	 desired	 channel	 were	 normalized	

against	 the	 corresponding	CENP-T	or	ACA	 intensity/volume.	 The	 final	 normalized	

intensity	values	were	graphed	and	analyzed	using	Prism	software	(GraphPad)	and	

indicated	statistical	tests	were	applied.	
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Chapter	3	

The	binding	of	Borealin	to	microtubules	underlies	a	tension	

independent	kinetochore-microtubule	error	correction	

pathway.	

	

	

	

	

	

	

This	 chapter	 is	 from	 the	 paper	 titled:	 “The	 binding	 of	 Borealin	 to	

microtubules	underlies	a	tension	independent	kinetochore-microtubule	

error	correction	pathway”	

Prasad	Trivedi,	Maxim	Godzi,	Anatoly	V.	Zaytsev,	Fazly	I.	Ataullakhanov,	Ekaterina	L.	

Grishchuk,	P.	Todd	Stukenberg.	(Under	revision	in	Nature	Communications)	
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Abstract:	

	

Proper	 chromosome	 segregation	 depends	 upon	 regulated	 kinetochore	

phosphorylation	 by	 the	 Chromosome	 Passenger	 Complex	 (CPC).	 Current	 models	

suggest	 the	 activity	 of	 the	 CPC	 decreases	 in	 response	 to	 the	 inter-kinetochore	

stretch	 that	 accompanies	 the	 formation	 of	 bi-oriented	 microtubule	 attachments.	

Recent	electron	microscopy	data	argue	that	microtubule	bundles	initially	lie	in	close	

proximity	 to	 inner	centromeres	and	become	depleted	by	metaphase.	Here	we	 find	

these	 microtubules	 control	 kinetochore	 phosphorylation	 by	 the	 CPC	 in	 a	 tension	

independent	manner	via	a	novel	microtubule-binding	site	on	the	Borealin	subunit.	

Disruption	of	Borealin-microtubule	interactions	generates	reduced	phosphorylation	

of	prometaphase	kinetochores,	improper	kinetochore-microtubule	attachments	and	

weakened	spindle	checkpoint	signals.	Experimental	and	modeling	evidence	suggests	

that	 kinetochore	 phosphorylation	 is	 greatly	 stimulated	 when	 the	 CPC	 binds	

microtubules	 that	 lie	 near	 the	 inner	 centromere,	 even	 if	 the	 kinetochores	 have	

obtained	 high	 inter-kinetochore	 stretch.	 We	 propose	 the	 CPC	 senses	 its	 local	

environment	 through	 microtubule	 structures	 to	 control	 phosphorylation	 of	

kinetochores.	

	

Introduction	

	 Human	 kinetochores	 bind	 ~20	 microtubules	 and	 faithful	 chromosome	

segregation	 requires	 that	 the	majority	 of	 the	microtubules	 attached	 to	 one	 sister	

kinetochore	orient	towards	one	spindle	pole,	while	those	of	its	sister	orient	towards	
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the	opposite	pole(McEwen	et	al.,	2001).	The	inability	to	obtain	this	biorientation	is	

the	major	source	of	Chromosomal	 Instability	 in	human	tumors(Cimini	et	al.,	2001;	

Thompson	 and	 Compton,	 2011).	 The	 Chromosome	 Passenger	 Complex	 (CPC)	

controls	 biorientation	 as	 well	 as	 other	 mitotic	 events	 by	 regulating	 kinetochore-

microtubule	 interactions(Cimini	 et	 al.,	 2006;	 Knowlton	 et	 al.,	 2006;	 Tanaka	 et	 al.,	

2002)	 recently	 reviewed	 in	 (Etemad	 et	 al.,	 2015;	 Lampson	 and	 Grishchuk,	 2017;	

Trivedi	 and	 Stukenberg,	 2016)	 .	 The	 CPC	 is	 a	 four-protein	 complex	 consisting	 of	

chromatin	 targeting	 subunits	 Survivin	 and	 Borealin,	 the	 scaffold	 INCENP	 and	 a	

kinase	 Aurora-B(Carmena	 et	 al.,	 2012b).	 Bioriented	 microtubules	 bound	 to	

kinetochores	 generate	 a	 poleward	 pulling	 force	 that	 increases	 the	 distance	 of	

kinetochores	 from	 the	 inner	 centromere	 (inter-kinetochore	 stretch)(Maresca	 and	

Salmon,	 2009).	 These	 forces	 are	 countered	 by	 centromeric	 chromatin,	 which	 is	

extended	(Lawrimore	et	al.,	2015)	after	kinetochores	are	aligned	at	the	metaphase	

plate	 and	 also	 likely	 in	 chromosomes	 that	 obtain	 biorientation	 before	

alignment(Itoh	et	al.,	2018;	Magidson	et	al.,	2011).	Many	models	have	suggested	that	

either	 the	 inter-kinetochore	 stretch	 or	 the	 changes	 to	 tension	 in	 centromeric	

chromatin	 underlie	 the	 ability	 of	 the	 CPC	 to	 control	 biorientation(Krenn	 and	

Musacchio,	2015;	Lampson	and	Grishchuk,	2017),	however	the	tension	independent	

mechanisms	 are	 also	 likely	 to	 be	 involved	 because	 some	 prometaphase	

kinetochores	may	also	become	stretched	due	to	kinetochore	localized	motor	activity	

on	microtubule	bundles	that	lie	in	close	proximity	to	inner	centromeres(Itoh	et	al.,	

2018;	Magidson	et	al.,	2011).		
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The	 fact	 that	 Aurora	 kinases	 autoactivate	 when	 they	 are	 concentrated	 at	

subcellular	loci	underlies	their	ability	to	initiate	signaling	events.	The	majority	of	the	

CPC	(~75%)	is	 localized	to	the	 inner-centromere,	which	 is	 the	chromatin	between	

kinetochores	 on	 mitotic	 chromosomes,	 during	 prometaphase	 and	 metaphase	

(Earnshaw	 and	 Cooke,	 1991;	 Mahen	 et	 al.,	 2014).	 The	 CPC	 locates	 the	 inner-

centromere	 by	 binding	 two	 distinct	 histone	 phosphorylation	marks	 that	 intersect	

the	mitotic	chromosome	along	two	orthogonal	axes	(Trivedi	and	Stukenberg,	2016;	

van	 der	 Horst	 and	 Lens,	 2014;	 Yamagishi	 et	 al.,	 2010).	 First,	 the	 Haspin	 kinase	

phosphorylates	histone	H3	at	threonine	3	(H3pT3)	and	Survivin	directly	binds	the	

phosphorylated	 H3pT3	 (Du	 et	 al.,	 2012;	 Kelly	 et	 al.,	 2010;	 Niedzialkowska	 et	 al.,	

2012;	Wang	et	al.,	2010;	2011b;	Yamagishi	et	al.,	2010).	Since	Haspin	is	recruited	by	

cohesin(Carretero	et	al.,	2013;	Zhou	et	al.,	2017),	this	mark	is	initially	found	along	a	

central	 “long”	 axis	 between	 sister	 chromatids.	 A	 second	 axis	 is	 generated	 across	

chromosomes	 between	 kinetochores	 by	 the	 Bub1	 kinase(Boyarchuk	 et	 al.,	 2007;	

London	et	al.,	2012;	Shepperd	et	al.,	2012;	van	der	Waal	et	al.,	2012;	Yamagishi	et	al.,	

2012).	 Specifically,	 kinetochore	 localized	 Bub1	 phosphorylates	 histone	 H2A	 on	

threonine	120	(H2A	pT120)(Boyarchuk	et	al.,	2007;	Kawashima	et	al.,	2010;	Ricke	

et	al.,	2012).	This	indirectly	recruits	the	CPC	because	the	middle	domain	of	Borealin	

(170-220aa)	 binds	 Sgo1	 (Fig.3-1A),	which	 directly	 binds	H2A	 pT120(Baron	 et	 al.,	

2016;	Tsukahara	et	al.,	2010;	Williams	et	al.,	2017;	Yamagishi	et	al.,	2010).		

Despite	 this	 prominent	 inner	 centromere	 localization,	 the	 CPC	

phosphorylates	kinetochore	proteins	 that	 are	>500nm	away,	 to	 correct	 erroneous	

kinetochore-microtubule	 interactions	 and	 coordinate	 the	 spindle	 assembly	
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checkpoint	 (SAC)(Cheeseman	et	 al.,	 2002;	Cimini	 et	 al.,	 2006;	DeLuca	 et	 al.,	 2011;	

Etemad	 et	 al.,	 2015;	 Kallio	 et	 al.,	 2002;	 Knowlton	 et	 al.,	 2006;	 Lan	 et	 al.,	 2004;	

Sarangapani	et	al.,	2013;	Welburn	et	al.,	2010;	Zaytsev	et	al.,	2015;	2014).	Aurora-B	

phosphorylation	of	kinetochore	substrates	such	as	the	Ndc80	complex	is	higher	on	

unaligned	 kinetochores	 than	metaphase-aligned	 kinetochores(DeLuca	 et	 al.,	 2011;	

Welburn	 et	 al.,	 2010).	 This	 is	 caused	 in	 part	 by	 recruitment	 of	 phosphatases	 to	

kinetochores	 after	 they	 obtain	 proper	 kinetochores	 attachments(Kim	 et	 al.,	 2010;	

Liu	et	al.,	2010;	Sivakumar	et	al.,	2016;	Suijkerbuijk	et	al.,	2012),	but	most	models	

suggest	 that	 the	 CPC’s	 ability	 to	 phosphorylate	 kinetochores	 is	 also	 decreased	 in	

metaphase(Krenn	and	Musacchio,	2015;	Samejima	et	al.,	2015;	Zaytsev	et	al.,	2016).		

How	 the	 CPC	 phosphorylates	 kinetochores	 and	why	 kinetochore	 substrate	

phosphorylation	is	higher	in	unaligned	chromosomes	than	aligned	chromosomes	is	

a	matter	of	intense	debate.	It	has	been	proposed	that	centromere	anchored	CPC	uses	

an	 extended	 helix	 on	 the	 INCENP	 subunit	 to	 “reach”	 the	 Aurora	 kinase	 to	

kinetochore	 substrates(Krenn	 and	 Musacchio,	 2015;	 Samejima	 et	 al.,	 2015).	 This	

model	 is	 appealing	 for	 its	 simplicity	 and	 the	 fact	 that	 the	 stretch	 generated	 by	

pulling	forces	could	physically	displace	substrates	from	the	kinase.	It	has	also	been	

suggested	 that	 the	 highly	 concentrated	 centromeric	 pools	 initiate	 a	 signal	 by	

activating	 soluble	 CPC	 that	 propagates	 to	 kinetochores	 via	 a	 reaction-diffusion	

mechanism(Wang	et	al.,	2011a;	Zaytsev	et	al.,	2016).	The	spreading	of	 the	soluble	

CPC	 requires	 dynamic	 interactions	 with	 the	 chromatin-bound	 CPC.	 Modeling	

suggests	 that	 the	 increased	 distance	 between	 chromatin	 binding	 sites	 that	

accompanies	inter-kinetochore	stretching	would	switch	the	bistable	kinase	activity	
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into	 the	 “off”	 state,	 providing	 a	 plausible	 explanation	 for	 the	 tension-dependent	

changes	in	Aurora-B	activity	at	the	kinetochore(Zaytsev	et	al.,	2016).	The	model	has	

been	 tested	 in	 spreading	 of	 CPC	 activity	 along	 chromosome	 arms	 but	 lacks	

experimental	 evidence	 that	 reaction-diffusion	 mechanism	 controls	 kinetochore	

phosphorylation(Wang	et	al.,	2011a;	Zaytsev	et	al.,	2016).	Finally	 it	has	even	been	

debated	 whether	 centromeric	 CPC	 plays	 a	 central	 role	 in	 phosphorylating	

kinetochores	 and	 error	 correction	 (Haase	 et	 al.,	 2017;	 Hindriksen	 et	 al.,	 2017;	

Lampson	 and	Grishchuk,	 2017;	Wheelock	 et	 al.,	 2017;	 Yue	 et	 al.,	 2008a).	 Budding	

yeast	 and	 chicken	 DT40	 cells	 do	 not	 require	 centromere	 localization	 for	

biorientation(Campbell	 and	Desai,	2013;	Fink	et	 al.,	 2017)	 (Yue	et	 al.,	 2008b),	but	

yeast	require	the	ability	to	bind	microtubules(Campbell	and	Desai,	2013;	Fink	et	al.,	

2017).	It	has	also	been	proposed	that	the	CPC	can	bind	directly	to	kinetochores	via	

the	 Sgo1	protein	 in	 human	 cells(Caldas	 et	 al.,	 2013;	Krenn	 and	Musacchio,	 2015).	

However,	 direct	 binding	 of	 kinetochores	 is	 unlikely	 to	 be	 the	 only	 mechanism	

because	depletion	of	the	centromere	bound	pool	or	expression	of	CPC	mutants	that	

do	 not	 bind	 H3pT3	 compromises	 Aurora-B	 ability	 to	 phosphorylate	 its	 distant	

substrates(De	Antoni	et	al.,	2012;	Wang	et	al.,	2011a;	Zaytsev	et	al.,	2016).	

Importantly,	these	changes	in	Aurora-B	kinase	activity	are	concomitant	with	

the	changes	in	the	mode	of	kinetochore-microtubule	attachments.	Kinetochores	are	

initially	attached	to	microtubules	laterally,	and	recent	data	suggest	that	high	inter-

kinetochore	stretch	can	be	generated	by	CENP-E	kinesin(Itoh	et	al.,	2018;	Magidson	

et	 al.,	 2011).	 It	 was	 recently	 shown	 that	 the	 initial	 kinetochore-microtubule	

attachments	 in	 prometaphase	 place	 inner	 centromere	 regions	 adjacent	 to	 large	
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bundles	of	microtubules	 that	also	 run	adjacent	 to	 sister	kinetochores(Magidson	et	

al.,	 2011).	 This	 suggests	 that	 there	 is	 a	 distinct	 prometaphase	 state	 that	 can	

specifically	 have	 bundles	 of	 microtubules	 that	 span	 from	 inner	 centromeres	 to	

kinetochores.	These	would	be	largely	reduced	by	metaphase(Magidson	et	al.,	2011)	

replaced	by	 the	 “end-on”	attachments	when	microtubules	 form	kinetochore	 fibers	

(K-fibers).	 In	 this	 respect,	 it	 is	 interesting	 that	 microtubules	 themselves,	 not	 just	

tension	 that	 they	 can	 generate,	 have	 been	 shown	 to	 provide	 added	 layers	 of	

regulation	to	the	CPC.	Microtubules	stimulate	the	CPC	activity	and	auto-activation	in	

vitro	 and	 are	 required	 for	 complete	 localization	 of	 the	 CPC	 to	 the	 inner-

centromere(Banerjee	et	al.,	2014;	Rosasco-Nitcher	et	al.,	2008;	Tipton	et	al.,	2017;	

Wheelock	et	al.,	2017).	Microtubules	are	also	required	for	full	activation	of	the	CPC	

in	 a	 Xenopus	 extract	 system	 where	 the	 concentration	 of	 CPC	 by	 chromatin	 is	

replaced	 by	 activation	 by	 dimerizing	 antibodies(Tseng	 et	 al.,	 2010).	However,	 the	

exact	mechanism	of	their	action	and	their	relevance	to	the	error-correction	function	

of	the	CPC	is	unclear.	Previous	work	identified	a	microtubule-binding	site	in	the	SAH	

domain	 of	 the	 INCENP	 subunit(Samejima	 et	 al.,	 2015;	 van	 der	 Horst	 et	 al.,	 2015;	

Wheatley	et	al.,	2001;	Wheelock	et	al.,	2017).	Although	the	SAH	domain	of	INCENP	is	

important	for	the	maintenance	of	the	paclitaxel-dependent	SAC	arrest,	it	is	unclear	if	

it	 is	 required	 for	 the	 error	 correction	 function	 of	 the	 CPC	 (Lens	 et	 al.,	 2006;	

Wheelock	et	al.,	2017).	How	microtubules	regulate	the	CPC	dependent	kinetochore	

phosphorylation	is	a	major	unanswered	question.	

	 Here	we	identify	a	novel	microtubule-binding	site	in	the	Borealin	subunit	of	

the	CPC	and	show	that	this	interaction	is	important	for	proper	error-correction	and	
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for	 maintenance	 of	 paclitaxel-induced	 SAC-dependent	 arrest.	 We	 show	 that	 non-

centromeric	CPC	 is	 required	 to	phosphorylate	kinetochores	 and	 that	 this	 requires	

microtubule	 binding	 by	 Borealin.	 Using	 theoretical	 approaches,	 we	 demonstrate	

that	microtubules	near	the	inner	centromere	up	regulate	kinase	activity	at	adjacent	

kinetochores.	 Interestingly,	 microtubules	 extend	 CPC	 activity	 even	 further	 than	

kinetochores	 at	 their	 most	 stretched	 state,	 suggesting	 that	 the	 regulation	 by	

microtubules	 is	 independent	 of	 chromatin	 changes	 by	 tension.	 Our	 model	 also	

demonstrates	 that	 end-on	 attached	 K-fiber	 microtubules	 do	 not	 stimulate	

phosphorylation	of	kinetochores	to	the	same	extent.	Together	these	finding	uncover	

an	 unappreciated	 layer	 of	 kinetochore	 regulation	 where	 local	 changes	 to	

microtubules	near	inner	centromeres	stimulate	kinetochore	phosphorylation	by	the	

CPC.	 We	 suggest	 that	 the	 phosphorylation	 of	 kinetochores	 that	 underlies	 faithful	

mitotic	progression	requires	coordination	of	 the	centromere-bound,	diffusible	and	

microtubule-bound	pools	of	the	CPC.		

	

Results:	

The	 “Centromere	 targeting	 region”	of	 the	CPC	 contains	 a	novel	microtubule-

binding	site.	

	 The	centromere-targeting	region	of	human	CPC	was	expressed	and	purified	

from	E.	coli.	Our	preparations	contained	the	first	48	amino	acids	of	INCENP	tagged	

on	 the	 N-terminus	with	 6-histidines,	 and	 full-length	 Survivin	 and	 Borealin	 (ISB)).	

ISB	 was	 mixed	 with	 paclitaxel-stabilized	 microtubules	 and	 the	 protein	 that	

remained	 bound	 to	 microtubules	 after	 sedimentation	 was	 quantified	 by	
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immunoblot.	 The	 ISB	 sub-complex	 bound	 taxol-stabilized	 microtubules	 with	 an	

apparent	Kd	of	~164nM	(Fig.3-1C,	D).	Proteins	often	bind	microtubules	through	the	

electrostatic	 interaction	 between	 basic	 amino	 acids	 in	 proteins	 and	 the	 acidic	

residues	on	the	E-hook	of	tubulin	subunits.	There	are	evolutionarily	conserved	basic	

residues	at	the	tip	of	the	triple	helix	of	the	ISB	structure	(Fig.3-1	A,	B).	Disruption	of	

these	basic	residues	by	expression	of	BorealinR17E,	R19E,	K20E	was	previously	shown	to	

inhibit	 cytokinesis,	 but	 no	 effects	 on	 early	 mitotic	 events	 were	

reported(Jeyaprakash	et	al.,	2007).	We	engineered	these	mutations	 into	our	E.	coli	

expression	 construct	 to	 generate	 ISBMTBD.	 These	 charge	 reversal	mutations	 in	 the	

basic	 patch	 dramatically	 reduced	 the	 microtubule	 binding	 affinity	 of	 the	 ISB	

complex	(apparent	Kd	of	4,200	nM)	(Fig.3-1C,	D).	Deleting	the	N-terminal	20	amino	

acids	 of	 Borealin	 (ISBΔ20)	 also	 reduced	 the	 affinity	 for	 microtubule	 binding	

(apparent	Kd	of	750	nM,	Fig.3-1C,	D).	These	mutations	did	not	hinder	ISB	complex	

formation	 or	 caused	 any	 gross	 structural	 changes	 as	 measured	 by	 gel-filtration	

chromatography	(Fig.3-S1A,	B,	C).	We	immunoprecipitated	tagged	Borealin	MTBM	or	

BorealinWT	 that	was	 expressed	 in	HeLa	 cells	 and	 pulled	 down	 similar	 amounts	 of	

endogenous	 untagged	 Borealin	 demonstrating	 that	 the	 mutant	 does	 not	 affect	

dimerization	(Fig.3-S1C).		

ISBWT	 complex	 also	 bundled	 paclitaxel-stabilized	 microtubules	 in	 a	

concentration-dependent	manner	(Fig.3-1E).	Intrestingly	ISB	specifically	bound	the	

bundled	 microtubules;	 both	 ISBMTBD	 and	 ISBΔ20	 were	 deficient	 in	 the	 bundling	 of	

paclitaxel-stabilized	 microtubules	 (Fig.3-1E).	 We	 conclude	 that	 the	 CPC	 has	 an	

additional	microtubule-binding	site	on	the	N-terminus	of	the	Borealin	subunit.	
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The	Borealin-microtubule	interaction	is	important	for	faithful	mitosis.	 	

We	generated	 stable	HeLa	TReX	 cells	 expressing	N-terminal	 LAP	 (GFP	+	 S-

peptide)-tagged	 BorealinWT,	 BorealinMTBM	 or	 BorealinΔ20.	 We	 reduced	 the	

endogenous	 Borealin	 using	 a	 siRNA	 targeting	 the	 3’UTR	 (Fig.3-2A,	 C;	 3-S1D)	 and	

imaged	cells	traversing	mitosis	by	time-lapse	microscopy	with	a	cell	permeable	SiR-

DNA	dye.	It	took	significantly	longer	for	cells	complemented	with	both	BorealinMTBM	

and	 BorealinΔ20	 to	 traverse	 mitosis	 than	 LAP-BorealinWT	 cells	 (Fig.3-2B,	 D),	

demonstrating	a	function	for	the	Borealin-microtubule	interaction	in	early	mitosis.	

We	 also	 assessed	 fidelity	 of	 chromosome	 segregation	 in	 absence	 of	 Borealin-

microtubule	 interaction.	 Cell	 expressing	 either	 BorealinMTBM	 or	 BorealinΔ20	 had	

twice	the	frequency	of	anaphases	with	lagging	chromatids	than	cells	complemented	

with	BorealinWT	(Fig.3-2E).		

	 To	 directly	 test	 for	 a	 role	 in	 kinetochore-microtubule	 error	 correction	 we	

first	 incubated	 cells	 with	 the	 Eg-5	 kinesin	 inhibitor	 STLC	 to	 generate	 improper	

attachments,	then	washed	the	cells	out	of	the	drug	and	followed	the	fidelity	of	error	

correction	 by	 quantifying	 the	 number	 of	 cells	 in	 anaphase	 with	 lagging	

chromatids(Lampson	et	al.,	2004).	Cells	expressing	the	BorealinMTBM	or	BorealinΔ20	

doubled	 the	 number	 of	 anaphases	 with	 lagging	 chromatids	 over	 controls	

demonstrating	a	 requirement	of	 the	Borealin	MBD	 in	error	correction	(Fig.3-S2A).	

We	 also	 replaced	 the	 N-terminal	 20	 amino	 acids	 of	 Borealin	 with	 a	 different	

microtubule-binding	domain	 from	PRC1	 (Fig.3-S2B).	Cells	 expressing	 the	 chimeric	

protein	 resolved	 kinetochore-microtubule	 errors	 significantly	 better	 that	 the	
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BorealinΔ20	 demonstrating	 that	 the	 key	 function	 of	 this	 domain	 is	 attachment	 to	

microtubules	 (Fig.3-S2A).	We	 conclude	 that	 Borealin	microtubule-binding	 activity	

plays	 an	 important	 role	 in	 preventing	 and	 correcting	 improper	 kinetochore-

microtubule	attachments.		

	 To	understand	the	relative	contributions	of	the	two	CPC	microtubule-binding	

domains,	 we	 compared	 cells	 lacking	 the	 Borealin	 (BorealinMTBM)	 or	 the	 INCENP	

(INCENPΔSAH)	 MBD	 or	 both	 and	 determined	 the	 percent	 of	 cells	 undergoing	

anaphase	 with	 lagging	 chromosomes.	 Cells	 lacking	 either	 the	 Borealin	 or	 the	

INCENP	 MBD	 had	 two-fold	 more	 anaphases	 with	 lagging	 chromosomes	 (~40%)	

(Fig.3-2F).	Cells	 lacking	both	the	MBDs	had	an	even	worse	phenotype,	with	almost	

73-80%	 cells	 undergoing	 anaphase	 with	 lagging	 chromosomes	 (Fig.3-2F).	 These	

cells	also	showed	an	 increase	 in	duration	of	mitosis	 (Fig.3-S2C).	We	conclude	 that	

the	 Borealin	 and	 the	 INCENP	 MBDs	 play	 different	 roles	 in	 the	 kinetochore-

microtubule	 error	 correction	 process.	 The	 interpretation	 of	 this	 experiment	 is	

complicated	by	the	fact	that	the	SAH	domain	is	also	the	region	of	the	INCENP	that	is	

hypothesized	to	stretch	in	order	to	phosphorylate	the	kinetochore	in	the	“dog	leash”	

model(Samejima	et	al.,	2015).		

	 We	 treated	 cells	 depleted	 of	 Borealin	 and	 complemented	 with	 BorealinWT,	

Borealin	MTBM	or	Borealin	Δ20	with	100nM	paclitaxel	and	determined	the	duration	of	

mitosis	by	live	imaging	(Fig.3-3A,	B).	Cells	rescued	with	BorealinMTBM	or	BorealinΔ20	

arrested	 in	 mitosis	 for	 significantly	 shorter	 duration	 than	 the	 cells	 expressing	

BorealinWT,	 in	presence	of	 taxol	(Fig.3-3C).	We	determined	if	replacing	the	MBD	of	

Borealin	with	 the	MBD	of	PRC1	could	 rescue	 the	defective	SAC	arrest	 (Fig.3-S2B).	
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We	observed	a	partial	rescue	in	the	duration	of	taxol-induced	SAC	arrest	in	the	cells	

expressing	the	PRC1MBD-BorealinΔ20	chimeric	protein	compared	to	the	microtubule-

binding	 mutants	 of	 Borealin	 (Fig.3-3C,	 D).	 Increasing	 the	 amount	 of	 Aurora-B	 at	

centromeres	 by	 expressing	 CENPB-INCENP747-918	 did	 not	 rescue	 the	 SAC	 defect	

(Fig.3-3	E),	further	arguing	that	the	central	defect	in	the	BorealinMTBM	is	microtubule	

binding	and	not	the	partial	reduction	in	centromeric	CPC,	which	we	describe	below.	

We	 conclude	 that	 the	 reason	 for	 deficiency	 in	 SAC	 maintenance	 in	 the	 Borealin	

mutants	is	the	inability	to	bind	microtubules.		

	

Mathematical	 modeling	 suggests	 that	 microtubules	 adjacent	 to	 the	 inner	

centromere	stimulate	kinetochore	phosphorylation	by	the	CPC		

Next,	 we	 sought	 to	 understand	 the	 possible	 physiological	 roles	 for	 the	

binding	of	the	CPC	to	microtubules	and	how	it	might	affect	the	phosphoregulation	of	

kinetochores.	 We	 extended	 a	 previously	 characterized	 mathematical	 model	 built	

upon	 the	 fact	 that	 the	 Aurora-B	 kinase	 can	 activate	 itself	 and	 forms	 a	 complex	

reaction-diffusion	system	in	combination	with	soluble	phosphatases.	Previous	work	

has	suggested	that	this	coupled	kinase-phosphatase	system	is	capable	of	controlling	

the	 level	of	kinetochore	phosphorylation	 in	response	to	the	 increased	centromeric	

stretch(Zaytsev	et	al.,	2016)	,	such	as	found	on	bi-oriented	kinetochores.	The	ability	

of	CPC	 to	bind	microtubules	 could	alter	 this	behavior,	 but	because	 the	underlying	

spatially	 distributed	 phosphorylation	 switch	 is	 strongly	 non-linear,	 the	

consequences	 of	 this	 interaction	 are	 difficult	 to	 predict,	 warranting	 theoretical	

investigation.	
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In	 our	 improved	 model,	 Aurora-B	 engages	 in	 binding-unbinding	 to	

centromeric	 chromatin	 and	 microtubules,	 and	 it	 also	 exhibits	 diffusion	 along	

microtubules	 and	 in	 the	 cytosol,	 enabling	 the	dynamic	exchange	of	 kinase	activity	

between	all	these	pools	(Fig.3-4A;	see	Methods	for	details).	The	chromatin-localized	

CPC	 binding	 sites	 are	 strongly	 enriched	 at	 the	 centromere;	 while	 their	 density	

decreases	toward	the	kinetochores.	Aurora-B	kinase	activity	at	the	tension-free	and	

microtubule-free	 kinetochores	 is	 high	 in	 real	 cells	 and	 also	 in	 our	 model	 (Fig.3-

4B)(DeLuca	et	al.,	2011).	Adding	end-on	attached	microtubules	to	these	tension-free	

kinetochores	 increased	 the	 level	 of	 phosphorylation	 even	 further	 owing	 to	 the	

contribution	 of	 active	 microtubule-bound	 CPC	 (Fig.3-4E,	 Fig.	 3-S3).	 As	 shown	

previously	using	a	 similar	model	 lacking	CPC-microtubule	 interactions	 (Zaytsev	et	

al.,	 2016),	 centromeric	 stretch	 engages	 the	 bi-stable	 kinase-phosphatase	 switch,	

leading	to	a	strong	decrease	in	the	fraction	of	active	kinase	at	the	kinetochore,	which	

mirrors	 low	 phosphorylation	 on	 fully	 bi-oriented	 kinetochores	 in	 cells.	When	we	

incorporated	robust	CPC	binding	to	microtubules	the	activity	remained	high	even	at	

fully	 stretched	 bi-oriented	 kinetochores	 because	 the	 microtubule-bound	 kinase	

phosphorylated	kinetochores	even	in	the	presence	of	tension.	We	therefore	adjusted	

model	 parameters	 and	 reduced	 CPC	 microtubule-binding	 affinity	 (see	 Methods)	

until	low	phosphorylation	at	the	bi-oriented	kinetochores	was	restored	(Fig.3-4C,E).	

This	seemed	reasonable	since	the	localization	of	the	CPC	to	microtubules	is	hard	to	

detect	 by	 immunofluorescence	 in	 pre-anaphase	 spindles,	 so	 its	 binding	 affinity	 is	

likely	to	be	low.	
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Having	established	 that	our	new	model	 is	 responsive	 to	 tension-dependent	

phosphoregulation,	we	used	this	tool	to	explore	consequences	of	microtubules	that	

lie	near	the	inner	centromeres.	These	“centromere-proximal”	bundles	appear	from	

three	 distinct	 configurations.	 First,	 they	 are	 seen	 in	 prometaphase	 cells	 that	 have	

microtubules	 that	 fill	 the	 center	 of	 the	 spindle.	 It	 has	 been	 suggested	 that	 the	

microtubules	are	so	dense	that	they	exclude	chromosomes	and	their	arms	must	fold	

back	 on	 each	 other.	 This	 orientation	 places	 inner	 centromeres	 adjacent	 to	 the	

central	 microtubules	 (Magidson	 et	 al.,	 2011).	 Second	 they	 can	 be	 generated	 by	

preformed	 K-fibers(Banerjee	 et	 al.,	 2014;	 Maiato	 et	 al.,	 2004).	 Third,	 merotelic	

attachments	 also	 bring	 the	 merotelic	 K-fiber	 microtubules	 near	 inner	

centromeres(Cimini	 et	 al.,	 2001;	 Knowlton	 et	 al.,	 2006;	 Thompson	 and	 Compton,	

2011).	In	our	model,	which	is	a	one-dimensional	representation,	these	three	states	

are	 all	 equivalent	 and	 we	 represent	 them	 simply	 by	 the	 constant	 level	 of	

microtubule-binding	 sites	 for	 CPC.	 This	 configuration	 did	 not	 change	 the	 overall	

gradient	shape	with	a	peak	near	the	centromere	in	the	model,	but	 it	 increased	the	

kinase	 activity	 at	 the	kinetochores,	 and	expanded	 the	phosphorylation	 zone	along	

the	microtubules	(Fig.3-4.	D,	E).	This	is	remarkable	because	same	model	parameters	

produced	negligible	 kinase	 activity	with	 a	 similar	 concentration	 of	 amphitelically-

attached	microtubules,	which	 lacked	 the	 centromere-proximal	 segment	 (Fig.3-4C).	

To	 further	 test	 whether	 the	 expansion	 of	 the	 kinase	 activity	 gradient	 along	 the	

centromere-proximal	 microtubules	 was	 indeed	 induced	 by	 their	 proximity	 to	 the	

centromere,	 we	 set	 the	 activity	 of	 the	 chromatin-bound	 Aurora-B	 kinase	 to	 zero.	

This	 completely	 prevented	 activation	 of	 Aurora-B	 kinase	 on	 centromere-proximal	
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microtubules	 (Fig.3-4E),	 demonstrating	 that	 centromere-bound	 kinase	 pool	

activates	 the	microtubule-bound	 kinase.	Moreover,	 preventing	 CPC	 binding	 to	 the	

microtubules	 also	 abolished	 the	 increased	 kinase	 activity	 that	 extended	 beyond	

high-stretched	kinetochores	 in	 the	presence	of	 centromere-proximal	microtubules	

(Fig.3-4E).	We	then	varied	the	abundance	of	centromere-proximal	microtubules	and	

found	 that	 the	 levels	 of	 active	microtubule-bound	 and	 soluble	 kinase	 pools	 at	 the	

kinetochore	were	responsive	to	the	concentration	of	 these	microtubules	(Fig.3-3F-

H).	 These	 findings	 strongly	 suggest	 that	 the	 affinity	 of	 the	 CPC	 to	microtubules	 is	

capable	of	controlling	kinetochore	phosphorylation	 in	response	 to	 the	presence	of	

centromere-proximal	 microtubules.	 Moreover,	 it	 suggests	 that	 the	 number	 of	

centromere	 proximal	microtubules	 can	 act	 as	 a	 rheostat	 to	 tightly	 control	 kinase	

activity,	 and	 this	 regulatory	mechanism	 is	 compatible	with	 the	 tension-dependent	

regulation	of	CPC	activity.	

	

Borealin-microtubule	 interaction	 enables	 robust	 kinetochore	

phosphorylation	in	prometaphase	by	the	CPC.	

A	 major	 prediction	 of	 the	 modeling	 study	 is	 that	 robust	 kinetochore	

phosphorylation	on	kinetochores	with	centromere-proximal	microtubules	depends	

on	both	centromeric	and	the	microtubule-bound	CPC,	which	“talk”	to	each	other	and	

the	soluble	CPC	pool.	To	test	whether	Borealin-microtubule	binding	is	required	for	

increased	 phosphorylation	 of	 kinetochores,	 we	 measured	 kinetochore	

phosphorylation	 by	 the	 CPC	 in	 prometaphase	 cells	 expressing	 the	 BorealinWT	 or	

BorealinMTBM	 (Fig.3-5A)	 using	 a	 series	 of	 phospho-antibodies	 by	 quantitative	
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immunofluorescence(DeLuca	et	al.,	2011;	Welburn	et	al.,	2010).	Phosphorylation	of	

a	number	of	CPC	substrates	at	the	kinetochore	(DSN1	pS109;	KNL1	pS60,	CenpA	pS7	

and	Hec1	pS44)	was	reduced	when	Borealin-microtubule	interaction	was	disrupted	

(Fig.3-5B-E,	3-S4A-F).	In	contrast,	the	chromatin	substrate	H3	pS10	was	not	affected	

(Fig.3-5F,	 G).	 The	 reduction	 in	 the	 CPC	 phosphorylation	was	 not	 due	 to	 defective	

kinetochore	 assembly	 (Fig.3-S4G-J).	 Interestingly,	 we	 also	 saw	 that	 a	 recently	

reported	 Aurora-A	 substrate	 at	 the	 kinetochore,	 Hec1	 pS69(DeLuca	 et	 al.,	 2017),	

was	also	reduced	 in	 the	BorealinMTBM	compared	 to	 the	BorealinWT	expressing	cells	

(Fig.3-5H,	 I).	 Aurora-A	 centromere	 localization	 depends	 on	 its	 interaction	 with	

INCENP,	 which	 is	 important	 for	 Hec1pS69	 phosphorylation(DeLuca	 et	 al.,	 2017),	

and	 thus	 might	 also	 depend	 on	 Borealin.	 Phosphorylation	 by	 the	 CPC	 on	 DSN1	

pS109	was	partially	 rescued	by	replacing	Borealin	MBD	with	PRC1	MBD,	which	 is	

consistent	with	our	observation	that	an	exogenous	MBD	can	rescue	SAC	and	error-

correction	 functions	 (Fig.3-S4E,	 F).	 These	 results	 highlight	 that	 our	mathematical	

model	 lacks	 Aurora-A-dependent	 phosphorylation	 and	 other	 such	 mitotic	

complexities,	 but	 nonetheless	 they	 are	 consistent	 with	 the	 prediction	 of	 the	

importance	of	CPC-microtubule	binding	for	kinetochore	phosphoregulation.	

	

Borealin-microtubule	interaction	stimulates	the	localization	of	the	CPC	to	the	

inner-centromere.	

The	interaction	of	Borealin	with	microtubules	could	regulate	the	amount	of	the	

CPC	bound	to	the	centromere,	the	transfer	of	the	signal	from	the	inner	centromere	

to	kinetochores	or	both	of	these	steps.	Note	that	the	former	is	a	complexity	that	was	
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not	included	in	our	model	and	confounds	the	interpretation	of	the	above	finding.	To	

examine	 this	 possibility	 we	 measured	 the	 levels	 of	 the	 centromeric	 CPC	 in	 cells	

expressing	 the	 BorealinMTBM.	 The	 centromeric	 CPC	 levels	 were	 reduced	 in	 the	

Borealin	 the	microtubule-binding	mutants	 compared	 to	wild	 type,	 as	 assessed	 by	

the	 immuno-staining	 for	 Aurora-B,	 INCENP	 and	 Borealin	 (Fig.3-6A-D).	 The	

reduction	 in	 the	 CPC	 localization	 is	 not	 due	 the	 N-terminal	 LAP-tagging	 of	 the	

Borealin	protein	as	C-terminally	tagged	BorealinMTBM	also	shows	the	same	reduction	

in	 inner-centromeric	 CPC	 localization	 (Fig.3-S5A,	 B).	 Defective	 centromeric	 CPC	

localization	 is	 not	due	 to	defective	dimerization	by	Borealin,	which	was	 shown	 to	

regulate	 CPC	 localization(Bekier	 et	 al.,	 2015),	 since	 disabling	 MTBD	 and	

dimerization	domain	 led	 to	additive	 reduction	 in	CPC	 localization,	 confirming	 that	

these	are	separable	functions	on	the	Borealin	protein	(Fig.3-S5C,	D).	The	reduction	

in	level	of	activated	Aurora-B,	measured	by	T-loop	phosphorylation,	 is	comparable	

to	the	reduction	in	total	CPC	levels	in	the	inner-centromere	(Fig.3-S6A,B),	indicating	

that	the	clustering	dependent	activation	of	the	inner-centromeric	CPC	is	not	affected	

in	cells	expressing	the	BorealinMTBM.	

We	 hypothesized	 that	 the	 Borealin	 MBD	 stimulates	 CPC	 localization	 at	 the	

centromere	 indirectly	 by	 enabling	 the	 CPC	 to	 interact	 with	 centromere	 proximal	

microtubules	 (Banerjee	 et	 al.,	 2014).	 In	 wild	 type	 cells,	 low	 doses	 of	 nocodazole	

allow	 short	 microtubules	 to	 remain	 around	 centromeres	 and	 stimulate	 the	

localization	 of	 the	 CPC	 to	 the	 inner	 centromere(Banerjee	 et	 al.,	 2014).	 The	

stimulation	of	CPC	 localization	was	 significantly	attenuated	 in	 cells	expressing	 the	

BorealinMTBM	at	 low	nocodazole	 concentration	 (0.33	uM)	 (Fig.3-6E,	F).	 In	 contrast,	
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the	amount	of	inner-centromeric	CPC	was	similar	in	mutant	and	wild	types	cells	in	

presence	 of	 3.3uM	 nocodazole	 (high	 concentration),	 which	 completely	 eliminates	

centromere	 proximal	 microtubules	 (Fig.3-6E,	 F).	 These	 data	 suggest	 that	 the	

Borealin	MBD	interacts	with	centromere	proximal	microtubule	that	stimulates	CPC	

localization	 to	 the	 inner-centromere.	 Moreover,	 the	 fact	 that	 the	 CPC	 levels	 are	

similar	in	high	doses	of	nocodazole	argues	that	the	chromatin	binding	properties	of	

the	CPC	are	not	affected	in	BorealinMTBM.		

To	 gain	 insight	 into	 molecular	 mechanism	 of	 this	 stimulation,	 we	 examined	

whether	 the	 Borealin	 MBD	 controls	 either	 of	 the	 two-histone	 phosphorylation	

feedback	 loops	 that	 localize	 the	 centromeric	 CPC.	 Both	 the	 H2A	 pT120	 phospho-

histone	mark	and	the	Sgo1	levels	at	the	kinetochores	are	both	reduced	about	25%	in	

the	microtubule-binding	mutants	 (Fig.3-7B,	C;	Fig.3-S6C,	D).	However,	 the	Haspin-

dependent	Histone	H3pT3	phospho-mark	is	unchanged	in	the	Borealin	WT	and	the	

MTBM	expressing	cells	(Fig.3-7D,	E).	We	conclude	that	Borealin	MBD	stimulates	the	

kinetochore-axis	 of	 the	 CPC	 localization	 pathways.	 This	 result	 is	 consistent	 with	

reduced	kinetochore	phosphorylation	 in	cells	expressing	 the	BorealinMTBM,	since	

the	 CPC	 controls	 the	 H2ApT120	 pathway	 by	 phosphorylation	 of	 kinetochore	

substrates	MPS1	and	the	Ndc80	complex(Hiruma	et	al.,	2015;	Ji	et	al.,	2015;	Saurin	

et	al.,	2011;	van	der	Waal	et	al.,	2012).		

	

The	Borealin	MBD	on	non-centromeric	CPC	is	required	to	transfer	CPC	activity	

from	inner	centromeres	to	kinetochores.	
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	 We	 next	 sought	 to	 dissect	 microtubule-dependency	 of	 kinetochore	

phosphoregulation	 and	 test	 directly	whether	 the	Borealin	microtubule	 interaction	

was	 controlling	 the	 transfer	 of	 the	 CPC	 activity	 from	 the	 inner	 centromere	 to	

kinetochores,	as	predicted	by	the	model.	We	first	tested	whether	the	diffusible	non-

centromeric	pool	of	 the	CPC	contributes	to	kinetochore	phosphorylation	in	human	

cells	by	developing	an	assay	that	allowed	us	to	manipulate	the	non-centromeric	CPC	

without	affecting	the	amount	of	Aurora-B	at	centromeres.	Specifically,	we	artificially	

targeted	the	Aurora-B	kinase	to	the	centromere	by	fusing	Aurora-B	binding	domain	

of	 INCENP,	 INCENP747-918	 with	 the	 DNA	 binding	 domain	 of	 the	 CENP-B,	 which	

recognizes	 alpha	 satellite	 DNA.	 This	 chimeric	 protein	 should	 be	 incapable	 of	

stretching	 significant	 distances	 and	 binding	 microtubules	 since	 it	 cannot	 bind	

Borealin	and	Survivin	and	lacks	the	SAH	domain	of	INCENP	(Fig.3-8B).	We	inhibited	

the	targeting	of	the	endogenous	CPC	to	the	inner-centromere	by	adding	the	Haspin	

inhibitor	(3-ITU)	and	depleting	Bub1	(Fig.3-S7A,	B)	and	measured	Aurora-B	kinase	

activity	at	the	outer	kinetochore	using	two	different	antibodies	raised	against	Hec1-

pS44	 and	 Hec1-pS55.	 In	 these	 conditions,	 we	 found	 that	 Hec1	 was	 still	

phosphorylated.	 This	 is	 consistent	 with	 recent	 reports(Hengeveld	 et	 al.,	 2017;	

Wheelock	 et	 al.,	 2017)	 and	 argues	 that	 the	 elongated	 stretch	 of	 INCENP	 or	 “dog	

leash”	model	cannot	be	the	only	mode	of	kinetochore	phosphorylation	(Fig.3-8A,	C,	

D;	 3-S7C,	 D).	 These	 results	 support	 the	 reaction-diffusion	 model,	 in	 which	

combination	 of	 the	 diffusible	 and	 chromatin-bound	 CPC	 pools	 coordinates	 the	

phosphorylation	 of	 the	 kinetochore(Lampson	 and	 Grishchuk,	 2017;	 Wang	 et	 al.,	

2011a;	Zaytsev	et	al.,	2016).	We	specifically	inhibited	the	soluble	pool	of	the	CPC	by	
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depleting	the	Borealin	subunit	in	cells	expressing	CENP-B-INCENP747-918.	Strikingly,	

depleting	 Borealin	 in	 these	 cells	 reduced	Hec1	 pS44	 and	Hec1	 pS55	 compared	 to	

control	cells,	even	though	the	amount	of	Aurora-B	at	the	centromere	was	unaffected	

(Fig.3-8A,	 C,	 D;	 3-S7C,	 D).	 Since	 the	 CENP-B	 DNA	 binding	 domain	 that	 is	 used	 to	

target	the	Aurora-B	is	known	to	turnover	(Wang	et	al.,	2011a),	it	likely	has	a	soluble	

pool	 of	 its	 own.	 Therefore,	 the	 requirement	 of	 Borealin	 suggests	 that	 the	 non-

centromeric	pool	of	 the	CPC	must	use	some	activity	 that	 is	 lacking	 in	 the	CENP-B-

INCENP747-918	to	phosphorylate	kinetochores.		

	 We	hypothesized	that	the	diffusible	pool	of	the	CPC	is	activated	by	the	inner	

centromere	 pool	 and	 then	 uses	 microtubules	 to	 “travel”	 to	 the	 kinetochore	 to	

phosphorylate	kinetochore	substrates	as	predicted	by	the	model.	As	an	initial	test	of	

this	idea	we	measured	the	requirement	for	Borealin-microtubule	interaction	in	our	

system	that	isolated	the	requirement	for	soluble	CPC	to	phosphorylate	kinetochores	

(Fig.3-S7E).	Specifically,	we	compared	cells	rescued	with	BorealinWT	or	BorealinMTBM	

in	 cells	 expressing	 CENP-B-INCENP747-918	 and	 depleted	 of	 the	 endogenous	 CPC	

localization	pathways	(Fig.3-S7H).	We	found	that	even	though	active	Aurora-B	was	

targeted	 to	 the	 inner	 centromere,	 robust	 phosphorylation	 of	 kinetochores	 still	

required	the	Borealin	MBD	on	the	diffusible	pool	of	the	CPC	(Fig.3-8E-I;	3-S7F-G).	In	

conclusion,	 we	 have	 identified	 two	 roles	 for	 microtubule	 binding	 in	 Borealin	

activity.	First,	 the	Borealin	MBD	allows	the	centromere-activated	CPC	to	 ignite	 the	

microtubule-bound	 pool	 of	 the	 CPC,	 leading	 to	 elevated	 combined	 activity	 of	 all	

pools	 at	 the	 kinetochore	 and	 up	 regulating	 its	 phosphorylation.	 Second,	 this	
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kinetochore	 phosphorylation	 affects	 the	 Bub1-Sgo1-CPC	 localization	 pathway	

increasing	the	amount	of	CPC	in	the	inner	centromere.		

	

Discussion:	

Phosphorylation	 of	 the	 kinetochore	 proteins	 by	 the	 CPC	 controls	 many	 mitotic	

events,	 but	 it	 is	 unclear	 how	 Aurora-B	 phosphorylation	 is	 coordinated	 as	 each	

chromosome	first	laterally	binds	microtubules	and	then	converts	these	attachments	

to	end-on(Shrestha	et	al.,	2017).	Here	we	provide	evidence	that	a	newly	 identified	

microtubule-binding	site	on	the	Borealin	subunit	of	the	CPC	is	required	for	resolving	

kinetochore	microtubule	 attachment	 errors	 and	 spindle	 checkpoint	 activation	and	

suggest	a	possible	mechanism	for	such	regulation.		

	

Borealin	is	a	multifaceted	CPC	subunit	that	binds	both	centromeric	chromatin	

and	microtubules.		

A	MTBD	 in	 the	N-terminus	 of	 Borealin	 resides	 just	 outside	 the	 triple	 helix	

that	 acts	 as	 the	 interface	 between	 INCENP,	 Survivin	 and	Borealin.	 Charged	 amino	

acids	 on	 Borealin	 are	 critical	 to	 bind	 microtubules	 suggesting	 that	 electrostatic	

interactions	 in	 ISB	bind	 the	negatively	 charged	microtubule	 surface.	 Interestingly,	

INCENP	also	has	basic	residues	in	this	region	(R43,	R47)	so	it	may	also	contribute	to	

a	composite	microtubule-binding	surface.	However,	mutating	the	positively	charged	

residues	on	Borealin	was	sufficient	to	inhibit	microtubules	binding	and	bundling	in	

vitro.		
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The	ISB	MTBD	described	here	is	the	third	direct	microtubule-binding	region	

on	 the	CPC	 (Fig.3-9A).	The	extended	alpha	helix	 in	 the	 INCENP	subunit	 contains	a	

PR/SAH	 domain	 that	 binds	microtubules(Fink	 et	 al.,	 2017;	Wheatley	 et	 al.,	 2001;	

Wheelock	et	al.,	2017).	In	addition,	a	complex	of	the	C-terminus	of	INCENP	and	the	

Aurora-B	kinase	subunit	binds	microtubules	in	vitro	and	microtubules	can	stimulate	

kinase	activity	of	this	region	of	the	CPC(Banerjee	et	al.,	2014;	Rosasco-Nitcher	et	al.,	

2008).	 CPC	 also	 binds	 a	 kinesin	MKLP-2,	which	 drives	 the	 interaction	 of	 the	 CPC	

with	 microtubules	 in	 anaphase(Hümmer	 and	 Mayer,	 2009;	 Krupina	 et	 al.,	 2016).	

EB1	and	GTSE1	also	regulate	the	activity	of	the	CPC	during	mitosis(Banerjee	et	al.,	

2014;	Sun	et	al.,	2008;	Tipton	et	al.,	2017).	While	most	studies	have	focused	on	the	

ability	of	microtubules	to	regulate	kinase	activity,	it	is	unclear	if	there	are	additional	

reasons	why	 the	CPC	 requires	 these	multiple	microtubule	 interactions.	A	possible	

answer	is	that	the	CPC	help	to	build	microtubule	structures	during	mitosis.	The	ISB	

complex	drove	the	formation	of	microtubule	bundles	from	individualized	paclitaxel	

stabilized	 microtubule	 in	 vitro.	 In	 addition,	 the	 ISB	 complex	 bound	 bundles	 of	

microtubules,	but	was	not	detected	on	single	microtubules.	It	is	difficult	to	know	if	

this	 activity	 is	 important	 for	 their	 in	 vivo	 functions.	 However,	 in	 vivo	 the	 CPC	 is	

intimately	 tied	 to	 microtubule	 bundle	 structures,	 as	 it	 both	 localizes	 to	 and	

coordinates	 the	assembly	of	midzone	microtubules	 in	anaphase	and	preformed	K-

fibers	 in	 prometaphase	 cells(Banerjee	 et	 al.,	 2014;	 Earnshaw	 and	 Cooke,	 1991;	

Glotzer,	2009;	Sampath	et	al.,	2004;	Tulu	et	al.,	2006).		
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Microtubule	binding	by	the	non-centromeric	CPC	plays	a	role	in	robust	outer	

kinetochore	phosphorylation.	

The	MTBD	of	Borealin	is	important	for	full	kinetochore	phosphorylation	and	

mitotic	 functions.	 This	 finding	 explains	 recent	 results	 demonstrating	 that	 the	

centromere-targeting	 domain	 of	 the	 CPC	 has	 roles	 independent	 of	 centromere	

targeting	during	paclitaxel	dependent	checkpoint	arrest(Wheelock	et	al.,	2017),	and	

it	suggests	the	multiple-microtubule	binding	domains	that	are	required	for	viability	

in	yeast(Campbell	and	Desai,	2013;	Fink	et	al.,	2017)	represent	a	conserved	function	

of	 the	 CPC.	 How	 the	 CPC	 in	 the	 inner	 centromere	 controls	 phosphorylation	 of	

adjacent	 kinetochores	 is	 an	 important	 unanswered	 question.	 Due	 to	 presence	 of	

multiple	feedback	loops	that	regulate	the	inner-centromeric	localization	of	the	CPC,	

mechanistic	studies	 that	 tease	out	 localization	of	 the	CPC	 from	phosphorylation	of	

the	outer	kinetochore	phosphorylation	have	been	difficult.	We	developed	a	system	

to	 remove	 the	 feedback	 loops	 and	 restore	 centromeric	 Aurora-B	 activity.	 In	

corroboration	of	the	reaction-diffusion	model	of	Aurora-B	activity,	we	found	that	a	

pool	of	non-centromere	targeted	CPC	is	critical	for	robust	phosphorylation	of	outer	

kinetochores.	 Moreover,	 by	 combining	 the	 above-mentioned	 strategy	 with	 the	

microtubule-binding	 mutants	 of	 Borealin	 we	 show	 that	 microtubule	 binding	 is	

important	 for	 this	 robust	 phosphorylation	 of	 the	 outer	 kinetochore	 by	 the	 non-

centromeric	CPC.		

We	 suggest	 that	 the	 reduced	 CPC	 levels	 in	 the	 inner	 centromere	 in	 cells	

expressing	 the	 BorealinMTBD	 can	 at	 least	 be	 partially	 explained	 by	 reduced	

kinetochore	 phosphorylation.	 We	 measured	 levels	 of	 histone	 H2ApT120	 in	 these	
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cells	and	it	was	reduced	25%,	which	suggests	that	the	CPC	containing	BorealinMTBD	

is	 deficient	 at	 recruiting	 MPS1	 to	 kinetochores,	 which	 in-turn	 would	 reduce	 the	

recruitment	of	the	Bub1	kinase	that	phosphorylates	histone	H2A.	

		

A	 combined	 model	 for	 tension-dependent	 and	 microtubule-dependent	

kinetochore	phosphorylation	by	the	CPC.		

Electron	 microscopy	 on	 prometaphase	 cells	 suggests	 that	 the	 initial	

attachments	 by	 kinetochore	 to	microtubules	 can	 generate	microtubule	 structures	

that	 lie	 proximal	 to	 the	 inner	 centromere	 because	 chromosomes	 fold	 along	 the	

centromere	axis	 (Itoh	et	al.,	2018;	Magidson	et	al.,	2011)	 (Fig.3-9A,B).	We	suggest	

these	structures	stimulate	CPC	phosphorylation	of	kinetochores.	The	maturation	of	

these	microtubule	attachments	into	“end-on”	attached	K-fibers	is	concomitant	with	

the	depletion	of	centromere-proximal	microtubules	and	decrease	in	the	CPC’s	ability	

to	 phosphorylate	 kinetochore	 substrates.	 As	 suggested	 by	 the	 reaction-diffusion	

model,	 the	 inner-centromeric	 pool	 of	 the	 CPC	 in	 all	 these	 configurations	 activates	

Aurora-B	because	this	is	the	place	of	the	highest	Aurora-B	concentration.	This	pool	

is	 in	 a	 constant	 exchange	with	 the	 soluble	 CPC	 pool,	 which	 helps	 to	 sustain	 high	

kinase	 activity	 and	propagates	 it	 to	 the	 areas	where	 chromatin-bound	CPC	 is	 less	

abundant	 (Fig.3-9B).	 With	 increased	 tension,	 however,	 the	 concentration	 of	

chromatin	bound	CPC	near	the	kinetochore	 falls	below	threshold	 for	activation,	so	

phosphorylation	 at	 the	 kinetochores	 drops	 despite	 presence	 of	 the	 soluble	 pool.	

Here	 we	 tested	 a	 hypothesis	 that	 this	 drop	 can	 be	 prevented	 by	 centromere-

proximal	microtubules	(Fig.3-4).	Our	theoretical	model	confirms	that	this	scenario	is	
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feasible	 and	 the	 centromere-proximal	microtubule	 bundles	 can	 help	 to	 propagate	

CPC	activity,	up	regulating	phosphorylation	even	at	the	fully	stretched	kinetochores.	

This	effect	provides	additional	regulatory	layer	to	the	tension-dependent	regulation.	

Our	mathematical	model	 is	 simplified	 and	 it	 does	 not	 include	 other	 complexities,	

such	 as	 kinetochore	 phosphorylation	 by	 Aurora-A	 kinase,	 kinetochore-localized	

phosphatase	or	induction	of	CPC	recruitment	to	centromere.	However,	this	“proof	of	

principle”	 model	 is	 highly	 informative	 because	 it	 demonstrates	 that	

phosphoregulation	 at	 the	 kinetochore	 results	 from	 highly	 complex	 biochemical	

system,	 in	 which	 chromatin-bound,	 microtubule-bounds	 and	 soluble	 CPC	 pools	

exchange	dynamically.	 Indeed,	we	show	that	 in	cells	 these	pools	are	also	required	

for	 high	 phosphorylation	 of	 prometaphase	 kinetochores.	 Thus,	 our	 data	 provides	

important	in	vivo	support	for	the	reaction-diffusion	model	of	CPC	activity.	Based	on	

these	 results	 we	 suggest	 that	 prometaphase	 microtubule	 structures	 that	 are	 in	

immediate	 vicinity	 to	 the	 centromere,	 such	 as	 preformed	 K-fibers,	 or	 lateral	

attachments	enable	robust	phosphorylation	of	the	kinetochores(Kajtez	et	al.,	2016;	

Khodjakov	 et	 al.,	 2003;	 Mitchison	 and	 Kirschner,	 1985)	 (Fig.3-9B).	 Similarly,	

merotelic	 attachments	 that	 bring	 kinetochore	 fibers	 in	 close	 proximity	 to	 inner	

centromeres	during	metaphase	could	also	stimulate	Aurora-B	kinase	(Fig.3-9B).	The	

generation	 of	 amphitelic	 kinetochore-microtubule	 attachments	 during	 bi-

orientation	should	reduce	 the	number	of	 inner	centromere	proximal	microtubules	

and	 this	 would	 help	 to	 reduce	 outer	 kinetochore	 phosphorylation	 (Fig.3-9B).	 In	

addition,	 the	 concomitant	 recruitment	 of	 the	 phosphatase	 to	 “end-on	 attached”	

kinetochores	would	further	stabilize	correct	attachments	(Fig.3-9B).		
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It	remains	to	be	seen	whether	the	mechanism	we	propose	regulates	specifically	

the	Ndc80	complexes	that	are	bound	to	the	merotelic	K-fibers	or	it	affects	Ndc80	on	

all	 microtubules	 attached	 to	 such	 kinetochore.	 It	 is	 also	 still	 unclear	 whether	

microtubules	 can	 somehow	bias	 the	 diffusion	 of	 the	 centromere	 activated	 soluble	

CPC	towards	the	kinetochores,	for	example	via	a	gradient	of	H2ApT120	emanating	

from	 kinetochores.	 Microtubules	 might	 be	 more	 efficient	 than	 soluble	 pool	 at	

directing	 the	 CPC	 since	 “lateral”	 attached	 microtubules	 would	 reduce	 the	

dimensionality	 of	 diffusion	 from	 3D	 to	 1D	 and	 provide	 a	 more	 direct	 path	 to	

kinetochores.	In	addition,	the	stimulation	of	activity	by	microtubules(Banerjee	et	al.,	

2014;	Rosasco-Nitcher	et	al.,	2008)	could	also	allow	the	activity	to	be	maintained	or	

to	 even	 activate	 more	 soluble	 CPC	 that	 is	 concentrated	 on	 the	 microtubule	

(Fig.9A,B).	 Other	 mechanisms	 for	 outer-kinetochore	 phosphorylation	 have	 been	

suggested,	 such	 as	 the	 “dog	 leash”	 model	 in	 which	 the	 inner-centromeric	 CPC	

stretches	out	to	the	outer	kinetochore	and	phosphorylates	its	substrates(Samejima	

et	 al.,	 2015;	 Santaguida	and	Musacchio,	 2009),	 a	 kinetochore	 localized	pool	of	 the	

CPC	 has	 also	 been	 suggested	 to	 play	 a	 role	 in	 outer	 kinetochore	

phosphorylation(Caldas	 et	 al.,	 2013;	 Krenn	 and	 Musacchio,	 2015).	 Perhaps	 such	

mechanisms	 could	 contribute	 together	 to	 robust	 phosphorylation	 the	 outer-

kinetochore.	 The	 model	 proposed	 in	 this	 study	 can	 be	 thought	 of	 as	 a	 tension	

independent	model	for	error	correction	in	the	sense	that	the	amount	of	kinetochore	

phosphorylation	 depends	 on	 the	 proximity	 of	 the	 microtubules	 and	 the	 inner-

centromere,	 which	 in	 turn	 would	 be	 a	 function	 of	 the	 geometry	 between	
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kinetochores	and	microtubules,	and	not	on	 the	 tension	across	kinetochores	or	 the	

distance	of	the	kinetochore	from	inner	centromeres	per	se.	We	propose	that	spatial	

separation	 mechanisms	 allow	 robust	 phosphorylation	 in	 the	 absence	 of	

microtubules	 in	 prophase	 or	 nocodazole	while	 chromatin/microtubule-dependent	

spreading	 of	 the	 CPC	 enables	 robust	 kinetochore	 phosphorylation	 independent	 of	

tension	until	the	obtainment	of	end-on	attachments.		
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Materials	and	Methods	

Cell	culture:	

	HeLa	 T-REx	 cell	 (ThermoFisher	 Scientific)	 were	 grown	 in	 Dulbecco’s	

modified	Eagle’s	medium	(DMEM,	Invitrogen)	supplemented	with	10%	fetal	bovine	

serum	(Gibco)	in	a	humidified	incubator	at	37°C	in	presence	of	5%	CO2.		

	

Stable	cell	lines	generation:	

In	order	to	generate	HeLa	T-REx	cells	stably	expressing	LAP-BorealinWT,	LAP-

BorealinMTBM,	 LAP-BorealinΔ20,	 LAP-PRC1MBD-BorealinΔ20,	 LAP-BorealinT230E	 and	

LAP-BorealinMTBM/T230E,	 the	 BorealinWT	 transgene	 fragment	 was	 sub-cloned	 in	 to	

pCDNA5/FRT	 vector	 (Invitrogen)	 containing	 N-terminal	 LAP	 (GFP	 and	 S-peptide)	

tag	sequence.	QuickChange	II	XL	site	directed	mutagenesis	kit	(Agilent)	was	used	to	

generate	 all	 the	point	mutations	 and	deletions	 constructs.	 For	 generating	HeLa	T-

REx	 cells	 expressing	 GFP-CENP-BDBD-INCENP747-918	 and	 mCherry-BorealinWT	 or	

mCherry-BorealinMTBM	 transgenes,	 the	 GFP-CENP-BDBD-INCENP747-918	 was	 sub-

cloned	 downstream	 of	 Tet-operator	 binding	 site.	 CMV	 promoter	 containing	

fragment	of	mCherry-BorealinWT	or	mCherry-BorealinMTBM	was	cloned	at	the	3’	end	

of	GFP-CENP-BDBD-INCENP747-918.	This	whole	cassette	of	GFP-CENP-BDBD-INCENP747-

918	 and	 mCherry-BorealinWT	 or	 mCherry-BorealinMTBM	 was	 then	 cloned	 into	

pCDNA5/FRT	vector	(Invitrogen).	The	resulting	plasmids	were	co-transfected	with	

the	pOG44	plasmid	(Invitrogen)	with	Lipofectamine	2000	(Invitrogen).	Hygromycin	

B	 (Invitrogen)	 200ug/ml	was	 added	 one-day	 post	 transfection	 and	 the	 cells	were	

selected	for	15	days.	After	the	selection	period,	the	surviving	colonies	were	pooled	
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and	FACS	sorted	for	GFP	(for	LAP-Borealin	transgenes)	or	mCherry	(for	GFP-CENP-

BDBD-INCENP747-918	 and	mCherry-BorealinWT	 or	mCherry-BorealinMTBM	 transgenes)	

expression	to	get	cells	expressing	equal	amount	of	the	transgene.		

For	 generating	 cells	 expressing	 vsv-INCENPWT-GFP	 or	 vsv-INCENPΔCC-GFP	

with	 mCherry-BorealinWT	 or	 mCherry-BorealinMTBM	 transgenes.	 The	 Tet-inducible	

HeLa	T-REx	cells	expressing	vsv-INCENPWT-GFP	or	vsv-INCENPΔCC-GFP	(a	kind	gift	

from	 S.	 Lens)	were	 infected	with	 virus	 carrying	mCherry-BorealinWT	 or	mCherry-

BorealinMTBM	transgenes	 in	 the	presence	of	8µg/ml	polybrene	(Sigma).	The	double	

stable	cells	were	then	selected	for	10-12	days	in	presence	of	Puromycin	(Invitrogen)	

at	1ug/ml	and	Hygromycin	B	at	200ug/ml.	The	surviving	colonies	were	pooled	and	

FACS	sorted	for	mCherry	expression	to	obtain	double	stable	cell	lines.		

	

Virus	production:	

For	 making	 retrovirus,	 mCherry-BorealinWT	 or	 mCherry-BorealinMTBM	

transgenes	were	cloned	into	pBABE-Puro	retrovirus	vector	using	cold	fusion	cloning	

kit	 (System	Biosciences).	HEK	293	GP	cells	were	co-transfected	with	pBABE-Puro-

mCherry-Borealin	 (WT	 or	 MTBM)	 and	 VSVG	 plasmid	 in	 order	 to	 package	

pseudotyped	MULV	viruses.	The	viruses	were	collected	3-day	post	 transfection	by	

filtering	the	media	through	0.45um	syringe	filter.	

	

Plasmid	and	siRNA	transfection	and	STLC	washout	assay:	
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For	plasmid	transfection	cells	were	grown	to	80-90%	confluence	followed	by	

plasmid	 transfection	 using	 Lipofectamine	 2000	 (Invitrogen)	 according	 to	 the	

manufacture’s	protocol.	

In	case	of	siRNA	transfection	in	order	to	avoid	the	indirect	effect	we	analyzed	

the	 first	 mitosis	 after	 depletion	 of	 the	 target	 proteins.	 To	 achieve	 this	 cells	 were	

plated	 in	presence	of	2mM	thymidine,	24hrs	after	plating,	cells	were	released	 into	

fresh	media	 and	 siRNA	was	 transfected	using	RNAiMAX	 (Invitrogen)	 according	 to	

the	manufacturer’s	 protocol.	 Another	 round	 of	 siRNA	 transfection	was	 done	 after	

10-12hrs	of	1st	siRNA	treatment	and	at	the	same	time	2mM	Thymidine	was	added.	

Cells	were	released	into	fresh	media	12	hours	after	the	second	siRNA	treatment.	For	

immunofluorescence	analysis	cells	were	fixed	after	8-10	hours	of	second	thymidine	

release	or	after	the	indicated	treatment.		

For	STLC	washout	assay	6-7	hours	after	 the	second	 thymidine	release	5uM	

STLC	was	added	and	cells	were	 incubated	 for	2	hours.	After	2	hours	of	 incubation	

STLC	was	washed	 out	 of	 the	 cells	 by	washing	with	 PBS	 followed	 by	 1.5	 hours	 of	

incubation	at	37°C	 in	presence	of	5%	CO2.	Cells	were	 fixed	and	stained	with	DAPI	

and	mounted	on	coverslips	using	ProlongGold	antifade	(Invitrogen).	

	

Live	cell	imaging:	

For	 live	 cell	 imaging,	 cells	were	plated	 in	 the	4	well	 Lab-Tek	 II	 chambered	

coverglass	 (Thermo	 Fisher	 Scientific)	 in	 presence	 2mM	 thymidine	 followed	 by	

siRNA	 treatment.	 After	 3-4	 hours	 of	 the	 2nd	 thymidine	 release	 200nM	 SiR-DNA	

(Cytoskeleton	 Inc.)	dye	was	added	 to	 the	 cells.	One	and	a	half	hour	after	SiR-DNA	
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treatment	time-lapse	images	were	taken	at	5min	interval	for	15hrs	on	a	Zeiss	Axio-

observer-Z1	in	a	humidified	environmental	chamber	maintained	at	37°C	in	presence	

of	5%CO2.	

	

Immunoprecipitation	(IP):		

For	 immunoprecipitation,	 HeLa	 cells	 were	 synchronized	 to	 mitosis	 with	

0.33uM	nocodazole	for	16	hours.	Mitotic	cells	were	collected	and	lysed	in	CPC	lysis	

buffer	 (250mM	 NaCl,	50mM	 Tris-HCl	 pH7.5,	 5mM	 EDTA,	 0.5%	 NP-40,	1mM	 DTT,	

20mM	 Beta-glycerophosphate,	 50mM	 NaF,	 1mM	 Na-orthovanadate,	 1x	 protease	

inhibitors	 cocktail	 (Roche)	 and	 sonicated	using	Bioruptor-300	 (Diagenode)	 for	 30	

cycles	with	 30	 seconds	 on	 and	 30	 seconds	 off	 at	 4	 °C.	 The	whole	 cell	 lysate	was	

cleared	 by	 centrifugation	 at	 14000g	 for	 10	 minutes	 and	 the	 supernatants	 was	

incubated	 with	 GFP	 antibody	 (a	 kind	 gift	 from	 Dan	 Foltz)	 for	 3	 hours	 at	 4°C.	

Equilibrated	 protein-A	 beads	 (GE	 lifesciences)	 were	 then	 incubated	 with	 the	

antibody	 lysate	mixture	 for	an	additional	hour.	The	beads	were	washed	with	 lysis	

buffer	 3	 times.	 The	 washed	 beads	 were	 re-suspended	 in	 2X	 sample	 buffer	 and	

loaded	 on	 to	 SDS–PAGE	 gel	 after	 brief	 boiling	 at	 95°C,	 desired	 proteins	 were	

detected	in	the	immune-precipitate	by	western	blotting		

	

Immunofluoresence	microscopy:	

	HeLa	 T-REx	 cells	 were	 seeded	 onto	 coverslips	 coated	 with	 poly-L-Lysine	

(Sigma)	and	indicated	siRNA	transfection	and	subsequent	indicated	treatment	were	

done.	 The	 cells	 were	 then	 co-fixed	 with	 4%	 paraformaldehyde	 in	 PHEM	 buffer	
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(60mM	Pipes,	25mM	Hepes,	10mM	EGTA,	and	4mM	MgCl2,	pH	6.9)	supplemented	

with	0.5%	Triton-X	100	 for	20	minutes	at	 room	 temperature.	The	cells	were	 then	

washed	3	times	with	Tris	buffered	saline	(TBS),	followed	by	1hour	blocking	with	3%	

BSA	at	room	temperature.	Fixed	cells	were	then	 incubated	with	 indicated	primary	

antibodies	 for	1	hour	at	 room	temperature.	After	washing	 three	 times	with	TBS-T	

(TBS	+	0.1%	Tween20),	cells	were	incubated	with	fluorescent	secondary	antibodies	

(1:2000)	 (Jackson	 Immuno-Research).	After	washing	4	 times	with	TBS-T,	 the	cells	

were	stained	with	0.5µg/ml	DAPI	 for	5	minutes	and	 the	coverslips	were	mounted	

onto	 slides	 using	 ProlongGold	 antifade	 (Invitrogen)	 and	 sealed	 with	 nail	 polish.	

Image	 acquisition	was	 performed	 as	 described	 previously	 (Banerjee	 et	 al.,	 2014).	

Images	 were	 processed	 and	 analyzed	 using	 Volocity	 (V5.5,	 PerkinElmer).	 To	

quantify	 fluorescence	 levels	 at	 centromeres,	 we	 used	 an	 intensity	 thresholding	

algorithm	 to	 mark	 all	 centromeres	 on	 the	 basis	 of	 ACA	 or	 GFP	 (for	 Fig.8,	 S7)	

intensity.	 To	 eliminate	 the	 size	 difference	 of	 each	 marked	 centromere	 the	 total	

fluorescence	 intensity	was	divided	by	 the	 total	 volume	of	 the	 selected	 area.	Upon	

background	 subtraction	 the	 intensity/volume	 values	 of	 the	 desired	 channel	 were	

normalized	against	 the	corresponding	ACA	 intensity/volume.	When	cells	were	not	

stained	 with	 a	 centromere	 marker	 or	 when	 the	 staining	 pattern	 was	 not	

encompassed	by	ACA	background	subtracted	intensity/volume	was	reported.	These	

values	were	plotted	 (box	and	whisker	plots	 showing	3-95%	percentile	 (whiskers)	

and	box	 representing	23-75	percentile	 and	median	 is	 the	 line	 in	 the	 boxes)	 using	

Prism	software	(GraphPad)	and	indicated	two	tailed	statistical	tests	where	applied.		
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Protein	Purification:	

INCENP1-58-Survivin-Borealin	 complex	was	 expressed	 in	 BL21-pLysS	 (DE3)	

cells	 from	 a	 tri-cistronic	 pET28a	 vector	 containing	 6XHis-INCENP1-58-Survivin-

Borealin	 sequence	 in	 2XYT	 media	 in	 presence	 of	 30ug/ml	 Kanamycin.	 Protein	

expression	was	induced	at	O.D.	0.6	by	addition	of	0.45	mM	IPTG	and	the	media	was	

supplemented	with	0.2%	glucose	60ug/ml	ZnCl2,	protein	expression	was	carried	out	

for	 16-18hrs	 at	 18°C.	 Cells	 were	 subsequently	 pelleted	 and	 lysed	 in	 buffer	

containing	 50mM	 Tris,	 pH	 7.5;	 500mM	 NaCl;	 0.5mM	 TCEP;	 5mM	 Imidazole;	 5%	

glycerol	and	protease	inhibitor	cocktail	(Roche)	using	EmulsiFlex-C3	Homogenizer.	

Lysate	was	 cleared	by	 centrifugation.	 Cleared	 lysate	was	 then	mixed	with	Ni-NTA	

beads	(Qiagen)	for	4	hours	at	4°C.	Ni-NTA	beads	(Qiagen)	where	then	washed	with	

200ml	buffer	containing	25mM	Imidazole,	50mM	Tris	pH7.5,	500mM	NaCl,	0.5mM	

TCEP	and	5%	glycerol.	The	Protein	was	then	eluted	with	buffer	containing	250mM	

Imidazole,	 50mM	 Tris	 pH7.5,	 500mM	 NaCl,	 0.5mM	 TCEP	 and	 5%	 glycerol.	 Upon	

elution	 the	 proteins	 were	 gel	 filtered	 on	 Superdex-200	 column	 10/300	 GL	 size-

exclusion	 column	 (GE	 Life	 Sciences).	 Gel	 filtration	 was	 done	 in	 buffer	 containing	

50mM	Tris	pH7.5,	500mM	NaCl,	0.5mM	TCEP	and	5%	glycerol.	Upon	gel	 filtration	

the	desired	fractions	were	pooled	and	concentrated	with	Amicon	Ultra-4	Centrifugal	

Filter	Unit	with	3KDa	cutoff.	

		

Microtubule	co-sedimentation	assay	and	microtubule	bundling	assay:	

	 Taxol-stabilized	microtubules	were	prepared	by	polymerizing	bovine	brain	

tubulin	 dimers	 in	 BRB80	 (80mM	 PIPES,	 1mM	 MgCl2,	 1mM	 EGTA,	 pH	 6.8	 with	
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NaOH),	 1mM	 DTT	 and	 1mM	 GTP	 with	 increasing	 concentration	 of	 taxol,	 taxol	

stabilized	 microtubules	 were	 then	 separated	 from	 the	 un-polymerized	 tubulin	

dimers	 by	 centrifuging	 through	 a	 40%	 glycerol	 cushion	 at	 137000g.	 Various	

concentrations	of	taxol-stabilized	microtubules	were	mixed	with	100nM	of	ISB	(WT,	

MTBM	or	Δ20)	in	BRB80,	1mM	DTT,	50mM	NaCl	and	20μM	paclitaxel.	Samples	were	

allowed	to	equilibrate	at	room	temperature	for	15	min.	Samples	were	then	layered	

onto	a	50%	glycerol	cushion	and	centrifuged	at	279,000g	for	10	min,	and	both	the	

supernatant	(S)	and	pellet	(P)	were	collected	and	resuspended	in	SDS	sample	buffer,	

and	 equal	 amounts	 of	 supernatant	 and	 pellet	 were	 run	 on	 15%	 SDS-PAGE	 gels	

followed	 by	 western	 blotting.	 Quantification	 of	 the	 relative	 amounts	 of	 ISB	 in	

supernatants	and	pellets	was	performed	using	ImageJ	(National	Institutes	of	Health,	

Bethesda,	MD).	The	dissociation	constants	measured	by	fitting	the	data	from	three	

separate	experiments	to	the	one-site	specific	binding	equation	using	Prism	software	

(GraphPad).		

	 	 For	bundling	assay	 indicated	 concentrations	of	 ISB	 complex	were	 incubated	

with	 the	1uM	microtubules	 in	BRB80,	1mM	DTT,	50mM	NaCl	and	20uM	paclitaxel	

for	 15	 min	 at	 room	 temperature.	 The	 reaction	 was	 then	 fixed	 with	 1%	

glutaraldehyde	 in	 BRB80	 for	 5	min.	 The	 fixed	 reaction	 was	 then	 pipetted	 on	 the	

coverslips	 and	 was	 allowed	 to	 adhere	 for	 10	 min	 at	 room	 temperature.	 The	

coverslips	were	then	blocked	with	3%	BSA	in	TBS	for	30	min.	The	coverslips	were	

then	probed	with	DM1a	and	6-His	antibody	in	blocking	solution	for	1	hour	at	room	

temperature.	After	washing	3	times	with	TBS	fluorescent	secondary	antibodies	were	

added	 for	 1	 hour	 in	 blocking	 solution	 at	 room	 temperature.	 The	 coverslips	 were	
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then	washed	4	times	with	TBS	and	mounted	in	Prolong	gold	followed	by	imaging	at	

63X	objective	using	a	Zeiss	Observer	Z1	wide-field	microscope.	

	

Description	of	mathematical	model.		

General	model	framework.	Quantitative	analysis	of	the	spatial	distribution	of	Aurora-

B	kinase	activity	was	carried	out	based	on	our	previously	published	mathematical	

model	(Zaytsev	et	al.,	2016).	Briefly,	 the	model	 incorporates	biochemical	reactions	

of	Aurora-B	phosphorylation-dependent	autoactivation	(in	cis	and	in	trans)	and	its	

phosphatase-dependent	 inactivation,	 the	 reactions	of	 kinase	binding/unbinding	 to	

the	 centromere-localized	 binding	 sites	 and	 diffusion	 of	 the	 soluble	 kinase	 and	

phosphatase	 pools.	 Additionally,	 we	 have	 now	 incorporated	 into	 this	 model	 the	

interactions	between	kinase	and	microtubules.	Soluble	Aurora-B	molecules	can	bind	

to	 microtubules,	 and	 the	 bound	 kinase	 can	 diffuse	 along	 the	 microtubules.	 We	

assume	a	rapid	equilibrium	in	the	binding-unbinding	of	Aurora-B	to	chromatin	and	

microtubule	 binding	 sites,	 so	 the	 model	 considers	 only	 the	 steady-state	

distributions	of	all	kinase	pools.		

	

Assumptions	 about	 kinase	 activity	 of	 different	 pools.	 Soluble	 Aurora-B	 kinase	 can	

phosphorylate	other	soluble	kinase	molecules,	as	well	as	the	chromatin-bound	and	

microtubule-bound	 molecules,	 thereby	 activating	 them	 (trans-activation).	 The	

bound	 forms	 of	 kinase	 can	 phosphorylate	 soluble	 kinase	 molecules	 with	 similar	

enzymatic	 rate	 constants,	 but	 the	 catalytic	 rate	 constant	 for	 microtubule-bound	

kinase	is	assumed	to	be	3-fold	more	active	(Table	1),	reflecting	findings	in	(Banerjee	
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et	al.,	2014;	Rosasco-Nitcher	et	al.,	2008).	The	bound	 forms	of	 the	kinase	can	also	

phosphorylate	each	other;	such	activity	is	assumed	to	be	100-fold	lower	relative	to	

the	 soluble	 form	 to	 account	 for	 possible	 steric	 limitations	 in	 the	 bound	 state.	 For	

simplicity,	 only	 the	 soluble	 form	 of	 phosphatase	 is	 considered;	 the	 phosphatase	

dephosphorylates	 all	 forms	 of	 Aurora-B	 kinase	 with	 the	 same	 activity,	 thereby	

partially	inactivating.	Phosphatase	characteristics,	as	we	well	as	the	diffusion	rate	of	

kinase	 on	 microtubules	 are	 not	 known,	 so	 these	 parameters	 were	 adjusted	 to	

optimize	model	behavior.		

	

Spatial	distribution	profiles	 of	 bound	kinase	pools.	For	 simplicity,	 simulations	were	

carried	 out	 in	 one	 dimension	 along	 the	 centromere-kinetochore	 axis.	 Steady-state	

distribution	of	the	chromatin-bound	kinase	along	this	axis,	Profile(x),	is	based	on	the	

experimentally	measured	metaphase	Aurora-B	localization	(Liu	et	al.,	2009),	similar	

to	approach	employed	by	(Zaytsev	et	al.,	2016):		

	

Profile(x)=	B0	⋅	k	/	[(1+exp(	-s	(x	⋅	k	+	cent)))	⋅	(1	+	exp(	-s	(x	⋅	k	-	cent)))],	

	

where	 B0	 =	 10	 µM	 is	 the	 maximum	 concentration	 of	 chromatin-bound	 kinase	 at	

centroid	 (midpoint	 between	 sister	 kinetochores	 at	 x	 =	 0).	 Parameter	 s	 =	 6	 µM-1	

defines	steepness	of	this	profile.	Parameters	cent	and	k	are	used	to	scale	the	profile	

in	 response	 to	 tension:	 with	 no	 tension	 k=1.1	 and	 cent	=	 0.55	 (corresponding	 to	

Ndc80-Ndc80	distance	1.02	µm),	while	for	the	fully	stretched	centromere	k	=2.3	and	

cent	=	0.8	(corresponding	to	Ndc80-Ndc80	distance	1.64	µm).		
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The	 concentration	 profile	 of	 the	 microtubule-bound	 kinase	 for	 bi-oriented	

configuration	(end-on	attachments)	is	given	by:	

	

MT	Profile(x)=[MT]/(1+exp(q(x0-x)),	

	

where	 [MT]	 is	 concentration	of	microtubule-bound	Aurora-B	kinase,	 q	=	100	µm-1	

and	x0	is	parameter	that	defines	position	of	the	microtubule	ends	at	the	kinetochore.	

For	configuration	with	no	tension	x0	=	0.45	µm,	for	the	fully	stretched	centromere	x0	

=	0.8	µm.		

	

The	concentration	profile	of	the	microtubule-bound	kinase	for	centromere-proximal	

kinetochore	bundle	(merotelic	configuration)	is	given	by:	

MT	Profile(x)	=	[MT].		

	

Concentration	 of	 microtubule-bound	 Aurora-B	 kinase,	 [MT],	 is	 not	 known,	 but	

judged	 from	 fluorescent	 images	of	Aurora-B	 localization	 in	metaphase	 cells(Liu	 et	

al.,	2009),	it	is	significantly	smaller	than	the	peak	concentration	of	Aurora-B	kinase	

at	 the	 centromere.	We	used	 [MT]=	2	μM,	 then	 titrated	 this	 concentration	 to	 show	

that	this	parameter	regulates	concentration	of	active	kinase	at	the	Ndc80	site	of	the	

kinetochore.	

	

Full	 set	 of	model	 equations.	 The	 following	 system	 of	 differential	 reaction-diffusion	
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equations	was	used:	
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where	A	–	concentration	of	the	partially	active	soluble	kinase;	A*	-	concentration	of	

active	soluble	kinase;	B	–	concentration	of	partially	active	chromatin-bound	kinase;	

B*	-	concentration	of	active	chromatin-bound	kinase;	T	–	concentration	of	partially	

active	 microtubule-bound	 kinase;	 T*	 -	 concentration	 of	 active	 microtubule-bound	

kinase,	PPase	–	concentration	of	soluble	phosphatase.	Two-letter	symbols	in	square	

brackets	denote	concentrations	of	enzymatic	complexes	of	the	corresponding	forms.	

All	model	parameters	and	their	values	are	listed	in	(Table	1).		

	



	 125	

Boundary	conditions	were	chosen	to	avoid	the	flow	of	soluble	components:	

	

𝑑𝐴
𝑑𝑥 !!!,!

= 0	

𝑑𝐴∗

𝑑𝑥 !!!,!
= 0	

𝑑[𝐴𝐴∗]
𝑑𝑥 !!!,!

= 0	

	

𝑑[𝐴∗𝑃𝑃𝑎𝑠𝑒]
𝑑𝑥 !!!,!

= 0	

𝑑𝑇
𝑑𝑥 !!!,!

= 0	

𝑑𝑇∗

𝑑𝑥 !!!,!
= 0	

𝑑[𝑇𝐴∗]
𝑑𝑥 !!!,!

= 0	

𝑑[𝐴𝑇∗]
𝑑𝑥 !!!,!

= 0	

𝑑[𝑇∗𝑃𝑃𝑎𝑠𝑒]
𝑑𝑥 !!!,!

= 0	

	

where	x	=	0	for	the	left	boundary	and	x	=	R	for	the	right	boundary	of	the	simulated	

spatial	segment.	Calculations	here	were	carried	out	for	R	=	3	µm.		

	

Following	initial	conditions	were	used:	
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Additionally,	 the	 sums	 of	 all	 bound	 and	 soluble	 kinase	 forms	 and	 soluble	

phosphatase	forms	were	constrained:	

		

Profile(x)	=	B+B*+2	[BB*]	+	[AB*]	+	[B*PPase]	+	[TB*]	+	[BT*]	+	[BA*]	

MT	Profile(x)	=	T+T*+	2	[TT*]	+	[AT*]	+	[T*PPase]	+	[TB*]	+	[BT*]	+	[TA*]	

Ao	=	A	+	A*	+	2	[AA*]	+	[AB*]	+	[BA*]	+	[A*PPase]	+	[AT*]	+	[TA*]	

PPaseo	=	PPase	+	[A*PPase]	+	[B*PPase]	+	[T*PPase]	

	

Equations	 were	 solved	 numerically	 using	 Mathematica	 software	 (Wolfram	

Research)	with	total	simulation	time	50,000	s	using	automatic	time	and	space	step	

size	option	to	ensure	convergence.	
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Table	1.	Enzymatic	and	other	model	constants.	

	symbol	 description	 value	 units	

a
fk 	

rate	constant	for	the	formation	of	the	enzyme-

substrate	complex	of	active	and	partially	active	kinase	

molecules	in	case	at	least	one	of	the	molecules	is	

soluble	

0.1	 µM-1	s-1	

𝑘!!	

rate	constant	for	the	formation	of	the	enzyme-

substrate	complex	of	active	and	partially	active	kinase	

molecules	in	case	both	molecules	are	chromatin-bound	

0.001	 µM-1	s-1	

T
fk 	

rate	constant	for	the	formation	of	the	enzyme-

substrate	complex	of	active	and	partially	active	kinase	

molecules	in	case	both	molecules	are	microtubule-

bound	

0.001	 µM-1	s-1	

a
rk 	

rate	constant	for	the	dissociation	of	the	enzyme-

substrate	complex	of	active	and	partially	active	soluble	

kinase	molecules	

5.1	 s-1	

b
rk 	

rate	constant	for	the	dissociation	of	the	enzyme-

substrate	complex	of	active	and	partially	active	

chromatin-bound	kinase	molecules	

0.21	 s-1	

T
rk 	

rate	constant	for	the	dissociation	of	the	enzyme-

substrate	complex	of	active	and	partially	active	kinase	

molecules	in	case	both	molecules	are	microtubule-

0.21	 s-1	
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bound	

a
catk 	

catalytic	rate	constant	for	active	soluble	or	chromatin-

bound	kinase	toward	all	forms	of	the	partially	active	

kinase	

2.3	×	10-

2	
s-1	

𝑘!"#!" 	
catalytic	rate	constant	for	active	microtubule-bound	

kinase	toward	all	forms	of	the	partially	active	kinase	

4.6	×	10-

2	
s-1	

cisk 	
rate	constant	for	kinase	cis-activation,	all	forms	 7.28	×	

10-6	
s-1	

p
fk 	

rate	constant	for	the	formation	of	the	enzyme-

substrate	complex	of	phosphatase	and	active	kinase,	all	

forms	

0.6	 µM-1	s-1	

p
rk 	

rate	constant	for	the	dissociation	of	the	enzyme-

substrate	complex	of	phosphatase	and	active	kinase,	all	

forms	

0.09	 	s-1	

p
catk 	

catalytic	rate	constant	for	phosphatase	toward	active	

kinase,	all	forms	

2.0	×	10-

3	
s-1	

D 	 diffusion	coefficient	of	soluble	kinase	 1	 µm2	s-1	

MTD 	 diffusion	coefficient	of	microtubule-bound	kinase	 0.005	 µm2	s-1	

PPase0		 total	concentration	of	phosphatase	 0.047		 µM	

A0		 total	concentration	of	soluble	kinase	 0.01		 µM	
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Antibody		 Concentration	 Application	

Source	

animal	 Company/source	

Item	

number	

pH3S10	 1	in	800	 IF	 Rb	 EMD	Millipore	 06-570	

pH3T3	 1	in	1500	 IF	 Rb	 EMD	Millipore	 07-424	

pH2a	T120	 1	in	1000	 IF	 Rb	 Active	motif	 61195	

Sgo1	 1	in	100	 IF	 Ms	 Abcam	 ab58023	

Aur-B	pT232	 1	in	200	 IF	 Rb	 Rockland	

600-401-

677S	

Aurora-B		 1	in	250	 IF	 Ms	 BD	Biosciences	 611083	

Borealin	 1	in	1000	 IF/WB	 Rb	

Stukenberg	

lab(Banerjee	et	al.,	

2014)	(986)	 		

INCENP	 1	in	1000	 IF	 Ms	 Abcam	 ab23956	

ACA	 1	in	200	 IF	 Hu	 Antibodies	Inc.	 13-234-0001	

CENPA	pS7	 1	in	100	 IF	 Rb	 EMD	Millipore	 07-232	

Dsn1	pS109	 1	in	1000	 IF	 Rb	

Ian	Cheeseman	

lab(Welburn	et	al.,	

2010)	 		

Knl1	pS60	 1	in	2000	 IF	 Rb	

Ian	Cheeseman	

lab(Welburn	et	al.,	

2010)	 		
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Antibodies	used	in	this	study:	

	

Sequences	of	siRNA	used	in	this	study:	

siRNA	 Sequence	 Publication	

siBorealin	3'UTR	 AGGUAGAGCUGUCUGUUCAdTdT		 (Klein	et	al.,	2006)	

siLuciferase	

(siLuc)	 CGUACGCGGAAUACUUCGAdTdT	

(van	der	Horst	et	al.,	

2015)	

Hec1	pS44	 1	in	1500	 IF	 Rb	

Deluca	lab(DeLuca	et	al.,	

2011)	 		

Hec1	pS55	 1	in	250	 IF	 Rb	 Stukenberg	lab	(974)	 		

Hec1	pS69	 1	in	1000	 IF	 Rb	 Stukenberg	lab	(974)	 		

Hec1	

(9G3.23)	 1	in	2000	 IF	 Rb	 Genetex	 GTX70268	

Knl1	 1	in	1000	 IF	 Rb	

Arshad	Desai	

lab(Cheeseman	et	al.,	

2008)	 		

Bub1		 1	in	1000		 WB	 Rb	 Genetex	 GTX30097	

mCherry	 1	in	1000	 WB	 Rb	 Genetex	 GTX128508	

INCENP	 1	in	1000	 WB	 Rb	 Sigma	 I5283	

Survivin	 1	in	1000	 WB	 Rb	 cell	signaling	 2808	

Tubulin	

(Dm1a)	 1	in	500	 IF/WB	 Ms	 Sigma	 T6199	
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siINCENP	3'UTR	 GGCUUGGCCAGGUGUAUAUdTdT		

(van	der	Horst	et	al.,	

2015)	

siBub1	 CCCAUUUGCCAGCUCAAGCdTdT	 (Jia	et	al.,	2016)	

	

	

Small	molecules	used	in	this	study:	

Small	

molecules	 Concentration	/	duration	

STLC	 5uM	for	2hr	

3-Iodothio	 2uM	for	30-45'	

MG132	 10uM		

Nocodazole	 0.33uM	or	3.3uMfor	20-30min	
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Figure	 3-1:	 Borealin	 binds	 microtubules	 through	 its	 N-terminal	 region.	 (A)	

Schematic	 showing	multiple	protein	 interaction	 regions	on	Borealin	 (microtubule-

binding	 region	 is	 characterized	 in	 this	 paper).	 Multiple	 sequence	 alignment	 of	

Borealin,	 basic	 residues	 are	 shown	 in	 green,	 residues	 important	 for	 microtubule	

binding	are	 indicated	with	blue	asterisk.	 (B)	Crystal	structure	of	 INCENP-survivin-

Borealin	 (PDB:	 2QFA);	 microtubule	 binding	 residues	 R17,	 R19	 and	 K20	 are	

highlighted	in	dark	blue.	(C)	Western	blots	of	 input,	supernatant	(S)	and	pellet	(P)	

faction	 of	 microtubule	 co-sedimentation	 assay	 with	 100nM	 ISBWT,	 ISBMTBM	 and	

ISBΔ20	 and	 indicated	 concentration	 of	 microtubules;	 probed	 with	 anti-Borealin	

antibody.	 (D)	 Graph	 from	 3	 independent	 microtubule	 co-sedimentation	 assays	

(mean	±	SD),	small	graph	is	log10	scale	and	large	graph	is	linear	scale.	ISBWT	is	in	red,	

ISBMTBM	 is	 in	 green	 and	 ISBΔ20	 is	 in	 blue.	 (E)	 Images	 from	 microtubule	 bundling	

assay	 ISBWT,	 ISBMTBM	 and	 ISBΔ20	 were	 incubated	 with	 1uM	 taxol	 stabilized	

microtubules	 and	 probed	 with	 anti-tubulin	 and	 anti-6His	 antibody.	 6His-ISB	 is	

shown	in	green	and	microtubules	are	shown	in	red.		
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Figure	 3-2:	 Interaction	 of	 both	 Borealin	 and	 INCENP	 with	 microtubules	 is	

important	 for	 error	 free	 mitosis.	 (A)	 Schematic	 of	 siBorealin	 mediated	

knockdown	rescue	experiment.	(B)	Representative	frames	from	time-lapse	imaging	

of	SiR-DNA	labeled	cells	treated	with	Borealin	siRNA	and	rescued	with	expression	of	

indicated	 Borealin	 transgene.	 (C)	 Western	 blots	 of	 cells	 expressing	 indicated	

transgene	and	treated	as	in	A	with	Borealin	or	control	siRNA,	showing	endogenous	

Borealin	and	LAP-Borealin	expression.	Tubulin	staining	 is	used	as	 loading	control.	

(D)	Box	and	whisker	graph	of	NEBD	to	anaphase	duration	from	time-lapse	movies.	

Statistical	analysis	was	performed	using	one-way	ANOVA	(Kruskal-Wallis	test)	and	

Dunn's	Multiple	Comparison	Test	(combined	data	from	3	independent	experiments	

and	at	least	182	cells	in	total	were	analysed).	(E)	Bar	graph	showing	percent	of	cells	

undergoing	 anaphase	 with	 lagging	 chromosomes,	 cells	 were	 treated	 as	 described	

earlier	 in	 A	 and	 rescued	 with	 indicated	 Borealin	 transgene	 (data	 from	 3	

independent	experiments,	at	 least	50	cells	were	analyzed	per	experiment).	(F)	Bar	

graph	 showing	 percent	 of	 cells	 undergoing	 anaphase	 with	 lagging	 chromosomes,	

treatment	was	 done	 as	 in	 A,	 except	 during	 siRNA	 transfection	 step	 both	 Borealin	

and	INCENP	siRNA	were	added	and	the	experiment	was	carried	out	in	presence	of	

1ug/ml	 Doxycycline	 to	 ensure	 INCENP	 transgene	 expression	 (data	 from	 2	

independent	 experiments,	 50-110	 cells	were	 analyzed	 per	 experiment).	 Statistical	

analysis	 was	 performed	 using	 one-way	 ANOVA	 and	 Bonferroni's	 Multiple	

Comparison	Test	for	both	D	and	E.	Bonferroni's	Multiple	Comparison	Test	was	used	

for	F	.	***	P<0.001;	**	P<0.01,	*	P<0.05.	Scale	bar	is	5um.	Error	bars	in	E	and	F	are	

±SD.	
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Figure	3-3:	CPC-microtubule	interaction	is	important	for	maintenance	of	taxol	

dependent	 spindle	 assembly	 checkpoint	 arrest.	 (A)	Schematic	of	 experimental	

procedure	 for	 B-D.	 (B)	 Representative	 time-lapse	 phase-contrast	 images	 of	 a	 cell	

treated	as	in	A.	Arrow	head	points	to	the	cell	that	enters	mitosis	and	is	arrested	in	

presence	 of	 100nM	 taxol	 and	 exits	 mitosis,	 time	 of	 mitotic	 entry	 and	 exit	 are	

depicted.	Duration	of	mitotic	arrest	is	the	duration	between	mitotic	entry	and	exit.	

(C)	Box	and	whisker	graph	of	duration	of	mitosis	 in	cells	expressing	 the	 indicated	

Borealin	transgene	(between	106-260	cells	were	analyzed	per	condition).	(D)	Graph	

of	data	from	C	showing	cumulative	frequency	distribution	of	duration	of	mitosis	for	

the	 cells	 expressing	 indicated	 Borealin	 transgene.	 (E)	 Box	 and	 whisker	 graph	 of	

duration	of	mitosis	in	presence	of	100nM	taxol.	Cells	were	treated	as	in	A	with	the	

exception	 that	1ug/ml	of	doxycycline	was	added,	 at	 the	 time	of	 second	 thymidine	

addition,	 for	 induction	of	CenpBDBD-INCENP747-918	expression	(at	 least	105	cells	per	

condition	were	 analyzed).	 Statistics	 performed	using	Dunn's	Multiple	 Comparison	

Test,	***	P<0.001;	**	P<0.01,	*	P<0.05	and	ns	P>0.05.	Scale	bar	is	5um.	
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Figure	 3-4:	 Mathematical	 model	 of	 tension-dependent	 and	 microtubule	

configuration-dependent	phosphoregulation	at	kinetochores.	(A)	Schematic	for	

dynamically	 exchanging	CPC	pools.	Kinase	within	 each	pool	 becomes	 activated	by	

autophosphorylation	 and	 inactivated	 by	 soluble	 phosphatase,	 see	 Methods	 for	

details.	Calculations	for	all	panels	were	done	using	same	model	parameters	(listed	

in	Table	1)	but	for	different	centromeric	tension	and/or	microtubule	configurations.	

(B)	 Concentration	 of	 chromatin-bound	 kinase	 (blue)	 decreases	 from	 centromere	

centroid	 to	 outer-kinetochore	 containing	 Ndc80	 substrate	 (position	 shown	 with	

broken	 line).	Red	 line	 (right	 axis)	 shows	overall	 decrease	 in	 the	 fraction	of	 active	

kinase,	which	nonetheless	remains	relatively	high	at	this	kinetochore.	(C,	D)	Profiles	

as	in	B	but	additionally	showing	spatial	distributions	for	microtubule-bound	kinase	

(green).	The	presence	of	amphitelic	microtubules	 (Bioriented)	 (C)	vs.	 centromere-

proximal	 (CP-MT)	 (D)	 was	 modeled	 with	 constant	 level	 of	 microtubule-bound	

kinase.	 Additional	 concentration	 profiles	 are	 shown	 in	 Supplementary	 Figure	 3-3.	

(E)	Calculated	 concentration	of	 active	kinase	 (sum	of	 all	 pools)	 at	 kinetochore	 for	

indicated	 configurations.	 The	 last	 two	 columns	 correspond	 to	 model	 predictions	

where	centromere-proximal	microtubules	are	included	but	kinase	binding	to	either	

chromatin	 or	 microtubules	 was	 removed.	 (F)	 Spatial	 distribution	 for	 active	

microtubule-bound	kinase	 for	 reduced	 size	 of	microtubule	 bundles	 relative	 to	 the	

level	 in	 panel	 D,	 which	 was	 taken	 as	 1.	 (G,	 H)	 Fraction	 of	 active	 kinase	 in	 the	

microtubule-bound	 pool	 (G)	 and	 soluble	 pool	 (H)	 responding	 to	 the	 size	 of	

centromere	proximal	microtubule	bundle.	(Data	for	this	figure	was	provided	by	the	

Grishcuk	lab).	
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Figure	 3-5:	 Borealin-microtubule	 interaction	 contributes	 to	 robust	

phosphorylation	 of	 the	 kinetochore	 substrates	 by	 the	 CPC.	 (A)	 Schematic	 of	

Borealin	 siRNA	 mediated	 knockdown	 rescue	 experiment.	 HeLa-TReX	 cells	 stably	

expressing	LAP-BorealinWT	or	MTBM	were	treated	with	Borealin	3’UTR	siRNA	and	cells	

were	 immunostained	 in	 first	 mitosis	 after	 knockdown	 of	 endogenous	 Borealin.	

Kinetochore	 phosphorylation	 was	 assessed	 by	 immunostaining	 with	 (B)	 DSN1	

pS109,	 (D)	 Knl1	 pS60,	 (H)	Hec1	 pS69,	 antibodies.	 (F)	 Chromatin	 phosphorylation	

was	assessed	by	 immunostaining	with	histone	H3	pS10.	Box	and	whisker	(3-95%)	

graphs	of	normalized	intensity	from	(C)	DSN1	pS109	(8),	(E)	Knl1	pS60	(8),	(G)	H3	

pS10	(11)	and	(I)	Hec1	pS69	(6),	staining	(number	in	the	parenthesis	indicates	the	

minimum	 number	 of	 cells	 analyzed	 per	 condition).	 Statistical	 analysis	 was	

performed	using	Mann	Whitney	Test,	***	P<	0.0001	and	ns	P>0.05.	Scale	bar	is	5um.	
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Figure	 3-6.	 Borealin-microtubule	 interaction	 drives	 microtubule	 dependent	

enhancement	of	the	CPC	localization	to	the	inner-centromere.	HeLa-TReX	cells	

expressing	 LAP-BorealinWT	or	MTBM	were	 treated	with	 siRNA	 as	 described	 in	 A,	 and	

immunostained	 with	 ACA	 and	 Aurora-B	 (A)	 or	 Borealin	 (C)	 or	 INCENP	 (C)	

antibodies.	 (B)	Quantification	of	Aurora-B	 intensity	normalized	to	ACA	(P<0.0001)	

and	 absolute	 ACA	 intensity	 (P=0.1396),	 Unpaired	 T-test	 with	 Welch's	 correction	

was	applied	(data	from	at	least	10	cells	per	condition).	(D)	Quantification	of	INCENP	

(P<0.0001)	and	Borealin	(P<0.0001)	intensity	normalized	to	ACA	(data	from	at	least	

8	cells	per	condition).	Statistical	analysis	was	performed	using	Mann	Whitney	Test.	

(E)	HeLa-TReX	cells	expressing	LAP-BorealinWT	or	MTBM	were	treated	as	described	in	

A,	 and	 incubated	with	 either	 0.33uM	or	 3.3uM	nocodazole	 for	 45min	 followed	 by	

immunostaining	 with	 ACA	 and	 Aurora-B.	 (F)	 Quantification	 of	 Aurora-B	 intensity	

normalized	 to	ACA	 (data	 from	at	 least	 8	 cells	 per	 condition).	 Statistics	 performed	

using	 Dunn's	 Multiple	 Comparison	 Test,	 ***	 P<0.001;	 **	 P<0.01,	 *	 P<0.05	 and	 ns	

P>0.05.	Scale	bar	is	5um.	
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Figure	 3-7:	 Borealin-microtubule	 interaction	 enhances	 kinetochore	 sub-

network	 of	 the	 CPC	 inner-centromere	 localization	 pathway.	 (A)	 Schematic	 of	

Borealin	 siRNA	 mediated	 knockdown	 rescue	 experiment.	 (B,	 D)	 HeLa-TReX	 cells	

stably	 expressing	 LAP-BorealinWT	 or	 MTBM	 or	 Δ20	 were	 treated	 as	 in	 A	 and	

immunostained	 with	 histone	 H2a	 pT120	 and	 H3	 pT3	 antibodies.	 (C)	 Box	 and	

whisker	 graph	 of	 histone	H2a	 pT120	 intensity	 normalized	 by	ACA	 intensity	 (data	

from	at	least	11	cells	per	condition).	(D)	Box	and	whisker	graph	of	histone	H3	pT3	

intensity	 (data	 from	 at	 least	 10	 cells	 per	 condition).	 Statistical	 analysis	 was	

performed	 using	 one	 way	 ANOVA	 (Kruskal-Wallis	 test)	 with	 Dunn's	 Multiple	

Comparison	Test,	***	P<0.001;	**	P<0.01,	*	P<0.05	and	ns	P>0.05.	Scale	bar	is	5um.	
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Figure	 3-8:	 Borealin	mediated	non-centromeric	 CPC-microtubule	 interaction	

is	 required	 for	 robust	 phosphorylation	 of	 the	 kinetochore	 substrates	 by	 the	

CPC.	 (A)	 Schematic	 of	 experimental	 procedure,	 for	 C	 and	 D,	 Borealin	 and	 Bub1	

siRNA	mediated	knockdown	of	 endogenous	Borealin	 and	Bub1	 in	 cells	 expressing	

chimeric	CenpBDBD-INCENP747-918	transgene.	(B)	Cartoon	showing	domain	structure	

of	 INCENPWT	and	 chimeric	 LAP-CenpB-INCENP747-918	 protein.	 (C)	 Cells	 expressing	

LAP-CenpB-	INCENP747-918,	for	targeting	Aurora-B	to	the	centromeres,	were	treated	

with	control	siRNA	(siLuc)	or	siBorealin	to	deplete	endogenous	Borealin	as	shown	

in	A.	 Bub1	 siRNA	 and	Haspin	 inhibitor,	 2uM	3-ITU,	were	 added	before	 fixation	 in	

order	 to	 remove	 the	 inner-centromeric	 CPC	 localization	 signal.	 Cells	 were	

immunostained	with	antibodies	against	Hec1	pS44	and	Aurora-B	and	representative	

images	are	 shown.	 (D)	Box	and	whisker	 graph	of	normalized	Hec1	pS44	 intensity	

and	 normalized	Aurora-B	 intensity	 (data	 from	 at	 least	 12	 cells	 per	 condition)	 (E)	

Schematic	 of	 experimental	 procedure	 for	 F-I.	 (F)	 Cells	were	 treated	 as	 in	 E,	 LAP-

CenpB-	 INCENP747-918	 and	 LAP-BorealinWT	 or	 LAP-BorealinMTBM	 expressing	 cells	

were	 treated	 with	 siBub1	 and	 haspin	 inhibitor	 (2uM	 3-ITU)	 to	 delocalize	 the	

endogenous	 CPC	 from	 the	 inner-centromere.	 Endogenous	 Borealin	 was	 depleted	

with	 siBorealin	 treatment	 and	 cells	were	 immunostained	with	Hec1	pS44	 (F)	 and	

Aurora-B	 (H)	 antibodies,	 representative	 images	 are	 shown.	 (G)	 Box	 and	 whisker	

graph	of	normalized	Hec1	pS44	and	normalized	GFP	intensity	from	F	(data	from	at	

least	10	cells	per	condition).	(I)	Box	and	whisker	graph	of	normalized	Aurora-B	and	

GFP	intensity	from	H	(data	from	at	least	10	cells	per	condition).	Statistical	analysis	

performed	using	Mann	Whitney	Test,	***	P<	0.0001	and	ns	P>	0.05.	Scale	bar	5um.	
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Figure	 3-9:	 Model	 for	 kinetochore	 phosphorylation	 by	 the	 CPC.	 (A)	 Model	

showing	phosphorylation	of	kinetochore	by	the	CPC.	Inactive	diffusible	pool	of	CPC	

is	 auto-activated	 by	 centromeric	 pool.	 Microtubule	 binding	 by	 the	 diffusible	

activated	CPC	 leading	 to	 robust	kinetochore	phosphorylation.	The	box	 in	 the	right	

shows	 three	microtubule-binding	domains	on	 the	CPC,	Borealin	MBD	 (1),	 INCENP	

PR/SAH	(2)	and	 INCENPIN-Box/Aurora-B	 (3),	different	binding	modes	of	 the	CPC	 to	

microtubules	are	also	 shown.	 (B)	Cartoon	showing	effect	of	 the	above	mechanism	

on	 kinetochore	 phosphorylation	 by	 the	 CPC	 and	 its	 implication	 to	 the	 error	

correction	 process.	 The	 effective	 range	 and	 amount	 of	 centromere	 activated	

diffusible	CPC	is	increase	by	the	presence	of	microtubules	in	close	proximity	to	the	

inner-centromere	(laterally	attached	kinetochores	or	merotelic	kinetochores).	This	

increase	in	amount	of	the	centromere	activated	non-centromeric	CPC	near	laterally	

attached	 or	 on	 merotellicaly	 attached	 kinetochores	 leads	 to	 robust	 kinetochore	

phosphorylation	 and	 release	 of	 attachment.	 During	 metaphase	 a	 relatively	 larger	

separation	between	microtubules	and	inner-centromere,	would	lead	to	reduction	in	

the	 amount	 of	 centromere	 activated	 non-centromeric	 CPC	 and	 the	 concomitant	

recruitment	 of	 phosphatases	 to	 the	 kinetochore	 in	 metaphase	 would	 lead	 to	

stabilization	of	end-on	attachment.		



	 149	

	

	 	



	 150	

Supplementary	 figure	 3-1:	 The	 microtubule	 binding	 mutations	 of	 Borealin	

have	no	effect	on	the	ISB	or	the	CPC	complex	formation.	(A)	Graph	of	the	FPLC	

gel-filtration	run	on	a	 superdex	S-200	column.	 ISBWT	(red),	 ISBMTBM	 (green),	 ISBΔ20	

(Blue)	and	FPLC	standard	(dashed	line).	(B)	Coomassie	stained	gel	of	the	fractions	

from	 the	 gel	 filtration	 run	 shown	 in	 A,	 purple	 line	 on	 the	 graph	 in	 A	 and	 on	 the	

coomassie	 stained	 gel	 images	 indicates	 the	 fractions	 from	 the	 FPLC	 gel-filtration	

that	were	 loaded	on	the	gel.	 (C)	Western	blots	 from	the	 IP	experiment	are	shown.	

LAP-BorealinWT	 and	 LAP-BorealinMTBM	 were	 immuno-precipitated	 from	 the	

nocodazole	 arrested	 cell	 lysate	 using	 an	 anti-GFP	 antibody.	 The	western	 blot	was	

probed	 with	 antibodies	 raised	 against	 GFP,	 Borealin,	 survivin	 and	 INCENP.	 (D)	

Western	 blot	 of	 the	 whole	 cell	 lysate	 form	 the	 Borealin	 knockdown	 rescue	

experiments	 as	 described	 in	 3-2A.	 Blots	were	 stained	with	 anti-Borealin	 antibody	

and	GFP	antibody;	tubulin	staining	was	used	as	a	loading	control.	



	 151	

	

	 	



	 152	

Supplementary	 figure	 3-2:	 Both	 Borealin	 and	 INCENP	 microtubule	 binding	

domain	 is	 important	 for	 error	 free	mitosis.	 (A)	 Bar	 graph	 showing	 percent	 of	

cells	undergoing	anaphase	with	lagging	chromosomes	after	STLC	release	assay,	cells	

were	 treated	 as	 described	 earlier	 in	 3-2A	 and	 rescued	 with	 indicated	 Borealin	

transgenes.	 STLC	was	 added	6	 hours	 post	 2nd	 thymidine	 release	 for	 2hours.	 STLC	

was	 then	 washed	 out	 and	 2	 hours	 post	 washout	 cells	 were	 fixed	 (data	 from	 3	

independent	 experiments,	 at	 least	 84	 cells	 were	 analyzed	 per	 experiment).	 Error	

bars	 represent	 ±SD.	 Statistical	 analysis	 was	 done	 using	 one-way	 ANOVA	 and	

Bonferroni's	multiple	 comparison	 test	 for	 both	D	 and	E.	 ***	 P<0.001;	 **	 P<0.01,	 *	

P<0.05.	 (B)	 Western	 blots	 of	 the	 cells	 expressing	 the	 indicated	 transgenes	 and	

treated	 with	 siRNA	 as	 in	 3-2A.	 (C)	 Box	 and	 whisker	 graph	 of	 nuclear	 envelope	

breakdown	(NEBD)	to	anaphase	duration	for	experiment	shown	in	3-2E.	Statistical	

analysis	was	performed	using	Dunn's	Multiple	Comparison	Test	***	P<0.001.	
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Supplementary	 figure	 3-3:	 Modeling	 results	 for	 spatial	 distribution	 of	

different	kinase	 forms.	Concentration	profiles	along	centromere-kinetochore	axis	

as	 in	 Fig.	 4	 B-D	 but	 additionally	 showing	 active	 chromatin-bound,	 active	

microtubule	bound	and	total	active	kinase.	(Data	for	this	figure	was	provided	by	the	

Grishcuk	lab).	
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Supplementary	 figure	3-4:	Borealin-microtubule	 interaction	 is	 important	 for	

robust	 kinetochore	 phosphorylation	 by	 the	 CPC.	 (A)	 Cells	 expressing	 LAP-

BorealinWT	 and	 LAP-BorealinMTBM	 were	 treated	 as	 shown	 in	 3-5A	 and	

immunostained	 for	 CenpA	 pS7;	 representative	 images	 are	 shown.	 (B)	 Box	 and	

whisker	 graph	 of	 normalized	 CenpA	 pS7	 intensity	 (data	 from	 at	 least	 8	 cells	 per	

condition).	 Statistical	 analysis	 was	 performed	 using	 Mann	 Whitney	 Test,	 ***	 P<	

0.0001.	(C)	Cells	expressing	LAP-BorealinWT,	LAP-BorealinMTBM	and	LAP-BorealinΔ20	

were	 treated	 as	 described	 in	 3-5A	 and	 immunostained	 with	 Hec1	 pS44.	

Representative	 images	 are	 shown.	 (D)	 Box	 and	 whisker	 graph	 of	 the	 normalized	

Hec1	 pS44	 intensity	 from	 C	 (data	 from	 at	 least	 10	 cells	 per	 condition).	 (E)	 Cells	

expressing	 LAP-BorealinWT,	 LAP-BorealinMTBM,	 LAP-BorealinΔ20	 and	 LAP-PRC1MBD-

BorealinΔ20	were	treated	with	Borealin	siRNA	as	described	in	3-5A.	Cells	were	then	

immunostained	 with	 DSN1	 pS109	 and	 ACA.	 Representative	 images	 of	 the	

experiment	are	shown.	 (F)	Box	and	whisker	graph	of	 the	normalized	DSN1	pS109	

intensity	from	E	(data	from	at	least	8	cells).	For	D	and	F	statistical	analysis	was	done	

using	one	way	ANOVA	(Kruskal-Wallis	test)	with	Dunn's	Multiple	Comparison	Test,	

***	P<0.001;	**	P<0.01,	*	P<0.05	and	ns	P>0.05.	Cells	were	treated	as	described	in	3-

5A	and	immunostained	with	Hec1	(G)	or	Knl1	(I);	representative	images	are	shown.	

Box	and	whisker	graph	of	normalized	Hec1	(H)	or	Knl1	(J)	 intensity	(data	 from	at	

least	6	cells	per	condition).	Statistical	analysis	was	performed	using	Mann	Whitney	

test	for	H	(P=0.3131)	and	J	(P=0.4431).	Scale	bar	5um.	
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Supplementary	 figure	 3-5:	 Borealin	 microtubule-binding	 domain	 and	

dimerization	domain	independently	enhance	inner-centromere	localization	of	

the	 CPC.	 (A)	 Cells	 expressing	 C-terminal	 LAP	 tagged	 BorealinWT	or	 BorealinMTBM	

were	treated	as	 in	3-5A	and	 immunostained	with	antibodies	against	Aurora-B	and	

ACA.	Representative	images	from	the	experiments	are	shown.	(B)	Box	and	whisker	

graph	of	 the	normalized	Aurora-B	 intensity	 from	A	 (data	 from	at	 least	 5	 cells	 per	

condition).	 Statistical	 analysis	 was	 performed	 using	 Mann	 Whitney	 Test,	 ***	 P<	

0.0001.	 (C)	 Representative	 images	 are	 shown	 from	 the	 experiment	 were	 cells	

expressing	 LAP-BorealinWT,	 LAP-BorealinMTBM,	 LAP-BorealinT230E	 (Borealin	

dimerization	 mutant)	 and	 LAP-BorealinMTBM/T230E	 were	 treated	 as	 in	 3-5A	 and	

immunostained	 with	 antibodies	 against	 Aurora-B	 and	 ACA.	 (D)	 Box	 and	 whisker	

graph	of	 the	normalized	Aurora-B	 intensity	 from	C	 (data	 from	at	 least	 7	 cells	 per	

condition).	Statistical	analysis	was	done	using	one	way	ANOVA	(Kruskal-Wallis	test)	

with	 Dunn's	 Multiple	 Comparison	 Test,	 ***	 P<0.001;	 **	 P<0.01,	 *	 P<0.05	 and	 ns	

P>0.05.	Scale	bar	is	5um.	
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Supplementary	 figure	3-6:	Borealin-microtubule	 interaction	 is	 important	 for	

proper	centromeric	Sgo1	localization.	Representative	images	are	shown	from	the	

experiment	 were	 cells	 expressing	 LAP-BorealinWT	 and	 LAP-BorealinMTBM	 were	

treated	as	in	3-5A	and	immunostained	with	Aurora-B	pT232	(A),	Sgo1	(C)	and	ACA.	

Representative	images	are	shown	in	A	and	C.	Box	and	whisker	graph	of	normalized	

Aurora-B	 pT232	 intensity	 (B)	 (data	 from	 at	 least	 10	 cells)	 and	 normalized	 Sgo1	

intensity	 (D)	 (data	 from	 at	 least	 8	 cells	 per	 condition)	 in	 cells	 expressing	 LAP-

BorealinWT	 and	 LAP-BorealinMTBM.	 Statistical	 analysis	 was	 performed	 using	 Mann	

Whitney	Test,	***	P<	0.0001.	Scale	bar	is	5um.	
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	 Supplementary	 figure	 3-7:	 Borealin	 mediated	 non-centromeric	 CPC-

microtubule	 interaction	 is	 required	 for	 robust	 phosphorylation	 of	 the	

kinetochore	substrates	by	the	CPC.	(A)	HeLa-Trex	cells	were	either	treated	as	in	

3-8A	 (siBub1	 and	 2uM	 3-ITU),	 with	 the	 exception	 of	 doxycycline	 treatment,	 or	

untreated	(control).	Cells	were	stained	 for	Aurora-B	and	ACA	after	 treatment	with	

3.3uM	 Nocodazole.	 (B)	 Box	 and	 whisker	 graph	 of	 normalized	 Aurora-B	 intensity	

from	 experiment	 shown	 in	 A	 (data	 from	 at	 least	 8	 cells	 per	 condition).	 Statistical	

analysis	was	done	using	Mann	Whitney	Test,	***	P<	0.0001.	Scale	bar	5um.	(C)	Cells	

were	 treated	 as	 described	 in	 figure	 3-8A	 followed	 by	 immunostaining	 with	 Hec1	

pS55	 and	 Aurora-B	 antibody.	 Representative	 images	 are	 shown.	 (D)	 Box	 and	

whisker	graph	of	normalized	Hec1	pS55	from	experiment	shown	in	C	(data	from	at	

least	9	cells	per	condition).	(E)	Schematic	of	the	construct	used	for	making	cell	lines	

stably	 expressing	 LAP-CenpBDBD-INCENP747-918	 under	 doxycycline	 induction	 and	

constitutively	 expressing	 mcherry-BorealinWT	 or	 MTBM.	 (F)	 Cells	 were	 treated	 as	

described	in	figure	8E	followed	by	immunostaining	with	Hec1	pS55.	Representative	

images	 are	 shown.	 (G)	 Box	 and	 whisker	 graph	 of	 normalized	 Hec1	 pS55	 from	

experiment	shown	in	F	(data	from	at	least	8	cells	per	condition).	Statistical	analysis	

was	done	using	Mann	Whitney	Test,	***	P<	0.0001.	Scale	bar	5um.	(H)	Western	blot	

showing	 Borealin	 and	 Bub1	 knockdown	 and	 expression	 of	 mCherry-BorealinWT	or	

MTBM	transgene	in	cells	expressing	LAP-CenpB-INCENP747-918.	Tubulin	blot	is	used	as	

loading	control.	
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Chapter	4	
	

Outer	kinetochore	maintenance	requires	Plk1	and	Aurora-B	

activity	before	but	not	after	end-on	attachment.	

	

	

	

	

	

This	chapter	is	from	the	paper	under	preparation	titled:	“Outer	

kinetochore	maintenance	requires	Plk1	and	Aurora-B	activity	before	

but	not	after	end-on	attachment.”	

Prasad	Trivedi	and	P.	Todd	Stukenberg.	
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	 Kinetochores	 are	 multi-proteins	 assemblies	 that	 mediate	 the	 interaction	 of	

mitotic	 chromosomes	 with	 the	 spindle	 microtubules	 and	 act	 as	 the	 scaffold	 for	

initiation	 of	 the	 spindle	 assembly	 checkpoint	 (SAC)	 arrest.	 Understanding	 the	

kinetochore	 assembly	 and	 dynamics	 is	 important	 in	 order	 to	 understand	 the	

mechanisms	 that	 ensure	 genomic	 stability.	 Although	 it	 is	 clear	 from	 the	 light	

microscopy	studies	that	the	core	kinetochore	undergoes	a	major	structural	change	

before	 and	 after	 end-on	 attachment.	 The	 molecular	 basis	 for	 this	 change	 has	

remained	 mysterious.	 Here,	 we	 find	 that	 the	 kinase	 Plk1	 plays	 a	 critical	 role	 in	

maintenance	of	the	core	KMN	complex	at	the	kinetochores	before,	but	not	after,	end-

on	 kinetochore-microtubule	 attachments.	 The	HIKM	 complex	 recruits	 Plk1,	which	

regulates	 an	 interaction	 between	HIKM	 and	 the	Ndc80	 complex.	 The	KMN	 that	 is	

recruited	 by	 Plk1	 is	 proficient	 at	 generating	 spindle	 checkpoint	 signals.	 We	 also	

show	 that	 Plk1	 and	 Aurora	 B	 kinase	 play	 a	 parallel	 role	 in	 maintenance	 of	 KMN	

before	end-on	attachment	and	this	activity	is	required	to	maintain	the	SAC	arrest	in	

absence	 of	 microtubules.	 Our	 observations	 suggest	 that	 the	 core	 kinetochore	 is	

maintained	differentially	before	and	after	end-on	attachment	and	the	current	model	

of	 kinetochore	 organization,	 that	 are	 largely	 based	 on	 the	 in-vitro	 reconstitution	

studies,	are	more	representative	of	metaphase	kinetochore.		

	

Introduction:	

	 Kinetochores	 undergo	 dramatic	 changes	 after	 they	 bind	 the	 plus	 ends	 of	

spindle	microtubules	using	the	Ndc80	complex	(end-on	attachment)	(Howell	et	al.,	

2001;	 Magidson	 et	 al.,	 2015;	 Smith	 et	 al.,	 2016;	 Varma	 et	 al.,	 2013;	 Wynne	 and	
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Funabiki,	 2015;	 2016).	 Before	 this	 critical	 event	 they	 generate	 spindle	 assembly	

checkpoint	signals	(SAC)	that	prevent	the	onset	of	anaphase	(Stukenberg	and	Burke,	

2015).	Moreover,	at	 the	stage	before	end-on	attachment	 the	major	attachments	 to	

microtubules	 are	 likely	 through	 the	 microtubule-motors	 CENP-E	 and	 dynein	

(Tanaka,	 2012).	 In	 addition,	 there	 is	 growing	 data	 that	 before	 end-on	 attachment	

kinetochores	assemble	preformed	K-fibers	(Maiato	et	al.,	2004;	Mishra	et	al.,	2010;	

Sikirzhytski	et	al.,	2018;	Tulu	et	al.,	2006),	which	are	bundles	of	microtubules	that	

extend	 out	 from	 kinetochores	 to	 increase	 the	 frequency	 of	 capture	 events.	 In	

contrast,	it	is	though	that	these	activities	are	silenced	after	kinetochores	obtain	end-

on	attachments	and	new	activities	that	control	the	movements	of	chromosomes	are	

activated.		

	 These	change	in	the	function	of	kinetochore	correlates	with	the	change	in	the	

protein	composition	of	the	kinetochore.	A	number	of	proteins	important	for	SAC	or	

lateral	attachment	are	increased	at	the	kinetochores	before	end-on	attachment	and	

their	 recruitment	 is	 further	 enhance	 upon	 arresting	 cells	 for	 longer	 duration	 in	

absence	 of	microtubules	 (Sacristan	 et	 al.,	 2018;	 Thrower	 et	 al.,	 1996;	Wynne	 and	

Funabiki,	2015;	2016).	These	proteins	are	often	removed	after	end-on	attachments	

by	dynein	dependent	process	termed	as	stripping	(Howell	et	al.,	2001).	Apart	from	

changes	in	the	amounts	of	fibrous	corona	proteins	changes	in	the	organization	and	

amount	of	the	core	outer-kinetochore	proteins	have	also	been	observed	before	and	

after	end-on	attachment	(Magidson	et	al.,	2015;	Wynne	and	Funabiki,	2015;	2016).	

The	mechanisms	underlying	these	organizational	changes	in	kinetochore	before	and	

after	end-on	attachment	are	still	mysterious	and	may	underlie	proper	kinetochore	
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function	 and	 spacio-temporal	 coordination	 between	 discrete	 processes	 at	 the	

kinetochores.		

	 Apart	form	the	structural	changes	in	kinetochore	one	of	the	most	conspicuous	

changes	that	occur	after	end-on	attachment	is	the	reduction	of	key	mitotic	kinases	

like	 Mps1,	 Aurora-B	 and	 Plk1	 at	 the	 centromere/kinetochore	 and	 a	 concomitant	

recruitment	of	phosphatase	PP1	 to	 the	kinetochores	 (Hiruma	et	 al.,	 2015;	 Ji	 et	 al.,	

2015;	Lénárt	et	al.,	2007;	Liu	et	al.,	2010;	Nijenhuis	et	al.,	2014;	Salimian	et	al.,	2011;	

Sivakumar	et	al.,	2016;	Stukenberg	and	Burke,	2015;	Trivedi	and	Stukenberg,	2016).	

Although	it	is	clear	that	the	change	in	kinase	and	phosphatases	before	and	after	end-

on	attachment	is	critical	for	the	function	of	kinetochore,	how	these	changes	control	

the	structural	dynamics	of	the	kinetochore	is	still	mysterious.		

	 The	key	components	for	outer	kinetochore	is	the	KMN	network	(Knl1,	Mis12	

complex	and	Ndc80	complex),	which	is	a	10-protein	assembly	consisting	of	the	Knl1	

complex	(consisting	of	Knl1	and	Zwint),	Mis12	complex	(consisting	of	Mis12,	Dsn1,	

Nnf1,	and	Nsl1),	and	Ndc80	complex	(consisting	of	Ndc80,	Nuf2,	Spc24,	and	Spc25).	

KMN	 forms	 the	 core	of	 the	outer	kinetochore	and	mediates	 the	 attachment	of	 the	

spindle	microtubules	with	 the	chromatin	and	 is	 responsible	 for	coupling	 the	 force	

generated	 by	 the	 depolymerizing	 microtubules	 to	 the	 chromosomes	 in	 order	 to	

move	the	chromosomes	during	mitosis	(Musacchio	and	Desai,	2017).	In	absence	of	

the	end-on	kinetochore-microtubule	attachment	KMN	also	serves	as	the	scaffold	on	

which	 the	 spindle	 assembly	 checkpoint	 proteins	 localize	 and	 initiate	 SAC	

(Stukenberg	 and	Burke,	 2015).	KMN	 is	 thus	 central	 to	 both	 SAC	 and	kinetochore-

microtubule	 attachment,	 it	 is,	 therefore,	 important	 to	understand	 the	dynamics	 of	
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the	pathways	 that	control	KMN	recruitment/maintenance	before	and	after	end-on	

kinetochore-microtubule	 attachment	 to	 understand	 the	 structural	 changes	 that	

occur	at	kinetochores.	KMN	members	display	some	organizational	changes	at	level	

of	 light	 microscopy	 before	 and	 after	 end-on	 attachment	 in	 human	 cells,	 the	

mechanism	 regulating	 these	 changes	 are	 still	 mysterious	 (Magidson	 et	 al.,	 2015;	

Maresca	and	Salmon,	2009;	Smith	et	al.,	2016;	Wynne	and	Funabiki,	2015;	2016).	

	 KMN	 is	 assembled	 in	 a	 phosphorylation-dependent	 manner	 on	 the	 inner	

kinetochore,	which	comprises	of	the	CCAN	complexes	that	make	direct	contact	with	

the	CENP-A	nucleosomes	(Emanuele	et	al.,	2008;	Gascoigne	and	Cheeseman,	2013;	

Huis	 in	 't	Veld	et	al.,	2016;	Yang	et	al.,	2008).	Two	elongated	proteins	CENP-C	and	

CENP-T	 in	 the	 CCAN	 complex	 recruit	 majority	 of	 the	 KMN	 complex	 to	 the	

kinetochores.	Each	CENP-C	molecule	through	its	N-terminal	region	can	recruit	one	

KMN	 complex	 in	 an	 Aurora-B	 dependent	manner	 (Kim	 and	 Yu,	 2015;	 Rago	 et	 al.,	

2015;	 Screpanti	 et	 al.,	 2011;	 Yang	 et	 al.,	 2008).	 On	 the	 other	 hand,	 each	 CENP-T	

molecule	 can	 recruit	 two	 Ndc80	 complex	 and	 one	 KMN	 complex	 through	 CDK1	

dependent	interaction	with	its	N-terminal	region	(Huis	in	't	Veld	et	al.,	2016;	Rago	et	

al.,	 2015).	Apart	 from	CENP-T	and	CENP-C,	 another	CCAN	component	CENP-I	 also	

plays	a	role	in	recruiting	some	Ndc80	molecules	either	directly	or	through	CENP-T	

and	 this	 is	 important	 for	maintenance	 of	 SAC	 in	 absence	 of	Aurora-B	 activity	 and	

microtubules	 (Basilico	 et	 al.,	 2014;	 Kim	 and	 Yu,	 2015;	 Matson	 et	 al.,	 2012).	 It	 is	

largely	 though	 that	 the	same	 interactions	drive	 the	KMN	network	recruited	 to	 the	

inner	 kinetochore	 throughout	 mitosis.	 Given	 a	 global	 switch	 in	 kinase	 and	

phosphatases	 that	occurs	at	kinetochores	before	and	after	end-on	attachment	 it	 is	
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unclear	 how	 the	 KMN	 stability	 is	maintained	 before	 and	 after	 end-on	 attachment	

given	a	phospho-dependent	assembly	mechanism.	

	 Here	we	describe	a	mechanism	for	KMN	maintenance	that	is	regulated	by	the	

attachment	 status	 of	 the	 kinetochores.	 We	 show	 that	 KMN	 maintenance	 at	 the	

kinetochore	 requires	 Aurora-B	 and	 Plk1	 activities	 before	 but	 not	 after	 end-on	

attachment.	 Aurora-B	 and	 Plk1	 activity	 are	 required	 for	 KMN	 maintenance	 in	

absence	 of	microtubules	 even	when	 the	 CDK1	 is	 still	 present.	We	 also	 show	 that	

Aurora-B	and	Plk1	regulate	parallel	pathways	for	Ndc80	recruitment.	Plk1	regulates	

the	Ndc80	complex	recruitment	through	the	CENP-I	dependent	Ndc80	recruitment	

pathway.	 We	 further	 show	 that	 CENP-I	 and	 Ndc80	 interact	 before	 the	 end-on	

attachment	 but	 not	 after	 the	 formation	 of	 end-on	 attachment.	 Finally,	 we	

demonstrate	 that	 Aurora-B	 and	 Plk1	 ensure	 the	 maintenance	 of	 SAC	 arrest	 in	

absence	of	microtubules	by	stabilizing	KMN	at	the	kinetochores.	

	

Results:	

	 Treating	 cells	 with	 the	 Eg5	 inhibitor	 (STLC)	 generates	 monopolar	 spindles	

and	 is	an	 ideal	 system	 to	 study	 the	effect	of	kinetochore	microtubule	attachments	

since	the	two	sister	kinetochores	often	have	different	attachment	states.	Specifically,	

the	poleward-facing	 sister	has	 end-on	attachments,	while	 the	anti-poleward	 sister	

generates	preformed	k-fibers	using	 lateral	attachments.	We	quantified	the	amount	

of	 Ndc80	 at	 poleward	 and	 anti-poleward	 sister	 kinetochores	 and	 the	 amount	 of	

Ndc80	 was	 significantly	 reduced	 at	 anti-poleward	 kinetochores	 (Fig.4-1A-C),	

suggesting	 that	 there	 may	 be	 different	 modes	 of	 recruitment	 of	 Ndc80	 to	
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kinetochores	in	different	attachment	states.		

	 We	 next	 arrested	 cells	 in	 a	 monopolar	 state,	 then	 treated	 them	 with	 Plk1	

inhibitor	(BI2536)	and	measured	the	 level	of	Ndc80	by	 immunofluorescence.	Note	

we	 added	 Plk1	 inhibitors	 to	 cells	 already	 arrested	 in	 mitosis	 by	 STLC	 to	 avoid	

complications	of	kinetochore	assembly	pathways.	There	was	a	greater	reduction	of	

Ndc80	from	the	anti-poleward	sister	after	the	addition	of	Plk1	inhibitors	compared	

to	cells	treated	with	DMSO,	while	the	reduction	in	the	Ndc80	levels	at	the	poleward	

sister	 was	 subtle	 upon	 treatment	 with	 Plk1	 inhibitor	 (Fig.4-1A-C).	 These	 data	

suggest	 that	 Plk1	 activity	 maintains	 Ndc80	 at	 kinetochores	 before,	 but	 not	 after,	

end-on	attachment.	

	 Plk1	is	known	to	play	a	role	in	Aurora-B	activation	during	mitosis	(Carmena	et	

al.,	 2014;	Ghenoiu	et	 al.,	 2013;	Zhou	et	 al.,	 2014)	 and	given	an	established	 role	of	

Aurora-B	 in	 recruiting	 KMN	 to	 the	 kinetochores	 (Kim	 and	 Yu,	 2015;	 Rago	 et	 al.,	

2015;	Yang	et	al.,	2008);	it	is	possible	that	the	reduction	of	the	Ndc80	levels	at	the	

kinetochore	upon	Plk1	 inhibition	was	 indirectly	due	 to	 lowered	Aurora-B	activity.	

To	 test	 whether	 Plk1	 regulates	 Ndc80	 at	 unattached	 kinetochore	 by	 activating	

Aurora-B	we	treated	the	cells	arrested	in	mitosis,	with	high	dose	of	nocodazole,	with	

either	 Aurora-B	 inhibitor	 (ZM),	 Plk1	 inhibitors	 (BI)	 or	 both	 inhibitors.	 Consistent	

with	an	established	role	of	Aurora-B	in	recruiting	KMN	to	the	kinetochore	we	found	

that	 Ndc80	 levels	 are	 reduce	 at	 centromeres	 (~25%)	 upon	 treatment	 with	 the	

Aurora-B	inhibitor,	confirming	a	role	for	Aurora-B	in	KMN	maintenance	before	end-

on	 attachment.	 Interestingly,	 for	 cells	 in	 nocodazole	 the	 Ndc80	 levels	 were	

drastically	 reduced	 (~70%)	 upon	 simultaneous	 inhibition	 of	 both	 Aurora-B	 and	
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Plk1	(Fig.4-1D-F)	and	this	reduction	in	Ndc80	levels	at	kinetochore	was	more	severe	

than	 the	reduction	seen	upon	 inhibition	of	either	one	of	 the	kinases.	Note	we	also	

included	MG-132	to	prevent	the	cells	from	exiting	mitosis	(see	below)	and	this	also	

ensured	 that	 Cyclin-B-Cdk1	 activity	 remained	 high,	 which	 is	 important	 for	 the	

recruitment	of	Ndc80	to	CENP-T.	Other	KMN	members	(Mis12,	Zwint	and	Knl1)	and	

outer	 kinetochore	 proteins,	 ZW10	 and	 CENP-F,	 were	 also	 severely	 reduced	 or	

absent	 from	 the	 kinetochores	 upon	 inhibition	 of	 Aurora-B	 and	 Plk1	 (Fig.4-1J).	 In	

contrast,	the	CCAN	components	CENP-C	and	CENP-I	did	not	change	upon	Aurora-B	

and	Plk1	inhibition	(Fig.4-1J).	This	observation	suggests	that	the	Plk1	and	Aurora-B	

play	 an	 independent	 role	 in	 maintenance	 of	 KMN	 and	 other	 outer	 kinetochore	

components	at	the	kinetochore	in	absence	of	microtubules.	Moreover,	the	difference	

in	 reduction	 of	 Ndc80	 levels	 upon	 Plk1	 inhibition	 alone	 in	 STLC	 and	 nocodazole	

suggests	 that	Ndc80	 is	actively	removed	 from	the	anti-poleward	kinetochores	 in	a	

microtubule	dependent	manner,	which	is	likely	dynein	stripping.	

	 Plk1	 and	 Aurora-B	 levels	 are	 reduced	 upon	 end-on	 attachment	 and	 are	

required	to	maintain	KMN	at	kinetochores	before	end-on	attachment.	To	test	if	Plk1	

and	 Aurora-B	 activity	 are	 also	 required	 to	 maintain	 KMN	 at	 end-on	 attached	

kinetochores,	we	arrested	in	metaphase	state	by	treatment	with	MG-132,	and	then	

added	 ZM,	 BI	 or	 both.	 We	 specifically	 visualized	 metaphase	 cells	 where	 all	

kinetochores	 should	 be	 attached	 in	 an	 end-on	 fashion.	 We	 observed	 ~20-25%	

reduction	 in	Ndc80	 levels	 at	 kinetochore	 upon	 treatment	with	 either	Aurora-B	 or	

Plk1	 inhibitor	 alone	 (Fig.4-1G-I),	 which	 was	 similar	 to	 the	 nocodazole	 treated	

condition	when	microtubules	were	absent.	When	the	metaphase	arrested	cells	were	
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treated	 with	 both	 Plk1	 and	 Aurora-B	 inhibitors	 we	 saw	 no	 further	 reduction	 of	

Ndc80	 at	 kinetochores	 (Fig.4-1G-I).	 Thus,	 Aurora-B	 and	 Plk1	 is	 not	 required	 to	

maintain	most	Ndc80	after	end-on	attachment.		

	 It	 has	been	demonstrated	 that	Plk1	 cooperates	with	Mps1	 to	phosphorylate	

the	MELT	repeats	on	Knl1	(Schubert	et	al.,	2015).	Plk1	also	cooperates	with	Aurora-

B	 to	 maintain	 SAC	 arrest	 in	 absence	 of	 microtubules	 (O'Connor	 et	 al.,	 2015).	

However,	 it	 is	 unclear	 if	 phosphorylation	 of	MELT	 repeats	 is	 only	 role	 of	 Plk1	 in	

maintenance	 of	 the	 SAC	 arrest.	 Since	 the	 presence	 of	 KMN	 at	 the	 kinetochore	 is	

critical	 for	 maintenance	 of	 SAC	 arrest	 and	 our	 observation	 that	 the	 KMN	

maintenance	 in	 absence	 of	 microtubules	 requires	 Aurora-B	 and	 Plk1	 activity,	

suggested	that	the	loss	of	SAC	arrest	upon	inhibition	of	Plk1	and	Aurora-B	may	be	

due	to	destabilization	of	KMN	complex	itself.	We	first	confirmed	that	SAC	arrest	in	

HeLa-TReX,	 293-T,	 a	 DLD-1	 and	RPE-1	 cells	 in	 absence	 of	microtubules	 is	 indeed	

dependent	on	Plk1	and	Aurora-B	activity	(Fig.4-2A-D).	We	reasoned	that	if	the	loss	

of	 SAC	 upon	 Aurora-B	 and	 Plk1	 inhibition	 was	 due	 to	 reduction	 of	 KMN	 then	

restoring	 the	 KMN	 complex	 under	 these	 conditions	 should	 rescue	 the	 SAC	 arrest.	

Aurora-B	 phosphorylates	 Dsn1	 on	 S100	 and	 S109	 to	 positively	 regulate	 KMN	

assembly(Huis	in	't	Veld	et	al.,	2016;	Kim	and	Yu,	2015;	Rago	et	al.,	2015;	Yang	et	al.,	

2008).	We	thus	tested	if	expression	of	the	phospho-mimetic	mutant	of	Dsn1	S100E	

and	 109E	 can	 rescue	 the	 loss	 of	 SAC	 in	 absence	 of	 microtubules	 upon	 Plk1	 and	

Aurora-B	 inhibition.	 Indeed,	 we	 saw	 a	 partial	 rescue	 of	 SAC	 arrest	 in	 cells	

overexpressing	Dsn1	S100E	and	S109E	(Fig.4-2E).	We	conclude	that	Aurora-B	and	

Plk1	kinases	play	an	 independent	 role	 in	maintenance	of	SAC	arrest	 in	absence	of	
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microtubules	by	stabilizing	the	KMN	components	at	the	kinetochore.	

	 Apart	 from	 Plk1,	 CENP-I	 also	 plays	 an	 Aurora-B	 independent	 role	 in	

maintenance	of	SAC	arrest	by	stabilizing	KMN	components	at	the	kinetochore	(Kim	

and	 Yu,	 2015;	Matson	 and	 Stukenberg,	 2014;	Matson	 et	 al.,	 2012).	 Therefore,	 we	

determined	if	Plk1	regulates	the	CENP-I	dependent	branch	of	SAC	arrest.	To	test	this	

we	inhibited	Aurora-B	or	Plk1	or	both	in	nocodazole	arrested	HeLa-TReX	cells	that	

are	either	treated	with	control	or	CENP-I	siRNA	and	determined	the	percent	of	cells	

in	mitosis	at	the	end	of	the	treatment.	Cells	in	which	either	CENP-I	was	depleted	or	

Plk1	was	 inhibited	maintained	SAC	arrest	 in	presence	nocodazole	 (Fig.4-3A-B).	As	

previously	seen,	CENP-I	depleted	cells	or	Plk1	inhibitor	treated	cells	were	unable	to	

maintain	SAC	arrest	upon	treatment	with	Aurora-B	inhibitor	(Fig.4-2A-E,	3-3A-B).	In	

contrast,	cells	in	which	CENP-I	was	depleted	and	Plk1	kinase	activity	was	inhibited	

could	still	maintain	the	SAC	arrest	(Fig.4-3A-B).	This	suggests	that	CENP-I	and	Plk1	

function	 is	 the	 same	 pathway	 for	 SAC	maintenance	 that	 is	 independent	 from	 the	

Aurora-B	dependent	pathway.		

	 CENP-I	also	plays	a	role	in	SAC	maintenance	by	enabling	recruitment	of	KMN	

to	the	kinetochore	in	absence	of	microtubules,	similar	to	our	observation	with	Plk1.	

To	determine	 the	 role	of	Plk1	 in	 regulating	 the	Aurora-B	 independent	arm	of	SAC	

arrest	and	KMN	maintenance	we	tested	how	CENP-I	and	Plk1	regulate	each	other.	

We	 first	 determined	 if	 Plk1	 and	 CENP-I	 regulate	 localization	 of	 each	 other	 to	 the	

kinetochore.	 As	 we	 mentioned	 before	 CENP-I	 recruitment	 was	 not	 affected	 upon	

either	 Plk1	 or	 Aurora-B	 or	 both	 (Fig.4-1J).	 CENP-I	 is	 required	 for	 recruitment	 of	

CENP-U,	which	is	one	of	the	established	Plk1	recruiter	at	the	kinetochores	(Foltz	et	
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al.,	2006;	Kang	et	al.,	2006;	Okada	et	al.,	2006).	We	thus	tested	if	CENP-I	is	required	

for	Plk1	localization	to	the	kinetochore.	Both	Plk1	kinase	localization	and	a	bona	fide	

Plk1	 substrate	 phosphorylation	 (BubR1	 pT680)	 at	 the	 kinetochore	 were	

dramatically	 reduced	 upon	 CENP-I	 depletion	 (Fig.4-3C-E).	We	 therefore	 conclude	

that	Plk1	functions	downstream	of	CENP-I	to	maintain	SAC	arrest	and	KMN	stability	

in	absence	of	microtubules.		

	 CENP-I	recruits	Ndc80	complex	to	the	kinetochore	either	directly	or	indirectly	

through	 CENP-T	 (Kim	 and	 Yu,	 2015;	 Matson	 et	 al.,	 2012).	 Since,	 Plk1	 functions	

downstream	 of	 CENP-I	 in	maintaining	 SAC	 arrest	 we	 tested	 whether	 Plk1	 kinase	

regulated	 an	 interaction	 between	 Ndc80	 and	 CENP-I.	 We	 immunoprecipitated	

Ndc80	 from	HeLa-TReX	 cells,	 that	were	 arrested	 in	mitosis	 using	 nocodazole.	We	

observed	an	interaction	between	CENP-I	and	Ndc80	as	previously	reported	and	also	

found	 that	 the	 interaction	was	 reduced	 in	 presence	 of	 a	 Plk1	 inhibitor	 (Fig.4-4A).	

This	 suggested	 that	 Plk1	 positively	 regulates	 interaction	 between	 CENP-I	 and	

Ndc80.		

To	 test	 whether	 the	 interaction	 between	 CENP-I	 and	 Ndc80	 was	 regulated	 by	

kinetochore	attachment	state	we	immunoprecipitated	Ndc80	from	the	cells	arrested	

in	presence	of	0.33uM	nocodazole	and	then	either	washed	and	 incubated	the	cells	

for	 two	 hours	 in	 0.33uM	 nocodazole,	 representing	 the	 state	 before	 end-on	

attachment,	 or	 MG132,	 representing	 state	 of	 an	 end-on	 attached	 kinetochore.	

Interestingly,	 Ndc80-CENP-I	 interaction	 was	 only	 seen	 in	 prometaphase	 like	

condition	 but	 not	 in	metaphase	 like	 condition,	 when	 the	 end-on	 attachments	 are	

already	formed	(Fig.4-4B).	Normally	Plk1	is	removed	from	metaphase	kinetochores.	
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To	 test	 if	 the	 loss	 of	 Plk1	 is	 the	 reason	 behind	 reduction	 of	 the	 Ndc80-CENP-I	

interaction	after	kinetochores	obtain	end-on	attachments	we	forced	targeted	Plk1	to	

metaphase	 aligned	 kinetochores	 and	 determined	 the	 interaction	 between	 Ndc80	

and	 CENP-I.	 We	 exogenously	 targeted	 Plk1	 to	 three	 different	 locations	 on	 the	

centromeres/kinetochores,	 through	 expressing	 chimeric	 proteins	 were	 Plk1	 was	

fused	 with	 CENP-B	 DNA	 binding	 domain	 (CENP-BDBD)	 or	 Mis12	 or	 Nuf2;	 and	

immunoprecipitated	 Ndc80	 from	 the	 cells	 that	 were	 arrested	 in	 metaphase	 state	

using	 the	 strategy	 describe	 before.	 The	 targeting	 of	 Plk1	 to	 centromeres	 through	

CENP-BDBD	 and	 to	 kinetochores	 through	 Mis12	 was	 sufficient	 to	 restore	 Ndc80-

CENP-I	interaction	even	in	metaphase	like	state	(Fig.4-4C,	D).	We	conclude	that	the	

Plk1	 activity	 near	 the	 inner-kinetochore	 is	 required	 to	 allow	 Ndc80	 recruitment	

through	CENP-I	dependent	pathway	before	end-on	attachment	but	not	after	end-on	

attachment.	

	

Discussion:	

	 Here	 we	 demonstrate	 that	 Aurora-B	 and	 Plk1	 activity	 is	 required	 for	 the	

stabilization	 of	 the	 KMN	 kinetochore	 proteins	 before	 but	 not	 after	 the	 end-on	

attachment.	 We	 confirm	 that	 Aurora-B	 regulates	 the	 direct	 interaction	 between	

Mis12	complex	and	CENP-C,	whereas	Plk1	regulates	the	interaction	between	CENP-I	

and	 Ndc80	 complex.	We	 also	 show	 that	 Plk1	 regulated	 CENP-I-Ndc80	 interaction	

specifically	occurs	in	prometaphase	before	end-on	attachment	and	is	important	for	

maintenance	 of	 SAC	 arrest	 in	 absence	 of	 microtubules	 and	 Aurora-B	 activity.	

Changes	in	the	organization	of	the	kinetochore	before	and	after	end-on	attachment	
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have	been	observed	by	light	microscopy	studies	(Magidson	et	al.,	2015;	Maresca	and	

Salmon,	2009;	Wynne	and	Funabiki,	2015;	2016).	Although,	dramatic	changes	occur	

in	 the	 amount	 of	 spindle	 assembly	 checkpoint	 proteins	 or	 proteins	 that	 promote	

lateral	 attachment	 at	 kinetochore	 upon	 end-on	 attachment,	 the	 core	 kinetochore	

components	 like	 KMN	 are	 shown	 to	 change	 only	 subtly	 before	 and	 after	 end-on	

attachment	 (Magidson	 et	 al.,	 2015;	 Wynne	 and	 Funabiki,	 2016).	 Therefore	 our	

findings	 are	 surprising	 as	 it	 was	 assumed	 that	 the	 KMN	 is	 recruited	 in	 early	

prophase	where	it	remains	until	late	anaphase.		

From	 our	 observations	 it	 is	 clear	 that	 the	 Plk1	 regulates	 the	 interaction	 between	

CENP-I	 and	 Ndc80	 complex,	 however,	 the	 identity	 of	 Plk1	 substrates	 that	 are	

important	for	this	regulation	is	still	mysterious.	Given	a	plethora	of	Plk1	substrates	

and	 phosphorylation	 sites	 that	 have	 been	 mapped	 by	 phospho-proteome	 studies	

(Santamaria	et	al.,	2011),	there	is	a	need	for	extensive	careful	work	to	identify	and	

characterize	the	key	substrate.	Unfortunately,	our	initial	attempts	to	identify	the	key	

Plk1	substrates	have	not	yielded	any	positive	results.	However,	we	have	enabled	a	

number	of	future	studies	by	defining	a	new	role	for	Plk1	and	identifying	a	number	of	

new	assays	for	Plk1	in	regulating	kinetochore	assembly.		

Our	 finding	 can	 explain	 the	 dependence	 of	 SAC	 on	 Aurora-B	 and	 Plk1	 activity	 in	

absence	of	microtubules.	Based	on	our	observation	we	suggest	that	at	least	one	key	

function	 of	 Plk1	 and	 Aurora-B	 in	 the	 maintenance	 of	 SAC,	 in	 absence	 of	

microtubules,	is	to	maintain	kinetochore	structure	to	allow	the	SAC	signaling;	this	is	

different	 from	 the	 previously	 reported	 function	 of	 Plk1	 in	 phosphorylating	MELT	

repeats	 on	 Knl1.	 It	 is	 tempting	 to	 speculate	 that	 the	 KMN	 that	 is	 specifically	
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recruited	to	kinetochores	before	attachment	would	be	more	adept	at	SAC	signaling	

than	the	KMN	recruited	after	attachment.	

Ndc80	 can	 be	 a	 cargo	 of	 dynein	 and	 can	 get	 stripped	 from	 the	 kinetochores	 in	 a	

dynein-dependent	 process	 after	 the	 addition	 of	 azide	 (Silva	 et	 al.,	 2014).	 Our	

observation	 of	 dependence	 of	 Ndc80	 localization	 at	 antipoleward	 kinetochore	 on	

Plk1	 activity	 suggests	 that	 the	 CENP-I-Ndc80	 interaction	 plays	 a	 crucial	 role	 in	

preventing	dynein-dependent	striping	of	Ndc80	complex	from	the	kinetochores	by	

stabilizing	 the	 Ndc80	 interaction	 with	 the	 inner-kinetochore.	 Dynein	 moves	 the	

whole	mitotic	 chromosome	 during	 prometaphase	 but	 upon	 end-on	 attachment,	 it	

walks	 away	 from	 the	 kinetochores	 with	 a	 subset	 of	 kinetochore	 proteins,	 the	

molecular	basis	for	this	switch	in	cargo	is	unexplained.	It	is	tempting	to	hypothesize	

that	 Aurora-B	 and	 Plk1	 dependent	 stabilization	 of	 Ndc80	 complex	 allows	 for	 a	

strong	interaction	between	dynein	recruitment	module	and	Ndc80	complex,	which	

allows	 the	 dynein	 to	move	 the	whole	 chromosomes.	Upon	 end-on	 attachment	 the	

reduction	of	Plk1	and	Aurora-B	at	 the	kinetochore	reduces	strength	of	 interaction	

between	Ndc80	 complex	 and	 the	CCAN,	which	 allows	 removal	 of	 only	 a	 subset	 of	

proteins	from	the	kinetochore.	Ndc80	is	not	stripped	because	it	now	generates	new	

attachments	 through	CENP-T.	The	 identity	of	Plk1	 substrates	will	be	 important	 to	

test	this	hypothesis.	

Appreciating	that	Plk1	controls	the	state	of	kinetochores	before	end-on	attachment	

may	also	provide	insight	into	why	Plk1	is	required	to	generate	end-on	attachments	

(Liu	et	al.,	2012).	Current	models	suggest	that	this	is	due	to	the	phosphorylation	of	

the	KARD	domain	on	BubR1	that	recruits	PP2A,	but	whether	this	is	the	only	role	of	
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Plk1	 has	 not	 been	 tested	 (Suijkerbuijk	 et	 al.,	 2012).	 It	 is	 possible	 that	 the	

kinetochore	state	before	attachment	is	an	important	intermediate	that	matures	into	

an	 end-on	 attachment.	 For	 example,	 there	 may	 be	 a	 kinetic	 barrier	 to	 simply	

catching	 a	microtubule	 end	 so	 that	 kinetochores	 require	mechanisms	 to	 bind	 the	

side	of	a	microtubule	and	then	convert	then	into	end-on	attachment.		

Finally,	 dramatic	 structural	 changes	 that	 occur	 at	 kinetochore	 have	 been	

characterized	 in	 a	 process	 called	 intra-kinetochore	 stretch	 by	 light	 microscopy	

(Maresca	and	Salmon,	2009;	Uchida	et	al.,	2009).	This	process	is	thought	to	underlie	

the	 silencing	 of	 the	 SAC.	 Plk1	 may	 regulate	 the	 intra-kinetochore	 stretch	 by	

regulating	the	interaction	between	CENP-I-Ndc80	complex.	In	fact,	targeting	of	Plk1	

to	 kinetochores	 generates	 kinetochores	 with	 lower	 stretch	 suggesting	 that	 Plk1,	

rather	than	the	pulling	forces	of	microtubules,	may	be	the	central	regulator	of	this	

process	(Liu	et	al.,	2012).		

	

Materials	and	Methods:		

Immuno-florescence,	 immune-precipitation	 and	 western-blotting	 protocols	 are	

same	as	described	in	chapter	2.	
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Figure	 4-1.	 Aurora-B	 and	 Plk1	 activity	 is	 required	 to	 stabilize	 outer	

kinetochore	 before	 end-on	 attachment	 but	 not	 after	 attachment.	 (A)	

Micrographs	 of	 Hela-TReX	 cells	 arrested	 in	 mitosis	 for	 1.5	 hours	 with	 STLC	 and	

treated	 with	 either	 Plk1	 inhibitor	 (100nM	 BI-2536)	 or	 DMSO	 for	 1.5	 hour	 and	

stained	for	Ndc80	and	CENP-T.	All	treatments	were	done	in	presence	of	MG-132.	(B)	

Box	and	whisker	graph	of	Ndc80	intensity	from	experiment	shown	in	A.	(C)	Box	and	

whisker	graph	of	CENP-T	intensity	from	experiment	shown	in	A.	(D)	Micrographs	of	

Hela-TReX	 cells	 arrested	 in	 mitosis	 for	 1.5	 hours	 with	 nocodazole	 (3.3uM)	 and	

treated	 with	 either	 Plk1	 or	 Aurora-B	 (2uM	 ZM447439)	 inhibitor	 or	 both	 for	 1.5	

hour.	All	treatments	were	done	in	presence	of	MG-132.	(E)	Box	and	whisker	graph	

of	 Ndc80	 intensity	 from	 experiment	 shown	 in	 D.	 (F)	 Box	 and	 whisker	 graph	 of	

CENP-T	intensity	from	experiment	shown	in	D.	(G)	Micrographs	of	Hela-TReX	cells	

arrested	in	mitosis	for	2	hours	with	MG-132	(10uM)	and	treated	with	either	Plk1	or	

Aurora-B	 (2uM	 ZM447439)	 inhibitor	 or	 both	 for	 1.5	 hour.	 (H)	 Box	 and	 whisker	

graph	of	Ndc80	intensity	from	experiment	shown	in	G.	(I)	Box	and	whisker	graph	of	

CENP-T	 intensity	 from	 experiment	 shown	 in	 G.	 (J)	 Table	 showing	 presence	 of	

indicated	 proteins	 at	 the	 kinetochore	 in	 presence	 of	 the	 indicated	 treatment.	 For	

statistical	 analysis,	 Mann	 Whitney	 test	 was	 applied	 and	 ns	 indicates	 P>0.5,	 ***	

indicates	P<0.0001,	**	indicates	P<0.001.	Scale	bar	5um.	



	 179	

	

	 	



	 180	

Figure	4-2.	Aurora-B	and	Plk1	maintain	SAC	arrest	in	absence	of	microtubules	

by	stabilizing	outer-kinetochore.	(A)	Schematic	of	the	experimental	setup	for	B-D.	

Cells	 were	 arrested	 in	 mitosis	 by	 treating	 with	 nocodazole.	 The	 cells	 were	 then	

treated	with	 Plk1	 and	Aurora-B	 inhibitor	 as	 indicated.	 (B)	Graph	 showing	mitotic	

index	under	indicated	condition	from	the	experiments	shown	in	A.	Western	blot	of	

Cyclin-B1	form	HeLa-TReX	(C),	RPE1	(D)	and	DlD1	(D)	cells	treated	as	shown	in	A.	

(E)	Western	 blot	 showing	Cyclin-B1	 levels	 in	 nocodazole	 arrested	 cells	 treated	 as	

indicated.	Tubulin	was	used	as	a	loading	control.		
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Figure	4-3.	Plk1	is	in	the	CENP-I	dependent	pathway	of	SAC	maintenance.	(A)	

Schematic	of	 the	experimental	 setup	 for	experiment	shown	 in	B.	 (B)	Mitotic	 index	

for	cells	treated	as	in	A	under	indicated	condition.	(C)	Micrographs	showing	staining	

of	Plk1	and	ACA	in	HeLa-TReX	cells	treated	with	either	control	or	CENP-I	siRNA.	(D)	

Box	and	whisker	graph	of	Plk1	intensity	from	experiment	shown	in	C.	For	statistical	

analysis,	Mann	Whitney	 test	was	 applied	 ***	 indicates	 P<0.0001.	 (E)	Micrographs	

showing	staining	of	BubR1	pT680	and	ACA	 in	HeLa-TReX	cells	 treated	with	either	

control	or	CENP-I	siRNA.	Scale	bar	5um.	
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Figure	 4-4.	 Plk1	 regulates	 pro-metaphase	 specific	 CENP-I-Ndc80	 interaction.	

(A)	 Western	 blots	 from	 the	 Ndc80	 immuno-precipitation	 under	 indicated	

conditions.	Cells	were	treated	as	shown	in	the	schematic	shown	above.	(B)	Western	

blots	 from	 the	 Ndc80	 immuno-precipitation	 experiments	 of	 the	 cells	 treated	 as	

shown	 in	 schematic	 above	 to	 obtain	 cells	 under	 prometaphase	 and	 metaphase	

condition.	(C	and	D)	Cells	were	treated	as	shown	in	the	schematic	above	to	achieve	

Plk1	targeting	to	the	kinetochore.	Immune-blots	from	Ndc80	immuno-precipitation	

experiments	under	indicated	conditions	are	shown	at	the	bottom.		
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Figure	 4-5.	 Model	 for	 KMN	 maintenance	 during	 mitosis.	 Before	 end-on	

attachment	Aurora-B	stabilizes	KMN-CCAN	interaction	by	phosphorylating	DNS1	on	

S100	 and	 S109	 and	 allowing	 CENP-C-Dsn1	 interaction.	 Plk1	 on	 the	 other	 hand	

inhibits	 dynein	dependent	 stripping	 of	Ndc80	 complex	before	 end-on	 attachment;	

Plk1	 also	 stabilizes	 CCAN-KMN/Ndc80	 interaction	 by	 allowing	 CENP-I-Ndc80	

interaction.	 Kinetochore	 rearrangement	 after	 end-on	 attachment	 stabilizes	 CCAN-

KMN/Ndc80	interaction.	CCAN-KMN/Ndc80	upon	end-on	attachments	is	minimally	

dependent	on	Aurora-B	or	Plk1	activity.		
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Chapter	5	
Concluding	remarks	and	future	directions.	
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Towards	a	systems	level	understanding	of	the	CPC	signaling:	

	 Over	 the	 last	 few	 years	 the	 role	 of	 CPC	 in	 ensuring	 genomic	 stability	 has	

become	 clearer.	 The	 key	 substrates	 that	 the	 CPC	 regulates	 in	 order	 to	 achieve	

genomic	 stability	 have	 also	 become	 less	 mysterious.	 However,	 the	 molecular	

mechanisms	behind	these	regulations	remain	unclear.	The	impediment	in	revealing	

these	 molecular	 mechanisms	 has	 been	 a	 lack	 of	 unifying	 model	 that	 takes	 in	 to	

account	 various	 observations	 and	 processes	 pertaining	 to	 the	 CPC.	 Another	

impediment	has	been	a	lack	of	separation	of	function	mutants	in	the	CPC	that	allow	

rigorous	 testing	 of	 these	models.	 The	 impressive	work	 done	 in	multiple	 labs	 that	

revealed	 the	 centromere-signaling	 network	 (CSN)	 has	 been	 a	major	 advance.	 The	

holistic	view	of	the	CPC	signaling	by	considering	the	CSN	as	a	whole	has	helped	us	

come	 up	 with	 a	 framework,	 which	 has	 been	 able	 to	 explain	 coordination	 and	

regulation	of	multiple	key	events	during	mitosis	(discussed	in	chapter	1).	

	 The	growing	list	of	cofactors	and	regulators	of	the	CPC	during	mitosis,	such	as	

microtubules,	 RNA,	 R-loops,	 DNA	 damage	 signaling	 kinases,	 various	 enzymes	 and	

histone	modifications,	have	made	our	understanding	of	 the	CPC	biology	richer	but	

also	 increasingly	 complex.	 In	 an	 attempt	 to	 deal	 with	 this	 complexity	 and	 still	

extract	 some	 clarity	we	 employed	 an	 in	 vitro	 biochemical	 approach	 to	 define	 key	

separation	of	function	mutants	of	the	microtubule-CPC	interaction	and	combined	it	

with	 cell	 biological	 approaches	 to	 test	 existing	 models	 of	 kinetochore	

phosphorylation	by	the	CPC.	This	approach	has	allowed	us	to	come	up	with	a	clearer	

more	plausible	mechanism	of	kinetochore	phosphorylation	by	 the	CPC	and	helped	

us	 reveal	 an	 important	 role	 for	 non-centromeric	 CPC	 in	 regulation	 of	 the	
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kinetochores.	 Since,	 the	 kinetochore	 phosphorylation	 by	 the	 CPC	 follows	 a	 non-

linear	 dynamics	 our	 collaboration	 with	 Dr.	 Grishchuk	 has	 helped	 us	 get	 key	

mechanistic	 insights	 in	 to	 the	 role	 microtubules	 play	 in	 regulating	 kinetochore	

phosphorylation	by	the	CPC	and	its	effect	on	error	correction	process.			

This	kind	of	multi-disciplinary	approach	for	multiple	cofactors	of	the	CPC	can	lead	to	

a	systems	level	understanding	of	the	CPC	biology	and	reveal	design	principles	which	

ensure	error	free	mitosis.		

	 	

Understanding	the	role	of	microtubules	in	regulating	kinase	activity	gradient:	

	 The	 CPC	 during	 mitosis	 is	 localized	 to	 key	 sites	 in	 the	 cell	 at	 high	

concentration.	This	combined	with	 the	auto-phosphorylation	dependent	activation	

mechanism	of	the	CPC	gives	rise	to	gradients	of	kinase	activity.	These	gradients	may	

have	 important	 role	 to	 play	 in	 our	 understanding	 of	 the	 spatial	 signaling	 during	

mitosis.	 For	 example	 anaphase	 gradient	 of	 Aurora-B	 activity	 emanating	 from	 the	

midzone	has	been	 shown	 to	be	 important	 in	 regulating	 the	 timing	and	 location	of	

nuclear	envelope	reformation	during	telophase	(Afonso	et	al.,	2014).	How	the	kinase	

activity	 gradients	 forms	 and	 how	 this	 long	 distance	 signaling	 can	 happen	 in	

presence	 of	 phosphatases	 in	 the	 cells	 are	 interesting	 unanswered	 questions.	 The	

gradients	 of	 the	 CPC	 activity	 emanating	 from	 the	 centromere	 to	 the	 chromosome	

arms	has	been	shown	to	be	depend	on	the	presence	of	microtubules	(Banerjee	et	al.,	

2014).	 It	 is	 tempting	 to	hypothesize	 that	 the	microtubule	may	act	as	a	 scaffold	on	

which	diffusible	CPC	molecules	can	bind	and	come	close	to	each	other,	which	would	

allow	auto	activation.	This	kind	of	mechanism	can	ensure	long	range	signaling.	The	
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microtubule-binding	mutant	of	the	CPC	described	in	chapter	2	can	be	an	ideal	tool	to	

test	this	hypothesis.		

	

Control	of	lateral	to	end-on	kinetochore	microtubule	attachment:	

	 Premature	end-on	attachments	can	lead	to	improper	kinetochore	microtubule	

interaction,	which	 can	 lead	 to	 chromosome	 instability.	 The	 kinetochores	 are	 thus	

thought	 to	 initially	 form	 lateral	 attachments	 with	 the	 walls	 of	 the	 microtubule	

through	kinetochore	localized	motor	proteins	(Tanaka,	2012).	At	this	stage	the	key	

kinetochore	 microtubule-binding	 protein	 Ndc80	 is	 phosphorylated	 by	 the	 CPC,	

which	prevents	formation	of	end-on	attachment	(DeLuca	et	al.,	2011;	Shrestha	et	al.,	

2017).	How	the	kinetochore	transitions	form	lateral	to	an	end-on	attachment	state	

once	 it	 reaches	 the	 end	 of	 a	 microtubule	 is	 unclear.	 The	 mechanism	 describe	 in	

Chapter	 2	 for	 kinetochore	 phosphorylation	 driven	 by	 cooperation	 between	 the	

centromeric	CPC	and	non-centromeric	microtubule	bound	CPC	has	the	potential	to	

explain	 how	 laterally	 attached	 kinetochore	 can	 transition	 to	 an	 end-on	 attached	

state.	 When	 the	 kinetochores	 are	 attached	 in	 lateral	 manner,	 the	 geometry	 of	

kinetochore	 microtubule	 interaction	 would	 place	 the	 inner-centromere	 in	 close	

proximity	 to	 the	 microtubules	 on	 which	 the	 motor	 proteins	 that	 are	 bound	 to	

kinetochores	 are	 walking.	 This	 will	 ensure	 high	 phosphorylation	 of	 Ndc80.	

However,	 when	 the	 kinetochore	 reaches	 the	 end	 of	 the	microtubules	 the	 leading	

sister	kinetochore	will	detach	 from	the	end	but	 the	 trailing	sister	kinetochore	will	

still	 be	 attached	 at	 this	 point	 the	 distance	 between	 inner-centromere	 and	

microtubule	wall	will	increase,	as	the	microtubule	slides	away,	and	the	CPC	will	no	
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longer	 be	 able	 to	 phosphorylate	 the	 kinetochore	 allowing	 the	 Ndc80	 to	 make	

attachments	with	the	end	of	the	microtubules.	

	

Understanding	the	phase	separation	characteristics	of	the	CPC:	

	 In	chapter	3,	I	provided	evidence	for	existence	of	the	CPC	in	a	phase-separated	

state	in	the	inner-centromere.	This	observation	predicts	that	the	inner-centromere	

is	in	a	liquid/gel	like	state	and	behaves	like	a	membrane-less	organelle.	Thinking	of	

the	inner-centromere	in	terms	of	a	liquid	or	gel	like	state	has	important	implications	

for	 CPC	 biology	 and	may	 explain	 various	 seemingly	 paradoxical	 observations.	 For	

example	the	localization	of	CPC	through	Survivin	dependent	H3pT3	binding	is	well	

established	 (Kelly	 et	 al.,	 2010;	Wang	 et	 al.,	 2010;	 Yamagishi	 et	 al.,	 2010),	 yet	 it	 is	

hard	to	understand	how	can	Survivin	be	the	most	dynamic	member	of	the	CPC	and	

still	be	responsible	for	anchoring	the	CPC	to	the	inner-centromere	(Delacour-Larose	

et	al.,	2004).	The	idea	proposed	in	chapter	3	solves	this	paradox	by	suggesting	that	

the	histone	binding	is	only	required	for	nucleation	or	early	concentration	of	the	CPC	

at	 the	 inner-centromere	 and	 the	 phase	 separation	 is	 what	 ensures	 its	 stable	

localization.	 Considering	 the	 CPC	 in	 the	 inner-centromere	 as	 a	 gel	 will	 have	 an	

important	impact	on	understanding	the	force	transduction	by	the	inner-centromeric	

chromatin	and	may	be	an	important	part	of	the	spring	like	behavior	of	this	region.	In	

order	to	more	rigorously	test	the	nature	of	the	CPC	in	the	inner-centromere	there	is	

a	 need	 to	 define	 regions	 of	 the	 CPC	 that	 can	 drive	 phase	 separation	 or	 gelation.	

Although,	 we	 have	 defined	 one	 such	 region	 on	 Borealin	 in	 chapter	 3,	 I	 think	 an	

unbiased	approach	such	as	cross-linking	mass	spec	would	be	highly	suited	to	define	
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better	 mutants,	 which	 might	 help	 differentiate	 between	 gelation	 and	 phase-

separation	properties	and	reveal	their	importance	to	the	CPC	biology.		

	 The	ability	of	the	chromatin	or	microtubules	to	induce	CPC	phase	separation	

is	interesting.	This	observation	gives	rise	to	a	hypothesis	that	many	of	the	proteins	

or	 co-factors	 responsible	 for	 the	 CPC	 localization	 to	 the	 inner-centromere	 or	

midzone	 may	 be	 inducing	 phase	 separation	 of	 the	 CPC	 by	 lowering	 the	

concentration	of	 the	CPC	at	which	the	phase	separation	occurs.	 If	 true	this	kind	of	

explanation	 may	 simplify	 the	 enormous	 complexity	 that	 comes	 from	 numerous	

cofactors	that	play	a	role	in	CPC	localization.	This	is	especially	interesting	for	Sgo1,	

which	 is	 a	 part	 of	 the	 CSN	 and	 drives	 recruitment	 of	 the	 CPC	 to	 the	 H2ApT120	

chromatin.	 In	 conventional	 biochemical	 terms	 it	 is	 hard	 to	 imagine	 how	

stoichiometry	 of	 the	 interaction	 between	 CPC-Sgo1	 would	 ensure	 localization	 of	

most	of	the	CPC	given	the	sub	stoichiometric	amounts	of	Sgo1	that	are	present	in	the	

cytoplasm	 compared	 to	 the	 amount	 of	 CPC	 members	 (Wühr	 et	 al.,	 2014).	 The	

hypothesis	 that	 Sgo1	 might	 induce	 phase	 separation	 of	 the	 CPC	 can	 explain	 is	

discrepancy.	 In	 fact,	 Sgo1	has	 been	 shown	 to	 induce	 phase	 separation	 of	HP1α	 at	

sub-stoichiometric	 amounts	 (Larson	 et	 al.,	 2017).	 Apart	 from	 Sgo1,	 Mps1	 is	 also	

shown	 to	 play	 an	 important	 in	 regulating	 the	 amount	 of	 CPC	 in	 the	 inner-

centromere	 thought	 phosphorylating	 Borealin	 (Jelluma	 et	 al.,	 2008b).	 These	

phosphorylation	sites	are	near	the	region	responsible	for	phase	separation	and	can	

thus	regulate	phase	separation	behavior	of	 the	CPC.	 It	would	be	 interesting	to	test	

this	hypothesis	in	future.		

	 Another	 aspect	 of	 the	 CPC	 at	 the	 inner-centromere	 is	 its	 ability	 to	 recruit	
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specific	proteins	 to	 the	 inner-centromeres	 that	 impart	unique	properties	 to	 inner-

centromere	compared	to	the	rest	of	the	chromatin.	I	have	shown	that	multiple	bona	

fide	 inner-centromere	components	can	specifically	partition	to	the	CPC	phase.	This	

observation	may	explain	how	various	proteins	localize	to	the	inner-centromere	in	a	

CPC	dependent	manner	and	may	underlie	critical	functions	of	the	CPC	at	the	inner-

centromere	such	as	cohesion	protection.	

	

Towards	reconstitution	of	the	inner-centromere:	

	 Perhaps	the	most	exciting	thing	from	out	observation	of	the	phase	separation	

of	 the	 CPC	 is	 the	 potential	 that	 this	 behavior	 of	 the	 CPC	may	 help	 us	 capture	 the	

aspects	of	 the	complex	biochemistry	that	occurs	 in	the	cell	and	recreate	 it	 in	vitro.	

The	obvious	place	 to	 start	would	be	 look	at	 the	effect	of	phase	separation	on	CPC	

activation.	The	CPC	is	activated	by	concentration	dependent	auto-activation	thus	the	

high	 local	 concentration	 of	 the	 CPC	 in	 a	 coacervate	 can	 have	 dramatic	 effects	 on	

kinase	 activation.	 This	 system	 would	 also	 be	 useful	 to	 understand	 chromatin	

independent	 effects	 of	 phase	 separation	 on	 kinase	 activation.	 Adding	 different	

agents	 present	 in	 the	 inner-centromeres,	 such	 as	 RNA,	 HP1α	 etc,	 will	 allow	 a	

systematic	 analysis	 of	 their	 effect	 on	 Aurora-B	 kinase	 activation.	 More	 complex	

reactions	 such	 as	 cohesion	protection	 can	 also	 be	 reconstituted	 in-vitro	 by	 taking	

advantage	of	the	phase	separation	property	of	the	CPC	in	the	future.	

	 Apart	 from	kinase	 activation,	 our	 observation	 about	microtubule	 nucleation	

from	 the	 ISB	 coacervates	 at	 the	 sub-critical	 concentration	 of	 the	 tubulin	 is	

interesting.	 It	 is	 clear	 that	 kinetochore	 nucleation	 near	 kinetochore	 occurs	 at	 the	
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start	of	mitosis	(Khodjakov	et	al.,	2003;	Mishra	et	al.,	2010;	Sikirzhytski	et	al.,	2018;	

Tulu	et	al.,	2006),	however	the	nucleator	of	this	process	is	not	known.	The	CPC	has	

been	 implicated	 in	 regulating	 this	process	although	 indirectly	 thought	 inhibiting	a	

microtubule	depolymerase.	 It	would	be	 important	 to	 test	 if	CPC	can	plays	a	direct	

role	in	nucleating	microtubules	near	kinetochore	or	in	midzone.	

	 The	CPC	has	a	dynamic	 localization	 throughout	mitosis	and	 thus	 there	must	

be	 a	 process	 to	 breakdown	 CPC	 coacervates	 once	 formed.	 The	 Cdc48/p97-Ufd1-

Npl4	seems	 to	be	an	 ideal	 candidate	 for	 this.	This	complex	has	been	 implicated	 in	

regulating	 the	 concentration	 of	 the	CPC	on	 the	 chromatin	 (Dobrynin	 et	 al.,	 2011).	

The	 extraction	 of	 the	 CPC	 from	 the	 inner-centromere	 in	 anaphase	 is	 an	 active	

process.	 Cdc48/p97	 is	 an	 AAA+	 Atpase	 chaperone	 that	 has	 important	 role	 in	

breaking	apart	large	macromolecular	assemblies.	It	is	thus	tempting	to	hypothesize	

that	 Cdc48/p97-Ufd1-Npl4	 can	 negatively	 regulate	 CPC	 phase	 separation	 by	

reversing	it.	It	will	be	thus	interesting	to	test	if	Cdc48/p97-Ufd1-Npl4	complex	can	

play	a	role	in-vitro	in	dissolving	a	CPC	coacervates.	If	yes,	manipulating	Cdc48/p97-

Ufd1-Npl4	 in	 cells	 expressing	 the	 phase	 separation	 defective	 CPC	 would	 be	

predicted	to	have	no	effect	on	CPC	localization.	

	

Regulation	of	kinetochore	structure	before	and	after	end-on	attachment:	

	 In	chapter	4,	I	have	shown	that	distinct	pathways	regulate	maintenance	of	the	

outer	kinetochore	before	and	after	end-on	attachment.	This	observation	provides	an	

evidence	of	the	dramatic	change	that	occurs	at	the	core	kinetochore	before	and	after	

end-on	attachment.	Our	observation	that	Plk1	regulated	CENP-I-Ndc80	 interaction	
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is	 an	 important	 regulated	 interaction	 that	 may	 be	 the	 molecular	 basis	 for	 the	

rearrangement	of	the	kinetochore	that	happens	upon	end-on	attachment.		

	 One	of	the	most	conspicuous	change	that	occurs	at	kinetochore	upon	end-on	

attachment	 is	 the	 increase	 in	 the	 distance	 between	 Ndc80	 N-terminus	 and	 the	

CENP-A	 chromatin.	 This	 change	 in	 the	 distance	 between	 Ndc80	 and	 CENP-A	 is	

termed	 as	 intra-kinetochore	 stretch	 and	 is	 thought	 to	 be	 important	 for	 SAC	

silencing.	The	molecular	basis	for	this	change	is	unknown.	Careful	measurements	of	

relative	distances	between	different	regions	of	the	kinetochore	from	prometaphase	

to	metaphase	show	a	big	change	between	CENP-I	and	Ndc80	complexes	(Varma	et	

al.,	2013).	Plk1	is	also	shown	to	be	a	regulator	of	the	intra-kinetochore	stretch	(Liu	

et	 al.,	 2012).	 It	 is	 therefore	 possible	 that	 the	 Plk1	 regulated	 Ndc80-CENP-I	

interaction	described	 in	chapter	4	 is	 the	mechanism	behind	 this	 intra-kinetochore	

stretch.	To	test	this	hypothesis	identity	of	the	key	Plk1	substrate	is	important.		

	 One	way	 to	 get	 to	 this	 substrate	 to	 first	understand	which	pool	 of	Ndc80	 is	

regulated	by	the	Plk1	kinase.	Ectopic	targeting	of	Lac-I	 fused	to	CENP-T	(1-250aa)	

or	 CENP-C	 (1-100aa)	 or	 CENP-I	 to	 the	 lacO	 array,	 in	 engineered	 U2OS	 cells,	 can	

allow	 analysis	 of	 KMN	 assembly	 downstream	 of	 these	 proteins	 in	 isolation.	 This	

approach	simplifies	the	complexity	that	is	present	at	the	native	kinetochore	due	to	

multiple	 interactions.	 This	 sort	 of	 analysis	 combined	 with	 the	 Plk1	 dependent	

phosphoroteomic	 data	 can	 point	 to	 the	 key	 substrate	 of	 the	 Plk1	 that	 regulates	

CENP-I-Ndc80	interaction.	

	 Ndc80	 is	 more	 efficient	 in	 coupling	 the	 depolymerizing	 microtubules	 in	 an	

oligomeric	state	(Janczyk	et	al.,	2017).	Recruitment	of	the	multiple	Ndc80	by	CENP-



	 193	

T	 is	 thought	 to	allow	 this	organization	of	Ndc80	 (Huis	 in	 't	Veld	et	 al.,	 2016).	The	

Ndc80-CENP-I	 interaction	before	end-on	attachment	may	provide	a	mechanism	 to	

arrange	 the	 different	 Ndc80	molecule,	 recruited	 to	 CENP-T,	 so	 that	 they	 are	 in	 a	

right	 oligomeric	 state	 to	 bind	kinetochores.	 This	may	 explain	 the	 requirement	 for	

the	 Plk1	 activity	 for	 establishment	 of	 end-on	 attachment.	 Interestingly,	 yeast	

homologue	of	CENP-I	is	thought	to	carryout	a	similar	function	(Pekgöz	Altunkaya	et	

al.,	 2016).	 Purified	 proteins	 and	 EM	 studies	 are	 needed	 to	 test	 this	 hypothesis.	

Ndc80-Ndc80	 homo-FRET	 can	 also	 provide	 some	 evidence	 of	 existence	 of	 this	

mechanism.	

	 	

Error	correction	of	CENP-T	occupancy:	

	 CENP-T	is	a	key	regulator	of	the	kinetochore	assembly.	CENP-TWSX	is	thought	

to	form	a	nucleosome	like	complex	and	interact	directly	with	centromeric	DNA.	How	

CENP-TWSX	 is	 specifically	 present	 only	 near	 the	 site	 adjacent	 to	 CENP-A	

nucleosome	 is	 unclear.	 Our	 observation	 that	 Plk1	 and	 Aurora-B	 inhibition	

destabilize	CENP-T	in	absence	of	microtubules	suggest	that	~50%	of	CENP-TWSX	is	

not	 in	 a	 nucleosomal	 state	 or	 is	 in	 a	 loosely	 bound	 nucleosomal	 state.	 This	

observation	 is	 consistent	 with	 the	 FRAP	 studies	 of	 the	 CENP-TWSX	 complex	

members,	which	show	an	increased	mobility	from	S-phase	to	G1	phase	(Prendergast	

et	al.,	2011).	The	requirement	for	Plk1	and	Aurora-B	to	stabilize	CENP-T	before	end-

on	attachment	and	subsequent	stabilization	of	the	CENP-T	at	the	centromere	upon	

end-on	attachment	suggests	a	hypothesis	where	only	 the	CENP-T	 that	 is	bound	 to	

Ndc80	 that	 yield	 stable	 microtubule	 attachment	 with	 the	 kinetochore	 and	 with	
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CENP-HIKM	complex	is	retained	and	all	other	CENP-T	molecules	are	passively	 lost	

from	the	chromatin	due	to	low	stability.	This	process	will	ensure	the	CENP-T	that	is	

retained	in	the	next	cell	cycle	is	only	the	one	near	CENP-A	nucleosomes.	Testing	this	

hypothesis	would	be	an	exciting	extension	of	the	work	shown	in	chapter	4	and	can	

answer	some	important	unanswered	questions.	
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