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ABSTRACT	

Bladder	diverticula	(BD;	a	pouch	formation	that	protrudes	through	a	weak	point	in	

the	bladder	musculature)	and	vesicoureteral	reflux	(VUR;	abnormal	retrograde	of	 flow	of	

urine	towards	the	kidneys)	are	phenotypically	and	genetically	heterogeneous	pathologies	

that	are	discovered	in	patients	who	present	with	recurrent	urinary	tract	infections	and/or	

voiding	dysfunction.	Both	BD	and	VUR	can	occur	as	part	of	multi-system	syndromes	caused	

by	 genetic	 abnormalities	 in	 the	 extracellular	 matrix	 (ECM),	 and	 have	 been	 observed	 in	

individuals	with	generalized	joint	hypermobility.		

We	used	three	mouse	models	to	explore	the	ECM	components	that	result	in	BD	and	

VUR:	 C57Bl/6J	 (B6)	 as	 controls,	 because	 these	mice	 do	 not	 reflux	 and	 do	 not	 have	 any	

documented	 ECM	 anomalies;	 C3H/HeJ	 (C3H)	 as	 a	 fully	 penetrant	model	 of	 VUR	with	 no	

documental	 systemic	 ECM	 anomalies;	 and	 Tnxb+/-	 and	 Tnxb-/-	 mutant	 mice	 on	 the	 B6	

background,	which	do	not	exhibit	VUR,	but	have	documented	ECM	anomalies	in	their	skin	

that	models	Ehlers-Danlos	syndrome	(EDS).		

Using	a	bladder	compliance	assay,	I	determined	that	the	Tnxb-/-	followed	by	Tnxb+/-	

mice	had	the	weakest	bladders	and	ruptured	at	low	filling	pressures,	suggesting	a	higher	risk	

for	BD	formation.	The	C3H	bladders	did	not	rupture	at	any	filling	pressure.		

Based	 on	 RNA	 in	 situ	 hybridization	 and	 RT-qPCR,	 Tnxb	 was	 expressed	 in	 the	

undifferentiated	mesenchyme	of	the	kidney	and	the	smooth	muscle	of	the	ureter	and	bladder	

at	E15,	and	the	expression	continued	 into	adulthood.	Histological	analysis	of	bladder	and	

ureter	sections	revealed	that	the	bladder	and	ureter	of	newborn	Tnxb-/-	mice	had	the	least	

amount	 of	 collagen,	 suggesting	decreased	 tensile	 strength,	while	 C3H	mice	had	 the	most	

collagen,	suggesting	increased	tensile	strength.	Increased	α-SMA	expression	was	observed	

in	 the	 bladder	 and	 ureters	 of	 Tnxb-/-	 and	 C3H	 newborn	 mice	 compared	 to	 B6.	 Elastin	

expression	was	examined	and	revealed	that	the	bladder	and	ureter	of	C3H	and		Tnxb-/-	mice	

had	 reduced	elastin,	 suggesting	 impaired	 recoil.	A	 reduction	 in	both	 tensile	 strength	and	

recoil	 in	 Tnxb-/-	 mice	 could	 lead	 to	 a	 weak	 bladder	 musculature	 prone	 to	 bladder	

diverticulum	formation.	An	increase	in	tensile	strength	and	decrease	in	recoil	in	C3H	mice	

could	lead	to	a	stiff	bladder	and	UVJ	musculature	incapable	of	occluding	properly,	thereby	

causing	VUR.	
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Our	lab	previously	identified	a	VUR-susceptibility	locus	(Vurm1)	on	the	proximal	end	

of	chromosome	12	in	C3H	mice.		An	in	silico	analysis	was	used	to	identify	ECM-related	genes	

in	Vurm1	and	to	determine	if	C3H	mice	harboured	putative	disease-causing	variants	in	these	

genes.	 Of	 the	 16	 ECM-related	 genes	 identified,	 only	 one	 gene,	 Rho-associated	 coiled-coil	

containing	 protein	 kinase	 2	 (Rock2),	 had	 a	 putative	 damaging	 mutation	 that	 was	 not	

observed	in	B6	mice.	A	deleterious	mutation	in	Rock2	could	lead	to	increased	smooth	muscle	

contractility	in	the	bladder,	prompting	an	increase	in	α-SMA	expression,	a	finding	observed	

in	the	C3H	bladder.	This	could	increase	mechanical	force	on	the	bladder	musculature,	which	

when	combined	with	an	increase	in	tensile	strength	and	a	decrease	in	recoil	in	the	bladder	

of	C3H	mice,	could	maintain	patency	of	the	UVJ	resulting	in	VUR.		

Autosomal	recessive	mutations	in	TNXB	in	both	humans	and	in	mice	have	been	shown	

to	cause	Classical-like	Ehlers-Danlos	syndrome	(clEDS),	and	in	humans,	mutations	in	TNXB	

have	been	associated	with	VUR.	We	sequenced	TNXB	in	a	cohort	of	47	children	with	VUR,	BD,	

and	 generalized	 joint	 hypermobility,	 and	 identified	 five	 rare	 putative	 disease-causing	

variants.		

In	summary,	these	studies	explore	ECM	anomalies	as	a	novel	cause	for	a	defective	UVJ	

that	 is	 prone	 to	 VUR,	 and	 a	weak	 bladder	 that	 is	 prone	 to	 rupture	 and/or	 diverticulum	

formation.			
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RÉSUMÉ	

	 Les	diverticules	de	 la	vessie	 (BD	;	 formation	d’une	poche	qui	dépasse	d’un	point	

faible	dans	 la	musculature	de	 la	 vessie)	 et	 le	 reflux	vésicourétèral	 (VUR	;	 flux	 rétrograde	

anormal	d'urine	vers	les	reins)	sont	des	pathologies	phénotypiquement	et	génétiquement	

hétérogènes	 découvertes	 chez	 les	 patients	 présentant	 des	 infections	 des	 voies	 urinaires	

récurrentes	et/ou	le	dysfonctionnement	de	mictions.	Le	BD	et	le	VUR	peuvent	se	produire	

dans	le	cadre	de	syndromes	multi-systémiques	causés	par	des	anomalies	génétiques	dans	la	

matrice	extracellulaire	(ECM),	et	ont	été	observés	chez	des	individus	atteints	de	syndrome	

d'Ehlers	Danlos	d'hyper-mobilité	articulaire	(HEDS).		

	 Nous	avons	utilisé	trois	modèles	de	souris	pour	explorer	les	composants	de	l’ECM	

qui	résultent	en	BD	et	VUR:	les	souris	C57Bl	/	6J	(B6)	comme	contrôle,	car	elles	ne	refluent	

pas	 et	 n'ont	 aucune	 anomalie	 ECM	documentée;	 les	 souris	 C3H	 /	HeJ	 (C3H)	 en	 tant	 que	

modèle	 complètement	 pénétrant	 de	 VUR	 sans	 anomalies	 systémiques	 de	 l'ECM	

documentées;	et	les	souris	mutantes	Tnxb+/-	et	Tnxb-/-	sur	fond	B6,	qui	ne	présentent	pas	de	

VUR,	mais	ont	des	anomalies	de	l’ECM	documentées	dans	leur	peau	qui	modélisent	HEDS.	

	 À	l'aide	d'un	test	de	conformité	de	la	vessie,	j'ai	déterminé	que	les	souris	Tnxb	-/-,	

suivies	 des	 Tnxb+/-	 avaient	 les	 vessies	 les	 plus	 faibles	 et	 se	 sont	 rompues	 à	 de	 faibles	

pressions	de	remplissage,	ce	qui	suggère	un	risque	plus	élevé	de	formation	de	BD.	Les	vessies	

des	souris	C3H	ne	se	sont	rompues	à	aucune	pression	de	remplissage.		

	 D’après	 l’hybridation	 in	 situ	 d’ARN	et	 la	RT-qPCR,	 le	Tnxb	 a	 été	exprimé	dans	 le	

mésenchyme	 indifférencié	 du	 rein	 et	 le	muscle	 lisse	 de	 l'urètre	 et	 de	 la	 vessie	 à	 E15	 et	

l'expression	se	poursuit	jusqu'à	l'âge	adulte.	L'analyse	histologique	des	sections	de	la	vessie	

et	de	l'urètre	a	révélé	que	la	vessie	et	l'urètre	des	souris	Tnxb-/-	nouveau-nés	avaient	le	moins	

de	collagène,	ce	qui	suggère	une	diminution	de	la	résistance	à	la	traction,	tandis	que	les	souris	

C3H	ont	 le	 plus	 de	 collagène,	 ce	 qui	 suggère	une	 élastance	 accrue.	Une	 augmentation	de	

l'expression	de	l'α-SMA	a	été	observée	dans	la	vessie	et	les	urètres	de	souris	Tnxb-/-	et	C3H	

nouveau-né	 comparé	aux	B6.	L'expression	de	 l'élastine	a	été	examinée	et	 a	 révélé	que	 la	

vessie	et	l'urètre	des	souris	C3H	et	Tnxb-/-	avaient	une	élastine	réduite,	ce	qui	suggère	une	

diminution	de	l’élasticité.	Une	réduction	de	l’élastance	et	de	l’élasticité	dans	les	souris	Tnxb-

/-	 pourrait	 conduire	 à	 une	 musculature	 de	 la	 vessie	 faible,	 susceptible	 de	 former	 un	
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diverticule	de	 la	vessie.	Une	augmentation	de	 l’élastance	et	une	diminution	de	 l’élasticité	

chez	 les	 souris	 C3H	pourraient	 conduire	 à	 une	 vessie	 rigide	 et	 une	musculation	 de	 l’UVJ	

incapable	d'occlure	correctement,	ce	qui	entraînerait	un	VUR.	

	 Notre	 laboratoire	 a	 précédemment	 identifié	 un	 locus	 de	 susceptibilité	 au	 VUR	

(Vurm1)	à	 l'extrémité	proximale	du	chromosome	12	chez	des	souris	C3H.	Une	analyse	 in	

silico	a	été	faite	pour	identifier	les	gènes	liés	à	l'ECM	dans	Vurm1	et	pour	déterminer	si	les	

souris	C3H	présentaient	des	variantes	qui	pourraient	mener	à	des	maladies	dans	ces	gènes.	

Sur	 les	16	gènes	 liés	à	 l'ECM	 identifiés,	un	seul	gène,	 la	protéine	kinase	2	associée	à	Rho	

(Rock2),	a	eu	une	mutation	potentiellement	néfaste	qui	n'a	pas	été	observée	chez	les	souris	

B6.	 Une	 mutation	 délétère	 dans	 Rock2	 pourrait	 conduire	 à	 une	 augmentation	 de	 la	

contractilité	des	muscles	lisses	dans	la	vessie,	entraînant	une	augmentation	de	l'expression	

de	l'α-SMA,	une	découverte	observée	dans	la	vessie	C3H.	Cela	pourrait	augmenter	la	force	

mécanique	sur	la	musculature	de	la	vessie,	qui,	combinée	à	une	augmentation	de	l’élastance	

et	 à	 une	 diminution	 de	 l’élasticité	 dans	 la	 vessie	 des	 souris	 C3H,	 pourrait	 maintenir	 la	

perméabilité	de	l'UVJ	résultant	du	VUR.	Il	a	été	montré	que	des	mutations	de	TNXB	chez	les	

humains	 et	 chez	 les	 souris	 peuvent	 causer	 le	 HEDS,	 et	 des	mutations	 de	TNXB	 chez	 les	

humains	ont	été	associées	au	VUR.	Nous	avons	séquencé	le	TNXB	dans	une	cohorte	de	47	

enfants	 atteints	 de	 VUR,	 BD	 et	 d’hyper-mobilité	 articulaire,	 et	 nous	 avons	 identifié	 cinq	

variantes	présumées	responsables	de	la	maladie.		

	 En	résumé,	ces	études	explorent	les	anomalies	de	l'ECM	comme	une	cause	d’un	UVJ	

défectueux	qui	est	sujet	à	un	VUR	et	d'une	vessie	faible	susceptible	de	se	rompre	et/ou	de	

formation	de	diverticules.	
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Dr.	Gupta.	This	thesis	 is	written	by	Ms.	Tokhmafshan,	under	the	supervision	of	Dr.	Gupta,	

who	contributed	to	the	editing	of	all	the	chapters.		
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1 CHAPTER	ONE:	INTRODUCTION	
	

1.1 Vesicoureteral	reflux:	a	developmental	defect	
	

The	abnormal	retrograde	flow	of	the	urine	from	the	bladder	in	the	direction	of	the	

kidney	 is	 known	 as	 vesicoureteral	 reflux	 (VUR)(1).	 Approximately	 1%	 of	 children	 are	

affected	by	VUR	that	 results	 in	 recurrent	urinary	 tract	 infections.	 	Frequent	urinary	 tract	

infections	 scar	 the	 kidneys	 and	 lead	 to	 high	 blood	 pressure	 and	 renal	 failure	 in	 affected	

children	(1-4).	VUR	arises	due	to	developmental	defects	in	the	point	of	entry	of	the	ureter	

within	the	bladder	wall—the	ureterovesical	junction	(UVJ).	The	UVJ	is	a	critical	structure	in	

the	urinary	tract	and	consists	of	the	submucosal	length	of	the	ureter	within	the	bladder—

the	intravesical	ureter	(IVU),	as	well	as	the	bladder	musculature(5).	The	UVJ	protects	the	

upper	urinary	 tract	 from	the	 intermittent	high	pressure	 that	arises	 in	 the	bladder	during	

micturition.	The	UVJ	allows	passage	of	urine	into	the	bladder	and	prevents	retrograde	flow	

towards	the	kidneys	when	it	is	transiently	occluded	during	micturition.	Occlusion	of	the	UVJ	

requires	an	adequate	length	to	the	IVU,	an	oblique	angle	of	ureter	entry	into	the	bladder,	as	

well	 as	 smooth	 muscle	 and	 extracellular	 matrix	 that	 compresses	 the	 ureteral	 orifice.		

Abnormalities	in	the	development	of	any	of	these	features	results	in	VUR	(1,	6).	

	

1.2 Clinical	spectrum	and	natural	history	of	VUR		

VUR	is	phenotypically	heterogeneous	and	depending	on	the	degree	of	dilation	of	the	

collecting	 system,	 it	 is	 divided	 into	 five	 grades	 using	 the	 classification	 proposed	 by	 the	

International	 Reflux	 Study	 (7).	 A	 number	 of	 longitudinal	 studies	 have	 shown	 that	

approximately	 50-65%	 of	 cases	 of	 non-syndromic	 VUR	 undergo	 spontaneous	 resolution	
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with	age	(8-11).	The	cause	of	this	spontaneous	resolution	is	yet	to	be	understood,	however	

the	elongation	of	the	intravesical	ureter	(0.5	cm	at	birth	vs.	1.5-2.5	cm	in	adulthood)	due	to	

somatic	growth	has	been	offered	as	an	explanation	for	the	improved	function	of	the	UVJ	(12-

14).	Alternatively,	morphological	changes	in	the	bladder	and	ureter	smooth	muscle	layer	and	

its	supporting	ECM	microenvironment	could	be	the	basis	for	why	VUR	resolves	over	time.		

The	body	of	evidence	pointing	to	genetic	causes	 for	VUR	is	overwhelming.	Several	

studies	have	reported	a	prevalence	of	27-51%	for	VUR	in	siblings	of	patients	with	VUR,	and	

a	prevalence	of	 66%	 in	 children	whose	parents	had	VUR	 (15-19).	VUR	also	has	 a	higher	

incidence	in	monozygotic	compared	to	dizygotic	twins	(20).	Candidate	gene	and	genome-

wide	 association	 approaches	 have	 been	 used	 to	 identify	 genes	 involved	 in	 VUR.	 The	

candidate	gene	approach	has	examined	whether	genes	important	in	urogenital	development	

cause	VUR.	The	genome-wide	analyses	have	determined	whether	specific	genomic	regions	

are	 linked	or	 associated	with	VUR	 in	 families	 and	 cohorts	of	 affected	patients.	 In	 theory,	

identifying	a	causative	gene	for	VUR	using	linkage	analysis	in	affected	pedigrees	is	the	ideal	

approach,	however	the	greatest	challenge	of	performing	such	analyses	is	the	determination	

of	the	VUR	status	of	an	individual.	Mild	forms	of	VUR	can	resolve	spontaneously	as	the	child	

grows,	 leaving	 no	 trace	 to	 elucidate	 whether	 an	 asymptomatic	 adult	 had	 VUR	 during	

childhood.	The	only	way	 to	positively	determine	 the	presence	of	VUR	 in	 an	 individual	 is	

through	an	 invasive	 test	known	as	 the	voiding	cystourethrogram	(VCUG),	which	 involves	

catheterization	of	the	urethra	followed	by	injection	of	a	radio-contrast	dye	into	the	bladder.	

Most	adult	members	of	a	pedigree	are	not	screened	using	a	VCUG,	therefore	their	disease-

free	 status	cannot	be	categorically	 classified	as	unaffected.	 	 Such	a	 challenge	has	made	 it	

difficult	to	determine	a	mode	of	inheritance	for	VUR.	Thus	far,	a	range	of	inheritance	patterns	
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have	 been	 suggested	 that	 include	 autosomal	 dominant	 with	 incomplete	 penetrance,	

autosomal	 recessive,	 X-linked	 and	 polygenic	 (21-30).	 The	 difficulty	 in	 finding	

multigenerational	affected	families	makes	association	studies	a	more	appropriate	tool	than	

classical	linkage	analysis.	Association	studies	evaluate	the	relationship	between	alleles	and	

phenotypes	by	comparing	allele	frequencies	in	affected	and	control	populations,	therefore	

making	them	applicable	to	related	or	unrelated	individuals.	Such	association	analyses	have	

been	 carried	 out	 by	 a	 number	 of	 research	 groups	 and	 point	 to	 segregation	 of	 VUR	 and	

generalized	 joint	 hypermobility	 (31-36).	 	 The	 same	 studies	 have	 identified	 TNXB	 as	 a	

candidate	gene	for	VUR.	Autosomal	recessive	mutations	in	Tenascin-XB	(TNXB)	have	been	

implicated	in	clEDS	(37-40).		

	

1.3 Congenital	bladder	diverticulum:	a	problem	of	bladder	musculature	

		
Bladder	diverticula	(BD)	can	be	congenital	(primary)	or	acquired	(secondary),	and	

are	 defined	 as	 pouches	 that	 protrude	 through	 the	 bladder	 musculature	 (41-43).	 The	

acquired	 form	 of	 BD	 is	 often	 associated	with	 bladder	 outlet	 obstruction,	 which	 leads	 to	

increased	 intraluminal	bladder	pressure	and	ballooning	of	 the	bladder	mucosa	 through	a	

weak	spot	within	the	musculature.	Acquired	BD	accounts	for	90%	of	reported	BD	cases	(41-

45).	The	congenital	form	of	BD	is	hypothesized	to	be	the	result	of	muscle	hypoplasia	due	to	

defects	 during	 bladder	 development	 and	 accounts	 for	 10	 %	 of	 cases	 (41-44).	 Muscle	

weakness,	atrophy	and/or	hypoplasia	are	the	hallmarks	of	BD;	however,	these	defects	are	

often	asymptomatic.	Most	BD	are	discovered	as	incidental	findings	when	a	paediatric	patient	

with	 a	 urinary	 tract	 infection	 or	more	 rarely	with	 signs	 of	 bladder	 rupture	 undergoes	 a	
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contrast	study	known	as	the	voiding	cystourethrogram	(i.e.	VCUG).	 	The	prevalence	of	BD	

among	children	is	approximately	1%,	but	this	is	likely	an	underestimation	since	the	defect	

can	be	asymptomatic	(44,	46-48).	While	BD	can	occur	at	any	location	along	the	bladder	wall,	

approximately	90%	of	the	congenital	BD	occur	at	close	proximity	to	the	ureteral	orifice	and	

are	termed	Hutch	diverticulum	(44,	47,	49-51).		

	

1.3.1 Clinical	spectrum	and	natural	history	of	BD			
	

Similar	 to	 VUR,	 BD	 is	 both	 phenotypically	 and	 genetically	 heterogeneous.	 The	

diverticula	can	range	in	size	from	0.5-10	cm.	The	gold	standard	in	diagnosis	of	BD,	similar	to	

VUR	is	performance	of	a	VCUG,	and	a	review	of	the	published	case	studies	on	BD	shows	that	

in	 approximately	 68%	 of	 cases,	 it	 co-occurs	 with	 VUR.	 To	 date	 there	 are	 no	 linkage	 or	

association	studies	exploring	the	genetic	causes	of	isolated	BD,	as	the	majority	of	reported	

cases	are	syndromic	(i.e.	connective	tissue	syndromes).		

	

1.4 Histology	of	the	UVJ	and	the	bladder		
	

The	UVJ	in	both	humans	and	mice	has	three	distinct	layers:	the	urothelium,	the	lamina	

propria,	and	the	musculature	layer.	The	urothelium	is	the	innermost	mucosal	 layer	of	the	

UVJ,	 and	 consists	 of	 a	 highly	 elastic	 and	 impermeable	 transitional	 epithelium.	 The	

urothelium	includes	the	umbrella	cells,	the	intermediate	cells	and	the	basal	cells	(52,	53).	

The	 umbrella	 cells	 are	 a	 single	 layer	 of	 multinucleated	 hexagonal-shaped	 cells	 and	 are	

directly	 exposed	 to	 urine.	 The	 umbrella	 cells	 contribute	 to	 structural	 plaques	 seen	 by	

scanning	 electron	 microscopy.	 The	 umbrella	 cells	 express	 a	 specialized	 multi-protein	
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complex	of	transmembrane	glycoproteins	known	as	uroplakins	(UPKs).		Their	function	is	not	

yet	fully	understood;	however,	they	maintain	the	impermeability	of	the	uroepithelium,	and	

they	 facilitate	 bladder	 contractions	 through	 adjustment	 of	 the	 apical	 surface	 area	 of	

urothelial	plaques	(54-57).	Uroplakins	are	also	hypothesized	to	play	a	role	in	the	function	

and/or	development	of	the	UVJ	as	indicated	by	the	presence	of	VUR	in	mice	with	mutations	

in	uroplakins	(53,	58,	59).	Protection	of	the	urinary	tract	from	invasion	by	bacteria	and/or	

waste	products	in	the	urine	is	critical,	and	is	facilitated	by	urothelium.	The	barrier	function	

of	 the	 urothelium	 is,	 in	 part,	 dictated	 by	 glycosaminoglycans	 (GAGs),	 predominantly	

chondroitin	 and	 heparan	 sulphates,	 which	 cover	 the	 urothelial	 cells.	 The	 GAGs	 form	 a	

negatively	charged	and	gel-like	barrier	against	urine,	and	undergo	turnover	due	to	periodic	

shedding	of	the	urothelium	(60-64).	Below	the	urothelium	is	a	thin	layer	of	loose	connective	

tissue	known	as	the	lamina	propria	(LP).	This	layer	is	highly	compressible	and	rich	in	nerve	

endings	as	well	as	fibrillary	collagens.		The	outer	most	layer	of	the	UVJ	is	the	musculature	

layer,	which	consists	of	well-differentiated	smooth	muscle	(SM)	bundles.	The	musculature	is	

uniform	 in	 thickness,	 and	 is	 longitudinal	 unlike	 the	 rest	 of	 the	 ureter	 that	 contains	 both	

circular	 and	 longitudinal	 muscle	 bundles	 (65,	 66).	 	 The	 longitudinal	 muscles	 at	 the	 UVJ	

intercalate	with	the	inner	longitudinal	muscle	fibres	of	the	bladder.	A	combination	of	these	

fibres	 and	 the	 middle	 circular,	 and	 outer	 longitudinal	 muscle	 fibres	 of	 the	 bladder	

musculature	forms	the	roof	of	the	UVJ.	In	contrast,	the	floor	of	the	UVJ	is	made	only	from	the	

inner	circular,	and	outer	longitudinal	layers	within	the	bladder.	The	specific	arrangement	of	

the	bladder	and	ureter	muscle	bundles	is	vital	to	provide	a	firm	support	to	the	intravesical	

ureter,	and	to	prevent	VUR	(14,	67).		
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The	 bladder	 in	 both	 humans	 and	mice	 also	 consists	 of	 the	 three	 layers	 described	

above	(i.e.	urothelium,	lamina	propria,	musculature).	The	smooth	muscle	in	the	bladder	is	

known	as	the	detrusor,	which	is	characterized	by	varying	arrangements	of	smooth	muscle	

bundles	at	different	points	within	the	bladder	wall.	Generally,	the	bladder	is	divided	into	two	

main	components:	the	body	and	the	base.	The	bladder	body	is	the	region	above	the	ureteral	

orifices,	while	the	bladder	base	consists	of	the	trigone	(i.e.	the	triangular	region	that	contains	

the	ureteral	and	urethral	orifices)	(68).	In	humans	and	mice,	the	trigone	has	been	shown	to	

consist	of	ureteral	 as	well	 as	 longitudinal	detrusor	muscles	 (5).	The	 fact	 that	 the	 trigone	

consists	 of	 a	 thin	 layer	 of	 longitudinal	muscle	makes	 this	 region	 especially	 prone	 to	 BD	

formations	(5,	69).	The	detrusor	consists	of	three	layers	of	smooth	muscle:	outer	and	inner	

longitudinal,	 and	middle	 circular.	These	muscle	 fibres	 form	bundles	of	 varying	 sizes	 that	

intersect	with	one	another.	This	meshwork	of	muscle	bundles	 is	 surrounded	by	 collagen	

fibres,	thereby	forming	a	strong	detrusor	capable	of	storing	urine	and	undergoing	repeated	

expansion	and	contraction	(68,	70-74).	

	

1.5 UVJ	development	
	

In	mouse,	the	nephric	duct	grows	caudally	and	induces	the	pronephros,	followed	by	

the	mesonephros	and	 finally	 the	metanephros	at	 the	 level	 of	 the	mid-hind	 limb(75).	The	

metanephric	 kidney	 forms	 around	 embryonic	 day	 (E)	 10.5	 when	 the	 caudal	 part	 of	 the	

nephric	duct	starts	 to	 form	an	epithelial	swelling	called	the	ureteric	bud	(75).	The	ureter	

develops	from	the	ureteric	bud,	and	is	an	epithelial	tube	surrounded	by	mesenchymal	cells	

(6,	76).	Until	E14	in	the	mouse,	the	elongating	ureter	and	the	nephric	duct	remain	connected	
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through	 the	 common	 nephric	 duct	 (6,	 77).	 The	 insertion	 of	 the	 ureter	 into	 the	 bladder	

requires	separation	of	the	ureter	from	the	nephric	duct,	leading	to	a	vertical,	followed	by	a	

lateral	 movement	 of	 the	 ureter	 towards	 the	 bladder	 (6,	 77).	 Apoptosis	 of	 the	 common	

nephric	duct	fully	severs	the	connection	between	the	ureter	and	the	nephric	duct,	leading	to	

the	ureter’s	independent	insertion	into	the	bladder	at	the	UVJ	(6,	77).	The	cross-talk	between	

the	ureteral	epithelium	and	the	ureteral	mesenchyme	is	essential	to	the	development	of	the	

ureter.	In	response	to	this	cross-talk,	the	early	cuboidal	ureteral	epithelial	cells	differentiate	

into	urothelium	around	 (E)	13.5-14.5	 (58,	 78,	 79).	Meanwhile	 the	ureteral	mesenchymal	

cells	 differentiate	 into	 smooth	 muscle	 and	 adventitial	 fibroblasts.	 The	 smooth	 muscle	

differentiation	 of	 the	 ureter	 occurs	 in	 a	 descending	 wave	 from	 the	 proximal	 ureter	 (i.e.	

ureteropelvic	 junction)	 to	distal	ureter	 (i.e.	UVJ)	 (76,	80-82).	A	number	of	animal	studies	

have	pinpointed	genes	important	for	the	development	of	the	ureteral	smooth	muscle.	Discs	

large	homolog	1	(Dlgh1)	is	a	scaffolding	protein	that	is	expressed	by	the	ureteral	epithelium	

and	plays	a	role	in	regulating	ureteral	smooth	muscle	formation.	The	ureteral	smooth	muscle	

bundles	 in	 the	 Dlgh1-/-	 are	 misaligned,	 leading	 to	 impaired	 peristalsis	 (83,	 84).	 Bone	

morphogenetic	protein	4	(Bmp4),	a	member	of	the	transforming	growth	factor	beta	(TGF-β)	

family,	is	expressed	by	the	ureteral	mesenchyme.	BMP4	acts	in	concert	with	sonic	hedgehog	

(Shh),	 a	 secreted	 signalling	protein	 expressed	by	 the	ureteral	 epithelium,	 to	 regulate	 the	

differentiation	 of	 ureteral	 smooth	muscle	 (76,	 85-87).	 The	 transcription	 factor	 T-box	 18	

(Tbx18)	is	expressed	in	the	ureter	mesenchyme	and	is	required	for	the	ureteric	mesenchyme	

to	repond	to	Shh	signalling	(80).	Tbx18-/-		mice	lack	expression	of	downstream	SHH	signalling	

targets	 (80,	 88).	The	 ureteral	 mesenchymal	 cells	 in	 both	 Tbx18-/-	 	 and	 Shh-/-	mice	 show	

reduced	proliferation	and	fail	to	differentiate	into	smooth	muscle	(76,	80).	Teashirt	(Tshz)	



	 22	

genes	code	for	a	small	family	of	zinc	finger	transcription	factors,	which	are	expressed	in	the	

ureteral	mesenchyme	before	 and	 after	 smooth	muscle	differentiation	 (89).	 Transcription	

factor	Sox9	is	also	expressed	in	the	undifferentiated	ureteral	mesenchyme.	Both	Tshz3	and	

Sox9	act	as	downstream	mediators	of	myocardin	(Myocd),	which	is	a	key	regulator	in	smooth	

muscle	differentiation.	Mutations	in	either	Tshz3	or	Sox9	in	mice	lead	to	mesenchymal	cells	

that	fail	to	differentiate	into	smooth	muscle,	and	result	in	a	dilated	urinary	tract	described	

as	hydroureter	(82,	90-95).		

	

1.6 Bladder	development	
	

The	bladder	is	formed	from	the	endodermal	cloaca	and	from	the	ends	of	the	nephric	

duct	(5,	77,	96,	97).	At	embryonic	day	E13	in	the	mouse,	the	urogenital	sinus	gives	rise	to	the	

bladder	after	 the	urorectal	septum	partitions	the	cloaca	 into	the	urogenital	sinus	and	the	

rectum	 (97-100).	 Mesenchyme	 derived	 from	 splanchnopleural	mesoderm	 surrounds	 the	

endodermal-derived	 epithelial	 lining	of	 the	 lumen	of	 the	primitive	bladder.	 	 The	bladder	

mesenchyme	 facilitates	 epithelial-mesenchymal	 cross-talk	 that	 is	 critical	 for	 induction	 of	

smooth	muscle	differentiation	from	the	bladder	mesenchyme	(101-103).	The	significance	of	

this	cross-talk	is	demonstrated	by	tissue	recombination	experiments	in	which	E12	bladders	

survive	 and	 undergo	 smooth	 muscle	 differentiation	 when	 grown	 as	 grafts	 beneath	 the	

kidney	capsule	of	mice	for	two	weeks,	while	un-grafted	bladders	do	not	(101,	102).	Similar	

to	the	ureter	and	UVJ	development,	SHH	and	BMP4	play	important	roles	in	the	differentiation	

of	 the	bladder	 smooth	muscle	 (76,	103-105).	Another	 signalling	pathway	 involved	 in	 the	

differentiation	of	the	bladder	smooth	muscle	is	serum	response	factor	(SRF).	SRF	is	a	DNA-

binding	phosphoprotein	that	regulates	muscle-specific	gene	expression	and	smooth	muscle	
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differentiation	(106,	107).	SRF-mediated	transcription	of	smooth	muscle	genes	depends	on	

interaction	of	SRF	with	cofactors	such	as	Myocd	(108-110).	Srf	is	expressed	by	the	bladder	

mesenchyme	 starting	 at	 E12.5;	 it	 is	 required	 for	 the	 initial	 differentiation	 of	 the	 smooth	

muscle	cells,	and	has	been	shown	to	drive	the	expression	of	alpha	smooth	muscle	actin	(α-

SMA)	(110).		

	

1.7 Extracellular	matrix	components	and	their	functions		
	

The	 extracellular	 matrix	 (ECM)	 of	 a	 tissue	 specifies	 its	 biomechanical	 properties,	

which	in	turn,	dictates	the	tissue’s	response	to	internal	or	external	forces.	Tensile	strength	

and	distensibility	refer	to	biomechanical	properties	of	a	tissue	that	prevent	its	rupture	and	

deformation	under	an	applied	force,	respectively	(111).	Tensile	strength	and	distensibility	

are	mostly	dictated	by	the	amount	and	type	of	collagens	in	the	ECM.	Compliance	describes	a	

tissue’s	 ability	 to	maintain	 a	 low	 intraluminal	 pressure	 by	 distending	 in	 response	 to	 an	

increase	 in	 the	 intraluminal	 volume.	 Compliance	 is	 directly	 related	 to	 distensibility	 and	

recoil,	 but	 inversely	 related	 to	 tensile	 strength	 (70,	 112,	 113).	 Recoil	 refers	 to	 a	 tissue’s	

ability	 to	 regain	 its	 original	 shape	 and	 dimension	 after	 an	 internal	 or	 external	 force	 is	

removed,	 and	 is	 defined	 by	 the	 quantity	 and	 the	 quality	 of	 elastic	 fibres.	 Aside	 from	 the	

collagens	 and	 elastin,	 the	 ECM	 consists	 of	 many	 other	 secreted	 glycoproteins	 (e.g.	

fibronectin,	 fibrillins,	 laminins,	 proteoglycans,	 glycosaminoglycans),	 enzymes	 that	 post-

translationally	modify	 these	 components	 (e.g.	 lysyl	 oxidase),	 and	 proteinases	 that	 cleave	

peptide	bonds	(e.g.	metalloproteinases)	to	facilitate	ECM	turnover,	as	well	as	cytokines	such	

as	 transforming	 growth	 factor	 beta	 (TGF-β)	 and	 fibroblast	 growth	 factors	 (FGFs)	 that	

influence	cell	differentiation	and	growth	as	well	as	interactions	with	the	matrix	(111).	The	
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ECM	composition	of	each	tissue	type	is	uniquely	determined	during	development	through	a	

dynamic	biochemical	and	biophysical	dialogue	between	various	cellular	components.	Aside	

from	 its	 structural	 components,	 the	ECM	contains	a	number	of	matricellular	 components	

such	 as	 thrombospondins	 and	 tenascins	 (i.e.	 Tenascin-C	 and	 Tenascin-XB)	 that	 regulate	

expression,	 assembly	 and	 deposition	 of	 various	 matrix	 components.	 These	 matricellular	

components	can	also	modulate	cell	function	through	cell-matrix	interactions,	which	will	be	

discussed	further	in	Chapter	2.	

	

1.7.1 Collagen	fibrils	dictate	tensile	strength	and	distensibility		
	

Due	to	their	great	abundance	in	the	body	(~30%	of	total	proteins),	collagens	are	the	

most	well-characterized	components	of	the	ECM.	Thus	far,	28	different	collagen	types	have	

been	identified,	and	are	classified	based	on	their	ability	to	form	fibrils	(i.e.	fibrillar	vs.	non-

fibrillar)	(111,	114).			Type	I,	II,	III,	V,	XI,	XXIV,	and	XXVII	are	fibril-forming.		

Each	collagen	molecule	is	composed	of	a	triple	helix	of	three	polypeptide	α-chains,	

which	are	used	to	distinguish	the	different	collagen	types	(114-117).	Collagen	molecules	

can	form	homo-	or	hetero-trimers	(i.e.	made	of	the	same	or	different	α-chains)	that	are	found	

in	 fibrils	 (10-300	 nm	 diameter)	 and	 in	 fibers	 (1-20	 µm).	 Collagen	 exists	 in	 a	 variety	 of	

supramolecular	 structures	 including	 thick	 parallel	 bundles,	 open	 weave	 hexagonal	

networks,	 chicken-wire	 lattices,	membrane-bound	 fibrils,	 and	beaded	 fibrillary	 strings	 as	

per	each	tissue’s	biomechanical	properties.	Collagen	fibrillogenesis	is	an	important	process	

that	is	regulated	by	type-V	and	type-XI	collagens	(114-120).	The	fibril	assembly	progresses	

through	a	quarter-staggered	arrangement	where	each	collagen	molecule	is	placed	on	top	of	

or	 adjacent	 to	 the	 previous	molecule	 at	 a	 quarter	 of	 its	 length,	 thereby	 leaving	 a	 space	
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between	the	head	and	tail	of	successive	molecules.	This	arrangement	is	crucial	to	the	cross-

linking	of	fibrils	through	covalent	bond	formation	between	adjacent	fibrils.	Fibrillogenesis	

gives	rise	to	either	thin	or	thick	fibrils	(114-116).	Thick	fibrils	have	a	larger	cross-section	

and	therefore	have	higher	resistance	against	deformation	due	to	distension—these	fibrils	

dictate	 tensile	 strength.	 Thin	 fibrils	 have	 a	 smaller	 cross-section	 and	 have	 better	

distensibility	and	recoil	properties	(114-116).	Because	most	tissues	require	both	tensile	

strength	and	distensibility,	both	types	of	fibrils	are	usually	formed.		

The	major	contributor	to	tensile	strength	 in	most	tissues	 is	 type-I	collagen	(COLI),	

which	forms	shorter	 fibrils	with	a	 larger	cross-section	(i.e.	 thick	fibrils).	Type-III	collagen	

(COLIII)	forms	longer	and	thinner	fibrils	with	multiple	regions	that	can	unfold,	making	these	

fibrils	 easily	 stretchable	 and	 therefore	 a	major	 contributor	 to	 a	 tissue’s	 distensibility.	 In	

humans	 and	 mice,	 COLIII	 forms	 heterotypic	 fibrils	 with	 COLI	 and	 is	 essential	 for	 COLI	

fibrillogenesis	(114-117,	120-123).		

	

1.7.2 Elastic	fibres	dictate	recoil	
	
		 A	 tissue’s	 ability	 to	 regain	 its	 original	 shape	 and	 dimension	 when	 undergoing	

repeated	cycles	of	stretching	is	dictated	by	elastic	fibres	(124-126).		Elastic	fibres	consist	of	

an	 inner	core	of	cross-linked	elastin	protein	surrounded	by	microfibrils	 that	are	made	of	

fibrillin.		

	 The	 protein	 tropoelastin,	 encoded	 by	 the	 elastin	 gene	 (ELN),	 is	 the	 fundamental	

component	of	 elastin.	The	newly	 translated	 tropoelastin	monomers	are	 secreted	 into	 the	

extracellular	 environment	 where	 they	 are	 cross-linked	 to	 form	 elastin	 (126-128).	 The	
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deposition	and	cross-linking	of	elastin	onto	the	fibrillin	microfibrils	is	facilitated	by	members	

of	the	fibulin	family	(i.e.	fibulin-4	and	fibulin-5)	as	well	as	lysyl	oxidases.		

Fibrillins	are	a	family	of	secreted	glycoproteins	and	fibrillin-1	is	the	most	abundant	

isoform	(129,	130).	The	precise	mode	of	assembly	of	fibrillin	microfibrils	is	unknown,	but	

they	are	arranged	as	parallel	bundles	of	four	to	eight	fibrillin	molecules	that	are	joined	in	

series	 in	 a	 head-to-tail	 manner	 (131).	 The	 fibrillin	 microfibrils	 form	 a	 scaffold	 for	 the	

deposition	 of	 elastin,	 therefore	 perturbations	 in	 their	 synthesis	 will	 impair	 elastic	 fibre	

assembly	(127,	131).		Fibrillin	microfibrils	play	a	key	role	in	the	regulation	of	transforming	

growth	factor	β1	(TGF-β1)	signalling	in	elastic	tissues	such	as	lungs	and	arteries	(132,	133).	

A	number	of	proteins	associated	with	fibrillin	microfibrils	bind	to	and	sequester	TGF-β1	to	

prevent	downstream	signalling	(126,	132,	133).		

Fibulins	are	a	family	of	seven	secreted	glycoproteins	that	interact	with	a	variety	of	

different	ECM	components	to	direct	cell	adhesion,	migration,	and	proliferation.	Fibulin-4	and	

-5	are	crucial	to	elastic	fibre	assembly	as	they	facilitate	the	deposition	and	cross-linking	of	

elastin	within	the	fibrillin	microfibril	scaffold	(127,	134,	135).	Both	Fibulin-4	and	Fibulin-5	

interact	with	various	members	of	the	extracellular	copper-dependent	crosslinking	enzyme,	

known	as	 lysyl	 oxidases	 (LOX),	 and	differentially	modulate	 elastic	 fibre	 formation	 (136).	

Fibulin-4	binds	LOX	through	its	N-terminus,	and	Fibulin-5	binds	lysyl	oxidase-like	1	(LOXL1)	

through	 its	 C-terminus,	 thereby	 recruiting	 these	 molecules	 to	 the	 site	 of	 elastic	 fibre	

formation,	 resulting	 in	 elastic	 fibre	 crosslinking	 and	 therefore	 stabilization	 (136-138).		

Fibulin-4	is	required	for	the	development	of	the	vasculature	and	the	neural	crest,	and	binds	

to	 latent	TGF-β	binding	proteins	 (LTBPs),	 such	as	LTBP-4	and	 therefore	can	regulate	 the	

bioavailability	of	TGF-β1	(135).	
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1.8 ECM	architecture	and	biomechanical	components	of	the	UVJ	and	the	
bladder	

	
Compliance	in	the	bladder	is	essential	to	maintain	a	low	intraluminal	pressure	under	

the	 force	 of	 volume	 expansion	 from	 urine	 storage,	 thereby	 preventing	 potential	 BD	

formation,	or	VUR	(49,	139,	140).	Compliance	in	the	UVJ	is	crucial	for	maintaining	a	steady	

internal	fluid	pressure,	thereby	preventing	an	increase	in	the	wall	tension	of	the	IVU	that	

could	otherwise	compromise	the	occlusion	of	the	UVJ	during	micturition.	Consequently,	the	

biomechanical	 components	 of	 the	 bladder	 and	 the	 UVJ	 that	 facilitate	 compliance	 are	

indispensable	to	these	tissues’	functions.		

The	ureter	is	a	fibro-muscular	tube	that	propels	urine	from	the	kidneys	to	the	bladder	

through	peristalsis	in	a	unidirectional	manner.	Because	the	amplitude	and	frequency	of	the	

peristaltic	waves	depends	on	the	urine	volume	being	transported,	the	ureter	wall	must	have	

multidirectional	tensile	strength,	distensibility	and	recoil.	With	every	contractile	wave,	the	

ureter	wall	is	distended,	pushing	the	urine	bolus	forward,	immediately	after,	the	wall	recoils	

back	to	its’	original	shape	and	dimension.	The	ureteral	musculature	drives	the	contractile	

waves	 and	 provides	 structural	 support.	 The	 rich	 array	 of	 collagen	 fibres	 present	 in	 the	

lamina	 propria	 as	 well	 within	 the	 muscle	 layer	 provides	 the	 required	 balance	 between	

tensile	strength	and	distensibility	in	the	ureter	wall.	The	exact	collagen	composition	of	the	

ureter	has	not	been	fully	explored	to-date,	however	histological	studies	point	to	the	presence	

of	 both	 COLI	 and	 COLIII	 fibres	 in	 the	 ureter.	 The	 higher	 tensile	 strength	 along	 the	

longitudinal	axis	of	the	ureter	is	thought	to	arise	from	the	presence	of	more	longitudinally	

oriented	collagen	fibres	(141-144).		
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The	 recoil	 force	 in	 the	ureter	 is	dictated	by	 the	 integrity	and	abundance	of	elastic	

fibres	and	 is	essential	 to	restore	 the	distended	portion	of	 the	ureter	containing	 the	urine	

bolus	into	its’	original	shape	and	dimension.	The	elastic	fibres	are	intertwined	with	collagen	

fibres	within	the	lamina	propria	as	well	as	within	the	muscle	layer	of	the	ureter	(145).		

The	UVJ	has	only	longitudinal	muscles	and	therefore	cannot	sustain	peristalsis	(65,	

66).	The	passage	of	urine	through	the	UVJ	is	therefore,	dependent	on	the	pressure	gradient	

between	the	extravesical	and	intravesical	portions	of	the	ureter.	Because	the	UVJ	is	narrower	

than	 the	extravesical	ureter,	maintaining	 low	pressure	 in	 the	UVJ	 is	highly	dependent	on	

tensile	strength,	which	is	dictated	by	the	amount	and	composition	of	collagen	fibres.		

The	bladder’s	function	is	to	store	the	urine	at	low	pressure	and	expel	it	periodically	

by	undergoing	repeated	cycles	of	expansion	and	contraction.	The	continuous	distension	and	

recoil,	as	well	as	the	requirement	for	maintenance	of	low	pressure,	depend	on	the	integrity	

of	the	detrusor	muscle	bundles,	the	tensile	properties	of	the	collagen	fibres	and	the	recoil	

properties	of	the	elastic	fibres.	A	number	of	studies	have	shown	that	the	lamina	propria	is	

responsible	for	bearing	most	of	the	mechanical	load	of	the	bladder,	as	it	is	rich	with	collagen	

fibres	(70,	146,	147).	Histological	analyses	of	both	human	and	mouse	bladders	show	that	

the	collagen	fibre	composition	is	75%	COL	I	with	the	remaining	25%	of	fibres	consisting	of	

COL	III.		The	thick	COLI	fibres	are	important	for	tensile	strength,	while	the	thin	COL	III	fibres	

facilitate	distension	(148).	As	with	the	ureter,	the	elastic	fibres	facilitate	bladder	recoil	post-	

micturition	and	are	found	abundantly	in	the	lamina	propria	as	well	as	the	muscle	layer	of	the	

bladder.	
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1.9 ECM	defects	associated	with	VUR	and	urinary	tract	phenotypes	
	

As	described	above,	the	integrity	of	ECM	components	of	the	UVJ	and	the	bladder	and	

the	balance	between	biomechanical	forces	such	as	tensile	strength,	recoil	and	compliance	

are	essential	for	proper	functioning	of	these	structures.	The	significance	of	this	balance	is	

vividly	illustrated	by	the	presence	of	urinary	tract	phenotypes	such	as	bladder	diverticula	

and	vesicoureteral	reflux	in	a	range	of	syndromes	arising	from	genetic	abnormalities	in	the	

ECM,	such	as	Cutis	Laxa,	Ehlers-Danlos,	Marfan,	and	Williams	syndromes	(Table	1)(149).		

	

Table	1	ECM-related	syndromes	with	VUR	and	BD	as	a	common	urinary	tract	phenotype.	

Syndrome	 Inheritance	 Gene	 Characteristic	features	 Renal	and	urinary	tract	phenotypes	

Cutis	Laxa	 Autosomal	
dominant,	
Autosomal	
recessive	

ELN	
FBLN4,	FBLN5	
ATP6V0A2,	
ATP7A,	
EFEMP2	

Lax	and	inelastic	skin,	vascular	
anomalies,	gastrointestinal	diverticula,	
abdominal	hernia,	genital	prolapse	

VUR,	bladder	diverticula	

Ehlers-Danlos
	 	

Autosomal	
dominant,	
Autosomal	
recessive	

ADAMTS2,	COL-I-
A1,	COL-I-A2,	COL-
III-A1,	
COL-V-A1,	
COL-V-A2,	
PLOD1,	
TNXB	

Hyperextensible	skin,	joint	
hypermobility,	poor	wound	healing,	
easy	bruising	and	scarring,	molluscoid	
pseudotumors,	subcutaneous	
spheroids,	muscle	hypotonia	

VUR,	bladder	diverticula		

Marfan	 Autosomal	
dominant	

	

FBN1		

Increased	height,	disproportionately	
long	limbs	and	digits,	anterior	chest	
deformity,	joint	laxity,	vertebral	column	
deformity,	highly	arched	palate	

VUR,	bladder	diverticula	

Williams	 Autosomal	
dominant	

	

ELN	

Cardiovascular	defects,	mental	
retardation,	joint,	skin	and	facial	
abnormalities	

VUR,	bladder	diverticula,	renal	artery	
stenosis,	renal	agenesis,	renal	ectopia,		

Adapted	from	Tokhmafshan	et	al.,	2016	
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1.9.1 Cutis	Laxa	syndrome	
	

Cutis	 Laxa	 (prevalence	 of	 ~1:400,000)	 refers	 to	 a	 spectrum	 of	 genetically	

heterogeneous	rare	connective	 tissue	disorders	(150).	 	Cutis	Laxa	 is	characterized	by	the	

presence	of	sagging	and	inelastic	skin	and	has	both	autosomal	dominant	and	recessive	forms	

of	inheritance	(150).	The	autosomal	dominant	form	is	caused	by	mutations	in	elastin	(ELN)	

or	more	rarely	 in	 fibulin	5	(FBLN5)	and	presents	 later	 in	 life,	 typically	with	the	 following	

features:	 inelastic	 and	 redundant	 skin,	 aged	 appearance,	 high	 forehead,	 large	 ear	 lobes,	

cardiac	disease,	and	pulmonary	disease	including	bronchiectasis	and	emphysema	(150).		The	

autosomal	recessive	form	is	caused	by	mutations	in	fibulins,	namely	fibulin-4	and	-5	genes,	

and	presents	in	early	childhood	with	a	number	of	features	including:	severe	cardiac	disease	

(i.e.	 aortic	 aneurysm),	 pulmonary	 emphysema,	 inguinal	 and	 umbilical	 hernias,	 gastro-

esophageal	reflux,	and	diverticula	formation	in	the	intestines	(150).	Most	children	with	the	

recessive	form	die	in	early	childhood	from	cardiac	or	pulmonary	failure	(150).	Urinary	tract	

defects	are	described	in	a	number	of	case	series	and	include	VUR	and	bladder	diverticula	

(151-154).	 	Pathogenic	mutations	of	FBLN4	and	FBLN5	result	in	abnormal	protein	folding	

that	prevents	secretion	of	the	protein	so	that	it	is	not	available	to	cross-link	elastic	fibres.		

This	leads	to	a	shortage	of	elastic	fibres	and	a	reduction	in	tissue	recoil	(150,	151).	
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1.9.2 Marfan	syndrome	
	

Marfan	syndrome	(prevalence	of	~1:10,000)	is	a	multisystem	disorder	characterized	

by	musculoskeletal	 (e.g.	hypermobility),	cardiovascular,	and	ocular	abnormalities.	Marfan	

has	an	autosomal	dominant	mode	of	inheritance	and	is	caused	by	mutations	in	the	fibrillin-

1	 (FBN1)	 gene.	 The	 mutations	 in	 humans	 often	 alter	 protein	 folding,	 secretion	 and/or	

assembly	thereby	destabilizing	the	FBN1	protein	leading	to	its	rapid	degradation	(130,	155,	

156).		The	reduction	in	FBN1	impairs	the	synthesis	of	the	fibrillin	microfibrils	that	form	the	

scaffold	to	assemble	the	elastic	fibres	(130,	155,	156).	From	case	series,	the	reported	urinary	

tract	 phenotypes	 in	 Marfan	 syndrome	 include:	 VUR,	 BD,	 and	 rare	 cases	 of	 voiding	

dysfunction	(157-160).	

	

1.9.3 Williams	syndrome	
	

Williams	 syndrome	 (prevalence	 of	 ~1:10,000)	 is	 a	 disorder	 caused	 by	 the	

hemizygous	deletion	 of	 a	 specific	 region	 of	 chromosome	7	 that	 removes	26	 to	 28	 genes,	

which	typically	includes	the	elastin	(ELN)	gene	(161,	162).	Haploinsufficiency	for	the	elastin	

gene,	results	in	50%	less	elastin	protein,	a	reduction	in	the	formation	of	elastic	fibres,	and	

impaired	 recoil	 for	 all	 tissues.	 This	 leads	 to	 systemic	phenotypes	 that	 include	 a	 range	 of	

connective	 tissue	 and	 cardiovascular	 symptoms.	 Affected	 individuals	 exhibit	 intellectual	

disability,	unique	personality	characteristics,	distinctive	facial	features,	cardiovascular	and	

joint	problems,	as	well	as	fragile	and	sagging	skin.	The	urinary	tract	phenotypes	reported	for	

this	 syndrome	are	bladder	diverticula	and	VUR.	Amongst	 the	connective	 tissue	disorders	

discussed,	 urinary	 tract	 phenotypes	 in	Williams	 syndrome	 are	 best	 characterized.	 These	
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studies	collectively	show	that	BD	and	VUR	are	present	in	approximately	60%	of	reported	

cases	(163-167).		

	

1.9.4 Ehlers-Danlos	Syndrome	
	

Ehlers-Danlos	syndrome	(EDS)	constitutes	a	spectrum	of	monogenetic	disorders	that	

primarily	affect	the	skin,	 ligaments,	 joints,	blood	vessels	and	internal	organs	(168,	169).	

EDS	was	 classified	 into	 six	 subtypes	 in	 1998	 (169).	 In	 2017,	 this	 classification	was	

updated	to	reflect	the	most	up-to-date	understanding	of	the	molecular	basis	of	

EDS,	and	includes	13	subtypes	(170).	The	majority	of	EDS	subtypes	are	linked	to	

mutations	in	fibrillary	collagens	or	enzymes	involved	in	post-translational	modifications	of	

collagen	proteins.			

Studies	 using	 skin	 biopsies	 and	 fibroblast	 cultures	 from	 individuals	 with	 various	

subtypes	 of	 EDS	point	 to	 defects	 in	 collagen	 fibrillogenesis	 as	 indicated	by	 irregular	 and	

loosely	packed	collagen	fibrils	(171-174).	There	are	at	least	30	reported	cases	of	bladder	

diverticula	 (BD)	 among	 individuals	 with	 various	 subtypes	 of	 EDS,	 making	 BD	 the	 most	

commonly	reported	urinary	tract	phenotype	(48,	173,	175-190).	Besides	BD,	VUR,	urinary	

incontinence,	 recurrent	 urinary	 tract	 infections	 (UTIs)	 and	 reflux	 nephropathy	 are	

commonly	reported	urinary	phenotypes	(48,	173,	175-177,	179-181,	188,	190).	Thus	

far,	no	 large-scale	studies	have	been	conducted	to	elucidate	the	 incidence	of	BD	and	VUR	

among	patients	with	EDS.		

Van	Eerde	et	al.	(2012)	studied	50	children	with	VUR	and	found	that	they	had	a	four-

fold	greater	likelihood	of	having	joint	hypermobility	than	age-matched	controls	without	VUR	

(34).		These	results	have	been	echoed	by	Pournasiri	et	al.,	Beiraghdar	et	al.,	and	Adib	et	al.,	
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who	demonstrated	 that	patients	with	 joint	hypermobility	have	an	 increased	 likelihood	of	

having	VUR	compared	 to	 the	general	population	 (31-33).	 	 Furthermore,	BD	 is	 frequently	

reported	in	individuals	with	EDS	(48,	173,	175-190).	Given	the	reported	high	prevalence	

of	 generalized	 joint	 hypermobility	 among	 children	 with	 VUR,	 we	 evaluated	 presence	 of	

generalized	joint	hypermobility	in	a	cohort	of	children	with	VUR.	

	

1.10 Generalized	joint	hypermobility	(GJH)	is	a	hallmark	of	Classical-like	EDS	
(clEDS)	due	to	mutations	in	TNXB,	as	well	as	hypermobility-type	EDS	
(hEDS)		

	
Generalized	 joint	hypermobility	 (GJH)	 is	 seen	 in	approximately	40%	of	 school-age	

children,	 and	 2-5%	 of	 the	 general	 public	 depending	 on	 ethnicity	 and	 gender	 (i.e.	 more	

common	in	females)	(191).	The	diagnostic	criteria	for	joint	hypermobility	were	established	

by	Beighton	and	colleagues	 (1998)	 (191-196).	GJH	 is	 the	hallmark	phenotype	clEDS	and	

hEDS(170).		

The	 recent	 identification	of	 a	number	of	putative	disease-causing	TNXB	mutations	

among	individuals	with	VUR	and	GJH	is	in	line	with	our	hypothesis	that	ECM	anomalies	can	

lead	to	VUR	(35,	36).		
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1.11 TNXB,	a	matricellular	protein	

		
Tenascin-XB	 gene	 is	 located	 on	 chromosome	 6	 in	 humans	 and	 17	 in	mice,	 and	 is	

translated	into	a	large	glycoprotein	with	five	domains:	a	signalling	domain	at	its	N-terminus,	

heptad	 repeats,	 epidermal	 growth	 factor	 (EGF)-like	 repeats,	 fibronectin	 type	 III	 (FNIII)	

repeats,	and	a	fibrinogen	(FBG)-like	globular	domain	at	its	C-terminus	(197)	(Figure	1).	The	

heptad	repeats	are	the	site	of	homo-trimerization	of	TNXB,	the	FNIII	repeats	are	responsible	

for	the	protein’s	conformational	flexibility	and	facilitate	its	physical	interaction	with	other	

ECM	components,	the	FBG	domain	interacts	with	α1β1	integrin	receptor	and	can	modulate	

cell	adhesion	(198,	199).	The	human	TNXB	has	32	FNIII	repeats	with	an	RGD	motif	located	

between	 the	10th	 and	 the	11th	FNIII	 repeats	 (Figure	1.A).	The	murine	TNXB	has	31	FNIII	

repeats	 and	 lacks	 the	 RGD	 motif	 (Figure	 1.B),	 which	 is	 known	 to	 facilitate	 cellular	 and	

molecular	attachment	through	interaction	with	integrins.		

It	has	been	shown	that	TNXB	can	interact	with	types	I,	III,	V,	XII	and	XIV	collagens	via	

its	EGF-like,	FNIII	repeats,	and	FBG-like	domains	(198-203).	The	functional	significance	of	

these	 interactions	 has	 been	 extensively	 studied	 using	 both	 mouse	 models	 and	 in	 tissue	

samples	from	humans	harbouring	TNXB	mutations.	These	studies	have	shown	that	Tnxb-/-	

mice	 and	 humans	 with	 both	 heterozygous	 and	 homozygous	 TNXB	 mutations	 have	

hyperextensible	skin	with	loosely	packed	and	sparse	collagen	fibrils,	as	well	as	reduced	type	

I	collagen	(COLI)	expression	(40,	204-213).		

TNXB	also	interacts	with	tropoelastin,	the	main	component	of	elastic	fibres,	and	it	has	

been	shown	that	both	mice	and	humans	with	TNXB	defects	have	slender	and	fragmented	

elastic	 fibres	 in	 their	 skin	 (214,	 215).	 TNXB	 plays	 a	 regulatory	 role	 in	 cell	 attachment,	

matrix	turnover	and	bioavailability	of	TGF-β1.	In	vitro	studies	have	shown	that	TNXB	has	
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anti-adhesive	properties	and	can	cause	cell	detachment	(216,	217).	Both	in	vivo	and	in	vitro	

studies	have	shown	that	TNXB	can	negatively	regulate	matrix	metalloproteinases	(MMPs),	

and	therefore	modulate	ECM	turnover	(218,	219).	TNXB	interacts	with	vascular	endothelial	

growth	 factor	 B	 (VEGF-B)	 through	 its	 FN	 III	 repeats,	 and	 this	 promotes	 endothelial	 cell	

proliferation	(220,	221).	Finally,	TNXB	has	been	shown	to	modulate	 the	bioavailability	of	

TGF-β1	through	interaction	of	its	FBG	domain	with	the	latent	form	of	TGF-β1	(221).	Taken	

together,	these	findings	demonstrate	that	TNXB	is	a	matricellular	protein	capable	of	altering	

the	biomechanical	properties	of	tissues.	

	

Figure	1	Schematic	representation	of	human	and	murine	TNXB	monomer.		

TNXB	has	four	distinct	domains:	heptad	repeats	at	the	N-terminal,	followed	by	epidermal	growth	factor	

(EGF)-like	repeats,	 fibronectin	type	III	(FNIII)	repeats,	and	fibrinogen-like	globular	domain	at	the	C-

terminal.	The	human	TNXB	has	32	FNIII	repeats	as	opposed	to	31	in	mouse,	and	also	contains	a	RGD	

motif	that	facilitates	its	interaction	with	integrins.		
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1.12 Mouse	models	of	VUR	and	EDS	
	

Studying	 the	 underlying	mechanisms	 of	 genetically-driven	 developmental	 defects,	

such	as	VUR,	BD	and	EDS	using	human	cells	and	tissues	is	limited	to	ex	vivo	analyses.	The	

phylogenetic	relatedness	and	physiological	similarities	between	humans	and	mice,	the	ease	

of	maintaining	and	breeding	mice	in	the	laboratory,	the	availability	of	many	inbred	strains,	

and	the	versatility	of	methods	for	creation	of	transgenic,	knockout	and	knockin	lines,	makes	

Mus	musculus	(i.e.	the	house	mouse)	an	appropriate	model.	However,	use	of	mice	as	model	

organisms	should	be	entwined	with	the	understanding	that	all	too	often,	mice	respond	to	

experimental	 intervention	 differently	 from	 humans,	 and	might	 not	 fully	 recapitulate	 the	

human	phenotype.	These	differences	are	expected	given	that	the	lineages	leading	to	modern	

rodents	 and	 primates	 have	 diverged	 from	 a	 common	 ancestor	 approximately	 85	million	

years	ago	(222).		

To	 date,	 various	mouse	models	 of	 VUR	have	 been	 described,	 some	 of	which	 have	

abnormally	formed	uro-renal	systems,	while	others	have	VUR	without	any	apparent	kidney	

or	urinary	tract	defects.	No	mouse	model	of	BD	has	been	reported.	Although	BD	is	a	common	

urinary	 tract	 phenotype	 seen	 in	 humans	 with	 connective	 tissue	 syndromes,	 the	 animal	

models	of	such	syndromes	have	not	been	evaluated	for	the	presence	or	absence	of	BD;	this	

could	be	due	to	the	fact	that	compared	to	the	systemic	connective	tissue	phenotypes,	BD	is	

less	severe	and	does	not	impact	the	survival	of	the	animals.	A	number	of	mouse	models	for	

various	types	of	EDS	have	been	described.	These	include	the	Col3a1+/-	model	for	vascular	

EDS,	the	Col5a1+/-	for	classic	EDS,	and	the	Col1a1Jrt/+	that	is	a	model	for	both	osteogenesis	

imperfecta	 and	 EDS	 (223-225).	 None	 of	 the	 above-mentioned	mouse	 models	 have	 been	
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assessed	for	joint	hypermobility,	but	the	Col5a1+/-	mice	have	hyperextensible	skin,	while	the	

Col1a1Jrt/+	mice	have	fragile	skin	and	tendons	(223-225).	

Below	is	a	classification	and	brief	description	of	mouse	models	of	VUR	and	hEDS.		

	

1.12.1 Mouse	models	of	VUR	with	renal	and	urinary	tract	malformations	
	

I. Hoxb7/Ret+/-:	this	transgenic	mouse	is	a	misexpression	model	for	the	receptor	

tyrosine	 kinase,	 RET,	 which	 is	 essential	 for	 the	 formation	 of	 the	 ureteric	 bud	 and	

therefore,	the	kidney.	Ret	is	normally	expressed	in	the	nephric	duct	and	the	ureteric	

bud	(226,	227).	In	the	Hoxb7/Ret+/-	mice,	Ret	is	constitutively	expressed	throughout	the	

ureter	and	the	collecting	ducts	(77).	As	a	result,	these	mice	have	renal	dysplasia,	short	

intravesical	ureters	(IVU)	and	VUR	(228,	229).		

II. Pax21Neu+:	 Pax2	 encodes	 for	 a	 transcription	 factor	 expressed	 in	 the	 ureter,	

collecting	ducts	and	condensing	metanephric	mesenchyme	(230).	These	mice	exhibit	

VUR,	short	IVUs	and	a	delay	in	urinary	tract	development	(231,	232).	The	mutation	in	

these	mice	is	identical	to	a	mutation	in	humans	that	leads	to	renal	coloboma	syndrome	

in	which	patients	also	present	with	VUR	(232-234).		

III. Conditional	Fgfr2-/-:	Fgfr2	encodes	for	a	receptor	tyrosine	kinase	important	for	

ureteric	bud	induction	(235).	These	mice	were	generated	using	a	Pax3-Cre	system	that	

selectively	ablates	Fgfr2	 in	 the	metanephric	mesenchyme	 leading	 to	a	 range	of	uro-

renal	 phenotypes	 such	 as	 renal	 hypoplasia	 and	 dysplasia,	 multiple	 ureteric	 buds,	

urinary	tract	obstruction	and	VUR	(235,	236).	

IV. Agtr2-/-:	Agtr2	encodes	the	angiotensin	type	II	receptor,	which	is	important	for	

kidney	and	urinary	tract	development	(237).	These	mice	exhibit	a	range	of	uro-renal	
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phenotypes	that	include:	double	ureteric	buds,	renal	agenesis,	renal	hypoplasia,	duplex	

systems,	VUR,	obstruction,	and	hydroureter	(237-239).		

V. Conditional	Lim1-/-:	Lim1	encodes	a	homeobox	transcription	factor	important	

for	ureteric	bud	formation	(240).	Because	Lim1-/-	mice	die	at	E10	due	to	abnormal	head	

development,	 conditional	Lim1	 knockout,	were	established	using	a	Pax2-Cre	system	

which	ablates	Lim1	expression	only	 in	 the	nephric	duct	and	 the	ureteric	bud	(240).	

These	 mice	 exhibit	 unilateral	 renal	 agenesis,	 renal	 hypoplasia,	 VUR,	 and	 duplex	

systems	(240).			

VI. Upk2-/-	and	Upk3-/-:	Upk2	and	Upk3	encode	for	two	transmembrane	proteins	of	

the	 uroplakin	 family	 (241,	 242).	 These	 proteins	 are	 the	 subunits	 of	 the	 urothelial	

plaques	 that	 cover	 the	 apical	 surface	 of	 the	 urothelium	 and	 contribute	 to	 the	

impermeability	 of	 the	 barrier	 (241,	 242).	 Both	 Upk2-/-	 and	 Upk3-/-	 mice	 exhibit	

hydronephrosis,	VUR,	obstruction,	and	renal	failure	(53,	58,	59,	78,	243).		

	

1.12.2 Mouse	models	of	VUR	without	renal	malformations	
	

To	 date	 six	 inbred	mouse	models	 of	 VUR	without	 renal	malformations	 have	 been	

identified:	DDD,	CBA,	DBA,	AKR,	C3H/HeN,	C3H/HeJ	(244).	All	of	these	mice	have	normally	

formed	kidneys	and	therefore	recapitulate	the	phenotype	observed	in	most	children	with	

VUR	that	have	normally	formed	kidneys	(245).			

Of	importance	to	this	study	is	the	C3H/HeJ	mouse	line,	which	has	a	100%	incidence	

of	VUR	at	birth,	with	significantly	shorter	IVUs	compared	to	the	non-refluxing	C57BL/6J	(B6)	

mouse	line	(244,	245).		
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1.12.2.1 Vesicoureteral	reflux	model	1	(Vurm1):	a	22Mbp	reflux	susceptibility	
locus	in	the	C3H/HeJ	mice	
	

As	mentioned	above	mouse	models	of	VUR	have	been	instrumental	in	furthering	our	

understanding	of	VUR.	The	C3H/HeJ	mouse	is	a	fully	penetrant	model	of	VUR	without	renal	

malformations.	 This	 mouse	 model	 is	 consistent	 with	 the	 phenotype	 observed	 in	 most	

children	with	VUR	who	also	have	normally	developed	kidneys	(1,	246-248).	Using	genome-

wide	 mapping	 and	 linkage	 analysis,	 Murawski	 and	 colleagues	 (2010)	 identified	 a	 VUR	

susceptibility	 locus	 on	 the	 proximal	 arm	 of	 chromosome	 12	 spanning	 from	 position	

11,207,819bp	 to	 16,380226bp,	 called	 Vurm1(245).	 We	 performed	 a	 validation	 linkage	

analysis	using	Illumina	mouse	medium	density	linkage	panel	(GoldenGate	Genotyping	Assay,	

Illumina,	San	Diego,	California),	which	consists	of	1,449	thoroughly	screened	and	validated	

SNP	 loci	 selected	 from	 the	 Wellcome	 Trust	 Sanger	 Institute’s	 Mouse	 Genome	 Project	

(http://www.sanger.ac.uk/).	The	results	of	the	validation	analysis	led	to	the	revision	of	the	

genomic	coordinates	of	the	Vurm1	region	to	24,728,980bp	to	37,010,797bp.		

	

1.12.3 	Tnxb+/-	and	Tnxb-/-	mice	have	skin	phenotypes	of	clEDS	
	

Tnxb+/-	and	Tnxb-/-	mice	have	hyperextensible	skin	(Figure	2)	(204-210).	Analysis	of	

the	skin	of	these	mice	has	revealed	that	the	collagen	fibrils	within	the	skin	are	not	tightly	

packed,	but	spaced	further	apart,	and	this	is	associated	with	a	decrease	in	the	expression	of	

COLI	 (208,	210-213).	 	 In	 addition,	 there	 is	 a	 reduction	 in	 the	quantity	 and	quality	of	 the	

elastic	fibres	that	appear	slender	and	fragmented	(214,	215).	Eggings	et	al.,	(2006)	tested	

these	 mice	 for	 joint	 hypermobility	 by	 measuring	 the	 stiffness	 of	 the	 medial	 collateral	

ligament	(MCL)	of	the	knee,	and	investigated	the	tail	laxity	in	these	mice	by	attempting	to	tie	
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a	 knot	 in	 their	 tail.	While	 their	MCL	measurements	were	 lower	 than	 the	wild	 type	 (WT)	

littermates,	the	difference	was	not	significant.	Also,	formation	of	a	knot	in	the	tail	of	Tnxb+/-	

and	 Tnxb-/-	was	 not	 possible	 (212).	 Voermans	 and	 colleagues	 (2011),	 have	 tested	 the	

functional	muscle	strength	of	the	Tnxb-/-	mice	using	a	paw-fall-through	test	and	a	hang-time	

test,	by	placing	these	mice	as	well	as	their	WT	littermates	on	a	mesh	wire	and	recording	the	

number	of	times	their	limbs	falls	through	the	mesh,	as	well	as	the	time	it	takes	for	the	mice	

to	 fall	 off	 the	mesh	 once	 it	 is	 inverted.	 The	 paw-fall-through	 and	hang-time	 tests	 results	

revealed	a	significant	decrease	in	the	functional	muscle	strength	of	Tnxb-/-	mice.	Histological	

analysis	of	the	quadriceps	muscle	revealed	increased	fibre	size,	consistent	with	increased	

matrix	 turnover.	 This	 was	 further	 confirmed	 by	 gene	 expression	 profiling	 results	 that	

showed	a	significant	up-regulation	of	genes	 involved	in	matrix	synthesis	and	degradation	

(208).	The	nuclei	of	muscle	fibres	in	these	mice	were	more	internally	positioned,	which	is	

indicative	of	unhealthy	muscles	(208,	249).		
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Figure	2	Hyperextensible	phenotype	of	TNXB	mutant	mice.	

Six-month	old	Tnxb-/-	(left)	and	Tnxb+/+	littermate	(right)	were	anesthetised	and	held	by	the	skin	of	the	

back.	The	hyperextensible	skin	of	the	Tnxb-/-	is	apparent.	

	

	

	

	

	

	

	

	

Tnxb-/-	adult	male Tnxb+/+	adult	male 
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1.13 Hypothesis	and	objectives:	
	
	 Biomechanical	forces	such	as	compliance,	tensile	strength	and	recoil	are	important	

facilitators	of	the	functions	of	the	bladder	and	the	UVJ.	Given	the	role	of	TNXB	in	regulation	

of	 collagen	 fibre	 formation,	 as	 well	 as	 modulation	 of	 matrix	 homeostasis	 based	 on	 the	

dermatological	 phenotypes	 (i.e.	 hyperextensible	 and	 fragile	 skin,	 reduced	 collagen	

expression,	 aberrant	 elastic	 expression)	 observed	 in	 the	 Tnxb+/-	 and	 Tnxb-/-	 mice,	 I	

hypothesized	that	the	bladder	in	these	mice	would	exhibit	compliance	defects	due	to	reduced	

collagen	expression.	To	test	this	hypothesis,	I	first	described	the	expression	pattern	of	Tnxb	

in	 the	 bladder	 and	 ureter	 of	 mice,	 which	 has	 not	 been	 previously	 characterized.	 I	 then	

characterized	the	extracellular	matrix	defects	in	the	bladder	and	ureter	of	newborn	Tnxb+/-	

and	Tnxb-/-	mice	in	comparison	to	their	WT	littermates.		

	 The	C3H/HeJ	mice	are	a	fully	penetrant	model	for	VUR	without	kidney	malformations,	

and	linkage	studies	have	led	to	the	identification	of	a	reflux	susceptibility	locus	called	Vurm1	

in	 these	 mice.	 I	 hypothesize	 that	 the	 anomalous	 expression	 of	 ECM	 components	 in	 the	

bladder	and	UVJ	of	these	mice	can	cause	VUR.	I	compare	the	ECM	components	in	the	ureter	

and	bladder	of	C3H	mice,	compared	to	the	C57BL/6J	(B6)	mice	that	are	resistant	to	VUR.	I	

further	hypothesized	that	the	Vurm1	locus	in	the	C3H	mice	includes	matrix-related	genes,	

and	that	the	C3H	mice	might	harbour	damaging	variants	in	some	of	these	genes,	which	give	

rise	 to	 their	 ECM	 phenotypes.	 To	 test	 this	 hypothesis,	 I	 performed	 in	 silico	 analyses	 to	

describe	the	matrix	genes	located	in	Vurm1	and	to	determine	if	the	C3H	strain	has	damaging	

variants,	using	the	Wellcome	Trust	Sanger	Institute	Mouse	Genome	Project	database.			

Given	the	significant	co-prevalence	of	VUR	and	joint	hypermobility,	 I	hypothesized	

that	deleterious	TNXB	variants	are	enriched	in	children	with	joint	hypermobility	and	VUR.	
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To	test	this	hypothesis,	we	sequenced	TNXB	in	a	cohort	of	paediatric	patients	with	VUR	some	

of	whom	have	joint	hypermobility	as	well	as	BD.	
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2 CHAPTER	TWO:	MATERIALS	AND	METHODS	
	

2.1 C57BL/6J	(B6),	C3H/HeJ	(C3H),	C57BL/6JTnxb+/-	(Tnxb+/-),	C57BL/6JTnxb-/-
(Tnxb-/-)	Mouse	colonies:	

	

2.1.1 Animal	breeding	and	tissue	collection	

B6	and	C3H	inbred	strains	were	purchased	from	Jackson	laboratories	at	six	weeks	of	

age.	Tnxb	mutant	mice	were	generated	by	Mao	et	al.,	(2002)	on	the	129SvJ	background	(210).		

Because	129SvJ	strain	is	susceptible	to	VUR,	the	Tnxb	null	allele	was	transferred	to	the	non-

refluxing	 B6	 background	 by	 backcrossing	 129SvJTnxb+/-	with	 B6	mice	 for	 five	 generations	

(Fillion	ML.,	M.Sc.	 thesis,	McGill	University	2015).	 For	 all	mouse	 lines,	 the	embryos	were	

generated	 by	mating	mice	 overnight	 and	 visualization	 of	 a	 vaginal	 plug	was	 recorded	 as	

embryonic	 day	 E0.5.	 Timed-pregnant	 females	 were	 euthanized	 using	 a	 combination	 of	

Isoflurane	and	CO2,	 followed	by	cervical	dislocation,	dissection	and	collection	of	embryos.	

Pups	were	euthanized	by	decapitation.	All	 genotyping	was	performed	using	 tail	DNA.	All	

mice	were	housed	 in	 the	Research	 Institute	of	McGill	University	 (RI-MUCH)	vivarium.	All	

animal	studies	were	performed	in	accordance	with	the	regulations	of	the	Canadian	Council	

on	Animal	Care	(CCAC).	Animal	protocols	were	approved	by	the	McGill	University	Animal	

Care	Committee	(UACC,	AUP	#4120).		
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2.1.2 VUR	status	

C3H	mice	 are	 a	 fully	 penetrant	model	 for	 recessively	 inherited	VUR,	while	 the	B6	

strain	has	been	shown	to	be	resistant	to	VUR	(245).	The	Tnxb+/-	and	Tnxb-/-	newborn	and	

adult	 mice	 on	 the	 B6	 background	 were	 tested	 for	 VUR	 using	 the	 VUR	 assay	 previously	

described	by	our	laboratory	(250).	Neither	the	Tnxb+/-	nor	the	Tnxb-/-	mice	exhibit	VUR	at	

birth	or	adulthood.		

	

2.2 Genotyping	Tnxb+/-	and	Tnxb-/-	mice	

	 The	null	allele	was	generated	by	Mao	et	al.,	(2002),	through	insertion	of	a	lacZ	and	

neomycin	 resistance	 cassette,	 replacing	 exons	 3	 to	 6	 of	 the	 Tnxb	 gene.	 To	 generate	

heterozygous	(Het)	and	homozygous	knockout	(KO)	tissue,	I	set	up	Het	x	Het,	as	well	as	KO	

x	 KO	 crosses.	 WT	 tissue	 was	 collected	 from	 the	 WT	 littermates	 of	 Het	 x	 Het	 crosses.	

Genotyping	of	both	newborn	and	adult	mice	was	carried	out	using	tail	DNA.	The	WT	allele	

was	detected	using	primers	for	exon	5	that	generate	a	238bp	fragment,	while	the	null	allele	

was	detected	using	primers	for	the	LacZ	cassette	that	generate	a	234bp	fragment	(Table	2,	

Figure	3).	Therefore,	the	PCR	amplification	of	DNA	from	a	WT	mouse	will	generate	only	a	WT	

amplicon,	while	a	KO	mouse	will	generate	only	a	KO	amplicon,	and	a	Het	mouse	will	generate	

both	WT	and	null	amplicons	(Figure	3).	
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Table	2	Tnxb	primers	used	for	genotyping	Tnxb	mutant	mice	

Primer	 Forward	Sequence	 Reverse	Sequence	

KO	allele	 TTGAAAATGGTCTGCTGCTG	 TATTGGCTTCATCCACCACA	

WT	allele	 ACTACTGAGCCCTCTTCTGTCT	 ATACTCCACACCAGGCATCA	

	

Figure	3	Tnxb	WT	and	null	allele	genotyping	PCR.		

Schematic	representation	of	the	first	ten	exons	of	wild	type	(WT)	and	null	alleles	of	Tnxb,	depicting	the	

position	of	primer	pairs	used	to	genotype	mice	(A).	A	representative	image	of	Tnxb	genotyping	results	

for	three	mice	(samples	1-3)	run	on	a	4%	agarose	gel.	Sample	1	is	DNA	from	a	Tnxb-/-	mouse	as	it	has	

generated	a	KO	amplicon,	but	not	a	WT	one.	Sample	2	is	DNA	from	Tnxb+/-	mouse	because	it	has	both	

the	KO	and	WT	amplicons.	Sample	3	is	DNA	from	a	Tnxb+/+	mouse	as	it	has	only	a	WT	amplicon	(B).	
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2.3 Bladder	compliance	assay	

	 We	designed	an	assay	to	detect	defects	in	bladder	compliance	by	exposing	bladders	

to	 a	 gradient	 of	 increasing	 intraluminal	 pressure.	 Postnatal	 day	 one	 (P1)	 pups	 were	

euthanized	 by	 decapitation.	 The	 urethra	 of	 the	 pups	was	 occluded	 using	 Vetbond	 tissue	

adhesive	(3M	cat	#	1469Sb).	Using	dissection	scissors,	a	midline	incision	was	created	from	

the	 thorax	 to	 the	 abdominal	 cavity,	 exposing	 the	 internal	 organs.	 From	 the	midline,	 two	

additional	incisions	were	made	toward	each	hind	limb,	exposing	the	urinary	tract.	Methylene	

blue	dye	was	added	 to	a	60ml	syringe	 (i.e.	dye	column)	connected	 to	 intravenous	 tubing	

attached	to	a	30-gauge	½	needle.	Forceps	were	used	to	securely	hold	the	sides	of	the	hind	

limbs,	 therefore	 immobilizing	 the	bladder.	The	needle	was	 inserted	 in	 the	anterior	of	 the	

bladder,	proximal	to	the	UVJ.	At	the	site	of	needle	insertion,	the	dye	column	was	kept	at	the	

same	 level	 as	 the	 dissection	 table,	 ensuring	 equal	 pressure	 within	 the	 system,	 thereby	

preventing	the	dye	flow.	The	dye	column	was	then	raised	at	30	cm	increments	causing	the	

dye	to	flow.	The	incremental	increase	in	height	occurred	only	after	the	pressure	inside	the	

bladder	had	reached	equilibrium	with	the	pressure	of	the	dye	column	and	the	dye	flow	into	

the	bladder	had	stopped.	The	pressure	(i.e.	equal	to	the	height	of	dye	column)	at	which	the	

bladder	ruptured,	along	with	the	sex	of	the	pups,	and	the	fullness	of	their	bladder	prior	to	

start	of	the	assay	were	recorded.		

	

	
	



	 48	

2.4 Beta-galactosidase	(β-gal)	expression	assay	to	determine	Tnxb	

expression	

Because	 the	 Tnxb	 null	 allele	 was	 generated	 through	 insertion	 of	 a	 LacZ	 cassette,	 I	

performed	 β-galactosidase	 (β-gal)	 assay	 using	 X-gal	 (Sigma	 Cat#	 94433)	 on	 P1	 tissue	 to	

describe	 the	expression	pattern	of	Tnxb	 in	 the	urinary	 tract	of	mice.	Kidney,	bladder	and	

ureters	were	dissected	 from	P1	Tnxb+/-	and	Tnxb-/-	as	well	as	WT	littermates.	The	tissues	

were	fixed	in	X-gal	fixative	(4%	PFA,	1M	MgCl2,	0.5M	EDTA,	10%	NP-40)	for	two	hours	on	

ice,	followed	by	washes	in	X-gal	wash	buffer	(1M	MgCl2,	1%	sodium	deoxycholate,	10%	NP-

40,	1M	PBS	pH	8).	The	tissues	were	then	incubated	with	X-gal	staining	buffer	(50mg/ml	X-

gal,	200mM	potassium	ferricyanide,	200mM	potassium	ferrocyanide,	1M	Tris	pH	8)	at	37°C	

till	β-gal	activity	was	detected.	The	stain	was	then	removed	and	the	tissues	were	washed	in	

the	X-gal	wash	buffer,	and	analyzed	as	whole-mounts,	followed	by	paraffin	embedding	for	

sectioning.		

	

2.5 Tnxb	RNA	in	situ	hybridisation	(ISH)	

To	 establish	 the	 mRNA	 expression	 pattern	 for	 Tnxb,	 I	 generated	 a	 DIG-labelled	 Tnxb	

antisense	probe.	Mouse	reference	sequence	NM_031176.22	with	the	primers	described	in	

Table	 3	 and	 Figure	 4	 were	 used	 to	 generate	 the	 template	 Tnxb	 cDNA,	 which	 was	

subsequently	cloned	 into	pCRII-TOPO	vector	 (ThermoFisher	Cat#	450641).	The	plasmids	

were	linearized	using	HindIII	(NEB	Cat#	R0104S),	and	sequenced	to	ensure	the	direction	and	

identity	of	the	insert.	In	vitro	transcription	was	carried	out	using	T7	RNA	polymerase.	The	

final	antisense	probe	was	836bps	long.	Whole-mount	RNA	ISH	was	performed	using	kidney,	
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bladder,	ureter	and	skin	dissected	from	(E)	15	B6	embryos.	The	dissected	tissues	were	fixed	

overnight	 at	 4°C	 in	 4%	 PFA.	 	 The	 following	 day,	 the	 tissues	 were	 washed	 in	 PBST,	 and	

partially	permeabilised	using	10μg/ml	proteinase	K	for	15	minutes	at	room	temperature.	

The	digestion	was	stopped	by	washing	the	tissues	with	2	mg/ml	of	glycine	in	PBST,	followed	

by	 a	 re-fixation	 step	 in	 4%	 PFA.	 The	 embryos	 were	 then	 washed	 and	 incubated	 with	

hybridization	 solution	 at	 65°C	 for	 3	 hours	 (50%	 (v./v.)	 formamide,	 1%	 (wt./v.)	 embryo	

powder,	5X	SSC,	1	mg/ml	yeast	RNA,	0.1	ng/ml	heparin,	0.1%	(wt.,/v)	CHAPS,	5mM	EDTA).	

Subsequently	the	tissues	were	incubated	with	the	Tnxb	antisense	probe	(i.e.	100	μl	probe	in	

1ml	of	hybridization	solution)	at	65°C	overnight.	The	following	day	the	probe	was	removed	

and	 the	 tissues	were	washed	with	 2X	 SSC	with	 0.1%	 CHAPS	 at	 65°C,	 followed	 by	 PBST	

washes	at	room	temperature.	The	tissues	were	then	incubated	with	blocking	buffer	(10%	

(v./v.)	 heat	 inactivated	 sheep	 serum	 in	 PBST)	 for	 2	 hours	 at	 4°C,	 followed	 by	 overnight	

incubation	with	1:500	dilution	of	anti-DIG	antibody	(Sigma	Cat#	11093274910)	at	4°C.	The	

following	 day	 the	 antibody	 was	 removed	 and	 the	 tissues	 were	 washed	 with	 PBST.	 The	

colourimetric	detection	step	was	performed	using	the	1-Step™	NBT/BCIP	substrate	solution	

(ThermoFisher	Cat#	34042).	The	tissues	were	then	analyzed	as	whole-mounts,	followed	by	

paraffin	embedding	to	generate	sections.		
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Table	3	Sequence	of	the	primer	pair	used	to	generate	cDNA	template	for	Tnxb	antisense	

RNA	probe.		

Table	3	Tnxb	cDNA	primers	

Primer	 Forward	Sequence	(5’-3’)	 Reverse	Sequence	(5’-3’)	

Tnxb	mRNA	 CTCCCGTGCTCACTTCCTTT	 CCCCCTGTAAACATGGTGCT	

	

	

Figure	4	Location	of	Tnxb	in	situ	hybridization	probe.	

Schematic	representation	of	Tnxb	mRNA	spanning	exons	28	to	33,	and	the	position	of	primer	pair	used	

to	generate	cDNA	template	for	RNA	probe	generation.	The	forward	primer	spans	exon	junction,	while	

the	reverse	primer	is	located	in	the	3’UTR	of	the	transcript.		

	

2.6 RNA	isolation	and	quantitative	Reverse-Transcription	PCR	(RT-qPCR)		

To	examine	expression	levels	of	Tnxb	mRNA	in	the	urinary	tract,	I	performed	RT-qPCR	on	

kidney,	 bladder,	 ureter,	 as	 well	 as	 skin.	 Total	 RNA	 was	 extracted	 from	 frozen	 tissue	 of	

newborn	and	adult	mice.	TURBO	DNA-free™	kit	(ThermoFisher	Cat#	AM1907)	was	used	to	

ablate	 genomic	 DNA.	 cDNA	 synthesis	 was	 performed	 using	 QuantiTect	 Reverse	

Transcription	 kit	 (Qiagen	 Cat#	 205311).	 RT-qPCR	 was	 performed	 in	 duplicates	 using	

QuantiTect	 SYBR®	 Green	 (Qiagen	 Cat#	 204143)	 and	 Roche	 LightCycler®	 96	 system.	

Reference	genes	were	selected	using	the	geNorm	v.	3.4	algorithm	as	described	by	Hellemans	

29 28 

F 

R 
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3’	UTR 
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and	 Vandesompele	 (2014),	 and	 in	 accordance	 with	 MIQE	 guidelines	 (251,	 252).	 β-2	

microglobulim	 (β2m),	 ribosomal	 protein	 L13a	 (Rpl13a),	 and	 retention	 in	 endoplasmic	

reticulum	sorting	 receptor	1	 (Rer1)	were	 selected	as	 reference	genes,	 from	a	 total	of	 ten	

candidate	 genes,	 because	 they	 are	 stably	 expressed	 in	 all	 tissues	 of	 interest.	 The	

normalization	factor	for	Tnxb	gene	expression	was	calculated	by	geNorm	using	the	data	from	

the	 three	reference	genes.	The	primers	 for	 the	 reference	genes	and	Tnxb	as	well	as	 their	

annealing	temperature	are	described	in	Table	4.	The	normalized	relative	quantity	(NRQ)	of	

the	Tnxb	was	 calculated	 according	 to	 the	 qBase+	method	 described	 by	 Hellemans	 et	 al.,	

(2007)	(253).		

		

Table	4	RT-qPCR	primers	and	annealing	temperatures	

Primer	
Forward	Sequence		

(5’-3’)	

Reverse	Sequence		

(5’-3’)	

Reference	

Sequence	

Amplicon	size	

(bp)	

Tm	(°C)	

	

Tnxb	 GTGGATCACCAGGGAGTGAG	 TCAGTGCTCGGCAGTCATAC	 NM_031176.22	 162	 58	

β2m	 ATGCTATCCAGAAAACCCCTCAA	 GCGGGTGGAACTGTGTTACG	 NM_009735.3	 100	 58	

Rpl13a	 AGGGGCAGGTTCTGGTATTG		 TGTTGATGCCTTCACAGCGT	 NM_009438.5	 123	 58	

Rer1	 GATTTTTCTCACGGCTTGGA	 GGCTGTGTAGGGGGTAGACTT	 NM_026395.1	 182	 58	
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2.7 Collagen	detection	by	Sirius	Red	Staining	

To	examine	the	collagen	content	in	the	ureter,	bladder	and	skin	of	embryonic	day	E15,	

newborn	and	adult	mice,	5μm	sections	of	paraffin-embedded	bladder,	ureter	and	skin	were	

stained	with	 picro-sirius	 red	 (Polysciences	 Inc.,	 Cat#	 24901B).	 Digital	 images	 of	 stained	

sections	were	 obtained	 using	 the	 Zeiss	 Axiophot®	 microscope	with	 polarized	 filters	 and	

analyzed	using	Image-Pro	Plus	software	(Media	Cybernetics)	to	quantify	total	collagen	based	

on	 the	 degree	 of	 birefringence	 detected.	 For	 each	 tissue	 type,	 three	 sections	 from	 three	

individual	mice	were	analyzed.	For	each	section,	three	randomly	selected	microscopic	fields	

were	used	to	examine	birefringence,	and	for	each	microscopic	field	the	intensity	distribution	

was	 used	 to	 set	 a	 background	 intensity	 threshold.	 In	 each	 microscopic	 field,	 the	 signal	

intensity	of	five	rectangular	areas	of	equal	size	were	analyzed	by	the	software.	Consequently,	

a	total	of	15	regions	were	analyzed	per	section.	The	total	area	analyzed,	as	well	as	the	total	

area	yielding	signal	intensity	over	the	threshold	was	established	for	each	section	and	tissue	

type.	The	average	intensity	was	calculated	for	each	section,	and	then	for	each	tissue	type.	

The	 ratio	 of	 collagen	 expression	 for	 each	 tissue	 was	 calculated	 by	 diving	 the	 average	

intensity	by	the	total	area	analyzed	for	each	tissue.	This	ratio	was	expressed	as	a	percentage	

and	plotted.	The	collagen	content	of	the	skin	for	each	mouse	strain	was	used	as	the	indicator	

of	presence	or	absence	of	systemic	defects	in	collagen	deposition.		

	

	

	



	 53	

2.8 Immunofluorescence	

	 To	visualize	alpha	smooth	muscle	actin	(α-SMA),	and	tropoelastin	(Eln)	expression	in	

paraffin-embedded	bladder	and	ureter	sections,	the	following	antibodies	were	used:	(α-SMA	

rabbit	polyclonal	Abcam	5694)	(Eln	rabbit	polyclonal	Abcam	21600).	Heat-induced	epitope	

retrieval	was	performed	using	10mM	sodium	citrate	buffer,	pH	6.0,	for	30	minutes.	Slides	

were	then	blocked	in	10%	normal	goat	serum	for	1	hour	at	room	temperature,	and	incubated	

overnight	at	4°C	with	a	1:100	dilution	of	the	primary	antibody.	The	following	day,	slides	were	

washed	 in	 PBS	 and	 incubated	 for	 2	 hours	 at	 room	 temperature	 with	 fluorescently-

conjugated	secondary	antibody	(goat	anti-rabbit,	1:500	dilution).	After	final	washes,	slides	

were	 mounted	 and	 the	 sections	 were	 visualized	 using	 a	 Leica®	 DM	 6000	 Fluorescence	

microscope.		

	

	

2.9 Semi-quantitative	Western	blot		

	 Flash-frozen	kidney,	bladder,	ureter,	and	skin	samples	pooled	from	four	pups	for	each	

mouse	 strain	 was	 used	 for	 protein	 extractions.	 The	 protein	 extracts	 were	 prepared	 as	

follows:	flash-frozen	tissues	were	ground	into	powder	using	a	chilled	pestle	and	mortar.	The	

lysis	buffer	consisted	of	protease	and	phosphatase	inhibitor	cocktail	(AG	Scientific	Inc.,	Cat#	

T-2495)	and	a	modified	RIPA,	optimized	to	better	solubilize	ECM	proteins	with	the	following	

ingredients:	150mM	NaCl,	1%	Triton	X-100,	0.1%	SDS,	10mM	Tris-HCl,	1%	Na-Deoxycholate,	

5mM	 EDTA,	 1mM	 EGTA,	 100mM	 Na-orthovanadate,	 5%	 glycerol,	 1mM	 PMSF.	 The	DC	 ™	

colourimetric	 protein	 assay	 (Bio	 Rad	 Cat#	 5000112)	was	 used	 to	 determine	 the	 protein	

concentration	of	the	extracts.	Electrophoresis	was	performed	using	Bio	Rad	TGX	Stain-Free™	
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FastCast™	7.5%	acrylamide	solutions	(Cat#	1610181),	and	30	μg	of	protein	was	loaded	per	

sample.	 The	 blots	 were	 first	 detected	 for	 Col1	 protein	 using	 1:1000	 dilution	 of	 rabbit	

polyclonal	antibody	(Abcam	21286),	then	stripped	using	Millipore	ReBlot	Plus	Mild	(Cat#	

2506),	 and	detected	 for	Col3	protein	using	1:1000	dilution	of	 rabbit	 polyclonal	 antibody	

(Abcam	7778).	 In	all	 cases	 the	 secondary	antibody	 (Cell	 Signalling	70745)	was	used	at	 a	

1:10000	dilution.	The	chemiluminescence	detection	was	performed	using	Luminata	Forte	

(Millipore	Cat#	WBLUF0100).	The	protein	abundance	was	normalized	to	the	total	protein	

using	Bio	Rad’s	Image	Lab™	software.	The	software	creates	a	multichannel	image	using	the	

digital	image	of	the	blot	taken	immediately	post	protein	transfer	(i.e.	stain-free	image	of	total	

protein)	and	the	digital	image	of	the	blot	post	chemiluminescence	detection	(i.e.	image	of	the	

band	intensities).	The	software	then	associates	each	detected	band	with	its	corresponding	

lane	on	the	stain-free	image	of	total	protein.	To	adjust	for	variation	in	the	protein	loading	

between	different	lanes,	the	software	automatically	selects	the	first	nonstandard	(i.e.	not	a	

protein	ladder)	as	the	reference	lane	against	which	all	other	lanes	are	compared,	generating	

a	normalization	factor.	The	normalized	intensity	of	each	band	is	calculated	by	multiplying	

the	normalization	factor	with	band	intensity.	This	value	is	reported	as	the	amount	of	protein	

present	in	each	tissue	type.		
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2.10 Vurm1	in	silico	analysis	

List	 of	 elements	 present	 in	 the	 Vurm1	 region	 was	 generated	 using	 USCS	 Table	

Browser	data	 retrieval	 tool	 and	mouse	mm10	alignment	 (254).	 Information	on	gene	and	

protein	functions	was	retrieved	from	Gene	database	of	the	National	Centre	for	Biotechnology	

Information	 (NCBI,	Bethesda,	MD,	https://www.ncbi.nlm.nih.gov/genome),	The	Universal	

Protein	 Knowledgebase	 (UniProt,	 Oxford,	 UK,	 http://www.uniprot.org/),	 GeneCards	

database	 (Weizmann	 Institute	 of	 Science,	 Rehovost,	 Israel,	 http://www.genecards.org/),	

and	 The	 Extracellular	 Matrix	 Interaction	 database	 (MatrixDB,	 Lyon,	 France,	

http://matrixdb.univ-lyon1.fr/).	 The	 Mouse	 Genome	 Project	 (Wellcome	 Trust	 Sanger	

Institute,	Oxford,	UK,	http://www.sanger.ac.uk/)	was	used	to	generate	a	list	of	SNPs	in	genes	

with	matrix-related	functions.	The	Mouse	Genome	Project	database	was	used	to	investigate	

presence	or	absence	of	these	variants	in	C3H,	as	well	as	other	mouse	models	of	VUR	without	

kidney	malformations	(i.e.	AKR/J,	CBA/J,	DBA2/J).	The	predicted	functional	effects	of	coding	

variants	were	determined	using	pre-computed	values	of	the	PROVEAN	and	SIFT	algorithms.	

Figure	5	is	a	description	of	the	data	analysis	workflow.		
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Figure	5	Workflow	of	variant	analysis	for	ECM-related	genes	in	the	Vurm1	locus	

	
	

2.11 Human	DNA	samples	

Our	laboratory	previously	recruited,	phenotype	and	obtained	saliva	samples	from	a	

cohort	of	children	with	VUR	(255).	
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2.12 PCR	and	Sanger	sequencing	

The	human	TNXB	is	~68Kbps	long	and	has	44	exons	with	many	internal	repeats	and	

high	GC	content.	Its	longest	coding	exon,	exon	3,	is	the	site	of	numerous	CpG	islands.	Exons	

32	to	44	have	undergone	duplication,	resulting	in	a	pseudogene	(i.e.	TNXA).	TNXA	is	located	

upstream	of	CYP21A2	gene,	which	is	implicated	in	congenital	adrenal	hyperplasia,	and	flanks	

TNXB	on	its	3’	end,	in	opposite	transcriptional	direction.	TNXA	is	transcriptionally	active	and	

codes	for	a	truncated	version	of	TNXB,	containing	partial	FNIII	repeats	and	intact	FBG-like	

domain	(256).	The	combination	of	these	characteristics	has	posed	a	challenge	in	sequencing	

TNXB.	In	collaboration	with	Voermans	and	colleagues,	as	well	as	Gbadegesin	and	colleagues,	

I	designed	a	set	of	41	primer	pairs,	as	well	as	long-range	PCR	primers	to	cover	the	duplicated	

region	of	TNXB	(i.e.	exons	32-44)	(Table	5)	(36,	38).		

	

	

Figure	6	Arrangement	of	TNXB	and	TNXA	on	human	chromosome	six.	

The	red	arrow	shows	the	direction	of	TNXB	transcription,	while	the	black	arrow	shows	the	direction	of	

transcription	of	all	other	genes	in	that	region.	CYP21A1	encodes	the	steroid	21-hydroxylase,	and	flanks	

the	3’	end	of	TNXB.	RP2	is	a	pseudogene	for	RP1,	which	encodes	a	serine/threonine	nuclear	kinase.	C4B	

encodes	the	basic	form	of	complement	factor	4.				
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Table	5	TNXB	Sanger	primers	

Exon	 Forward	Primer	(5’-3’)	 Reverse	Primer	(5’-3’)	

3	 ATGCCACAGTCGTCACCA	 AGAGCAGAGCTGGGCTACAT	

3	 GCAATCGGTTCCAGTGTACC	 GGTCGTTGCGTGTGCTTT	

3	 GCAGTCTTCCCCTGAGTAGC	 GAATGCATTTGCGACACG	

3	 AGGCACACTCCTTGCACAC	 GAGAACGGCGTGTGTGTTT	

3	 CCCTCTACACACACACACTGG	 GGAAGGCTACGTGAGTGAGG	

3	 CATGCTCTCCCTCCACTCTT	 GTGCAAGGAGTGTGCCTGT	

4	 GCCATCTGGACTCAACCAAT	 CTGAGTAAAAGGGGCTGTGG	

5	 GGCAGATTCCCTCTCTAGTCC	 GAGATAAGGGGGATTGAGCA	

6	 CCAGAAGCATTCAGAGGAGTC	 TGGACTAGAGAGGGAATCTGC	

7	 CCAATAACCCCAGCTCCTC	 GGACTGGGGATTCCTTTCTAGT	

8	 CCCAAAGCACTGAGAAAACC	 ATCCAGGATGGAGTGAGGTG	

9	 CTGACACAGCCAGGGTATGA	 CCTATGTGGGATTTGGCTTC	

10	 GGCAAAATGAGCTGAGAAGG	 TGTCAGGCTTCCCAGAAGTT	

11	 CTGGAGCAAGGAGAGCAACT	 TTTCCATGGCTGTCATCTGT	

12	 GGAGGAGTAAAGGGGTCAGG	 GGTGACAGCGAGACTCCATC	

13	 CAGGTGGACAAAGGGAAGAC	 CCCCATCTCAGTTCACAGC	

14	 CTGGGGCCAAATAATGGTAA	 GCAGTTCTGGGTTTTTCCAG	

15	 AAAGGGGCACAAGGAAACTT	 CCCAGTCTTCCAGAAACAGC	

16	 TTCTGAAGGCTTCTCCTCCTC	 TTTCGATTGCTGACTGCTTG	

17	 ACCAAAGAGCAAGAGGGTGA	 CTTTCAGATGGCTGGGAGAG	

18	 AGGAGATGCTGGAGGCTGTA	 CCAGTCATAGCCTTGGCTTC	

19	 AGTGAAGGCACCAGCAGAA	 CCTCAACACCTCCTTGCAG	

20	 ACCAAAGAGCAAGAGGGTGA	 GCACCAGCATCCAGACTGT	

21	 GGTACCCATGAGGGAAAGGT	 CCACGACGTAAGCACATCC	

22	 ACTGTGAGCCCCATCAAGAC	 AGCAAAGCAAGTTGCCCTTA	

23	 ACCAAAGAGCAAGAGGGTGA	 GGGCACTTTGTGTTTTGTGA	

24	 CATGGAAACGTGCAAAAGAA	 CTTGAAGACCTGAGCACATCC	

25	 GTCAGTCCTCAGGGAAGTGG	 AACAAAAGATGGCGAGGAGA	

26	 CGAAGACTGGAGAGACAGCA	 CCTTCCTCACAAGACCCAAG	

27	 CCTGTTCTTGGGCACTTTGT	
CCTCTGCAGTGGAGAAGGAG	

	

28	 AAGAGGTGCCAAGATCCAAA	 CCAGTCATAGCCTTGGCTTC	

29	 ATCAGTGGGTGCTGAGGACT	 GCCGCTAAGAAATGCTCACT	

30	 GAGGGACTCACTTTCGGAGTT	 ATAGCAGCCCAGGAAGCTC	

31	 TTGTCTTCAGCCCAAATGC	 CTCGATCACAGCAGGGAAG	

32	(start	of	Pseudogene	region)	 GGCCAAGCCTGGAAGATAAA	 GATTGGAGACAGAAGCACAC	

33	 CCAGGGAGAGAGGATGGAT	 GTCCCCAGGAATGGAAGT	

34,	35	 GACCTAGTGCCTCAGCCA	 GGCTCTCTCTACTCCGTG	

36,	37,	38	 ATGGGTGGGAGTTGAGAG	 TGGAAGCTGAGCAGGTAG	

38,	39,	40	 TCTCCTCTTCCTGCTTTCCC	 CCCCATCAGTCTCCATGTC	

40,	41,	42,	43	 CAGGACCAGCACCATCTT	 TTGAGGTTGGCGTAGTGG	

43,	44	 GCTGTCTCCTACCGAGGG	 GCAGAGAAGGCTTCCTCC	

Long	range	primers	for	Pseudogene	

region	
GTCTCTGCCCTGGGAATGA	 TGTAAACACAGTGCTGCGA	
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2.13 TNXB	sequencing	data	analysis	

Sequenced	reads	were	mapped	 to	 the	hg19	human	reference	genome	using	Phred	

alignment	tool.	Variants	in	each	sample	were	determined	using	Atlas-SNP2	to	detect	single	

nucleotide	variants.	Variants	were	annotated	using	the	following	data	sources:	1000	genome	

database,	ExAC,	dbSNP,	ESP5400,	NIEHS	exomes,	RefSeq,	and	dbNSFP.	Variants	not	reported	

in	 these	databases	were	 considered	novel.	Non-synonymous	variants	with	 a	minor	 allele	

frequency	(MAF)	of	≤1%	when	compared	to	the	frequency	in	ethnically	matched	populations	

were	considered	as	rare	variants.	The	ethnicity	of	our	cohort	was	self-reported	and	consisted	

of	40%	French	Canadians,	30%	European	(non-Finnish),	8%	South	Asian,	and	22%	mixed	

race.	For	the	purpose	of	data	analysis,	we	utilized	the	population	groups	described	in	ExAC	

and	therefore	categorized	French	Canadians	as	European	non-Finnish,	and	the	mixed-race	

individuals	as	other,	because	they	did	not	unambiguously	cluster	with	the	major	populations	

described	in	ExAC.	The	predicted	functional	effects	of	rare	variants	were	determined	using	

pre-computed	 values	 of	 the	 PHAST,	 SIFT,	 Polyphen2	 and	 Mutation	 Taster	 algorithms.	

ClustalW2	 alignment	 tool	 (The	European	Bioinformatics	 Institute,	 EMBL-EBI,	 Cambridge,	

UK)	was	used	to	align	the	human	TNXB	with	its	murine	orthologue.		Figure	7	is	a	description	

of	the	data	analysis	workflow.		
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Figure	7	Workflow	of	TNXB	variant	prioritization.	
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2.14 Statistical	analysis	

	 All	results	with	samples	size≥	3	are	expressed	as	mean	±	standard	error.	One-way	

ANOVA	followed	by	Dunnett’s	multiple	comparisons	(Graphpad	Software,	La	Jolla,	California	

USA)	was	used	for	statistical	analysis	involving	three	experimental	groups	(i.e.	B6,	Tnxb+/-,	

Tnxb-/-).	Paired	t-test	(Graphpad	Software,	La	Jolla,	California	USA)	was	used	for	statistical	

analysis	involving	two	experimental	groups	(i.e.	B6,	C3H).	In	all	analysis	genotype	was	the	

independent	variable.	The	cut-off	for	significance	was	p-value	≤	0.05.	All	results	with	sample	

size	=	2	are	expressed	as	a	mean,	with	the	error	bar	corresponding	to	the	range	of	the	plotted	

data.	Statistical	significance	will	be	analyzed	pending	increase	in	sample	size.			
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3 CHAPTER	THREE:	Results	

3.1 Matrix	defects	in	the	bladder	and	ureter	in	a	mouse	model	of	VUR	(C3H),	

as	well	as	Tnxb+/-	and	Tnxb-/-	mice	

	

3.1.1 The	bladder	of	newborn	Tnxb+/-	and	Tnxb-/-	mice	exhibits	a	compliance	defects	

I	used	the	bladder	compliance	assay	described	in	13.3,	to	evaluate	the	ability	of	P1	bladders	

of	 B6	 (i.e.	 Tnxb+/+,	 and	 no	 VUR	 controls),	 C3H,	 Tnxb+/-	 and	 Tnxb-/-	 mice	 to	 withstand	

increasing	intraluminal	pressures	(Table	6).	

The	results	indicate	that	40%	of	Tnxb+/-	bladders	ruptured	at	an	intraluminal	pressure	of	90	

cm,	53.3%	ruptured	at	60	cm,	and	6.7%	ruptured	at	30	cm.	For	the	bladders	of	Tnxb-/-	mice,	

50%	of	ruptured	at	60	cm	and	50%	at	30	cm.	 	 	The	majority	of	Tnxb+/+	(i.e.	B6)	bladders,	

91.7%,	ruptured	at	120	cm,	while	8.3%	ruptured	at	90	cm.	Interestingly,	the	bladder	in	C3H	

pups	did	not	rupture	even	at	a	pressure	of	120	cm.	I	did	not	find	any	correlation	between	the	

pressure	at	rupture	and	the	gender	of	the	pups.	Similarly,	there	was	no	correlation	between	

the	bladder	content	prior	to	start	of	the	assay	and	the	pressure	at	rupture.	The	bladders	of	

Tnxb+/-	and	Tnxb-/-	mice	rupture	at	 lower	pressures	 than	wildtype	mice	and	 this	suggests	

there	 is	 a	 defect	 in	 the	 tensile	 strength	 and	 compliance	 of	 these	 bladders	 that	 could	

predispose	to	the	development	of	bladder	diverticula	in	the	setting	of	sustained	and	elevated	

intraluminal	pressure.		
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Table	6	Compliance	of	occluded	newborn	mouse	bladder.	

The	rupture	pressure	is	equal	to	the	height	of	the	dye	column	measured	in	cm.	All	pups	were	tested	at	

postnatal	day	one.	

Strain	 Total	pups	tested	
Rupture	Pressure	

30	cm	 60	cm	 90	cm	 120	cm	

B6	
12	 0	 0	 1	 11	

%	Ruptured	 0%	 0%	 8.3%	 91.7%	

Tnxb+/-	
15	 1	 8	 6	 0	

%	Ruptured	 6.7%	 53.3%	 40%	 0%	

Tnxb-/-	
8	 4	 4	 0	 0	

%	Ruptured	 50%	 50%	 0%	 0%	

C3H	
8	 0	 0	 0	 0	

%	Ruptured	 0%	 0%	 0%	 0%	
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3.1.2 The	LacZ	cassette	used	to	create	the	Tnxb	null	allele	is	not	expressed	

	 The	β-galactosidase	 expression	 assay	was	performed	multiple	 times	by	modifying	

several	experimental	conditions	(i.e.	pH,	temperature	and	duration	of	X-gal	incubation)	on	

P1	tissue,	however	I	was	unable	to	detect	an	expression	pattern	in	Tnxb+/-	and	Tnxb-/-	tissue	

that	differed	from	the	endogenous	β-galactosidase	activity	observed	in	Tnxb+/+	tissue	(Figure	

7).	We	contacted	the	group	(J.	Bristow,	personal	communication)	who	had	originally	created	

the	null	allele,	and	were	informed	that	their	efforts	to	express	the	LacZ	cassette	were	also	

unsuccessful.		

	

	

Figure	8	β-galactosidase	expression	assay	in	Tnxb	mutant	mice.	

Bright-field	microscopic	images	of	representative	β-gal	expression	assay	performed	on	WT	(left)	and	

KO	(right)	kidney	(A)	as	well	as	skin	(B).	Endogenous	β-gal	activity	is	shown	in	the	WT	(left)	image	and	

is	similar	to	the	signal	detected	in	the	Tnxb-/-	kidney	(right).	Scale	bar=	250μm,	N=	5.		
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B. 
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3.1.3 The	commercially	available	TNXB	antibodies	are	not	specific	in	mouse	

I	 used	 two	 commercially	 available	 antibodies	 (Proteintech	 rabbit	 polyclonal	 Cat#	

13595-1-AP	and	Santa	Cruz	rabbit	polyclonal	Cat#	sc-25717)	to	describe	the	expression	of	

Tnxb	 in	 mouse	 urinary	 tract	 using	 semi-quantitative	 Western	 blotting	 and	

immunohistochemistry	 (IHC).	 I	 used	 protein	 extracts	 from	 Tnxb-/-	 pups	 to	 control	 for	

antibody	specificity.	With	both	antibodies,	I	observed	bands	corresponding	to	the	predicted	

molecular	weight	 of	 TNXB,	 as	 reported	 by	 the	makers	 of	 the	 antibodies	 (i.e.	 75kDa	 and	

200kDa	for	Proteintech,	200kDa	and	400kDa	for	Santa	Cruz)	in	the	KO	samples.	It	is	worth	

mentioning	 that	 the	 75kDa	 and	 the	 200kDa	 bands	 correspond	 to	 the	 plasma	 isoform	 of	

TNXB,	while	the	400kDa	corresponds	to	the	interstitial	isoform	of	TNXB.	

IHC	experiments	carried	out	on	Tnxb-/-	kidney,	bladder	and	ureter	sections	produced	

a	signal	similar	to	that	of	the	Tnxb+/-	littermates.	These	experiments	suggested	that	neither	

antibody	could	be	used	to	detect	the	protein.		

A	non-commercially	available	rabbit	polyclonal	anti-TNXB	antibody	was	created	by	

Bristow	et	al.,	(1997)(204).	We	were	given	a	10	μl	aliquot	of	this	antibody,	however	this	was	

insufficient	to	perform	analysis	and	we	were	unable	to	procure	more.				
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Figure	9	Tnxb	Western	blot	analysis.	

A	representative	Western	blot	experiment	performed	using	Santa	cruz	(A),	and	Proteintech	(B)	anti-

TNXB	antibody.	The	Santa	Cruz	antibody	is	predicted	to	generate	bands	at	400kDa	and	200kDa,	while	

the	Proteintech	antibody	is	predicted	to	generate	bands	at	75KDa	and	200kDa.	L	represents	protein	

ladder,	TNX	KO1	and	TNXKO2	represent	protein	extracts	from	two	different	pools	of	Tnxb-/-	kidneys,	

while	WT1	and	WT2	represent	protein	extracts	 from	 two	different	pools	of	WT	kidneys.	With	both	

antibodies,	bands	corresponding	to	the	predicted	molecular	weight	of	Tnxb	were	observed	in	the	null	

samples.		
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3.1.4 Tnxb	mRNA	expression	in	the	urinary	tract	

	 The	expression	pattern	of	Tnxb	 in	the	urinary	tract	of	mice	is	not	well	established.	

Due	to	the	unavailability	of	a	reliable	antibody,	I	endeavoured	to	establish	the	expression	

pattern	 of	 Tnxb	mRNA	 using	 RNA	 in	 situ	 hybridisation	 (ISH)	 and	 reverse	 transcription	

quantitative	PCR	(RT-qPCR).	

I	performed	the	Tnxb	ISH	analysis	from	B6	E15	embryonic	tissue,	as	this	is	the	onset	

of	urine	production	in	the	mouse	embryo.	The	newborn	and	adult	analyses	are	on	going.	The	

temporal	and	spatial	expression	of	Tnxb	 is	well	established	in	mouse	skin,	using	the	non-

commercially	available	antibody	created	by	Bristow	et	al.,	(1997)(204).	I	therefore	used	skin	

as	a	control.		

At	 E15,	 expression	was	 observed	 in	 the	 kidney,	 bladder	 and	 ureter,	 and	 the	 skin	

(Figure	 10-13).	 At	 E15,	 Tnxb	 was	 expressed	 in	 the	 undifferentiated	 mesenchyme	

surrounding	epithelial	structures	of	the	kidney	(Figure	10).	In	the	bladder	and	ureter,	the	

expression	was	observed	in	the	basal	periphery	of	smooth	muscle	as	well	as	the	adventitia	

(Figure	 11,12),	 which	 are	 the	 sites	 of	 induction	 of	 smooth	 muscle	 cell	 proliferation,	 as	

bladder	smooth	muscle	forms	first	in	the	outer	zone	(adventitial	side),	and	then	proceeds	

towards	 the	 lumen	 (257).	 The	 peripheral	 cells	 in	 the	 bladder	 and	 ureter	 are	 known	 to	

express	α-SMA	and	other	matrix	components	(257).	In	the	bladder	some	signal	was	detected	

on	 the	 lumen	 face	 of	 the	 urothelium.	 	 Gbadegesin	 et	 al.,	 (2013)	 have	 performed	

immunohistochemistry	on	resected	human	UVJs	using	Proteintech	anti-TNXB	antibody,	and	

reported	presence	of	TNXB	in	urothelium(36).		

In	the	skin,	Tnxb	expression	was	limited	to	the	dermis	(Figure	13),	which	is	consistent	

with	the	protein	expression	profile	previously	reported	by	Egging	et	al.,	(2006)(212).		
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Figure	10	Tnxb	in	situ	hybridisation	in	E15	mouse	kidney.	

Whole-mount	RNA	ISH	in	E15	kidney	shows	presence	of	Tnxb	mRNA	in	cap	mesenchyme	(A).	Bright-

field	microscopic	image	of	paraffin	section	of	whole-mount	kidney	confirms	presence	of	Tnxb	mRNA	in	

the	undifferentiated	mesenchyme	of	the	kidney	(B).	Panel	(C)	is	a	high	magnification	image	of	panel	

(B).	Scale	bar=250	μm	(A,	B),	or	50	μm	(C).	N=	2.	
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Figure	11	Tnxb	in	situ	hybridisation	in	E15	mouse	bladder.	

Whole-mount	RNA	ISH	of	bladder	shows	the	presence	of	Tnxb	mRNA	in	the	bladder	(A).	Bright-field	

microscopic	images	of	paraffin	section	of	whole-mount	bladder	confirms	the	presence	of	Tnxb	mRNA	

in	the	basal	periphery	of	bladder	smooth	muscle	(B).	Faint	signal	is	defected	on	the	luminal	face	of	the	

urothelium	(C).	Panel	(D)	is	a	high	magnification	image	of	bladder	smooth	muscle.	Scale	bar=250	μm	

(A,	B),	or	50	μm	(C,	F).	N=	2.	
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Figure	12	Tnxb	in	situ	hybridisation	in	E15	mouse	ureter.	

Bright-field	microscopic	images	of	paraffin	section	of	ureter	confirms	the	presence	of	Tnxb	mRNA	in	

the	basal	periphery	of	bladder	smooth	muscle	as	well	as	adventitia.	Scale	bar=	50	μm.	N=	2.	
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Figure	13	Tnxb	in	situ	hybridisation	in	E15	mouse	skin.	

Whole-mount	RNA	 ISH	of	 skin	 shows	 the	presence	of	Tnxb	mRNA	 is	 limited	 to	 the	 skin	dermis	 (A).	

Bright-field	microscopic	 image	 of	 paraffin	 section	 of	 whole-mount	 skin	 confirms	 presence	 of	Tnxb	

mRNA	in	the	dermis.	Scale	bar=250	μm	(A),	or	100	μm	(B),	N=	2	
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Using	RT-qPCR	I	analysed	 the	mRNA	expression	of	Tnxb	 in	newborn	and	adult	B6	

kidney,	 bladder,	 ureter	 and	 skin	 normalized	 to	 reference	 genes	 (i.e.	 β2m,	 Rer1,	 Rpl13a)	

(Figure	14).	At	birth,	Tnxb	was	expressed	in	kidney,	bladder,	ureter	and	skin,	with	the	lowest	

expression	level	observed	in	the	kidney,	and	the	highest	expression	observed	in	the	bladder	

(Figure	14A).	Similar	expression	levels	were	noted	in	adult	mice	(Figure	14B).	The	analysis	

in	E15	embryonic	tissue	is	ongoing.		

	

	

Figure	14	Normalized	Tnxb	mRNA	expression.	

Tnxb	 mRNA	 expression	 in	 newborn	 (A),	 and	 adult	 (B)	 B6	mouse	 kidney,	 bladder,	 ureter	 and	 skin,	

normalized	to	reference	genes.				
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3.1.5 Collagen	content	in	the	bladder	and	ureter	of	Tnxb+/-,	Tnxb-/-,	and	C3H	mice	

compared	to	controls		

	 Fibrillary	collagens	have	birefringence	qualities,	which	when	viewed	under	polarized	

light	produce	an	array	of	colours	depending	on	 the	 type	and	 thickness	of	collagen	 fibres.	

Yellow-orange	colours	are	associated	with	thicker	fibres	(i.e.	Col	I),	while	blue-green	colours	

are	associated	with	thinner	 fibres	(i.e.	Col	 III).	Visualization	of	Sirius	red-stained	bladder,	

ureter	 and	 skin	 of	 P1	Tnxb+/-,	Tnxb-/-	 and	 C3H	mice	 under	 polarized	 light	 demonstrated	

differences	 in	the	collagen	content	compared	to	age	and	sex-matched	B6	controls	(Figure	

15).		

	 In	the	case	of	Tnxb+/-and	Tnxb-/-	mice		a	reduction	in	the	birefringence	intensity	was	

observed	in	the	bladder,	ureter	and	skin	compared	to	WT	littermates	(Figure	15).	In	the	C3H	

pups,	 an	 increase	 in	 the	 birefringence	 intensity	was	 observed	 in	 the	 bladder	 and	 ureter	

compared	to	sex	and	age-matched	B6	pups	(Figure	15).	The	birefringence	intensity	in	the	

skin	of	C3H	pups	was	similar	to	that	of	B6	pups.		
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Figure	15	Polarized	light	images	of	Sirius	Red-stained	newborn	bladder,	ureter	and	skin.	

The	lamina	propria	in	the	bladder	and	ureter	Tnxb-/-	and	Tnxb+/-	pups	has	less	collagen	as	indicated	by	

the	decrease	in	the	degree	of	birefringence	detected	(A,	B).	Skin	is	used	as	control	and	demonstrates	

the	previously	reported	skin	phenotype	in	the	Tnxb+/-	and	Tnxb-/-	mice	(C).	The	lamina	propria	in	the	

bladder	 and	 ureter	 of	 C3H	 pups	 has	 more	 collagen	 as	 indicated	 by	 the	 increase	 in	 the	 detected	

birefringence	(A,	B).	No	difference	was	detected	in	the	birefringence	intensity	of	skin	in	C3H	and	B6	

pups.	LP:	lamina	propria,	SM:	smooth	muscle,	Adv:	adventitia.	Scale	bar	=	100	μm.	N=2	for	Tnxb+/-	and	

Tnxb-/-,	and	3	for	C3H.		
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Quantitative	analysis	of	birefringence	was	performed.	The	analysis	showed	that	the	

bladder	and	ureter	of	Tnxb-/-	and	Tnxb+/-	pups	had	less	collagen	content	compared	to	WT	

littermates.	No	statistical	significance	was	calculated	due	to	the	small	sample	size	(Figure	

16A).	Because	the	collagen	deficiency	in	the	skin	of	these	mice	has	been	well	characterized,	

skin	was	used	as	a	control,	and	my	analysis	confirmed	a	reduction	in	collagen	content	of	the	

skin	in	Tnxb-/-	and	Tnxb+/-	pups	that	is	consistent	with	previously	published	data.		

By	 performing	 a	 similar	 quantitative	 analysis	 on	 C3H	 sections,	 I	 showed	 that	 the	

bladder	and	ureter	of	C3H	pups	had	significantly	more	collagen	content	compared	to	B6	pups	

(p-value	=	0.0022	and	0.0002	respectively)(Figure	16B).	However,	the	collagen	content	in	

the	skin	of	C3H	and	B6	pups	was	similar,	demonstrating	that	the	defect	in	collagen	deposition	

is	not	seen	in	all	tissues.	
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Figure	16	Quantification	of	birefringence	as	a	measure	of	total	collagen	expression.	

The	collagen	content	in	the	bladder,	ureter	and	skin	of	Tnxb-/-	and	Tnxb+/-	pups	is	reduced	compared	to	

B6.	The	bladder	and	ureter	of	C3H	pups	have	significantly	more	collagen	compared	to	B6.	*P	≤	0.05,	**P	

≤	0.005,	***P	≤	0.0005.	N=2	for	Tnxb+/-	and	Tnxb-/-,	and	3	for	C3H.		

	

	

The	 bladder	 and	 ureter	 of	 C3H	 mice	 showed	 more	 yellow-orange	 birefringence,	

which	 corresponds	 to	 thicker	 collagen	 fibres	 (i.e.	 Col1).	 To	distinguish	differences	 in	 the	

abundance	of	different	collagen	types,	I	performed	Western	blot	analysis	using	antibodies	

for	ColI	and	ColIII	(Figure	17A).	Quantitative	analysis	of	Western	blot	experiments	showed	

that	there	is	indeed	more	Col	I	present	in	the	bladder	of	C3H	mice	(Figure	17B).	The	ureter	

of	C3H	mice	on	the	other	hand,	had	more	Col	III	compared	to	B6	(Figure	17C).	Once	again,	

these	differences	were	limited	to	the	bladder	and	ureter,	as	the	levels	of	Col	I	and	Col	III	in	

the	skin	of	C3H	and	B6	mice	were	similar.	
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Figure	17	Western	blot	analysis	of	Col	I	and	Col	III	expression.	

Col	 I	 and	 Col	 III	 expression	 in	 the	 kidney,	 bladder,	 ureter	 and	 skin	 of	 newborn	 C3H	 and	 B6	mice,	

normalized	to	total	protein	(A).	Quantitative	analysis	of	the	Col	I	Western	blots	shows	the	bladder	of	

C3H	mice	has	more	Col	I,	which	is	consistent	with	the	birefringence	signal	(B).	Quantitative	analysis	of	

Col	 III	western	blots	shows	that	the	ureters	of	C3H	mice	have	more	Col	 III	compared	to	B6.	(C).	The	

Western	 blots	 confirm	 the	 observation	 that	 the	 difference	 in	 collagen	 abundance	 is	 limited	 to	 the	

bladder	and	ureter,	as	the	skin	of	these	mice	contains	similar	collagen	levels.		
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3.1.6 	α-SMA	expression	in	the	bladder	and	ureter	of	Tnxb+/-,	Tnxb-/-,	and	C3H	mice	

compared	to	controls		

	 The	 bladder	 and	 ureter	 are	 muscular	 systems	 that	 rely	 heavily	 on	 their	 smooth	

muscle	for	structural	support	as	well	as	regulation	of	tissue	biomechanics	(i.e.	contraction,	

distension).	Because	actin	is	a	major	component	of	smooth	muscle	cells,	and	because	its	α	

isoform	is	the	major	component	of	smooth	muscle	cells’	contractile	machinery,	I	performed	

immunofluorescence	(IF)	of	α-SMA	on	ureter	and	bladder	of	P1	Tnxb+/-,	Tnxb-/-	and	C3H	mice	

(Figure	18).	No	difference	was	observed	in	the	α-SMA	detected	in	the	bladder	musculature	

of	 Tnxb+/-	 mice	 compared	 to	 WT	 littermates	 (Figure	 18A).	 However	 more	 α-SMA	 was	

detected	 in	 the	bladder	musculature	of	Tnxb-/-	mice	 compared	 to	WT	 littermates	 (Figure	

18A).	In	the	ureter,	more	α-SMA	was	observed	in	both	Tnxb+/-	and	Tnxb-/-	mice;	this	increase	

was	more	pronounced	in	the	ureter	musculature	of	Tnxb-/-	mice	(Figure	18B).		

	 In	C3H	mice,	more	α-SMA	was	detected	in	both	the	bladder	and	ureter,	compared	to	

B6		mice	(Figure	18A,B).		

Because	 increased	α-SMA	 is	 often	 associated	with	 a	 pro-fibrotic	 environment	 in	 a	

tissue,	I	used	Masson’s	Trichrome	to	investigate	collagen	deposition	in	the	musculature	of	

the	bladder	and	ureter	as	an	indication	of	a	pro-fibrotic	environment	(Figure	18C).	Masson’s	

Trichrome	staining	of	the	bladder	showed	increased	collagen	fibres	in	the	musculature	of	

Tnxb-/-	 and	 C3H	 mice	 compared	 to	 B6	 controls	 (Figure	 18C).	 The	 Masson’s	 Trichrome	

staining	of	the	ureters	was	unremarkable.	
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Figure	18	α-SMA	expression	in	the	bladder	and	ureter	and	newborn	mice	

Immunofluorescence	(IF)	detection	of	α-SMA	protein	in	the	bladder	and	ureter	(A,	B)	of	newborn	mice.	

α-SMA	is	green,	DAPI	is	blue.	α-SMA	is	highly	expressed	in	the	bladder	of	Tnxb-/-	and	C3H	mice	(A).	In	

the	ureter,	this	overexpression	in	seen	in	Tnxb+/-	and	Tnxb-/-,	and	C3H	mice	(B).	Masson’s	Trichrome	

staining	of	 the	bladder	of	newborn	mice	(C).	Muscle	 is	stained	red,	collagen	 fibres	are	stained	blue.	

Masson’s	Trichrome	staining	of	the	bladder	shows	increased	collagen	in	the	bladder	of	Tnxb-/-,	and	C3H	

mice.	The	blue	arrows	point	to	areas	with	prominent	collagen	fibres.	LP:	lamina	propria,	SM:	smooth	

muscle.	Scare	bar	=	250	μm	(A,B),	or	25	μm	(C).	N=	2	(IF).	N	=	5	(Masson’s	Trichrome).		

	

3.1.7 Elastin	expression	in	the	bladder	and	ureter	of	Tnxb+/-,	Tnxb-/-,	and	C3H	mice	

compared	to	controls	

	 Because	TNXB	is	known	to	interact	with	elastic	fibres	and	in	order	to	evaluate	

the	 recoil	properties	of	 the	bladder	and	ureter,	 I	performed	elastin	 immunofluorescence.	
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Elastin	was	mostly	observed	in	the	smooth	muscle	layer	of	the	bladder,	and	the	periphery	of	

musculature,	as	well	as	adventitia	of	the	ureter.	In	the	bladder,	a	decrease	in	the	amount	of	

elastin	detected	was	observed	compared	to	WT	littermates,	with	Tnxb-/-	mice	having	the	least	

amount	of	elastin	(Figure	19A).	In	the	ureter,	the	amount	of	elastin	present	appeared	similar,	

however	the	expression	pattern	in	the	ureter	of	Tnxb-/-	mice	appeared	diffuse	throughout	

the	musculature	(Figure	19B).	Because	the	skin	of	Tnxb+/-and	Tnxb-/-	mice	is	reported	to	have	

slender,	fragmented	elastic	fibres	with	aberrant	expression	pattern,	I	used	skin	as	a	control	

(Figure	19C).	The	reduced	elastin	signal	detected	in	the	skin	of	these	mice	is	consisted	with	

previously	published	data	(Figure	19C).			

In	C3H	mice,	less	elastin	was	detected	in	both	the	bladder	and	ureter	compared	to	B6	

mice	(Figure	19A,	B).	Interestingly,	the	skin	of	C3H	mice	appeared	to	have	less	elastin	as	well	

(Figure	19C).		
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Figure	19	Elastin	expression	in	the	bladder,	ureter	and	skin	on	newborn	mice.	

Elastin	is	green,	DAPI	is	blue.	In	the	bladder	elastin	is	mostly	observed	in	the	musculature	and	on	the	

edges	of	the	lamina	propria.	The	elastin	expression	is	decreased	in	the	bladder	of	Tnxb+/-,	Tnxb-/-	and	

C3H	mice	 (A).	 In	 the	 ureter,	 elastin	 is	mostly	 observed	 in	 the	 periphery	 of	musculature	 as	well	 as	

adventitia.	No	difference	was	detected	in	the	amount	of	elastin	present	in	the	ureter	of	Tnxb+/-	and	Tnxb-

/-	mice,	however	the	expression	of	elastin	in	Tnxb-/-	ureter	appeared	diffuse.	The	ureter	of	C3H	mice	had	

less	elastin	compared	to	B6.	LP:	lamina	propria,	SM:	smooth	muscle.	Scale	bar	=	75	μm	(A,B),	or	100	μm	

(C).	N=2.		
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3.2 Extracellular	matrix-associated	genes	in	Vurm1	

As	reported	in	14.1,	the	C3H	mice	present	a	host	of	ECM	anomalies	in	their	urinary	

tract	that	include	increased	collagen	and	α-SMA	expression	in	their	bladder	and	ureter,	as	

well	decreased	elastin	expression.	Thus,	 I	 examined	 the	Vurm1	 locus	 to	determine	 if	 any	

genes	 within	 the	 locus	 might	 be	 relevant	 for	 the	 formation	 and/or	 maintenance	 of	 the	

extracellular	matrix,	and	whether	the	C3H	strain	harbours	deleterious	mutations	in	these	

genes.		

Vurm1	contains	663	annotated	genes,	of	which	9	transcribe	long	non-coding	RNAs,	

92	transcribe	microRNAs,	and	the	remaining	562	are	protein	coding.		

I	 identified	16	ECM-related	genes	within	the	Vurm1	region,	which	are	described	in	

Table7.	These	genes	are	all	are	protein	coding,	and	can	be	divided	into	three	main	categories	

based	on	their	function	as	described	below:	

I-genes	that	code	for	proteins	that	are	structural	components	of	the	matrix:	Matn3,	

Lamb1,	Fbln5.		

II-genes	that	code	for	proteins	that	are	involved	in	the	proper	expression,	assembly	

and	deposition	of	matrix	components:	Ctage5,	Ltbp2,	Tgfb3.	

III-genes	that	code	for	proteins	that	play	an	important	role	in	cell-matrix	interaction	

through	regulation	of	interaction	of	cell’s	cytoskeleton	with	the	matrix,	as	well	as	cell	

adhesion	 and	migration:	 Itgb8,	 Sdc1,	Rock2,	Cfl2,	Ctage5,	Flrt2,	 Inf2,	 Itgb1b,	 Sntg2,	

Actn1.	
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Table	7	Matrix-related	genes	in	the	Vurm1	locus	

Genomic	position	on	

Chromosome	12	

Gene	ID	 Gene	Name	 Function	

8771395	 8793687	 Sdc1	 Syndecan	1	 Cell	surface	heparin	sulfate	proteoglycan,	participates	in	cell-
matrix	interactions	through	its	function	as	an	ECM	receptor		

8947928	 8972028	 Matn3	 Matrilin	3	 Structural	component	of	the	matrix;	may	play	role	in	formation	
of	extracellular	filamentous	networks.	

16894977	 16958431	 Rock2	 Rho-associated	coiled-
coil	containing	protein	
kinase	2	

Protein	kinase,	key	regulator	of	actin	cytoskeleton	and	cell	
polarity.	Involved	in	regulation	of	smooth	muscle	contraction	
and	actin	filament	organization.	

21269805	 21286111	 Itgb1bp1	 Integrin	beta	1	binding	
protein	1	

Key	regulator	of	the	integrin-mediated	cell-matrix	interaction	by	
binding	to	integrin	beta	1.	Plays	a	regulatory	role	in	cell	
proliferation,	differentiation,	spreading,	adhesion	and	migration.	
Stimulates	cell	proliferation	in	a	fibronectin-dependent	manner.	

30174556	 30243351	 Sntg2	 Syntrophin,	gamma	2	 Adaptor	protein	that	binds	to	and	modulates	
properties/functions	of	actin	filaments	

31265293	 31268860	 Lamb1	 Laminin	B1	(Lamb1),	
mRNA.	

Mediates	attachment,	migration	and	organization	of	cells	during	
developments	by	interacting	with	other	ECM	components.	

54858818	 54862877	 Cfl2	 Cofilin	2	 Reversibly	controls	actin	polymerization	/depolymerisation	in	a	
pH-sensitive	manner.	Required	for	muscle	maintenance	

59129745	 59163019	 Ctage5	 CTAGE	family,	member	5	 Required	for	collagen	VII	(COL7A1)	secretion	by	loading	COL7A1	
into	transport	carriers.		

75308312	 75395817	 Rhoj	 Ras	homolog	family	
member	J	

Induces	formation	of	F-actin-rich	structures.	

80167541	 80172144	 Actn1	 Actinin,	alpha	1	 F-actin	crosslinking	protein	

84783211	 84816036	 Ltbp2	 Latent	transforming	
growth	factor	beta	
binding	protein	2	

Plays	role	in	assembly	and	architectural	organization	of	elastic	
fibres.	

86056742	 86079041	 Tgfb3	 Transforming	growth	
factor,	beta	3	

Regulates	assembly	of	non-fibre	forming	matrix	components.	
Activates	matrix	metalloproteinases.	

95692225	 95785213	 Flrt2	 Fibronectin	leucine	rich	
transmembrane	protein	2	

Important	for	cell	adhesion	and	cell	migration.	

101746564	 10181911

9	

Fbln5	 Fibulin	5	 Essential	for	elastic	fibre	formation.		

112588783	 11261555

7	

Inf2	 Inverted	formin	2	 Plays	a	role	in	actin	filament	polymerization	

119162802	 11923827

6	

Itgb8	 Integrin	beta	8		 A	receptor	for	fibronectin	
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3.2.1 Coding	variants	in	ECM-related	genes	within	the	Vurm1	region	

I	identified	a	total	of	eight	coding	variants	in	Rock2,	Lamb1,	Inf2,	and	Itgb8	(Table	8).	

In	 silico	 analysis	 of	 the	 impact	 of	 these	 variants	 using	 the	 pre-computed	 values	 of	 the	

PROVEAN	 and	 SIFT	 algorithms,	 indicated	 that	 except	 for	 T16A	 in	 Rock2,	 the	 rest	 are	

tolerated.	None	of	these	variants	are	annotated	in	the	non-refluxing	B6	strain.	Evaluation	of	

the	presence	of	these	variants	in	the	C3H/HeJ,	AKR/J,	CBA/J	and	DBA2/J,	which	are	all	mouse	

models	of	VUR	without	kidney	malformations,	showed	that	all	of	these	variants	are	found	in	

the	C3H/HeJ,	AKR/J	and	CBA/J,	while	only	two	of	these	variants	are	present	in	the	DBA2/J.		

	

Table	8	Coding	variants	in	matrix-related	genes	located	in	Vurm1	locus.	

Presence	 or	 absence	 of	 these	 variants	 in	 other	mouse	 strains	 is	 noted	by	 Yes	 and	No,	 respectively.	

Variants	predicted	to	be	deleterious	are	coloured	yellow,	while	variants	predicted	to	be	tolerated	are	

coloured	blue.		

Gene	 dbSNP	 Variant	 PROVEAN	 SIFT	 C3H/HeJ	 AKR/J	 CBA/J	 DBA/2J	 C57BL/6J	
(B6)	

Rock2	 rs216367646	 T16A	
	 	 	 Yes	 Yes	 Yes	 Yes	 No	

Lamb1	

rs13481376	 A207T	 	 	 	
Yes	 Yes	 Yes	 No	 No	

rs49685907	 I617V	 	 	 Yes	 Yes	 Yes	 No	 No	

rs13471814	
	 E1041D	 	 	 Yes	 Yes	 Yes	 No	 No	

rs29489998	
	 V1441A	 	 	 Yes	 Yes	 Yes	 No	 No	

Inf2	

rs29159504	
	 A1036T	 	 	 Yes	 Yes	 Yes	 No	 No	

rs13469487	 R1165Q	 	 	 Yes	 Yes	 Yes	 No	 No	

Itgb8	 rs48942401	 R140H	 	 	 Yes	 Yes	 Yes	 Yes	 No	
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3.3 TNXB	variants	in	a	cohort	of	children	with	VUR,	BD	and	hEDS		

As	described	above,	the	Tnxb+/-	and	Tnxb-/-	mice	have	bladder	compliance	defects	that	

manifest	as	bladder	rupture	when	the	intraluminal	pressure	of	the	bladder	increases.		These	

mice	exhibit	a	decrease	in	the	content	of	their	fibrillary	collagens	as	well	as	elastin,	in	their	

bladder,	ureter,	and	skin.	In	the	context	of	the	urinary	tract,	this	reduction	can	translate	into	

the	compliance	defect	described	above.	While	these	mice	do	not	exhibit	VUR,	many	studies	

have	reported	a	co-prevalence	of	VUR	and	joint	hypermobility.	Given	the	bladder	weakness	

observed	in	the	Tnxb+/-	and	Tnxb-/-	mice,	we	set	out	to	explore	the	damaging	effect	of	TNXB	

mutations	in	a	cohort	of	children	with	VUR,	BD	and	joint	hypermobility.		

	

3.3.1 Cohort	demographics	

Our	cohort	included	47	paediatric	VUR	patients	ranging	in	age	from	6-17	years.	The	

clinical	 characteristics	 of	 the	 cohort	 are	 outlined	 in	 Table	 9.	 We	 tested	 40	 children	 for	

generalized	 joint	 hypermobility	 using	 the	Beighton	 scoring	 system.	The	 remaining	 seven	

children	have	not	been	tested	because	they	have	not	yet	attended	a	follow-up	clinic.	Of	the	

40	 children	 tested	 for	 generalized	 joint	 hypermobility,	 26	 were	 diagnosed	 with	

hypermobility	based	on	Beighton	score	cutoff	of	six	out	of	a	total	possible	score	of	nine	for	

pre-pubertal	children	(170,	258).		
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Table	9	Clinical	and	demographic	characteristics	of	cohort	of	children	sequenced	for	TNXB	variants.	

Presence	of	a	clinical	feature	is	denoted	by	yes,	while	absence	and	unavailability	of	information	is	

denoted	by	No	and	NA,	respectively.	Beighton	scores	greater	than	six	are	highlighted	yellow.	

PATIENT	

ID	

AGE	AT	

HYPERMOBILITY	

DIAGNOSIS	

SEX	 POPULATION	
UTI	AT	VUR	

DIAGNOSIS	

FAMILY	HISTORY	

OF	

HYPERMOBILITY	

FAMILY	

HISTORY	OF	

VUR	

BLADDER	

DIVERTICULUM	

VUR	

GRADE	

BEIGHTON	

SCORE	

6	 9	 F	 Other	 No	 NA	 Yes	 No	 3	 4	

9	 13	 M	 European	(Non-Finnish)	 No	 NA	 No	 No	 3	 6	

17	 17	 M	 South	Asian	 Yes	 NA	 No	 No	 4	 2	

23	 17	 F	 Other	 Yes	 NA	 No	 No	 3	 	 8	

31	 7	 F	 Other	 No	 NA	 No	 No	 5	 7	

37	 8	 M	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 2	 5	

41	 	 M	 Other	 Yes	 NA	 No	 No	 3	 Not	tested	

43	 7	 F	 Other	 Yes	 NA	 No	 No	 5	 5	

45	 6	 M	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 2	 2	

51	 7	 M	 Other	 No	 NA	 No	 No	 3	 6	

60	 11	 F	 European	(Non-Finnish)	 No	 NA	 No	 No	 4	 6	

65	 6	 F	 European	(Non-Finnish)	 No	 NA	 Yes	 No	 3	 7	

68	 8	 M	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 5	 5	

69	 6	 F	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 4	 9	

82	 16	 F	 European	(Non-Finnish)	 No	 Yes	 No	 No	 2	 6	

86	 9	 F	 European	(Non-Finnish)	 Yes	 Yes	 No	 No	 4	 8	

88	 10	 F	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 4	 6	

89	 12	 F	 European	(Non-Finnish)	 Yes	 NA	 Yes	 Yes	 2	 5	

95	 7	 F	 European	(Non-Finnish)	 Yes	 NA	 Yes	 No	 3	 9	

103	 	 F	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 3	 Not	tested	

105	 12	 F	 European	(Non-Finnish)	 No	 NA	 No	 No	 2	 8	

110	 11	 M	 European	(Non-Finnish)	 Yes	 Yes	 No	 No	 4	 3	

115	 6	 F	 European	(Non-Finnish)	 Yes	 Yes	 Yes	 No	 5	 6	

116	 7	 M	 European	(Non-Finnish)	 Yes	 NA	 No	 Yes	 2	 9	

120	 	 M	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 5	 Not	tested	

122	 7	 M	 South	Asian	 Yes	 NA	 No	 No	 4	 7	

124	 	 F	 Other	 No	 NA	 No	 No	 5	 Not	tested	

126	 7	 M	 South	Asian/European	 No	 NA	 No	 No	 4	 6	

129	 8	 M	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 3	 6	

130	 7	 F	 European	(Non-Finnish)	 No	 NA	 No	 No	 4	 4	

134	 8	 M	 Other	 Yes	 NA	 No	 No	 5	 6	

142	 12	 F	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 2	 Not	tested	

151	 	 F	 European	(Non-Finnish)	 Yes	 NA	 Yes	 No	 4	 Not	tested	

155	 7	 F	 European	(Non-Finnish)	 Yes	 Yes	 No	 No	 5	 4	

159	 7	 M	 Other	 Yes	 NA	 NA	 No	 3	 8	

164	 17	 F	 European	(Non-Finnish)	 No	 NA	 No	 No	 1	 6	

167	 12	 M	 European	(Non-Finnish)	 No	 NA	 Yes	 No	 4	 6	

169	 7	 F	 European	(Non-Finnish)	 No	 Yes	 No	 No	 3	 8	

172	 12	 F	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 2	 2	

177	 15	 F	 European	(Non-Finnish)	 Yes	 NA	 No	 No	 2	 3	

179	 	 M	 Other	 No	 NA	 No	 No	 4	 Not	tested	

191	 14	 F	 European	(Non-Finnish)	 No	 NA	 No	 No	 3	 4	

193	 12	 M	 European	(Non-Finnish)	 No	 NA	 Yes	 No	 4	 2	

199	 10	 F	 European	(Non-Finnish)	 Yes	 Yes	 No	 No	 	 9	

208	 8	 M	 European	(Non-Finnish)	 No	 NA	 No	 No	 2	 6	

216	 8	 F	 European	(Non-Finnish)	 No	 Yes	 No	 No	 2	 9	

223	 10	 M	 South	Asian	 No	 NA	 No	 No	 3	 6	
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3.4 Putative	disease-causing	TNXB	variants:	

I	identified	five	rare	non-synonymous	variants	that	are	predicted	to	be	deleterious	by	

at	least	two	prediction	algorithms	(Table	10).	R4171Q,	W3673STOP,	M3775T,	and	R3719W	

were	identified	in	hypermobile	individuals,	while	G878D	was	identified	in	an	individual	with	

a	Beighton	score	of	4	(i.e.	not	hypermobile)	(Table	9).	G878,	W3673STOP,	R3719W,	R4171Q	

are	variants	that	affect	evolutionarily	conserved	amino	acid	residues,	while	M3775T	occurs	

in	a	non-conserved	amino	acid	(Figure	20).	G878,	W3673STOP,	R3719W,	and	M3775T	are	

within	the	FNIII	domain	of	the	TNXB,	while	R4171Q	is	within	the	FBG	domain;	both	of	these	

domains	are	the	site	of	TNXB	interaction	with	matrix	components	such	as	fibrillary	collagens	

and	elastic	fibres	(Figure	21).		

In	order	to	identify	whether	W3673STOP	and	M3775T	mutations	are	in	cis	(i.e.	same	

allele)	or	 in	trans	(i.e.	different	alleles)	 in	patient	86,	we	Sanger	sequenced	the	DNA	from	

parents.	However,	we	were	unable	to	detect	either	mutation	in	the	parents.	A	repeat	of	the	

Sanger	sequencing	performed	on	a	freshly	extracted	DNA	of	patient	86,	also	failed	to	reveal	

either	 mutation.	 These	 mutations	 occur	 at	 the	 pseudogene	 region,	 and	 the	 sequencing	

strategy	for	this	region	involved	generation	of	a	long-range	amplicon,	coupled	with	Sanger	

sequencing	 of	 the	 long-range	 amplicon.	 We	 suspect	 that	 the	 W3673STOP	 and	 M3775T	

mutations	are	a	consequence	of	low	fidelity	in	the	original	long-range	amplicon.		
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Table	10	List	of	rare	putative	disease-causing	TNXB	variants.	

Variants	predicted	to	be	deleterious	are	coloured	yellow,	while	tolerated	variants	are	coloured	blue.		

PATIENT	

ID	

HYPERMOBILITY	

STATUS	

POPULATIO

N	

REFERENCE	

SNP	

PROTEIN	

VARIANT	

MINOR	ALLELE	

FREQUENCY		

(ExAC	POPULATION)	

SIFT	
PolyPhen

2	

Mutation	

Taster	

37	 Hypermobile	

European	

(non-

Finnish)	

Novel	 R4171Q	 0%	 	 	 	

86	 Hypermobile	

European	

(non-

Finnish)	

Novel	 W3673STOP	 0%	 	 	 	

86	 Hypermobile	

European	

(non-

Finnish)	

Novel	 M3775T	 0%	 	 	 	

105	 Hypermobile	

European	

(non-

Finnish)	

Novel	 R3719W	 0%	 	 	 	

130	 Not	hypermobile	

European	

(non-

Finnish)	

rs201647307	 G878D	 0%	 	 	 	
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Figure	20	Alignment	of	human	TNXB	with	its	murine	orthologue.	

The	aligned	sequences	correspond	to	the	location	of	the	five	identified	rare	putative	disease-causing	

variants.	All	variants	except	for	M3775T	affect	evolutionarily	conserved	sequences.		
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Figure	21	Schematic	representation	of	TNXB	and	the	location	of	identified	rare	putative-disease	

causing	variants.		
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4 CHAPTER	FOUR:	Discussion	

4.1 Tnxb	mutant	mice	exhibit	a	bladder	compliance	defect	

	 The	newborn	Tnxb	mutant	mice	were	found	to	have	a	bladder	compliance	defect	that	

manifested	 more	 severely	 in	 the	 Tnxb-/-	 mice.	 Because	 compliance	 is	 a	 function	 of	

distensibility	and	tensile	strength	in	the	bladder,	presence	of	a	compliance	defects	indicates	

an	 imbalance	 between	 these	 biomechanical	 forces	 that	 essentially	 stems	 from	 faults	 in	

fibrillary	 collagens,	 elastic	 fibres,	 as	 well	 as	 the	 musculature	 of	 the	 bladder.	 Given	 the	

regulatory	role	of	TNXB	in	assembly	of	collagen	fibres	and	modulation	of	matrix	homeostasis,	

as	well	as	the	reported	dermatological	and	musculoskeletal	phonotypes	of	Tnxb	mutant	mice,	

the	 newly	 characterized	 bladder	 compliance	 phenotype	 can	 be	 explained	 as	 a	 direct	

consequence	of	matrix	defects.	The	bladder	compliance	assay	will	be	repeated	on	a	larger	

sample	of	Tnxb-/-	mice.		

We	examined	the	Tnxb	mRNA	expression	pattern	in	the	urinary	tract	through	RNA	in	

situ	 hybridization	 (ISH),	 and	 reverse	 transcription	 quantitative	 PCR	 (RT-qPCR).	 While	

analysis	of	mRNA	expression	pattern	for	a	secreted	protein	such	as	TNXB	is	not	ideal,	given	

the	limitation	we	faced	with	respect	to	antibody	specificity,	it	is	a	helpful	tool	to	identify	cells	

expressing	 Tnxb	 mRNA.	 At	 E15,	 Tnxb	 mRNA	 was	 detected	 in	 the	 undifferentiated	

mesenchyme	of	the	kidney,	the	outer	edges	of	the	bladder	and	ureter	smooth	muscle,	and	the	

dermis	of	the	skin.	The	expression	profile	in	the	skin	is	consistent	with	numerous	studies	that	

have	investigated	TNXB	expression	in	mouse	skin.	The	RNA	ISH	results	will	be	repeated	in	

E15,	as	well	as	newborn	mice.		
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The	 RT-qPCR	 results	 suggest	 that	 starting	 from	 birth	 to	 adulthood,	 the	 bladder	

followed	by	the	skin,	has	the	highest	levels	of	Tnxb	mRNA.	These	results	confirm	that	Tnxb	

mRNA	is	also	expressed	in	the	ureter	and	the	kidney	albeit	in	levels	lower	than	the	bladder	

and	the	skin.	This	analysis	will	be	performed	in	E15	tissues	as	well.		

To	 investigate	 the	 underlying	 cause	 of	 the	 bladder	 compliance	 defect	 observed	 in	

Tnxb+/-	and	Tnxb-/-	mice,	we	evaluated	the	collagen,	elastin	and	α-SMA	content	in	the	bladder	

and	ureter	of	these	mice	in	comparison	with	their	WT	littermates.	Taking	advantage	of	the	

inherent	birefringence	quality	of	collagen	 fibres,	we	evaluated	 the	quality	and	quantity	of	

collagen	present	 in	paraffin-embedded	sections	of	newborn	bladder,	ureter	and	skin.	Our	

results	 indicated	 the	 presence	 of	 a	 systemic	 defect	 in	 collagen	 deposition	manifested	 by	

reduction	 in	the	amount	of	collagen	present	 in	the	bladder,	ureter	and	skin	of	Tnxb+/-	and	

Tnxb-/-	mice.	 This	 analysis	will	 be	 repeated	 in	 newborn	 and	 E15	mice,	 and	 confirmed	 by	

Western	blot	analysis.	Our	evaluation	of	the	elastin	expression	in	 these	mice,	pointed	to	a	

systemic	defect	 in	 the	deposition	of	elastin	manifested	by	a	decrease	 in	 the	elastin	 signal	

detected	using	immunofluorescence.	The	described	collagen	defect	translates	to	a	decrease	

in	tensile	strength	and	tissue	distensibility,	while	the	reduction	in	elastin	results	in	defects	in	

recoil	properties	of	the	tissue.	Together	these	defects	compromise	the	ability	of	the	bladder	

to	 withstand	 increasing	 intraluminal	 pressure	 during	 urine	 collection,	 causing	 bladder	

rupture	and/or	diverticula	formation.		

Furthermore,	our	analysis	of	bladder	and	ureter	smooth	muscle	in	Tnxb+/-	and	Tnxb-/-	

mice	revealed	that	α-SMA	is	highly	expressed	especially	in	the	bladder	and	ureter	of	Tnxb-/-	

mice.	Analysis	of	bladder	musculature	using	Masson’s	Trichrome	staining	revealed	increased	

collagen	deposition	in	the	bladder	musculature	of	Tnxb-/-	mice.	Increased	α-SMA	expression	
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has	been	long	associated	with	pro-fibrotic	environment	within	a	tissue.	Indeed,	the	increased	

deposition	of	collagen	within	the	musculature	could	suggest	increased	stress	on	the	smooth	

muscle	cells	prompting	them	to	up-regulate	α-SMA	expression.	It	has	been	shown	that	TNXB	

regulates	the	bioavailability	of	TGF-β1,	a	pro-fibrotic	cytokine,	and	down-regulates	members	

of	 matrix	 metalloproteinase	 family	 (i.e.	 MMP-2,	 MMP-13)	 (259).	 Furthermore,	 TNXB	

deficiency	 has	 been	 associated	 with	 increased	 levels	 of	 TGF-β3	 in	 humans.	 All	 these	

molecules	are	important	drivers	of	pro-fibrotic	responses	in	tissues,	and	are	associated	with	

increased	rates	of	matrix	 turnover.	 Investigation	of	changes	 in	 the	expression	 level	of	 the	

above-mentioned	molecules	could	shed	light	on	the	underlying	cause	of	the	increase	in	α-

SMA	expression	and	collagen	deposition	in	bladder	musculature.	Because	the	onset	of	urine	

production	in	mouse	is	E15,	it	will	be	informative	to	perform	similar	analysis	on	embryonic	

tissue	to	pinpoint	the	onset	of	the	above-mentioned	defects,	and	to	investigate	whether	any	

potential	increase	in	matrix	turnover	is	the	cause	or	the	effect	of	compliance	defects.		
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4.2 The	bladder	and	ureter	of	C3H	mice	exhibit	increased	tensile	strength	

and	decrease	recoil	

The	C3H	mice	are	a	fully	penetrant	model	for	VUR	without	kidney	malformations.	In	

order	 to	 investigate	 the	 potential	 effect	 of	 VUR	 on	 the	 compliance	 properties	 of	 their	

bladders,	and	to	contrast	their	compliance	phenotype	with	the	Tnxb+/-	and	Tnxb-/-	mice	that	

do	not	exhibit	VUR,	we	performed	the	compliance	assay	in	C3H	newborn	mice.	Our	results	

indicate	that	the	bladder	of	C3H	mice	is	able	to	withstand	increasing	intraluminal	pressure	

better	 than	non-refluxing	B6	bladders.	This	could	be	partly	attributed	 to	 the	 fact	 that	 the	

refluxing	UVJ	in	the	C3H	mice	allows	some	of	the	injected	dye	to	travel	towards	the	upper	

urinary	tract,	allowing	for	more	volume	to	be	injected	into	the	bladder.	However,	given	that	

the	amount	of	dye	that	can	reflux	toward	the	upper	urinary	tract	is	very	small,	we	evaluated	

the	collagen,	elastin	and	α-SMA	content	of	the	C3H	bladders	and	ureters.	Our	analysis	showed	

that	the	bladder	and	ureter	of	C3H	mice	has	significantly	more	collagen,	and	therefore	more	

tensile	 strength.	 We	 performed	Western	 blot	 analysis	 to	 further	 breakdown	 the	 type	 of	

collagen	fibres	most	abundantly	found	in	the	bladder	and	ureters	of	these	mice.	We	found	a	

significant	increase	in	the	amount	of	Col	I	fibres	in	the	bladder,	and	Col	III	in	the	ureter	of	

these	mice.	The	thicker	Col	 I	 fibres	are	the	major	contributors	to	tissue’s	 tensile	strength,	

while	the	thinner	Col	III	fibres	dictate	distensibility.	This	translates	into	a	stiffer	bladder	and	

a	more	lax	ureter.	Evaluation	of	elastin	expression	in	the	bladder	and	ureter	of	C3H	mice,	

yielded	 an	 unexpected	 and	 interesting	 result,	 indicating	 reduction	 in	 recoil	 properties	 of	

these	mice.	We	propose	that	these	newly	described	characteristics	of	C3H	bladder	and	ureter	

not	only	explain	the	compliance	phenotype	in	these	mice,	but	could	also	be	causative	of	VUR.	

A	 stiff	 bladder	 with	 reduced	 recoil	 properties	 could	 hinder	 the	 occlusion	 of	 UVJ	 during	
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micturition	and	lead	to	VUR.	At	the	same	time	a	 lax	ureter	with	reduced	recoil	properties	

could	 lead	 to	 impaired	peristalsis	 and	be	 at	 higher	 risk	 of	 becoming	dilated.	 The	 smooth	

muscle	layer	in	the	bladder	and	ureter	of	C3H	mice	expressed	more	α-SMA,	and	the	bladder	

musculature	had	an	 increased	amount	of	collagen	fibres.	Similar	 to	the	Tnxb-/-	mice,	 these	

observations	could	be	indicative	of	pro-fibrotic	environment	of	C3H	bladder,	and	requires	

further	analysis,	as	suggested	for	Tnxb-/-	mice.		

	

4.3 The	C3H	mice	harbour	a	putative-disease	causing	variant	in	Rock2	

	 	Based	on	the	host	of	matrix-related	phenotypes	observed	in	the	bladder	and	ureter	

of	C3H	mice,	I	surveyed	the	Vurm1	locus	for	matrix-related	genes,	and	conducted	an	in	silico	

analysis	to	determine	if	the	C3H	mice	harbour	any	putative	disease-causing	variants	for	these	

genes.	I	further	examined	the	presence	of	these	variants	in	the	non-refluxing	B6	strain	as	well	

other	mouse	models	 of	 VUR	without	 kidney	malformations.	 These	 analyses	 revealed	 the	

following	deleterious	variant:		T16A	in	Rock2.			

	 Rock2	is	a	serine/threonine	kinase	that	is	a	downstream	target	of	the	small	GTPases	

RhoA,	RhoB,	and	RhoC.	Rock2	promotes	actin-myosin-mediated	contractile	force	generation	

by	phosphorylating	a	variety	of	downstream	target	proteins.	Its	major	downstream	targets	

include	 the	myosin-binding	 subunit	of	myosin	 light	 chain	 (MLC)	phosphatase	1	 (MYPT1),	

MLC2,	 LIM	 kinases,	 as	 well	 as	 Ezrin-radixin-moesin	 (ERM),	 thereby	 modulating	 actin	

cytoskeleton	organization,	stress	fibre	formation	and	smooth	muscle	cell	contraction	(260,	

261).	Rock2	is	expressed	in	the	developing	kidney	and	bladder	(262-264).	Rock2-/-	mice	die	

at	 E13.5,	 and	 exhibit	 a	 range	 of	 developmental	 defects	 that	 include	 placental	 and	

cardiovascular	 defects.	 Bladder	 smooth	 muscle	 contraction	 was	 disrupted	 in	 mice	 that	
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underwent	 a	 chemically	 induced	 down-regulation	 of	Rock2	 (263,	 265).	 Given	 the	 role	 of	

Rock2	in	modulation	of	smooth	muscle	contraction,	a	deleterious	mutation	in	the	gene	can	

give	 rise	 to	 a	 malfunctioning	 protein	 that	 enhances	 smooth	 muscle	 contractility	 in	 the	

bladder.	The	increased	contractility	exerts	additional	mechanical	force	on	the	tissue,	which	

is	 the	 prerequisite	 for	 α-SMA	production	 (266).	 	 This	 could	 explain	 the	 increased	α-SMA	

detected	 in	 the	 bladder	 and	 ureter	 of	 C3H	 mice.	 Interestingly,	 an	 increase	 in	 α-SMA	

expression	further	increases	tissue	contractility	(267).	I	hypothesize	that	this	leads	to	a	cycle	

that	 ultimately	 results	 in	 increased	mechanical	 force	 on	 the	 bladder	musculature,	 which	

supports	the	UVJ,	preventing	proper	occlusion	of	the	UVJ	during	micturition	and	causing	VUR.		

	 It	is	important	to	consider	that	the	variants	identified	in	Table	3.2	and	their	predicted	

impact	are	the	result	of	in	silico	analysis,	which	requires	in	vivo	and	ex	vivo	validation.	The	

non-synonymous	 variants	 in	 Table	 3.2	 that	 are	 predicted	 to	 be	 tolerated	 might	 cause	

hindrances	of	varying	degrees	in	protein	function,	and	therefore	should	not	be	excluded	from	

further	exploration.		

	 I	hypothesize	that	multiple	regulatory	genes	within	the	Vurm1	locus	are	responsible	

for	 the	 VUR	 phenotype.	 To	 fully	 explore	 this	 hypothesis	 and	 further	 refine	 the	 locus,	

generation	of	congenic	mice	could	prove	crucial.		
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4.4 Children	with	VUR	and	generalized	joint	hypermobility	harbour	putative-

disease	causing	variants	in	TNXB	

	 Sanger	sequencing	of	TNXB	in	a	cohort	of	47	paediatric	patients	with	VUR	identified	

five	rare	(i.e.	MAF	<1%)	putative-disease	causing	variants:	G878D,	W3673STOP,	R3791W,	

M3775T,	R4171Q.	These	variants	are	found	in	the	FNIII	domain	of	TNXB,	which	regulates	the	

assembly	and	deposition	of	collagen	fibres.	Therefore,	these	variants	could	affect	the	quantity	

and	quality	of	collagen	deposited	in	the	various	tissues.	Except	for	M3775T,	all	other	variants	

affect	 evolutionarily	 conserved	 amino	 acid	 residues,	 further	 supporting	 the	 damaging	

potential	of	these	mutations.		

	 The	 9-point	 Beighton	 hypermobility	 score	 was	 used	 for	 the	 diagnosis	 of	 joint	

hypermobility	in	our	cohort.	The	Beighton	criteria	were	originally	designed	to	assist	in	the	

clinical	diagnosis	of	hypermobility	in	adults	and	not	in	children.	Tofts	and	colleagues	(2009)	

conducted	a	comprehensive	literature	review	on	the	differential	diagnosis	of	children	with	

joint	hypermobility,	and	reported	major	inconsistencies	in	diagnostic	criteria	(268).	Another	

inadequacy	of	use	of	Beighton	criteria	in	children	arises	from	the	inverse	correlation	of	age	

with	hypermobility	(i.e.	younger	individuals	are	more	hypermobile)(269).	Consequently,	an	

age	 limit	 has	 to	 be	 exerted	 on	 the	 criteria,	which	 renders	Beighton	 scoring	 ineffective	 in	

children	younger	than	six	years	old.	A	recent	reclassification	of	EDS	subtypes	has	 led	to	a	

more	comprehensive	evaluation	of	Beighton	cut	offs	for	pre-pubertal	children,	and	sets	the	

diagnosis	cut	off	at	a	score	of	six	out	of	nine	(170).	A	final	limitation	of	these	criteria	pertains	

to	the	fact	that	they	only	cover	a	sample	of	joints	in	the	body	through	performance	of	five	

manoeuvres,	leading	to	hypermobility	being	missed	in	joints	not	being	tested	(e.g.	shoulders,	

hips,	etc.),	as	well	as	skin	features	(e.g.	hyperextensible	skin,	thin	scar	formation,	etc.)	being	
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ignored.	 Despite	 these	 inadequacies	 and	 due	 to	 lack	 of	 a	 better	 diagnostic	 system,	 we	

resorted	 to	 Beighton	 to	 evaluate	 the	 hypermobility	 status	 of	 the	 cohort.	 Because	

hypermobility	testing	required	attendance	of	recruited	children	at	a	follow	up	clinic,	we	were	

unable	to	test	all	individuals	included	in	the	cohort	(i.e.	85%	were	tested).	However,	we	found	

hypermobility	was	highly	prevalent	in	our	cohort:	77.5%	of	those	tested	were	hypermobile.	

This	finding	is	consistent	with	previous	studies	that	have	reported	a	significant	co-prevalence	

of	VUR	and	joint	hypermobility.	Approximately	55%	of	hypermobile	patients	in	our	cohort	

were	 females,	 which	 is	 consistent	 with	 the	 higher	 prevalence	 of	 hypermobility	 in	

females(269).		

	 Of	the	five	damaging	mutations	described	above,	all	with	the	exception	of	G878D	are	

found	 in	 hypermobile	 individuals.	 The	 individual	 harbouring	 G878D	 was	 assigned	 a	

hypermobility	score	of	4.	Given	the	limitations	of	Beighton	criteria	as	described	above,	it	is	

possible	that	this	patient	is	hypermobile	in	joints	not	covered	by	these	criteria.			

	 Functional	validation	of	the	identified	deleterious	variants	through	various	methods	

is	a	crucial	in	establishing	causality	vs.	correlation.	For	instance,	skin	biopsies	could	be	used	

to	both	perform	histological	analyses	and	to	establish	fibroblast	cell	lines	to	test	for	matrix	

defects.	Gbadegesin	and	colleagues	(2013)	performed	wound-healing	assay	and	evaluated	

the	 activation	 of	 focal	 adhesion	 kinase	 in	 fibroblast	 cell	 lines	 from	 a	 patient	 with	 VUR	

harbouring	a	deleterious	mutation	in	TNXB,	in	order	to	establish	the	effect	of	the	mutation	

on	cell	migration	and	adhesion	(36).		

However,	a	number	of	limitations	exist	for	such	analyses.	Firstly,	given	the	fact	that	

our	 cohort	 consists	 of	 paediatric	 patients,	 obtaining	 consent	 for	 skin	 biopsies	 might	 be	

challenging	 due	 to	mild	 pain	 associated	with	 the	 procedure.	 Secondly,	we	 do	 not	 have	 a	
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validated	commercially	available	TNXB	antibody	to	properly	probe	for	co-localization	of	this	

protein	 with	 other	 matrix	 components.	 Thirdly,	 while	 evaluation	 of	 the	 dermis	 and/or	

fibroblast	 cell	 line	 could	 be	 informative,	 the	 tissue	microenvironment	 at	 the	UVJ	 and	 the	

bladder	are	different	from	the	skin,	and	need	to	be	evaluated	to	prove	that	the	variants	result	

in	a	refluxing	UVJ.	Currently	there	are	no	UVJ	cell	lines;	alternatively,	human	bladder	cell	lines	

could	be	used,	however,	cloning	the	TNXB	gene	could	pose	potential	challenges	given	its	size	

(i.e.	 68kbps).	 Recently	 Tsoi	 and	 colleagues	 (2017),	 have	 described	 a	 new	 technique	 that	

utilized	long-adapter	single-stand	oligonucleotide	(LASSO)	probes	to	capture	and	clone	large	

DNA	fragments	(i.e.	thousands	of	kbps)	in	a	single	reaction,	making	cloning	of	a	68kbps	gene	

a	possibility	(270).	Alternatively,	the	Crispr/Cas9	system	could	be	used	to	generate	knock-in	

human	bladder	cell	 lines,	or	knock-in	mouse	models	harbouring	the	identified	deleterious	

variants.	 However,	 given	 that	 the	 Tnxb+/-	 and	 Tnxb-/-	 mice	 do	 not	 reflux,	 incomplete	

phenotype	recapitulation	could	occur.			
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5 CHAPTER	FIVE:	CONCLUSIONS	AND	FUTURE	DIRECTIONS		

	 Through	 the	 studies	 outlined	 herein,	 I	 investigated	 the	 association	 of	 matrix	

anomalies	with	the	pathologies	of	BD	and	VUR.	 In	my	attempts	 to	determine	causality	vs.	

correlation	between	these	pathologies	and	matrix	defects,	I	used	three	mouse	lines:	B6	as	

controls,	Tnxb+/-	and	Tnxb-/-	as	models	representing	the	skin	phenotypes	of	EDS,	and	C3H	as	

a	model	for	VUR.		I	was	able	to	determine	that	the	bladder	of	the	Tnxb	mutant	mice	exhibits	

compliance	defects	associated	with	the	reduction	in	the	amount	of	collagen	and	elastic	fibres	

present	in	their	bladders.	A	number	of	studies	have	reported	similar	findings	in	the	skin	of	

these	mice.	These	studies	have	evaluated	the	quality	and	strength	of	collagen	fibres	in	the	

skin	of	these	mice	through	electron	microscopy	and	stress	tests,	respectively.	To	show	that	

the	bladder	phenotype	in	the	Tnxb	mutant	mice	is	a	direct	consequence	of	defects	in	collagen	

fibres,	similar	studies	must	be	performed	in	the	bladder.		

In	humans,	compliance	defects	due	to	weakness	in	the	bladder	musculature,	as	well	

as	obstruction	of	urethra	can	lead	to	BD.	While	there	are	no	mouse	models	of	BD,	it	would	be	

interesting	to	partially	occlude	the	urethra	in	the	Tnxb	mutant	mice	to	evaluate	whether	BD	

can	form	over	time.		

In	 C3H	mice,	 I	 showed	 that	 there	 is	 an	 increase	 in	 the	 amount	 of	 collagen	 fibres	

coupled	with	a	decrease	in	the	expression	of	elastin	in	the	bladder	and	ureter.	Furthermore	

these	 mice	 harbour	 a	 deleterious	 mutation	 in	 Rock2,	 which	 modulates	 smooth	 muscle	

contraction.	I	postulate	that	the	increased	stiffness	caused	by	increased	collagen	expression,	

coupled	with	decreased	recoil	due	to	decreased	elastin	expression,	could	cause	the	UVJ	 in	

these	mice	to	remain	patent	and	therefore	lead	to	VUR.	Indeed	the	bladders	of	these	mice	

show	 increased	 tensile	 strength,	 as	 they	 did	 not	 rupture	 during	 the	 compliance	 assay.	
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Performing	electron	microscopy	to	evaluate	the	quality	and	arrangement	of	collagen	fibres,	

and	a	stress	test	on	the	bladder	of	the	C3H	could	be	informative.	To	conclusively	establish	

that	these	changes	affect	the	UVJ,	the	quality	and	quantity	of	collagen	and	elastic	fibres	in	the	

UVJ	must	be	examined.	Give	the	size	and	location	of	the	UVJ,	laser	capture	microdissection	

could	 be	 use	 to	 accurately	 dissect	 the	 UVJ	 from	 the	 bladder	 thereby	 facilitating	 the	

examination	of	UVJ	ECM	microenvironment.		

Both	 the	 C3H	 and	Tnxb	mutant	mice	 exhibited	 increased	 α-SMA	 expression.	 To	 establish	

whether	 this	 increase	 is	 the	 effect	 of	 the	 smooth	 muscle	 experiencing	 fibrosis	 or	 it	 is	 a	

developmental	defect	compromising	the	function	of	the	musculature,	pro-fibrotic	pathways	

such	as	the	TGF-β1	and	MMPs	could	be	explored.	In	the	case	of	the	C3H	mice,	downstream	

effectors	of	Rock2	that	are	known	to	modulate	stress	fibres	and	smooth	muscle	contraction	

could	be	explored.	Furthermore,	RNA	sequencing	could	be	performed	to	better	evaluate	the	

correlation	 of	 ECM-related	 genes	 identified	 in	 the	 Vurm1	 locus	 in	 C3H	 mice.	 Creation	 a	

congenic	mouse	line	between	the	B6	and	C3H	could	help	further	refine	the	Vurm1	locus	and	

fully	explore	whether	defects	in	matrix-related	genes	are	responsible	for	the	VUR	phenotype.		

	

To	further	explore	the	association	between	matrix	anomalies	with	BD	and	VUR,	we	

sequenced	TNXB,	the	gene	known	to	cause	clEDS	in	a	cohort	of	children	with	VUR	and	BD.	

We	 identified	 five	putative	disease-causing	variants;	 four	 in	 children	who	had	a	Beighton	

score	of	greater	than	six	and	were	therefore	hypermobile,	and	one	in	an	non-hypermobile	

child.	This	study	faced	a	number	of	limitations	pertaining	to	the	current	protocol	used	to	test	

children	 for	 hypermobility.	 Efforts	 are	 ongoing	 by	 various	 healthcare	 professionals	 to	

improve	the	hypermobility	diagnostic	criteria.		
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We	hope	to	establish	a	causal	correlation	between	TNXB-induced	joint	hypermobility	

and	VUR,	with	the	ultimate	goal	of	improving	the	test	for	hypermobility	and	using	it	as	a	non-

invasive	test	to	diagnose	children	with	VUR.		
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