
1	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	

	
	
	
	

GIULIO	BRUNETTI	
 
 

	
	
	

Thesis	submitted	to	the	University	of	Nottingham		
for	the	degree	of	Master	of	Research	

	
	
	

	
December	2016	

	
CRISPR-CAS9-MEDIATED	GENOME	EDITING		
OF	THE	EXTRACELLULAR	MATRIX	GENE	TNC		

IN	HUMAN	FIBROBLASTS	



2	
	

Giulio	Brunetti	

University	of	Nottingham,	MRes	in	Advanced	Genomic	and	Proteomic	
Science	

CRISPR-Cas9-mediated	genome	editing	of	the	extracellular	matrix	gene	TNC	
in	human	fibroblasts	

Abstract	

	
Mammalian	cells	exist	in	complex	three-dimensional	(3D)	microenvironments,	

in	 which	 diverse	 signalling	 molecules	 and	 support	 structures	 dynamically	

interact	 forming	 a	 complex	 network	 or	 extracellular	 matrix	 (ECM).	 Beyond	

providing	structural	support	to	cells,	the	matrix	conveys	environmental	signals	

that	 direct	 many	 aspects	 of	 normal	 cell	 behaviour,	 including	 shape,	

differentiation,	 survival	 and	 migration.	 Tenascin-C	 (TN-C),	 an	 ECM	

glycoprotein	absent	 in	most	healthy	adult	tissues,	but	persistently	expressed	

during	chronic	inflammatory	diseases	and	in	cancer,	has	been	recently	shown	

to	be	rapidly	 induced	during	the	 inflammatory	response	to	 infection.	TN-C	is	

required	 for	 an	 effective	 pro-inflammatory	 response	 to	 bacterial	

lipopolysaccharide	 (LPS)	 in	 vivo.	 It	 sustains	 the	 synthesis	 of	 the	 pro-

inflammatory	 cytokine	 TNF-α	 by	 regulating	 the	 expression	 of	 the	microRNA	

miR-155	 in	 primary	murine	macrophages	 upon	 LPS	 stimulation.	 These	 data	

highlight	a	novel,	regulatory	function	of	the	ECM	molecule	TN-C	that	controls	

inflammatory	 gene	 expression	 by	 regulating	microRNA	 levels	 in	 the	mouse.	

However,	we	still	do	not	know	whether	this	occurs	 in	human	cells	and	how.	

Here,	I	have	applied	the	CRISPR-Cas9-mediated	genome	editing	technology	to	

knock-out	TNC	gene	expression	in	human	fibroblast	cells,	which	are	a	natural	

and	abundant	source	of	ECM.	Once	validated,	these	will	be	used	to	generate	a	

cell-free	fibroblast-derived	matrix	on	which	primary	human	macrophages	will	

be	cultured	in	the	presence	or	absence	of	infection.	This	system	will	allow	to	

investigate	whether	human	TN-C	modulates	macrophage	gene	expression	by	

regulating	 microRNA	 levels.	 The	 HEK	 293	 cell	 line	 was	 used	 to	 design	 and	

optimise	a	CRISPR-Cas9	 system	 that	 can	efficiently	 knock-out	 the	TNC	 gene.	
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Three	 different	 pairs	 of	 oligonucleotides	 were	 designed	 to	 guide	 the	 Cas9	

endonuclease	to	the	target	gene	sequence.	The	oligonucleotides	were	cloned	

into	a	mammalian	expression	vector	and	delivered	to	HEK	293	cells	together	

with	 Cas9.	 PCR	 amplification	 and	 sequencing,	 in	 combination	 with	

fluorescence	 in	 situ	 hybridization	 (FISH),	were	 used	 to	 validate	 the	 genome	

edit.	 One	 oligonucleotide	 pair	 edited	 the	 TNC	 gene	 in	 HEK	 293	 cells	 by	

introducing	 a	 premature	 stop	 codon	 at	 the	 translation	 start	 site.	

Subsequently,	 three	 different	 approaches	 were	 tested	 to	 deliver	 the	

oligonucleotides	and	Cas9	to	the	difficult-to-transfect	human	fibroblasts.	I	was	

able	 to	 transfect	 them	 with	 a	 transfection	 efficiency	 of	 40-50%.	 Single	 cell	

sorting	of	transfected	cells	was	performed	to	generate	single-cell	clones	and	a	

number	of	single-fibroblast	clones	are	currently	growing.	Their	expansion	will	

allow	 validation	 of	 the	 genome	 edit.	 Together	 this	 work	 has	 generated	 a	

CRISPR-Cas9	system	for	the	specific	knock-out	of	the	TNC	gene	in	mammalian	

cells	and	single-fibroblast	clones	whose	TNC	expression	may	be	ablated.		
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1 Introduction	

	

1.1	The	extracellular	matrix	(ECM)	

1.1.1	Structure	and	function	of	the	ECM		

The	extracellular	matrix	 (ECM)	 is	a	 complex	 three-dimensional	 (3D)	network	

of	molecules	with	 a	 highly	 regulated	 and	 tissue-specific	 composition	 that	 is	

located	 around	 and	 between	 cells.	 Two	 major	 classes	 of	 macromolecules	

compose	 the	 ECM:	 polysaccharides	 and	 fibrous	 proteins.	 The	 first	 class	 of	

macromolecules	 includes	 polysaccharides	 that	 are	 covalently	 bound	 to	

protein	 ligands,	 namely	 proteoglycans,	 and	 the	 polysaccharide	 hyaluronic	

acid,	 which	 lacks	 a	 protein	 core.	 Hyaluronic	 acid	molecules	 form	 a	 gel	 that	

help	 resist	 compressive	 forces	 on	 the	 matrix	 and	 allows	 rapid	 and	 easy	

diffusion	 of	 nutrients,	 metabolites	 and	 hormones.	 By	 virtue	 of	 their	 net	

negative	charge,	proteoglycans	attracts	positively	charged	sodium	ions	(Na+),	

which	 attracts	 water	molecules	 via	 osmosis,	 keeping	 the	 ECM	 and	 resident	

cells	hydrated.	The	second	class	of	macromolecules	includes	collagens,	which	

give	structural	support	to	the	cells;	elastin,	which	confers	elasticity	to	tissues;	

laminin,	which	form	web-like	structures	that	resist	tensile	forces	in	the	basal	

lamina;	 and	 fibronectin,	 a	 glycoprotein	 that,	 by	 binding	 collagen	 and	 cell	

surface	integrins,	facilitates	cell	movement	through	the	ECM.		

The	 molecular	 composition	 of	 the	 ECM	 and	 its	 architecture	 vary	 from	 one	

anatomical	 site	 to	 the	 other.	 However,	 two	 main	 types	 of	 ECM	 can	 be	

distinguished:	the	basal	lamina	and	the	interstitial	matrix.	The	basal	lamina	is	

a	 thin,	 flexible	mat	of	specialised	ECM	that	divides	 the	epithelium	(e.g.	 skin,	

respiratory	 and	 gastrointestinal	 tracts),	 mesothelium	 (e.g.	 pleural	 and	

peritoneal	 cavities)	 and	 endothelium	 (e.g.	 blood	 and	 lymph	 vessels)	 from	

underlying	 or	 surrounding	 connective	 tissue.	 It	 is	 made	 mainly	 of	 type	 IV	

collagen,	 laminin,	 nidogen,	 and	 the	 heparan	 sulfate	 proteoglycan	 perlecan	

(Fig.	1.1).	
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Figure	 1.1.	Model	 of	 the	molecular	 structure	 of	 the	 basal	 lamina.	 (A)	 Specific	
interactions	 (B)	 between	 type	 IV	 collagen,	 laminin,	 nidogen,	 and	 perlecan	 form	
the	 basal	 lamina.	 (B)	 Arrows	 indicate	 direct	 binding.	 Transmembrane	 laminin	
receptors	(integrins	are	shown)	in	the	plasma	membrane	are	thought	to	organize	
the	assembly	of	the	basal	lamina.	Adapted	rom	H.	Colognato	and	P.D.	Yurchenco,	
Dev.	Dynamics	218:213–234,	2000.	

Figure	 1.2.	 Fibroblasts	 and	 the	
surrounding	 ECM.	 Scanning	 electron	
micrograph	 of	 a	 rat	 cornea.	 The	
extracellular	 matrix	 surrounding	 the	
fibroblasts	 is	 composed	 largely	 of	
collagen.	 Glycoproteins,	
polysaccharides	 and	 proteoglycans	
were	 removed	 by	 enzyme	 and	 acid	
treatment.	Adapted	from	T.	Nishida	et	
al.,	 Invest.	 Ophthalmol.	 Vis.	 Sci.	
29:1887–1890,	1988.	

	

The	 interstitial	 matrix	 is	 present	 in	 the	 intercellular	 spaces	 and	 its	 major	

components	 include	 polysaccharides	 and,	 among	 fibrous	 proteins,	 type	 I	

collagen,	which	is	the	most	abundant	(Fig.	1.2)(Frantz	et	al.,	2010).	

	

	



15	
	

Until	 the	 early	 1990s,	 the	 ECM	 was	 considered	 a	 scaffold,	 which	 provided	

mechanical	 strength	 and	 support	 to	 tissues	 and	 organs,	 or	 a	 substrate	 that	

cells	used	to	migrate.	The	 last	 two	decades	have	seen	a	deep	change	 in	 the	

way	 we	 regard	 the	 ECM	 and	 so	 has	 the	 research	 around	 it.	 From	 being	

entirely	focused	on	the	structural	function	of	the	ECM,	research	in	this	field	is	

now	 oriented	 towards	 the	 intracellular	 signalling	 cascades	 generated	 or	

modulated	by	the	ECM.		

The	ECM	plays	an	active	role	 in	tissue	development,	where	cell-cell	and	cell-

ECM	 communication	 direct	 organization	 of	 cells	 into	 tissues	 and	

organogenesis,	homeostasis,	repair	and	remodelling.		In	the	tissue,	cells	make	

close	 contact	 with	 the	 ECM,	 which	 profoundly	 affects	 their	 behaviour	 by	

regulating	 fundamental	 processes	 such	 as	 cell	 adhesion,	 migration,	

proliferation,	 differentiation,	 survival	 and	 immune	 system	 signalling	 (Hynes,	

2009,	Frantz	et	al.,	2010)	(Fig	1.3).	

	

	

	

Figure	1.3	Schematic	representation	of	the	multiple	functions	of	the	ECM	at	
the	cell-matrix	interface.	The	cartoon	shows	the	various	functions	of	the	ECM	
and	exemplifies	those	that	result	in	feedback	loops.	Adapted	from	Chiovaro	et	
al.	(2015).	
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The	ECM	can	exert	these	regulatory	functions	on	cells	directly	by	stimulating	

cell	 surface	 receptor-mediated	 signalling	 cascades,	 but	 also	 indirectly	 by	

regulating	 the	 activity	 of	 the	 soluble	 mediators	 found	 in	 the	 cellular	

microenvironment.	 For	 example,	 diverse	molecular	 components	 of	 the	 ECM	

can	 directly	 activate	 cell	 surface	 receptors	 such	 as	 integrins.	 Increased	

deposition	of	collagen,	which	enhances	ECM	stiffness,	can	also	induce	integrin	

clustering	 and	 signal	 transduction	 (Kim	 et	 al.,	 2011).	 Moreover,	 the	 ECM	

functions	 as	 a	 reservoir	 of	 the	 soluble	 mediators	 found	 in	 the	 cellular	

microenvironment.	It	sequester	and/or	activate	growth	factors,	including	the	

transforming	 growth	 factors-β	 (TGF-β)	 superfamily	 (Doyle	 et	 al.,	 2012).	

Specifically,	the	ECM	binds	growth	factors	through	its	proteoglycan	molecules,	

which	possess	many	negatively	charged	glycosaminoglycan	(GAG)	chains	such	

as	heparan	sulphate	GAGs	 (Hynes,	2009).	 In	 this	way,	growth	 factors	can	be	

presented	to	their	counterpart	receptors	on	cells	or	can	be	released	from	the	

ECM	following	proteolytic	cleavage	and	function	as	soluble	traditional	ligands	

(Mohammadi	et	al.,	2005).		

1.1.2	Regulation	of	the	ECM	

When	the	ECM	becomes	dysregulated	and/or	disorganised,	it	can	lead	to	the	

development	 of	 disease	 or	 contribute	 to	 the	 progression	 of	 established	

disorders.	 Indeed,	 a	 fine	 balance	 of	 synthesis	 and	 turnover	 determines	 the	

composition	 of	 the	 ECM	 and	 thus	 the	 maintenance	 of	 its	 physiological	

functions	(Visse	and	Nagase,	2003,	Verrecchia	and	Mauviel,	2007)	.	When	the	

stability	of	this	equilibrium	is	upset,	cellular	and	tissue	changes	occur	that	can	

lead	to	diseases,	 including	 fibrosis,	atherosclerosis,	osteoarthritis	and	cancer	

(Lu	et	al.,	2012).	For	this	reason,	the	integrity	and	structure	of	the	ECM	must	

be	kept	under	strict	control.		

Several	 regulatory	 mechanisms	 are	 in	 place	 to	 control	 its	 synthesis,	

maintenance	 and	 remodelling.	 Among	 the	 best	 characterized	 are	 signalling	

pathways	that	orchestrate	ECM	synthesis	and	are	initiated	by	growth	factors	

such	 as	 transforming	 growth	 factor	 beta	 (TGF-β)	 and	 bone	 morphogenetic	
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proteins	 (BMPs).	 Transcriptional	 regulation,	 which	 involves	 the	 activity	 of	

specific	 transcription	 factors	 such	 as	 members	 of	 the	 SOX	 family	 or	 the	

nuclear	 factor	 kappa	B	 (NF-kB),	 and	proteolytic	 cleavage,	 involving	 enzymes	

such	as	matrix	metalloproteinases	(MMPs),	are	also	among	the	most	studied	

regulatory	mechanisms	 of	 the	 ECM.	Moreover,	microRNAs,	which	 are	 small	

non-coding	RNAs	that	control	gene	expression	at	the	post-transcriptional	level	

(Ambros,	 2004),	 have	 recently	 emerged	 as	 regulators	 of	 the	 ECM.	 	 Some	

microRNAs	 directly	 target	 the	 expression	 of	 ECM	 molecules,	 while	 others	

exert	 their	control	over	 the	ECM	 indirectly,	by	modulating	 the	expression	of	

genes	that	control	the	synthesis	and	degradation	of	ECM	molecules	(Piccinini	

and	Midwood,	2014).	

1.1.3	Matricellular	proteins	

In	the	human	genome	there	are	hundreds	human	ECM	protein-coding	genes.	

The	 vast	 majority	 of	 them	 is	 highly	 conserved	 and	 undergoes	 alternative	

splicing,	 generating	 several	 isoforms,	 some	 of	 which	 are	 the	 predominant	

forms	in	disease	(Giblin	and	Midwood,	2015).		

As	 described	 above,	 the	 major	 constitutive	 components	 of	 the	 ECM	 are	

collagens,	 elastin,	 fibronectin,	 hyaluronic	 acid	 and	 proteoglycans,	 which	

together	form	a	macromolecular	network	that	provides	structural	support	for	

tissues	 and	 delivers	 signals	 that	 regulate	 cell	 behavior.	 In	 addition	 to	 these	

components,	 there	 is	 a	 subset	 of	 ECM	 molecules	 that	 is	 not	 constitutively	

expressed.	 They	 are	 produced	 at	 high	 levels	 during	 development,	 but	 are	

present	 at	 low	 levels	 or	 absent	 in	 most	 healthy	 tissues	 in	 adulthood.	 The	

expression	of	 these	proteins	 is	 specifically	 induced	upon	tissue	 injury.	These	

molecules	 have	 been	 termed	 ‘matricellular	 proteins’	 and	 include	 the	 CCN	

family	 (CCN1-6),	 galectins,	 fibulins,	 osteopontin,	 periostin,	 secreted	 protein	

acidic	and	rich	in	cysteine	(SPARC),	small	leucine	rich	proteoglycans,	tenascin-

C	and	thrombospondins-1	and	-2	(Bornstein	and	Sage,	2002).		
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Matricellular	 proteins	 show	 structural	 diversity	 and	 different	 pattern	 of	

expression.	 However,	 they	 share	 a	 number	 of	 defining	 common	 features.	

They	possess	a	multimodular	structure,	which	allows	them	to	bind	to	several	

binding	 partners,	 including	 cell	 surface	 receptors,	 other	 ECM	 molecules,	

hormones,	 growth	 factors	 and	 cytokines,	 and	 thus	 regulate	 cell	 behavior.	

Furthermore,	 thanks	 to	 their	specific	pattern	of	expression,	 they	control	cell	

functions	in	a	highly	context-	and	cell	type-specific	manner.	Finally,	mice	with	

genetic	 ablations	 of	 these	 genes	 display	 grossly	 normal	 phenotypes,	 but	

exhibit	 abnormal	 tissue	 repair	 following	 tissue	 injury	 (Roberts,	 2011,	

Kyriakides	et	al.,	2009).		

	

1.2	Tenascin-C	(TN-C)	

Tenascin-C	 (TN-C)	 is	 an	 adhesion	modulatory	 glycoprotein	 highly	 expressed	

during	 development.	 In	 healthy	 adults,	 it	 is	 present	 at	 low	 levels	 only	 at	

restricted	sites,	 including	tendons,	 lymph	nodes	and	spleen.	 Its	expression	 is	

rapidly	and	transiently	induced	in	the	cellular	microenvironment	of	damaged	

and	inflamed	tissue,	independently	of	the	location	of	the	insult,	(Brellier	et	al.,	

2009,	 Tucker	 and	 Chiquet-Ehrismann,	 2009).	 Moreover,	 TN-C	 expression	

becomes	dysregulated	 in	 chronic	 inflammatory	diseases	 such	as	 rheumatoid	

arthritis	and	in	cancer	(Midwood	and	Orend,	2009).		

The	human	TNC	gene	(gene	ID:	3371)	is	on	chromosome	9q33	(Fig.	1.4)	and	it	

comprises	 29	exons.	 9	of	 these	exons,	 each	 coding	 for	 a	 fibronectin	 type	 III	

domain,	 can	 be	 alternatively	 spliced	 (Gherzi	 et	 al.,	 1995,	 Sriramarao	 and	

Bourdon,	1993).	Exon	1	 is	a	non-coding	exon,	separated	by	an	 intron	>20	kb	

long,	and	followed	by	exon	2,	which	contains	the	translation	start	codon	ATG.	

The	gene	 contains	 a	 single	 transcription	 start	 site	 (TSS)	 localized	 to	 the	 first	

exon	and,	220	bp	upstream	to	 the	TSS,	a	 region	with	high	promoter	activity	

that	 contains	 a	 classical	 TATA	 box	 at	 -20	 to	 -26	 bp	 (Fig.	 1.5)	 (Gherzi	 et	 al.,	

1995).	Upstream	promoter	sequences	are	shown	in	Figure	1.6.		
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Figure	1.4	Genomic	context	of	TNC.	(A)	Chromosomal	location	of	TNC	gene.	Red	
bar	 shows	position	of	 the	TNC	 gene	on	an	 idiogram	of	 chromosome	9	 that	was	
captured	 from	 the	 NCBI	 database	 (http://www.ncbi.nlm.nih.gov/mapview/).	 (B)	
Mapping	of	TNC	gene	and	local	order	on	genomic	context	of	the	chromosome	9. 

Figure	 1.5	 Schematic	 representation	 of	 the	 TNC	 gene.	 TATA	 and	 red	 triangle	
indicate	 a	 TATA	 box	 in	 the	 promoter	 of	 the	 TNC	 gene;	 TSS1	 indicates	 the	
transcription	start	site;	ATG	indicates	the	translation	start	codon;	e1,	e2	and	e29	
indicate	 the	 non-coding	 exon	 1,	 the	 first	 coding	 exon	 and	 the	 last	 coding	 exon,	
respectively.	Adapted	from	Chiovaro	et	al.	(2015). 

Figure	 1.6	 Schematic	 representation	 of	 the	 gene	 promoters.	 The	 transcription	
start	site	(TSS)	and	the	translation	start	codon	ATG	are	highlighted.	The	upstream	
promoter	 sequences	 are	 shown	 as	 horizontal	 light	 blue	 lines,	 on	 which	 the	
experimentally	confirmed	transcription	factor	binding	sites	are	marked	by	vertical	
blue	and	green	bars	for	the	human	and	mouse	promoters,	respectively.	Adapted	
from	Chiovaro	et	al.	(2015).	
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The	 transcriptional	 regulation	of	 the	TNC	 gene	 varies	 depending	on	 the	 cell	

type	 and	 the	 nature	 of	 the	 stimulus,	 which	 can	 be	 mechanical	 stress,	 a	

cytokine,	a	growth	factor	or	a	hormone	(Chiovaro	et	al.,	2015).	Recently,	the	

TNC	gene	was	 shown	 to	be	 regulated	at	 the	posttranscriptional	 level	by	 the	

microRNA	miR-335	in	cancer	(Oskarsson	et	al.,	2011,	Tavazoie	et	al.,	2008).		

The	 TN-C	 protein	 possesses	 a	multimodular	 structure,	which	 includes	 an	N-

terminal	assembly	domain	is	followed	by	14.5	epidermal	growth	factor	(EGF)-

like	repeats,	17	fibronectin	type	III-like	(FNIII)	domains	and,	at	the	C-terminus,	

a	 fibrinogen-like	 globe	 (FBG)	 domain.	 The	 TNC	 gene	 undergoes	 alternative	

splicing,	 which	 can	 generate	 up	 to	 20	 different	 isoforms.	 The	 pattern	 of	

expression	and	 function	of	 these	 isoforms	 is	 still	 unclear.	However,	 the	 two	

most	 represented	 isoforms	 have	 a	 molecular	 weight	 of	 180	 and	 330	 kDa,	

depending	on	the	number	of	alternatively	spliced	regions	of	the	FNIII	domain	

(Fig.	1.7)	(Giblin	and	Midwood,	2015).		

	

	

	

	

	

	

	

	

The	 TN-C	 monomers	 assemble	 themselves	 into	 a	 6-armed	 hexabrachion	

structure	forming	a	huge	protein	of	about	1.5	million	Dalton.	Assembly	of	the	

hexabrachion	 occurs	 via	 the	N-terminal	 assembly	 domain,	which	 contains	 a	

chaperone-like	 sequence	 that	 forms	a	coiled	coil	 structure	and	 interchanges	

disulphide	bonds	necessary	for	oligomerization	(Fig.	1.8).		

Figure	2.7	Schematic	representation	of	the	multidomain	structure	of	TN-C.	The	
cartoon	 shows	 the	 constitutively	 expressed	 TN-C	 domains	 starting	 from	 the	 N-
terminal	 assembly	 domain	 to	 the	 C-terminal	 fibrinogen	 globe.	 Additional	 FN	 III	
domains	generated	by	alternative	splicing	are	shown.	Adapted	 from	Chiovaro	et	
al.	2015.	
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Figure	 3.8	 Structure	 of	 the	 TN-C	
hexabrachion.	 Electron	 micrograph	 of	
the	 TN-C	 hexabrachion.	 Adapted	 from	
Erickson,	1984.	
	

	

	

	

	

	

	

TN-C	 is	 subjected	 to	 post-translational	 modifications,	 including	 N-	 and	 O-

glycosylations,	 most	 of	 which	 occur	 in	 the	 FN	 III	 domains	 (Giblin	 and	

Midwood,	2015,	Gulcher	et	al.,	1989)	.	

After	 its	discovery,	TN-C	was	reported	as	an	anti-adhesive	ECM	protein.	This	

was	observed	during	initial	studies	in	which	cells	plated	on	a	TN-C	substratum	

showed	a	proliferative	phenotype,	but	decreased	capacity	to	adhere	(Chiquet-

Ehrismann,	 1991,	 Chiquet-Ehrismann	 et	 al.,	 1986).	 TN-C	 can	 interact	 with	

several	 ECM	 proteins,	 including	 versican,	 aggrecan,	 brevican	 and	 neurocan.	

For	this	ability,	TN-C	plays	a	fundamental	role	in	the	formation	and	structural	

organization	 of	 the	 ECM	 (Day	 et	 al.,	 2004,	 Lundell	 et	 al.,	 2004)	 .	 The	

multimodular	structure	of	the	protein,	allows	TN-C	to	interact	with	several	cell	

receptors	such	as	integrins	and	proteins	such	as	growth	factors	and	cytokines.	

In	 this	way,	 TN-C	 can	modulate	 diverse	 cellular	 functions,	 ranging	 from	 cell	

survival,	proliferation,	and	activation	to	cell	signaling,	migration	and	adhesion	

(Midwood	and	Orend,	2009).	

1.2.1	TN-C	in	disease	

The	 expression	 of	 TN-C	 is	 highly	 controlled	 during	 both	 development	 and	

adulthood.	Highly	expressed	during	development,	TN-C	is	absent	or	present	at	

low	 levels	 in	 restricted	 anatomical	 sites	 in	 healthy	 adults	 (Midwood	 et	 al.,	

2009,	Chiquet-Ehrismann	et	al.,	2014).	However,	its	expression	is	switched	on	

upon	tissue	injury,	where	TN-C	plays	a	fundamental	role	in	wound	repair.	For	
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instance,	 in	 the	 injured	 skin,	 keratinocytes	 and	 fibroblasts	 are	 the	 main	

producers	 of	 TN-C,	 which	 plays	 a	 role	 during	 the	 various	 phases	 of	 wound	

healing,	 including	 inflammation,	 re-epithelization	 and	 new	 tissue	 formation	

(Latijnhouwers	et	al.,	1997,	Chiquet-Ehrismann	et	al.,	1994)	 .	Several	studies	

have	 shown	 significant	 correlation	 of	 TN-C	 expression	 with	 sterile	 tissue	

injury.	 For	example,	 low	 levels	of	 TN-C	are	detected	 in	 the	 joints	of	healthy	

individuals,	 while	 high	 levels	 of	 TN-C	 are	 found	 in	 the	 damaged	 synovium	

(specialized	 connective	 tissue	 of	 the	 joint),	 synovial	 fluid	 and	 cartilage	 of	

patients	with	rheumatoid	arthritis	(Goh	et	al.,	2010,	McCachren	and	Lightner,	

1992).	Accordingly,	TNC	knock-out	mice	are	protected	from	joint	destruction	

in	a	model	of	antigen-induced	arthritis,	showing	less	cell	infiltration	and	bone	

erosion	 compared	 to	wild	 type	mice	 (Midwood	et	 al.,	 2009).	Moreover,	 up-

regulation	of	TN-C	expression	has	been	associated	with	fibrotic	diseases	(Van	

Eyken	et	al.,	1992,	Kaarteenaho-Wiik	et	al.,	1998),	artherosclerosis	(Wallner	et	

al.,	1999),	asthma	(Karjalainen	et	al.,	2003),	multiple	sclerosis	(Gutowski	et	al.,	

1999),	 colitis	 (Salas	 et	 al.,	 2003),	 diabetes	 (Catalan	 et	 al.,	 2012)	 and	 cancer	

(Orend	and	Chiquet-Ehrismann,	2006).	Further	on,	TN-C	levels	in	serum	from	

patients	with	inflammatory	bowel	disease	(Riedl	et	al.,	2001),	chronic	kidney	

disease	(Liabeuf	et	al.,	2011)	and	myocardial	infarction	(Fujimoto	et	al.,	2009)	

can	be	correlated	with	disease	severity.	Therefore,	TN-C	has	been	proposed	as	

a	potential	diagnostic	marker.		

1.2.2	TN-C	and	the	innate	immune	response	

Our	 immune	system	has	an	 innate	ability	to	respond	to	and	protect	us	from	

foreign	 invaders	 like	pathogens,	 but	 also	 sterile	 tissue	 injury	or	 any	 form	of	

danger	to	the	body.	This	 immunological	theory	has	recently	been	developed	

after	the	danger	model	of	immunity	was	introduced	by	Polly	Matzinger,	who	

proposed	that	our	immune	system	is	designed	to	combat	danger	rather	than	

discriminate	 self	 from	non-self	 (Matzinger,	 1994).	 Central	 to	 this	 theory	 are	

pattern-recognition	receptors	(PRRs)	and	their	ability	to	recognize	pathogen-

associated	 molecular	 patterns	 (PAMPs)	 as	 well	 as	 damage-associated	

molecular	 patterns	 (DAMPs)	 or	 danger	 signals.	 Stimulation	 of	 PRRs	 leads	 to	
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pro-inflammatory	 gene	 synthesis	 and	 activation	 of	 antigen-presenting	 cells	

that	 initiate	 adaptive	 immune	 responses	 (Gordon,	 2002,	 Medzhitov	 and	

Janeway,	 2002,	 Beutler,	 2007).	 DAMPs	 are	 endogenous	 molecules	 that	 are	

normally	hidden	from	the	immune	system,	but	are	secreted	upon	necrosis	or	

up-regulated	 upon	 tissue	 injury.	 DAMPs	 include	 a	 very	 diverse	 set	 of	

molecules,	 including	 proteins,	 proteoglycans,	 nucleic	 acids	 and	 fatty	 acids.	

Among	 them	 are	 ECM	 fragments,	which	 result	 from	 tissue	 destruction,	 and	

ECM	 molecules,	 including	 TN-C,	 whose	 expression	 is	 induced	 upon	 tissue	

injury.		

During	 sterile	 tissue	 damage,	 TN-C	 can	 activate	 the	 pattern-recognition	

receptor	 Toll-like	 receptor	 4	 (TLR4)	 through	 its	 C-terminal	 fibrinogen	 globe	

domain.	 	 In	 this	 way,	 TN-C	 induces	 the	 synthesis	 of	 pro-inflammatory	

cytokines	 in	 primary	 human	 macrophages	 and	 synovial	 fibroblasts	 from	

patients	with	rheumatoid	arthritis	(Piccinini	et	al.,	2016,	Midwood	et	al.,	2009)	

and	promotes	the	synthesis	of	inflammatory	mediators	at	the	transcriptional	

level	in	a	model	of	antigen-induced	arthritis	(Ruhmann	et	al.,	2012).		

Recent	 studies	 have	 shown	 that	 TN-C	 expression	 is	 rapidly	 induced	 in	

response	 to	 infection,	 before	 the	 appearance	of	 any	 obvious	 signs	 of	 tissue	

damage	 (Midwood	 et	 al.,	 2009,	 Lotze	 and	 Tracey,	 2005,	 Goh	 et	 al.,	 2010,	

Piccinini	 and	 Midwood,	 2012).	 TNC	 knock-out	 mice	 mount	 a	 significantly	

reduced	 inflammatory	 response	when	exposed	to	bacterial	components	and	

primary	murine	macrophages	from	these	mice	express	low	levels	of	the	pro-

inflammatory	 microRNA	 miR-155	 that	 results	 in	 lower	 TNF-α synthesis	

(Piccinini	and	Midwood,	2012).	

Together,	 these	 studies	 indicate	 that	 TN-C	 can	 alert	 the	 immune	 system	 of	

tissue	destruction,	which	exposes	 the	body	 to	greater	 risks	of	 infection,	but	

can	 also	 contribute	 to	 the	 inflammatory	 response	 necessary	 to	 kill	 invading	

pathogens	 and	 reestablish	 tissue	 homeostasis	 upon	 infection.	 And	 TN-C	

appears	 to	 do	 so	 via	 two	 distinct	 mechanisms,	 transcriptional	 and	

posttranscriptional	control	of	inflammatory	gene	expression,	respectively.	
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1.2.3	Regulation	of	microRNA	expression:	does	TN-C	play	a	role?	

In	the	last	ten	years,	microRNAs	have	emerged	as	key	regulators	of	ECM	gene	

expression	(Rutnam	et	al.,	2013).	However,	more	recent	findings	suggest	that	

not	only	 can	microRNAs	 regulate	 the	biology	of	 the	 ECM,	but	 also	 the	ECM	

can	affect	 the	expression	of	 specific	microRNAs.	Notably,	 altered	matrix	has	

been	linked	with	oncogenic	microRNA	expression	(Merline	et	al.,	2011,	Mouw	

et	al.,	2014).	Thus,	an	intriguing	interplay	between	the	ECM	and	microRNAs	is	

emerging.	

Our	 group	 has	 found	 that	 TN-C	 is	 rapidly	 induced	 in	 vitro	 and	 in	 vivo	 in	

response	to	lipopolysaccharide	(LPS),	a	component	of	the	outer	membrane	of	

gram-negative	bacteria	(Goh	et	al.,	2010,	Piccinini	and	Midwood,	2012).	Mice	

that	lack	the	TNC	gene	respond	very	differently	to	LPS	than	the	corresponding	

wild	 type	 mice,	 showing	 significantly	 lower	 circulating	 TNF-α	 levels	 when	

challenged	with	LPS.	Moreover,	 in	vitro,	stimulation	of	bone	marrow-derived	

macrophages	from	TNC	knock-out	mice	with	LPS	results	in	significantly	lower	

levels	 of	 TNF-α	 compared	 to	wild	 type	 cells	 (Piccinini	 and	Midwood,	 2012).	

With	the	help	of	a	microRNA-microarray	of	wild	type	and	TNC	knock-out	bone	

marrow-derived	 macrophages,	 following	 LPS	 stimulation,	 Piccinini	 et	 al.	

showed	that	TN-C	regulates	TNF-α	levels	by	controlling	the	expression	of	the	

microRNA	miR-155	(Piccinini	and	Midwood,	2012).		

These	data	highlight	a	novel,	 regulatory	 function	of	 the	ECM	molecule	TN-C	

that	 control	 inflammatory	 gene	expression	by	 regulating	microRNA	 levels	 in	

the	mouse.	However,	we	still	do	not	know	whether	this	occurs	in	human	cells.	

Moreover,	 the	 molecular	 mechanism	 by	 which	 tenascin-C	 regulates	 LPS-

induced	miR-155	expression	is	still	unclear.	

Preliminary	data	 from	our	group	shows	 that	aberrant	miR-155	expression	 in	

TNC	knock-out	bone	marrow-derived	macrophages	is	rescued	upon	exposure	

of	 cells	 to	 TN-C-pre-coated	 plates,	 but	 not	 soluble	 protein.	 These	 results	
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indicate	 that	 TN-C	 needs	 to	 be	 assembled	 in	 a	 pericellular	 or	 extracellular	

matrix	in	order	to	regulate	microRNA	expression.	

To	investigate	whether	and	how	human	TN-C	assembled	in	the	ECM	regulates	

microRNA	 expression,	 a	 system	 that	 recapitulates	 the	 in-vivo-like	 cell	

microenvironment	and,	ideally,	allows	to	knock-out	TNC	expression	is	needed.		

Cell-derived	 matrices	 (CDM),	 using	 human	 cells	 that	 naturally	 secrete	

abundant	 ECM,	 are	 cell	 culture	 systems	 that	 represent	 the	 native	 ECM	

microenvironments	better	than	conventional	2D	or	artificially-created	3D	cell	

culture	 models	 (Fitzpatrick	 and	 McDevitt,	 2015).	 CRISPR-Cas9-mediated	

genome	 editing	 is	 a	 new	 and	 affordable	 technology	 that	 allows	 to	

permanently	 knock-out	 target	 gene	 expression	 in	 mammalian	 cells.	 The	

combination	of	these	two	technologies	would	allow	us	to	engineer	an	in-vivo-

like	ECM	lacking	TN-C	that	can	be	directly	compared	to	the	wild	type	ECM	and	

used	a	substrate	(or	cellular	microenvironment)	for	the	culture	of	cells	whose	

microRNA	expression	is	of	interest.	

	

1.3	CRISPR-Cas9	genome	editing	technology	

	

1.3.1	CRISPR-Cas9:	a	historical	overview	

The	CRISPR	(Clustered	Regularly	Interspaced	Short	Palindromic	Repeats)	-Cas9	

system	 is	 a	 weapon	 of	 the	 adaptive	 immune	 system	 of	 most	 archaea	 and	

many	bacteria	that	protects	against	viruses	(Sorek	et	al.,	2008,	Deveau	et	al.,	

2010,	Horvath	and	Barrangou,	2010,	Karginov	and	Hannon,	2010,	Koonin	and	

Makarova,	 2009).	 For	 several	 years,	 short	 repeats	 interspaced	 with	 unique	

spacers	 have	been	 found	 in	 bacteria	 and	 archaeal	 genomes.	However,	 their	

biological	 function	has	been	elucidated	only	recently.	 It	has	also	been	found	

how	putative	operons	 located	close	to	CRISPR	sequences	are	responsible	for	

the	 coding	 of	 several	 CRISPR-associated	 (Cas)	 proteins.	 Computational	

analysis	 of	 these	 proteins	 has	 revealed	 that	 they	 contain	 domains	
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characteristic	of	nucleases,	RNA	binding	proteins,	helicases	and	polymerases	

(Jansen	et	al.,	2002).		

Initially,	 this	 system	 was	 interpreted	 as	 a	 novel	 pathway	 for	 the	 repair	 of	

errors	in	the	genome,	but	this	theory	was	disproved	(Makarova	et	al.,	2002).	

Later,	 some	 of	 the	 unique	 CRISPR	 sequences	 that	 function	 as	 spacers	 have	

been	found	to	be	almost	identical	to	fragments	of	viral	or	plasmid	genes.	This	

led	to	the	idea	that	the	CRISPR-Cas9	system	was	a	defense	mechanism	against	

external	genetic	elements	 (Mojica	et	al.,	2005,	Bolotin	et	al.,	2005).	 	After	a	

computational	re-analysis	of	the	Cas	proteins	(Makarova	et	al.,	2006,	Haft	et	

al.,	 2005)	 and	 a	 study	of	 their	 structure	 and	 functions,	 an	 analogy	between	

the	CRISPR-Cas9	system	described	above	and	the	RNAi	(RNA	interference)	of	

eukaryotes	has	been	found	(Carthew	and	Sontheimer,	2009).	However,	unlike	

RNAi,	 the	 CRISPR–Cas9	 system	 agglomerates	 a	 small	 piece	 of	 DNA	 derived	

from	foreign	nucleic	acid	into	the	CRISPR	locus	of	the	host	genome	as	the	first	

step	 in	 the	 series	 of	 consecutive	 events	 that	 leads	 to	 acquired	 immunity	

against	the	invading	phages	(Makarova	et	al.,	2006).		

The	hypothesis	that	the	CRISPR-Cas9	system	had	a	role	in	the	defense	against	

foreign	 nucleic	 acid	 was	 validated	 with	 the	 phage	 resistance	 given	 by	 the	

integration	of	a	short	phage-specific	sequence	into	a	CRISPR-Cas9	locus	of	the	

bacterium	Streptococcus	thermophiles.	A	double	validation	was	carried	out	by	

altering	 the	 similarity	 between	 the	 CRISPR	 insert	 and	 the	 target	 phage	

sequence	with	a	single	mismatch	(Barrangou	et	al.,	2007).	Only	recently	it	has	

been	 discovered	 how	 the	 CRISPR-Cas9	 system	 possesses	 a	 lower	 stringency	

for	the	correlation	between	spacer	and	target	sequence	(Garrett	et	al.,	2011).		

The	CRISPR–Cas9	 system	mediates	 an	 immune	 response	 to	 invading	 phages	

through	 three	 stages:	 adaptation,	 expression	 and	 interference.	 This	 process	

can	 be	 split	 in	 two	main	 steps:	 a	 highly	 conserved	 'information	 processing'	

step,	 which	 includes	 the	 adaptation	 stage,	 and	 an	 'executive'	 step,	 which	

includes	the	expression	and	interference	stages.	The	proteins	involved	in	the	

information	 processing	 step	 are	 highly	 conserved.	 	 On	 the	 other	 hand,	 the	

proteins	 involved	 in	 the	 executive	 step	 vary	 greatly	 between	 different	
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organisms	 (Deveau	et	al.,	2010,	Horvath	and	Barrangou,	2010,	Karginov	and	

Hannon,	 2010,	 van	 der	 Oost	 et	 al.,	 2009,	 Al-Attar	 et	 al.,	 2011).	 During	 the	

stage	of	adaptation,	a	short	sequence	of	the	invading	DNA	(the	protospacer)	

is	 acquired	 and	 inserted	 into	 the	 CRISPR	 array	 as	 a	 spacer.	 This	 involves	

cleavage	of	the	protospacer	by	Cas	proteins	and	repeat	duplication,	following	

recombination	 in	 the	 CRISPR	 array.	 During	 the	 expression	 stage,	 the	 pre-

crRNA	 is	 transcribed	 and	undergoes	 processing	 to	 generate	mature	 crRNAs.	

Then,	 in	 the	 interference	 stage,	 crRNA-directed	 cleavage	 of	 foreign	 nucleic	

acid	is	operated	by	Cas	proteins	at	sites	complementary	to	the	crRNA	spacer	

sequence.		

There	are	three	types	of	CRISPR-Cas9	systems	(I,	II	and	III)	and	each	of	these	

uses	 distinct	molecular	mechanisms	 for	 interference:	 type	 I	 and	 III	 systems	

use	a	large	complex	of	Cas	proteins	for	crRNA-guided	targeting,	whereas	the	

type	II	system	requires	only	the	Cas9	protein	for	RNA-guided	DNA	recognition	

and	cleavage,	a	property	that	has	proved	to	be	extremely	useful	for	genome	

engineering	applications	(Sorek	et	al.,	2008).	

1.3.2	The	CRISPR-Cas9	nickase:	a	specific	genome	editing	tool	

The	CRISPR-Cas9	nickase	(CRISPR-Cas9n)	system	uses	two	main	components:	

a	 guide	 RNA	 (gRNA)	 and	 a	 CRISPR-associated	 endonuclease	 Cas9	 nickase	

(Cas9n)	(Hubmacher	and	Apte,	2013).	

The	 gRNA	 is	 essential	 to	 identify	 the	 target	 DNA.	 It	 is	 a	 20	 bp	 long	

oligonucleotide	RNA	sequence	that	binds	the	genomic	target	to	be	modified	

via	Watson-Crick	base	pairing.	A	crucial	and	limiting	requirement	of	Cas9n	for	

recognition	and	binding	to	the	target	DNA	is	the	presence	of	a	PAM	sequence.	

The	exact	 sequence	of	 the	PAM	varies	among	Cas9	 species.	 For	example,	5ʹ	

NGG	3ʹ	is	the	base	structure	of	the	PAM	sequence	for	Streptococcus	pyogenes	

Cas9,	where	N	can	be	any	nucleotide	(Hubmacher	and	Apte,	2013).	

The	 Cas9n	 is	 a	 Cas9	 mutant	 (D10A)	 that	 contains	 a	 single	 active	 catalytic	

domain	in	contrast	to	wild	type	Cas9,	which	contains	two.	As	a	consequence,	
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Cas9n	can	only	generate	a	single	nick	to	the	double	strand	of	the	DNA.	For	this	

reason,	the	system	is	called	nickase.	 	Therefore,	to	generate	a	double	strand	

break	 (DSB),	Cas9n	 requires	 two	nickases	 targeting	opposite	 strands.	Having	

two	gRNAs	in	the	system	dramatically	increases	the	specificity	of	the	cleavage,	

thus	 reducing	 the	 off-targets.	 CRISPR-Cas9n	 is	 currently	 used	 to	modify	 the	

genome	of	a	huge	variety	of	 target	organisms,	 from	bacteria	 to	human	cells	

(Hubmacher	and	Apte,	2013).	

	

	

	

	

	

1.3.3	Applications	of	CRISPR-Cas9	

The	CRISPR-Cas9	system	has	become	a	popular	tool	for	its	capacity	to	directly	

target	 and	 edit	 the	 genes	 of	 eukaryotic	 systems.	 The	 first	 application	 of	

CRISPR-Cas9	 was	 to	 knock-out	 target	 genes	 in	 various	 cell	 types	 and	

organisms.	Now,	thanks	to	modifications	to	the	Cas9	enzyme,	CRISPR	is	used	

to	selectively	activate	or	repress	target	genes,	purify	specific	regions	of	DNA,	

image	DNA	in	live	cells,	and	even	to	conduct	genome-wide	screens.	Moreover,	

CRISPR-Cas9	can	be	used	to	precisely	alter	the	coding	region	of	a	gene	to	“fix”	

or	create	a	mutation,	introduce	a	protein	tag,	or	create	a	new	restriction	site,	

using	 the	 high-fidelity	 homology-directed	 repair	 (HDR)	 pathway,	 which	

requires	a	donor	template.	

Figure	 1.9	 Schematic	 representation	 of	 the	 CRISPR-Cas9	 nickase	 system.	 Two	
Cas9	nickase	endonucleases	are	driven	to	the	target	DNA	by	two	gRNAs	(shown	in	
blue).	One	binds	to	the	top	and	the	other	binds	to	the	bottom	DNA	strand	at	the	
PAM	sequence	 (shown	 in	 red)	and	each	creates	a	single	nick,	which	 results	 in	a	
double	strand	break.	Adapted	from	F.	Ann	Ran	et	al.	2013. 
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To	 generate	 a	 knock-out,	 specific	 locations	 within	 complex	 mammalian	

genomes	can	be	targeted	by	Cas9	or	Cas9n	that	cause	a	DSB	or	a	double	nick,	

respectively.	 These	 breaks	 can	 be	 repaired	 by	 endogenous	 DNA	 repair	

mechanisms	through	a	repair	pathway	known	as	non-homologous	end-joining	

(NHEJ)	(Fig.	1.10).	This	error-prone	repair	pathway	causes	insertion/deletions	

(InDels)	that	can	disrupt	the	gene	by	shifting	its	open	reading	frame	(ORF)	or	

generating	 premature	 stop	 codons.	 The	 InDels	 resulting	 from	 NHEJ	 are	

random	 and	 differ	 from	 cell	 to	 cell.	 Thus,	 the	 exact	 genomic	 changes	 that	

result	must	be	validated	by	screening	single-cell	clones,	to	which	the	CRISPR-

Cas9	and	the	gRNA	have	been	delivered.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 1.10	 CRISPR-Cas9n-mediated	 genome	 editing.	 The	 CRISPR-Cas9n-
mediated	 genome	 editing	 process	 from	 the	 initial	 Cas9n-gRNA	 complexes	
formation	 to	 the	 final	 NHEJ	 repair	 is	 illustrated	 step	 by	 step.	 Taken	 from	
https://www.addgene.org/CRISPR/guide/.	
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1.4	Aims	

Recently,	it	has	been	shown	that	expression	of	the	ECM	protein	TN-C	is	rapidly	

induced	 during	 the	 inflammatory	 response	 to	 infection	 in	 vivo.	 Specifically,	

TN-C	sustains	the	synthesis	of	specific	LPS-induced	pro-inflammatory	genes	by	

regulating	microRNA	expression	in	primary	murine	macrophages.	However,	it	

is	not	known	whether	this	occurs	in	human	cells	and	how.		

The	 aim	 of	 my	 project	 is	 to	 engineer	 human	 TNC	 knock-out	 fibroblasts	 to	

generate	cell-derived	matrices,	which	lack	TN-C,	as	a	substrate	for	the	culture	

of	primary	human	macrophages.		

This	aim	will	be	achieved	by:	1)	designing	and	delivering	a	CRISPR-Cas9	system	

that	specifically	targets	the	TNC	gene	in	the	HEK	293	cell	line;	2)	validating	the	

genome	 edit	 in	 HEK	 293	 cells;	 and	 3)	 applying	 the	 validated	 CRISPR-Cas9	

system	to	human	fibroblasts	and	generating	single-cell	clones	with	knocked-

out	TNC	expression.	

This	 system	 will	 allow	 us	 to	 investigate	 whether	 human	 TN-C	 modulates	

macrophage	 gene	 expression	 by	 regulating	microRNA	 levels	 upon	 infection.	

Furthermore,	 the	knock-out	cells	might	also	be	used	to	study	the	regulatory	

function	 of	 extracellular	 TN-C	 in	 other	 cell	 types	 of	 interest	 and	 conditions	

other	than	infection.	
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2 Materials	and	methods	
	

2.1	Reagents	and	sources	of	materials	

2.1.1	General	reagents	

All	general	 laboratory	reagents	were	of	analytical	grade	and	purchased	from	

Sigma-Aldrich,	unless	otherwise	 stated	below.	Ultrapure	water	was	used	 for	

preparing	all	of	the	solutions	and	buffers.	The	pH	of	the	prepared	buffers	was	

adjusted	with	 5	M	 sodium	hydroxide	 (NaOH),	 0.5	M	NaOH	or	 concentrated	

hydrochloric	 acid	 (HCl)	 using	 a	 microprocessor-based	 pH	 meter	 (pH	 211,	

Hanna	Instruments).	

2.1.2	Molecular	biology	reagents	

Taq	DNA	polymerase,	Taq	DNA	polymerase	buffer,	MgCl	solution,	dNTPs	and	

DNA	 ladder	 (1	 Kb	 plus)	 were	 purchased	 from	 New	 England	 Biolabs	 (NEB).	

Oligonucleotide	 guide	 RNAs	 (gRNAs)	 for	 CRISPR-Cas9	 genome	 editing	 and	

oligonucleotide	 primers	 for	 polymerase	 chain	 reaction	 (PCR)	 amplification	

were	 purchased	 from	 Sigma-Aldrich.	 Mini-prep	 and	 Midi-prep	 kits	 were	

purchased	from	Macherey-Nagel	and	Qiagen,	respectively.	DNA	gel	extraction	

kit	 was	 purchased	 from	 MonarchTM.	 Restriction	 digestion,	 kinase,	

phosphatase	 and	 ligase	 enzymes	 and	 their	 relevant	 buffers	were	 purchased	

from	NEB.	TRIzol	Reagent	was	purchased	from	Thermo	Fisher	Scientific.	

2.1.3	Protein	Chemistry,	Western	blotting	reagents	and	equipment	

PageRulerTM	Plus	Pre-stained	protein	 ladder	(10	to	250	kDa)	was	purchased	

from	 Thermo	 Scientific.	 SDS-PAGE	 electrophoresis	 apparatus,	 wet	 transfer	

apparatus	 and	 0.45	 µm	 nitrocellulose	 membranes	 were	 all	 from	 Bio-Rad.	

Amersham	ECL	Western	blotting	Detection	ReagentsTM	were	purchased	from	

GE	Healthcare	Life	Science.	
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ID	
Ms	X	Human	Tenascin										

N-Terminal	Region	

Polyclonal	rabbit		

anti-Mouse	

immunoglobulins/HRP	

Company	 Merck	Millipore	 Dako	

Antigen	 Tenascin-C	 Rabbit	immunoglobulins	

Specificity	 Human	 Mouse	

Dilution	 1:1,000	 1:2,000	

Antibody	diluent	 2	%	BSA/PBST	 5	%	Milk/PBST	

Table	1	Details	of	antibodies	used	for	Western	blotting.	

	

2.1.4	Tissue	culture	reagents	

All	 reagents	 used	 were	 of	 tissue	 culture	 grade	 and	 sterile.	 Reagents	 were	

purchased	 from	the	 following	sources:	100	X	penicillin-streptomycin	 (10,000	

U/mL)	 and	 0.4	 %	 Trypan	 Blue	 Solution	 from	 Sigma;	 Dulbecco’s	 modified	

Eagle’s	medium	(DMEM)	with	high	Glucose	4.5	g/l,	 L-Glutamine	and	Sodium	

Pyruvate,	MEM	Eagle	with	Earle's	BSS	(EMEM)	without	L-glutamine,	100	X	L-

glutamine	 (200	 mM	 in	 0.85	 %	 NaCl	 solution),	 Opti-MEM	 medium	 and	 1	 X	

Trypsin-EDTA	(200	mg/L	Versene	EDTA,	170.000	U	Trypsin)	from	Lonza;	heat-

inactivated	 fetal	bovine	serum	(FBS)	 from	Gibco;	Dimethyl	Sulfoxide	 (DMSO,	

≥99.7	%)	from		Fisher	BioReagents.	

2.1.5	Composition	of	solutions	and	buffers	

Ampicillin	solution:	1	g	of	ampicillin,	5	mL	of	H2O,	5	mL	of	ethanol.	

LB	 medium:	 10	 g	 of	 bacteriological	 tryptone,	 5	 g	 of	 bacteriological	 yeast	

extract,	10	g	of	NaCl,	H2O	up	to	1	L,	pH	7.0.		

2	x	Laemmli	sample	buffer:	4	%	β-mercaptoethanol,	100	mM	Tris-HCl,	pH	6.8,	

2%	(w/v)	SDS,	20%	glycerol	and	0.012%	bromophenol	blue.	
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6	x	Laemmli	sample	buffer:	9%	β-mercaptoethanol,	375	mM	Tris-HCl	pH	6.8,	

9%	(w/v)	SDS,	50%	glycerol	and	0.03%	bromophenol	blue.		

10	x	TAE	buffer:	400mM	Tris-acetate,	10	mM	EDTA,	H2O	up	to	1L.		

10	x	Tris-glycine	running	buffer:	30	g	of	Tris-base,	144	g	of	glycine,	and	10	g	of	

SDS,	H2O	up	to	1	L.	

10	x	Transfer	Buffer:	192	mM	glycine,	25	mM	Tris-base,	H2O	up	to	2	L.	

2	x	HBS	(250	mL):	0.5	g	D-Glucose,	2.5	g	HEPES,	0.18	g	KCl,	4.0	g	NaCl,	0.05	g	

Na2HPO4,	H2O	to	250	mL,	pH	up	to	7.1	with	NaOH.		

4	x	Tris-Cl/SDS:	0.5	M	Tris-Cl,	0.4	%	SDS,	pH	6.8.	

4	x	Tris-Cl/SDS:	1.5	M	Tris-Cl,	0.4	%	SDS,	pH	8.8.		

Ponceau	S	solution:	1	%	Ponceau	S	in	1	%	acetic	acid.	

10	 x	 PBS	 (phosphate-buffered	 saline):	 1.37	 M	 NaCl,	 27	 mM	 KCl,	 100	 mM	

Na2HPO4,	18	mM	KH2PO4.	

1	x	PBST:	1	x	PBS,	0.05	%	Tween20.		

Cryopreservation	 solution:	 5%	 DMSO,	 95%	 cell	 growth	 medium,	

supplemented	with	10	%	FBS	and	1	x	L-glutamine.		

Fixative	solution:	75%	methanol,	25%	acetic	acid.		

20	x	SSC	(sodium	saline	citrate):	175.3	g	NaCl,	88.2	sodium	citrate,	pH	7.0,	H2O	

up	to	1	L.		

Pretreatment	solution:	50	mL	of	2	x	SSC,	0.5%	NP-40,	pH	7.0.	

Denaturation	 solution:	50	mL	of	70%	 formamide,	1	x	SSC,	pH	7.0.	 Store	at	 -

20°C.	

Washing	buffer:	100	mL	of	0.5	x	SSC,	0.1	%	NP-40.	Store	at	4°C.	



34	
	

	

2.2	Cell	culture	

2.2.1	Cell	lines	

Cell	lines	used	in	these	studies:	BJ	human	skin/foreskin	fibroblasts	from	ATCC	

and	human	embryonic	kidney	293	(HEK	293)	cells	kindly	provided	by	Dr	Hilary	

Collins.	

2.2.2	Cell	culture	

BJ	cells	were	cultured	in	EMEM	medium,	supplemented	with	10	%	(v/v)	FBS,	L-

glutamine	(1	X)	and	penicillin-streptomycin	(1	X).	Cultures	were	grown	in	T75	

flasks,	 10	 cm	 culture	 dishes,	 or	 6,	 12,	 24	 or	 96-wells	 plates	 in	 an	 incubator	

maintained	 at	 37°C	 with	 a	 humid	 atmosphere	 supplied	 with	 5	 %	 CO2.	 The	

complete	growth	medium	was	changed	every	2-3	days.	Cells	were	passaged	

upon	 ~80	 %	 confluence	 by	 trypsinisation	 after	 two	washes	 with	 sterile	 1	 X	

PBS.	 1	 X	 trypsin/EDTA	was	 added	 to	 the	 cells	 that	 were	 kept	 at	 37⁰C	 until	

detached.	 Complete	 growth	 medium	 was	 added	 to	 neutralise	 the	 trypsin-

EDTA	 activity	 and	 the	 cell	 suspension	 was	 centrifuged	 at	 1,500	 rpm	 for	 5	

minutes.	 The	 cell	 pellet	 was	 resuspended	 in	 complete	 growth	medium.	 For	

routine	 subcultivation,	 the	 cell	 suspension	 was	 aliquoted	 to	 new	 culture	

vessels	 in	 a	 ratio	 of	 1:2	 to	 1:9	 as	 recommended	 by	 ATCC.	 For	 experiments,	

cells	 were	 counted	 using	 an	 improved	 Neubauer	 BS.748	 haemocytometer	

(depth	 0.1	 mm	 and	 1/400	 mm2)	 purchased	 from	 Hawksley	 and	 a	 light	

microscope	 (Nikon	 ECLIPSE	 TS100)	 and	 plated	 at	 the	 cell	 densities	 stated	

below.	

HEK	293	cell	were	cultured	in	DMEM	medium	supplemented	with	10	%	(v/v)	

FBS	 and	penicillin-streptomycin	 (1	X).	 Cultures	were	 grown	 in	 T75	 flasks,	 10	

cm	culture	dishes,	or	6,	12,	24	or	96-wells	plates	in	an	incubator	maintained	at	

37°C	with	a	humid	atmosphere	supplied	with	5	%	CO2.	The	complete	growth	

medium	 was	 changed	 every	 2-3	 days.	 Cells	 were	 passaged	 upon	 ~80	 %	

confluence	by	gentle	pipetting	and	then	the	cell	 suspension	was	centrifuged	
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at	 1,500	 rpm	 for	 5	 minutes.	 The	 cell	 pellet	 was	 resuspended	 in	 complete	

growth	medium.	For	routine	subcultivation,	the	cell	suspension	was	aliquoted	

to	new	culture	vessels	in	a	ratio	of	1:2	to	1:10	as	recommended	by	ATCC.	For	

experiments,	 cells	 were	 counted	 using	 an	 improved	 Neubauer	

haemocytometer	and	plated	at	the	cell	densities	stated	below.	

2.2.3	Cells	cryopreservation		

After	 two	 washes	 with	 1	 x	 PBS,	 adherent	 cells	 were	 dislodged	 using	

trypsin/EDTA	 and	 resuspended	 in	 complete	 growth	 medium.	 The	 cell	

suspension	was	centrifuged	at	1,500	rpm	and	the	supernatant	discarded.	The	

cell	 pellet	was	 resuspended	 in	 cryopreservation	 solution	 at	 a	 cell	 density	 of	

0.75	x	106	cells/mL.	The	cell	suspension	was	transferred	to	1.5	mL	cryogenic	

vials	 and	 frozen	 using	 a	 Mr.	 Frosty	 freezing	 container	 (Thermo	 Scientific)	

placed	at	-80	°C	overnight	before	storage	in	liquid	nitrogen.	

2.2.4	Cell	stimulation		

Cells	were	stimulated	for	24	hours	with	100	ng/mL	of	lipopolysaccharide	(LPS)	

from	E.	coli,	Serotype	EH100	(Ra)	from	Enzo	Life	Sciences.	

2.2.5	Cell	lysis	

BJ	and	HEK	293	cells	were	seeded	in	10	cm	culture	dishes	as	described	above	

and	 grown	 to	 ~80%	 confluence.	 The	 growth	 medium	 was	 aspirated	 and	

collected.	The	cells	were	washed	twice	with	1	x	PBS.	600	μL	of	1	X	Laemmli	

sample	 buffer	 was	 added	 to	 each	 dish,	 which	 was	 scraped	 thoroughly	 to	

ensure	all	cell	material	was	collected.	Each	sample	was	collected	 in	a	1.5	ml	

Eppendorf	 tube,	 boiled	 for	 10	 minutes,	 centrifuged	 at	 14,000	 rpm	 for	 10	

minutes	and	frozen	at	-20	°C.	

2.3	CRISPR-Cas9	gRNA	design	and	synthesis	

Three	pairs	of	CRISPR-Cas9n	guide	RNAs	(gRNAs)	were	designed	based	on	the	

TNC	 gene	 sequence	 (gene	 ID:	 3371).	 The	 CRISPR	 design	 software	
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http://crispr.mit.edu/	 was	 used	 to	 design	 the	 CRISPR-Cas9n	 gRNAs	 listed	 in	

Table	 2.	 Overhang	 sequences	 required	 for	 cloning	 of	 gRNAs	 into	

pSpCas9n(BB)-2A-GFP	 (PX461)	plasmid	and	an	extra	G	were	added	at	 the	5’	

end	of	each	guide.	gRNAs	were	synthesised	by	Source	Bioscience.	

ID	 Sequence	 Position	in	
the	TNC	gene	

GB	TNC	A1	5’-3’	top	 CACCGCTGAGTCATGGCCCCCATGG	 27237-27257	

GB	TNC	A1	3’-5’	bottom	 AAACCCATGGGGGCCATGACTCAGC	 	

GB	TNC	A2	5’-3’	top	 CACCGTTGCCCTCGCTACCGAAGGT	 27286-27306	

GB	TNC	A2	3’-5’	bottom	 AAACACCTTCGGTAGCGAGGGCAAC	 	

GB	TNC	B1	5’-3’	top	 CACCGGACCCCACCTTCGGTAGCG	 27303-27323	

GB	TNC	B1	3’-5’	bottom	 AAACCGCTACCGAAGGTGGGGTCC	 	

GB	TNC	B2	5’-3’	top	 CACCGATCCGGCACAAGCGACAGAG	 27324-27344	

GB	TNC	B2	3’-5’	bottom	 AAACCTCTGTCGCTTGTGCCGGATC	 	

GB	TNC	C1	5’-3’	top	 CACCGCGTGGTTAAACACCACTGGC	 27377-27397	

GB	TNC	C1	3’-5’	bottom	 AAACGCCAGTGGTGTTTAACCACGC	 	

GB	TNC	C2	5’-3’	top	 CACCGTTACAACATCAAGCTGCCAG	 27407-27427	

GB	TNC	C2	3’-5’	bottom	 AAACCTGGCAGCTTGATGTTGTAAC	 	

Table	2	Details	of	CRISPR-Cas9n	gRNAs	synthesized.	

	

2.4	Cloning	of	gRNAs	into	CRISPR-Cas9	vector	

2.4.1	Annealing	of	oligonucleotides,	restriction	digestion	and	ligation	

Annealing	of	oligonucleotides	

To	 express	 Cas9n	 and	 the	 gRNAs,	 a	 mammalian	 expression	 vector	

(pSpCas9n(BB)-2A-GFP;	 PX461;	 9289	 bp)	 containing	 a	 constitutive	 CBh	 Cas9	

promoter,	 a	U6	promoter	 for	 the	 gRNA	and	a	GFP	 reporter	 gene	was	used.	

The	 lyophilized	 gRNAs	 were	 resuspended	 in	 H2O	 to	 a	 concentration	 of	 100	

µM.	In	a	PCR	tube,	2	µL	of	100	µM	gRNA	was	added	to	2	µL	of	10	x	T4	DNA	

ligase	 buffer,	 10	 Units	 (1	 µL)	 of	 polynucleotide	 kinase	 and	 H2O	 to	 a	 total	

volume	of	20	µL.	The	mixture	was	briefly	vortexed	and	then	incubated	at	37°C	

for	60	minutes	and	at	65°C	for	20	minutes	to	allow	the	phosphorylation	of	the	
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oligonucleotides	and	to	inactivate	the	enzyme,	respectively.	Once	complete,	5	

µl	 of	 each	 complementary	 top	 and	 bottom	 phosphorylated	 oligonucleotide	

were	mixed	together	and	made	up	to	a	total	volume	of	50	µL	with	H2O.	Using	

a	 thermocycler	 (2720	Thermal	Cycler	 from	Applied	Biosystem),	 the	mixtures	

were	heated	at	95°C	 for	3	minutes.	The	heat	was	then	reduced	by	1°C	each	

minute	 until	 a	 temperature	 of	 26°C	was	 reached,	 followed	 by	 5	minutes	 at	

25°C.	The	products	were	stored	at	-20°C	until	required.	

Restriction	digestion	

DNA	was	digested	with	the	BbsI	restriction	enzyme	using	the	manufacturer’s	

recommended	buffer	at	 the	 recommended	temperature	 for	2	hours.	Typical	

restriction	 enzyme	 digestions	 consisted	 of:	 2	 µl	 of	 10	 x	 restriction	 enzyme	

buffer,	1	µg	plasmid	DNA	(pSpCas9n(BB)-2A-GFP),	10	Units	BbsI	and	H2O	to	a	

total	volume	of	20	µl	(digestion	was	done	by	Mr	Jonathan	Whitchurch).		

1	 µg	 of	 fully	 digested	 plasmid	 was	 dephosphorylated	 at	 the	 5’	 end	 by	

incubation	with	1	μl	of	 thermo-sensitive	alkaline	phosphatase	 (TSAP;	1	Unit)	

for	 1	 hour	 at	 37°C	 to	 prevent	 re-ligation	 without	 the	 insert.	 TSAP	 was	

denatured	 at	 74°C	 for	 20	minutes.	 The	 products	were	 stored	 at	 -20°C	 until	

required.	

Ligation	

Plasmids	 were	 ligated	 to	 linear	 DNA	 fragments	 after	 restriction	 enzyme	

digestion	 to	 produce	 new	 circular	 constructs	 containing	 a	 genetic	 region	 of	

interest.	A	typical	 ligation	reaction	consisted	of:	100	ng	of	dephosphorylated	

and	fully	digested	plasmid	and	oligonucleotide	inserts	(in	a	molar	ratio	of	3:1	

with	respect	to	the	plasmid),	2	µL	of	10	x	T4	DNA	ligase	buffer,	3	Units	of	T4	

DNA	 ligase	 and	 H2O	 to	 a	 total	 volume	 of	 20	 µL.	 The	 ligation	 mixture	 was	

vortexed,	 centrifuges	 and	 allowed	 to	 ligate	 overnight	 at	 4°C.	 The	 products	

were	stored	at	-20°C	until	required.	
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2.4.2	 Agarose	 gel	 electrophoresis	 and	 plasmid	 DNA	 purification	 from	
agarose	gel	

Plasmid	DNA	was	separated	in	a	0.6	%	agarose	gel	(0.3	g	of	agarose,	50	ml	of	

1x	TAE	buffer	and	2µL	of	ethidium	bromide).	The	gel	was	run	for	2	hours	at	80	

V	using	a	PowerPac	Universal	 system	from	Bio-Rad.	The	extraction	 from	the	

gel	 was	 done	 with	 the	 DNA	 Gel	 Extraction	 Kit	 from	Monarch	 following	 the	

manufacturer’s	instructions.	The	DNA	fragment	was	excised	from	the	agarose	

gel	 and	 transferred	 to	 a	 clean	 and	 weight-known	 microfuge	 tube.	 The	 gel	

slices	were	weighted	and	an	equal	volume	of	binding	buffer	was	added.	The	

gel	slices	were	completely	dissolved	in	a	water	bath	at	60°C.	The	mixture	was	

loaded	into	a	spin	column	and	centrifuged	for	1	minute	at	13,000	rpm.	500	µL	

of	 wash	 solution	 I	 was	 added	 and	 the	mixture	 centrifuged	 for	 1	minute	 at	

13,000	rpm.	The	flow-through	solution	was	discarded	and	centrifugation	was	

repeated.	After	1	additional	minute	of	centrifugation	to	remove	the	residual	

wash	 solution	 I,	 the	DNA	was	 eluted	 by	 adding	 40	 µL	 of	 elution	 buffer	 and	

stored	at	4°C.	

2.4.3	LB	agarose	plates	preparation	and	bacterial	transformation		

LB	 agar	 was	 melted	 and	 allowed	 to	 cool	 to	 50°C.	 After	 adding	 ampicillin	

solution	 to	a	 final	concentration	of	0.1	mg/mL,	 the	LB	agar	was	poured	 into	

plastic	Petri	dishes	and	was	allowed	to	set.	50	µL	of	E.	coli	DH5-α	competent	

cells,	purchased	from	Stratagene,	were	mixed	in	a	1.5	ml	Eppendorf	tube	with	

50	 ng	 of	 the	 annealed	 plasmid	 DNA.	 To	 increase	 the	 permeability	 of	 the	

bacterial	 cell	 membrane	 a	 heat	 shock	 was	 used.	 The	 mixture	 of	 cells	 and	

plasmids	was	left	for	30	minutes	on	ice	and	then	heat	shocked	for	2	minutes	

at	 42°C.	 After	 that,	 it	was	 placed	 on	 ice	 for	 5	minutes	 and	 LB	medium	was	

added	 to	make	up	a	 total	 volume	of	1	ml.	 The	mixture	was	 incubated	 for	1	

hour	at	37°C,	220	rpm	and	then	centrifuged	at	7,000	rpm	for	2	minutes.	The	

pellet	 was	 resuspended	 and	 the	 bacterial	 suspension	 was	 plated	 on	 the	

prepared	LB	agar	dish	containing	ampicillin	and	incubated	overnight	at	37°C.		

	



39	
	

2.4.4	Glycerol	stock	

	

500	μL	of	transformed	E.	coli	DH5-α	overnight	culture	was	added	to	500	μL	of	

100	%	glycerol	in	a	2	mL	sterile	screw-top	tube	and	gently	mixed.	The	glycerol	

stocks	were	frozen	at	-80°C.	

2.4.5	Minipreps	of	plasmid	DNA	and	sequencing		

The	isolation	of	the	plasmid	was	carried	out	by	using	the	Nucleospin®	plasmid	

kits	 from	Macherey-Nagel	and	the	procedure	was	executed	by	 following	the	

manufacturing	protocol.	First	of	all,	10	mL	of	a	transformed	E.	coli	LB	culture	

with	O.D.600	between	0.6	and	0.8	was	centrifuged	at	11,000	x	g	and	pelleted.	

500	µL	of	Buffer	A1	were	used	to	completely	resuspend	the	cells	and	500	µL	

of	 Buffer	 A2	 were	 then	 added	 to	 the	 mixture.	 After	 inverting	 the	 tubes	 8	

times,	 the	samples	were	 incubated	at	 room	temperature	 for	5	minutes.	600	

µL	of	Buffer	A3	were	added	and	then	the	mixture	was	centrifuged	at	11,000	x	

g	 for	 10	 minutes	 at	 RT.	 The	 supernatant	 was	 decanted	 using	 a	 Nucleospin	

plasmid/plasmid	 column	 with	 a	 silica	 membrane	 and	 then	 centrifuged	 at	

11,000	x	g	for	1	minute.	After	that,	500	µL	of	Buffer	AW,	pre-heated	at	50°C,	

were	added	and	centrifuged	at	11,000	x	g	for	1	minute.	600	µL	of	Buffer	A4,	

supplemented	with	ethanol,	were	added	and	centrifuged	at	11,000	x	g	for	1	

minute.	The	silica	membrane	was	dried	with	two	centrifugations	at	11,000	x	g	

for	1	minute.	The	DNA	was	eluted	with	50	µL	of	Buffer	EA	pre-heated	at	70°C.		

The	 quality	 and	 the	 concentration	 of	 the	 DNA	 was	 determined	 using	 a	

NanoDrop	ND-1000	UV-Vis	Spectrophotometer.	A	ratio	of	sample	absorbance	

at	260	and	280	nm	was	used	to	assess	the	purity	of	DNA;	~1.8	was	accepted	

as	pure.	A	ratio	of	sample	absorbance	at	260	and	230	nm	was	also	used	as	a	

measurement	of	DNA	purity,	and	a	range	of	1.8	-	2.2	was	considered	as	pure	

nucleotides.	 A	 lower	 value	 for	 either	 of	 these	 ratios	 was	 considered	 as	 an	

indication	of	the	presence	of	contaminants	in	the	sample.		
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DNA	was	sequenced	by	Source	Bioscience	using	an	Applied	BioSystems	3730	

DNA	Analyzer	and	PeakTrace™	software.	5	µL	of	plasmid	DNA	(100	ng/µL)	and	

5	µL	of	primer	(3.2	pmol/µL)	were	necessary	for	successful	sequencing.		

2.4.6	Midipreps	of	plasmid	DNA	

Extraction	and	purification	of	larger	amounts	of	plasmid	DNA	was	carried	out	

by	using	the	QIAGEN	Plasmid	Midi	Kit.	

100	mL	of	 transformed	E.	 coli	 culture	was	prepared	as	described	above	and	

was	 centrifuged	 at	 6,000	 x	 g.	 4	 mL	 of	 Buffer	 P1	 were	 used	 to	 completely	

resuspend	 the	 cell	 pellet	 and	 4	 mL	 of	 Buffer	 P2	 were	 then	 added	 to	 the	

mixture.	After	inverting	the	tubes	6	times,	the	samples	were	incubated	at	RT	

for	 5	minutes.	 4	mL	 of	 Buffer	 P3	were	 added	 and	 the	mixture	 immediately	

mixed	by	inverting	the	tube	6	times.	The	mixture	was	incubated	on	ice	for	15	

minutes	 and	 then	 centrifuged	 at	 9,500	 rpm	 for	 90	 minutes	 at	 4°C.	 The	

supernatant	 was	 removed	 promptly	 and	 centrifuged	 at	 6,000	 rpm	 for	 30	

minutes	 at	 4°C.	 The	 supernatant	 was	 applied	 on	 a	 QIAGEN-tip	 100	 (pre-

equilibrated	 with	 4	 mL	 of	 buffer	 QBT)	 and	 allowed	 to	 enter	 the	 resin	 by	

gravity	flow.	The	QIAGEN-tip	100	was	washed	twice	with	10	mL	of	buffer	QC.	

The	 DNA	 was	 eluted	 in	 5	 fractions	 of	 1	 mL	 of	 buffer	 QF	 each	 and	 its	

concentration	measured	using	a	NanoDrop	spectrophotometer.	DNA	fractions	

with	 low	 to	 no	 DNA	 and	 A260/A230	 ratio	 <1.6	 were	 discarded	 to	 reduce	

chemical	 contamination	 and	 increase	 DNA	 quality	 and	 concentration.	 	 The	

rest	of	the	DNA	fractions	were	precipitated	by	adding	3.5	mL	of	 isopropanol	

and	centrifuged	immediately	at	10,000	rpm	for	80	min	at	4°C.	The	DNA	pellet	

was	washed	with	2	mL	of	100	%	and	70	%	ethanol	and	centrifuged	at	9,000	

rpm	 for	 30	 minutes	 each	 time.	 The	 DNA	 pellet	 was	 air-dried	 and	 the	 DNA	

resuspended	in	50	µL	of	H2O,	pH	8.0.	
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2.5	Transfection	of	cell	lines	

2.5.1	Transfection	of	HEK	293	cells	

HEK	293	cells	were	transfected	by	calcium	phosphate	co-precipitation.	At	day	

one,	140,000	cells	per	well	were	 seeded	 in	6-well	plates	 in	DMEM	medium,	

supplemented	with	10	%	FBS	and	1	x	penicillin/streptomycin.	The	cells	were	

incubated	overnight	at	37°C,	in	5	%	CO2	atmosphere.		At	day	two	or	when	the	

cells	 reached	 ~80	%	 confluence,	 the	medium	was	 aspirated	 from	 the	plates	

and	replaced	with	2	mL	of	complete	growth	medium.	Separately,	one	1.5	mL	

Eppendorf	 tube	per	each	sample	was	 filled	with	200	µL	of	2	x	HBS.	Another	

1.5	mL	Eppendorf	tube	for	each	sample	was	prepared	containing	1	µg	of	each	

plasmid	DNA	as	shown	in	Table	3,	25	µL	/well	of	2M	CaCl2,	and	H20	up	to	200	

µL/well.	 The	 DNA/CaCl2	 mixture	 was	 added	 to	 the	 HBS	 solution	 while	

vortexing.	 The	 solution	was	 allowed	 to	 precipitate	 for	 20	minutes	 and	 then	

added	drop-wise	to	the	cells	and	the	plate	was	gently	rocked	to	allow	for	even	

cell	 distribution.	 After	 16	 hours	 the	 supernatant	 was	 removed	 and,	 after	 a	

single	wash	with	PBS,	replaced	with	complete	growth	media.	Cell	viability	and	

transfection’s	 efficiency	 were	 evaluated	 24	 hours	 later	 by	 light	 and	

fluorescence	 microscopy.	 Genomic	 DNA	 was	 extracted	 48	 hours	 after	

transfection.	

	 Tube	1	 Tube	2	 Tube	3	 Tube	4	 Tube	5	 Tube	6	

Plasmid	DNA		
(1	µg	each)	

A1+A2	 B1+B2	 C1+C2	 A1	 B1	 C1	

Table	3	Details	of	plasmid	DNA	preparations	transfected	into	human	HEK	293	cells.	

	

2.5.2	Transfection	of	BJ	fibroblasts	

Three	different	approaches	were	used	to	transfect	the	difficult-to-transfect	BJ	

cells:	 cationic	 lipid-based	 transfection,	 non-lipid-based	 chemical	 transfection	

and	electroporation.		
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2.5.2.1	Cationic	lipid-based	transfection	

At	day	one,	a	specific	number	of	cells	per	well	(Table	4)	was	seeded	in	24-well	

plates	in	0.5	ml	per	well	of	EMEM	medium,	supplemented	with	10	%	FBS	and	

1	x	L-glutamine,	without	antibiotics.	Cells	were	incubated	overnight	at	37°C,	in	

5	%	CO2	atmosphere.	At	day	two	or	when	the	cells	reached	80	%	confluence,	

for	each	well	to	be	transfected,	the	specific	transfection	reagent	was	diluted	

with	 the	 appropriate	 medium	 (Table	 4)	 and,	 in	 the	 case	 of	 the	 NanoJuice	

transfection	 reagent,	 incubated	 at	 room	 temperature	 for	 5	 minutes.	 The	

plasmid	DNA	was	added	to	the	diluted	transfection	reagent	and	the	mixture	

was	 incubated	 for	5	 to	15	minutes	 (Table	4)	 to	allow	 for	DNA-lipid	 complex	

formation.		After	that,	the	mixture	was	added	drop-wise	to	the	cells	and	the	

plate	was	rocked	for	30	seconds.	The	cells	were	then	incubated	at	37°C,	in	5	%	

CO2	atmosphere.	In	the	case	of	NanoJuice,	the	medium	with	the	transfection	

mixture	 was	 removed	 8	 hours	 after	 transfection	 and	 was	 replaced	 with	

complete	 growth	 medium.	 Cell	 viability	 and	 transfection’s	 efficiency	 were	

analysed	by	 light	 and	 fluorescence	microscopy	 at	 24,	 48	 and	72	hours	 after	

transfection.	

Transfection	reagent	 NanoJuice		
(Merck	Millipore)	

Lipofectamine	2000	
(ThermoFisher)	

Number	of	cells/well	 4	x	10
4
	 4	x	10

4
	

Plate	type	 24-well		 24-well		
Amount	of	medium	

(mL/well)	 0.5	 0.5	

Amount	of	DNA	(µg/well)	 0.8	 0.5	
Amount	of	reagent	

(µL/well)		
NanoJuice	reagent:	1	
NanoJuice	booster:	2	 4	

Medium	for	transfection	
reaction	

Serum-free	EMEM	
medium	 Opti-MEM	medium	

Mixture	incubation	time	
(minutes)	 15	 5	

Table	4	Details	of	lipid-based	transfection	reactions.	
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2.5.2.2	Non-lipid-based	chemical	transfection		

At	day	one,	a	specific	amount	of	cells	per	well	(Table	5)	was	seeded	in	a	24-

well	plate	in	0.5	mL	of	EMEM	medium,	supplemented	with	10	%	FBS	and	1	x	L-

Glu.	 The	 day	 of	 the	 transfection,	 the	 transfection	 reagents	were	 allowed	 to	

equilibrate	at	room	temperature	and	diluted	in	the	appropriate	medium	in	a	

sterile	tube	(Table	5).	The	DNA	was	added	to	the	diluted	transfection	reagent,	

and	 after	 a	 specific	 incubation	 time	 (Table	 5),	 the	 mixture	 of	 transfection	

reagent/DNA	was	 added	dropwise	 to	 the	 cells	 and	 the	plates	 rocked	 for	 30	

seconds.	 The	 cells	 were	 incubated	 for	 72	 hours	 at	 37°C,	 in	 5%	 CO2	

atmosphere.	The	cell	 viability	and	 transfection’s	efficiency	were	analysed	by	

light	and	fluorescence	microscopy	at	24,	48	and	72	hours	after	transfection.	

 
TransIT-

X2	
(Mirus) 

TransIT-
2020	

(Mirus) 
FuGene	6	
(Promega) 

Fugene	HD	
(Promega) 

GeneJuice	
(Merck	

Millipore) 
Number	of	
cells/well 5	x	10

4 5	x	10
4 4	x	10

4 3.6	x	103 
	2	x	10

4
,	

	4	x	10
4
,	

8	x	10
4 

Plate	type 24-well 24-well 24-well 96-well 24-well 
Amount	of	
medium	
(mL/well)	

0.5 0.5 0.5 0.1 0.5 

Transfection	
reagent/DNA	
ratio(µg/µL)	

3	 3	 6,	3,	1.5	 3,	0.25	 3	

Amount	of	
DNA 

(µg/well)	
0.5	 0.5	 1	 0.1	 1	

Amount	of		
reagent	
(µL/well) 

1.5 1.5 6,	3,	1.5 0.3,	0.25 3 

Mixture	
incubation	

time	(minutes)	
20	 20	 15	 15	 10	

Medium	for	
transfection	
reaction	

Opti-MEM	
reduced-
Serum	
Medium	

Opti-MEM	
reduced-
Serum	
Medium	

Serum	and	
P/S-free	
EMEM	
medium	

P/S-free	
EMEM	
medium	

Serum-free	
EMEM	
medium	

Table	5	Details	of	non-lipid	based	chemical	transfection	reactions.	
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2.5.2.3	Electroporation	

Transfection	 of	 BJ	 cells	 by	 electroporation	was	 carried	 out	 using	 the	Neon®	

Transfection	System	from	Invitrogen	and	the	4D-Nucleofector™	System	from	

Lonza	 with	 the	 Neon®	 Transfection	 System	 10	 µL	 Kit	 and	 the	 Cell	 Line	

Nucleofector™	Kit/Solution	SF,	respectively.		

Neon®	Transfection	System:	at	the	day	of	transfection,	the	cells	were	washed	

twice	 using	 1	 x	 PBS	without	 Ca2+	 and	Mg2+,	 detached	 by	 trypsinization	 and	

counted	as	described	above.	Cells	were	centrifuged	for	5	minutes	at	400	x	g	

and	the	cell	pellet	was	resuspended	in	Resuspension	Buffer	R	(Invitrogen)	at	a	

final	cell	density	of	5	x	106	cells/mL.	A	24-	or	6-well	plate	was	pre-filled	with	

0.5	 or	 2	 mL	 of	 EMEM	 medium,	 supplemented	 with	 10%	 FBS	 and	 1	 x	 L-

glutamine	(without	antibiotics),	and	pre-warmed	at	37⁰C.	A	Neon	Tube	with	3	

mL	Electrolytic	Buffer	E	(Invitrogen)	was	set	into	the	Neon	Pipette	Station.	The	

DNA	(0,5	–	2µg)	was	added	to	10	µL	of	cell	suspension.	The	cell/DNA	mixture	

was	loaded	into	the	Neon	Pipette	tip	and	positioned	in	the	Neon	transfection	

device.	 After	 delivering	 a	 single	 electric	 pulse	 (1,650	 v,	 20	ms),	 the	 sample	

containing	the	cells	and	the	DNA	was	immediately	placed	into	the	previously	

prepared	plate	containing	pre-warmed	medium.	The	cells	were	 incubated	at	

37°C,	 in	 5%	 CO2	 atmosphere	 and	 cell	 viability	 and	 transfection’s	 efficiency	

were	analysed	by	 light	 and	 fluorescence	microscopy	at	24,	48	and	72	hours	

after	transfection.	

	4D-Nucleofector™	System:	at	the	day	of	transfection,	the	cells	were	washed	

twice	 with	 1	 x	 PBS,	 detached	 by	 trypsinization	 and	 counted	 as	 described	

above.	Cells	were	centrifuged	for	10	minutes	at	100	x	g	and	the	cell	pellet	was	

resuspended	 in	 20	 µL	 Buffer	 SF	 (Lonza).	 A	 6-well	 plate	 was	 filled	 with	 0.5	

mL/well	of	EMEM	medium,	 supplemented	with	10%	FBS	and	1	x	L-glutamine	

(without	antibiotics),	and	pre-warmed	at	37⁰C.	For	each	reaction,	3	x	105	cells	

were	resuspended	 in	20	µL	of	Buffer	SF	and	1	µg	of	plasmid	DNA	or	1	µg	of	

pmaxGFP	(positive	control,	plasmid	DNA;	Lonza)	were	added.		Each	cell/DNA	

mixture	was	 transferred	 to	 a	 transfection	 cuvette	 and	 an	 electric	 pulse	was	
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delivered	 as	 recommended	by	 Lonza	 (program	FF-120).	 After	 10	minutes	 of	

incubation	at	RT,	80	µL	of	pre-warmed	medium	were	added	to	each	cuvette	

and	the	cell	suspension	was	transferred	into	the	pre-warmed	6-well	plate	and	

incubated	 for	 24	 hours	 at	 37°C,	 in	 5%	 CO2	 atmosphere.	 	 Cell	 viability	 and	

transfection’s	efficiency	were	analysed	by	 light	and	 fluorescence	microscopy	

at	24,	48	and	72	hours	after	electroporation	and	quantified	by	Fluorescence	

Activated	Cell	Sorting	 (FACS).	Positive	cells,	expressing	the	green	fluorescent	

protein	 (GFP)	 reporter	 gene	 were	 selected	 by	 FACS	 72	 hours	 after	

electroporation.	

2.6	Selection	of	transfected	cells	

2.6.1	Fluorescence	Activated	Cell	Sorting	(FACS)	

BJ	cells	 that	were	transfected	with	plasmid	DNA	containing	Cas9n	and	gRNA	

pair	A,	Cas9n	and	gRNA	pair	B	and	Cas9n	and	a	single	gRNA	by	electroporation	

using	the	Neon	system	were	sorted	on	the	basis	of	their	GFP	expression	using	

the	 Beckman	 Coulter	 MoFlo	 XDP	 (Flow	 Cytometry	 Facility,	 University	 of	

Nottingham).	For	sorting,	BJ	cells	were	washed	with	1	X	PBS	and	detached	by	

trypsinisation	72	hours	after	transfection.	The	cells	from	each	well	of	a	6-well	

plate	 were	 resuspended	 in	 500	 µL	 of	 complete	 growth	 medium	 and	

transferred	into	a	5	mL	FACS	tube.	Single	GFP+	sorted	cells	were	each	seeded	

into	a	single	well	of	96-well	plates	containing	200	µL/well	of	complete	growth	

medium	and	BJ-conditioned	medium	(1:1)	and	were	incubated	at	37°C	in	a	5%	

CO2	atmosphere.	BJ-conditioned	medium	was	collected	from	wild	type,	non-

transfected	 BJ	 cells	 after	 three	 days	 of	 subculture,	 and	 was	 centrifuged	 at	

3,000	 rpm	 and	 filtered	 through	 a	 0.2µm	 pore	 size	 filter	 before	 use.	 The	

remaining	bulk	GFP+	cells	were	seeded	in	a	6-well	plate	and	were	incubated	in	

complete	growth	medium	at	37°C	in	a	5%	CO2	atmosphere.	
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2.7	Validation	of	genome	edit	

2.7.1	 Gene	 copy	 number	 estimation	 by	 Fluorescence	 in	 Situ	 Hybridization	
(FISH)	

2.7.1.1	Cell	preparation	

100,000	BJ	and	HEK	293	cells	were	harvested	 into	a	15	mL	sterile	centrifuge	

tube,	 and	 centrifuged	 at	 1,000	 x	 g	 for	 5	 minutes.	 The	 cell	 pellet	 was	

resuspended	in	0.2	mL	of	growth	medium	and	10	mL	of	a	1:1	mixture	of	0.4	%	

KCl	 and	 0.8	%	 sodium	 citrate	were	 added	 drop-wise	 to	 the	 cell	 suspension.	

After	 gently	 mixing	 by	 inverting	 the	 tube	 4	 times,	 the	mixture	 of	 cells	 and	

saline	solution	was	incubated	for	20	minutes	in	a	37°C	water	bath.	0.1	mL	of	

fixative	 solution	 was	 added	 to	 the	 cell	 suspension	 that	 was	 mixed	 and	

centrifuged	at	1,000	x	g	for	5	minutes.	The	cell	pellet	was	resuspended	in	5	mL	

of	 fixative	 solution	 added	 dropwise.	 The	 cell	 suspension	 was	 mixed	 and	

incubated	at	RT	for	20	minutes.	The	samples	were	centrifuged	at	3,000	x	g	to	

pellet	the	cells	and	the	wash	with	the	fixative	solution	was	repeated	3	times.	

The	cell	pellet	was	resuspended	in	1	mL	of	fixative	solution	and	10	µL	of	cell	

suspension	 was	 dropped	 on	 a	 glass	 slide	 at	 RT.	 The	 slides	 were	 baked	

overnight	at	56°C.	

2.7.1.2	Hybridization	procedure	

VividFISH	CEP	Kit	by	GeneCopoeia	was	used	to	carry	out	the	FISH	experiment.	

For	 the	hybridization	procedure,	50	mL	Coplin	glass	 slide	 jars	were	used.	 	A	

slide	 jar	with	 50	mL	 of	 pretreatment	 solution	was	 pre-warmed	 at	 37°C	 in	 a	

water	bath.	The	slides,	with	the	fixed	cells,	were	incubated	in	the	pre-warmed	

pretreatment	solution	for	30	minutes	at	37°C.	The	slides	were	dehydrated	in	

70	%,	90	%	and	100	%	ethanol,	each	time	for	1	minute.	2	µL	of	the	FISH	probes	

(VividFISH	 CEP9;	 human	 chromosome	 9)	 were	 diluted	 to	 10	 µL	 using	

hybridization	solution.	The	pre-treated	slides	were	incubated	in	a	slide	jar	at	

73°C	with	50	mL	of	denaturation	solution	in	a	water	bath	for	5	minutes.	The	

slides	were	dehydrated	in	3	solutions	with	growing	ratio	of	ethanol	in	H2O	(70	
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%,	90	%	and	100	%)	each	for	1	minute.	10	µL	of	the	FISH	probes	were	added	

to	each	slide,	and	the	area	with	the	cells	was	covered	with	a	22	x	22	mm	cover	

slip,	allowing	 the	solution	 to	slowly	spread	and	 fill	under	 the	cover	slip.	The	

perimeter	of	 the	cover	slips	were	sealed	with	rubber	cement	and	they	were	

incubated	 in	 the	 pre-warmed	moisture	 chamber	 at	 42°C	 for	 24	 hours.	 The	

slides	with	removed	rubber	cement	were	putted	into	a	pre-warmed	slide	jar	

with	2	X	SSC,	allowing	the	cover	slips	to	float	away.	The	slides	were	incubated	

with	gentle	shaking	in	a	pre-warmed	slide	jar	with	50	mL	of	0.5	X	SCC	+	0.1	%	

NP40	at	73°C	for	5	minutes.	Next,	the	slides	were	transferred	into	a	slide	jar	

with	2	X	SSC	and	0.1%	NP-40	at	room	temperature	for	1	minute,	rinsed	with	

H2O	 and	 air	 dried.	 15	 µL	 of	 AntiFade	 w/DAPI	 I	 were	 loaded	 on	 the	 slides,	

which	were	covered	with	22	x	22	mm	cover	slips.	The	slides	were	analysed	by	

fluorescence	 microscopy	 using	 a	 100X	 oil	 immersion	 objective	 lens	 (LEICA	

DM2000).	

2.7.2	 Polymerase	 Chain	 Reaction	 (PCR)	 amplification,	 gel	 electrophoresis	
and	sequencing	

2.7.2.1	Design	and	validation	of	PCR	primers	

Two	to	three	pairs	of	primers	flanking	the	genomic	region	to	be	edited	were	

designed	for	each	CRISPR-Cas9n	system	of	gRNAs	(Table	6).	We	designed	a	20	

nucleotides	 long	 oligonucleotides	 with	 desired	 offset,	 with	 a	 GC	 content	

between	50%	and	65%,	a	Tm	between	55°C	and	80°C	and	a	G	or	C	at	the	5’	

and	3’	ends.	

	

Primer	 Sequence	5’	-	3’	 Amplic
on	

length	
(bp)	

GC	
conte
nt	(%)	

Tm	
(°C)	

Base	pairs	
position	in	
TNC	gene	

Primers	for	screening	of	Cas9n-gRNA	pair	A	

1	Fw	 GATACCCTAGAGCCCTAGAG	 180	 55	 56.1	 27187-27207	

1	Rv	 CTGGCAGGGTGGCGTTCACC	 180	 70	 74.4	 27347-27367	
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2	Fw	 CTCTGTGCTTCTAAATCCCC	 232	 50	 60.3	 27149-27169	

2	Rv	 CTGGCTGGTTCTCTTCTGGC	 232	 60	 66.3	 27362-27382	

Primers	for	screening	of	Cas9n-gRNA	pair	B	

1	Fw	 GGGCCATGACTCAGCTGTTG	 177	 60	 68.2	 27244-27264	

1	Rv	 CCACTGGCAGCTTGATGTTG	 177	 55	 66.9	 27401-27421	

2	Rv	 CCACTGGCTGACTCCAGATC	 271	 60	 65	 27187-27207	

3	Fw	 CCAAGGGACCAGAGCTACAG	 781	 60	 63.8	 26801-26821	

3	Rv	 CCTCCAGTCTGCTCAGCAGC	 781	 65	 67.8	 27602-27622	

Table	6	Details	of	primers	for	CRISPR-Cas9n	gene	edit	validation.	

The	primer	1Fw	 for	 the	CRISPR-Cas9n	gRNA	pair	A	 system	was	also	used	as	

primer	2Fw	for	the	validation	of	CRISPR-Cas9n	gRNA	pair	B	system.	

The	reaction	was	assembled	completely	on	ice	and	then	quickly	transferred	to	

the	 thermocycler	 preheated	 to	 the	 denaturation	 temperature	 of	 95°C.	 The	

polymerase	 chain	 reaction	 (PCR)	was	 performed	using	 2.5	μL	 10	 x	 Standard	

Taq	 (Mg-free)	 Reaction	 Buffer,	 1.5	 μL	 of	 25	 mM	 MgCl2,	 0.5	 μL	 of	 10	 mM	

dNTPs,	 0.5	μL	 of	 10	mM	Forward	Primer,	 0.5	μL	 of	 10	mM	Reverse	 Primer,	

0.125	μL	of	 Taq	DNA	polymerase	and	120	ng	of	 target	DNA	 to	amplify.	 The	

total	volume	of	the	reaction	was	25	μL	for	each	sample	to	amplify.	The	2720	

Thermal	 Cycler	 from	 Applied	 Biosystem	 was	 used	 to	 carry	 out	 this	 PCR	

analysis.	

A	touchdown	PCR	protocol	was	designed	for	each	pair	of	primers	(Table	7-11).			

Temperature	(°C)	 Time	 Cycles	

95	 5	min	 1	

	 	 	

95	 1	min	 27	

75	 30	sec	 27	
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68	 30	sec	 27	

	 	 	

95	 1	min	 13	

52	 30	sec	 13	

68	 30	sec	 13	

	 	 	

68	 5	min	 1	

4	 ∞	 1	

Table	7	Touchdown	PCR	protocol	used	to	amplify	the	TNC	genomic	region	edited	by	
the	CRISPR-Cas9n-gRNA	pair	A	system	using	primers	1Fw	and	1Rv.	

	
Temperature	(°C)	 Time	 Cycles	

95	 5	min	 1	

	 	 	

95	 1	min	 18	

70	 30	sec	 18	

68	 30	sec	 18	

	 	 	

95	 1	min	 22	

54	 30	sec	 22	

68	 30	sec	 22	

	 	 	

68	 5	min	 1	

4	 ∞	 1	

Table	8	Touchdown	PCR	protocol	used	to	amplify	the	TNC	genomic	region	edited	by	
the	CRISPR-Cas9n-gRNA	pair	B	system	using	primers	2Fw	and	2Rv.	
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Temperature	(°C)	 Time	 Cycles	

95	 5	min	 1	

	 	 	

95	 1	min	 18	

77	 30	sec	 18	

68	 30	sec	 18	

	 	 	

95	 1	min	 22	

61	 30	sec	 22	

68	 30	sec	 22	

	 	 	

68	 5	min	 1	

4	 ∞	 1	

Table	9	Touchdown	PCR	protocol	used	to	amplify	the	TNC	genomic	region	edited	by	
the	CRISPR-Cas9n-gRNA	pair	B	using	primers	1Fw	and	1Rv.	

	
Temperature	(°C)	 Time	 Cycles	

95	 5	min	 1	

	 	 	

95	 1	min	 18	

66	 30	sec	 18	

68	 30	sec	 18	

	 	 	

95	 1	min	 22	

51	 30	sec	 22	

68	 30	sec	 22	

	 	 	



51	
	

68	 5	min	 1	

4	 ∞	 1	

Table	10	Touchdown	PCR	protocol	used	to	amplify	the	TNC	genomic	region	edited	by	
the	CRISPR-Cas9n-gRNA	pair	B	system	using	primers	2Fw	and	2Rv.	

	

Temperature	(°C)	 Time	 Cycles	

95	 5	min	 1	

	 	 	

95	 1	min	 18	

78	 30	sec	 18	

68	 30	sec	 18	

	 	 	

95	 1	min	 22	

60	 30	sec	 22	

68	 30	sec	 22	

	 	 	

68	 5	min	 1	

4	 ∞	 1	

Table	11	Touchdown	PCR	protocol	used	to	amplify	the	TNC	genomic	region	edited	by	
the	CRISPR-Cas9n-gRNA	pair	B	system	using	primers	3Fw	and	3Rv.	

	
	

2.7.2.2		PCR	amplification	and	sequencing	

PCR	samples	were	run	on	a	1.5	%	agarose	gel	and	DNA	bands	were	cut.	The	

DNA	 was	 extracted	 from	 the	 gel	 and	 purified	 as	 described	 above.	 PCR	

products	were	sequenced	by	Source	Bioscience	as	described	above.	
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2.8	Protein	Analysis	

2.8.1	 Tris-glycine	 Sodium	 Dodecyl	 Sulphate	 Polyacrylamide	 Gel	
Electrophoresis	(SDS-PAGE)	

50	μL	of	HEK	293	and	7.5	μL	of	BJ	conditioned	media	and	cell	lysates	and	6	X	

Laemmli	sample	buffer	were	mixed	and	loaded	into	5%	SDS-PAGE	gels	(Table	

12).	 Each	 sample	was	 boiled	 for	 5	minutes	 at	 95°C	 before	 loading.	 Samples	

were	run	in	1	X	Tris-glycine	running	buffer	at	10	mA/gel	for	20	minutes	and	at	

20	mA/gel	for	2	hours	using	a	PowerPac	Universal	from	BIO	RAD.			

Component	 Separating	gel	(mL)	 Stacking	gel	(mL)	

30	%	acrylamide/0.8	%	bisacrylamide	 2.50	 0.65	

4	X	Tris-Cl/SDS,	pH	8.8	 3.75	 -	

4	X	Tris-Cl/SDS,	pH	6.8	 -	 1.25	

H2O	 8.75	 3.05	

10	%	w/v	ammonium	persulfate	 0.05	 0.025	

N,N,N’,N’-	Tetramethylethylenediamine	
(TEMED)	

0.01	 0.005	

Table	12	Composition	of	5	%	SDS-PAGE	gels.	

	

2.8.2	Western	blotting	

Protein	samples	separated	by	SDS-PAGE	were	transferred	to	a	nitrocellulose	

membrane.	 The	 membrane	 was	 first	 hydrated	 with	 water	 and	 then	

equilibrated	 in	 1	 X,	 ice-cold	 transfer	 buffer	 for	 10	 minutes	 with	 shaking.		

Protein	transfer	was	carried	out	using	a	PowerPac	Universal	fromBIO	RAD,	at	

350	mA	 for	 90	minutes	 in	 ice-cold	1	X	 transfer	buffer.	After	 electroblotting,	

protein	 transfer	 was	 confirmed	 by	 visualization	 of	 the	 pre-stained	 protein	

ladder,	 and	 the	 membrane	 was	 stained	 with	 1	 %	 Ponceau	 S	 solution	 and	

imaged	using	an	image	analyser	(Fujifilm	LAS-4000)	to	check	equal	loading	of	
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protein	samples.	After	destaining	with	H20,	the	membrane	was	blocked	with	

20	mL	 of	 5	 %	 BSA/PBST	 on	 a	 shaker	 overnight	 at	 4°C.	 The	membrane	 was	

incubated	with	5	mL	of	2	%	BSA/PBST	containing	the	primary	antibody	(Table	

1)	 for	3	hours	on	a	 slow	shaker	at	 room	temperature.	After	3	washes	of	10	

minutes	each	with	1	X	PBST	with	shaking,	the	membrane	was	incubated	in	5	

mL	 of	 5	%	 dry	milk/PBST	 containing	 the	 secondary	 antibody	 (Table	 1)	 for	 1	

hour	at	room	temperature.	After	3	washes	of	10	minutes	each	with	1	X	PBST	

on	a	shaker,	the	membrane	was	incubated	for	2	minutes	in	1.6	mL	of	freshly	

prepared	ECL	detection	solution.		The	membrane	was	covered	in	Saran	wrap,	

drained	 from	 the	 liquid	 excess	 and	 the	 chemiluminescent	 signal	 detected	

using	an	image	analyser	(Fujifilm	LAS-4000).	

	

2.9		Gene	expression	quantification	

2.9.1		RNA	extraction	and	purification	

For	total	RNA	extraction	from	HEK	293	and	BJ	cell,	the	medium	was	removed	

from	~80%	 confluent	 10	 cm	 culture	 dishes	 and	1	mL	of	 TRIzol	 Reagent	was	

added.	 The	 cells	were	 lysed	directly	 in	 the	 culture	 dish	 using	 a	 cell	 scraper.	

Cell	lysates	were	transferred	to	RNase-free	1,5	mL	tubes	and	incubated	for	10	

minutes	 at	 room	 temperature.	 0.2	 mL	 of	 chloroform	 was	 added	 to	 the	

samples	and	mixed	vigorously	by	shaking	the	tubes	 for	15	seconds.	After	an	

incubation	of	3	minutes	at	room	temperature,	the	samples	were	centrifuged	

at	10,000	rpm	for	15	minutes	at	4°C.	The	top,	aqueous	phase	was	transferred	

into	 a	 RNase-free	 1.5	 mL	 tube,	 where	 0.5	 mL	 of	 100	 %	 isopropanol	 was	

previously	added,	and	incubated	at	room	temperature	for	10	minutes.	After	a	

10	minutes	 centrifugation	 at	 12,000	 x	 g	 at	 4°C	 the	 RNA	 pellet	 was	washed	

with	 1	mL	 of	 75	%	 ethanol.	 The	mixture	was	 centrifuged	 at	 7,500	 x	 g	 for	 5	

minutes	at	4°C	and	the	pellet	air-dried	for	10	minutes.	30	µL	RNase-free	H2O	

was	used	to	re-suspend	the	RNA,	which	was		incubated	for	15	minutes	at	60°C	

before	 measuring	 the	 RNA	 concentration	 and	 purity	 using	 a	 NanoDrop	

spectrophotometer.	RNA	was	stored	at	-80⁰C	until	further	analysis.	
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2.9.2		Reverse	Transcription	

Genomic	 DNA	 removal	 from	 RNA	 samples	 and	 reverse	 transcription	

polymerase	 chain	 reaction	 (RT-PCR)	 were	 carried	 out	 using	 the	 QuantiTect	

Reverse	 Transcription	 Kit	 from	 QIAGEN,	 following	 the	 manufacturer’s	

protocol.	A	reverse-transcription	master	mix	was	prepared	by	mixing	1	µL	of	

quantitative	reverse	transcriptase,	4	µL	of	5	x	quantitative	RT	buffer	and	1	µL	

RT	 primer	 mix.	 The	 genomic	 DNA	 elimination	 reaction	 (2	 µL	 of	 7	 x	 gDNA	

wipeout	 buffer,	 0.5	 µg	 of	 template	 RNA	 and	 RNase-free	H2O	 to	 14	 µL)	was	

carried	out	at	42°C	for	2	minutes	and	immediately	stopped	on	ice.	The	master	

mix	was	added	to	the	treated	RNA	solution	to	make	up	a	total	volume	of	20	

µL.	The	reverse	transcription	reaction	was	carried	out	at	42°C	for	15	minutes	

followed	by	inactivation	of	the	reverse	transcriptase	at	95°C	for	3	minutes.	For	

long-term	storage,	the	reactions	were	stored	at	-20°C.	

2.9.3	 Quantitative	real	time	polymerase	chain	reaction	

Quantitative	 real-time	 PCR	 was	 performed	 with	 TaqMan	 primer	 sets	

containing	two	unlabelled	primers	and	one	6-FAM	dye-labelled	TaqMan	MGB	

probe	for	human	TN-C	(Hs01115665_m1)	and	HPRT1	(Hs02800695_m1)	from	

Applied	 Biosystems.	 cDNA	 samples	 (reverse	 transcription	 reactions)	 were	

diluted	1:3	with	 autoclaved,	 ultrapure	H2O.	 Each	 reaction	was	performed	 in	

triplicate,	 in	10	µL	total	volume,	by	mixing	5	µL	of	5	X	Universal	PCR	Master	

Mix	 (Applied	Biosystems),	 0.5	µL	of	 20	X	 TaqMan	primer	 set,	 1.5	µL	of	H2O	

and	3	µL	of	diluted	cDNA.	The	real-time	PCR	reactions	were	run	in	a	Corbett	

Rotor-gene	machine	using	the	following	program:	hold	at	95⁰C	for	10	minutes	

and	 40	 cycles	 at	 95⁰C	 for	 15	 seconds	 and	 60⁰C	 for	 1	 minute.	 Relative	

expression	 was	 calculated	 by	 the	 change-in-threshold	 (ΔΔCT)	 method	 with	

HPRT1	 as	 endogenous	 control	 for	 gene	 expression	 and	 was	 normalized	 to	

results	obtained	with	untreated	cells.	

2.10	Preparation	of	cell-derived	matrices	

For	 preparation	 of	 cell-derived	 matrices,	 a	 modified	 version	 of	 Martin	



55	
	

Humphries’s	protocol	was	used.	BJ	cells	were	resuspended	at	a	cell	density	of	

1	x	105	cells/mL	and	plated	as	follows:	12.5	mL	in	a	10	cm	dish	or	1	mL	in	a	12-

well	plate.	Cells	were	cultured	at	37˚C	(5	%	CO2).	When	cells	reached	100	%	

confluence,	the	growth	medium	was	changed	to	fresh	medium	supplemented	

with	50	µg/ml	L-ascorbic	acid	(L-AA;	Sigma).	The	L-AA	containing	medium	was	

changed	 every	 day	 to	 promote	 collagen	 synthesis	 and	 deposition	 of	 a	 thick	

matrix.	Cells	were	cultured	for	14	days	in	the	presence	of	L-AA.	

2.10.1	Matrix	decellularization	

Cells	were	washed	 twice	with	 1	 x	 PBS.	 6	mL/dish	 of	 pre-warmed	extraction	

buffer	 (20mM	 NH4OH,	 0.5%	 Triton	 X-100	 in	 PBS)	 were	 gently	 added.	 Cells	

were	lysed	for	2	min	until	no	intact	cells	were	visible	by	phase.	The	extraction	

buffer	was	removed	partially	and	washed	with	1	x	PBS.	The	gentle	wash	with	

PBS	was	 repeated	 twice.	Residual	DNA	was	digested	with	10	µg/ml	DNase	 I	

(Roche)	in	1	x	PBS	containing	Ca2+	and	Mg2+	for	30	min	at	37˚C.	DNase	I	was	

then	 removed	 and	 the	 matrix	 washed	 twice	 with	 1	 x	 PBS	 and	 used	

immediately.	

		

2.10.3	ECM	extraction	

For	total	ECM	molecule	extraction,	300	µl	of	1	x	Laemmli	sample	buffer	were	

added	 to	 each	 10	 cm	 dish	 after	 decellularization.	 The	 dish	was	 scraped	 off	

with	a	cell	scraper	and	the	lysate	was	collected	into	a	1.5	ml	mini-centrifuge	

tube.	 Additional	 300	 µl	 of	 1	 x	 Laemmli	 sample	 buffer	 were	 added	 and	 the	

solution	was	collected	as	above.	The	lysates	were	vortexed	and	boiled	for	10	

min.		

For	extraction	of	soluble	and	insoluble	ECM	molecules,	1	ml	of	modified	RIPA	

buffer	 was	 applied	 to	 each	 10	 cm	 dish,	 which	 was	 incubated	 at	 room	

temperature	for	5	min	on	a	rocker.	The	buffer	was	aspirated	and	the	solution	

was	collected	in	a	1.5	ml	tube.	Immediately	after,	1	ml	of	urea	lysis	buffer	was	

added	directly	to	each	dish,	which	was	incubated	at	room	temperature	for	5	

min	on	a	rocker.	The	plate	was	scraped	off	with	a	cell	scraper	and	the	extract	
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was	collected	in	a	1.5	ml	tube.	Both	extracts	were	dialyzed	using	Slide-A-Lyzer	

G2	 Dialysis	 Cassette,	 2K	 MWCO	 (Thermo	 Scientific).	 The	 total	 protein	

concentrations	of	 samples	was	quantified	using	 the	Bradford	assay.	 Extracts	

were	also	analysed	by	Western	blotting.	

2.10.4	Preparation	of	coverslips	

In	 order	 to	 prepare	 cell-derived	 matrices	 on	 glass	 coverslips	 for	

immunofluorescence	 analysis,	 glass	 coverslips	 were	 boiled	 3	 times	 in	

ultrapure	H2O	and	autoclaved.	 They	were	 then	 transferred	 to	24-well	 plate.	

After	a	wash	with	1	x	PBS,	coverslips	were	incubated	with	0.2	%	sterile	gelatin	

(Sigma)	for	1	hour	at	37˚C.	After	that,	they	were	washed	3	times	with	1	x	PBS.			

1	%	 sterile-filtered	glutaraldehyde	 in	PBS	was	 then	added	 for	30	minutes	at	

room	temperature.	Coverslips	were	 then	washed	3	 times	with	1	x	PBS.	1	M	

sterile-filtered	glycine	in	PBS	was	added	for	20	minutes	at	room	temperature.	

Coverslips	 were	 then	 washed	 3	 times	 with	 1	 x	 PBS	 and	 incubated	 for	 30	

minutes	 at	 37˚C	with	 complete	 growth	medium.	 The	medium	was	 removed	

and	replaced	with	fresh	growth	media.	A	BJ	cell	suspension	was	then	added	as	

described	above.	

2.10.5	Immunofluorescence	(IF)	analysis	of	cell-derived	matrices	

Cell-derived	matrices	were	fixed	with	3	%	paraformaldehyde	in	PBS	at	4˚C	for	

15	 minutes.	 Paraformaldehyde	 was	 removed	 and	 matrices	 were	 incubated	

with	 blocking	 solution	 containing	 bovine	 serum	 albumin	 and	 goat	 serum	 at	

room	 temperature	 for	 1	hour.	 Coverslips	were	 then	 incubated	with	primary	

antibody	or	no	antibody	in	blocking	solution	at	room	temperature	for	1	hour	

(Table	 16).	 After	 4	 washes	 with	 Tris-buffered	 saline	 (TBS),	 coverslips	 were	

incubated	with	 the	appropriate	 secondary	antibody	and	DAPI	 (Invitrogen)	 in	

blocking	 buffer	 at	 room	 temperature	 for	 1	 hour.	 Coverslips	were	washed	 4	

times	with	 TBS	 and	mounted	onto	microscope	 slides	 using	 10	µl	 of	 Prolong	

Gold	antifade	agent	(Thermo	Scientific).	Coverslips	were	sealed	on	the	slides	

by	 applying	 nail	 polish	 at	 the	 edges	 and	 examined	 using	 an	 inverted	
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Table	16	Details	of	primary	antibodies	used	for	IF	analysis.	

fluorescence	microscope	(EVOS®	Cell	Imaging	System,	Thermo	Scientific).	

	

	 	

Antibody	 Use	 Dilution	 Provider	

Rabbit	anti-human	fibronectin	(F3648)	 IF	 1:200	 Sigma	

Mouse	anti-human	tenascin-C	

(MAB1908)	
IF	 1:200	 Chemicon	
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3 Results	

Generation	 of	 human	 TNC	 knock-out	 fibroblasts	 by	 CRISPR-Cas9-mediated	

genome	editing	

	
	

3.1		Introduction	
	
To	 knockout	 the	 TNC	 gene	 in	 human	 BJ	 fibroblasts	 we	 have	 chosen	 the	

CRISPR-Cas9	nickase	(CRISPR-Cas9n)	technology.		Our	objective	is	to	create	a	

double	 strand	 break	 (DSB)	 in	 the	 first	 expressed	 exon	 near	 the	 N-terminus	

where	mutations	are	more	likely	to	disrupt	the	ability	of	the	gene	to	code	for	

the	protein.	 Specifically,	 our	 target	DNA	 sequence	 is	 located	 in	proximity	of	

the	translation	start	codon	ATG,	which	is	found	in	exon	2.	We	expect	that	the	

DSB	is	repaired	by	the	error-prone	non-homologous	end	joining	(NHEJ)	repair	

pathway,	which	causes	insertion/deletions	(InDels)	that	can	disrupt	the	gene	

by	shifting	its	open	reading	frame	(ORF)	or	generating	premature	stop	codons.		

The	S.	pyogenes	endonuclease	Cas9n	mutant	D10A,	which	contains	only	one	

catalytic	 domain,	 will	 be	 used.	 Cas9n	 requires	 two	 20	 bp	 long	

oligonucleotides,	known	as	guide	RNAs	(gRNAs),	which	direct	the	nuclease	to	

two	 specific	 sequences	on	 the	opposite	 strands	of	 the	 target	DNA,	 allowing	

Cas9n	 to	 generate	 a	 DSB.	 Compared	 to	 the	 wild	 type	 Cas9,	 this	 mutant	

operates	with	 increased	 specificity	 and	 reduced	off-target	 cleavage.	 	 Before	

using	this	technology	to	knock-out	the	TNC	gene	in	human	BJ	fibroblasts,	I	will	

deliver	and	test	the	designed	CRISPR-Cas9n	system	in	the	HEK	293	cell	line.			

	

3.2		Analysis	of	TN-C	expression	in	human	BJ	fibroblasts	and	HEK	293	cells	

In	 animals,	 the	 predominant	 connective	 tissue	 cells	 are	 fibroblasts,	 which	

synthesise	and	secrete	abundant	extracellular	matrix	molecules,	including	TN-

C.	For	this	ability,	 fibroblasts	can	be	used	to	prepare	 in	vivo-like	cell-derived	

matrices,	which	can	then	be	employed	as	a	substrate	for	the	culture	of	other	

cells	 and	 to	 study	 the	 function	 of	 the	matrix	 and	 its	molecules.	 In	 order	 to	
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study	 how	 TN-C	 assembled	 in	 the	 extracellular	 matrix	 signals	 to	 cells	 and	

influences	 their	 gene	 expression	 by	 regulating	 microRNA	 levels	 during	

inflammation,	 we	 aim	 to	 generate	 cell-derived	 matrices	 lacking	 TN-C	 by	

engineering	TNC	knock-out	fibroblasts.	BJ	fibroblasts,	a	cell	line	derived	from	

normal	human	skin/foreskin,	were	chosen	for	their	ability	to	secrete	abundant	

extracellular	matrix	and	their	long	lifespan	compared	to	primary	fibroblasts	or	

other	normal	human	fibroblast	cell	lines.	However,	as	fibroblasts	grow	slowly	

and	are	hard	to	transfect,	HEK	293	cells,	which	are	easy	to	grow	and	transfect,	

were	used	in	the	first	place	to	design	and	optimise	CRISPR-Cas9-mediated	edit	

of	the	TNC	gene.	

	

3.2.1		BJ	fibroblasts	synthesise	and	secrete	TN-C	into	the	extracellular	space	

To	analyse	TN-C	expression	at	 the	mRNA	and	protein	 level	 in	BJ	 fibroblasts,	

cells	were	cultured	in	10	cm	culture	dishes	to	confluence	and	were	stimulated	

with	100	ng/mL	of	LPS	or	 left	unstimulated	for	24	hours.	Cells	were	 lysed	to	

extract	 and	 purify	 total	 RNA	 or	 to	 extract	 total	 proteins.	 TNC	 mRNA	

expression	was	measured	by	RT-qPCR	and	normalised	using	the	housekeeping	

gene	HPRT1,	 an	 endogenous	 control	 whose	 expression	 level	 does	 not	 vary	

between	samples,	as	it	has	been	extensively	tested	in	our	lab.		TN-C	protein	in	

cell	 lysate	 and	 conditioned	 medium	 was	 analysed	 by	 Western	 blotting.	 To	

analyse	 TN-C	 secretion	 and	 deposition	 in	 the	 ECM	 synthesized	 by	 BJ	

fibroblasts,	 cells	 were	 cultured	 in	 10	 cm	 culture	 dishes	 or	 on	 sterile	 glass	

coverslips	 in	 12-well	 plates	 to	 confluence	 and	 for	 14	 additional	 days	 during	

which	cells	were	supplemented	daily	with	fresh	complete	media	by	Dr.	Anna	

Piccinini.	TN-C	protein	was	analysed	in	total	cell	extracts	(cell	and	matrix)	and	

matrix	extracts	after	decellularization	by	Western	blotting	by	Miss	Er	Pey	Ling.	

Moreover,	 TN-C	 protein	was	 visualised	 in	 the	 extracellular	matrix	 deposited	

by	BJ	fibroblasts	by	immunofluorescence	by	Miss	Er	Pey	Ling.	

BJ	 fibroblasts	 in	 the	 steady-state	 express	 TNC	 at	 the	 mRNA	 level	 and	 LPS	

stimulation	of	cells	further	increases	its	expression	by	~2.5	fold	(Fig.	3.1A).	LPS	
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was	 previously	 shown	 to	 transcriptionally	 induce	 the	 expression	 of	 TNC	 in	

myeloid	cells	(Goh	et	al.,	2010).	However,	similar	levels	of	TN-C	protein	were	

detected	in	the	conditioned	medium	and	cell	 lysate	of	unstimulated	and	LPS	

stimulated	 cells	 for	 24	 hours	 (Fig.	 3.1B).	 These	 results,	 together	 with	 the	

kinetic	of	TNC	mRNA	and	TN-C	protein	expression	in	myeloid	cells	that	peaks	

at	4	and	24	hours	 respectively	 (Goh	et	al.,	2010),	 indicate	 that	TN-C	protein	

levels	 should	 be	 measured	 at	 later	 time	 points	 to	 confirm	 whether	 the	

induction	 of	 TNC	 mRNA	 leads	 to	 an	 enhancement	 in	 TN-C	 protein	 in	 BJ	

fibroblasts.		

BJ	 fibroblasts	 secrete	 TN-C	 protein	 into	 the	 extracellular	 space	 and	 higher	

levels	of	TN-C	were	detected	in	the	insoluble	fraction	compared	to	the	soluble	

fraction	of	matrix	extracts	(Fig.	3.1C).	This	suggests	that	most	of	the	TN-C	that	

is	secreted	by	BJ	fibroblasts	is	assembled	into	the	matrix	meshwork	where	TN-

C	 is	 known	 to	bind	 to	other	matrix	molecules.	 Immunofluorescence	analysis	

confirmed	 secretion	 and	 deposition	 of	 TN-C	 in	 the	 extracellular	 matrix	 and	

showed	a	macromolecular	organization	for	TN-C	that	is	different	to	that	of	the	

abundantly	expressed	matrix	molecule	fibronectin	(Fig.	3.1D).	
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Figure	 3.1	 BJ	 fibroblasts	 express	 TN-C	 and	 deposit	 an	 extracellular	 matrix	 that	
contains	 TN-C.	 (A)	 Quantitative	 RT-PCR	 analysis	 of	 TNC	mRNA	 in	 BJ	 fibroblasts	 at	
steady-state	or	stimulated	with	100	ng/ml	LPS	for	24	hours.	Left:	amplification	plot	
and	threshold	cycles;	right:	results	are	presented	relative	to	the	abundance	of	TNC	
mRNA	 at	 steady-state.	 Data	 are	means	 ±	 SD	 of	 three	 replicates.	 (B)	 BJ	 cells	 were	
treated	 for	 24	 hours	with	 100	 ng/ml	 LPS	 and	 conditioned	medium	 and	 cell	 lysate	
were	analyzed	by	Western	blotting	 for	 the	presence	of	 TN-C.	 (C)	Western	blotting	
analysis	 of	 TN-C	 in	 three	 Laemmli	 sample	 buffer	 BJ	 cells	 and	 matrix	 extracts	 and	
soluble	 and	 insoluble	 decellularized,	 BJ-derived	 matrix	 extracts.	 (D)	 TN-C	 or	
fibronectin	single	staining,	TN-C/fibronectin	or	no	primary	antibody	with	or	without	
DAPI	 double-immunofluorescence	 staining	 of	 BJ	 cells	 and	matrix.	 (BF:	 bright	 field;	
scale	bar	400µm). 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



62	
	

3.2.2		HEK	293	cells	express	TNC	mRNA	

To	ensure	that	HEK	293	cells	can	be	used	as	a	cellular	system	 to	design	and	

optimise	 CRISPR-Cas9-mediated	 editing	 of	 the	TNC	 gene,	 expression	 of	TNC	

mRNA	in	these	cells	was	investigated.		

The	Human	Protein	Atlas	database	was	 searched	 for	TNC	 expression	 in	HEK	

293	cells.	Moreover,	cells	were	cultured	in	T75	flasks	to	~70%	confluence	and	

were	stimulated	with	100	ng/mL	of	LPS	or	left	unstimulated	for	24	hours.	Cells	

were	 lysed	 to	 extract	 and	 purify	 total	 RNA	 and	 TNC	mRNA	 expression	 was	

measured	by	RT-qPCR.		

RNA-seq	 analysis	 of	HEK	293	 cell	 line	deposited	 in	 the	Human	Protein	Atlas	

showed	 that	TNC	 is	 expressed	 in	 these	 cells	 at	 the	 transcriptional	 level	 (Fig.	

3.2A).	RT-qPCR	performed	in	our	lab	confirmed	that	HEK	293	cells	express	TNC	

mRNA	 and	 showed	 that	 the	 levels	 of	 expression	 are	 significantly	 lower	

compared	 to	 BJ	 fibroblasts	 (Fig.	 3.2B).	 These	 findings	 confirm	 that	 HEK	 293	

cells	are	suitable	to	test	the	CRISPR-Cas9-mediated	genome	editing	approach.	
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Figure	 3.2	 HEK	 293	 cells	 express	 TNC	 at	 the	 transcriptional	 level.	 (A)	 RNA-seq	
analysis	 of	 HEK	 293	 cell	 line	 from	 the	 Human	 Protein	 Atlas	
(http://www.proteinatlas.org/).	 On	 top	 the	 transcript	 layout	 for	 all	 coding	 and	
non-coding	 transcripts	 of	 the	 gene	 is	 shown.	 Untranslated	 regions	 (UTRs)	 of	
protein-coding	transcripts	are	in	gray.	Gene	abundance	is	quantified	by	the	FPKM	
(Fragments	 Per	 Kilobase	 of	 exon	 per	 Million	 fragments	 mapped),	 which	 is	
calculated	as	 the	 sum	of	 FPKMs	of	 all	 protein-coding	 transcripts.	 The	plots	 show	
the	mapped	 read	 coverage	 along	 all	 exons	 and	 introns	 of	 the	 gene.	 (B)	 RT-qPCR	
analysis	of	TNC	mRNA	in	HEK	293	cells	at	steady-state	or	24	hours	after	stimulation	
with	100	ng/ml	LPS.	Left:	amplification	plot	and	threshold	cycles	(LPS	24	hours	 in	
green	 and	 steady-state	 in	 red);	 right:	 results	 are	 presented	 relative	 to	 the	
abundance	of	TNC	mRNA	at	steady-state.	 

	

	

	



64	
	

3.3		Design	of	a	CRISPR-Cas9	system	to	knock-out	the	TNC	gene	

	
3.3.1		Design	of	gRNAs	

To	 knock-out	 the	 TNC	 gene	 using	 the	 CRISPR-Cas9n	 system,	 gRNAs	 were	

designed	to	bind	in	close	proximity	on	the	top	and	bottom	DNA	strands	near	

the	translation	start	codon	ATG,	which	is	found	in	exon	2	of	the	TNC	gene.	The	

design	 was	 carried	 out	 using	 the	 CRISPR	 design	 software	

(http://crispr.mit.edu/).	For	this,	a	250	bp	TNC	coding	sequence	within	exon	2,	

including	 the	 ATG,	 was	 identified	 and	 submitted	 (Fig.	 3.3A).	 	 The	 software	

generates	 a	 list	 of	 all	 the	 possible	 gRNAs	 located	 exactly	 next	 to	 a	 DNA	

sequence	 encoding	 the	 species-specific	 protospacer	 adjacent	 motif	 (PAM)	

NGG	at	their	3’	end	and	scans	them	for	potential	offtargets	as	well	as	target	

specificity.	 Single	 and	 pair	 gRNAs	 are	 then	 ranked	 based	 on	 an	 aggregate	

score	and	pairs	with	a	score	>	50	and	0	off-targets	are	considered	candidate	

targeting	sequences.	Because	 it	 is	 still	unclear	which	properties	of	 the	gRNA	

are	 important	 for	 gRNA	 specificity,	 three	 different	 pairs	 of	 gRNAs	 were	

designed	in	the	region	of	 interest	to	maximise	the	chances	of	success	of	the	

system	(Fig.	3.3B-D).		

The	first	pair	of	gRNAs	(pair	A)	consists	of	the	gRNAs	A1	and	A2,	which	have	

an	offset	of	28	bp,	0	offtargets	and	an	aggregate	score	of	60	(Fig.	3.3B).	The	

second	pair	of	gRNAs	(pair	B)	consists	of	the	gRNAs	B1	and	B2,	which	have	an	

offset	 of	 11	 bp,	 0	 offtargets	 and	 an	 aggregate	 score	 of	 81	 (Fig.	 3.3BC).	 The	

third	pair	of	gRNAs	(pair	C)	consists	of	 the	gRNAs	C1	and	C2,	which	have	an	

offset	 of	 1	 bp,	 0	 offtargets	 and	 an	 aggregate	 score	 of	 66	 (Fig.	 3.3D).	 A	

schematic	 overview	 of	 the	 three	 gRNA	 pairs	 in	 the	 context	 of	 the	 locus	 of	

interest	is	shown	in	Figure	3.4.		
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Figure	3.3	Design	of	dual	nickase	CRISPR	system	to	knockout	TNC	gene.	(A)	The	250	
bp	 TNC	 coding	 sequence	 (within	 exon	 2;	 obtained	 from	 the	 NCBI	 gene	 database)	
submitted	 to	 the	 CRISPR	 design	 tool	 (http://crispr.mit.edu)	 for	 double	 nickase	
analysis.	 The	 translation	 start	 codon	 ATG	 is	 highlighted	 in	 green.	 (B-D)	 The	 top	 3	
pairs	of	guide	oligonucleotides	(gRNAs)	near	the	start	codon	with	the	highest	target	
specificity	 and	 the	 lowest	 to	 no	 potential	 genome-wide	 offtargets	 as	 indicated	 by	
the	aggregate	score	for	each	individual	guide	and	pair	of	guides.	PAM	sequences	are	
highlighted	 in	 green,	 gRNAs	 in	 light	 orange	 and	 blue	 and	 ATG	 in	 red.	 Triangles	
indicate	cleavage	sites. 
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Figure	 3.5	 Synthesis	 of	 gRNA	 for	 cloning.	 The	 gRNAs	 for	 the	 top	 and	 bottom	
strands	of	the	human	TNC	gene	(in	blue)	include	overhangs	for	ligation	into	the	
pSpCas9n(BB)-2A-GFP	plasmid	and	a	G-C	pair	(brown	outline)	at	the	5ʹ	end	of	the	
gRNA	for	optimal	U6	transcription.	One	gRNA	is	shown	as	an	example.	 

3.3.2		Synthesis	of	gRNAs	

To	transiently	express	Cas9n	and	gRNAs	in	HEK	293	cells	and	BJ	fibroblasts,	we	

have	chosen	a	mammalian	expression	plasmid	(pSpCas9n(BB)-2A-GFP;	PX461)	

containing	a	constitutive	CBh	Cas9	promoter,	a	U6	promoter	for	the	gRNA	and	

a	GFP	reporter	gene.	In	order	to	clone	the	gRNAs	into	the	plasmid,	we	added	

specific	overhangs	for	ligation	into	the	pSpCas9n(BB)-2A-GFP	plasmid	and	a	G	

for	 optimal	 U6	 transcription	 at	 the	 5’	 end	 of	 the	 gRNA	 sequence	 (Fig.	 3.5).	

gRNA	were	synthesized	by	Sigma.	

	

	
	
	
	
	
	
	
	
	

	
	

3.3.3		Cloning	of	gRNAs	

The	 cloning	 of	 each	 single	 gRNA	 into	 the	 PX461	 mammalian	 expression	

plasmid	 was	 performed	 by	 digesting	 the	 vector	 with	 the	 BbsI	 restriction	

enzyme.	The	digested	plasmid	was	then	agarose	gel	purified	to	remove	the	22	

nucleotide-excised	 fragment	and	 to	 separate	 the	digested	plasmid	 from	any	

uncut	plasmid	(Fig.	3.6).		
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Figure	 3.6	 Restriction	 digest	 of	 pSpCas9n(BB)-2A-GFP	 plasmid	 with	 BbSI	
restriction	enzyme.	5µL	of	undigested	and	digested	plasmid	DNA	run	on	a	0.6%	
w/v	agarose	gel	stained	with	ethidium	bromide. 

Figure	 3.7	 Cloning	 of	 gRNAs.	 Cloning	 of	 annealed	 gRNAs	 into	 plasmid	 by	
digestion	of	pSpCas9n(BB)-2A-GFP	plasmid	with	BbsI.	Insertion	of	a	single	gRNA	is	
shown	as	an	example.	 

	

	

	

	

	

	

	

	

	

	

	

	

Each	of	the	six	gRNAs	was	annealed	and	phosphorylated,	and	then	ligated	into	

the	digested	PX461	plasmid	(Fig.	3.7).		
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The	 resulting	 ligation	products	were	 transformed	 into	E.	 coli	DH5α	strain	by	

heat	shock	and	selected	on	ampicillin	LB	agar	plates.	One	single	fresh	colony	

from	 each	 plate	was	miniprepped.	 Purified	 plasmid	 DNA	 concentration	 and	

purity	 was	 analysed	 (Table	 14)	 and	 minipreps	 were	 sent	 for	 sequencing	

(Source	 Bioscience)	 with	 the	 human	 U6	 forward	 primer	 to	 confirm	 correct	

insertion	of	 the	desired	 gRNA.	 Sequencing	 showed	 that	 all	 of	 the	 six	 gRNAs	

were	 successfully	 cloned	 into	 PX461-gRNAs.	 Thus,	 midipreps	 were	 done	 to	

obtain	enough	plasmid	DNA	of	high	purity	and	low	endotoxin	contamination	

for	transfection	into	mammalian	cells	(Table	15).	

	
	

ID	 ng/µL	 A260/A280	 A260/A230	

A1	 591.5	 1.88	 2.20	

A2	 543.3	 1.87	 2.22	

B1	 478.1	 1.89	 2.23	

B2	 432.2	 1.89	 2.19	

C1	 800.7	 1.88	 2.10	

C2	 768.3	 1.88	 2.20	

Table	14	Plasmid	DNA	concentration	of	minipreps.	The	ID	refers	to	the	specific	gRNA	
cloned	into	the	plasmid.	

	
	
	

ID	 µg/µL	 A260/A280	 A260/A230	

A1	 2.4	 1.89	 2.24	

A2	 2.6	 1.88	 2.21	

B1	 2.1	 1.90	 2.25	

B2	 2.2	 1.88	 2.23	

C1	 2.1	 1.88	 2.25	

C2	 2.4	 1.88	 2.23	

Table	15	Plasmid	DNA	concentration	of	midipreps.	The	ID	refers	to	the	specific	gRNA	
cloned	into	the	plasmid.	
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3.4		Delivering	Cas9n	and	gRNAs	

	
3.4.1	Transfection	of	Cas9n	and	gRNAs	into	HEK	293	cells	

The	purified	plasmid	DNA	 samples	 (Table	3.2),	 each	 containing	Cas9n	and	a	

gRNA,	 were	 transfected	 into	 HEK	 293	 cells	 using	 the	 calcium	 phosphate	

method.	For	this,	cells	were	seeded	in	6-well	plates	and,	when	they	reached	

~80	%	confluence,	they	were	left	non-transfected	or	transfected	with	1	µg	of	

each	gRNA	either	 in	pairs	or	 individually	as	a	negative	control	 for	 the	Cas9n	

activity.	 A	mock-transfection	with	 all	 the	 reaction	 steps	 and	 reagents,	 apart	

from	 the	 plasmid	 DNA,	 was	 performed	 to	 control	 for	 the	 toxicity	 of	 the	

transfection	 method	 on	 the	 cells.	 Transfection	 of	 a	 GFP-plasmid	 control	

(kindly	provided	by	Dr	Hilary	Collins)	was	also	included	in	the	experiment	as	a	

positive	control	for	the	transfection	reaction.	

Cas9n	and	gRNA	pair	A	were	transfected	 into	HEK	293	cells	with	the	highest	

transfection	 efficiency	 (~80	 %),	 which	 was	 estimated	 by	 light	 microscopy	

combined	 with	 fluorescence	 microscopy	 analysis	 of	 the	 reporter	 green	

fluorescent	protein	 (GFP)	expression	 (Fig.	3.8A).	gRNA	pair	B	were	successfully	

transfected	into	the	cells,	but	with	lower	efficiency	compared	to	gRNA	pair	A	

(Fig.	3.8A).	The	third	gRNA	pair	C	and	single	gRNA	C1	and	C2	were	consistently	

not	transfected	into	the	cells	(Fig.	3.8A).	The	quality	of	the	purified	DNA	is	a	

critical	 factor	 for	 transfection.	 However,	 the	 sequencing	 results	 and	

spectrophotometric	 analysis	 of	 the	 plasmids	 containing	 these	 gRNAs	 were	

similar	 to	 those	 of	 the	 other	 gRNAs	 that	 were	 successfully	 transfected.	 A	

possible	explanation	of	the	failure	to	transfect	these	guides	may	be	the	loss	of	

plasmid	integrity.	Non	transfected	and	mock-transfected	cells	showed	no	GFP	

fluorescence	while	cells	transfected	with	the	single	gRNA	A1	or	a	GFP-plasmid	

control	 showed	 GFP	 fluorescence	 as	 expected	 (Fig.	 3.8B).	 These	 results	

indicate	 that	 the	 plasmid	 DNA	 containing	 the	 gRNA	 pairs	 A	 and	 B	 can	 be	

transfected	 into	mammalian	 cells	 and	 the	 Cas9n	 activity	 at	 the	 target	 DNA	

sequence	can	be	validated.	
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Figure	 3.8	 Delivery	 of	 CRISPR-Cas9n	 and	 gRNAs	 into	 HEK	 293	 cells	 by	 calcium	
phosphate	 transfection.	 (A)	 Expression	 of	 reporter	 green	 fluorescent	 protein	
(GFP)	 in	 HEK	 293	 cells	 24	 hours	 after	 transfection	 with	 pSpCas9n(BB)-2A-GFP	
plasmid	 containing	 specfic	 gRNAs.	 (B)	 Expression	 of	 GFP	 in	 non	 or	 mock-
transfected	 cells	 and	 in	 cells	 transfected	with	 a	 single	 gRNA	 (negative	 controls),	
and	 cells	 transfected	 with	 a	 GFP-plasmid	 (positive	 control).	 One	 representative	
image	 for	 each	 condition	 in	one	of	 three	 experiments	 is	 shown.	BF:	bright	 field;	
GFP:	green	fluorescence	protein.	Scale	bar:	400	μm. 
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3.4.2		Transfection	of	Cas9n	and	gRNAs	into	BJ	fibroblasts	

The	 transfection	 of	 plasmid	 DNA	 into	 fibroblasts,	 including	 BJ	 fibroblasts,	 is	

known	to	represent	a	great	challenge.	The	proliferation	rate	of	these	cells	 is	

significantly	 lower	 than	 other	 cell	 lines	 like	 HEK	 293	 and	 this	 makes	 them	

harder	to	transfect	with	high	efficiency.	However,	transfection	of	BJ	cells	can	

be	achieved	as	 it	has	been	reported	before	 (Chiquet-Ehrismann	et	al.,	2014,	

Avci-Adali	et	al.,	2014).		

To	 transfect	 BJ	 fibroblasts,	 we	 tested	 three	 different	 approaches:	 cationic	

lipid-based	reagents,	non-lipid-based	chemical	 reagents	and	electroporation.	

All	of	the	methods	and	conditions	tested	are	described	in	detail	in	section	2.5	

of	 the	 materials	 and	 methods.	 Briefly,	 the	 transfection	 efficiency	 obtained	

with	the	cationic	lipids	and	non-lipid	chemical	reagents	was	very	low,	with	10-

20%	 of	 total	 cells	 being	 transfected,	 which	 is	 insufficient	 to	 subsequently	

perform	single	transfected	cell	sorting	and	expansion	of	single-cell	clones.		

For	 electroporation	 of	 BJ	 fibroblasts,	 we	 used	 two	 different	 systems:	 the	

Neon®	 Transfection	 system	 from	 Invitrogen	 and	 the	 4D-NucleofectorTM	

system	from	Lonza.	Both	Invitrogen	and	Lonza	had	established	and	published	

a	 protocol	 for	 the	 electroporation	 of	 BJ	 fibroblasts	 that	 we	 followed.	 For	

electroporation	with	the	Neon	system,	a	cell	density	of	5	x	106	cells/mL	was	

used	and	two	different	amounts	of	each	plasmid	DNA	were	tested	(500ng	and	

1µg).	A	single	electric	pulse	of	1,650	v	for	20	ms	could	transfect	35-50%	of	the	

cells	 as	 observed	 by	 light	 and	 fluorescence	 microscopy	 24	 hours	 after	

electroporation	(Fig.	3.9).		

The	 mammalian	 expression	 vector	 used	 in	 this	 study	 allows	 transient	

expression	 of	 Cas9n	 and	 gRNAs.	 To	 verify	 this	 and	 estimate	 the	 kinetic	 of	

expression	of	Cas9	and	gRNAs	in	BJ	fibroblasts,	the	expression	of	the	reporter	

GFP	was	followed	for	9	days.	Expression	peaked	at	day	1-2	after	transfection	

and	 started	 to	 gradually	 decline	 at	 day	 3	 until	 it	 completely	 switched	off	 at	

day	8-9	(Fig.	3.9).		
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Figure	 3.9	 Transient	 expression	 of	 reporter	 GFP	 in	 BJ	 fibroblasts	 following	
transfection	 of	 pSpCas9n(BB)-2A-GFP	 plasmid	 containing	 gRNA	 A1	 by	
electroporation.	 Expression	of	 reporter	GFP	 in	 BJ	 fibroblasts	 at	 1,	2,	 3,	 4,	7	and	9	
days	after	transfection.	One	 representative	 image	 for	each	condition	 is	shown.	BF:	
bright	field;	GFP:	green	fluorescence	protein.	Scale	bar:	400	μm. 
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Figure	3.10	Effect	of	 the	 total	amount	of	plasmid	DNA	on	BJ	 fibroblasts	viability	
following	 electroporation.	 Expression	 of	 reporter	 GFP	 in	 BJ	 fibroblasts	 24	 hours	
after	 transfection	 of	 1	 µg	 total	 plasmid	 DNA	 (500	 ng	 of	 pSpCas9n(BB)-2A-GFP	
containing	gRNA	A1	plus	500	ng	of	pSpCas9n(BB)-2A-GFP	containing	gRNA	A2)	and	
2	µg	total	plasmid	DNA	 (1	µg	of	pSpCas9n(BB)-2A-GFP	containing	gRNA	A1	plus	1	
µg	 of	 pSpCas9n(BB)-2A-GFP	 containing	 gRNA	 A2).	 One	 representative	 image	 for	
each	 condition	 is	 shown.	 BF:	 bright	 field;	 GFP:	 green	 fluorescence	 protein.	 Scale	
bar:	400	μm. 
	 

To	determine	the	amount	of	plasmid	DNA	that	gives	the	highest	transfection	

efficiency	 and	 the	 lowest	 cytotoxicity,	 two	 amounts	 of	 each	 plasmid	 DNA	

were	tested:	500ng	and	1µg	of	each	plasmid	DNA	for	the	delivery	of	1µg	and	

2µg	of	plasmid	DNA	in	total.	1µg	was	the	maximum	amount	of	total	plasmid	

DNA	tolerated	by	the	cells	(Fig.	3.10).		
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Even	 though	 transfection	with	 the	Neon	electroporation	system	significantly	

increased	the	transfection	efficiency	of	BJ	 fibroblasts,	 it	also	resulted	 in	high	

cell	 death	 as	 observed	 by	 light	 microscopy	 analysis	 of	 transfected	 cells	

compared	to	non	transfected	cells.	Thus,	I	tested	the	4D-Nucleofector	system	

from	Lonza,	which	was	delivered	to	our	laboratory	in	June	for	a	demo.			

For	 electroporation	 with	 the	 4D-Nucleofector	 system,	 3	 x	 105	 cells	 were	

transfected	with	 1	 µg	 of	 plasmid	DNA	or	 pmaxGFP	 positive	 control	 (Lonza).	

The	 transfection	 efficiency	 estimated	 by	 light	 and	 fluorescence	 microscopy	

analysis	was	comparable	to	that	obtained	with	the	Neon	system,	but	no	cell	

death	was	observed.	Thus,	electroporation	using	the	4D-Nucleofector	system	

was	 the	method	 of	 choice	 for	 the	 subsequent	 transfection	 of	 BJ	 fibroblasts	

with	Cas9n	and	the	gRNA	pairs	A	and	B	followed	by	single	cell	sorting,	single-

cell	clone	expansion	and	genome	edit	validation.	

	
	
3.5			Validation	of	TNC	gene	edit	

To	 facilitate	 validation	 of	 CRISPR-Cas9n-mediated	 TNC	 gene	 edit	 in	

mammalian	cells,	 fluorescence	 in	 situ	hybridization	 (FISH)	was	performed	 to	

estimate	the	target	gene	copy	number	in	HEK	293	cells	and	BJ	fibroblasts	by	

determining	the	target	chromosome	9	copy	number.	TNC	gene	edit	was	then	

validated	at	the	gene,	RNA	and	protein	level.		

3.5.1		Estimation	of	gene	copy	number	in	HEK	293	cells	and	BJ	fibroblasts	by	
FISH	

Cell	 lines	can	carry	more	than	2	copies	of	a	gene,	challenging	complete	gene	

knock-out	by	 the	CRISPR-Cas9	 system.	The	 target	gene	copy	number	 in	HEK	

293	 cells	 and	 BJ	 fibroblasts	 was	 estimated	 by	 determining	 the	 number	 of	

copies	of	the	chromosome	9,	which	harbours	the	TNC	gene,	by	FISH.		

Cell	 were	 fixed	 on	 microscope	 slides	 and	 probes	 containing	 fluorophore-

labelled	 DNA	 specific	 for	 human	 chromosome	 9	 were	 hybridized	 to	 the	
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Figure	3.11	Estimation	of	target	chromosome	9	copy	number	in	HEK	293	cells	by	
fluorescence	in	situ	hybridization	(FISH).	 Images	were	captured	by	fluorescence	
microscopy	using	a	100X	oil	immersion	objective.	White	arrows	indicate	copies	of	
chromosome	9.	Three	representative	images	from	three	experiments	(A-C)	and	a	
negative	 control	 without	 CEP-9	 (Chromosome	 Enumeration	 Probe-9)	 probe	 (D)	
are	shown. 

nuclear	 DNA	 of	 the	 cells.	 DAPI	 was	 used	 to	 visualize	 single	 nuclei.	

Chromosome	enumeration	was	done	using	a	 fluorescence	microscope	and	a	

100X	 objective.	 Three	 slides	 for	 each	 cell	 type	were	 screened.	 All	 of	 the	 BJ	

cells	and	>	97%	of	the	HEK	293	cells	that	could	be	analysed	were	diploid	(Fig.	

3.11-3.14).	 <	 3%	 of	 the	 HEK	 293	 cells	 carried	 three	 to	 four	 copies	 of	

chromosome	9.		
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Figure	3.13	Estimation	of	target	chromosome	9	copy	number	in	BJ	fibroblasts	by	
fluorescence	 in	situ	hybridization	 (FISH).	 Images	were	captured	by	fluorescence	
microscopy	using	a	100X	oil	immersion	objective.	White	arrows	indicate	copies	of	
chromosome	9.	Three	representative	images	from	three	experiments	(A-C)	and	a	
negative	control	without	CEP-9	probe	(D)	are	shown. 
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3.5.2		Validation	of	TNC	gene	edit	in	HEK	293	cells	by	PCR	amplification	and	
sequencing	

	
3.5.2.1		Design	of	gene	edit	screening	primers	

To	 determine	 if	 the	 TNC	 gene	 in	 HEK	 293	 cells	 was	 edited,	 following	

transfection	with	the	CRISPR-Cas9n	and	gRNA	pairs	A	and	B	respectively	(Fig.	

3.8),	PCR	amplification	and	sequencing	of	the	targeted	DNA	region	were	done.	

For	this,	5	pairs	of	primers	flanking	the	regions	to	be	edited	by	Cas9n,	under	

the	direction	of	the	gRNA	pair	A	and	B	respectively,	were	designed.		

As	shown	 in	 table	6	 (section	2.7.2.1	of	materials	and	methods),	each	pair	of	

primers,	 forward	and	reverse,	was	designed	 to	amplify	an	area	of	exon	2	of	

the	TNC	gene	that	starts	at	least	~30	bp	upstream	of	the	PAM	sequence	of	the	

top	strand	gRNA	and	ends	at	least	~35	bp	downstream	of	the	PAM	sequence	

of	the	bottom	strand	gRNA	(Fig.	3.15).	The	length	of	the	amplicons	generated	

with	these	primers	ranged	from	177	bp	to	781	bp	(Table	6).		
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Figure	 3.15	 Design	 of	 primers	 for	 validation	 of	 TNC	 gene	 edit	 by	 PCR	
amplification.	 (A-E)	 The	 sequences	of	 two	 sets	of	 forward	and	 reverse	primers	
for	validation	of	CRISPR-Cas9n-gRNA	pair	A	(A,	B)	and	CRISPR-Cas9n-gRNA	pair	B	
(C-E)	gene	edit	are	shown	in	 lavender	and	dark	red,	respectively,	 in	the	context	
of	the	TNC	gene	(26881bp	–	27901bp	and	26641bp	–	27721bp).	Exon	2	is	shown	
in	 green,	 start	 codon	 ATG	 in	 red,	 PAM	 sequences	 in	 blue	 and	 gRNA	 pairs	 are	
underlined. 
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3.5.2.2		Validation	of	gene	edit	screening	primers	

For	each	pair	of	primers	a	touchdown	PCR	protocol	was	designed	taking	into	

account	the	melting	temperature	of	each	primer	(Table	X-X;	section	2.7.2.1	of	

materials	and	methods).	The	validation	of	the	primers	in	the	PCR	reaction	was	

done	 using	 genomic	 DNA	 from	 non-transfected	 cells	 or	 from	 mock-

transfected	cells	as	template	DNA	or	with	a	non-template	negative	control.		

A	clear	single	band	of	the	expected	size	was	obtained	by	PCR	amplification	of	

HEK	293	genomic	DNA	with	all	of	the	designed	primers.	No	unspecific	binding	

of	the	primers	to	the	DNA	and	amplification	was	detected	and	the	efficiency	

of	amplification	was	high	(Fig.	3.16).	These	results	indicate	that	these	primers	

and	PCR	protocols	can	be	used	to	validate	the	genome	edit	of	interest.	
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Figure	3.16	Optimization	of	PCR	protocols	using	primers	designed	above	for	the	
validation	of	TNC	gene	edit.	(A-C)	PCR	products	obtained	using	two	(A)	or	three	(B	
and	C)	sets	of	 forward	and	reverse	primers	 for	validation	of	CRISPR-Cas9n-gRNA	
pair	A	(A)	and	CRISPR-Cas9n-gRNA	pair	B	(B	and	C),	run	on	a	1.5%	w/v	agarose	gel	
stained	 with	 ethidium	 bromide.	 (A)	 The	 PCR	 products	 in	 lanes	 1	 and	 2	 were	
amplified	 from	 genomic	 DNA	 (gDNA)	 from	 not	 transfected	 HEK	 293	 cells	 and	
mock-transfected	 cells,	 respectively.	 In	 lane	 3,	 the	 product	 of	 a	 non-template	
control	 PCR	 is	 shown.	 (B	 and	 C)	 The	 PCR	 products	 in	 lane	 1	 of	 each	 gel	 were	
amplified	from	genomic	DNA	(gDNA)	from	not	transfected	HEK	293	cells.	In	lane	2,	
the	product	of	a	non-template	control	PCR	is	shown. 

	

	

	

	

	

	

	

	

	

	

	

	

	
3.5.2.3		PCR	amplification	and	sequencing		

The	primers	validated	above	were	used	to	amplify	the	region	of	exon	2	of	the	

TNC	 gene	 targeted	 by	 the	 CRISPR-Cas9n	 system	 in	 HEK	 293	 cells.	 The	 PCR	

products	were	then	run	on	agarose	gel,	the	DNA	was	extracted	from	the	gel	

and	purified	for	subsequent	sequencing.		

Genomic	DNA	was	extracted	and	purified	 from	HEK	293	 cells	 that	were	not	

transfected,	 mock-transfected	 or	 transfected	 with	 Cas9n	 and	 gRNA	 pair	 A,	

Cas9n	and	gRNA	pair	B	or	Cas9n	and	a	 single	gRNA	 (Fig.	3.8).	Each	genomic	

DNA	sample	was	amplified	by	PCR	with	 two	pairs	of	primers	 for	each	gRNA	

pair	 used	 to	 edit	 the	 genome.	 A	 non-template	 control,	 in	which	water	was	

added	 to	 the	 reaction	 instead	 of	 genomic	 DNA,	 was	 also	 included.	 The	

amplification	products	run	on	agarose	gel	appeared	as	sharp,	single	bands	of	
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the	expected	size	(Fig.	3.17A	and	3.18A).	Compared	to	non-transfected,	mock-

transfected	 and	 Cas9n/single	 gRNA	 transfected	 samples,	 the	 PCR	

amplification	 products	 of	 Cas9n-gRNA	 pair	 A	 and	 Cas9n-gRNA	 pair	 B	

transfected	samples	were	visible	on	 the	gel	as	a	band	with	 slightly	different	

size	and	signal	intensity	(Fig.	3.17A	and	3.18A).		This	could	be	the	result	of	an	

insertion	in	the	target	DNA	sequence.		

The	 fragments	of	DNA	 run	on	 the	agarose	gel	were	 cut,	 extracted	 from	 the	

gel,	purified	and	sent	 to	 sequence	with	 the	 forward	primer	used	 in	 the	PCR	

(Source	Bioscience).	Analysis	of	the	resulting	electropherograms	showed	that	

transfection	 of	 cells	 with	 Cas9n	 and	 the	 gRNA	 pair	 A	 did	 not	 generate	 any	

changes	to	the	analysed	DNA	sequence	(Fig.	3.17B).	However,	transfection	of	

Cas9n	and	the	gRNA	pair	B	into	HEK	293	cells	edited	the	target	DNA	sequence	

(Fig.	 3.18B).	 The	 analysed	 sequence	 of	 the	 mutant	 contained	 a	 premature	

stop	codon	(TAA)	likely	in	place	of	the	translation	start	codon	ATG	and	an	area	

located	 40	 bp	 downstream	 of	 the	 ATG	 that	 was	 completed	 altered	 (Fig.	

3.18B).		

Notably,	 the	genomic	DNA	analysed	here	was	extracted	 from	all	of	 the	cells	

subjected	 to	 transfection	 in	 each	 sample,	 including	 those	 not	 successfully	

transfected	and	those	successfully	transfected.	Potentially,	 the	 latter	 include	

cells	 mutated	 by	 CRISPR-Cas9n	 as	 well	 as	 non-mutated,	 wild	 type	 cells.	

Indeed,	 the	 electropherogram	 of	 the	 DNA	 sequence	 targeted	 by	 Cas9n	 and	

gRNA	 pair	 B	 clearly	 showed	 three	 signals	 in	 mutated	 regions	 (Fig.	 3.18B).	

Analysis	of	these	three	signals	indicated	that	they	correspond	to	the	wild	type	

gene	 and	 to	 two	 distinct	mutants,	 respectively.	 The	 fact	 that	 not	 all	 of	 the	

cells	 were	 transfected	 explains	 the	 presence	 of	 the	 wild	 type	 signals.	 The	

detection	of	two	mutants	suggests	that	Cas9n	has	edited	each	of	the	two	copy	

of	 the	TNC	 gene	differently	 and	 this	 is	 in	 agreement	with	 the	 results	of	 the	

FISH	analysis	conducted	above	(Fig.	3.11-3.12).	

Transfection	of	HEK	293	cells	with	Cas9n	and	a	single	gRNA	did	not	cause	any	

change	 in	 the	 analysed	 DNA	 sequence	 (Fig.	 3.18C),	 which	 corresponded	
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exactly	 to	 that	 of	 the	 wild	 type	 gene.	 This	 was	 expected	 given	 that	 Cas9n	

requires	two	gRNAs	to	cause	a	DSB.	Similarly,	the	analysed	DNA	sequence	of	

mock-transfected	cells	was	identical	to	that	of	the	wild	type	gene.		

These	 results	 indicate	 that	 the	 CRISPR-Cas9n-gRNA	 pair	 B	 designed	 here	

successfully	edited	our	target	gene	at	the	genomic	level	in	HEK	293	cells	and	

that	this	system	can	be	used	to	edit	the	TNC	gene	in	other	mammalian	cells,	

including	BJ	fibroblasts.		
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Figure	3.17	Validation	of	CRISPR-Cas9n-gRNA	pair	A-mediated	TNC	 gene	edit	 in	
HEK	293	cells	by	PCR	amplification	and	sequencing.	 (A)	PCR	amplicons	obtained	
using	 two	 sets	 of	 forward	 and	 reverse	 primers	 for	 validation	 of	 CRISPR-Cas9n-
gRNA	pair	A	and	run	on	a	1,5%	agarose	w/v	gel	stained	with	ethidium	bromide.	(B)	
Sequencing	 electropherogram	 of	 CRISPR-Cas9n-gRNA	 pair	 A	 amplicon	 showing	
part	of	45-bp	segment	of	the	TNC	gene.	1Fw	was	the	sequencing	primer.	Pairwise	
sequence	alignment	of	PCR	amplicon	and	wild	type	TNC	gene	is	shown	below	the	
electropherogram.	(C)	Pairwise	sequence	alignment	of	PCR	amplicon	of	gDNA	from	
HEK-293	transfected	with	CRISPR-Cas9n	single	guide	control	and	wild	type	TNC. 
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Figure	3.18	Validation	of	CRISPR-Cas9n-gRNA	pair	B-mediated	TNC	gene	edit	in	
HEK	293	cells	by	PCR	amplification	and	sequencing.	(A)	PCR	amplicons	obtained	
using	 two	 sets	 of	 forward	 and	 reverse	 primers	 for	 validation	 of	 CRISPR-Cas9n-
gRNA	pair	B	and	run	on	a	1,5%	agarose	w/v	gel	stained	with	ethidium	bromide.	
(B)	Sequencing	electropherogram	of	CRISPR-Cas9n-gRNA	pair	B	amplicon	showing	
part	of	20	bp	segment	of	 the	TNC	gene.	1Fw	was	 the	sequencing	primer.	Three	
different	 sequences	 are	 identified	 in	 the	 elecropherogram:	 the	 wild	 type	 TNC	
gene	(B)	and	two	different	mutant	sequences	(A	and	C),	suggesting	modification	
of	two	alleles.	Pairwise	sequence	alignment	of	mutant	sequence	A	and	wild	type	
TNC	gene	is	shown	below	the	electropherogram.	(C)	Pairwise	sequence	alignment	
of	 PCR	 amplicon	 of	 gDNA	 from	 HEK-293	 transfected	 with	 CRISPR-Cas9n	 single	
guide	control	and	wild	type	TNC. 
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Figure	3.19	Validation	of	CRISPR-Cas9n-mediated	TNC	gene	edit	in	HEK	293	cells	
by	RT-qPCR.	Quantitative	RT-PCR	analysis	of	TNC	mRNA	in	HEK	293	cells	72	hours	
after	transfection.	Results	are	presented	relative	to	the	abundance	of	TNC	mRNA	
in	non	transfected	cells.	 

3.5.3		Validation	of	TNC	gene	knock-out	in	HEK	293	cells	by	RT-qPCR	

To	verify	whether	the	CRISPR-Cas9n-mediated	genome	edit	of	 the	TNC	gene	

validated	above	resulted	into	a	knock-out	of	TNC	mRNA	expression,	HEK	293	

cells	were	 transfected	 as	 described	 above	 followed	 by	 total	 RNA	 extraction	

and	RT-qPCR	analysis.	

After	 extraction	 and	 purification,	 the	 RNA	 concentration	 and	 purity	 was	

checked	 by	 NanoDrop	 spectroscopy	 analysis.	 All	 of	 the	 samples	 had	

A260/A280	 and	 A260/A230	 ratios	 ≥	 2.	 500	 ng	 of	 RNA	 per	 sample	 was	

subjected	 to	 genomic	 DNA	 removal	 followed	 by	 reverse	 transcription	 with	

random	primers	to	synthesize	the	cDNA.	cDNA	was	dilute	1:3	with	water	and	

3	 µL	 of	 each	 cDNA	 was	 used	 as	 template	 in	 the	 RT-qPCR	 reaction	 with	

TaqMan	 primers	 and	 fluorescent	 probe	 specific	 for	 human	TNC.	 The	HPRT1	

gene	was	chosen	as	endogenous	control.		

Unexpectedly,	expression	of	TNC	mRNA	was	found	to	be	induced	in	HEK	293	

cells	 transfected	 with	 Cas9n	 and	 gRNA	 pair	 A,	 Cas9n	 and	 gRNA	 pair	 B	 and	

Cas9n	 and	 a	 single	 gRNA.	 Transfection	 of	 Cas9n	 and	 one	 gRNA	 induced	 the	

expression	the	most	(Fig.	3.19).		
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Given	 that	 in	 mock-transfected	 cells	 the	 expression	 of	 TNC	 mRNA	 did	 not	

change	 compared	 to	 non-transfected	 cells,	 it	 is	 possible	 that	 bacterial	

products	 that	 may	 contaminate	 the	 plasmid	 DNA	 preparations	 induce	 the	

expression	 of	TNC	mRNA	 in	 this	 cells.	 For	 instance,	 the	 transcription	 of	 the	

TNC	 gene	 has	 been	 shown	 to	 be	 induced	 by	 several	 types	 of	 bacterial	

products	in	human	myeloid	cells	through	activation	of	Toll-like	receptors	(Goh	

et	al.,	2010).				

This	 experimental	 approach	 did	 not	 allow	 us	 to	 validate	 knock-out	 of	 TNC	

mRNA	expression	in	HEK	293	cells.	

	

3.5.4	 	 Validation	 of	 TNC	 gene	 knock-out	 in	 HEK	 293	 cells	 by	 immunoblot	
analysis		

The	 effective	 knock-out	 of	 the	 TNC	 gene	 in	 HEK	 293	 was	 analysed	 at	 the	

protein	 level	by	 immunoblot	analysis.	As	TN-C	 is	a	 secreted	protein,	 the	cell	

conditioned	media	was	analysed.	The	major	isoform	of	the	TN-C	protein	that	

is	 expressed	 in	mammalian	 cells	 is	 expected	 to	 run	 in	 acrylamide	 gel	 under	

reducing	conditions	as	a	band	at	~320	kDa.	

A	protein	band	of	~320	kDa	like	in	the	positive	control	was	detected	in	every	

protein	sample	tested.	The	relative	amount	of	the	protein	band	was	the	same	

in	 each	 sample	 as	 confirmed	 by	 the	 Ponceau	 S	 staining	 of	 the	 membrane	

which	showed	equal	loading	of	the	protein	samples	(Fig.	3.20A).	

Side-by-side	immunoblot	analysis	of	TN-C	in	HEK	293	conditioned	media	and	

fresh,	complete	media	supplemented	with	10	%	FBS	showed	that	the	anti-TN-

C	antibody	used	cross-reacted	with	bovine	TN-C	found	in	serum	(Fig.	3.20B).		

Thus,	the	band	detected	in	the	conditioned	media	most	likely	corresponds	to	

bovine	TN-C	rather	than	human	TN-C	secreted	by	HEK	293	cells.	This	result	is	

not	entirely	unexpected	and	is	in	line	with	the	very	low	expression	of	TNC	 in	

HEK	293	cells	at	the	transcriptional	level	(Fig.	3.2).		
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Figure	3.20	Validation	of	CRISPR-Cas9n-mediated	TNC	gene	edit	in	HEK	293	cells	
by	Western	 blotting.	 	 (A)	Top:	Western	blotting	analysis	of	TN-C	 in	40µl	of	HEK	
293	 conditioned	 media	 72	 hours	 after	 transfection	 and	 15µl	 of	 BJ	 fibroblast	
conditioned	media	(positive	control);	bottom:	Ponceau	S	staining	of	nitrocellulose	
membrane	showing	equal	loading.	(B)	Western	blotting	analysis	of	TN-C	in	40µl	of	
HEK	293	conditioned	media	and	equal	volume	of	DMEM	medium	supplemented	
with	10%	FBS,	L-Glutamine	and	antibiotics.	 

These	data	 indicate	that	either	HEK	293	cells	do	not	secrete	TN-C	protein	or	

that	 the	 immunoblot	 analysis	 conducted	 here	 is	 not	 sensitive	 enough	 to	

detect	the	low	expression	levels	of	TN-C	in	these	cells.	
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3.6		Generation	of	single-BJ	cell	clones	with	TNC	knock-out	expression		

	
3.6.1	 Selection	 of	 transfected	 cells	 by	 Fluorescence	 Activated	 Cell	 Sorting	
(FACS)	

BJ	fibroblasts	were	transfected	with	Cas9n	and	gRNA	pair	A,	Cas9n	and	gRNA	

pair	 B	 and	 Cas9n	 and	 a	 single	 gRNA	 by	 electroporation	 using	 the	 4D-

NucleofectorTM	 system	 and	 seeded	 in	 6-well	 plates	 as	 described	 above.	 48	

hours	 after	 transfection,	 cells	 were	 trypsinized	 and	 subjected	 to	 single-cell	

sorting	(Flow	Cytometry	Facility,	University	of	Nottingham)	based	on	their	GFP	

expression	 (Fig.	 3.21B).	 42	 to	48.9%	of	 the	 transfected	 cells	were	GFP+	 (Fig.	

3.21B).		
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Figure	3.21	Fluorescence	activated	cell	sorting	(FACS)	of	BJ	fibroblasts	48	hours	
after	 transfection.	 (A):	 FCS-SSC	 dot	 plots	 of	 BJ	 fibroblasts	 that	 were	 not	
transfected	 or	 transfected	 with	 pSpCas9n(BB)-2A-GFP	 plasmids	 (500	 ng	 each)	
containing	the	indicated	gRNAs.	(B)	Histograms	show	GFP

+	
cells.	 

Figure	 3.22	 Single	 cell	 sorting	
of	GFP

+
	BJ	fibroblasts	48	hours	

after	 transfection.	Dot	plots	of	
BJ	 fibroblasts	 that	 were	 not	
transfected	or	 transfected	with	
pSpCas9n(BB)-2A-GFP	 plasmids	
(500	 ng	 each)	 containing	 the	
indicated	 gRNAs.	Gates	 include	
single	 GFP

+
	 cells	 sorted	 and	

collected	 in	96-well	plates	 (one	
cell/well).	 

	

	

	

	

	

	

	

	

	

	

	

	

	

Single	GFP+	cells	were	seeded	each	 in	a	single	well	of	96-well	plates.	Six	96-

well	 plates	 in	 total	were	 prepared,	 two	 for	 each	 transfection	with	 different	

gRNAs	(Fig.	3.22).	
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In	 addition,	 ~5	 x	 103	 GFP+	 cells	were	 sorted	 in	 a	 FACS	 tube	 for	 subsequent	

expansion	of	GFP+	cells	and	preliminary	genome	edit	validation	as	performed	

in	the	case	of	HEK	293	cells.	

	

3.6.3		Validation	of	TNC	gene	edit	in	a	bulk	population	of	GFP+	BJ	fibroblasts		

The	GFP+	cells	that	were	sorted	in	a	FACS	tube	were	expanded.	A	validation	of	

the	genome	edit	was	done	as	for	HEK	293	cells	at	the	genomic	level.	Notably,	

these	 cells	were	 all	 successfully	 transfected,	 but	 included	 a	mixture	 of	wild	

type	cells	that	have	not	been	edited	by	Cas9n	and	cells	that	have	potentially	

been	mutated.		

The	primers	validated	above	were	used	to	amplify	the	region	of	exon	2	of	the	

TNC	 gene	 targeted	 by	 the	 CRISPR-Cas9n	 system	 in	 GFP+	 BJ	 cells.	 The	 PCR	

products	were	then	run	on	agarose	gel,	the	DNA	was	extracted	from	the	gel	

and	purified	for	subsequent	sequencing.		

Genomic	 DNA	 was	 extracted	 and	 purified	 from	 GFP+	 BJ	 cells	 that	 were	

transfected	with	Cas9n	and	gRNA	pair	A,	Cas9n	and	gRNA	pair	B	and	Cas9n	

and	a	single	gRNA.	Each	genomic	DNA	sample	was	amplified	by	PCR	with	two	

pairs	of	primers	for	each	gRNA	pair	used	to	edit	the	genome.	A	non-template	

control,	 in	which	water	was	added	 to	 the	 reaction	 instead	of	genomic	DNA,	

was	also	included.	The	amplification	products	run	on	agarose	gel	appeared	as	

sharp,	single	bands	of	the	expected	size	and	no	apparent	differences	in	size	or	

signal	 intensity	 of	 the	 bands	 could	 be	 seen	 between	 the	 different	 samples	

(Fig.	3.23A	and	3.24A).		

The	 fragments	of	DNA	 run	on	 the	agarose	gel	were	 cut,	 extracted	 from	 the	

gel,	purified	and	sent	 to	 sequence	with	 the	 forward	primer	used	 in	 the	PCR	

(Source	 Bioscience).	 Analysis	 of	 the	 resulting	 electropherograms	 showed	 no	

changes	 to	 the	analysed	DNA	 sequence	 in	 the	genome	of	GFP+	BJ	 cells	 that	

were	transfected	with	Cas9n	and	the	gRNA	pair	A	or	Cas9n	and	the	gRNA	pair	

B	(Fig.	3.23B	and	3.24B).		
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Transfection	of	GFP+	BJ	cells	with	Cas9n	and	a	single	gRNA	did	not	cause	any	

change	 in	 the	 analysed	 DNA	 sequence	 (Fig.	 3.24C),	 which	 corresponded	

exactly	 to	 that	 of	 the	 wild	 type	 gene.	 This	 was	 expected	 given	 that	 Cas9n	

requires	two	gRNAs	to	cause	a	DSB.		

These	 results	 suggest	 that	either	 the	designed	CRISPR-Cas9n	 system	did	not	

edit	 the	 genome	 of	 BJ	 cells	 at	 the	 target	 site	 or	 only	 a	 low	 percentage	 of	

mutants	 was	 present	 in	 the	 bulk	 of	 cells	 that	 was	 below	 the	 detection	

threshold.	 Another	 possibility	 is	 that	 DSB	 were	 generated	 and	 repaired	

efficiently	and	with	high-fidelity	in	BJ	fibroblasts.	Validation	of	TNC	gene	edit	

in	 single-BJ	 cell	 clones	 is	 therefore	 imperative	 to	 conclusively	 determine	

whether	the	designed	CRISPR-Cas9n	system	mutated	the	TNC	gene	in	BJ	cells	

as	it	did	in	HEK	293	cells.	
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Figure	3.23	Validation	of	CRISPR-Cas9n-gRNA	pair	A-mediated	TNC	gene	edit	in	BJ	
fibroblasts	 by	 PCR	 amplification	 and	 sequencing.	 (A)	 PCR	 amplicons	 obtained	
using	two	sets	of	forward	and	reverse	primers	for	validation	of	CRISPR-Cas9n-gRNA	
pair	 A	 and	 run	 on	 a	 1,5%	 agarose	 w/v	 gel	 stained	 with	 ethidium	 bromide.	 (B)	
Sequencing	electropherogram	of	CRISPR-Cas9n-gRNA	pair	A	amplicon	showing	part	
of	 40	 bp	 segment	 of	 the	 TNC	 gene.	 1Fw	 was	 the	 sequencing	 primer.	 Pairwise	
sequence	alignment	of	PCR	amplicon	and	wild	type	TNC	gene	is	shown	below	the	
electropherogram. 
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Figure	 3.24	Validation	of	 CRISPR-Cas9n-gRNA	pair	 B-mediated	TNC	 gene	 edit	 in	
GFP

+
	 BJ	 fibroblasts	 by	 PCR	 amplification	 and	 sequencing.	 (A)	 PCR	 amplicons	

obtained	 using	 one	 set	 of	 forward	 and	 reverse	 primers	 for	 validation	 of	 CRISPR-
Cas9n-gRNA	 pair	 B	 and	 run	 on	 a	 1,5%	 agarose	 w/v	 gel	 stained	 with	 ethidium	
bromide.	(B)	Sequencing	electropherogram	of	CRISPR-Cas9n-gRNA	pair	B	amplicon	
showing	part	of	XXX-bp	segment	of	the	TNC	gene.	1Fw	was	the	sequencing	primer.	
Pairwise	 sequence	 alignment	 of	 PCR	 amplicon	 and	wild	 type	TNC	 gene	 is	 shown	
below	the	electropherogram.	(C)	Pairwise	sequence	alignment	of	PCR	amplicon	of	
gDNA	 from	BJ	 fibroblasts	 transfected	with	CRISPR-Cas9n	 single	guide	control	and	
wild	type	TNC. 
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Figure	3.25	Establishment	of	clonal	 cell	 lines.	 (A-C)	Schematic	representation	of	
single	GFP

+
	BJ	fibroblasts	seeded	in	96-well	plates.	Cells	transfected	with	CRISPR-

Cas9n-gRNA	 pair	 A	 (A),	 CRISPR-Cas9n-gRNA	 pair	 B	 (B)	 and	 CRISPR-Cas9n	 single	
gRNA	 control	 (C)	 are	 shown.	 Dark	 red	 wells	 represent	 single	 cells	 that	 are	
currently	expanding. 

3.6.4		Expansion	of	single-BJ	cell	clones	

To	obtain	 single-cell	 clones,	each	GFP+	BJ	 fibroblast	was	 sorted	 into	a	 single	

well	of	96-well	plate.	Normal	stromal	cells,	 including	 fibroblasts,	are	difficult	

to	grow	as	single	cells	in	the	absence	of	cell-cell	contacts	and	soluble	factors	

secreted	by	the	cells.	Therefore,	single	cells	were	grown	in	200	µL	of	complete	

growth	medium	supplemented	with	BJ-conditioned	medium	in	a	ratio	of	1:1.		

The	 majority	 of	 single	 cells	 died,	 independently	 of	 the	 plasmid	 DNA	

transfected.	 The	 cells	 that	 survived	 showed	 different	 growth	 speed	 and	

reached	~80%	confluency	 in	the	96-well	plate	after	2	months	 in	culture	(Fig.	

3.25).		
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At	 this	point,	 the	single-BJ	cell	 clones	were	 trypsinised	and	seeded	 in	48-	or	

24-well	 plates,	 depending	on	 the	number	of	 cells,	 and	 cultured	 in	 complete	

growth	medium	without	 BJ-conditioned	media.	 These	 clones	 are	 now	being	

cultured	in	6-well	plates	and,	when	they	will	reach	~80%	confluency,	they	will	

be	 passaged	 and	 cultured	 in	 10	 cm	dishes	 to	 generate	 enough	 cells	 for	 the	

propagation	and	validation	of	single-BJ	cell	clones.	
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4 Discussion	

	

4.1		General	discussion	

TN-C	 is	 an	 ECM	 protein	 whose	 expression	 is	 rapidly	 induced	 during	 the	

inflammatory	 response	 to	 infection,	 where	 it	 influences	 the	 synthesis	 of	 a	

subset	of	LPS-induced	pro-inflammatory	genes	by	regulating	the	expression	of	

the	 microRNA	 miR-155	 in	 primary	 murine	 macrophages	 (Piccinini	 and	

Midwood,	 2012,	 Goh	 et	 al.,	 2010).	 However,	 it	 is	 not	 known	 whether	 this	

occurs	 in	 human	 cells	 and	 how.	 	 	 Here,	 I	 have	 designed,	 delivered	 and	

validated	a	CRISPR-Cas9n	system	that	specifically	targets	the	TNC	gene	in	HEK	

293	cells.	I	have	applied	this	system	to	human	fibroblasts	to	generate	single-

cell	 clones	 with	 knocked-out	 TNC	 expression.	 Following	 validation,	 positive	

clones	will	 be	 used	 to	 generate	 cell-derived	matrices,	which	 lack	 TN-C,	 as	 a	

substrate	for	the	culture	of	primary	human	macrophages.	This	system	will	be	

applied	 to	 investigate	 whether	 human	 TNC	 modulates	 macrophage	 gene	

expression	by	regulating	microRNA	levels	upon	infection.	

Since	 the	 discovery	 that	 exogenous	 DNA	 can	 be	 taken	 up	 by	 cells	 and	

integrated	 into	 the	 genome,	 an	 increasing	 number	 of	 genome	 engineering	

approaches	has	been	established.	Some	of	these,	RNA	interference	(RNAi)	 in	

particular,	 have	 become	 a	 routine	 method	 in	 many	 laboratories.	 The	

popularity	of	RNAi	 (Fire	et	al.,	1998)	 is	now	being	echoed	by	CRISPR-Cas9,	a	

new	genome	engineering	technology	that	was	chosen	in	this	project	to	knock-

out	TNC	expression	in	human	fibroblasts.	This	choice	was	made	as:	1)	CRISPR-

Cas9	 allows	 permanent	 gene	 knock-out	 in	 contrast	 to	 RNAi,	which	 provides	

only	 transient	gene	knock-down	(Alic	et	al.,	2012);	2)	CRISPR-Cas9	off-target	

effects	 can	 be	 predicted	 and	 significantly	 reduced	 by	 using	 mutant	 Cas9	

proteins	in	contrast	to	the	unpredictable	RNAi	off-target	effects;	3)	compared	

to	other	recent	technologies	such	as	zinc-finger	nucleases	(ZFNs)	(Urnov	et	al.,	

2005)	and	transcription-activator	like	effector	nucleases	(TALENs)	(Mussolino	

et	al.,	2011),	CRISPR-Cas9	is	considerably	less	expensive	and	time-consuming.	
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The	properties	of	the	gRNAs	that	can	increase	the	specificity	and	efficiency	of	

the	 CRISPR-Cas9n	 system	 are	 unclear.	 Therefore,	 here	 we	 designed	 three	

different	pairs	of	gRNAs	to	maximise	our	chances	of	targeting	the	TNC	gene.	

The	 gRNA	 pairs	 differed	 in	 the	 gRNA	 offset,	 their	 position	 in	 the	 TNC	 locus	

relative	 to	 the	 translation	 start	 codon	 ATG	 and	 their	 aggregate	 score.	 The	

gRNA	 pair	 that	 could	 edit	 the	 target	 gene	 in	 HEK	 293	 cells	 possesses	 an	

intermediate	 offset	 of	 11	 bp,	 is	 located	 downstream	 of	 the	 ATG	 at	

intermediate	 distance	 compared	 to	 the	 other	 pairs	 and	 has	 the	 highest	

agglomerate	score,	which	suggests	high	specificity	and	no	off-target	effects.		

4.2	Limitations	and	future	work	

Limitations	for	the	experimental	approaches	in	this	study	have	been	discussed	

here	 based	 on	 the	 data	 analysis	 and	 discussion	 described	 in	 the	 previous	

sections.	

HEK	293	cells	were	used	in	the	first	part	of	this	project	to	design	and	optimise	

CRISPR-Cas9n-mediated	 edit	 of	 the	 TNC	 gene	 as	 matrix	 producing	 cells,	

including	 fibroblasts,	 grow	 slowly	 and	 are	 hard	 to	 transfect.	 HEK	 293	 cells	

grow	easily	and	are	amenable	to	transfection,	thus	have	been	very	useful	to	

validate	the	genome	editing	ability	of	the	designed	CRISPR-Cas9n	systems	at	

the	genomic	 level.	However,	as	HEK	293	cells	express	very	 low	levels	of	TNC	

mRNA	and	do	not	secrete	TN-C	protein,	they	have	not	allowed	us	to	confirm	

genome	editing	at	the	protein	level.		

This	work	also	showed	that	validation	of	genome	edit	at	the	protein	level	by	

Western	blot	analysis	can	be	performed	only	 in	matrix	extracts	or	total	cells	

extracts	 (including	 the	 ECM),	 but	 not	 in	 conditioned	 medium.	 This	 is	 most	

likely	due	to	anti-TN-C	antibody	cross-reactivity	with	a	bovine	protein	of	the	

same	size	as	TN-C	that	is	found	in	serum.	An	alternative	approach	that	could	

be	used	in	future	is	proteomics	analysis.		

To	 validate	 CRISPR-Cas9n-mediated	 TNC	 gene	 edit	 in	 HEK	 293	 cells	 and	

fibroblasts,	fluorescence	in	situ	hybridization	(FISH)	was	used	in	combination	
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with	 PCR	 amplification	 and	 sequencing.	 This	 technique	 estimates	 the	 target	

gene	copy	number	in	cells	of	interest	by	determining	the	target	chromosome	

copy	 number.	 However,	 one	 caveat	 for	 this	 application	 of	 FISH	 is	 that	 the	

resulting	gene	copy	number	may	be	underestimated	as	events	such	as	gene	

duplication	or	translocation	are	not	taken	into	account.	Nevertheless,	this	tool	

has	been	useful	as:	1)	it	confirmed	that	the	population	of	BJ	fibroblasts	used	

in	 the	 lab	 is	diploid,	as	stated	by	ATCC;	and	2)	 it	 facilitated	the	validation	of	

the	 genome	 edit	 in	 HEK	 293	 cells.	 More	 than	 97%	 of	 HEK	 293	 cells	 were	

estimated	to	carry	2	copies	of	 the	gene	and	this	was	 in	agreement	with	 the	

PCR	amplification	and	sequencing	data.	

Finally,	 validation	 of	 genome	 edit	 in	 single-fibroblasts	 clones	 has	 not	 been	

completed	within	the	duration	of	 this	project	due	to	the	 low	growth	rate	of	

human	 BJ	 fibroblasts,	 which	 were	 chosen	 for	 their	 ability	 to	 secrete	 and	

deposit	high	amounts	of	ECM,	including	TN-C.	Other	fibroblast	cell	line	could	

be	tested,	however	slow	growth	 is	a	characteristic	of	the	majority	of	human	

stromal	cells	that	synthesize	and	secrete	a	matrix.		

Future	work	will	include:	

1. Use	of	 adeno-associated	 virus	 (AVV)	 or	 lentiviral	 transduction,	which	

are	 useful	 for	 efficient	 delivery	 of	 Cas9	 and	 gRNAs	 into	 difficult-to-

transfect	cells	like	fibroblasts;	

2. PCR	amplify	 and	 sequence	wider	 regions	 (up	 to	~500/700	bp)	of	 the	

TNC	gene	around	the	target	site	for	genome	edit	validation.	This	is	to	

sequence	 areas	 of	 the	 targeted	 gene	 that	 have	 not	 been	 mutated,	

both	 upstream	 and	 downstream	 of	 the	 edited	 region,	 in	 addition	 to	

the	mutated	area.	

3. Include	transfection	of	cells	with	the	empty	backbone	plasmid	DNA	as	

an	additional	control.	This	is	to	confirm	whether	increased	TNC	mRNA	

expression,	 following	 transfection	 with	 Cas9	 and	 gRNAs,	 is	 due	 to	

unspecific	and	unpredicted	activity	of	Cas9	or	to	the	induction	of	TNC	

transcription	 by	 exogenous	 DNA	 or	 contaminants	 of	 bacterial	 origin	
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through	 activation	 of	 NF-kB,	 which	 is	 known	 to	 promote	 TNC	

synthesis.		

4. Validation	of	single-fibroblast	cell	clones	that	are	currently	growing	at	

the	 gene,	 mRNA	 and	 protein	 level.	 This	 will	 be	 done	 using	 PCR	

amplification	and	 sequencing,	RT-qPCR	or	Northern	blot	 analysis	 and	

Western	blot	analysis	of	fibroblast-derived	matrices,	respectively.		

5. Production	 and	 application	 of	 cell-free	 fibroblast-derived	 matrices	

using	wild	 type	 and	TNC	 knock-out	 fibroblasts	 as	 a	 substrate	 for	 the	

culture	and	screening	of	primary	human	macrophages.		
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