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Abstract	1 

	2 

Condensins	are	molecular	motors	that	compact	DNA	for	chromosome	segregation	and	gene	3 

regulation.	In	vitro	experiments	have	begun	to	elucidate	the	mechanics	of	condensin	4 

function	but	how	condensin	loading	and	translocation	along	DNA	controls	eukaryotic	5 

chromosome	structure	in	vivo	remains	poorly	understood.	To	address	this	question,	we	6 

took	advantage	of	a	specialized	condensin,	which	organizes	the	3D	conformation	of	X	7 

chromosomes	to	mediate	dosage	compensation	(DC)	in	C.	elegans.	Condensin	DC	is	8 

recruited	and	spreads	from	a	small	number	of	recruitment	elements	on	the	X	chromosome	9 

(rex).	We	found	that	ectopic	insertion	of	rex	sites	on	an	autosome	leads	to	bidirectional	10 

spreading	of	the	complex	over	hundreds	of	kilobases.	On	the	X	chromosome,	strong	rex	11 

sites	contain	multiple	copies	of	a	12-bp	sequence	motif	and	act	as	TAD	borders.	Inserting	a	12 

strong	rex	and	ectopically	recruiting	the	complex	on	the	X	chromosome	or	an	autosome	13 

creates	a	loop-anchored	TAD.	Unlike	the	CTCF	system,	which	controls	TAD	formation	by	14 

cohesin,	direction	of	the	12-bp	motif	does	not	control	the	specificity	of	loops.	In	an	X;V	15 

fusion	chromosome,	condensin	DC	linearly	spreads	into	V	and	increases	3D	DNA	contacts,	16 

but	fails	to	form	TADs	in	the	absence	of	rex	sites.	Finally,	we	provide	in	vivo	evidence	for	17 

the	loop	extrusion	hypothesis	by	targeting	multiple	dCas9-Suntag	complexes	to	an	X	18 

chromosome	repeat	region.	Consistent	with	linear	translocation	along	DNA,	condensin	DC	19 

accumulates	at	the	block	site.	Together,	our	results	support	a	model	whereby	strong	rex	20 

sites	act	as	insulation	elements	through	recruitment	and	bidirectional	spreading	of	21 

condensin	DC	molecules	and	form	loop-anchored	TADs.	22 

	23 

	24 

Introduction	25 

	26 

Eukaryotic	chromosome	structure	is	dynamically	regulated	across	the	cell	cycle.	During	27 

interphase,	genomes	are	organized	within	the	nucleus	[1-4]	and	go	through	further	28 

compaction	for	accurate	segregation	of	chromosomes	during	mitosis	and	meiosis	[5,	6].	29 

Chromosome	compaction	is	mediated	in	part	by	DNA	looping	by	a	conserved	family	of	30 

protein	complexes	called	the	structural	maintenance	of	chromosomes	(SMC)	[7].	SMC	31 

complexes	include	cohesin	and	condensin,	which	are	essential	for	genome	organization	and	32 

segregation	[8].	33 

The	function	of	cohesin	and	condensin	in	various	cellular	processes	are	based	on	their	34 

ability	to	hold	two	separate	strands	of	DNA	together	[9,	10].	These	interactions	can	happen	35 

intramolecularly	on	the	same	chromosome	or	intermolecularly	bringing	different	36 

chromosomes	in	close	3D	proximity	[11].	Intramolecular	activity	of	condensin	and	cohesin	37 

is	important	for	organizing	the	3D	contacts	between	chromosomal	sites,	forming	38 

topologically	associated	domains	(TADs)	that	act	as	genetic	neighborhoods	within	which	39 

genes	are	regulated	[2,	12-16].		40 

In	vitro	analysis	of	condensin	and	cohesin	binding	on	DNA	indicate	that	they	act	as	ATP	41 

dependent	molecular	motors	forming	DNA	loops	by	progressively	extruding	DNA	[17-20].	42 

Loop	extrusion	hypothesis	gained	in	vivo	support	by	in	silico	modeling	of	loop	extrusion	43 
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activity	to	explain	Hi-C	analysis	of	3D	genome	contacts	in	the	presence	and	absence	of	1 

condensin	and	cohesin	[5,	21].		2 

The	mechanism	by	which	cohesin	contributes	to	formation	of	TADs	is	better	understood	3 

compared	to	condensin.	Cohesin	loading	and	processivity	is	promoted	by	the	Adherin	4 

complex	(in	yeast	Scc2-Scc4,	in	mammals	Nipbl	&	Mau2)	[22,	23]	and	its	unloading	is	5 

mediated	by	Wapl	[22,	24,	25].	Cohesin	translocation	on	DNA	is	also	controlled	by	insulator	6 

proteins,	including	the	zinc	finger	transcription	factor	CTCF,	which	creates	TAD	borders	7 

[26].	The	inhibition	of	cohesin	translocation	by	CTCF	is	directional,	in	which	two	8 

convergent	CTCF	binding	motifs	brought	together	by	DNA	looping	prevents	the	passage	of	9 

cohesin	[27].		10 

While	in	vitro	and	in	silico	experiments	suggest	similar	molecular	activities	for	condensins	11 

and	cohesins	[7],	it	is	less	clear	how	condensin	binding	and	movement	on	eukaryotic	12 

chromosomes	are	regulated	in	vivo.	In	yeast,	TATA	box-binding	protein	(TBP)	and	TFIIIC	13 

recruit	condensin	to	highly	transcribed	and	tRNA	gene	promoters	[28,	29].	However,	since	14 

yeast	chromosomes	support	much	smaller	interaction	domains,	how	condensin	binding	15 

regulates	larger	eukaryotic	genomes	remains	unknown.	An	excellent	model	to	address	this	16 

gap	is	a	specialized	condensin	that	functions	within	the	X	chromosome	dosage	17 

compensation	complex	(DCC)	in	C.	elegans.		18 

In	addition	to	the	canonical	condensins	I	and	II,	C.	elegans	possess	condensin	IDC	(hereafter	19 

condensin	DC)	that	differs	from	the	canonical	condensins	by	a	single	SMC-4	variant	DPY-27	20 

[30].	Condensin	DC	binds	to	both	X	chromosomes	in	hermaphrodites	to	repress	their	21 

transcription	by	a	factor	of	two,	equalizing	overall	X	chromosomal	transcripts	between	XX	22 

hermaphrodites	and	XO	males	[31-34].	Several	features	make	condensin	DC	a	powerful	23 

system	to	address	mechanisms	of	condensin	binding	and	spreading.	First,	unlike	canonical	24 

condensins,	the	sequence	elements	important	for	condensin	DC	recruitment	to	the	X	25 

chromosomes	are	identified	[35-38].	Second,	the	spreading	of	the	complex	can	be	26 

distinguished	from	recruitment	using	X	to	autosome	(X;A)	fusion	chromosomes,	where	the	27 

complex	translocates	from	the	X	into	the	autosome	[39].	Third,	since	the	complex	only	28 

binds	to	the	X	chromosomes,	autosomes	serve	as	internal	controls,	allowing	sensitive	29 

measurement	using	genomics	approaches	[40-42].	30 

Condensin	DC	recruitment	to	the	X	chromosomes	is	mediated	by	~60	recruitment	elements	31 

on	the	X	(rex	sites)	[35-37].	The	complex	is	thought	to	spread	from	the	rex	sites,	32 

accumulating	at	enhancers,	promoters,	and	other	accessible	gene	regulatory	elements	33 

along	the	chromosome	[41].	Deletion	of	individual	rex	sites	reduces	DCC	binding	~	1Mb	34 

around	it,	indicating	that	while	each	rex	site	contributes	to	condensin	DC	binding	around	it,	35 

multiple	rex	sites	support	robust	binding	across	the	~17	Mb	X	chromosomes	[35].		36 

	37 

Hi-C	analysis	in	C.	elegans	embryos	indicated	that	eight	strong	rex	sites	function	as	TAD	38 

borders	[43].	This	reflects	a	subset	of	approximately	60	rex	sites	and	seventeen	TAD	39 

borders.	Knockdown	of	SDC-2,	the	hermaphrodite	specific	DCC	subunit	required	for	40 

condensin	DC	recruitment	to	the	X	or	deletion	of	the	rex	sequences,	eliminated	the	TAD	41 

borders	that	overlap	with	the	rex	sites	[43,	44].	A	catalytically	inactive	DPY-21,	histone	42 
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4 

H4K20me2	demethylase	that	interacts	with	condensin	DC	also	weakened	TAD	borders	1 

[45],	supporting	the	idea	that	condensin	DC	regulates	the	3D	organization	of	the	X	2 

chromosomes	in	C.	elegans.	3 

Here	we	addressed	the	mechanism	by	which	rex	sites	and	condensin	DC	form	TADs.	We	4 

found	that	inserting	three	rex	sites	on	chromosome	II	forms	a	loop	anchored	TAD-like	5 

domain.	Condensin	DC	spreads	bidirectionally	from	the	ectopically	inserted	rexes	over	long	6 

distance.	Supporting	the	idea	that	condensin	DC	recruitment	is	critical	for	insulation	of	7 

DNA	contacts	by	a	rex	site,	spreading	of	condensin	DC	to	the	autosomal	region	of	the	X;V	8 

fusion	chromosome	increased	3D	contacts,	but	failed	to	form	TADs.	A	majority	of	the	rex	9 

sites,	including	all	that	act	as	TAD	borders,	contain	a	12-bp	DNA	sequence	motif	present	in	10 

multiple	copies.	Insertion	of	a	motif	containing	strong	rex	in	two	opposing	orientations	lead	11 

to	formation	of	loop-anchored	TADs	with	similar	looping	contacts,	suggesting	that	motif	12 

orientation	is	not	important	for	the	function	of	the	rex	sites.	To	understand	how	condensin	13 

DC	translocates	along	the	chromosome,	we	targeted	a	dCas9-Suntag	complex	to	a	region	of	14 

the	X	containing	repeat	DNA.	Condensin	DC	accumulated	at	the	block,	supporting	the	loop	15 

extrusion	hypothesis.	In	summary,	our	results	support	a	model	whereby	loop-anchored	16 

TADs	on	the	X	are	formed	by	condensin	DC	mediating	3D	DNA	contacts	through	loop	17 

extrusion	and	strong	rex	sites	promoting	and	insulating	these	contacts	through	recruitment	18 

and	bidirectional	spreading	of	condensin	DC	molecules.		19 

	20 

	21 

Materials	&	Methods	22 

All	sequencing	data	are	available	at	Gene	Expression	Omnibus	under	GSE168803.	23 

	24 

Strains		25 

Unless	otherwise	noted,	strains	were	grown	on	NGM	media	under	standard	worm	culturing	26 

conditions.	N2	wild	type,	one	rex	insertion	ERC06	(knuSi254[SNP400bprex-1,	unc-119(+)]	27 

II;	unc-119(ed3)	III),	two	rex	insertion	ERC62	(ersIs26[X:11093923-11094322[rex-8],	II:	28 

8449965);	knuSi254[SNP400bprex-1,	unc-119(+)]	II;	unc-119(ed3)	III),	3	rex	insertion	29 

ERC63	(ersIs27[X:11093923-11094322[rex-8],	II:8371600,	II:8449968);	30 

knuSi254[SNP400bprex-1,	unc-119(+)]	II;	unc-119(ed3)	III),	and	8	rex	insertion	ERC08	31 

(knuIs6[pSE-02(400bprex-1SNP),	unc-119(+))]	I;	unc-119(ed3)	III)	strains	were	32 

previously	described	[35].	Upstream	oriented	rex-8	insertion	strain	is	ERC69	33 

(ersIs33[X:11093924-11094281[rex-8],	X:14373128]),	downstream	oriented	insertion	34 

ERC80	(ersIs52[X:11094281-11093924[rex-8reverse],	X:14373128]).	X-V	fusion	YTP47	35 

(XR-VR)	and	condensin	DC	spreading	was	described	in	[39].	Primer	sequences	used	in	the	36 

generation	of	the	CRISPR	strains	are	included	in	Supplemental	File	1.	37 

	38 

Constructs	and	transgenes	39 

dCas9-Suntag	targeting	strain	containing	the	sgRNA	is	JZ2005	with	the	genotype	40 

pySi27[Pfib-1:NLS::scFv::sfGFP::NLS::tbb-2	3’UTR	/unc-119(+)	]	I;	pySi26[Pfib-41 

1::NLS::dCas9::24xGCN4::NLS::tbb-2	3’UTR	/unc-119(+)	]	II;	unc-119(ed3)/+	III;	42 

pyIs1002(pU6::sgRNA-	X227/Punc-122::mCherry),	and	without	the	sgRNA	is	JZ1973	43 
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5 

(pySi[Pfib-1:NLS:scFv:sfGFP/unc-119(+)	]	I;	pySi[Pfib-1:NLS:dCas9:24xGCN4/unc-119(+)	]	1 

II;	unc-119(ed3)	III).		2 

	3 

pNLZ10	(Pfib-1::NLS::dCas9::24xGCN4::NLS::tbb-2	3’UTR)	construct	contains	pCFJ150	4 

vector	backbone	(Addgene	plasmid	#	19329).	SV40	NLS::dCas9::egl-13	NLS::	tbb-2	3’UTR	5 

was	derived	from	pJW1231	(Phsp-16.48::NLS::dCas9::EGFP::NLS::tbb-2	3’UTR)	(a	generous	6 

gift	from	Dr.	Jordan	D	Ward),	which	was	made	by	introducing	D10A	and	H840A	mutations	7 

into	pMB66	(Phsp-16.48:NLS:Cas9:EGFP:NLS:tbb-2	3’UTR)[46].	To	produce	catalytically	8 

dead	Cas9	(dCas9)	and	then	subcloned	into	pCFJ150	vector.	NLS:	nuclear	localization	9 

signal.	A	codon-optimized	6.25	copies	of	GCN4	fragment	[47]	was	synthesized	by	IDT,	and	10 

another	3	multiple	GCN4	fragments	containing	artificial	introns	were	made	by	PCR	11 

amplification	to	generate	24	copies	of	GCN4.		12 

pNLZ11	(Pfib-1::NLS::scFv::sfGFP::NLS::tbb-2	3’UTR)	construct	has	the	pCFJ210	vector	13 

backbone	(Addgene	plasmid	#	19329).	A	codon-optimized	scFv::sfGFP	fragment	[47]	was	14 

ordered	from	IDT.	fib-1	promoter	was	PCR	amplified	from	worm	genomic	DNA.	tbb-2	3’UTR	15 

was	amplified	from	pJW1231	(Phsp-16.48::NLS::dCas9::EGFP::NLS::tbb-2	3’UTR).	SV40	and	16 

egl-13	NLS	sequences	were	added	with	PCR	primers	used	for	amplifying	assembly	17 

fragments.	18 

pBHC1131	(PU6::sgRNA-X227)	construct	(a	generous	gift	from	Baohui	Chen)	was	derived	19 

from	pDD162	(Addgene	plasmid	#47549)	[48]	and	targets	an	X	chromosome	repetitive	20 

region	with	guide	RNA	sequence	5’-GGCGCCCATTTAAGGGTA-3’.	The	sgRNA	construct	was	21 

modified	with	optimized	sgRNA	scaffold	(F+E)	which	can	improve	the	CRISPR	imaging	22 

efficiency	in	human	cells	[49].	23 

Pfib-1::NLS::dCas9::24xGCN4::NLS::tbb-2	3’UTR	and	Pfib-1::NLS::scFv::sfGFP::NLS::tbb-2	24 

3’UTR	were	single-copy	inserted	into	worm	genome	by	MosSCI	using	direct	injection	25 

protocol	[50].	PU6::sgRNA-X227	was	injected	at	200	ng/uL	concentration	with	Punc-26 

122::mCherry	as	the	co-injection	marker	to	get	a	transgenic	extrachromosomal	array	line,		27 

which	was	subsequently	integrated	into	worm	genome	by	TMP-UV	method.	28 

	29 

ChIP-seq	and	mRNA-seq	30 

ChIP-seq	and	mRNA-seq	experiments	were	performed	as	previously	described	[35].	31 

Antibody	information	and	new	and	published	data	sets	used	are	given	in	Supplemental	32 

File1.	ChIP-chip	data	from	Ercan	et	al	2009	was	processed	by	centering	average	33 

background	enrichment	to	0,	normalizing	to	unity	and	multiplying	by	a	constant	to	34 

increase	y-axis	values.	We	aligned	50-75bp	single-end	ChIP-seq	reads	to	C.	elegans	genome	35 

version	WS220	using	bowtie2	2.3.2	with	default	parameters	[51].	Bam	files	were	then	36 

sorted	and	indexed	using	samtools	version	2.1.1	[52].	ChIP	enrichment	was	normalized	by	37 

dividing	to	input	using	DeepTools	bamCompare	using	the	following	parameters:	CPM,	bin-38 

size	of	10bp,	ignore	duplicates,	extend	reads	to	200bp,	exclude	chrM	and	remove	39 

blacklisted	regions	[53].	For	analyzing	ChIP-seq	data	across	the	X	chromosomal	repeat	40 

block,	--very	sensitive	option	was	used	in	bowtie2	and	--minMappingQuality	was	removed	41 

for	bamCompare.	MACS2	version	2.1.1	was	used	for	fragment	size	prediction	and	for	peak	42 

calling.	For	single	replicate	peak	calling	a	minimum	false	discovery	rate	of	.05	was	used	and	43 
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6 

for	merged	replicates	a	minimum	false	discovery	rate	of	.01	was	used.	Bedtools	intersect	1 

was	used	to	determine	overlapping	peaks	between	replicates	and	only	those	present	in	the	2 

majority	of	the	replicates	were	chosen	as	final	peaks.		3 

	4 

Hi-C	5 

Worms	were	grown	on	standard	NGM	plates	and	gravid	adults	were	bleached	to	obtain	6 

embryos,	which	were	crosslinked	with	2%	formaldehyde	and	stored	at	-80C	.	Frozen	7 

embryos	were	then	resuspended	in	and	crosslinked	with	2%	formaldehyde	in	M9	for	8 

another	30	mins.	The	embryos	were	spun	down	at	6000g	for	30	sec	and	washed	once	with	9 

100mM	Tris	Cl	pH	7.5	and	twice	with	M9.	The	embryo	pellet	was	resuspended	in	1	ml	10 

embryo	buffer	(110	mM	NaCl,	40	mM	KCl,	2	mM	CaCl2,	2	mM	MgCl2,	25	mM	HEPES-KOH	11 

pH	7.5)	containing	1	unit	chitinase	(Sigma),	digested	approximately	15	minutes,	12 

blastomeres	were	washed	with	embryo	buffer	twice	by	spinning	at	1000g	5	min.	The	pellet	13 

was	resuspended	in	Nuclei	Buffer	A	(15 mM Tris–HCl pH 7.5, 2 mM MgCl2,0.34 M 14 

Sucrose,0.15 mM Spermine, 0.5 mM Spermidine, 1 mM DTT,0.5 mM PMSF (1X Calbiochem 15 

Protease Inhibitor cocktail I), 0.25% NP-40, 0.1% Triton X-100),	centrifuged	at	1000g	for	5	16 

minutes	at	4C	then	resuspended	in	1.5	mL	Nuclei	Buffer	A.	The	embryos	were	then	17 

dounced	10X	with	a	loose	pestle	and	10X	with	a	tight	pestle.	The	nuclei	were	separated	18 

from	the	cellular	debris	through	spinning	down	the	dounced	material	at	200G,	then	19 

collecting	the	supernatant	containing	the	nuclei	into	a	separate	tube.	The	pellet	was	20 

resuspended	in	1.5mL	and	the	douncing	process	was	repeated	four	times.	Each	individual	21 

supernatant	containing	nuclei	was	checked	for	quality	by	DAPI	staining	and	those	without	22 

debris	were	pooled	and	spun	down	at	1000G	for	10	mins	at	4C.	Approximately	20	ul	nuclei	23 

pellet	were	used	to	proceed	to	Arima	Hi-C	per	the	manufacturer’s	instructions.	Library	24 

preparation	was	performed	using	the	KAPA	Hyper	Prep	Kit	using	the	protocol	provided	by	25 

Arima.	Paired-end	Illumina	sequencing	was	performed	with	Nextseq	or	Novaseq.	26 

	27 

Paired	end	Illumina	sequence	reads	were	mapped	using	default	parameters	of	the	juicer	28 

pipeline	(version=1.5.7)	as	described	in	[54].	For	insertions	and	fusion	strains,	the	29 

reference	genome	was	modified	to	match	the	genetic	changes.	For	downstream	analysis,	30 

inter_30.hic	outputs	from	juicer	pipeline	were	converted	to	h5	file	to	be	used	in	31 

HiCExplorer	(version=3.5.1)	[55,	56].	Matrices	of	replicates	were	combined	using	32 

hicSumMatrices.	Each	replicate	or	each	summed	matrix	were	normalized	to	match	the	33 

depth	of	the	smallest	matrix	in	comparison	using	hicNormalize	with	the	option	--smallest.	34 

The	replicate	and	summed	matrices	were	ICE	normalized	using	hicCorrectMatrix	with	the	35 

following	parameters:	--correction_method	ICE,	-t	1.7	5,	--skipDiagonal,	--chromosomes	I	II	36 

III	IV	V	X	or	I	II	III	IV	XV	for	X-V	fusion.		37 

	38 

The	insulation	scores	were	computed	using	the	10kb-binned	normalized	matrix	function	39 

hicFindTADs	with	the	following	parameters:	--correctForMultipleTesting	fdr,	--minDepth	40 

80000,	--maxDepth	200000,	--step	40000.	For	2kb-binned	normalized	matrix,	the	following	41 

parameters	were	used:	--correctForMultipleTesting	fdr,	--minDepth	16000,	--maxDepth	42 

40000,	--step	8000.	Output	score.bedgraph	was	compared	between	experimental	43 

conditions.	The	bedgraph	file	was	converted	to	bigwig	using	BedgraphToBigwig	utility	44 

provided	from	UCSC	website	[57].	45 
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	1 

In	silico	4C	plots	were	generated	using	the	chicViewpoint	function	of	hicexplorer	with	the	2 

following	parameters:	--averageContactBin	3	--range	20000000	20000000.	The	plotted	3 

values	indicate	relative	contact	scores	out	of	1000.	The	background	model	for	4 

chicViewpoint	was	generated	using	the	summed	wildtype	matrix	using	the	5 

chicViewpointBackgroundModel	function.	6 

	7 

Results	8 

	9 

Condensin	DC	spreads	bidirectionally	from	ectopically	inserted	rex	sequences	on	autosomes	10 

In	previous	work,	we	showed	that	insertion	of	a	single	rex	to	autosomes	fails	to	recruit	11 

condensin	DC,	but	insertion	of	additional	rexes	at	a	distance	of	~30-50kb	increases	12 

condensin	DC	binding	as	measured	by	ChIP-qPCR	[35].	Others	have	shown	that	insertion	of	13 

3	rex	sites	1.4Mb	apart	over	a	2.8Mb	region	onto	autosomes	failed	to	establish	a	TAD	14 

border	[44].	We	reasoned	that	failure	to	do	so	might	have	been	the	failure	of	these	sites	to	15 

cooperate	over	Mb	distances	to	recruit	enough	condensin	DC.	Thus,	we	revisited	the	16 

question	of	if	rex	sites	can	form	TAD	borders	and	sought	to	test	if	and	how	rex	insertions	17 

that	are	capable	of	recruiting	condensin	DC	as	measured	by	qChIP	are	able	to	create	18 

condensin	DC	bound	TADs.		19 

	20 

We	analyzed	condensin	DC	binding	by	performing	DPY-27	ChIP-seq	in	two	strains	[35].	The	21 

first	strain	was	generated	by	serial	insertion	of	one	rex-1	(intermediate	strength	rex)	and	22 

two	rex-8	(strong	rex)	on	chromosome	II	by	MosSci	and	CRISPR,	respectively.	The	three	rex	23 

sites	exist	within	a	~80Kb	stretch	of	DNA.	The	sequential	insertion	of	rex	sites	generated	24 

intermediate	strains	containing	one	or	two	rex	sites,	allowing	us	to	observe	the	cooperative	25 

condensin	DC	recruitment	to	the	same	genomic	region.	The	second	strain	was	generated	26 

via	integration	of	an	extrachromosomal	array	of	a	plasmid	containing	rex-1	in	eight	copies	27 

on	chromosome	I.		28 

	29 

First,	we	analyzed	how	condensin	DC	spread	from	the	inserted	rex	elements	on	chr	II	and	30 

chr	I	(Figure	1A).	Upon	single	rex-1	insertion	on	chromosome	II,	the	ChIP-seq	profile	did	31 

not	differ	much	from	no	insertion.	Upon	insertion	of	the	second	rex	approximately	30Kb	32 

downstream	of	the	first,	condensin	DC	binding	increased	surrounding	the	insertions.	The	33 

strain	harboring	three	rex	sites	supported	higher	condensin	DC	binding,	with	peaks	34 

enriched	at	promoters,	similar	to	that	of	the	X	chromosome	(Figure	1A,	bottom	panel).	35 

DPY-27	ChIP-seq	enrichment	was	elevated	~200kb	surrounding	the	insertions	while	peaks	36 

unique	to	the	three-rex	strain	extended	to	~1	Mb	region	around	the	~80kb	insertion	site,	37 

indicating	that	condensin	DC	is	capable	of	spreading	bidirectionally	over	long	distances	38 

from	the	inserted	rex	sites.		39 

	40 

The	spreading	from	the	8-rex	insertion	on	chromosome	I	was	also	similar	(Figure	1B).	In	41 

both	cases,	the	level	of	binding	around	the	ectopic	rex	insertions	was	less	than	on	the	X	42 

(Supplemental	Figure	1A)	suggesting	that	presence	of	multiple	rex	sites	confers	robust	43 

condensin	DC	binding	on	the	X	(Figure	1C).	In	summary,	analysis	of	condensin	DC	binding	44 
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upon	ectopic	rex	insertion	indicates	that	spreading	of	condensin	DC	from	the	rex	sites	is	1 

bidirectional.	2 

		3 

Condensin	DC	binding	effects	on	domain-level	gene	repression	4 

Robust	recruitment	of	condensin	DC	on	the	X	chromosomes	results	in	chromosome-wide	5 

repression	of	transcription	by	a	factor	of	~2	[32-34].	Supporting	the	idea	that	condensin	6 

DC	binding	represses	transcription,	on	X-A	fusion	chromosomes,	condensin	DC	spreading	7 

into	the	autosome	leads	to	gene	repression	in	a	manner	proportional	to	condensin	DC	8 

binding	[41].	We	performed	mRNA-seq	in	the	rex	insertion	strains	and	observed	that	genes	9 

were	not	consistently	and	individually	repressed	based	on	local	DCC	binding	(Figure	2D).	10 

However,	when	expression	changes	are	analyzed	at	the	domain	level	within	200	or	500	kb	11 

bins,	repression	was	more	apparent.		12 

	13 

In	the	3-rex	strain,	gene	expression	within	the	bin	containing	the	rex	insertions	showed	a	14 

downward	trend	but	this	was	not	statistically	significant	(Supplemental	Figure	1B).	In	the	15 

8-rex	strain,	the	500	kb	bin	containing	the	rex	insertions	was	significantly	repressed	16 

relative	to	the	rest	of	chromosome	I	(Supplemental	Figure	1B).	It	is	notable	that	qChIP	17 

analysis	had	shown	higher	recruitment	by	the	8-rex	compared	to	the	3-rex	insertion	[35].	18 

Lastly,	chromosome-wide	expression	showed	a	downward	trend	for	the	chromosome	19 

harboring	the	rex	insertion,	but	the	effect	sizes	were	small	(Figure	1E).	Overall,	expression	20 

analyses	support	the	idea	that	condensin	DC	creates	repressive	domains	whose	effect	size	21 

is	proportional	to	the	level	of	condensin	DC	binding	at	these	domains.		22 

			23 

Ectopic	rex	insertions	on	chromosome	II	form	a	loop-anchored	TAD		24 

To	test	if	rex	sites	that	recruit	condensin	DC	can	form	TAD	borders	on	autosomes,	we	25 

performed	Hi-C	analysis	in	the	3-rex	strain,	where	the	two	inserted	rexes	are	rex-8,	which	26 

acts	as	a	TAD	border	on	the	X	[44].	We	found	that	the	two	distal	rex-8	insertions	spaced	27 

approximately	80Kb	apart	had	an	increase	in	interaction	frequency	suggesting	that	these	28 

two	sites	are	forming	a	loop	where	previously	there	was	no	interaction	in	this	region	of	29 

chromosome	II	in	wildtype	animals	(Figure	2A).	The	interaction	between	the	weaker	rex-1	30 

and	the	strong	rex-8	sites	is	harder	to	assess	by	Hi-C	since	this	site	is	close	to	each	rex-8	31 

(Figure	2B).	To	further	analyze	rex-1	interactions,	we	used	in	silico	4C	with	each	inserted	32 

rex	as	a	bait.	We	found	that	relative	to	the	wild	type,	all	3	rex	insertion	sites	interacted	with	33 

each	other	(Figure	2C).	Additionally,	there	was	a	reduction	in	insulation	score	at	the	34 

insertion	sites,	indicating	increased	insulation	of	3D	contacts	across	the	ectopic	rexes.	35 

These	results	are	consistent	with	the	hypothesis	that	TAD	insulation	activity	of	rex	sites	36 

requires	condensin	DC	recruitment,	and	that	rex	sites	that	recruit	condensin	are	sufficient	37 

to	form	loop-anchored	TADs	on	autosomes.	38 

	39 

Inserting	rex-8	in	two	different	orientations	leads	to	similar	3D	looping	interactions	with	the	40 

surrounding	rex	sites	41 

The	fact	that	strong	rex	sequences	containing	the	12-bp	DNA	motif	form	TAD	boundaries	42 

lead	us	to	test	if	they	act	analogously	to	CTCF	sites	in	mammals.	CTCF	motif	orientation	is	43 

important	for	TAD	border	establishment	[58-60].	To	address	if	rex	sites	are	analogous	to	44 

CTCF	binding	sites,	we	generated	two	strains	in	which	a	single	copy	of	rex-8	was	inserted	45 

on	the	X	chromosome	at	the	same	location	in	two	directions	(Figure	3A).	Rex-8	was	shown	46 
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to	be	sufficient	for	TAD	establishment	on	the	X	[43,	44]	and	contains	four	motifs	within	a	1 

200	bp	sequence	all	in	the	same	orientation.	Condensin	DC	binding	patterns	across	the	X	2 

were	similar	between	the	two	insertion	strains	(Figure	3B)	and	DPY-27	ChIP-seq	3 

enrichment	indicated	that	the	two	insertions	recruited	similar	levels	of	condensin	DC	4 

relative	to	the	other	rexes	(Figure	3C).		5 

	6 

We	performed	Hi-C	and	compared	the	resulting	matrices	between	wildtype	and	both	7 

insertion	strains.	In	both	orientations,	the	inserted	rex-8	sequence	was	able	to	establish	a	8 

novel	TAD	border	and	loop	with	the	neighboring	rexes	(Figure	3A),	thus	motif	orientation	9 

does	not	control	specificity	of	rex	interactions.	Insulation	scores	across	the	insertion	site	10 

were	consistently	lower	in	the	replicates	of	data	from	both	insertion	strains	(Supplemental	11 

Figure	3),	thus	the	inserted	rex-8	similarly	regulates	3D	DNA	contacts	regardless	of	its	12 

orientation.	These	results	indicate	that	strong	rex	sites	act	as	insulators	regardless	of	motif	13 

orientation.		14 

	15 

TAD	formation	requires	condensin	DC	recruitment	by	the	rex	sequences	16 

Next,	we	asked	if	condensin	DC	binding	or	rex	sequences	are	responsible	for	the	17 

establishment	of	TADs	on	the	X.	To	address	this	question,	we	performed	Hi-C	in	a	strain	18 

containing	X;V	fusion	chromosomes,	where	condensin	DC	spreads	~3	Mb	into	V	but	no	new	19 

recruitment	sites	are	generated	[39].	3D	DNA	contacts	were	increased	across	the	fusion	20 

site,	which	is	expected	for	the	chromatin	polymer	(Figure	4A).	Consistent	with	the	idea	that	21 

condensin	DC	binding	increases	long-range	3D	contacts,	the	autosomal	spreading	region	22 

showed	an	increase	in	DNA	contacts	measured	by	Hi-C	(Figure	4B).	There	were	no	new	23 

dips	in	the	insulation	score	along	the	region	of	spreading	(Figure	4A).	These	results	suggest	24 

that	condensin	DC	binding	increases	chromatin	contacts,	but	recruitment	by	rex	sequences	25 

are	needed	for	insulation	to	create	TAD	borders.		26 

	27 

Off	note,	the	replicates	of	Hi-C	in	the	X;V	strain	were	performed	using	different	crosslinking	28 

conditions.	In	Figure	4,	the	experiment	was	performed	using	live-crosslinked	embryos	29 

stored	frozen,	followed	by	a	second	crosslink	before	carrying	out	Hi-C.	In	supplemental	30 

Figure	4,	the	experiment	was	performed	using	single	live	crosslinking.	The	background	31 

interactions	in	the	Hi-C	are	lower	when	double	cross	linking	is	used	(Supplemental	File	1).	32 

Nevertheless,	the	main	results	from	the	replicates	concurred.	There	were	no	new	TAD	33 

borders	while	3D	contacts	at	the	autosomal	region	increased	in	the	X;V	fusion	34 

(Supplemental	Figure	4).	Thus,	condensin	DC	binding	increases	3D	contacts,	but	in	the	35 

absence	of	recruitment	by	a	rex	site,	no	new	loop-anchored	TADs	are	created.		36 

	37 

Condensin	DC	accumulates	at	a	dCas9	generated	block	on	the	X	chromosome		38 

While	it	is	clear	that	condensin	DC	spreads	linearly	along	the	chromosome	[39],	it	is	not	39 

clear	if	the	molecular	mechanism	by	which	condensin	DC	spreads	is	through	loop	40 

extrusion.	To	address	this	question,	we	wondered	if	a	large	block	on	the	chromatin	fiber	41 

possibly	extruding	from	the	diameter	of	~40	nM	of	condensin	ring	could	prevent	condensin	42 

DC	translocation	along	chromatin.	The	rationale	was	based	on	in	vitro	work	showing	that	43 

linear	translocation	of	cohesin	can	be	blocked	using	a	dCas9-mediated	protein	obstacle	44 

[61].		45 

	46 
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10 

To	address	if	linear	spreading	of	condensin	DC	can	be	blocked,	we	utilized	a	dCas9	based	1 

system	in	which	dCas9-Sun	tag	and	binding	proteins	are	expressed	in	presence	of	an	sgRNA	2 

targeting	a	repetitive	region	of	the	X	chromosome	(Figure	5A).	The	relative	size	of	each	3 

individual	protein	complex	(dCas9-Suntag	+	Pfib-1:NLS:scFv-GFP	)	is	approximately	4 

1400kDa	and	is	predicted	to	be	larger	than	the	~20nm	blocks	used	for	in	vitro	experiments	5 

[61].	In	addition	to	the	size	of	the	block	being	large	enough	to	block	spreading,	we	utilized	a	6 

repetitive	region	as	the	target	so	that	multiple	blocking	complexes	could	be	recruited	to	a	7 

relatively	small	genomic	locus.	We	confirmed	that	dCas9	was	targeted	to	the	repeat	region	8 

in	the	presence	of	the	sgRNA	using	ChIP-seq	(Figure	5B).	Strikingly,	dCas9	targeting	this	9 

region	increased	condensin	DC	binding,	supporting	the	idea	that	the	large	dCas9-Suntag	10 

complex	acts	as	a	block	to	condensin	DC	translocation	along	DNA	(Figure	5B).		11 

	12 

To	evaluate	if	3D	genome	organization	was	affected	by	the	block,	we	performed	Hi-C	and	13 

saw	that	the	genome	architecture	was	largely	unaltered	(Figure	5B).	DPY-27	and	GFP	ChIP-14 

seq	profiles	are	plotted	under	the	Hi-C	to	indicate	the	site	of	the	dCas9-Suntag-scFv-GFP	15 

block.	There	was	a	slight	increase	in	Hi-C	insulation	at	the	block	site,	but	the	repeat	region	16 

already	has	some	insulation	activity	in	the	wild	type.	It	is	possible	that	blocking	condensin	17 

DC	is	not	sufficient	for	insulation	and	rex	sequences	are	required.	Nevertheless,	our	results	18 

support	the	idea	that	a	physical	protein	block	of	sufficient	size	is	capable	of	affecting	19 

condensin	DC’s	linear	translocation,	thus	providing	in	vivo	evidence	for	loop	extrusion	20 

hypothesis	for	a	metazoan	condensin.		21 

	22 

	23 

Discussion	24 

The	current	model	of	condensin	DC	binding	to	the	X	chromosomes	involves	a	two-step	25 

mechanism	of	recruitment	and	spreading	[31].	X-specific	recruitment	is	accomplished	by	26 

~64	rex	sites,	the	majority	of	which	include	multiple	copies	of	a	12-bp	sequence	motif,	27 

required	for	their	function	[35-38].	It	is	not	clear	what	protein	binds	directly	to	these	28 

motifs,	but	other	DCC	subunits,	including	SDC-1,	SDC-2	and	DPY-30	are	required	condensin	29 

DC	recruitment	to	the	X	chromosome	[31,	62].	Work	in	other	condensins	and	bacterial	SMC	30 

complexes	points	to	a	similar	mechanism	in	regard	to	DNA	binding:	recruitment	or	the	31 

initial	nucleation	through	interactions	with	proteins	bound	at	specific	sites	followed	by	32 

linear	spreading	along	DNA	[63-65].	Here,	X-specificity	of	condensin	DC	binding	and	ability	33 

to	engineer	recruitment	elements	in	the	genome	allowed	us	to	address	how	a	metazoan	34 

condensin’s	recruitment	and	spreading	regulates	3D	organization	of	chromosomes.		35 

		36 

How	does	the	recruitment	sites	establish	condensin	DC	binding	domains?	37 

On	the	X	chromosome,	deletion	of	a	single	rex	site	reduced	condensin	DC	binding	over	~1	38 

Mb	domain	by	about	~20-40%,	suggesting	that	multiple	recruitment	sites	contribute	39 

condensin	DC	across	long	distances	to	establish	robust	condensin	DC	binding	across	the	X	40 

chromosome	[35].	In	agreement	with	this	conclusion,	we	found	that	insertion	of	rex	41 

elements	on	autosomes	create	large	domains	of	condensin	DC	binding	(Figure	1).	The	fact	42 

that	binding	surrounds	the	rex	insertions	indicates	that	condensin	DC	can	spread	from	the	43 

recruitment	elements	in	either	direction	and	over	distances	exceeding	hundreds	of	44 

kilobases.	Since	insertion	of	one	or	two	rex	sites	did	not	noticeably	increase	condensin	DC	45 

binding,	establishing	a	condensin	DC	binding	domain	does	not	linearly	correlate	with	the	46 
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number	of	rex	sites,	but	requires	passing	a	threshold	due	to	cooperative	nature	of	the	1 

recruitment	and/or	spreading.		2 

	3 

What	is	the	molecular	mechanism	of	condensin	DC	spreading	from	the	rex	sites?		4 

Our	results	support	the	loop	extrusion	hypothesis,	where	a	dCas9-Suntag-scFv-GFP	5 

complex	blocked	the	translocation	of	condensin	DC	along	DNA	(Figure	5).	Processivity	of	6 

the	complex	could	determine	the	rate	of	reduction	in	binding	away	from	the	rex	sites,	as	7 

seen	in	the	ectopic	insertion	experiments	here	and	in	X:A	fusion	chromosomes	[39,	41].	In	8 

X;A	fusion	chromosomes,	condensin	DC	spreads	over	1-3	Mb	distances	covering	hundreds	9 

of	active	genes	and	the	~1Mb	ribosomal	DNA	repeats		on	chr	X;I	[39].	Thus,	the	process	of	10 

loop	extrusion	should	at	some	rate	overcome	large	blocks.	This	is	supported	by	the	11 

observation	that	cohesin	complexes	were	capable	of	traversing	a	strong	block	albeit	at	a	12 

lower	frequency	[66].	One	possibility	is	that	condensin	DC	loop	extrusion	is	a	combination	13 

of	continuous	and	discontinuous	movement	along	the	chromosome.		14 

	15 

Bidirectional	spreading	from	the	recruitment	sites	using	a	loop	extrusion	mechanism	may	16 

be	a	conserved	feature	of	condensin	activity,	as	in	silico	modeling	found	bidirectionality	as	17 

an	important	feature	to	support	proper	mitotic	chromosome	compaction	[67]	and	in	vitro	18 

analysis	showed	bidirectional	movement	of	mammalian	condensins	[18,	20].	In	B.	subtilis,	19 

the	SMC	complex	is	loaded	by	ParB	to	ParS	sites	and	spreads	to	the	arms	of	the	bacterial	20 

chromosome	in	a	bidirectional	manner,	juxtaposing	the	two	arms	together	[68,	69].	A	21 

closer	look	at	the	rex	sites	in	the	Hi-C	data	does	not	reveal	a	similar	“hairpin”	structure	22 

(Figure	2,3).	Instead,	it	is	possible	that	condensin	DC	can	enter	and	start	moving	in	either	23 

direction	from	the	rex	sites.	The	lack	of	strong	stripes	from	the	rex	sites	suggests	that	there	24 

is	high	heterogeneity	of	DNA	loops	formed	after	movement	from	the	rex	sites	in	embryos.		25 

	26 

How	do	rex	sites	create	loop-anchored	TADs?		27 

Previous	work	showed	that	a	subset	of	strong	rex	sites	creates	loop-anchored	TADs	[43,	28 

44].	Here,	we	showed	that	condensin	DC	binding	in	itself	does	not	create	TAD	borders	but	29 

requires	rex	sites	(Figure	4).	How	do	strong	rex	sites	create	TAD	borders?	A	single	rex	30 

insertion	on	an	autosome,	which	is	expected	to	not	recruit	enough	condensin	DC,	is	31 

incapable	of	forming	a	TAD	border	[44].	While	three	rex	insertions	on	chromosome	II	32 

recruited	condensin	DC	and	showed	insulation	activity	(Figure	2).	We	previously	noted	33 

that	strong	rex	sites	reduce	condensin	DC	spreading	[35].	Thus,	we	propose	that	the	rex	34 

sites’	insulation	activity	is	based	on	the	condensin	DC	molecules	inability	to	pass	over	35 

others	being	loaded	and	moving	out	from	the	rex	sites.	Such	a	clash	between	condensins	36 

have	been	suggested	for	the	B.	subtilis	SMC	complex,	and	may	be	a	conserved	feature	of	37 

condensins	[70,	71].	38 

	39 

Alternatively,	presence	of	large	protein	complexes	at	the	rex	sites	may	slow	down	or	reduce	40 

the	passage	of	condensin	DC.		Inducible	loading	of	the	bacterial	SMCs	followed	by	ChIP-seq	41 

and	Hi-C	analysis	measured	the	speed	of	complex	movement	on	DNA	in	the	order	of	42 

hundreds	to	a	kilobase	per	second	[68,	72],	which	is	in	a	similar	range	as	in	vitro	speed	of	43 

loop	extrusion	by	eukaryotic	condensins	[18-20,	73].	Notably,	bacterial	SMC	complex	speed	44 

in	vivo	reduces	through	a	head	on	conflict	with	transcription	[68,	72,	74].	Condensin	DC	45 

accumulation	at	promoters	suggest	that	similar	factors	may	be	in	play	in	C.	elegans	[36,	41].	46 
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	1 

In	a	third	possibility,	specific	proteins	bound	at	the	rex	sites	may	physically	interact	to	2 

block	condensin	DC	[75-80].	In	Caenorhabditis,	a	CTCF	ortholog	is	not	present	[81],	3 

however,	SDC-2	transcription	factor	and	two	zinc	finger	containing	proteins,	SDC-3	and	4 

SDC-1,	and	DPY-30	a	subunit	of	the	COMPASS	complex	are	required	for	the	recruitment	of	5 

condensin	DC	to	the	X	[31].	CTCF	binding	in	a	convergent	orientation	regulates	its	protein	6 

interaction	domains	that	prevent	cohesin	translocation	[79,	82-85].	Since	12-bp	motif	7 

orientation	does	not	influence	the	specificity	of	the	inserted	rex	sites	making	loops	with	8 

surrounding	rex	sites	(Figure	3),	it	is	possible	that	the	responsible	protein(s)	act	as	non-9 

CTCF	insulators	like	Zelda	or	share	similar	insulating	properties	and	may	facilitate	TAD	10 

establishment	such	as	YY1,	which	do	not	require	a	specific	motif	orientation	[86-89].		11 

	12 

	 	13 

How	do	rex	sites	that	are	more	than	Mb	distance	away	form	loops?	14 

It	is	possible	that	condensin	DC	loop	extrusion	from	one	rex	to	the	other	form	a	loop	or	that	15 

other	proteins	mediate	the	long-range	interactions	between	rexes.	The	catalytic	mutation	16 

in	the	H4K20me2	demethylase	DPY-21,	which	is	part	of	the	DCC	reduces	looping	between	17 

rex	sites	[45].	Thus,	a	combination	of	both	models	is	possible,	where	initial	proximity	of	the	18 

rexes	created	by	condensin	DC	loop	extrusion	could	be	reinforced	by	condensin	DC	19 

molecules	that	can	hold	the	two	rex	sites,	similar	to	how	yeast	condensin	mediates	20 

interaction	between	tRNA	genes	on	different	chromosomes	[90].		21 

	22 

It	is	not	clear	if	there	is	a	function	for	looping	between	rex	sites.	Deletion	of	eight	strong	rex	23 

sites	eliminated	the	specific	loops	on	the	X,	yet	did	not	affect	dosage	compensation	[44].	24 

However,	it	remains	unknown	if	looping	provides	some	robustness	to	the	system	by	25 

putting	rex	sites	together	in	close	proximity	to	increase	local	concentration	of	the	complex,	26 

which	may	be	more	important	during	the	establishment	of	dosage	compensation	in	early	27 

embryogenesis	or	its	maintenance	as	chromatin	features	are	challenged	upon	stress	or	28 

during	aging.		29 

	30 

	31 

C.	elegans	dosage	compensation	system	co-opting	a	condensin	complex	required	the	32 

evolution	of	X-specific	condensin	recruitment	sites,	opening	a	window	into	how	eukaryotic	33 

condensins	enter	and	move	along	chromosomes	in	vivo.	Here	our	work	supports	a	model	in	34 

which	condensin	DC	is	loaded	at	and	spreads	bidirectionally	from	the	rex	sites	35 

translocating	along	chromatin	over	hundreds	of	kilobase	distances	(Figure	6).	Insulator	36 

proteins	that	bind	to	the	strong	rex	sites	or	clash	of	incoming	condensin	DC	molecules	with	37 

those	coming	off	the	rex	sites,	create	loop-anchored	TAD	borders.	It	is	not	clear	if	and	how	38 

condensin-DC	mediated	3D	structure	of	the	chromosome	contributes	to	transcription	39 

repression.	Future	work	addressing	this	question	will	reveal	more	insights	into	the	40 

function	of	condensin-mediated	genome	organization.		41 

	 42 

	43 

Figure	Legends	44 

	45 
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Figure	1	Condensin	DC	spreads	over	hundreds	of	kb	distance	bidirectionally	from	ectopically	1 

inserted	rex	sequences	A)	DPY-27	ChIP-seq/input	ratio	data	comparing	wild-type	average	2 

with	a	single	intermediate	rex-1	insertion	(grey)	on	chromosome	II,	a	subsequent	strong	3 

rex-8	insertion	(pink)	30	Kb	downstream	from	rex-1	and	a	second	copy	of	rex-8	inserted	50	4 

Kb	upstream	from	rex-1.	Schematic	depicting	the	rex	site	insertions	on	chromosome	II	are	5 

shown	next	to	each	respective	strain’s	ChIP-seq/input	data	track.	In	the	bottom	panel,	a	6 

100	Kb	window	centered	around	the	insertion	site	for	chromosome	II	is	shown.	Gene	7 

tracks	are	displayed	below.	B)	Schematic	depicting	the	inserted	array	containing	8	copies	8 

of	rex-1	on	chromosome	I.	DPY-27	ChIP-seq/input	ratio	data	comparing	wild-type	and	9 

insertion	strain	is	shown	within	a	2	Mb	window	centered	around	the	estimated	insertion	10 

region.	C)	Violin	plots	showing	condensin	DC	binding	measured	by	DPY-27	ChIP-seq/input	11 

for	the	3	rex	insertion	strain	and	the	8	rex	insertion	strain.	ChIP-seq/input	scores	at	peaks	12 

within	a	200	Kb	window	surrounding	the	insertion	sites	were	plotted	and	compared	to	13 

condensin	DC	binding	at	peaks	on	the	X	chromosome	for	both	strains.	D)	mRNA-seq	data	14 

comparing	the	3-rex	insertion	strains	to	wildtype	is	shown.	The	points	indicate	log2	fold	15 

change	between	the	insertion	and	wildtype	for	each	gene.	Grey	shading	underneath	the	16 

points	indicate	gene	bodies	and	the	rex	insertions	are	annotated.	The	displayed	window	is	17 

a	100Kb	region	centered	around	the	central	insertion	for	the	3	rex	insertion	strain	and	a	18 

50Kb	region	centered	around	the	insertion	for	the	8	rex	insertion	strain.	E)	Boxplots	of	the	19 

log2	fold	change	in	the	3-rex	(left	panel)	and	8-rex	strains(right	panel).	Autosomes	III,	IV	&	20 

V	are	binned	together,	chromosomes	I	&	X	are	shown	as	controls.	Two-tailed	student’s	t-21 

test	p-values	are	given.	22 

		23 

Supplemental	Figure	1	Condensin	DC	binding	at	the	ectopic	autosomal	spreading	regions	are	24 

lower	than	that	of	the	X	and	lead	to	a	slight	reduction	in	domain-wide	gene	expression	A)	25 

DPY-27	ChIP-seq/input	ratio	data	comparing	wild-type	average	with	a	single	intermediate	26 

rex-1	insertion	(grey)	on	chromosome	II,	a	subsequent	strong	rex-8	insertion	(pink)	30	Kb	27 

downstream	from	rex-1	and	a	second	copy	of	rex-8	inserted	50	Kb	upstream	from	rex-1.	28 

Schematic	depicting	the	rex	site	insertions	on	chromosome	II	are	shown	next	to	each	29 

respective	strain’s	ChIP-seq/input	data	track.	The	2	Mb	window	centered	around	the	30 

central	insertion	site	and	a	similar	region	on	the	X	chromosome	are	shown	for	comparison.	31 

DPY-27	binding	peaks	are	shown	below.	B)	log2	fold	change	ratios	were	averaged	for	genes	32 

within	200	Kb	bins	(top	panels)	and	500	Kb	bins	(bottom	panels)	tiled	across	chromosome	33 

II	in	the	3	rex	and	chromosome	I	in	8	rex	insertion	strains.	Bins	containing	a	significant	34 

level	of	repression	are	marked	with	asterisks	(Fisher	exact	test	p-value	<.05	=	*,	p-value	35 

<.01	=	**,	p-value	<.001	=	***)	and	red	bins	indicate	bins	that	contain	an	inserted	rex	site.		36 

	37 

	38 

Figure	2	Inserted	rex	sites	on	chr	II	create	loops	and	increase	insulation	of	3D	DNA	39 

interactions	A)	Heatmaps	of	Hi-C	data	binned	at	2-kb	resolution	showing	chromatin	40 

interaction	frequencies	for	chromosome	II	in	wildtype	embryos	(left	panel)	and	in	the	3-rex	41 

insertion	strain	(right	panel).	The	red	circle	indicates	a	novel	looping	event.	The	arrows	42 

indicate	increased	insulation.	B)	The	insulation	scores	for	wild	type	and	3-rex	harboring	43 

strain	are	shown	in	grey	and	red	respectively.	C)	Hi-C	data	was	used	to	generate	in	silico	44 

4C-seq	tracks	for	wildtype	or	3-rex	insertion	strain	embryos.	45 

		46 
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	1 

Figure	3	Insertion	of	rex-8,	which	contains	multiple	12-bp	motifs	in	two	opposite	orientations	2 

form	similar	3D	DNA	loops	with	surrounding	rex	sites		A)	Rex	sites	and	the	orientation	of	the	3 

motifs	surrounding	the	region	in	which	rex-8	is	inserted	in	the	3’	to	5’	orientation	or	the	5’	4 

to	3’	orientation.	Dark	arrows	indicate	high	scoring	12-bp	motifs	[35](Albritton	et	al.,	5 

2017).	Heatmaps	of	Hi-C	data	binned	at	10-kb	resolution	showing	chromatin	interaction	6 

frequencies	for	chromosome	X	in	wildtype	embryos	(left	panel)	5’	to	3’	insertion	harboring	7 

embryos	(middle	panel)	and	3’	to	5’	insertion	harboring	embryos	(right	panel).	DPY-27	8 

ChIP-seq/input	ratio	and	insulation	scores	are	plotted	for	each	strain.	B)	DPY-27	ChIP-9 

seq/input	ratio	is	shown	for	a	comparable	region	on	the	X	chromosome.	C)	Average	DPY-27	10 

ChIP-seq/input	ratio	was	calculated	for	adjacent	150	bp	windows	around	the	200	bp	11 

summit	of	each	rex	site.	The	level	of	DPY-27	binding	at	the	ectopic	rex-8	(red)	and	other	12 

rexes	are	plotted	against	each	other	for	comparing	condensin	DC	recruitment	in	the	two	13 

strains.		14 

		15 

Supplemental	Figure	3	Insertion	of	rex-8,	which	contains	multiple	12-bp	motifs	in	two	16 

opposite	orientations	both	show	insulation	effect	at	the	insertion	site	but	does	not	affect	17 

insulation	elsewhere	on	the	X.	Insulation	scores	of	individual	replicates	are	shown	for	the	18 

entire	X	chromosome	in	wild	type	and	two	rex-8	insertion	strains.	19 

	20 

	21 

Figure	4	Condensin	DC	binding	increases	3D	contacts	but	does	not	create	new	TADs	in	the	22 

absence	of	rex	sites	in	autosomal	spreading	domain	in	the	X;V	fusion	chromosomes		A)	23 

Heatmaps	of	Hi-C	data	binned	at	50-kb	resolution	showing	chromatin	interaction	24 

frequencies	for	chromosome	X	and	chromosome	V.	Wild	type	karyotype	data	is	shown	25 

above	the	diagonal	and	fusion	data	is	shown	below	the	diagonal.	Insulation	scores	are	26 

plotted	below	the	heatmaps	for	wild	type	and	X;V	karyotypes	in	gray	and	green	27 

respectively.	The	rex	sites	are	annotated	and	published	DPY-27	ChIP-chip	data	are	plotted.	28 

B)P(s,XV)/P(s,WT),	fold	change	in	Hi-C	contact	probability	at	various	regions	in	the	29 

genome.	While	X;V-fusion	did	not	form	TADs,	relative	to	the	arms	of	other	chromosomes,	30 

the	fusion	regions	show	increased	interactions	<300kb	relative	to	interactions	>300kb.	31 

	32 

Supplemental	Figure	4	Hi-C	data	from	single	formaldehyde	crosslink.		A)	Heatmaps	of	Hi-C	33 

data	binned	at	50-kb	resolution	showing	chromatin	interaction	frequencies	for	34 

chromosome	X	and	chromosome	V.	Wild	type	karyotype	data	is	shown	above	the	diagonal	35 

and	fusion	data	is	shown	below	the	diagonal.	Insulation	scores	are	plotted	below	the	36 

heatmaps	for	wild	type	and	X;V	karyotypes	in	gray	and	green	respectively.	The	rex	sites	are	37 

annotated	and	published	DPY-27	ChIP-chip	enrichment	scores	were	normalized	to	unity	38 

and	plotted.	B)P(s,XV)/P(s,WT),	fold	change	in	Hi-C	contact	probability	at	various	regions	39 

in	the	genome.	While	X;V-fusion	did	not	form	TADs,	relative	to	the	arms	of	other	40 

chromosomes,	the	fusion	regions	show	increased	interactions	<300kb	relative	to	41 

interactions	>300kb.	42 

	43 

	44 

Figure	5	Targeting	dCas9	to	a	repeat	region	on	the	X	chromosome	leads	to	accumulation	of	45 

condensin	DC	at	the	block	site		A)	Schematic	depicting	the	multi-protein	block	and	the	46 
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approximate	size	of	the	components	utilized	to	prevent	condensin	from	translocating	1 

linearly	along	chromatin.	B)	Zoomed	in	view	of	the	20kb	region	surrounding	the	target	2 

sites	is	shown.	ChIP-seq	of	DPY-27	in	the	absence	and	presence	of	sgRNA	targeting	the	3 

repeat	regions,	and	ChIP-seq	of	GFP	targeting	ScFv-dCas9	complex	are	shown.	To	visualize	4 

binding	at	the	repetitive	region,	for	this	panel	only,	the	reads	were	processed	with	less	5 

stringent	parameters	as	detailed	in	methods.	C)	Heatmaps	of	Hi-C	data	binned	at	50-kb	6 

resolution	showing	chromatin	interaction	frequencies	for	chromosome	X	in	wildtype	7 

embryos	(top	heatmap)	and	in	the	block	harboring	strain	(bottom	heatmap).	Insulation	8 

score	and	the	nearby	rexes	are	indicated.	In	the	bottom	panel,	DPY-27	ChIP-seq/input	9 

ratios	are	plotted	in	a	strain	possessing	the	blocking	components	without	an	sgRNA	(top	10 

track)	and	with	the	sgRNA	(bottom	track).	The	location	of	the	block	is	annotated	below	the	11 

ChIP-seq	data,	and	also	marked	by	the	GFP	ChIP-seq	against	ScFv-dCas9	complex.		12 

	13 

		14 

Figure	6	A	model	for	condensin	DC	recruitment,	spreading	and	regulation	of	3D	organization	15 

of	the	chromosome	Our	results	support	a	model	whereby	rex	sites	serve	as	both	condensin	16 

DC	loading	sites	and	as	TAD	borders.	Loop	extruding	condensin	DC	molecules	may	clash	17 

with	others	that	are	loading	and	bidirectionally	spreading	from	the	rex	sites.	Orientation	of	18 

the	12-bp	motifs	at	the	rex	sites	do	not	control	the	specificity	of	looping	interactions	and	19 

insulation	activity.	In	summary,	condensin	DC	mediated	3D	DNA	contacts	combined	with	20 

the	insulation	activity	of	the	rex	sites	form	the	loop-anchored	TADs	on	the	X	chromosomes.	21 
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