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Abstract	
G-Quadruplexes	 (G4s)	 are	 RNA	 and	 DNA	 secondary	 structures	 that	 form	 in	

guanine-rich	 sequences.	 Increasing	 evidence	 identify	 that	 G4s	 play	 important	 roles	

within	fundamental	biological	processes,	however	there	is	little	known	about	the	role	of	

G4s	in	plants.	

								Here	we	demonstrate	that	treatment	with	G4	stabilising	ligands	significantly	affects	

overall	plant	growth	with	particularly	strong	effects	on	the	primary	root	and	root	hairs.	

We	propose	 that	 these	phenotypes	may	be	caused	by	G4	 ligands	causing	a	 significant	

downregulation	of	expression	in	the	EXTENSIN	(EXT)	gene	family.	The	proline	rich	motifs	

within	 EXTs	 results	 in	 two	 tetrad	 G4s	 on	 the	 template	 strand	 of	 the	 gene	 body.	We	

suggest	that	these	G4s	within	EXTs	may	impact	on	RNA	Polymerase	II	processing	during	

transcription	 and	 splicing.	 The	 reduction	 in	 EXT	 expression	 may	 result	 in	 the	 plants	

compromised	 cell	 walls	 and	 therefore	 cause	 the	 root	 hair	 morphology	 and	 growth	

defects	observed		

	 This	 research	 indicates	 novel	 roles	 of	G4s	 in	 fundamental	 biological	 processes,	

which	may	also	occur	 in	many	other	organisms,	 including	mammals.	 Furthermore,	we	

identify	potential	G4	dependent	growth	mechanisms	in	plants,	the	knowledge	of	which	

could	 facilitate	 the	 production	 of	 plants	 with	 greater	 yields,	 use	 fewer	 resources,	 or	

utilised	for	herbicide	production.	
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1. Introduction	

1.1	G-quadruplex	Structure	

In	1910,	 almost	50	 years	before	Watson,	Crick	 and	Franklins’s	discovery	of	 the	

double	helix,	 Ivar	Bang	discovered	 that	guanine	 solutions	 could	associate	 to	 form	gels	

(Bang,	1910).	However,	the	molecular	basis	of	this	interaction	was	not	determined	until	

1962	 when	 x-ray	 crystallography	 was	 used	 to	 show	 that	 guanosine	 monophosphate	

could	 form	 what	 is	 now	 known	 as	 a	 G-quadruplex	 (G4)(Gellert	 et	 al,	 1962).	 G4s	 are	

secondary	structures	that	 form	 in	nucleic	acid	sequences	rich	 in	guanine	residues.	The	

guanine	nucleotides	 interact	 through	Hoogsteen	base	 pairing	 rather	 than	 the	 classical	

Watson-Crick	base	pairing,	in	which	the	N1-H	and	N2-H	of	one	guanine	molecule	act	as	

hydrogen	 donors	 to	 the	O6	 and	N7	 atoms	 of	 the	 adjacent	 guanine	 (Fig	 1.1).	 Through	

Hoogsteen	 bonding,	 four	 guanines	 associate	 to	 form	 a	 planar	 structure	 called	 a	 G-

quartet	(Gellert	et	al.,	1962;	Sen	and	Gilbert,	1988;	Sundquist	and	Klug,	1989a).	The	G-

quartet	can	then	stack	through	hydrophobic	interaction	to	form	a	G4	(Fig	1.1,	B).	

Within	the	G4,	the	oxygen	molecules	of	the	guanines	face	inwards	towards	each	

other,	which	could	result	 in	electrostatic	repulsion.	To	prevent	this	repulsion,	mono	or	

divalent	cations	sit	in	the	central	channel	of	the	G4	and	form	dipole	interactions	with	the	

oxygen	 atoms	 to	 neutralise	 the	 repulsion.	 Calculations	 and	 structural	 studies	 have	

shown	that	cation	binding	is	essential	for	G4	formation.	In	vitro	and	in	the	presence	of	

K+,	the	human	telomeric	sequence	preferentially	forms	a	G4	over	Watson-Crick	base	
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pairing	up	to	temperatures	of	30oC	(Clay	and	Gould,	2005;	Dingley	et	al.,	2005;	Hardin	et	

al.,	1991;	van	Mourik	and	Dingley,	2005;	Schultze	et	al.,	1999;	Spačková	et	al.,	1999).	K+	

and	 Na+	 are	 abundant	 within	 cells,	 therefore	 their	 role	 stabilising	 G4s	 has	 been	

extensively	 studied.	 However,	 many	 other	 cations	 have	 been	 found	 to	 stabilise	 G4,	

generally	 in	 the	order	of	 Sr2+	 >	 K+	 >	Ca2+	 >	Na+	 >	Mg2+	 >	 Li+,	with	 Sr2+	 resulting	 in	 the	

Figure	1.1	Hoogstein	vs	Watson	-	Crick	base	pairing.	(A)	Hoogstein	base	pairing	

of	4	guanines	forming	a	tetrad,	stabilised	by	a	central	cation.	(B)	Structure	of	a	

parallel	G4	(PDB:	244D).	(C)	Watson–Crick	base	pair	of	guanine	and	cytosine.	(D)	

Structure	of	a	DNA	double-helix	(PDB:	1BNA).	This	figure	is	taken	from	(Weldon	

et	al.,	2016)	
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strongest	stabilisation	of	G4s	and	Li+	the	least	in	most	cases	(Hardin	et	al.,	1992;	Kankia	

and	Marky,	2001;	Worlinsky	and	Basu,	2009).	The	cations	can	form	dipole	 interactions	

with	 up	 to	 8	 oxygen	molecules	 from	 two	 stacked	 G-quartets	 to	 stabilise	 the	 G4	 and	

hence	there	is	commonly	one	less	cation	molecule	than	the	number	of	G-quartets	 in	a	

G4	(Deng	et	al.,	2001;	Rovnyak	et	al.,	2000;	Wu	et	al.,	2003).		

G4s	 form	 in	 both	DNA	 and	RNA	 sequences,	 in	 a	wide	 range	 of	 conformations.	

Studies	have	shown	that	G4s	can	form	with	the	DNA/RNA	strands	in	the	same	direction	

(parallel),	 	 opposite	 directions	 (anti-parallel)	 or	 a	 combination	 (hybrid)	 (Ambrus	 et	 al.,	

2006;	 Parkinson	 et	 al.,	 2002;	 Phan	 and	 Patel,	 2003).	 Additionally,	 G4s	 occur	 within	 a	

single	molecule	(intramolecular)	or	from	up	to	four	molecules	(intermolecular)	(Fig	1.2)	

(Burge	et	al.,	2006;	Hazel	et	al.,	2006;	Marušič	and	Plavec,	2015;	Merkina	and	Fox,	2005;	

Víglaský	et	al.,	2010).	However,	 intermolecular	G4s	are	 thought	 to	 rarely	occur	 in	vivo	

due	 to	 the	 low	 DNA	 stand	 concentration	 meaning	 that	 it	 would	 be	 unusual	 for	 the	

required	sequences	to	be	in	close	enough	proximity	to	form	the	structure	(Huppert	and	

Balasubramanian,	2005).		

The	conformation	of	an	intramolecular	G4	can	be	partially	be	determined	by	its	

sequence.	 Intramolecular	 G4	 are	 generally	 thought	 to	 have	 a	 canonical	 sequence	 of	

G3+N1-7G3+N1-7G3+N1-7G3+	 where	 G	 represents	 the	 four	 contiguous	 runs	 of	 3	 or	 more	

guanines	within	a	tract	that	form	the	pillars	of	the	G4	and	N	represents	the	loop	regions	

which	 can	 consist	 of	 up	 to	 seven	 nucleotides	 of	 any	 base	 that	 connect	 the	 quartets	

(Huppert	and	Balasubramanian,	2005).	The	loops	can	connect	the	guanine	pillars		
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laterally	or	diagonally	across	the	tetrad,	with	G4s	only	containing	lateral	loops	referred	

to	 as	 “chair”	 like	 and	 G4s	 containing	 diagonal	 loops	 referred	 to	 as	 “basket”	 like.	

Alternatively,	 the	 loops	can	 form	a	“propeller”	 like	 fold	and	result	 in	a	parallel	G4	 (Fig	

1.2).	 	 However,	 G4	 conformation	 is	 not	 solely	 dependant	 on	 sequence,	 it	 has	 been	

shown	 that	 the	 cations	 present,	 flanking	 sequences	 and	G4	 ligands	 can	 also	 alter	 the	

conformation	 formed	within	 a	 sequence.	 Alterations	 in	 G4	 conformation	within	 a	 set	

sequence	has	been	seen	in	the	human	telomeric	sequence,	which	forms	an	antiparallel	

basket	 G4	 in	 the	 presence	 of	 Na+,	 whereas	 in	 the	 presence	 of	 K+	 the	 G4	 formed	 is	 a	

mixture	 of	 the	 antiparallel	 basket	 conformation	 and	 a	 parallel	 propeller	 conformation	

(Ambrus	et	al.,	2006;	Gaynutdinov	et	al.,	2008;	Parkinson	et	al.,	2002;	Phan	and	Patel,	

2003).	Additionally,	 the	number	of	 contiguous	guanines	within	 the	 sequence	accounts	

for	 how	 many	 G-quartets	 can	 form	 and	 stack	 up	 to	 assemble	 an	 intermolecular	 G4.	

Furthermore,	 the	 number	 of	 quartets	 also	 alters	 the	 stability	 of	 the	G4.	 The	more	G-

quartets	stacked	to	form	a	G4,	the	more	thermostable	the	G4	is	(Petraccone	et	al.,	2005)	

1.2	G-Quadruplex	Discovery	Methods	

1.2.1	G-Quadruplex	prediction	

In	 2005	 Huppert	 and	 Balasubramanian	 designed	 the	 “Quadparser”	 canonical	

sequence,	 G3+N1-7G3+N1-7G3+N1-7G3+,	 to	 aid	 in	 the	 identification	 of	 G4s	 based	 on	 their	

sequence	requirements	(Huppert	and	Balasubramanian,	2005).	This	canonical	sequence	

has	 successfully	 been	 used	 to	 predict	 the	 prevalence	 of	 G4	 in	 many	 species	 and	

significantly	 advanced	 G4	 research.	 However,	 in	 designing	 the	 canonical	 sequence	

several	assumptions	were	made.		
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The	first	was	that	in	vivo	most	G4s	are	likely	to	be	intramolecular.	Although	it	has	

been	shown	that	G4s	can	form	between	multiple	DNA/RNA	molecules	(Merkina	and	Fox,	

2005;	Víglaský	et	al.,	2010),	 the	concentration	of	 	DNA/RNA	within	cells	 is	much	 lower	

than	concentrations	used	in	vitro	and	therefore,	makes	intermolecular	G4s	unfavourable	

in	a	cellular	environment.		

The	second	assumption	made	is	concerning	the	number	of	quartets	within	a	G4.	

The	 canonical	 sequence	 contains	 four	 contiguous	 runs	 of	 3	 or	more	 guanines,	 as	 it’s	

these	runs	that	form	the	pillars	of	the	G4	and	determines	the	number	of	quartets.	This	

therefore	assumes	a	G4	has	a	minimum	number	of	 three	quartets.	This	assumption	 is	

based	 on	 the	 lower	 stability	 of	 two	 quartet	 G4s	 although	 there	 is	 evidence	 that	 two	

quartet	G4	can	form	under	biological	conditions	(Bock	et	al.,	1992;	Fry	and	Loeb,	1994;	

Petraccone	 et	 al.,	 2005;	 Smirnov	 and	 Shafer,	 2000).	 Single	 quartet	 G4s	 were	 also	

identified	 in	the	 initial	 in	vitro	experiments	by	Gellert	et	al	 in	which	the	quartets	were	

first	discovered;	however,	this	was	at	mM	concentrations	of	guanine,	much	higher	than	

the	concentration	within	the	cell	(Gellert	et	al.,	1962).		

A	 third	 assumption	 was	 that	 the	 G4	 requires	 four	 contiguous	 guanine	 runs	

although	 structures	 have	 been	 identified	where	 G-quartets	 can	 be	 formed	 containing	

other	bases	(Caceres	et	al.,	2004;	Escaja	et	al.,	2003;	Matsugami	et	al.,	2001;	Patel	and	

Hosur,	1999;	Silva,	2003),	 ‘slipped’	 structures	where	quartets	of	 two	G4	slip	 to	 form	a	

larger	 dimerized	G4	 (Krishnan-Ghosh	et	 al.,	 2004)	 or	 sequences	with	bases	within	 the	

contiguous	 runs	 of	 guanines	 resulting	 in	 short	 bulges	 within	 the	 G4	 (Mukundan	 and	

Phan,	2013).		
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The	 final	 assumption	 made	 was	 the	 length	 of	 the	 loops	 within	 the	 G4.	 The	

Quadparser	canonical	sequence	suggests	loop	lengths	of	1-7	bases	as	it	has	been	shown	

that	 G4	 stability	 usually	 decreases	 with	 increasing	 loop	 length	 (Hazel	 et	 al.,	 2004).	

However,	 G4s	 with	 much	 longer	 loop	 sequences	 of	 up	 to	 30	 nucleotides	 have	 been	

identified	to	be	stable	above	physiological	temperatures	(Guédin	et	al.,	2010).			

These	 assumptions	 cause	 a	 significant	 amount	 of	 false	 negative	 results	 with	

Chambers	et	al	finding	that	approximately	70%	of	G4s	in	the	human	genome	(observed	

using	the	G4-seq	technique,	discussed	later)	do	not	conform	to	the	canonical	sequence	

(Chambers	 et	 al.,	 2015).	 Therefore,	 several	 adjustments	 have	 been	 made	 to	 the	

canonical	sequence	to	allow	for	2	quartet	G4s,	longer	loop	lengths	and	short	sequences	

within	 the	 contiguous	 guanine	 runs.	However,	 these	 predictive	 tools	 can	 still	 produce	

false	positive	and	false	negative	results.	Therefore,	while	prediction	tools	are	extremely	

useful	in	the	first	instance	of	identifying	whether	a	G4	has	the	potential	to	form,	further	

structural	studies	are	required	to	determine	whether	a	G4	forms	for	certain.	

1.2.2	G-Quadruplex	structural	analysis	

Studies	 of	G4	 structures	 have	 identified	 several	 biophysical	 characteristics	 that	

can	be	utilised	to	allow	identification	of	G4s	with	a	high	degree	of	certainty.	However,	

how	 accurate	 these	 techniques	 are	 for	 predicting	 G4s	 that	 form	 under	 biological	

conditions	 is	 questionable.	 All	 of	 these	 techniques	 use	 oligos	 under	 experimental	

conditions	and	 therefore	do	not	 take	 in	 to	account	 the	 impact	of	molecular	crowding,	

the	competition	of	other	secondary	structures,	supercoiling	and	in	the	case	of	the	DNA,	

what	is	happening	on	the	other	strand.	Therefore,	additional	studies	are	required	under	

physiological	 conditions	 or	 in	 vivo	 to	 confirm	 biological	 relevance.	 Despite	 their	
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limitations,	 these	 techniques	 have	 provided	 a	 breadth	 of	 knowledge	on	 the	 sequence	

specificity	and	required	conditions	for	G4	formation.		

These	 methods	 include	 electrophoretic	 mobility	 shift	 assay	 (EMSA),	

dimethylsulphate	 (DMS)	 foot	 printing	 and	 Förster	 resonance	 energy	 transfer	 (FRET).	

Although,	UV	or	Circular	Dichroism	(CD)	melting	curves	and	nuclear	magnetic	resonance	

spectrometry	 (NMR)	 tend	 to	 be	 the	 gold	 standard	 for	 determining	whether	 sequence	

can	form	a	G4	structure.	CD	looks	at	how	molecules	absorb	circularly	polarised	light,	of	

which	G4s	have	a	distinct	 absorption	pattern.	Parallel	G4s	produce	a	 spectrum	with	a	

peak	 at	 ~264nm	 and	 a	 trough	 at	 ~245nm,	 whereas	 anti-parallel	 G4s	 have	 a	 peak	 at	

~295nm	 max	 and	 a	 trough	 at	 ~260nm	 min	 and	 finally	 the	 hybrid	 G4	 has	 a	 peak	 at	

~295nm	max	 and	 ~260nm	max	 and	 a	 trough	 at	 ~245	 nm	min	 (Chen,	 1992;	 del	Villar-

Guerra	 et	 al.,	 2018).	 On	 the	 other	 hand,	 NMR	 detects	 proton	 exchange	 within	 the	

structure	 and	 utilises	 the	 protected	 guanines	 of	 the	 G4	 structures	 to	 identify	 them	

(Wang	and	Patel,	1992;	Webba	da	Silva,	2007).	

1.2.3	G-Quadruplex	ligands	

Several	G4	ligands	have	been	identified,	or	designed,	for	use	in	research	and	as	potential	

drugs.	As	G4s	have	many	possible	conformations,	there	are	also	many	potential	ligands	

with	 different	 binding	 mechanisms	 and	 different	 affinities	 to	 particulars	 G4s.	 The	 G4	

ligands	usually	bind	by	either:		external	stacking	(binding	to	the	hydrophobic	surface	of	

the	outer	tetrad),	 intercalating	(binding	in	the	groove	between	the	tetrads)	or	external	

groove	 binding	 (binding	 in	 the	 groove	 of	 the	G4	 or	 interacting	with	 the	 loop	 regions)	

(Monchaud	 and	 Teulade-Fichou,	 2008).	 There	 are	 now	 more	 than	 800	 known	 small	
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molecules	that	bind	G4s,	which	can	be	found	in	an	online	database	(Li	et	al.,	2013),	some	

of	which	I	have	detailed	below	(Table	1).	There	are	complications	with	using	ligands	to	

study	G4s	as	 it	has	been	shown	that	the	ligands	can	induce	as	well	as	stabilise	the	G4;	

therefore,	the	binding	of	a	 ligand	does	not	mean	that	a	G4	would	form	in	 its	absence.	

However,	 in	 combination	 with	 the	 several	 other	 G4	 identification	 techniques	 we	 are	

now	 able	 to	 identify	 G4	 structures,	 enabling	 the	 study	 of	 their	 functions	 and	 further	

facilitating	the	design	of	drugs	to	target	them.	

Table	1.1.	G4	binding	ligands	
LIGAND	 CLASS	 BINDING	TYPE		 REFERENCES	

TMPYP4	 Porphyrin	 External	 stacking,	

intercalating	

(Arora	et	al.,	2008;	Haq	et	al.,	

1999;	 Nagesh	 et	 al.,	 2010;	

Phan	et	al.,	2005)	

N-METHYL-

MESOPORPHYRIN	

(NMM)	

Porphyrin	 External	stacking	 (Nicoludis	et	al.,	2012)	

BERBERINE	 Ellipticine	 External	stacking	 (Bazzicalupi	 et	 al.,	 2013;	

Franceschin	et	al.,	2006;	Li	et	

al.,	2017;	Wu	et	al.,	1999)	

GQC-05	 Ellipticine	 External	stacking	 (Brown	et	al.,	2011;	Ghosh	et	

al.,	2013)	

PYRIDOSTATIN	 Quinolinyl	pyridine	

dicarboxamide		

External	stacking	 (Müller	 et	 al.,	 2010;	

Rodriguez	et	al.,	2012a)	

QUARFLOXIN	 Fluoroquinolones	 External	stacking	 (Brooks	 and	 Hurley,	 2010;	

Drygin	et	al.,	2009;	Kim	et	al.,	

2003)	

BRACO-19	 Acridine	 external	 groove	

binding	

(Moore	et	al.,	 2005;	Schultes	

et	al.,	2004;	Yi-Meen	Chou	et	

al.,	1999)	
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1.3	G-Quadruplex	Biological	functions	

The	canonical	 sequence	has	been	used	to	predict	G4s	 in	 the	genomes	of	many	

organisms	and	has	suggested	the	presence	of	over	700,000	potential	G4s	in	the	human		

genome	 (Chambers	 et	 al.,	 2015)	 and	 40,000	 in	 Arabidopsis	 (Mullen	 et	 al.,	 2010).	 The	

predicted	 G4s	 within	 these	 genomes	 were	 universally	 enriched	 in	 known	 functional	

areas	 of	 the	 genome	 such	 as	 promoters,	 origins	 of	 replication	 and	most	 significantly	

telomeres		(Capra	et	al.,	2010;	Garg	et	al.,	2016a;	Hershman	et	al.,	2008;	Huppert,	2010;	

Nakken	et	al.,	2009).	This	conservation	of	G4s	and	their	enrichment	within	the	genome	

strongly	suggested	G4s	may	have	biological	 functions	and	there	are	now	many	studies	

highlighting	these	functions.	

1.3.1	G-quadruplexes	and	telomere	maintenance	

Telomeres	 are	 repetitive	 DNA	 sequences	 with	 single-stranded	 	 3’	 overhangs,	

found	at	 the	end	of	 chromosomes	 that	 are	 vital	 in	 protecting	 the	 chromosomes	 from	

degradation,	end	to	end	fusions	and	 inappropriate	activation	of	a	double-strand	break	

repair	 (Makarov	 et	 al.,	 1997;	 Moyzis	 et	 al.,	 1988;	 Zakian,	 2012).	 The	 telomere	 3’	

overhang	 is	G-rich	 and	was	 one	 of	 the	 first	 biological	 sequences	 shown	 to	 form	 a	G4	

within	 several	 organisms	 using	 non-	 denaturing	 PAGE	 gels	 and	 G4	 specific	 antibodies	

(Henderson	et	 al.,	 1987;	 Schaffitzel	 et	 al.,	 2001;	 Sen	and	Gilbert,	 1988;	 Sundquist	 and	

Klug,	1989b).		

There	are	also	several	proteins	found	associated	with	telomeres,	several	of	which	

have	been	found	to	bind	G4s.	These	include	the	Telomere	End-Binding	Proteins	(TEBPs)	

which	 protect	 the	 telomeres	 from	 being	 recognised	 by	 the	 DNA	 damage	 response	
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pathways.	TEBPα	and	TEBPβ	in	S.	lemnae	and	TEBP	and	Rap1	in	S.	cerevisiae,	have	been	

shown	by	structural	studies	and	immunofluorescence	to	facilitate	the	formation	of	G4s	

(Giraldo	and	Rhodes,	1994;	Juranek	and	Paeschke,	2012;	Moye	et	al.,	2015;	Paeschke	et	

al.,	2005,	2008;	Postberg	et	al.,	2012).	On	the	other	hand,		TELOMERASE,	RECQ	helicases	

and	 PROTECTION	 OF	 TELOMERIC	 PROTEIN	 1	 (POT1)	 are	 all	 involved	 in	 elongating	

telomeres,	 and	 in	 humans,	 these	 proteins	 have	 been	 found	 to	 resolve	 G4s	 to	 allow	

telomere	 extension	 (Moye	 et	 al.,	 2015;	 Zaug	 et	 al.,	 2005).	 These	 combined	 findings	

suggest	 that	 G4s	 may	 be	 involved	 in	 regulating	 the	 elongation	 and	 protection	 of	

telomeres.	 Understanding	 this	 mechanism	 is	 of	 particular	 interest	 as	 telomeres	 are	

crucial	for	genome	stability	as	well	as	the	cell	life	cycle.	The	effect	of	G4s	on	telomerase	

has	been	of	particular	interest	as	telomerase	is	an	enzyme	that	replicates	and	elongates	

telomeres	and	therefore	can	increase	the	cell	lifespan	and	is	found	upregulated	in	85%	

of	cancers	(Shay	and	Wright,	2011).	Studies	have	shown	that	G4	have	the	ability	to	allow	

or	block	 telomerase	activity	depending	on	 their	 conformation	 (Oganesian	et	al.,	 2007;	

Zahler	et	al.,	1991),	meaning	telomeric	G4s	could	be	a	novel	target	in	treating	cancer.	

1.3.2	G-quadruplexes	in	DNA	replication	

During	DNA	replication,	 the	DNA	double	helix	 is	unwound	by	helicases	 to	 form	

single-stranded	DNA	to	enable	replication.	It	is	hypothesised	that	the	presence	of	single-

stranded	DNA	during	this	process	provides	increased	potential	for	G-rich	regions	to	form	

G4s.	 Immunostaining	 using	 the	 BG4	 antibody	 which	 preferentially	 binds	 to	

intramolecular	G4s	has	 shown	 the	amount	of	G4s	 increases	during	 the	S-phase	of	 the	

cell	 cycle	 in	which	 the	DNA	 is	 replicated	 (Biffi	 et	 al.,	 2013).	 	 This	 finding	 suggests	 that	

more	G4s	may	form	while	the	DNA	is	single-stranded	during	replication.	However,	it	has	
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been	well	established	that	G4s	are	capable	of	 stalling	polymerases	 in	vitro	 (Han	et	al.,	

1999a;	Howell	et	al.,	1996;	Sun	and	Hurley,	2010;	Takahashi	et	al.,	2017;	Woodford	et	

al.,	1994)	and	 there	 is	 increasing	evidence	 that,	 in	 the	absence	of	helicases	 to	 resolve	

them,	G4s	also	stall	polymerases	in	vivo	(Johnson	et	al.,	2010a;	Kruisselbrink	et	al.,	2008;	

London	et	 al.,	 2008;	Rodriguez	et	 al.,	 2012a;	Van	Wietmarschen	and	 Lansdorp,	 2016).	

Therefore,	 for	 replication	 to	occur	 the	G4s	would	need	 to	be	unwound.	As	previously	

mentioned,	there	have	been	suggestions	of	helicases	that	can	unwind	telomeric	G4s	and	

further	 studies	 have	 shown	 that	 the	 helicases:	 	 PETITE	 INTEGRATION	 FREQUENCY	 1	

(PIF1),	 Fanconi	 anaemia	 complementation	 group	 J	 (FANCJ),	 WERNER	 SYNDROME	

PROTEIN	 (WRN)	 and	 BLOOM	 (BLM)	 resolve	 G4	 structures	 (Kruisselbrink	 et	 al.,	 2008;	

Singleton	et	 al.,	 2007;	 Sun	et	 al.,	 1998a;	Wu	and	 Spies,	 2016).	 Loss	of	 these	helicases	

causes	increased	DNA	breaks,	deletions,	and	slowed	DNA	replication	potentially	due	to	

DNA	polymerase	stalling	and	replication	fork	collapse	(Davies	et	al.,	2007;	Kruisselbrink	

et	al.,	2008;	Paeschke	et	al.,	2011;	Piazza	et	al.,	2015;	Ribeyre	et	al.,	2009;	Rodriguez	et	

al.,	2012a;	Van	Wietmarschen	and	Lansdorp,	2016;	WU,	2007).	Genomic	deletions	have	

also	 been	 seen	 in	 human	 patients	 with	 mutations	 in	 these	 helicases	 (German,	 1993;	

London	et	al.,	2008).	

	 Conversely,	G4s	may	also	have	a	role	in	promoting	DNA	replication.	It	has	been	

identified	that	the	origins	of	replication	in	humans	are	mainly	GC	rich	sequences	67%	of	

which	 conformed	 to	 a	 consensus	G4	 sequence	and	91%	conformed	 to	 a	G4	 sequence	

with	an	extended	loop	length	of	up	to	15bp	(Besnard	et	al.,	2012).	It	was	also	identified	

that	the	more	G4	motifs	within	a	region	the	more	commonly	that	region	is	used	as	an	

origin	 of	 replication	 (Besnard	 et	 al.,	 2012).	 Additionally,	 it	 was	 found	 that	 point	
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mutations	 in	 two	 G4s,	 found	 at	 two	 origins	 of	 replication,	 completely	 abolished	

replication	 origin	 formation	 and	 hence	 inhibited	 DNA	 replication	 further	 suggesting	 a	

role	for	G4s	in	the	promotion	of	DNA	replication	(Valton	et	al.,	2014).		

1.3.3	G-quadruplexes	in	transcription	

It	has	been	hypothesised	that	G4s	can	potentially	affect	transcription	in	several	

ways	 depending	 on	 the	 location	 of	 the	 G4.	 The	 expression	 of	 genes	 with	 G4s	 in	 the	

promoter	have	been	 found	 to	be	 significantly	 regulated	when	 treated	with	G4	 ligands	

(Cogoi	and	Xodo,	2006;	Cogoi	et	al.,	2014;	David	et	al.,	2016;	Siddiqui-Jain	et	al.,	2002;	

Yu	et	al.,	2012).	Hence,	 it	has	been	hypothesised	that	G4s	 in	promoters	may	allow	the	

binding	 of	 transcription	 factors,	 repressors	 or	 mediate	 the	 transition	 of	 DNA	 from	

double-stranded	 to	 single-stranded	 to	 regulate	 transcription	 (Lam	 et	 al.,	 2013).	

Bioinformatics	 analysis	 suggests	 that	 40%	 of	 human	 promoters	 contain	 predicted	G4s	

with	a	prominent	enrichment	 in	oncogenes	and	depletion	 in	tumour	suppressor	genes	

(Eddy	and	Maizels,	2006;	Huppert	and	Balasubramanian,	2007).	Additionally,	it	has	been	

shown	 that	 G4s	 are	 associated	 with	 areas	 of	 open	 chromatin	 and	 the	 promoters	 of	

actively	 transcribed	genes	 (Hänsel-Hertsch	et	al.,	2016;	Huppert	and	Balasubramanian,	

2007).	This	finding	may	suggest	an	important	role	of	G4s	in	the	correct	transcription	of	

genes.	 Genome-wide	 expression	 studies	 in	 yeast	 and	 humans	 have	 shown	 that	 G4	

stabilising	 ligands,	 and	 G4	 antibodies	 can	 cause	 global	 changes	 in	 gene	 expression	

(Fernando	 et	 al.,	 2009;	 Hershman	 et	 al.,	 2008;	 Verma	 et	 al.,	 2008).	 One	 of	 the	 best	

examples	of	G4s	altering	gene	expression	is	in	the	oncogene	c-MYC		(Siddiqui-Jain	et	al.,	

2002).	 The	 nuclease	 hypersensitive	 element	 III	 (NHE	 III)	 within	 the	 c-MYC	 promoter	
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controls	80%	of	c-MYC	transcription	and	was	shown	to	form	G4s	in	vitro	(Ambrus	et	al.,	

2005;	Seenisamy	et	al.,	2004;	Siddiqui-Jain	et	al.,	2002;	Simonsson	et	al.,	1998).	 It	has	

been	 demonstrated	 that	 G4	 ligands	 cause	 a	 decrease	 in	 c-MYC	 mRNA	 levels;	 while	

mutating	out	the	G4	within	the	NHE	III	element	causes	an	increase	in	expression	(Brown	

et	al.,	2011;	Siddiqui-Jain	et	al.,	2002).	Two	NHE	III	binding	factors,	Nucleolin	and	NM23-

H2,	 have	 since	 been	 shown	 to	 bind	 to	 the	 G4	 thought	 to	 regulate	 c-MYC	 expression	

(Kopylov	et	al.,	2015)	(González	et	al.,	2009).	Additionally,	overexpression	of	NUCLEOLIN	

has	 been	 shown	 to	 downregulate	 c-MYC	 expression	 by	 promoting	 G4	 formation	

(González	and	Hurley,	2010;	González	et	al.,	2009).		

While	G4s	may	provide	binding	sites	for	specific	promoter	proteins,	there	is	also	

potentially	 a	 more	 global	 role	 that	 G4s	 play	 in	 the	 initiation	 of	 transcription.	 The	

transcriptional	 initiation	 factor	 complex	 (TFIIH)	 is	 a	 vital	 protein	 complex	 for	 both	

transcription	and	nucleotide	excision	repair	(Compe	and	Egly,	2016).	 	XPD	and	XPB	are	

two	components	of	TFIIH	that	have	been	shown	to	bind	G4s	with	a	higher	affinity	than	

double-stranded	DNA	and	XPD	 can	 also	unwind	G4s	 (Gray	 et	 al.,	 2014a).	Additionally,	

XPD	and	XPB	have	been	shown,	by	ChIP-seq	and	G4	antibody	ChIP-seq,	to	be	enriched	at	

transcription	start	sites	that	contain	G4s	(Gray	et	al.,	2014a;	Hänsel-Hertsch	et	al.,	2016).	

Suggesting	 G4s	 may	 enable	 recruitment	 of	 the	 TFIIH	 and	 facilitate	 transcription	

initiation.	

	 G4s	can	also	form	within	the	coding	sequence	of	a	gene.	Genes	that	have	G4	on	

the	coding	strand	tend	to	have	higher	expression	than	those	without	(Du	et	al.,	2008),	it	

has	therefore	been	proposed	that	G4s	on	the	coding	strand	will	increase	the	stability	of	



	
27	

the	 single-stranded	 DNA	 and	 facilitate	 the	 binding	 of	 PolII	 to	 increase	 transcription	

(Rhodes	and	Lipps,	2015).	Alternatively,	if	the	G4	forms	on	the	template	strand	then	this	

is	 proposed	 to	 decrease	 PolII	 processivity	 by	 blocking	 the	 passage	 of	 PolII	 down	 the	

coding	sequence	and	blocking	the	gene	from	being	transcribed	(Bochman	et	al.,	2012).	

The	 ability	 of	 G4	 to	 stall	 polymerases	 has	 been	 well	 established	 (Han	 et	 al.,	 1999a;	

Howell	et	al.,	1996;	Sun	and	Hurley,	2010;	Takahashi	et	al.,	2017;	Woodford	et	al.,	1994)	

and	this	coincides	with	a	finding	that	genes	with	a	higher	GC	content	have	slower	PolII	

elongation	 rate	 (Veloso	 et	 al.,	 2014)	 and	 the	 result	 of	 transcription-dependent	 DNA	

damage	caused	by	G4	ligands	(Rodriguez	et	al.,	2012a).		

1.3.4	G-quadruplexes	in	splicing	

Pre-mRNA	 splicing	 can	 be	 a	 co-transcriptional	 process	 that	 can	 be	 effected	 by	

PolII	 processing	 speeds	 (Jonkers	 and	 Lis,	 2015;	Mata	 et	 al.,	 2010).	 Therefore,	 G4	 are	

likely	 to	 affect	 alternative	 splicing	 through	 G4	 dependent	 stalling	 PolII	 during	

transcription.	However,	G4s	may	play	a	more	direct	 role	 in	 regulating	 splicing.	Studies	

have	shown	that	50%	of	splicing	boundaries	 in	humans	contain	a	PG4s	within	the	first	

100bp	of	intronic	sequence	(Eddy	and	Maizels,	2006)	and	several	of	the	hnRNP	protein	

family	were	shown	to	be	enriched	at	these	G-rich	sequences,	regulate	splicing	and	bind	

to	G4s	 (Conlon	et	al.,	2016;	Dominguez	et	al.,	2010;	Liu	et	al.,	2017;	Samatanga	et	al.,	

2013;	Xiao	et	al.,	2009).	This	is	well	studied	within	the	apoptosis-regulating	gene	BCL-X.	

BCL-X	 has	 two	 isoforms,	BCL-XL,	which	 is	 anti-apoptotic	 and	 the	 shorter	 form,	BCL-XS,	

which	 is	pro-apoptotic	 (Boise	et	al.,	1993).	Alternative	splicing	of	BCL-X	was	previously	

identified	as	being	regulated	by	hnRNP	F/H	binding	to	two	G-rich	regions,	one	upstream	
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of	the	BCL-XL	donor	site,	and	another	downstream	of	the	BCL-XS	donor	site	(Garneau	et	

al.,	2005).	Both	of	the	G-rich	regions	in	BCL-X	were	shown	to	form	G4s	in	vitro	and	it	was	

found	that	G4	formation	at	 the	BCL-XS	donor	site	removed	a	 long	stem-loop	structure	

that	inhibited	donor	site	usage,	while	the	G4	formation	at	the	BCL-XL	donor	site	actually	

overlapped	with	the	donor	site	and	therefore	blocked	 its	usage	(Weldon	et	al.,	2018a,	

2018b).	 Thus,	 G4	 formation	 in	BCL-X	 gene	may	 act	 as	 a	 complex	molecular	 switch	 to	

control	splicing.	

1.3.5	G-quadruplexes	in	translation	

It	has	been	suggested	that	G4s	may	have	more	significant	roles	within	RNA	than	

DNA	as	they	have	been	shown	to	be	more	stable	due	to	the	additional	hydroxyl	groups	

of	the	ribose	(Collie	et	al.,	2010).	G4s	are	particularly	enriched	within	the	5’	untranslated	

region	(UTR)	of	genes.	G4s	have	been	identified	in	the	5’	UTR	of	many	genes	including	

the	 Arabidopsis	ATAXIA	 TELANGIECTASIA-MUTATED	AND	RAD-3	 RELATED	GENE	 (ATR),	

the	human	ZIc-1	gene	and	several	human	oncogenes	(NRAS,	BCL-2,	FGF-2,	and	VEGF).	In	

most	 cases,	 the	presence	of	 the	5’UTR	G4	has	been	 found	 to	 inhibit	 translation	when	

folded	 (Arora	 et	 al.,	 2008;	 Kumari	 et	 al.,	 2007;	 Kwok	 et	 al.,	 2015;	Morris	 et	 al.,	 2010;	

Shahid	et	al.,	2010).	 It	 is	 thought	 that	 the	reduced	translation	caused	by	G4s	 in	 the	5’	

UTR	may	 be	 due	 to	 the	G4	 preventing	 recognition	 of	 the	 translation	 start	 site	 by	 the	

preinitiation	 complex	 (PIC),	 an	 important	 factor	 in	 the	 initiation	of	 translation	 (Bugaut	

and	Balasubramanian,	2012).	Also,	 it	has	been	 found	that	 the	RNA	helicase	Eukaryotic	

Initiation	 Factor	 4a	 (EIF4A)	 is	 necessary	 for	 the	 translation	 of	 mRNA	 transcripts	

containing	G4	forming	motifs	within	their	5’	UTR	(Wolfe	et	al.,	2014),	suggesting	that	the	

cell	may	have	a	mechanism	to	overcome	G4	dependent	downregulation	of	translation.		
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There	is	also	evidence	of	G4s	forming	within	RNA	to	promote	translation.	It	has	

been	demonstrated	 that	 the	G4	within	 the	5’	UTR	of	VEGF	 is	 required	 for	 initiation	of	

translation	(Morris	et	al.,	2010).	Additionally,	G4s	are	also	found	enriched	in	the	3’	UTRs	

of	mRNA.	One	 study	 of	 a	G4	 in	 the	 3’	 UTR	 of	 FADS2	mRNA	 found	 that	G4	 formation	

prevented	 microRNA	 binding	 resulting	 in	 an	 upregulation	 of	 FADS2	 (Rouleau	 et	 al.,	

2017).	

	1.3.6	G-quadruplexes	and	epigenetics	

Epigenetics	 is	 thought	 to	be	 important	 in	 regulating	 the	 formation	of	G4s.	G4s	

are	shown	to	be	over-represented	at	 sites	of	 low	histone	occupancy	and	 relaxation	of	

chromatin	by	histone	deacetylase	inhibitors	caused	an	increase	in	G4	formation	(Hänsel-

Hertsch	et	al.,	2016;	Hegyi,	2015;	Hershman	et	al.,	2008).	Additionally,	ATRX	is	a	protein	

that	has	both	helicase	and	chromatin	remodelling	capabilities.	ATRX	stabilises	chromatin	

by	 depositing	 H3.3	 histones,	 which	 is	 thought	 to	maintain	 the	 DNA	 double	 helix	 and	

decrease	the	presence	of	alternative	DNA	secondary	structures	 (Clynes	et	al.,	2013).	 It	

has	also	been	 identified	that	ATRX	binds	specifically	 to	G-rich	tandem	repeats	and	can	

bind	to	G4s	and	resolve	them	(Law	et	al.,	2010).	Mutating	ATRX	caused	the	silencing	of	

the	α-globulin	gene	cluster	(Law	et	al.,	2010).	The	silencing	of	α-globulin	may	be	due	to	

the	 formation	 of	 G4s	 within	 the	 coding	 sequencing	 and	 blocking	 RNA	 polymerase	 II	

(PolII)	from	transcribing	the	gene.	Supporting	this	theory	is	the	demonstration	that	ATRX	

deficiency	is	linked	to	reduced	H3.3	and	PolII	stalling	(Levy	et	al.,	2015).	Therefore,	it	is	

thought	that	ATRX	is	essential	in	maintaining	genome	stability	by	allowing	guanine-rich	

DNA	to	be	replicated	and	transcribed	through	the	incorporation	of	H3.3	to	prevent	the	

formation	of	secondary	structures.		
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Conversely,	G4s	have	also	been	shown	to	have	an	impact	on	the	maintenance	of	

epigenetic	marks.	Histones	are	 recycled	during	DNA	replication	 to	maintain	epigenetic	

marks	(De	Koning	et	al.,	2007).	However,	as	previously	discussed	G4s	can	cause	stalling	

of	DNA	replication	and	it	has	been	found	that	this	stalling	also	leads	to	the	uncoupling	of	

histone	 recycling,	 causing	 new	 unmethylated	 histone	 to	 be	 incorporated	 into	 the	

chromatin.	The	uncoupling	of	histone	recycling	also	resulted	in	gene	expression	changes	

(Eddy	 et	 al.,	 2014;	 Guilbaud	 et	 al.,	 2017;	 Sarkies	 et	 al.,	 2010,	 2012,	 Schiavone	 et	 al.,	

2014,	 2016).	 Furthermore,	 there	 is	 evidence	 that	 double	 strand	breaks,	 caused	by	G4	

formation,	induce	phosphorylation	of	histone	H2AX	(Ayrapetov	et	al.,	2014;	Rodriguez	et	

al.,	2012a;	Shanbhag	et	al.,	2010).	

1.4	G-Quadruplexes	in	Plants	

As	discussed,	there	is	now	a	large	body	of	evidence	as	to	the	potential	biological	

roles	of	G4s,	but	these	studies	were	primarily	in	mammals	or	yeast.	In	contrast,	there	is	

little	known	about	the	role	of	G4s	within	plants	however	there	is	a	growing	interest	 in	

this	field.			

The	density	of	putative	G4s	(PG4s)	in	plants	is	generally	lower	than	in	mammals,	

for	 example,	 Arabidopsis	 thaliana	 has	 a	 density	 of	 9.3	 PG4/Mb	 compared	 to	 115	

PG4/Mb	in	Homo	sapiens	(for	three	quartet	PG4s),	which	may	make	Arabidopsis	a	good	

model	to	use	to	study	G4	function	(Mullen	et	al.,	2010).	Monocots	have	been	found	to	

have	more	predicted	PG4s	than	dicots	(Garg	et	al.,	2016b),	which	is	likely	linked	with	the	

finding	that	monocots	have	a	higher	GC	content	within	their	DNA	(Šmarda	et	al.,	2014).	

Additionally,	Mullen	 et	 al	 noted	 that	 Arabidopsis	 had	 43000	 two	quartet	 PG4s,	which	
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they	postulate	may	be	stable	at	the	environmental	temperature	ranges	that	Arabidopsis	

is	 usually	 found	 (Mullen	 et	 al.,	 2010,	 2012).	 Furthermore,	 G4s	 containing	 two	 tetrads	

were	 conserved	 in	 all	 dicot	 species	 in	 1331	 genes	 (Garg	 et	 al.,	 2016b).	 Enrichment	 of	

PG4s	 was	 found	 at	 telomeres,	 transposable	 elements,	 the	 transcription	 start	 site	 of	

genes	 (particularly	 on	 the	 template	 strand),	 intergenic	 regions	 and	 5’	 untranslated	

regions	 (UTR)	and	 in	 several	 species	of	plants	 (Andorf	et	al.,	 2014;	Garg	et	al.,	 2016b;	

Lexa	et	al.,	2014;	Mullen	et	al.,	2010;	Takahashi	et	al.,	2012).		

Similar	to	the	vertebrates	studied,	Arabidopsis	telomeres	are	G	rich	consisting	of	

the	repetitive	sequence	TTTAGGG	(Richards	and	Ausubel,	1988).	The	telomeric	sequence	

of	both	Arabidopsis	and	O.	sativa	binds	the	telomerase	inhibitor	telomestatin,	known	to	

bind	 to	 telomeric	 G4s,	 resulting	 in	 telomere	 shortening	 (Zhang	 et	 al.,	 2006).	 These	

results	 suggest	 that	 plant	 telomeres	 are	 also	 likely	 to	 form	G4s	 that	 are	 important	 in	

telomere	protection.	

71%	 of	 non-telomeric	 G4s	 in	 Zea	 mays	 were	 found	 in	 repetitive	 sequences	

(Andorf	 et	 al.,	 2014)	 and	 PG4s	 are	 particularly	 enriched	 in	 the	 highly	 repetitive	 long	

terminal	 repeat	 (LTR)	 retrotransposons	 (Lexa	 et	 al.,	 2014).	 Younger	 LTRs	 commonly	

contain	 longer	guanine	runs,	which	could	suggest	a	 role	of	G4s	 in	 the	 lifecycle	of	LTRs	

(Tokan	 et	 al.,	 2018).	 Additionally,	 LTR	 sequences	 are	 commonly	 incorporated	 into	

different	regions	of	the	plant	genome	through	recombination;	this	has	been	suggested	

as	a	mechanism	of	introducing	novel	G4s	into	the	genome	which	may	evolve	functions	

(Kejnovsky	and	Lexa,	2014).	
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One	 proposed	 G4	 function	 of	 particular	 interest	 is	 in	 plant	 stress	 response.	

Mullen	et	al	 identified	that	two	quartet	G4s	are	particularly	enriched	within	the	genes	

body	 and	 they	 suggest	 that	 these	 two	 quartet	 G4s	 are	 only	 stable	 at	 high	 K+	

concentration	(Mullen	et	al.,	2010,	2012).	This	gives	rise	to	the	hypothesis	that	G4	could	

act	as	sensors	of	high	salt	concentrations	which	occurs	when	the	plant	 is	experiencing	

drought	stress.	16%	of	 the	Arabidopsis	genome	 is	 responsive	to	drought,	and	of	 these	

genes,	 45%	 were	 found	 to	 contain	 PG4s	 in	 the	 annotated	 cDNA	 sequence	 which	 is	

significantly	more	than	the	31%	occurrence	 in	all	genes	(Garg	et	al.,	2016a).	Also,	 in	Z.	

mays	PG4s	were	enriched	 in	hypoxia	and	nutrient	deprivation	response	gene	ontology	

classes.			

Some	of	the	PG4s	identified	in	5’	UTRs	have	been	shown	to	form	a	G4	in	RNA.	A	

G4	in	the	5’	UTR	of	the	ATR	gene	in	Arabidopsis	forms	within	the	RNA	and	was	shown	to	

inhibit	 translation	 within	 a	 transient	 reporter	 gene	 assay	 (Kwok	 et	 al.,	 2015).	

Additionally,	a	G4	in	the	5’	UTR	of	SMXL4/5	(a	gene	involved	in	phloem	differentiation)	

was	found	to	be	conserved	within	all	vascular	plants	analysed.	The	G4	within	the	5’	UTR	

of	 SMXL4/5	 was	 found	 to	 bind	 a	 protein	 called	 JULGI	 which	 was	 found	 to	 inhibit	

translation	and	phloem	development	in	a	G4	dependent	manner	(Cho	et	al.,	2018).	

G4s	have	been	further	linked	to	plant	development	in	a	study	by	Nakagawa	et	al.	

Arabidopsis	seedling	treated	with	the	G4	stabilisers	NMM	and	Berberine,	displayed	leaf	

polarity	 defects	 (Nakagawa	 et	 al.,	 2012).	 Additionally,	 Arabidopsis	 with	 a	 double	

mutation	in	ASYMMETRIC	LEAVES	1	and	2	displayed	more	severe	leaf	phenotypes	when	
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treated	 with	 NMM	 and	 Berberine	 (Nakagawa	 et	 al.,	 2012).	 These	 findings	 suggest	 a	

novel	function	of	G4s	in	plant	development.	

1.5	Extensins	and	the	cell	wall	

The	suggested	role	of	G4s	in	plant	growth	and	development	and	unpublished	data	by	

Parker.	M	from	our	lab	has	shown	that	cell	wall	genes,	in	particular	the	EXTENSIN	(EXT)	

gene	family,	are	enriched	for	two	tetrad	G4s	and	are	strongly	downregulated	by	G4	

stabilisation	by	NMM	and	Berberine	(Parker,	2018).		

1.5.1	The	cell	wall	in	growth	and	development	

Plants	have	 two	primary	mechanisms	of	growth	and	development;	 cell	division	

and	cell	expansion.	Plant	cell	division	is	initiated	from	two	regions	of	stem	cells,	one	of	

which	is	at	the	tip	of	the	shoot	and	hence	called	the	shoot	apical	meristem	and	the	other	

is	at	the	primary	root	tip	and	called	the	root	apical	meristem.	Within	these	meristematic	

zones,	 the	 stem	 cells	 divide,	 both	 maintaining	 the	 stem	 cell	 population	 while	 also	

generating	daughter	cells	 that	differentiate	and	 this	 is	 controlled	by	 the	cell	 cycle	and	

plant	hormones.	After	cell	division	and	differentiation	further	growth	occurs	through	cell	

elongation.	The	cell	wall	structure	majorly	controls	cell	elongation.	The	plant	cell	wall	is	

a	 rigid	 outer	 barrier	 to	 the	 cell	 that	 allows	 them	 to	 withstand	 the	 turgor	 pressure	

created	by	the	vacuole	within	the	cell.	Hence,	the	cell	wall	limits	cell	elongation	and	thus	

to	allow	cell	elongation	the	cell	wall	structure	must	be	altered.	

	

	

	

	

1.5.2	Hydroxyproline-Rich	glycoprotein	superfamily	

	

	

	

	

EXTs	 form	 one	 of	 the	 major	 groups	 of	 the	 hydroxyproline-rich	 glycoprotein	 (HRGP)	

superfamily	 along	with	 arabinogalactans,	 solanaceous	 lectins	 and	proline-rich	proteins	

(Allen	and	Neuberger,	1973;	Averyhart-Fullard	et	al.,	1988;	Chan	Hong	et	al.,	1987;	Chen	
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and	 Varner,	 1985;	 Fincher	 et	 al.,	 1974;	 Lamport	 et	 al.,	 2011).	 In	 Arabidopsis,	

bioinformatic	analysis	identified	59	EXT	related	proteins,	18	Proline-rich	proteins	and		

four	 arabinogalactan	–	extensin	hybrids	 (Johnson	et	 al.,	 2017;	 Showalter	 et	 al.,	 2016).	

HRGPs	were	identified	as	a	critical	component	in	the	primary	cell	wall	in	1960	(LAMPORT	

and	NORTHCOTE,	1960).	The	enrichment	of	hydroxyproline	(HYP)	suggested	a	potential	

role	for	HRGPs	as	structural	elements	of	the	cell	wall	(Shoulders	and	Raines,	2009).	HYP	

is	 important	 in	 structural	 proteins	 as	 it	 restricts	 side	 chain	 rotation	 and	 the	 hydroxyl	

group	of	HYP	can	be	 involved	 in	carbohydrate	attachment.	Lamport	proposed	that	the	

HYP	may	 control	 protein	 crosslinking	within	 the	 cell	wall	 and	 the	 ability	 of	 the	 cell	 to	

extend	during	cell	growth,	hence	EXTs	were	named	initially	due	to	their	proposed	role	in	

cell	extension	(Lamport,	1963).		

1.5.3	Extensins	and	cell	wall	integrity	

There	are	several	subclasses	of	EXTs,	but	the	majority	can	typically	be	classed	as	

classical	 EXTs,	 Leucine-rich	 repeat	extensins	 (LRXs)	 and	 proline-rich	extensin-like	

	

	

Ser-Pro-Pro-Pro-Pro 

WGN-CCN-CCN-CCN-CCN Coding	DNA	Sequence 

Protein	Sequence 

WCN-GGN-GGN-GGN-GGN Template	DNA	Sequence 

Two	tetrad	G4	forming	
sequence 

Figure	1.3.	The	Extensin	SP4	motif.	The	protein	 sequence,	 coding	 sequence	
and	 template	 sequence	 of	 the	 EXT	SP4	motif	 demonstrating	 the	 hardcoded	
two	tetrad	G4	forming	sequence.	
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receptor	kinase	(PERKs).	The	classical	EXTs	are	typically	composed	almost	entirely	of	the	

X-HYPn		EXT	motif	(Fig	1.3),	where	X	is	most	commonly	serine	and	n	is	typically	three	or	4	

but	 can	 be	 up	 to	 6	 (Campargue	 et	 al.,	 1998;	Qi	 et	 al.,	 1995).	Whereas	 the	 LRXs	 have	

three	distinct	domains	with	an	N-terminal	leucine-rich	receptor	(LRR)	domain,	followed	

by	 a	 typical	 EXT	 HYP-rich	 domain	 and	 then	 a	 C-terminal	 domain.	 The	 role	 of	 EXTs	 is	

visible	 in	 root	 hairs	 with	 mutations	 in	 LRX1	 resulting	 in	 several	 abnormal	 root	 hair	

morphologies	(Baumberger	et	al.,	2001,	2003;	Ringli,	2010)	and	mutants	in	EXT6,	EXT7,	

EXT10,	 EXT11	 and	 EXT12	 display	 short	 root	 hairs	 (Velasquez	 et	 al.,	 2011a,	 2011b).	

However,	 it	 is	 postulated	 that	 EXTs	 may	 be	 genetically	 redundant	 as	 only	 mutants	

defective	in	EXT3	displays	a	near	lethal	phenotype	(Cannon	et	al.,	2008).	

1.5.4	Control	of	extensin	expression	

Several	transcription	factors	have	been	linked	to	controlling	EXT	expression	(Fig	

1.4).	One	of	the	most	studied	is	the	basic	helix-loop-helix	transcription	factor	ROOT	HAIR	

DEFECTIVE	6	LIKE-4	(RSL4).	Several	EXTs	have	been	seen	to	be	co-expressed	with	RSL4;	

EXT12,	EXT14,	EXT18	are	seen	to	be	downregulated	in	the	rsl4-1	loss	of	function	mutant	

and	upregulated	 in	CaMV35S:	 RSL4	 overexpression	 lines	 (Yi	 et	 al.,	 2010).	 Additionally,	

EXTs	have	root	hair-specific	cis	elements	that	act	as	RSL4	binding	domains	and	binding	

of	 RSL4	 has	 been	 confirmed	 for	 the	 LRX1	 and	 PRP3	 promoters	 and	 their	 expression	

upregulated	 in	 response	 (Hwang	et	 al.,	 2017).	RSL4	 is	 negatively	 regulated	by	 tri-helix	

transcription	factor	GT-2	LIKE	1	(GTL1)	and	its	homolog	DF1	and	therefore	has	been	seen	

to	downregulate	EXT	expression	and	represses	root	hair	growth	(Shibata	et	al.,	2018).	In	

addition,	ETHYLENE	INSENSITIVE	3	(EIN3)	and	ROOT	HAIR	DEFECTIVE	6	(RHD6)	have	also	

been	shown	to	interact	and	regulate	RSL4	expression,	although,	RHD6	and	EIN3	are	also	
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thought	 to	 be	 able	 to	 regulate	 some	 EXT	 genes	 independently	 of	 RSL4	 through	

interactions	with	(RSL1)	and	EIN3	respectively	(Feng	et	al.,	2017).		

Additionally,	 the	 HD-ZIP	 transcription	 factor	 HDG11,	 and	 related	 proteins	

MEDIATOR	 25	 (MED25)	 and	 PHYTOCHROME	AND	 FLOWERING	 TIME	 1	 (PFT1)	 regulate	

the	 expression	 of	 several	 EXTs	 in	 root	 hairs.	 EXTs	 have	 been	 found	 to	 have	 an	 HD-

binding	 cis	 element	 which	 has	 been	 shown	 to	 bind	 HDG11	 and	 an	 HDG11	 gain	 of	

function	mutant	was	 found	 to	upregulate	EXTENSINS	and	have	 increased	primary	 root	

length,	which	Xu	et	al	suggests	may	be	due	to	increased	loosening	of	the	cell	wall	(Xu	et	

al.,	 2014).	Also,	med25/pft1	mutants	display	 shorter	 root	hairs	 and	downregulation	 in	

EXT	expression	(Sundaravelpandian	et	al.,	2013).		

Furthermore,	 there	 is	 evidence	 of	 EXT	 gene	 expression	 being	 regulated	 by	

hormones.	It	is	known	that	RSL4	expression	is	mediated	by	auxin	and	ethylene	to	result	

in	differential	root	hair	growth	(Feng	et	al.,	2017;	Yi	et	al.,	2010).	It	has	been	shown	that	

ethylene	root	hair	growth	is	dependent	on	the	EIN3/EIL1	and	RHD6/RSL1	complex	(Feng	

et	al.,	2017).	Also	high	auxin	concentration	has	been	found	to	mediate	the	 interaction	

between	MED25/PFT1	and	ARF7/ARF19	to	cause	downstream	signalling	that	promotes	

transcription	 of	 lateral	 root	 genes	 (Ito	 et	 al.,	 2016;	 Raya-González	 et	 al.,	 2014),	 it	 has	

therefore	been	hypothesised	due	 to	 the	 role	of	MED25/PFT1	 in	EXT	expression	 that	a	

similar	mechanism	 could	 exist	 in	 root	 hairs	 to	 regulate	 EXT	 expression	 (Marzol	 et	 al.,	

2018).	



	
37	

	

	

1.6	Summary	

It	was	 once	 thought	 that	G4s	were	 simply	 in	 vitro	artefacts;	 however,	 there	 is	

now	 a	 breadth	 of	 evidence	 that	 G4s	 are	 involved	 in	 many	 fundamental	 biological	

processes	 and	 have	 implications	 in	 several	 diseases	 in	 humans.	 On	 the	 other	 hand,	

relatively	little	is	known	about	the	function	of	G4s	within	plants.	The	decreased	number	

of	pG4s	within	Arabidopsis	makes	 it	an	excellent	organism	to	further	study	the	role	of	

G4s	 within	 fundamental	 biological	 mechanisms.	 Also,	 the	 indication	 of	 G4s	 affecting	

plant	 growth	 and	 development	 provides	 interesting	 new	 potential	 targets	 to	 increase	

crop	yields	or	identify	novel	herbicides.	Within	this	thesis,	we	explore	the	role	of	G4s	in	

the	 growth	 and	 development	 of	 the	model	 plant	 species	 Arabidopsis	 and	 how	 these	

effects	arise	from	G4s	effecting	fundamental	biological	processes.	

	 	

Figure	1.4.	Transcriptional	regulation	of	extensins.	The	proteins	 involved	
in	 regulating	 EXT	 transcription	 with	 red	 arrows	 indicating	 a	 negative	
regulation	and	green	arrows	indicating	a	positive	regulation.	
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2.	Materials	and	methods	

2.1	Plant	Strains	

All	 A.	 thaliana	 lines	 used	 were	 of	 the	 Columbia	 (Col-0)	 ecotype.	 The	 lrx1	 loss	 of	

function,	 lrx2	 loss	 of	 function,	 lrx1lrx2	 double	 mutant,	 proLRX1::GUS	 cosisting	 of	 the	

LRX1	 promoter	 fused	 to	 the	 gus	 reporter	 gene,	 mycLRX1ΔE153,	 mycLRX1ΔE90	 and	

mycLRX1ΔE14	were	kindly	donated	by	Prof	Ringli	(Baumberger	et	al.,	2001,	2003;	Ringli,	

2010).	The	rsl4	 line	was	generously	donated	by	Prof	Dolan	(Datta	et	al.,	2015;	Yi	et	al.,	

2010).	 The	 helicase	 mutant	 plant	 lines	 used	 were	 obtained	 from	 the	 Nottingham	

Arabidopsis	Stock	Centre;	recq4a	(N653278),	recqsim	(N661902),	uvh6	(N6375).	

2.2	Plant	growth	conditions	

For	all	experiments,	seeds	were	surface	sterilised	by	immersing	seed	in	70%	ethanol	

for	1min,	10%	bleach	with	0.1%	Tween	for	5mins,	and	wash	three	times	 in	autoclaved	

water.	The	seed,	immersed	in	autoclaved	water,	were	stratified	for	2-3	days	at	4°C	and	

then	sown	on	sterile	vertical	plates	containing	Murashige	&	Skoog	(MS)	media	consisting	

of;	 1x	Murashige	 and	 Skoog	 salts	 plus	 vitamins	 (MS;	 Duchefa	 Biochemie,	M0222),	 1%	

sucrose	 (Sigma,	 S0389),	 0.05%	4-Morpholineethanesulfonic	 acid	 (Sigma,	M3671),	 0.8%	

agar	and	adjusted	to	pH5.7	using	NaOH.	The	plates	were	sealed	using	micropore	tape	to	

allow	 gas	 exchange,	while	 preventing	 contamination,	 then	were	 placed	 vertically	 in	 a	

Versatile	 Environmental	 Test	 Chamber	 MLR	 350-HT	 (Sanyo,	 Japan)	 with	 16	 hours	

photoperiod	and	an	 irradiance	of	120μmol	m-2	s-1	and	a	constant	 temperature	of	23°C	

(experimental	growth	time	refers	to	the	time	in	growth	cabinet	after	stratification).	
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Seedlings	used	 to	 analyse	 root	phenotypes	were	 grown	 for	 4	days	on	MS	agar	

and	then	transferred	to	soft	MS	agar	(with	agar	content	reduced	to	0.3%)	containing	the	

desired	 treatment	 and	 grown	 for	 a	 further	 3	 days	 before	 analysis.	 Seedlings	 used	 for	

expression	analysis	by	qRT-PCR	were	grown	on	MS	plates	for	7	days,	treated	for	6	hours	

(with	the	exception	of	the	time	course	experiment)	by	flooding	the	plate	with	MS	liquid	

media	 (no	 agar)	 containing	 the	 treatment.	 Following	 treatment,	 roots	 and	 shoots	 are	

harvested	 separately	 by	 slicing	 with	 a	 razor	 blade	 and	 instantly	 freezing	 in	 liquid	

nitrogen.	 Rosette	 area	 and	 shoot	 phenotype	 experiments	 were	 grown	 on	 flat	 plates	

containing	MS	media	for	14	days.		

Chemical	 treatments	 used	 were	 n-methyl	 mesoporphyrin	 (NMM)	 (Frontier	

Scientific,	 NMM580),	 Berberine	 (Sigma,	 B32517),	 ML216	 (Sigma,	 SML0661),	 3,4-

dehydro-L-proline	 (DHP)	 (Sigma,	 D4893),	 cycloheximide	 (CHX)	 (Sigma,	 01810)	 and	 the	

naturally	 occurring	 auxin,	 Indole-3-acetic	 acid	 (IAA)	 (Sigma,	 I3750).	 All	 chemicals	were	

dissolved	 in	either	ddH2O	(Fisher,	W/0100/21),	DMSO	(Fisher,	BP231),	or	EtOH	(Fisher,	

E/0650DF/17)	and	hence	control	samples	were	treated	with	the	corresponding	solution	

without	 the	chemical	dissolved	 in	 it	and	grown	at	 the	 same	 time	and	under	 the	 same	

conditions	as	the	test	samples.		

2.3	Root	hair	phenotype	and	length	observations	

Plants	 used	 for	 root	 hair	 measurements	 and	 morphology	 experiments	 were	

either	 imaged	 by	 light	 or	 confocal	 microscopy.	 For	 light	 microscopy	 the	 roots	 were	

imaged	directly	on	the	plates	they	were	grown	on	using	the	STEMI	DV4	ZEISS	47	50	22	

stereomicroscope	 with	 the	 iOptron	 iE3000	 Electron	 Eyepiece	 (#8430)	 camera	 or	 the	

SP300F	Brunel	microscope,	and	processed	using	Future	WinJoe	software	(Future	Optics)	
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Motic	 Images	 Advanced	 3.2	 Software	 (Motic)	 and	 ImageJ	 (NIH).	 For	 confocal	

experiments,	 the	 roots	 were	 removed	 from	 vertical	 plates	 and	 stained	 with	 10μg/μL	

propidium	 iodide	 for	 1min,	 rinsed	 and	 mounted	 in	 water	 on	 a	 microscope	 slide	 and	

imaged	using	the	FV1000	Confocal	microscope	(Olympus)	at	the	University	of	Sheffield	

Light	Microscopy	 Facility.	 Root,	 root	 hair	 and	 rosette	measurements	were	 then	 taken	

using	ImageJ	software.	The	propidium	iodide	stain	was	visualised	using	a	514	nm	argon	

laser	beam	causing	the	stain	to	emit	between	580-610	nm.	Images	were	analysed	using	

FV10-ASW	viewer	(Olympus)	or	Image	J.	

2.4	RNA	extraction	

Plant	 tissue	 was	 collected	 into	 sterile	 2mL	 tubes	 containing	 a	 5mm	 steel	 ball	

bearing.	Seedlings	with	metal	balls	were	snap-frozen	in	liquid	nitrogen	and	then	placed	

in	a	TissueLyser	(Qiagen,	85300)	to	grind	seedlings	into	a	fine	powder.	Total	nucleic	acid	

isolation	was	then	carried	out	by	phenol-chloroform	extraction	using	a	protocol	adapted	

from	 White	 and	 Kaper	 (1989).	 Approximately	 500mg	 frozen	 ground	 seedlings	 were	

transferred	to	ice,	600μL	of	extraction	buffer	was	added	(100mM	Glycine,	10mM	EDTA,	

100mM	NaCl,	 2%	 SDS,	 pH9.5)	 and	 vortexed.	 600μL	 of	 Tris-buffered	 phenol	 was	 then	

added	to	the	samples,	vortexed	and	then	centrifuged	10	minutes	at	16,000	×	g	at	4°C.	

The	 upper	 phase	 was	 transferred	 to	 a	 sterile	 tube	 containing	 600μL	 of	 25:24:1	

phenol:chloroform:isoamyl	 alcohol,	 vortexed	 and	 then	 centrifuged	 for	 10	 minutes	 at	

16,000×g	at	4°C.		The	upper	phase	was	transferred	to	a	sterile	tube	containing	600μL	of	

24:1	 chloroform:isoamyl,	 vortexed	 and	 centrifuged	 for	 5	 min	 16,000	 ×	 g	 at	 4°C.	 The	

upper	 phase	 containing	 the	 TNA	 was	 then	 transferred	 to	 a	 sterile	 tube	 and	 then	

precipitated	by	adding	40μL	of	4M	sodium	acetate	pH5.2	and	800μL	absolute	ethanol,	



	
41	

incubating	for	15	mins	on	ice	and	centrifuging	for	15	minutes	at	16,000	×	g	at	4°C.	The	

ethanol	 was	 removed,	 and	 the	 pellet	 then	 was	 washed	 with	 70%	 ethanol	 and	

centrifuged	again	 for	5mins	at	16,000	×	g	at	4°C.	The	wash	ethanol	was	removed,	and	

the	pellet	was	then	allowed	to	air	dry.	The	resulting	pellets	were	resuspended	in	sterile	

water.	 The	 RNA	 concentration	 and	 quality	 were	 checked	 using	 the	 NanoDrop	 1000	

Spectrophotometer	 (ThermoFisher).	 DNA	 contamination	 was	 then	 removed	 using	 the	

DNase	 I	 (Sigma,	 AMPD1)	 by	 adding	 1	 unit	 DNase	 1	 and	 DNase	 buffer	 to	 2μg	 of	 TNA,	

incubating	for	15mins	at	room	temperature,	DNase	 inactivation	agent	was	then	added	

and	incubated	or	10mins	at	70°C.	Purified	RNA	was	stored	at	-80°C.	

2.5	cDNA	synthesis		

Table	2.1	Reverse	Transcription	Reaction	Mix	

	

Approximately	 2μg	 of	 DNase	 treated	 RNA	was	 reverse	 transcribed	 to	 produce	

cDNA	 using	 the	 High	 Capacity	 cDNA	 Reverse	 Transcription	 Kit	 (Applied	 biosystems,	

4368814).	Reactions	were	set	up	as	shown	in	table	2.1	and	placed	in	a	thermal	cycler	to	

be	 incubated	 at	 25°C	 for	 10mins,	 37°C	 for	 2hours	 and	 80°C	 for	 5mins.	 For	 all	

Component	 Volume	

10x	RT	Buffer	 2μL	

25x	dNTP	Mix	(100mM)	 0.8μL	

10x	RT	Random	Primers	 2.0μL	

Multiscribe	Reverse	Transcriptase	 1.0μL	

Nuclease-Free	H2O	 4.2μL	

RNA	 10μL	
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experiments,	a	control	 sample	with	no	 reverse	 transcriptase	added	was	used	 to	check	

for	contaminating	DNA.	

2.6	Semi-quantitative	real-time	polymerase	chain	reaction	(qRT-

PCR)	

The	qPCR	protocol	is	adapted	from	the	SYBR®	Green	JumpStart™	Taq	ReadyMix™	

(Sigma-Aldrich	 Cat.	 No.	 S4438)	 using	 the	 reaction	 mix	 described	 in	 Table	 2.2.	 The	

reactions	were	placed	in	an	optical	96	well	plate	(Star	Labs)	which	was	covered	with	an	

optical	adhesive	film	(Bio-Rad,	#MSB-1001)	and	centrifuged	to	remove	air	bubbles.	The	

reactions	were	run	using	the	Mx3005p	qPCR	System	(Agilent	Technologies)	with	MxPro	

software	(Agilent	Technologies).	Thermal	cycling	conditions	consisted	of	a	denaturation	

step	at	94°C	 for	2	minutes,	45	cycles	of	15-second	denaturation	at	94°C	and	1-minute	

extension	at	60°C,	then	a	final	step	to	obtain	a	dissociation	curve	step	of	2	minutes	at	

94°C,	1	minute	at	60	°C	and	then	a	gradual	increase	in	temperature	for	5mins.	

Table	2.2.	qPCR	Reaction	Mix	
Component	 Volume	

2X	SYBR®	GREEN	JUMPSTART™	TAQ	READYMIX™	 7.5μL	

Forward	Primer	(10mM)	 1.0μL	

Reverse	Primer	(10mM)	 1.0μL	

Nuclease-Free	H2O	 4.5μL	

10x	Diluted	cDNA	 2μL	
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The	data	was	 analysed	using	 the	MxPro	 software	which	 automatically	 determines	 the	

cycle	 threshold,	 and	 then	 the	ΔCT	method	was	used	 to	 compare	expression	using	 the	

following	equations:	

ΔCT	=	(CT	of	the	normalisation	control	-	CT	of	the	gene	of	interest)		

ΔΔCT	=	-	[(ΔCT)	sample	1	-	(ΔCT)	sample	2)]	

UBC10	 is	 constitutively	 expressed	 and	was	used	 as	 a	 normalisation	 control	 (Xia	 et	 al.,	

2014).	 	 Three	 biological	 and	 three	 technical	 repeats	 were	 performed	 for	 all	 the	

experiments	

2.7	Western	blot	

Seedlings	were	 placed	 in	 a	 2ml	 tube	with	 a	 5mm	ball	 bearing,	 frozen	 in	 liquid	

nitrogen	and	ground	using	the	Tissuelyser.	Cells	were	lysed	by	adding	6x	laemmli	buffer	

(1	μL/μg	of	ground	seedling)	to	the	ground	tissue	which	consists	of	375	mM	Tris-HCl,	9%	

SDS,	 50%	 glycerol,	 9%	 beta-mercatoethanol	 and	 0.03%	 bromophenol	 blue.	 The	 tissue	

was	then	mixed,	boiled	at	95°C	for	5mins	and	then	centrifuged	at	14000rpm	for	5mins.	

The	supernatant	was	 then	run	on	a	10%	SDS-PAGE	gel	 (Table	2.3	and	2.4)	alongside	a	

colour	prestained	protein	standard	ladder	(NEB,	P7712S)	in	running	buffer	(25	mM	Tris,	

192	mM	Glycine,	0.1%	SDS,	pH	8.3)	at	150V	until	the	bromophenol	blue	front	had	just	

passed	 out	 of	 the	 gel.	 The	 samples	 were	 then	 transferred	 from	 the	 gel	 to	 a	

nitrocellulouse	 membrane	 (ThermoFisher,	 88018)	 via	 the	 wet	 transfer	 method	 in	

transfer	buffer	(48	mM	Tris,	39	mM	glycine	(Fisher),	10%	w/v	SDS,	10%	(v/v)	methanol)	

at	 300mA	 for	1	hour.	After	 transfer,	 the	membrane	was	 stained	with	Ponceau	S	 stain	

solution	(Sigma,	P7170)	to	use	as	a	loading	control	and	washed	in	1X	Tris-Buffered	Saline	

(TBS),	which	consists	of	50	mM	Tris,	ph7.5	and	150mM	NaCl	in	H2O.	The	membrane	was	
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then	 blocked	 in	 5%	milk	 (w/v)	 in	 TBS	 overnight,	 incubated	 in	 anti-myc	 antibody	 (Cell	

Signalling,	DB4C12)	 at	 1:500	 v/v	 in	5%	milk	 for	 two	hours,	 rinsed	 in	 TBS,	 incubated	 in	

anti-rabbit	antibody	(abcam,	ab6721)	at	1:1000	v/v	in	5%	milk	for	1	hour.	After	rinsing	in	

TBS,	 the	 membrane	 was	 imaged	 using	 Peirce	 ECL	 western	 blotting	 substrate	

(ThermoFisher,	32106)	and	Chemidoc	XRS+	imager	(Biorad).	

Table	2.3	Western	Blot	gel	recipe	

	Separating	Gel	 	 	 	 Stacking	Gel	
	

	

	

	

	

2.8	Electrophoretic	mobility	shift	assay	

Nuclear	 Proteins	 were	 extracted	 from	 2	 grams	 of	 14-day	 old	 seedlings.	 The	

seedlings	were	frozen	in	liquid	nitrogen	and	ground	in	a	pestle	and	mortar	while	keeping	

frozen	until	a	fine	pale	green	powder.	The	nuclear	protein	was	then	extracted	using	the	

crude	 extraction	 protocol	 from	 the	 CellLytic	 PN	 isolation/extraction	 kit	 (Sigma,	

CELLYTPN1)	which	consists	of	adding	the	ground	seedling	in	cell	 lysis	buffer	to	lyse	the	

cells,	 then	 the	 nuclei	 are	 extracted	 through	 centrifugation	 in	 nuclei	 isolation	 buffer.	

Finally,	 nuclear	 proteins	 are	 extracted	 using	 extraction	 buffer,	 dithiothreitol	 and	

protease	 inhibitor	 cocktail.	 The	protein	 concentration	was	quantified	using	Nanodrop.	

The	 Lightshift	 Chemiluminescent	 EMSA	 kit	 (ThermoFisher,	 20148)	 was	 used	 for	 the	

EMSA	and	carried	out	as	per	manufacturer’s	instructions.	5μg	of	extracted	protein	was	

COMPONENT	 AMOUNT	
30%	Acrylamide	 2.67mL	
1.5m	Tris	pH8.8	 2mL	
10%	SDS	 80μL	
10%	APS	 80μL	
TEMED	 8μL	
H2O	 3.2mL	

COMPONENT	 AMOUNT	
30%	Acrylamide	 1mL	
0.5m	Tris	pH6.8	 1.25mL	
10%	SDS	 50μL	
10%	APS	 50μL	
TEMED	 5μL	
H2O	 2.6mL	
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then	incubated	with	1μM	biotin	labelled	oligos	(found	in	table	2.4),1X	binding	buffer	(10	

mM	Tris	50mM	KCL,	1mM	DTT,	pH7.5)	and	1	μL	of	1μg/μL	Poly	(dI:dC)	at	4°C	for	30mins.		

The	 reactions	were	 then	 run	 on	 a	 5%	 non-denaturing	 polyacrylamide	 gel,	 in	 0.5x	 TBE	

(450mM	Tris,	450mM	boric	acid,	10mM	EDTA,	pH	8.3)	at	100V	until	 the	bromophenol	

front	is	around	¾	down	the	gel,	transferred	to	a	nylon	membrane	using	the	wet	transfer	

method	 in	 0.5X	 TBE	 at	 100V	 for	 30mins,	 UV	 crosslinked	 to	 the	 membrane	 and	 then	

imaged	using	Peirce	ECL	western	blotting	substrate	and	Chemidoc	XRS+	imager.	

2.9	Polymerase	Chain	Reaction	

20	μL	reactions	were	used	containing	2μL	of	cDNA	that	has	been	diluted	10X,	

0.5mM	of	forward	and	reverse	primers	and	1x	REDTaq®	ReadyMix™	PCR	Reaction	Mix	

(Sigma-Aldrich,	P0982).	Thermocycling	conditions	varied	depending	on	product	size	and	

primer	temperature	but	was	usually	an	initial	denaturation	at	95oC	for	2mins,	then	35	

cycles	of;	95oC	for	30s,	55	oC	for	1min,	72oC	for	1min	per	Kb	of	product,	and	a	final	

extension	at	72oC	for	5mins.	

2.10	Gel	electrophoresis	

As	REDTaq®	ReadyMix	 contains	 loading	dye,	 PCR	products	were	 loaded	directly	

into	 1%	 or	 2%	 agarose	 gels	 prepared	 using	 1xTAE	 (40mM	Tris/	 20mM	Acetate/	 1mM	

EDTA)	buffer	containing	ethidium	bromide	(3μL	of	10mg/mL	per	100mL	of	gel).	5μL	of	

100	bp	or	1	kb	DNA	ladder	(NEB)	was	loaded	alongside	samples.	Gels	were	run	in	1xTAE	

Buffer	 at	 100V	 for	 the	 desired	 length	 of	 time	 and	 imaged	 using	 a	 gel	 imaging	 system	

(UVP	gel	doc).		



	
46	

2.11	Gel	extraction	

The	DNA	band	of	interest	was	excised	from	the	agarose	gel	using	a	clean	scalpel	

blade	over	a	UVP	gel	doc	UV-transilluminator.	The	DNA	was	then	extracted	from	the	

agarose	gel	slice	using	the	QIAquick	Gel	Extraction	Kit	(Qiagen,	#28704).		

2.12	Cloning	and	sequencing	

Gel	extracted	DNA	fragments	were	ligated	into	the	CloneJet	vector	using	the	PCR	

CloneJET	 kit	 (ThermoFisher,	 K1232)	 according	 to	 the	 manufacturer’s	 instructions	 and	

then	5μL	of	the	 ligation	reaction	was	added	to	50μL	of	DH5α	chemically	competent	E.	

coli	cells	 for	 transformation.	The	transformation	was	carried	out	by	heat	shocking	 in	a	

42°C	 water	 bath	 for	 20secs.	 The	 E.coli	 were	 then	 added	 to	 1mL	 of	 liquid	 LB	

(ThermoFisher,	 12780029)	 for	 1hour	 before	 spreading	 on	 a	 LB	 agar	 (ThermoFisher,	

22700041)	 plate	 containing	 100μg/mL	 ampicillin	 and	 allowing	 colonies	 to	 grow	

overnight.	Colonies	were	then	selected	by	colony	PCR	using	the	primers	used	in	the	PCR	

of	 the	 gene	 fragment	 (Table	 2.3),	 the	 colonies	 containing	 the	 desired	 products	 were	

then	 bulked	 up	 overnight	 in	 LB	 broth.	 The	 plasmids	 from	 the	 cultures	 were	 then	

extracted	 using	 a	 Plasmid	 Mini	 Prep	 kit	 (Qiagen,	 27104).	 The	 extracted	 plasmid	

containing	 the	 EXT	 transcripts	 were	 then	 sent	 to	 the	 Core	 Genomic	 Facility	 (The	

University	 of	 Sheffield)	 for	 Sanger	 sequencing	 using	 both	 the	 forward	 and	 reverse	

CloneJet	sequencing	primers	(Table	2.4).	
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2.13	Primers	

Genomic	 DNA	 or	 mRNA	 sequences	 were	 obtained	 from	 TAIR	

(https://www.arabidopsis.org/).	 Primers	 were	 designed	 using	 primer-BLAST	 from	 The	

National	 Center	 for	 Biotechnology	 Information	

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).	Primers	and	oligos	used	can	be	seen	

in	Table	2.4.	

	
Table	2.4	Primers	and	Oligos	
PRIMER	 SEQUENCE	

CLONEJET	F	 CGACTCACTATAGGGAGAGCGGC	

CLONEJET	R	 AAGAACATCGATTTTCCATGGCAG	

LRX1	5’	F	qPCR	 CCTCTTGCTCTCCTCCGTTT	

LRX1	5’	R	qPCR	 GAGCAAACATCTGAACCATTCCA	

LRX1	3’	F	qPCR	 GGCCATCCACCACAAGCAACA	

LRX1	3’	R	qPCR	 CGCTTGGCATCGGTGGAAAGT	

EXT13	5’	F	qPCR	 GGAGCGAGTGCATTGCATGGT	

EXT13	5’	R	qPCR	 TGGGATGAGTAAGGGTATGCTGTCA	

EXT13	3’	F	qPCR	 ATGTCTACAGCTCCCCACCACCTC	

EXT13	3’	R	qPCR	 GGGTGTCTTTGAGACATAAGGTGCT	

GUS	F	qPCR	 GGCATCCGGTCAGTGGCAGT	

GUS	R	qPCR	 CCTTTGCCACGCAAGTCCGC	

RSL4	F	qPCR	 AGGCAAAACTAGAGCCACCA	

RSL4	R	qPCR	 ATCGACTTTTGTCCCGTTTG	

GTL1	F	qPCR	 ATGGAATTGTTTGAAGGTTTGG	

GTL1	R	qPCR	 GACATGACCTCGTGTTCTCG	

RHD6	F	qPCR	 TCACGAGAGCTTTCCTCCTC	

RHD6	R	qPCR	 TGAAGCCGTAGCTCATGTTG	

LRX1	EMSA	Oligo	 AGAGGTGGTGGTGGTATG	
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mtLRX1	EMSA	Oligo	 AGAGGTGATGGTGGTATG	

LRX1	5’	F	RT-PCR	1	 CCTCTTGCTCTCCTCCGTTT	

LRX1	5’	R	RT-PCR	1	 CGCATATAGGAGGACGACCG	

LRX1	3’	F	RT-PCR	1	 AAGAACATCGATTTTCCATGGCAG	

LRX1	3’	R	RT-PCR	1	 TGCTAATGAGCAGCTCTGTGTTA	

LRX1	3’	F	RT-PCR	2	 CTTGAAGTCCGGACACTTCC	

LRX1	3’	R	RT-PCR	2	 CGCTTGGCATCGGTGGAAAGT	

EXT9	RT-PCR	F	 TGCCCATCTCGTCTACGCTA	

EXT9	RT-PCR	R	 CGAAGGTGAATGTGAAGCTTAGT	

2.14	Data	Analysis		

All	 graphs	 were	 produced	 in	 Graphpad	 Prism7	 and	 statistical	 test	 were	 also	

carried	 out	 on	 Graphpad	 Prism7	 using	 either	 a	 t-test	 or	 ANOVA	 with	 a	 post	 analysis	

TUKEY	 tests	 to	 compare	 individual	 means.	 Variance	 was	 considered	 statistically	

significant	when	p	=	≤0.05,	asterisks	indicate	significance;	*	=	p	≤0.05,	**	=	p	≤0.005,	***	

=	p	≤0.0005),	****	=	p	≤0.0001.	
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3. The	role	of	G4s	on	plant	growth	and	

development	

3.1	Abstract 
G4s	have	a	potential	role	in	plant	development	as	a	study	found	that	Arabidopsis	grown	

on	media	 containing	 G4	 stabilising	 ligands	 developed	 shoot	 defects	 (Nakagawa	 et	 al.,	

2012).	 Here,	 we	 have	 further	 investigated	 the	 effect	 of	 G4	 ligands	 on	 Arabidopsis	

development	 and	 also	 taken	 a	 transcriptomic	 approach	 to	 investigate	 the	 impact	 of	

these	G4	ligands	on	global	gene	expression.	While	we	did	not	identify	shoot	phenotypes	

in	 plants	 grown	 on	 the	 G4	 ligands;	 NMM	 and	 Berberine,	 we	 did	 see	 a	 significant	

decrease	 in	 the	 overall	 growth	 of	 the	 plant	 and	 a	 bulbous	 root	 hair	 phenotype.	 We	

identify	 that	 plants	 treated	 with	 G4	 ligands	 have	major	 changes	 in	 the	 expression	 of	

members	 of	 the	 EXTENSIN	 (EXT)	 gene	 family,	which	 are	 structural	 components	 of	 the	

cell	wall	(Johnson	et	al.,	2017;	Ringli,	2010;	Showalter	et	al.,	2016;	Xu	et	al.,	2014).	We	

propose	that	the	hydroxyproline-rich	EXTs	are	enriched	for	PG4s	on	the	template	strand,	

which	 may	 explain	 the	 expression	 loss	 caused	 by	 G4	 ligands.	 This	 loss	 of	 EXT	 gene	

expression	may	lead	to	a	defective	cell	wall	and	cause	growth	defects	and	bulbous	root	

hairs.	

3.2	Introduction	

While	several	biological	functions	of	G4s	have	been	suggested	in	mammals	and	

yeast,	very	little	is	known	of	their	functional	significance	in	plants.	In	a	screen	of	natural	

plant	products	 that	 impact	shoot	development,	 it	was	 found	that	Berberine	treatment	

resulted	in	plants	with	pin-shaped	leaves	and	in	more	severe	cases,	an	absence	of	true	
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leaves	(Nakagawa	et	al.	2012).	As	Berberine	affected	shoot	morphology,	the	expression	

of	key	 shoot	development	genes	was	 investigated.	 It	was	determined	 that	KANADIA	4	

(KAN4)	and	BREVIPEDICELLUS	 (BP),	which	have	 roles	 in	 leaf	polarity,	were	significantly	

affected.	 However,	 Berberine	 did	 not	 affect	 ASYMMETRIC	 LEAVES1	 (AS1)	 and	

ASYMMETRIC	 LEAVES	 2	 (AS2)	 which	 are	 downstream	 of	 KAN4	 and	 BP	 in	 the	 known	

polarity	pathway.	This	finding	led	to	the	hypothesis	that	G4s	may	have	a	role	in	a	novel	

shoot	development	pathway.	

Berberine	is	an	isoquinoline	alkaloid	that	has	been	used	in	Chinese	medicine	for	

centuries	 as	 an	 antimicrobial	 and	 is	 sold	 as	 a	 homoeopathic	 medicine	 for	 diabetes,	

cancer,	 high	 blood	 pressure	 and	 high	 cholesterol	 (for	 which	 there	 is	 increasing	

understanding	of	the	mechanisms	of	action)	(Affuso	et	al.,	2010;	Caliceti	et	al.,	2016;	He	

et	al.,	2016;	Kim	et	al.,	2009;	Liu	et	al.,	2013;	Peng	et	al.,	2015;	Tian	et	al.,	2018;	Wei	et	

al.,	2016;	Wu	et	al.,	1999;	Yin	et	al.,	2008).	However,	Berberine	 is	known	to	bind	DNA	

secondary	structures	including	G4s	(Bazzicalupi	et	al.,	2013;	Franceschin	et	al.,	2006;	Li	

et	al.,	2017;	Ren	and	Chaires,	1999).	Therefore,	 to	determine	whether	 the	phenotypic	

effects	were	due	 to	 its	G4	binding	 function	or	an	alternative	mechanism,	a	second	G4	

ligand	NMM	was	also	tested.	The	phenotypes	seen	in	NMM	treated	plants	were	similar	

to	 that	 seen	 with	 Berberine	 treatment,	 and	 it	 was	 therefore	 proposed	 that	 G4s	may	

regulate	shoot	development	through	a	novel	mechanism	(Nakagawa	et	al.,	2012).	

These	 limited	 studies	 implicate	G4s	 as	 having	 a	 role	 in	 shoot	 development.	 To	

investigate	 this	 further,	 this	 chapter	 explores	 the	 developmental	 effect	 of	 G4	 binding	

ligands	 on	 the	 model	 plant	 species	 Arabidopsis	 thaliana	 and	 investigates	 whether	

changes	in	gene	expression	cause	the	observed	phenotypes.	
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3.2.1	Aim		

In	this	chapter,	the	aim	is	to	analyse	the	role,	if	any,	of	G4	on	plant	development	

3.2.2	Objectives	

1)	To	perform	phenotypic	analysis	of	plants	grown	on	G4	stabilising	drugs.	

2)	 To	 analyse	 the	 impact	 of	 these	G4	 stabilising	drugs	on	 gene	expression	 and	

correlate	this	with	the	presence	of	G4s	in	target	genes.	

3)	To	perform	a	phenotypic	analysis	of	of	plants	with	mutations	in	G4-rich	genes.	

3.3	Results	

3.3.1	Treatment	with	G4	stabilising	drugs	causes	reduced	plant	growth	

To	begin	to	understand	the	effect	of	G4	stabilisation	on	plant	growth	and	development	

we	analysed	how	G4	 ligands	affected	the	overall	growth	of	Arabidopsis.	To	 investigate	

this,	plants	were	germinated	on	MS	agar	plates	containing	increasing	concentrations	of	

the	G4	 ligands,	 NMM	and	 Berberine.	 NMM	 is	 a	 porphyrin	which	 have	 implications	 in	

effecting	 iron	metabolism	 and	 photosynthesis	 (Lecerof	 et	 al.,	 2000;	Mauzerall,	 1977).	

However,	 NMM	 and	 Berberine	 are	 structurally	 different	 and	 have	 alternative	

mechanisms	 of	 G4	 binding,	 therefore,	 both	 ligands	were	 used	 to	 give	 some	 certainty	

that	the	effects	seen	on	the	plants	were	due	to	G4	stabilisation	and	not	off-target	effects	

of	 the	 ligands.	As	Berberine	was	diluted	 in	DMSO,	 for	 this	 experiment	NMM	was	also	

diluted	 in	 DMSO	 and	 the	 equivalent	 volume	 of	 DMSO	 (0.1%	 v/v)	 was	 added	 to	 the	

control	 plates.	 It	 was	 determined	 that	 plants	 grown	 on	 NMM	 and	 Berberine	 show	 a	

visible	decrease	in	overall	growth	(Fig.	3.1,	A	and	B).	To	quantify	the	impact	on	seedling	

growth,	measurements	of	the	rosette	area	were	taken	and	concentrations	as	low	as	
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Figure	 3.1.	 G4	 NMM	 and	 Berberine	 affect	 overall	 plant	 growth.	

Arabidopsis	 seedlings	were	 germinated	 on	MS	media	 containing	 (A)	0.1%	

v/v	DMSO	and	 (B)	0.5µM	NMM	and	grown	 for	14	days	post	stratification.	

The	graphs	show	rosette	area	measurements	of	14	day	old	seedlings	grown	

on	varying	concentrations	of	(C)	NMM	and	(D)	Berberine	compared	to	the	

control	 containing	 0.1%	 v/v	 DMS0.	 ****	 indicates	 a	 p-value	 of	 >	 0.0001	

compared	to	DMSO	control,	from	analysis	by	one-way	ANOVA	with	multiple	

comparisons,	n	>	30. 
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0.5μM	NMM	caused	 significant	 decreases	 in	 the	 rosette	 area	 compared	 to	 the	DMSO	

control	(Fig.3.1,	C).	Similar	results	were	also	observed	with	Berberine	(Fig.	3.1,	D).	During	

this	 analysis	 pin	 shaped	 leaves	 or	 loss	 of	 true	 leaves	was	 not	 observed,	 however,	 the	

overall	decrease	 in	growth	seen	 in	plants	treated	with	these	G4	 ligands	may	suggest	a	

more	 global	 G4	 dependant	 growth	 mechanism	 in	 plants	 than	 that	 suggested	 by	

Nakagawa	et	al.	(2012)	in	shoot	development.		

3.3.2	G4	Stabilisation	effects	organ	growth	and	development	

We	next	investigated	the	role	of	G4s	in	shoot	development	given	that	a	previous	

study	suggested	that	growing	plants	on	the	G4	ligands,	NMM	and	Berberine,	can	disrupt	

shoot	development	 in	Arabidopsis	 (Nakagawa	et	al.	2012).	We	began	by	repeating	the	

previous	experiments;	growing	seedlings	on	2μM	and	3μM	of	NMM	(diluted	in	water)	or	

untreated	 agar	 for	 14	 days.	 We	 found	 that	 the	 leaves	 were	 smaller	 in	 the	 NMM	

treatment,	 which	 agrees	 with	 the	 previous	 rosette	 measurements.	 However,	 after	

analysing	 100	 seedlings	 grown	 on	 each	 of	 the	 conditions,	 we	 did	 not	 see	 the	 leaf	

developmental	defects	 that	had	previously	been	 reported	 (Nakagawa	et	al.	2012).	We	

identified	one	seedling	with	a	leaf	patterning	phenotype	(Fig	3.2,	C)	and	one	which	had	

delayed	 growth	of	 the	 true	 leaves	 at	 2μM	NMM,	which	 is	 a	much	 lower	 incidence	of	

shoot	phenotypes	 than	reported,	where	40%	of	seedling	grown	on	2μM	NMM	had	no	

true	leaves	(Nakagawa	et	al.	2012).		

While	 investigating	 the	 role	 of	 G4	 stabilisation	 on	 shoot	 development	 it	 was	

observed	that	the	ligands	had	a	strong	effect	on	the	primary	root	of	seedlings	and	was	

therefore	further	investigated.	Seeds	were	germinated	on	vertical	plates	containing	MS	
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agar	with	increasing	concentrations	of	NMM.	NMM	and	Berberine	caused	a	severe	and	

significant	reduction	 in	primary	root	growth	(Fig	3.3,	A,B)	and	also	a	bulbous	root	hair	

phenotype	(Figure	3.3,	C,D).	However,	the	root	hair	phenotype	was	variable	depending	

on	whether	the	root	hairs	were	directly	in	contact	with	the	agar	containing	the	drug.	To	

investigate	whether	direct	contact	with	the	drug	was	required	for	it	to	affect	root	hair;	

seedlings	were	grown	on	softer	agar	(0.3%	rather	than	0.8%)	and	plates	were	angled	at	

approximately	75°,	which	resulted	 in	 the	roots	growing	 into	the	media.	Additionally,	 it	

was	found	that	the	root	hairs	of	control	plants	at	the	root/hypocotyl	junction	frequently	

had	unusual	phenotypes	(bulbous,	branching	or	longer	length)	and	therefore	when	the	

	

	
Figure	3.2.	Effect	of	NMM	on	shoot	development.	Representative	14	day	old	

Arabidopsis	 seedlings	 germinated	 on	 (A,B)	untreated,	 (C,D)	2µM	NMM	and	

(E,F)	3µM	NMM	media	and	analysed	for	shoot	phenotypes.	Arrow	indicates	

leaves	developing	on	the	underside	if	the	seedling.	n>100 

untreated 

2µM	NMM 

3µM	NMM 

A B 

C D 

E F 
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primary	 root	was	drastically	 stunted	by	NMM	 it	was	plausible	 that	 the	only	 root	hairs	

seen	were	from	this	root	junction	region.	Also,	there	was	a	possibility	that	the	decrease	

in	 root	 growth	 that	was	previously	measured	may	have	been	due	 to	 an	effect	on	 the	

germination	 of	 the	 plant	 rather	 than	 root	 growth	 mechanisms.	 To	 address	 these	

possibilities,	 the	 experimental	 approach	 was	 optimised	 to	 ensure	 that	 any	 observed	

phenotypes	 could	 be	 attributed	 to	 direct	 impacts	 on	 root	 growth	 and	 morphology.	

Seedlings	 were	 germinated	 and	 grown	 on	 untreated	 0.8%	 agar	 for	 4	 days	 post	

stratification	 so	 that	 the	primary	 root	had	 initiated,	began	normal	growth	and	normal	

root	 hairs	 were	 present.	 The	 seedlings	 were	 then	 transferred	 to	 agar	 containing	 the	

treatment.		

The	 optimised	 assay	 showed	 that	 treatment	 with	 either	 NMM	 or	 Berberine	

resulted	in	significant	reductions	in	primary	root	growth	(Fig.	3.3,	A	and	B).	The	effect	of	

G4	ligands	on	root	length	was	concentration	dependent,	though	concentrations	of	1μM,	

2μM	and	4μM	of	NMM	were	also	tested	but	displayed	almost	complete	primary	growth	

inhibition.	 In	 addition,	 NMM	 treatment	 resulted	 in	 a	 striking	 bulbous	 root	 hair	

phenotype	at	0.3μM	NMM,	while	concentrations	higher	than	0.5μM	commonly	resulted	

in	no	root	hairs	being	present	(Fig.	3.3,	C	and	D).	Similarly,	the	cells	at	the	primary	root	

tip	also	appeared	to	have	distorted	bulbous	cells	following	NMM	treatment	(Fig.	3.3,	E	

and	F),	although	this	was	not	seen	with	Berberine.	This	suggests	that	G4s	may	play	an	

important	role	in	both	primary	root	and	root	hair	development.	

	



	
56	

	

3.3.3	Treatment	with	G4	ligands	significantly	alters	expression	

	

	

Figure	3.3.	NMM	treatment	decrease	primary	root	length	and	root	hair	morphology.	

Primary	root	length	of	7	day	old	Arabidopsis	seedlings	with	increasing	concentration	of	

(A)	NMM	and	 (B)	Berberine.	Seedlings	were	transferred	to	treatment	plates	at	4	days	

post	stratification.	Confocal	images	show	root	hairs	of	7	day	old	seedlings	grown	on	(C)	

untreated	 and	 (D)	0.3μM	NMM	media,	 n>30.	Also,	 the	 primary	 root	 tip	 of	 7	 day	old	

seedlings	grown	on	(E)	untreated	and	(F)	NMM	treated	seedlings,	n>30.	Statistics	done	

using	 multiple	 comparison	 ANOVA	 compared	 to	 DMSO	 treated,	 ****	 indicates	 a	 p-

value	<0.0001. 
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Treatment	 with	 G4	 ligands	 causes	 growth	 and	 developmental	 phenotypes	 in	

Arabidopsis.	 Therefore,	 it	 was	 hypothesised	 that	 these	 phenotypes	 may	 be	 due	 to	

treatment	 with	 G4	 ligands	 causing	 differential	 gene	 expression	 in	 genes	 required	 for	

correct	growth	and	development.	To	 investigate	 this	hypothesis	Dr	Manoj	Valluru	and	

Giulia	 Arsuffi	 from	 the	 lab	 performed	 a	 whole	 transcriptome	 microarray	 analysis	 of	

seedlings	 treated	 with	 NMM	 for	 6	 hours,	 and	 Mathew	 Parker	 carried	 out	 an	 initial	

analysis	 of	 the	 microarray	 data.	 Their	 analysis	 found	 858	 and	 1098	 genes	 were	

differentially	 upregulated	 and	 downregulated	 respectively	 using	 a	 2-fold	 change	

threshold	 (Parker,	 2018).	 Additionally,	 genes	 differentially	 expressed	 in	 the	 NMM	

microarray	 correlated	 with	 those	 found	 to	 be	 differentially	 expressed	 in	 response	 to	

Berberine	treatment	in	a	previous	study	(Pearsons	R:	0.43,	Spearman’s:	0.44)	(Nakagawa	

et	 al.,	 2012).	 Considering	 the	 different	 conditions	 in	 which	 these	 experiments	 were	

performed	and	the	use	of	a	different	G4	 ligand,	 this	strongly	suggests	 that	 these	gene	

expression	 changes	 are	 a	 result	 of	 G4	 binding.	 This	 supports	 the	 hypothesis	 that	

stabilisation	 of	 G4s	 using	 ligands	 can	 significantly	 alter	 gene	 expression	 within	

Arabidopsis.	

A	 major	 question	 arising	 from	 these	 analyses	 was	 whether	 any	 of	 these	

differentially	regulated	genes	could	explain	the	growth	and	developmental	changes	we	

see	 in	NMM	treated	plants.	The	Berberine	study	 found	more	 than	a	2-fold	 increase	 in	

expression	of	the	class	1	KNOX	genes,	BP	and	KAN4,	and	hence	proposed	that	the	shoot	

developmental	 defects	 that	 they	 see	may	 be	 caused	 by	 the	 changes	 in	 expression	 of	

these	 genes	 (Nakagawa	 et	 al.,	 2012).	However,	 in	 the	NMM	microarray	 KAN	 and	BP1	

expression	 was	 not	 significantly	 changed.	 Further	 analysis	 of	 the	 genes	 differential	
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expressed	in	the	NMM	microarray	with	a	enrichment	PG4	enrichment	identified	a	strong	

correlation	with	genes	associated	with	 the	plasma	membrane	and	cell	wall.	One	gene	

ontology	group	of	notable	interest	was	GO:0005199,	which	contained	992	PG4s	in	only	

32	genes	and	50%	of	the	expressed	genes	in	GO:0005199	were	downregulated	by	NMM.	

The	gene	ontology	GO:0005199	consist	primarily	of	genes	from	the	EXT	family	(29	out	of	

the	32	genes	within	the	family)	(Parker,	2018).		

EXTs	 are	 thought	 to	 have	 a	 role	 in	 the	 structural	 integrity	 of	 the	 cell	wall	 and	

have	 highly	 repetitive	 HYP	 regions.	 As	 the	 codon	 for	 proline	 is	 CCN,	 this	 gives	 the	

sequence	GGN	on	the	template	strand	of	the	gene,	causing	a	highly	G-rich	sequence	that	

could	 potentially	 form	 a	 G4	 (Fig.	 3.4	 A).	 Therefore,	 these	 repetitive	 HYPs	within	EXTs	

gene	bodies	result	in	many	PG4	in	the	template	strand	(Fig.	3.4,	B).		

It	 was	 also	 identified	 (work	 by	 Mathew	 Parker)	 that	 the	 EXTs	 differentially	

regulated	by	NMM	were	mainly	of	the	SP4	or	SP5	class	of	EXTENSIN,	meaning	they	were	

highly	enriched	for	motifs	consisting	of	Serine	followed	by	4	or	5	HYP,	rather	than	the	

SP3	class	(containing	three	HYP)	(Parker,	2018).	This	may	be	due	to	the	4	or	5	HYP	of	the	

SP4/SP5	motif	providing	at	least	4	consecutive	runs	of	guanines	in	the	template	strand	

which	would	be	predicted	to	form	a	G4,	whereas	the	SP3	EXTs	only	have	3	consecutive	

runs	of	guanines	and	so	would	require	further	guanines	within	the	gene	to	form	a	G4.			
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C 

A 

B 

Figure	3.4.	The	EXT	SP4	motif	forms	a	G-Quadruplex	in	vitro	(A)	Schematic	of	how	

the	EXT	SP4	protein	motif	results	 in	a	two	tetrad	PG4	into	the	template	strand	of	

the	coding	sequence.	(B)	annotation	of	the	extensin	genes	LRX1	and	EXT13	 in	blue	

with	 the	PG4	 indicted	below	 in	 red.	 (C)	CD	spectroscopy	of	an	EXT	SP4	 sequence	

(left)	and	a	mutated	sequence	not	predicted	to	form	a	G4	(right).	Figure	adapted	

from	(Parker,	2018)	
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To	 identify	 whether	 the	 EXT	 SP4	 repeat	 can	 form	 a	 G4,	 Dr	 Nicholas	 Zoulias	

performed	 CD	 spectroscopy	 using	 an	 oligo	 resembling	 the	 EXT	 SP4	 motif	

(AGAGGTGGTGGTGGTATG)	 sequence	 and	 a	 mutated	 sequence	 where	 one	 of	 the	

guanines	is	changed	to	an	adenine	which	is	predicted	to	remove	the	formation	of	the	G4	

(mutated	 sequence:	 AGAGGTGATGGTGGTATG).	 The	 CD	 spectroscopy	 of	 the	 SP4	 oligo	

demonstrated	an	absorption	spectrum	with	a	peak	at	260nm	and	trough	at	240nm	(Fig.	

3.4,	 C)	which	 is	 typical	 of	 a	 parallel	 G4	 structure	 (Chen,	 1992;	 del	Villar-Guerra	 et	 al.,	

2018).	Furthermore,	when	 the	absorbance	was	measured	 in	 the	absence	of	K+	 (which	

should	cause	the	G4s	to	no	longer	be	stabilised)	the	G4	spectrum	was	reduced	(Fig.	3.4,	

C)	and	 in	the	mutated	sequence	the	spectrum	is	absent	 (Fig	3.4,	C).	 	This	 is	consistant	

with	the	EXT	SP4	motif	being	capable	of	forming	a	G4	in	vitro.	Hence	the	PG4s	formed	by	

the	 SP4	 motif	 may	 be	 the	 target	 of	 the	 G4	 ligands	 and	 the	 cause	 of	 the	 strong	

downregulation	 in	gene	expression	caused	by	G4	stabilisation	with	 these	 ligands.	qRT-

PCR	was	used	to	confirm	that	several	members	of	the	EXT	family	are	downregulated	by	

NMM	 treatment	 (Fig,	 3.5,	 C).	 EXTs	 are	 more	 severely	 downregulated	 with	 increasing	

NMM	concentration	and	increasing	time	in	the	presence	of	the	NMM	as	can	be	seen	in	

the	expression	of	EXT13	 in	Fig.	3.5,	A	and	B.	Additionally,	downregulation	of	EXT	gene	

expression	in	roots	appears	to	be	stronger	or	quicker	compared	to	shoot	tissue	(Fig.	3.5	

A),	which	may	explain	the	more	severe	root	phenotypes	observed.		

Next,	 it	 was	 investigated	 whether	 the	 decrease	 in	 EXT	 expression	 caused	 a	

decrease	in	EXT	protein	levels.	Western	blots	were	performed	using	anti-EXT	antibodies	

(PlantProbes),	however,	perhaps	due	 to	 the	post	 translation	modifications	of	 the	EXTs	

and	the	selectivity	of	the	antibody	to	all	EXTs,	we	struggled	to	obtain	an	interpretable	
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Figure	 3.5.	 G4	 stabilisation	 causes	 decreased	 expression	 of	 EXTs.	 (A)	 Change	 in	

expression	of	the	EXT13	gene	when	treated	with	different	concentration	of	NMM	for	

6	 hours	 relative	 to	 untreated,	 in	 root	 and	 shoot	 tissue.	 (B)	 Change	 in	 EXT13	

expression	 when	 treated	with	 8µM	NMM	 for	 different	 periods	 of	 time	 relative	 to	

untreated,	in	root	tissue.	(C)	The	change	in	expression	of	several	members	of	the	EXT	

gene	 family	upon	 treatment	with	8µM	NMM	 for	6	hours,	 relative	 to	untreated.	 (D)	

Western	blot	 showing	myc-tagged	 LRX1	protein	expression	with	and	without	NMM	

and	 ponceau	 red	 staining	 to	 show	 equal	 protein	 loading.	 Statistics	 done	 using	

students	T-test,	****	indicates	a	p-value	<0.0001,	***<0.0005,	**<0.005,	*<0.05.	n=3 
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blot.	Given	the	LRX1	expression	is	significantly	downregulated,	the	protein	levels	of	LRX1	

was	 investigated	 using	 a	 plant	 line,	 kindly	 donated	 to	 us	 by	 Christoph	 Ringli,	

mycLRX1ΔE153	(Ringli,	2010),	which	contains	a	MYC	tagged	LRX1	construct	with	a	small	

truncation.	 It	 was	 therefore	 possible	 to	 use	 a	 myc	 antibody	 to	 selectively	 detect	 this	

protein.	We	found	that	NMM	caused	a	decrease	 in	the	protein	 levels	of	this	transgene	

(Fig.	3.5	D),	which	suggests	that	the	down	regulation	of	EXT	expression	caused	by	NMM	

is	also	likely	to	effect	protein	levels.		

3.3.4	Downregulation	of	EXTs	causes	root	hair	phenotypes	

The	EXT	 family	 are	 a	 group	of	 structural	 cell	wall	 genes,	 rich	 in	hydroxyproline	

residues,	that	are	thought	to	be	involved	in	controlling	the	rigidity	of	the	cell	wall.	The	

identification	 of	 the	 EXT	 family	 being	 both	 enriched	 for	 PG4s	 and	 strongly	 down-

regulated	by	NMM	was	of	particular	interest	as	mutations	of	genes	from	this	family	have	

previously	been	seen	to	have	root	hair	phenotypes	similar	to	those	observed	when	we	

treat	with	NMM	(Baumberger	et	al.,	2001,	2003,	Velasquez	et	al.,	2011a,	2011b).		

To	investigate	this	further,	a	phenotypic	analysis	was	performed	of	root	hairs	of	

the	mutant	lrx1,	the	double	mutant	lrx1lrx2	and	plants	treated	with	DHP,	which	inhibits	

the	 synthesis	 of	 hydroxyproline	 and	 therefore	 the	 synthesis	 of	 EXT	 proteins	 (Xu	 et	 al,	

2011).	 	Root	hairs	within	the	 lrx1	mutant	appeared	to	have	some	bulging	morphology,	

primarily	 at	 the	 base	 where	 the	 root	 hairs	 meet	 the	 root	 (Fig.	 3.6,	 D).	 The	 lrx1lrx2	

mutant	 demonstrated	 a	 more	 severe	 root	 hair	 phenotype	 with	 some	 root	 hairs	

appearing	globular	in	shape	but	some	just	displaying	a	broad	base	(Fig.	3.6,	E).	However,	

DHP	treated	plants	had	a	phenotype	most	similar	to	that	of	NMM	with	the	root	hair	
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appearing	 to	be	unable	 to	 extend	and	having	 a	 short	 bulbous	phenotype	 (Fig.	 3.6,	 F).	

This	 supports	 the	 hypothesis	 that	 a	 decrease	 in	 EXT	 expression,	 through	mutation	 or	

DHP	treatment,	causes	changes	in	root	hair	morphology	and	hence	the	downregulation	

of	EXTs	caused	by	NMM	is	also	likely	to	be	the	cause	of	the	root	hair	phenotype	we	see.	

	

	
Figure	3.6.	Loss	of	EXTs	causes	root	hair	morphology.	(A)	Primary	root	length	of	7	day	

old	 EXT	mutant	 lines	 and	 (B)	 Col-0	 seedlings	 treated	 with	 the	 EXT	 inhibitor	 DHP.	

Microscopy	images	show	root	hairs	of	(C)	Col-0	seedlings,	(D)	lrx1,	(E)	lrx1	lrx2	and	(F)	

10uM	DHP	treated	seedlings.	Statistics	done	using	students	T-test,	****	indicates	a	p-

value	<0.0001,	***<0.0005,	**<0.005,	*<0.05.	Arrows	 indicate	bulbous	morphology.	
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It	 is	 also	 possible	 that	 the	 EXTs	 may	 play	 a	 role	 beyond	 that	 of	 root	 hair	

development	and	changes	in	EXT	gene	expression	may	also	be	the	cause	of	the	decrease	

in	primary	root	growth	that	was	observed	upon	treatment	with	NMM.	Mutation	in	lrx1	

or	 lrx2	did	not	appear	to	stunt	primary	root	growth	and	in	fact,	 lrx2	mutants	displayed	

an	increase	in	primary	root	length	(Fig.	3.6	A),	though	the	lack	of	correlation	with	NMM	

inhibition	of	root	growth	may	be	due	to	redundancy	of	some	EXT	genes	(Baumberger	et	

al.,	2003;	Borassi	et	al.,	2015).	However,	a	significant	decrease	was	observed	in	primary	

root	 length	when	 plants	were	 treated	with	DHP,	which	would	 be	 expected	 to	 have	 a	

global	effect	on	all	EXT	synthesis	(Fig.	3.6	B).	Although,	the	effect	of	DHP	on	primary	root	

length	was	not	as	strong	as	that	seen	with	NMM	suggesting	there	may	be	other	factors	

involved;	 nonetheless,	 this	 suggests	 EXTs	 or	 related	 hydroxyproline-rich	 proteins	may	

play	 a	 role	 in	 primary	 root	 growth	 and	 G4	 stabilisation	 could	 therefore	 regulate	 root	

growth	via	these	genes.	

3.4	Discussion	

Here,	 it	 has	 been	 determined	 that	 treating	 plants	 with	 G4	 stabilising	 ligands	

causes	 a	 decrease	 in	 overall	 plant	 growth	 (Fig.3.1)	 suggesting	 a	 major	 role	 of	 G4s	 in	

regulating	plant	growth	and	development	beyond	 the	 shoot	development	phenotypes	

previously	described	(Nakagawa	et	al.	2012).	

In	the	previous	study,	it	was	found	that	40%	and	60%	of	seedlings	treated	2μM	

and	3μM	NMM	respectively	had	no	true	leaves	(Nakagawa	et	al.	2012).	However,	in	this	

study,	 these	 phenotypes	 were	 not	 replicated	 (Fig	 3.2),	 and	 there	 was	 no	 significant	

change	 in	 BP	 or	 KAN4	 expression.	 It	 is	 possible	 that	 photoperiod	 differences	 in	 the	

growth	conditions	could	account	for	the	differences	between	the	two	studies	with	this	
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study	 growing	 plants	 in	 a	 24h	 photoperiod	 as	 opposed	 to	 the	 16h	 photoperiod	 used	

previously	(Nakagawa	et	al.	2012).	As	light	plays	an	essential	role	in	shoot	development	

and	 the	 growth	 rate	 of	 plants,	 it	 is	 possible	 that	 the	 differences	 in	 photoperiod	 or	

impacts	 on	 the	 circadian	 clock	 could	 explain	 the	 lack	 of	 shoot	 defects	 in	 this	 study.	

Therefore,	further	studies	in	to	this	may	reveal	another	role	of	G4s	in	light	signalling	or	

polarity.	On	the	other	hand,	despite	not	seeing	the	phenotypes	observed	in	the	previous	

study,	 there	was	 a	 strong	 correlation	 in	 gene	 expression	 changes	 between	 our	 NMM	

microarray	and	the	Berberine	microarray	from	the	shoot	development	study	(Pearsons	

R:	0.43,	Spearman	’s:	0.44),	suggesting	that	the	gene	expression	changes	observed	are	

G4	dependent	and	not	off	target	effects	(Nakagawa	et	al.,	2012).		

Additionally,	 this	 study	 suggests	 that	 G4	 stabilisation	 using	 ligands	 resulted	 in	

changes	 in	 root	 growth	 and	 development.	 NMM	 and	 Berberine	 treated	 plants	 had	

significantly	stunted	primary	root	growth,	bulbous	root	hairs	and	bulbous	root	tip	cells	

(Fig	3.3).	Additionally,	we	identified	an	increase	in	lateral	and	adventitious	roots	which	

could	be	further	studied	to	understand	whether	these	phenotypes	were	a	result	of	the	

plant	trying	to	increase	its	root	network	as	the	primary	root	was	being	stunted	by	the	G4	

ligands,	 or	 alternatively	 whether	 G4s	 also	 play	 a	 role	 in	 lateral	 and	 adventitious	 root	

initiation	 and	development.	As	previously	mentioned,	NMM	 is	 a	porphyrin,	which	has	

been	 known	 to	 effect	 photosynthesis	 and	 iron	metabolism,	 however	 neither	 of	 these	

pathways	 has	 previously	 been	 linked	 to	 the	 phenotypes	 observed.	 Additionally,	

Berberine	is	not	a	porphyrin	and	hence	we	would	not	predict	it	to	effect	photosynthesis	

and	iron	metabolism,	suggesting	the	phenotypes	and	gene	expression	changes	observed	

are	likely	to	be	due	to	a	G4	effect.	



	
66	

We	propose	 that	 the	bulbous	 root	hair	 phenotype	 is	 caused	by	 the	G4	 ligands	

downregulating	 the	 expression	 of	 EXT	 family	 genes.	 EXTs	 are	 significantly	

downregulated	by	NMM	in	the	microarray	and	this	has	been	confirmed	by	qRT-PCR	(Fig	

3.5,	A-C).	 In	addition,	 the	down-regulation	 in	gene	expression	 is	 also	 translated	 into	a	

downregulation	in	protein	levels	of	EXT	as	shown	by	western	blot	(Fig	3.5,	D).	However	

this	western	 blot	was	 carried	 out	 using	 the	myc-tagged	 EXT,	mycLRX1ΔE153,	which	 is	

truncated	to	consist	of	only	half	of	the	EXT	domain	of	LRX1	(Ringli,	2010).	While	utilising	

the	mycLRX1ΔE153	gives	a	good	indication	that	EXT	protein	levels	are	reduced	by	NMM,	

more	evidence	would	be	required	for	certainty.	For	example,	repeating	the	experiment	

with	a	full	length	myc-tagged	EXT	(preferably	several	genes	including	LRX’s	and	classical	

EXTS)	or	using	an	antibody	that	targets	the	EXT	domain,	such	as	Jim20	(Xu	et	al.,	2011;	

Zhang	et	al.,	2014),	however	this	antibody	can	be	difficult	to	use	and	interpret	due	to	the	

glycosylation	of	the	EXT	causing	them	to	be	very	large.	

The	EXT	gene	 family	 is	 strongly	enriched	 for	PG4s,	which	are	hardcoded	 in	EXT	

genes	due	to	HYP	enrichment,	as	you	cannot	remove	the	G4	coding	sequence	without	

changing	 the	 proline	 codon.	 The	 SP4	 motif	 is	 capable	 of	 forming	 a	 G4	 in	 vitro	 and	

therefore	 this	 may	 explain	 why	 the	 EXTs	 are	 so	 strongly	 downregulated	 by	 the	 G4	

ligands	(Fig	3.4).	Furthermore,	the	SP4	motif	was	identified	to	form	a	parallel	G4	in	vitro,	

which	 is	NMMs	preferred	substrate	and	may	explain	why	NMM	treatment	results	 in	a	

stronger	 downregulation	 of	 EXT	 expression	 and	 more	 severe	 phenotypes	 than	

Berberine.	 Therefore,	 it	 would	 be	 interesting	 to	 investigate	 the	 effect	 of	 other	 G4	

ligands,	 such	as	CuII-4’-(p-tolyl)-2,2’:6’,2’’	 (Marchand	et	al.,	2016),	which	preferentially	

binds	anti-parallel	G4s	to	see	how	this	effects	the	phenotypes	observed	and	if	there	is	a	
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different	gene	expression	profile.	Additionally,	to	prove	the	expression	changes	caused	

by	G4	ligands	are	G4	dependent,	most	G4	studies	mutate	one	or	more	of	the	guanines	

within	 the	 G4-forming	 sequence	 to	 prevent	 formation.	 However,	 in	 the	 EXTs	 if	 we	

mutate	 the	 guanines	 then	 it	 will	 change	 the	 codon	 and	 therefore	 the	 amino	 acid	

sequence	of	the	protein,	which	could	cause	other	effects	within	the	plant.	However,	 it	

has	been	shown	that	the	bases	in	the	loop	sequences	can	affect	the	stability	of	the	G4s	

(Guédin	 et	 al.,	 2008),	 therefore	 we	 could	 potentially	 mutate	 the	 wobble	 base	 of	 the	

codon,	CCN,	within	the	EXTs	to	make	it	unfavourable	to	form	G4s	which	would	help	to	

prove	that	the	effects	seen	when	using	G4	ligands	is	G4	dependent.	

	Finally,	we	confirm	that	EXT	downregulation	can	 result	 in	 the	phenotypes	 that	

we	see	in	NMM	and	Berberine	treated	plants	by	analysing	plants	with	mutations	in	EXT	

genes	 or	 by	 treatment	 with	 the	 hydroxyproline	 inhibitor	 DHP.	 As	 previously	 shown,	

mutations	 in	 a	 single	 EXT	 gene,	 lrx1,	 causes	 some	 bulging	 root	 hair	 morphology	

(Baumberger	et	 al.,	 2001,	2003).	 The	 loss	of	 a	 single	EXT	 is	 unlikely	 to	 cause	a	 severe	

phenotype	as	 it	has	been	previously	 shown	 that	 there	 is	 some	 redundancy	within	 the	

EXT	 family	 (Baumberger	et	al.,	2003;	Borassi	et	al.,	2015).	Consequently,	when	several	

EXTs	are	targeted	by	treatment	with	DHP,	severe	bulbous	phenotypes	and	a	reduction	in	

primary	 root	 length	 is	 observed	 (Fig	 3.6).	 This	 supports	 our	 hypothesis	 that	

downregulation	of	EXTs	can	cause	similar	root	phenotypes	to	those	we	observe	in	plants	

treated	with	G4	ligands.		

We	 propose	 that	 the	 G4	 ligands,	 NMM	 and	 Berberine	 bind	 the	 PG4s	 formed	

within	 the	 SP4/SP5	 motifs	 of	 EXTs	 and	 through	 a	 yet	 to	 be	 determined	 mechanism,	

cause	a	down	regulation	 in	expression	of	EXTs.	As	EXTs	are	suggested	to	play	a	role	 in	
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cell	wall	structure,	downregulation	may	cause	the	cell	wall	of	root	hairs	to	be	unable	to	

withstand	 the	 turgor	 pressure	 of	 the	 cell	 to	 elongate	 and	 hence	 the	 cell	 collapses	 to	

form	the	characteristic	bulbous	shape.	Moreover,	as	 the	structural	 integrity	of	 the	cell	

wall	 is	 important	 for	 cell	 elongation	 and	 division,	 the	 two	main	mechanisms	 of	 plant	

growth,	 hence	 the	 loss	 of	 EXTs	 expression	 may	 also	 be	 responsible	 for	 the	 overall	

decrease	 in	growth	seen	by	G4	stabilising	drugs.	 In	conclusion,	 these	 results	 suggest	a	

novel	 role	 of	G4s	 in	 plant	 growth	mechanisms,	 potentially	 through	 the	modulation	 of	

EXT	expression.		
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4. How	G-Quadruplexes	effect	the	

transcription	of	EXTENSINs	

4.1	Abstract	

G4s	 on	 the	 template	 strand	 of	 the	 coding	 sequence	 have	 been	 shown	 to	 inhibit	

transcription	by	stalling	RNA	Polymerase	II	(PolII).	Therefore,	we	propose	that	EXTENSIN	

(EXT)	G4s	may	block	PolII	during	transcription.	Meta-analysis	of	PolII	occupancy	within	

EXTs	demonstrates	decreased	PolII	 occupancy	over	 the	pG4	dense	 region	of	 EXTs	and	

EXTs	 appear	 to	 have	 aberrant	 transcripts	 indicative	 of	 PolII	 stalling.	 There	 may	 be	

mechanisms	 to	 regulate	G4	 formation	or	 allow	EXT	expression.	We	 find	 that	 an	oligo,	

with	 the	 sequence	 based	 on	 the	most	 frequent	 PG4	 in	 the	 EXTs,	 may	 be	 capable	 of	

binding	nuclear	proteins	and	that	the	helicase	RecQsim	may	be	a	potential	candidate	for	

regulating	G4	formation.		

4.2	Introduction	

G4s	 are	 predicted	 to	 form	 in	 EXTs	 within	 the	 gene	 body,	 on	 the	 template	 strand.	 A	

proposed	 consequence	 of	 G4s	 on	 the	 template	 strand	 of	 the	 coding	 sequence	 is	 the	

inhibition	of	transcription	by	the	stalling	of	RNA	polymerase	II	(PolII).	Several	studies	of	

G4s	 in	 target	 genes	 show	 stalling	 of	 both	 RNA	 and	 DNA	 polymerases	 using	 in	 vitro	

polymerase	 stop	 assays	 in	which	 ligand	 and	 cation-dependent	G4	 formation	 inhibit	 in	

vitro	transcription	or	single	cycle	PCR	(Caliceti	et	al.,	2016;	Chambers	et	al.,	2015;	Cogoi	

and	Xodo,	2006;	Dexheimer	et	al.,	2006;	Han	et	al.,	1999b;	Kwok	et	al.,	2016;	Siddiqui-

Jain	et	al.,	2002).	 It	has	been	demonstrated	that	there	are	several	helicases	capable	of	

binding	and	unwinding	G4s,	some	of	which	have	been	shown	to	facilitate	transcription	
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elongation	(Gray	et	al.,	2014b;	Mohaghegh	et	al.,	2001;	Sun	et	al.,	1998b).	This	supports	

the	 idea	 that	G4s	can	 form	when	 the	DNA	 is	 single-stranded	during	 transcription,	and	

there	may	be	cellular	mechanisms	to	overcome	G4	formation.	

This	 chapter	 explores	 whether	 the	 hypothesis	 that	 NMM	 treatment	 of	 plants	

causes	decreased	EXT	expression	by	stabilising	G4s	and	inhibiting	transcription	through	

the	 stalling	 of	 PolII,	 is	 explored.	 Additionally,	 it	 is	 investigated	 whether	 there	 are	

mechanisms	within	plants	to	regulate	G4	formation	such	as	helicases	or	hormones.	

4.2.1	Aim		

In	this	chapter,	the	aim	is	to	determine	whether	G4s	affect	the	transcription	of	

EXTs.	

4.2.2	Objectives	

1)	To	analyse	the	impact	of	G4s	on	PolII	processivity	of	EXTs	

2)	To	establish	whether	G4	ligands	affect	EXT	expression	directly	

3)	To	identify	whether	the	EXT	G4s	is	capable	of	binding	nuclear	proteins	

4)	To	investigate	the	potential	of	helicases	to	resolve	G4	structures	

4.3	Results	

4.3.1	G4s	effect	on	PolII	processivity	

The	literature	suggests	that	G4s	within	the	template	strand	of	the	gene	body	can	

result	 in	 stalling	of	PolII.	G4s	are	predicted	 to	 form	within	 this	 region	 in	 the	EXTs	 and	

hence	it	was	hypothesised	that	transcriptional	downregulation	of	the	EXTs	by	NMM	may	

be	 due	 to	 PolII	 stalling.	 To	 investigate	 PolII	 stalling	 within	 the	 EXT	 genes	 under	

physiological	 conditions,	 Mathew	 Parker	 used	 publicly	 available	 PolII	 chip-chip	 data	

(Chodavarapu	et	al.,	2010)	to	analyse	the	occupancy	of	PolII	over	EXT	genes	compared	
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to	the	average	of	all	genes	from	A.	thaliana.	In	this	analysis	(Fig	4.1,	A),	on	average	for	all	

genes,	PolII	occupancy	gradually	increases	towards	the	3’	end	of	the	gene;	however,	in	

EXTs	there	is	a	large	peak	of	PolII	at	the	5’	end	of	the	gene	followed	by	a	severe	drop	off	

in	occupancy	(Parker,	2018).	Additionally,	the	mean	PG4	distribution	predicted	using	the	

Quadparser	prediction	method	(but	limited	to	two	tetrad	G4s)	inversely	correlates	with	

the	PolII	occupancy	within	EXTs,	suggesting	that	G4s	formation	could	be	associated	with	

a	mechanism	 that	 results	 in	 PolII	 stalling	 in	 EXTs.	 To	 further	 investigate	whether	 PolII	

inhibition	could	result	 in	EXT	gene	downregulation	and	similar	root	hair	phenotypes	to	

that	 seen	with	 NMM,	 the	 PolII	 inhibitor	α-amanitin	 was	 used.	 Plants	 were	 grown	 on	

media	 containing	0.1µM,	0.5µM,	1µM	and	a	maximum	of	5µM	of	α-amanitin	as	5µM	

has	previously	been	shown	to	inhibit	PolII	in	Arabidopsis	(Shin	and	Chekanova,	2014).	No	

defects	 in	 root	 hair	 morphology	 were	 observed	 in	α-amanitin	 treated	 plants.	 At	 the	

highest	 concentration	 of	α-amanitin	 used	 (5μM),	 an	 increase	 in	 LRX1	 expression	was	

found,	although	this	was	not	significant	compared	to	controls	(Fig	4.1,	B).	These	findings	

may	 suggest	 that	 PolII	 inhibition	 does	 not	 cause	 the	 decrease	 in	 EXT	 expression,	

although	 further	 investigations	 should	 be	 carried	 out	 to	 verify	 the	 effectiveness	 of	

amanitin	 treatment	 including	 analysis	 of	 	 other	EXTs	 and	 further	 concentrations	of	α-

amanitin.	
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Figure	 4.1.	G4	 pausing	 of	 RNA	 Polymerase	 II.	 (A)	Analysis	 of	 PolII	 ChIP:ChIP	 data	

showing	 the	 mean	 PolII	 occupancy	 (blue)	 and	 PG4s	 (green)	 within	 the	 coding	

sequence	 of	 all	 Arabidopsis	 genes	 and	 EXT	 genes.	 (B)	 Log2	 fold	 change	 in	 LRX1	

expression	 in	 roots,	7	days	post	 stratification,	 treated	with	amanitin.	The	Log2	fold	

change	 (C)	 and	 normalised	 fluorescence	 (D)	 of	 the	 5’	 and	 3’	 region	 of	 LRX1	 and	

EXT13	 in	 NMM	 treated	 roots.	 Statistics	 carried	 out	 using	 a	 Student’s	 T-test,	 *	

indicates	a	p-value	of	>	0.05,	***	>	0.0005,	****	>	0.0001,	n	>	3. 
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Stalling	 of	 PolII	 could	 increase	 the	 production	 of	 nascent	 or	 truncated	mRNA,	

and,	 therefore,	 it	 would	 be	 predicted	 that	 treatment	 with	 NMM	 could	 result	 in	 a	

stronger	downregulation	at	the	3’	end	of	EXT	genes,	than	the	5’.	The	effect	of	NMM	on	

the	relative	expression	of	the	5’	and	3’	regions	of	EXT	genes	was	therefore	investigated	

by	RT-qPCR.	Some	EXTs	genes,	such	as	EXT13,	showed	a	stronger	decrease	in	expression	

of	 the	 3’	 region	 than	 the	 5’,	 supporting	 the	 hypothesis	 of	 PolII	 stalling	 and	 abortive	

transcripts	(Fig	4.1,	C).	However,	the	5’	region	of	EXT13	is	down-regulated	by	NMM,	and	

some	EXTs	such	as	LRX1	have	a	similar	downregulation	of	both	5’	and	3’	regions	of	the	

gene	when	treated	with	NMM	(Fig	4.1,	C).	This	effect	 is	not	explained	by	PolII	stalling,	

which	may	 suggest	NMM	 is	having	multiple	 effects	on	EXTs	or	 acting	 through	a	more	

complex	mechanism.	 Though,	 analysis	 of	 the	 raw	 fluorescence	 values	of	 the	RT-qPCR,	

normalised	 using	 UBC10	 as	 a	 housekeeping	 gene	 and	 the	 primer	 efficiency	 (the	

normalised	fluorescence),	consistently	identify	less	3’	transcripts	than	5’	in	both	treated	

and	 untreated	 samples	 in	 all	 tested	 genes	 (Fig	 4.1,	 D).	 This	 difference	 in	 5’	 and	 3’	

expression	could	be	due	to	the	G4s	forming	at	physiological	conditions	to	cause	abortive	

transcription.	 Therefore,	 PolII	 stalling	 as	 a	 result	 of	 G4	 stabilisation	 may	 cause	 the	

production	 of	 truncated	 or	 nascent	 transcripts	 in	 EXTs,	 in	 some	 cases,	 but	 does	 not	

explain	the	full	effect	of	NMM	treatment.	

4.3.2	NMM	downregulates	regulators	of	EXT	expression	

The	 5’	 region	 of	EXT	 genes	 is	 downregulated	 by	NMM	and	 as	 the	 5’	 region	 of	

LRX1	 contains	 only	 a	 single	 PG4,	 it	 is	 unlikely	 that	 the	 significant	 downregulation	

observed	in	the	5’	region	is	caused	by	PolII	stalling.	Therefore,	we	investigated	whether		
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Figure	4.2.	The	effect	of	NMM	on	EXT	promoter	and	transcription	factors.	(A)	Log2	

fold	 change	 in	 expression	 of	 LRX1	 and	 known	 EXT	 transcription	 factors	 in	 roots	

treated	with	NMM	and	 CHX.	 (B)	 Log	 2	 fold	 change	 of	 LRX1	expression	 in	 roots	 of	

NMM	 treated	 Col-0	 and	 rsl4	 plant	 lines.	 (C)	 Log2	 fold	 change	 of	 GUS	 and	 LRX1	

expression	in	pLRX1:GUS	plant	line.	Statistics	carried	out	using	a	student’s	T-test,	**	

indicates	a	p-value	of	>	0.005,	***	>	0.0005,	****	>	0.0001,		n	>	3. 
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NMM	 could	 act	 through	 the	 promoter	 or	 an	 upstream	 regulator	 of	 EXT	 genes.	 As	 an	

indication	of	whether	NMM	was	acting	directly	on	EXTs,	plants	were	 treated	with	 the	

translation	inhibitor,	cycloheximide	(CHX),	to	determine	whether	active	translation	was	

required	 for	NMM	downregulation	of	EXTs.	 The	plants	 treated	with	CHX	were	 treated	

for	 6	 hours	 in	media	 containing	 10μM	CHX	 and	 then	 transferred	 to	media	 containing	

CHX	 and	 NMM	 or	 just	 further	 CHX	 treatment	 for	 another	 6	 hours.	 These	 treatment	

times	where	chosen	as	it	has	been	shown	that	this	is	enough	time	for	CHX	to	inhibit	de	

novo	protein	synthesis	and	for	one	of	the	key	EXT	regulators	RSL4	(Kim	et	al.,	2013)	to	

be	almost	entirely	degraded	before	 treating	with	NMM	(Datta	et	al.,	2015).	We	found	

that	 CHX	 significantly	 downregulated	 LRX1	expression	 and	 that	NMM	 further	 reduced	

expression	in	the	presence	of	CHX	(Fig	4.2,	A).	This	finding	implies	that	NMM	is	likely	to	

have	 a	 direct	 effect	 on	 LRX1	 and	 does	 not	 require	 translation	 of	 a	 short-lived	

intermediary	 factor.	However,	 it	was	 also	 found	 that	NMM	 reduces	 the	 expression	of	

several	positive	and	negative	regulators	of	EXT	genes	including	the	key	regulator,	RSL4.	

The	downregulation	of	EXT	 regulators	 caused	by	NMM	occurs	 in	 combined	 treatment	

with	CHX	(Fig	4.2,	A)	implying	a	direct	effect.	We	identified	that	within	the	coding	region	

of	 the	 gene	RSL4	 there	was	 one	 PG4	 on	 the	 template	 strand	 and	 four	 on	 the	 coding	

strand,	 and,	 GTL1	 contains	 seven	 PG4s	 on	 both	 the	 template	 and	 coding	 stand.	

Therefore,	 the	 G4s	 found	within	 these	 EXT	 regulator	 genes	may	 be	 the	 cause	 of	 the	

direct	down-regulation	by	NMM.	However	due	to	the	complications	of	a	dual	treatment	

experiment;	such	as	not	knowing	how	the	two	treatments	may	interact,	how	long	each	

treatment	takes	to	affect	the	cell	and	how	long	the	effects	last	when	combined,	means	

further	evidence	is	required	to	support	this	finding.	
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RSL4	is	known	to	be	a	key	regulator	in	EXT	expression	(Feng	et	al.,	2017;	Yi	et	al.,	

2010).	 Therefore,	 if	 NMM	 causes	 downregulation	 of	 EXTs	 by	 affecting	 an	 upstream	

regulator,	then	RSL4	is	a	potential	target.	To	explore	this	hypothesis,	EXT	expression	was	

analysed	within	 the	 rsl4	mutant	 following	NMM	 treatment	 (Datta	 et	 al.,	 2015).	NMM	

downregulates	 LRX1	 expression	 in	 the	 absence	 of	 RSL4	 and	 this	 downregulation	 is	

comparable	to	the	response	in	the	WT	(Fig	4.2,	B).	While	further	studies	are	required	to	

exclude	other	regulators,	this	data	supports	a	mechanism	where	NMM	is	having	a	direct	

effect	on	EXT	and	does	not	act	through	RSL4	alone.		

To	 further	 investigate	 whether	 NMM	 can	 act	 through	 EXT	 promoters,	 the	

pLRX1::GUS	 plant	 line	 was	 used	 (Baumberger	 et	 al.,	 2001),which	 contains	 a	

transcriptional	 fusion	 of	 the	 LRX1	 promoter	 to	 the	 GUS	 (uidA)	 reporter	 gene.	 NMM	

significantly	 downregulated	 GUS	 expression	 in	 the	 pLRX1::GUS	 line	 (Fig	 4.2,	 C),	

suggesting	 that	 NMM	 may	 have	 a	 significant	 effect	 on	 the	 LRX1	 promoter	 or	 an	

upstream	 regulator	 of	 LRX1,	 going	 against	 the	 findings	 from	 the	 CHX	 and	 rsl4	

experiments.		

4.3.3	EXT	G4	binds	nuclear	proteins	

The	 PG4s	 in	 the	 coding	 region	 of	 the	 EXTs	 should	 be	 able	 to	 form	 under	

physiological	 conditions	 without	 a	 stabilising	 drug	 such	 as	 NMM.	 However,	 if	 NMM	

stabilisation	of	G4s	causes	downregulation	of	EXTs	then	this	indicates	that	there	may	be		

cellular	mechanisms	 to	 overcome	G4	 formation	 and	 allow	 regular	 expression	 of	EXTs.	

Therefore,	there	is	most	likely	a	nuclear	protein	that	binds	and	regulates	G4	formation.	

We	 investigated	 whether	 the	 most	 frequent	 PG4	 sequence	 in	 EXTs	

(GGTGGTGGTGG)	could	bind	nuclear	proteins,	which	could	regulate	G4	formation	or		
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Figure	 4.3.	G4	 protein	 binding	 and	 regulation	 by	 helicases.	 (A)	 Nuclear	 protein	

binding	 EMSA	 using	 biotinylated	 EXT	 G4	 and	mutated	 G4	 oligo.	 (B)	 The	 effect	 of	

NMM	 on	 primary	 root	 length	 in	 helicase	 mutants.	 The	 log2	 fold	 change	 (C)	 and	

normalised	fluorescence	(D)	of	EXT13	expression	in	Col-0	and	helicase	mutant	lines.	

Statistics	carried	out	using	a	student’s	T-test,	**	indicates	a	p-value	of	>	0.005,	****	

>	0.0001,	n	>	3	for	qPCR	and	EMSA,	n>100	for	root	measurements. 
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that	 use	 G4s	 as	 binding	 sites.	 This	 was	 investigated	 using	 an	 electrophoretic	mobility	

shift	assay,	 in	which	biotin	 labelled	oligos	of	the	EXT	repeat	and	a	mutated	EXT	repeat	

were	 incubated	 with	 or	 without	 Arabidopsis	 nuclear	 protein	 extract.	 The	 oligos	 were	

then	run	on	a	gel,	and	any	protein	binding	should	cause	a	shift	due	to	reduce	mobility	of	

the	 oligo-protein	 complex.	 The	 EXT	 G4	 oligo	 shifted	 when	 incubated	 with	 protein	

suggesting	 protein	 binding	 (Fig	 4.3,	 A).	 A	 shift	 was	 also	 seen	 in	 the	 mutated	 oligo,	

although	not	 the	same	shift	as	with	 the	EXT	G4,	 therefore,	 this	may	be	caused	by	 the	

oligo	 forming	 an	 intermolecular	 G4	 or	 alternative	 structure	 or	 binding	 a	 different	

protein.	 The	 binding	 of	 nuclear	 proteins	 to	 the	 EXT	G4	 forming	 sequence,	which	may	

suggest	a	potential	mechanism	to	overcome	the	G4	or	a	functional	role	within	the	cell.	

Further	 analysis	 of	 the	 putative	 binding	 factors	 is	 required	 before	 further	 conclusions	

can	be	made.	

4.3.4	The	role	of	helicases	as	G4	regulators	

This	mechanism	 to	 overcome	 G4s	may	 be	 through	 helicases	 which	 have	 been	

previously	shown	to	bind	and	unwind	G4s	to	facilitate	transcription	in	mammals	(Davies	

et	al.,	2007;	Kruisselbrink	et	al.,	2008;	Paeschke	et	al.,	2011;	Piazza	et	al.,	2015;	Ribeyre	

et	 al.,	 2009;	 Rodriguez	 et	 al.,	 2012b;	 Singleton	 et	 al.,	 2007;	 Sun	 et	 al.,	 1998a;	 Van	

Wietmarschen	 and	 Lansdorp,	 2016;	Wu	 and	 Spies,	 2016;	WU,	 2007).	 Therefore,	 plant	

lines	with	mutations	 in;	 recqsim	 (a	WRN	helicase	homologue),	 recq4a	 (a	BLM	helicase	

homologue)	and	uvh6	 (a	XPD	homologue)	were	analysed.	These	are	all	homologues	of	

helicases	previously	shown	to	act	upon	G4s	in	other	systems	(Davies	et	al.,	2007;	Gray	et	

al.,	2014a;	Johnson	et	al.,	2010b;	Liu,	2003;	Mohaghegh	et	al.,	2001;	Popuri	et	al.,	2008;	

Sun	 et	 al.,	 1998a).	 The	 helicase	mutant	 lines	 all	 had	 a	 similar	 change	 in	 primary	 root	
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length	 upon	 NMM	 treatment	 as	 Col-0	 however	 recq4a,	 and	 uvh6	 have	 significantly	

shorter	 roots	 in	 untreated	 plants	 than	 Col-0	 which	 may	 suggest	 these	 helicases	 are	

involved	in	root	growth.	Analysis	of	EXT13	expression	was	used	to	investigate	the	plant’s	

sensitivity	 to	NMM	and	demonstrated	 that	 recqsim	mutant	 is	more	 sensitive	 to	NMM	

than	Col-0	 (Fig	 4.3,	 C).	 Therefore,	 this	 helicase	may	have	a	 role	 in	negating	 the	NMM	

response,	 potentially	 through	 unwinding	 EXT	 G4s.	 However,	 the	 normalised	

fluorescence	 analysis	 of	 recqsim	 indicates	 an	 increased	 transcript	 level	 EXT13	 in	

untreated	plants	compared	to	Col-0	(Fig	4.3,	D)	suggesting	that	RecQsim	is	not	required	

for	 EXT13	 expression.	 These	 results	 may	 suggest	 a	 more	 complex	 or	 non-direct	

mechanism	through	which	RecQsim	effects	EXT	expression.	Alternatively,	recq4a	is	less	

sensitive	to	NMM	compared	to	Col-0	(Fig	4.3,	C),	potentially	due	to	the	G4	already	being	

stable	in	these	plants.		

4.4	Discussion		

We	 propose	 that	 G4s	may	 form	 naturally	 under	 physiological	 conditions,	 without	 the	

presence	of	a	G4	 ligand	and	cause	PolII	 stalling	during	 the	 transcription	of	EXT	 genes.	

PolII	ChIP-ChIP	data	shows	altered	PolII	occupancy	that	correlates	with	the	presence	of	

PG4s	 (Fig	 4.1,	 A)	 suggesting	 the	G4s	within	 EXTs	may	 cause	 PolII	 stalling	 as	 has	 been	

previously	shown	(Chambers	et	al.,	2015;	Cogoi	and	Xodo,	2006;	Dexheimer	et	al.,	2006;	

Han	et	al.,	1999b;	Kwok	et	al.,	2016;	Siddiqui-Jain	et	al.,	2002).	However,	analysis	of	the	

PolII	 inhibitor,	 amanitin,	 caused	 a	 slight	 increase	 in	 EXT	 expression,	 although	 not	

significant	 (Fig	 4.1,	 B).	 Unfortunately,	 we	 were	 unable	 to	 test	 a	 large	 concentration	

gradient	of	 amanitin	and	while	5μM	 treatment	has	previously	 shown	changes	 in	 gene	

expression	within	Arabidopsis	(Shin	and	Chekanova,	2014)	other	studies	have	indicated	
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that	 a	 ten-fold	 higher	 concentration	 may	 be	 required	 (de	 Jimenez	 et	 al.,	 1984).	

Therefore,	amanitin	may	cause	root	hair	defects	and	 lead	to	 lower	EXT	expression	 if	a	

wider	concentration	range	was	tested	and	more	EXTs	analysed.	

PolII	 stalling	 by	 G4s	 has	 previously	 been	 suggested	 to	 lead	 to	 truncated	 or	

aberrant	transcripts.	Therefore,	the	5’,	and	3’	levels	of	EXTs	was	analysed	using	RT-qPCR	

(reverse	transcription	was	done	using	random	primers	to	avoid	3’	bias)	as	the	presence	

of	 aberrant	 transcripts	 would	 cause	 decreased	 3’	 levels.	 NMM	 caused	 a	 stronger	

downregulation	 of	 3’	 transcripts	 than	 5’	 transcripts	 in	 some	 EXTs	 such	 as	 EXT13,	

supporting	the	hypothesis	of	the	production	of	aberrant	transcripts.	Although,	in	some	

EXT	genes,	such	as	LRX1,	NMM	causes	a	significant	downregulation	of	both	the	5’	and	3’	

regions,	 suggesting	 that	 PolII	 stalling	 cannot	 entirely	 explain	 the	 EXT	 downregulation	

caused	by	NMM.	The	raw	RT-qPCR	fluorescence	values	were	analysed	by	normalising	to	

UBC10	 (housekeeping	 gene)	 and	 balancing	 for	 any	 differences	 in	 primer	 efficiencies	

between	the	5’	and	3’	primers	(normalised	fluorescence).	 Interestingly,	the	normalised	

fluorescence,	 of	 all	 EXTs	 analysed,	 have	 a	 decreased	 expression	 of	 the	 3’	 region	 in	

untreated	 samples	 which	 could	 be	 caused	 by	 G4s	 forming	 under	 physiological	

conditions,	without	the	presence	of	a	ligand,	and	resulting	in	truncated	transcripts.		

NMM	 reduced	 expression	of	 both	 the	 5’	 and	 3’	 region	of	 LRX1	 similarly	which	

would	not	be	predicted	to	be	caused	by	PolII	stalling.	This	finding	led	to	the	hypothesis	

that	 there	may	be	a	more	complicated	mechanism	 involved	 in	EXT	downregulation	by	

NMM,	in	which	NMM	causes	a	downregulation	by	an	upstream	regulator	of	EXTs	as	well	

as	PolII	stalling.	Therefore,	 it	was	 investigated	whether	active	translation	was	required	

for	NMM	downregulation	of	LRX1,	suggesting	a	non-direct	effect.	The	samples	were	pre-
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treated	with	the	translation	inhibitor,	CHX,	for	6	hours	which	has	been	shown	to	be	long	

enough	 to	 stop	most	de	novo	protein	 synthesis	 (Kim	et	al.,	2013)	and	 for	any	existing	

RSL4	protein	to	have	been	degraded	(Datta	et	al.,	2015).	NMM	downregulated	both	the	

5’	and	3’	 region	of	LRX1	 in	 the	presence	of	CHX	(Fig	4.2,	A),	 implying	that	NMM	has	a	

direct	 effect	 on	 the	 5’	 and	 3’	 region	 of	 LRX1	 and,	 therefore,	may	 not	 be	 caused	 by	 a	

feedback	 mechanism.	 However,	 NMM	 directly	 downregulates	 several	 transcription	

factors	known	to	regulate	EXT	expression,	including	RSL4	in	the	presence	of	CHX	(Fig	4.2,	

A).	 As	 RSL4	 is	 a	 key	 transcriptional	 regulator	 of	 EXT	 genes,	 and	 is	 significantly	

downregulated	 by	 NMM,	 the	 requirement	 of	 RSL4	 for	 NMM	 downregulation	 of	 LRX1	

was	investigated	by	analysis	of	an	rsl4	mutant.	NMM	significantly	downregulates	LRX1	in	

the	absence	of	RSL4	(Fig	4.2,	B)	suggesting	that	NMM	likely	does	not	act	on	or	upstream	

of	 RSL4	 in	 EXT	 transcriptional	 regulation.	 However,	 pLRX1::GUS	 plants	 treated	 with	

NMM	were	 analysed	 to	 further	 determine	whether	 the	 LRX1	 promoter	 is	 involved	 in	

NMM	downregulation	and	GUS	was	significantly	downregulated	by	NMM	(Fig	4.2,	C).	In	

contrast	with	the	CHX	and	rsl4	data,	this	implies	that	NMM	affects	the	LRX1	promoter	or	

upstream	regulators.	The	LRX1	promoter	contains	two	PG4	on	the	coding	and	template	

strand	 which	 overlap	 with	 the	 predicted	 binding	 sites	 of	 several	 transcription	 factors	

including	 MYC3	 which	 has	 been	 shown	 to	 affect	 root	 growth	 through	 jasmonic	 acid	

signalling	 (Schweizer	 et	 al.,	 2013)	 and	 LBD16	 which	 affects	 lateral	 root	 development	

through	 auxin	 signalling	 (Goh	 et	 al.,	 2012).	 However,	 interpretation	 of	 the	 data	 is	

complicated	by	 the	 fact	 that	 the	GUS	gene	 contains	 seven	PG4s	on	 the	 coding	 strand	

and	3	PG4s	on	the	template	stand	which	could	also	cause	downregulation	upon	NMM	
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treatment	of	the	pLRX1::GUS	 line.	Therefore,	further	studies	are	required	to	clarify	the	

role	of	the	LRX1	promoter	in	EXT	regulation.	

If	NMM	causes	EXT	downregulation	through	G4	stabilisation	and	the	G4s	within	

EXTs	 form	under	 physiological	 conditions,	 then	 there	may	be	 a	 cellular	mechanism	 to	

overcome	 G4s.	 A	 potential	 regulatory	 mechanism	 of	 G4s	 would	 most	 likely	 involve	

binding	of	a	nuclear	protein.	Therefore,	we	used	an	EMSA	to	explore	the	protein	binding	

capacity	 of	 the	 EXT	G4	 sequence,	which	 showed	 a	 shift	 in	 oligo,	 indicative	 of	 protein	

binding	when	the	EXT	G4	oligo	was	incubated	with	Arabidopsis	nuclear	protein	extract.	

This	result	suggests	that	the	EXT	G4	may	bind	a	nuclear	protein	that	could	regulate	 its	

formation,	although	the	shift	seen	 in	the	mutated	G4	oligo	may	suggest	this	binding	 is	

sequence	 specific	 binding	 rather	 than	 structural,	 meaning	 that	 further	 research	 is	

required	to	confirm	G4	dependent	binding	and	identify	the	specific	proteins	binding	to	

the	EXT	G4.	

Several	 studies	 demonstrate	 the	 role	 of	 helicases	 in	 binding	 and	 unwind	 G4s,	

they	are	potential	candidates	for	regulating	EXT	G4	formation.	Investigation	of	candidate	

helicases	 identified	 that,	 recqsim,	 the	WRN	 homologue,	 when	mutated	 has	 increased	

sensitivity	 to	 NMM	 (Fig	 4.3,	 A)	 which	 may	 suggest	 the	 requirement	 of	 RecQsim	 in	

regulating	 G4s	 and	 EXT	 expression,	 but	 the	 recqsim	 plants	 have	 higher	 basal	 EXT13	

expression	 (Fig	 4.3,	 B)	 which	 cannot	 be	 explained	 by	 loss	 of	 G4	 unwinding	 and	 may	

suggest	 a	more	 complex	 action	 of	 RecQsim	 such	 as	 unwinding	 the	 DNA	 double	 helix	

which	 would	 facilitate	 G4	 formation.	 However,	 recq4a	 has	 lower	 EXT	 expression	 in	

untreated	plants	and	is	less	affected	by	NMM,	which	may	suggest	that	G4s	are	stable	in	

untreated	recq4a	plants,	making	recq4a	a	potential	regulator	of	G4s	in	Arabidopsis.	
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In	conclusion,	our	data	indicate	a	link	between	G4s,	PolII	stalling	and	production	

of	 aberrant	 transcripts	 in	 some	 EXTs.	 NMM	 may	 have	 a	 direct	 effect	 on	 EXT	 genes	

despite	 regulating	 several	 key	 transcription	 factors	 of	 EXTs.	 Plus,	 we	 identify	 the	

capability	of	the	EXT	G4s	to	bind	nuclear	proteins.	A	candidate	EXT	G4	binding	protein	is	

RecQ4a	for	further	study	into	its	role	in	regulating	EXT	expression.	
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5. The	Effect	of	G4	on	Alternative	Splicing	

5.1	Abstract	

	 Previous	RNA-Seq	data	suggests	that	several	EXT	genes	are	alternatively	spliced	

despite	 being	 annotated	 as	 single	 exon	 genes.	 As	 splicing	 can	 be	 a	 co-transcriptional	

process,	 this	 led	 to	 the	 hypothesis	 that	 G4	 dependent	 stalling	 of	 PolII	 may	 cause	

alternative	 splicing	 of	 EXTs.	 In	 this	 chapter	 the	 presence	 of	 alternatively	 spliced	 EXT	

isoforms	 is	 confirmed	 by	 Sanger	 sequencing	 of	 RT-PCR	 products.	 NMM	 appears	 to	

decrease	 the	number	of	 splice	variants	 in	Arabidopsis,	 suggesting	 that	G4s	may	play	a	

role	in	alternative	splicing.		Also,	it	is	identified	that	altering	the	number	of	EXT	domains	

within	LRX1,	as	would	be	found	in	the	splice	variants,	affects	root	hair	development.	

5.2	Introduction	

Several	 studies	 have	 demonstrated	 that	 splicing	 is	 a	 co-transcriptional	 process	

and	it	has	been	shown	that	the	speed	of	PolII	during	transcription	can	affect	whether	a	

gene	is	alternatively	spliced	(Ameur	et	al.,	2011;	Girard	et	al.,	2012;	Khodor	et	al.,	2011;	

Oesterreich	et	al.,	2010;	Tilgner	et	al.,	2012;	Windhager	et	al.,	2012).	Therefore,	 it	has	

been	 suggested	 that	 the	 slowing	 or	 stalling	 of	 PolII	 allows	 the	 assembly	 of	 the	

spliceosome	 at	 weak	 splice	 sites,	 whereas	 fast	 PolII	 processing	 can	 result	 in	 splice	

junctions	not	being	detected	(Jonkers	and	Lis,	2015;	Mata	et	al.,	2010).	

	 A	 previous	 study	 that	 carried	 out	 RNA-Seq	 of	 Arabidopsis	 roots	 identified	 that	

EXT9	has	the	most	splice	isoforms	in	the	Arabidopsis	transcriptome	and	a	large	number	

of	 the	 genes	within	 the	EXT	 family	have	 several	 splice	 isoforms	 (Li	 et	 al.,	 2016a).	 This	

finding	was	particularly	interesting	as	the	majority	of	EXTs	are	annotated	as	consisting	of	
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a	 single	 exon,	 suggesting	 that	 the	 EXTs	 undergo	 splicing.	 Therefore,	 this	 chapter	

investigates	the	hypothesis	that	slowing	of	PolII,	as	a	result	of	G4	formation,	may	result	

in	 alternative	 splicing	 of	 EXTs.	 In	 this	 chapter,	 it	 is	 investigated	 whether	 EXTs	 are	

alternatively	spliced,	whether	splicing	of	EXTs	could	affect	root	hair	development	and	if	

G4	stabilisation	by	NMM	affects	EXT	splicing.	

5.2.1	Aim		

In	this	chapter,	the	aim	was	to	identify	the	role	of	G4s	in	the	alternative	splicing	

of	EXTs	

5.2.2	Objectives	

1)	To	validate	whether	EXTs	are	alternatively	spliced.	

2)	To	 identify	whether	alternatively	spliced	EXTs	could	have	a	functional	role	 in	

root	hair	development.	

3)	 To	 establish	whether	EXTs	 are	 differentially	 spliced	when	plants	 are	 treated	

with		NMM.	

5.3	Results	

5.3.1	EXT	genes	are	alternatively	spliced	

EXT	genes	appear	 to	be	highly	spliced,	with	EXT9	being	the	most	highly	spliced	

gene	in	Arabidopsis	(Li	et	al.,	2016a).	Interestingly,	the	majority	of	EXTs	are	annotated	as	

consisting	of	a	single	exon,	with	no	predicted	splicing.	As	the	EXTs	contain	the	repetitive	

SP4	 motif,	 it	 is	 possible	 that	 mapping	 errors	 of	 the	 RNA-Seq	 data	 could	 account	 for	

incorrectly	annotating	these	splice	variants.	To	test	this,	RNA	was	extracted	from	roots	

and	reverse	transcribed	using	a	Poly-T	primer	(to	reverse	transcribe		
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Figure	 5.1	 LRX1	 is	 spliced	 over	 the	 G4	 rich	 region.	 (A)	 RT-PCR	 of	 the	 LRX1	 5’	

leucine	 rich	region	and	3’	EXTENSIN	G4	rich	region.	Sequenced	splice	variants	of	

(B)	 LRX1	and	 (C)	EXT9,	 sequencing	primers	 shown	 in	purple,	 gene	annotation	 in	

red,	predicted	G4s	in	blue	and	sequenced	splice	variants	in	green. 
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only	 poly-A	 processed	 transcripts),	 and	 PCR	 amplified	 the	 specific	 EXT	 genes.	 The	

resulting	PCR	products	were	then	gel	purified,	cloned	and	sequenced.		

Primers	were	designed	for	LRX1,	spanning	the	5’	LRR	domain	(containing	a	single	

PG4)	and	the	3’	EXT	domain	(containing	39	PG4s),	to	investigate	the	potential	role	of	G4s	

in	 splicing.	 In	 the	 absence	 of	 splicing,	 it	 would	 be	 anticipated	 that	 each	 primer	 pair	

would	 generate	 a	 single	 product	 following	 RT-PCR,	 assuming	 that	 there	 were	 no	 off-

target	 amplification	 events.	 The	 results	 indicate	 that	 the	 5’	 region	 commonly	 had	 a	

single	product	 corresponding	 to	 the	 full-length	PCR	product	 (Fig	 5.1,	A).	On	 the	other	

hand,	 the	 3’	 PG4	 rich	 region	 of	 LRX1	 had	 several	 major	 products,	 none	 of	 which	

corresponded	to	the	expected	size	of	the	full-length	3’	PCR	product	(Fig	5.1,	A).	

To	 ensure	 these	 products	 where	 not	 due	 to	 nonspecific	 target	 amplification,	

individual	 products	 were	 cloned	 and	 Sanger	 sequenced	 and	 it	 was	 found	 that	 the	

products	 corresponded	 to	 several	 different	 LRX1	 splice	 forms	 (Fig	 5.1,	 B).	 When	 the	

experiment	 was	 repeated	 with	 another	 set	 of	 primers,	 several	 additional	 alternative	

splice	variants	were	identified	suggesting	many	independent	isoforms	exist	(Fig	5.1,	B).	

The	high	abundance	of	splice	variants	only	in	the	3’	region	of	LRX1,	where	the	PG4s	are	

abundant,	may	 support	 the	 hypothesis	 that	 G4	 dependent	 stalling	 of	 PolII	 causes	 the	

alternative	 splicing,	 or	 suggests	 that	 the	 SP4	 EXT	 domain	 encodes	 a	 splice	 site.	 The	

experiment	was	repeated	with	EXT9	to	investigate	the	occurrence	of	alternative	splicing	

in	a	classical	extensin,	and	confirm	the	splicing	seen	within	the	previous	RNA-Seq	data	

set.	The	primers	were	designed	towards	the	whole	gene,	as	EXT9	has	pG4s	throughout	

the	 gene	 body.	We	 determined	 that	 EXT9	 is	 also	 alternatively	 spliced,	 confirming	 the	

RNA-Seq	data	(Fig	5.1,	C).	Due	to	the	repetitive	nature	of	the	EXTs	the	exact	splice	site	of	
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the	 sequenced	variants	 tended	 to	be	ambiguous	and	 the	 true	 splice	 site	 could	not	be	

mapped,	however	the	variants	where	the	junctions	could	be	mapped	did	not	align	to	the	

canonical	GT-AG	splicing	sequence	(Figure	5.2).	Furthermore,	for	both	genes	only	short	

splice	variants	were	sequenced,	potentially	due	to	cloning	bias	of	the	shorter	transcripts;	

however,	this	confirms	the	presence	of	alternative	splice	variants	within	EXTs.	

	

	

5.3.2	The	number	of	extensin	repeats	affects	root	hair	development	

It	 has	 previously	 been	 shown	 that	 when	 LRX1	 is	 truncated	 to	 contain	 a	 decreased	

number	of	extensin	repeats,	there	is	a	significant	effect	on	root	hair	morphology.	As	the	

various	 truncated	LRX1	 transgenic	 lines	may	be	 similar	 to	 the	 transcripts	produced	by	

alternative	splicing	of	LRX1,	analysis	of	these	lines	could	give	an	insight	into	how	splicing	

isoforms	may	 affect	 root	 hair	 development.	 Therefore,	 the	 truncated	 LRX1	 transgenic	

lines	were	 analysed	 for	 root	 hair	 phenotypes	 (Ringli,	 2010).	 The	 LRX1	 truncation	 lines	

have	various	size	truncations	of	LRX1	with	an	N-terminal	myc	tag,	expressed	in	the	lrx1	

mutant	 line	 (Baumberger	 et	 al.,	 2001).	 Unfortunately,	 the	 full-length	 mycLRX1	 and	

mycLRX1ΔE296	 were	 not	 available;	 therefore,	 the	 lines	 were	 compared	 to	 the	

Figure	 5.2	 LRX1	and	 EXT9	 splice	 junctions.	Aligned	 splice	variant	 junctions	 for	

(A)	LRX1	and	(B)	EXT9	with	the	top	row	displaying	the	genomic	DNA	sequence	

and	the	5’	or	3’	splice	site	for	two	variants	shown	below.	Sequences	manually	

aligned	using	MacVector	software. 
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background	ecotype	of	wildtype	Col-0.	Analysis	of	the	truncated	lines	demonstrates	that	

seedlings	expressing	 the	 longest	LRX1	 variant,	mycLRX1ΔE153,	have	no	 clear	 root	hair

phenotype	(Fig	5.2,	B).	The	shortest	variant,	mycLRX1ΔE14,	displayed	a	severe	bulbous	

root	 hair	 phenotype	 with	 the	 root	 hairs	 having	 a	 bulbous	 base	 or	 appearing	 globe-

shaped	 (Fig	 5.2,	 D).	 A	 comparison	 of	 the	 mycLRX1ΔE153	 and	 mycLRX1ΔE90	 lines	

suggests	that	for	correct	cell	wall	development	and	root	hair	morphology,	EXTs	require	a	

minimum	number	of	EXT	domains	(Fig	5.2,	C).	However,	we	predict	that	the	truncated	

lines	would	also	undergo	alternative	splicing,	meaning	we	cannot	be	certain	of	the		

	

	

Col-0 

mycLRX1ΔE90 

mycLRX1ΔE153 

mycLRX1ΔE14 

	

A B 

C D 

	

	

	

	

	

Figure	 5.3	Decreased	 EXT	 repeats	 in	 LRX1	 cause	 bulbous	 root	 hair.	
Representative	root	hair	phenotypes	of	 (A)	Col-0,	 (B)	mycLRX1ΔE153,	
(C)	 mycLRX1ΔE90,	 (D)	 mycLRX1ΔE14.	 Arrows	 indicate	 bulging	
morphology,	n	=>	30.	
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number	 of	 EXT	 domains	 within	 the	 transcripts	 produced	 from	 the	 truncated	 lines;	

therefore,	the	minimum	amount	of	EXT	repeats	required	may	be	fewer	than	predicted.	

However,	these	results	indicate	that	less	than	half	of	the	EXT	domains	encoded	for	by		

	

	

	

	

	

the	full-length	LRX1	gene	is	required	for	normal	root	hair	morphology	and	development.		

Therefore,	 plants	 may	 utilise	 the	 alternative	 splicing	 mechanism	 to	 create	 greater	

molecular	diversity	of	EXTs	for	cell	wall	construction.		

	

	

	

	

	

The	response	of	the	LRX1	truncation	lines	to	NMM	was	also	investigated.	It	was	

predicted	that	the	shortest	transcript	with	the	fewest	EXT	repeats,	mycLRX1ΔE14,	would	

be	 less	 responsive	 to	 NMM	 as	 it	 has	 fewer	 G4s;	 therefore,	 less	 inhibition	 of	 PolII.	

Analysis	of	LRX1	expression	by	qPCR	found	no	differential	response	to	NMM	between		

	

	

	

	

	

Col-0	and	the	truncated	 lines	 (Fig5.3,	A).	This	 result	could	suggest	 that	 the	two	

PG4s	in	mycLRX1ΔE14	may	be	sufficient	for	NMM	to	affect	transcription.	However,	this	

may	also	be	explained	by	the	position	of	the	primers	used	for	the	qPCR.	As	the	3’	regions	

of	 the	 truncated	 lines	were	all	different,	 the	qRT-PCR	primers	were	 located	within	 the	

LRR	domain,	which	is	before	the	majority	of	the	G4s.	Therefore,	further	investigation	is	

required	to	analyse	whether	NMM	differentially	regulates	the	truncated	lines	in	the	3‘		

region.	 Additionally,	 the	 primary	 root	 length	 in	 the	 untreated	 plant	 lines	 does	 not	

significantly	 change;	 however,	 the	 primary	 root	 of	mycLRX1ΔE90	and	mycLRX1ΔE14	 is	

less	responsive	to	0.5μM	NMM	than	Col-0	and	mycLRX1ΔE153	(Fig	5.3,	B)	indicating	that	

the	number	of	EXT	repeats	may	affect	the	sensitivity	to	NMM.	

5.3.3	NMM	does	not	affect	the	alternative	splicing	of	extensins	

If	 the	 splicing	 in	 EXTs	 is	 caused	 by	 G4	 formation,	 this	 suggests	 that	 G4	

stabilisation	by	NMM	would	affect	the	splicing	of	EXTs.	Therefore,	the	RT-	PCR	splicing	
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analysis	was	repeated	with	roots	treated	with	or	without	NMM	for	6	hours.	The	NMM	

sample	appeared	to	generate	less	of	the	smaller	splice	products	(Fig.	5.4).	While	it	was	

predicted	 that	 NMM	would	 cause	more	 splicing	 due	 to	 increased	 PolII	 stalling,	 NMM	

may	 cause	all	 of	 the	G4s	within	 the	gene	 to	 form	 stably,	whereas	 in	untreated	plants	

different	G4s	may	form	at	different	times	resulting	in	a	greater	variety	of	splice	variants.		
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Figure	5.4	NMM	sensitivity	of	LRX1	truncated	plant	lines.	 (A)	qRT-PCR	analysis	of	

LRX1	expression	in	untreated	and	NMM	treated,	Col-0	and	mycLRX1	truncated	lines	

and	(B)	primary	root	lengths	of	Col-0	and	the	truncated	LRX1	lines. RT-qPCR	n	=	3,	

root	length	n	>	30.	Error	bars	show	standard	error	of	mean.	Statistical	test	carried	

out	using	multiple	comparison	ANOVA,	****	=	p-value	>	0..0001 
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Figure	5.5	The	effect	of	NMM	on	the	splicing	of	LRX1.	RT-PCR	of	the	LRX1	5’	

leucine	 rich	 region	 and	3’	EXTENSIN	G4	 rich	 region	 in	 (A)	untreated	and	 (B)	

NMM	treated	plants.	Images	where	taken	under	the	same	exposure. 
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5.4 Discussion		
Previous	RNA-Seq	data	suggested	that	EXTs	have	many	splice	isoforms	(Li	et	al.,	

2016a).	 However,	 as	 EXTs	 are	 highly	 repetitive,	 and	 the	 RNA-Seq	 experiment	 used	

paired-end	reads	of	a	maximum	length	of	125bp,	there	was	a	possibility	that	the	splice	

isoforms	 identified	 could	have	been	due	 to	mapping	 errors.	Using	RT-PCR	 and	 Sanger	

sequencing,	the	presence	of	numerous	polyadenylated	splice	isoforms	of	EXT9	and	LRX1	

was	confirmed	(Fig.5.1,	A-C).	Only	the	sequence	of	the	shortest	variants	was	obtained,	

potentially	due	to	a	bias	towards	small	 fragments	 in	the	cloning,	used	to	 isolate	single	

isoforms.	We	were	unable	to	determine	the	exact	splice	site	of	the	EXTs	splice	variants		

sequencing,	the	presence	of	numerous	polyadenylated	splice	isoforms	of	EXT9	and	LRX1	

was	confirmed	(Fig.5.1,	A-C).	Only	the	sequence	of	the	shortest	variants	was	obtained,	

potentially	due	to	a	bias	towards	small	 fragments	 in	the	cloning,	used	to	 isolate	single	

through	Sanger	sequencing	as	their	repetitive	nature	made	the	exact	junction	difficult	to	

align.	The	splice	sites	that	were	able	to	be	determined	did	not	align	with	canonical	splice	

sites	(Fig	5.2)	and	therefore	we	cannot	rule	out	that	the	splice	variants	may	be	a	result	

of	 reverse	 transcriptase	 skipping	 the	 structured	 regions	 of	 the	 EXTs	 during	 cDNA	

synthesis,	emulating	splicing	which	has	been	previously	reported	(Cocquet	et	al.,	2006;	

Houseley	and	Tollervey,	2010;	Zhang	et	al.,	2001).	Therefore	further	analysis	by	northern	

blots	 could	be	used	 for	 several	EXT	genes	 to	 thoroughly	analyse	 the	extent	of	 splicing	

within	the	EXTs	and	the	full	effect	of	NMM.	

The	 sequenced	 splice	 variants	 were	 reverse	 transcribed	 using	 a	 PolyT	 primer,	

meaning	 that	 all	 the	 splice	 variants	 are	 poly-adenylated	 and	 could	 be	 functional.	 A	

previous	study	found	that	plants	require	at	least	5	EXT	repeats	in	LRX1	to	form	wildtype	

root	hairs	(Ringli,	2010).	The	LRX1	truncated	transgenes	would	be	similar	to	the	spliced	



	
94	

isoforms;	therefore,	it	was	investigated	how	these	truncated	transcripts	affect	root	hair	

morphology.	The	most	truncated	line,	mycLRX1ΔE14,	had	a	bulbous	root	hair	phenotype	

(Fig.5.3,	D).	However,	the	lines	with	smaller	truncations	were	able	to	form	mostly	wild-

type	root	hairs	in	appearance	(Fig.5.3,	A-C).	This	finding	indicates	that	the	plant	can	still	

utilise	 these	 truncated	 transcripts	 (similar	 to	 the	 splice	 isoforms)	 although	 it	 would	

suggest	 that	 there	 is	 a	minimum	number	of	 EXT	 repeats	 that	 are	 required	 for	 correct	

growth	and	development.	The	requirement	of	a	particular	number	of	EXT	may	be	due	to	

the	crosslinking	 function	of	 the	HYPs	within	the	EXT	domain,	up	to	certain	 lengths	the	

proteins	 can	 still	 effectively	 crosslink	 to	 form	a	 stable	 cell	wall;	 however,	 too	 few	EXT	

motifs	cause	inadequate	crosslinking	and	an	impaired	cell	wall.		

As	 the	 truncated	 LRX1	 lines	 also	 contain	 less	 pG4s,	 it	 was	 proposed	 that	 they	

would	 be	 less	 affected	 by	 NMM.	 However,	 there	 was	 no	 significant	 difference	 in	

expression	of	LRX1	before	or	after	NMM	treatment	(Fig.5.4,	A),	between	the	truncated	

lines	 and	 Col-0.	 The	 expression	 change	 may	 be	 due	 to	mycLRX1ΔE14	 still	 containing	

enough	 G4s	 for	 NMM	 to	 take	 effect	 despite	 being	 severly	 truncated,	 or	 due	 to	 the	

primers	 used	 to	 measure	 the	 expression,	 as	 they	 are	 in	 the	 5’	 region	 of	 the	 gene,	

upstream	of	 the	majority	of	 the	pG4s.	We	also	analysed	 the	decrease	 in	primary	 root	

length	 caused	 by	 NMM	 in	 the	 truncated	 lines,	 which	 while	 there	 was	 no	 significant	

difference	 between	 untreated	 plant	 lines,	 the	 lines	 with	 the	 fewest	 EXT	 repeats,	

mycLRX1ΔE90	and	mycLRX1ΔE14,	were	 significantly	 less	 affected	by	NMM	(Fig.5.4,	B),	

further	supporting	the	idea	that	the	effect	seen	on	the	primary	root	is	G4	dependant.	

	 Finally,	 it	was	 investigated	whether	NMM	could	affect	 the	splicing	of	EXTs.	We	

proposed	that	G4	stabilisation	by	NMM	would	cause	further	decreased	PolII	processing	
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of	the	gene	and	potentially	result	in	increased	alternative	splicing.	However,	splicing	(in	

particular	smaller	splice	variants)	was	decreased	in	NMM	treated	plants	(Fig.5.5),	which	

may	 be	 caused	 by	 NMM	 treatment	 causing	 all	 of	 the	 G4s	 within	 the	 gene	 to	 form,	

whereas	in	untreated	tissue	there	is	a	variability	in	which	G4s	form,	which	would	result	

in	 a	 greater	 variety	 of	 splice	 variants	 formed	 in	 comparison	 to	 NMM	 treated	 plants.	

Although	 the	 bands	 missing	 in	 the	 NMM	 treated	 samples	 were	 faint	 in	 the	 Col-0;	

therefore,	the	loss	of	bands	could	potentially	be	due	to	an	overall	decrease	in	expression	

rather	than	loss	of	splicing.	Northern	blots	could	be	used	to	analyse	this	and	potentially	

use	 a	 concentration	 gradient	 of	 NMM	 treatments	 to	 investigate	 whether	 the	 NMM	

concentration	alters	the	variability	of	splicing.	

In	 conclusion,	 we	 have	 suggested	 that	 EXT9,	 EXT6	 and	 LRX1	 are	 extensively	

alternatively	 spliced	 despite	 commonly	 being	 annotated	 as	 single	 exon	 genes.	

Additionally,	 the	 splice	 transcripts	may	 be	 functional	 as	 they	 are	 poly-adenylated	 and	

truncations	 in	 LRX1	 can	 still	 produce	 wildtype	 root	 hairs.	 Therefore,	 the	 alternative	

splicing	of	EXTs	could	be	a	mechanism	to	 increase	molecular	diversity	 to	allow	for	cell	

wall	assembly.	The	splicing	of	EXTs	appears	to	occur	in	the	region	of	the	PG4s	and	may	

be	 altered	 by	 NMM	 treatment	 suggesting	 a	 novel	 G4	 dependent	 splicing	mechanism,	

although,	 this	 should	 be	 confirmed	 using	 northern	 blots	 and	 using	 lines	 that	 can	 no	

longer	form	G4s	to	investigate	whether	splicing	still	occurs.	
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6. Discussion	

6.1	Study	Overview	

G4s	 research	 is	quickly	advancing,	with	G4s	having	 rolesin	 several	 fundamental	

biological	 processes	 and	multiple	 diseases.	 Here	we	 present	 evidence	 for	 a	 novel	 G4-

dependent	 growth	 mechanism	 within	 Arabidopsis	 and	 provide	 insight	 into	 the	

transcriptional	roles	of	gene	body	G4s.	

In	 this	 study,	 it	 is	 shown	 that	Arabidopsis	 grown	on	 the	G4	 ligands,	NMM	and	

Berberine,	 causes	an	overall	decrease	 in	growth	 (Fig	3.1,	C,D).	 The	negative	 impact	of	

these	G4	 stabilising	 ligands	on	overall	 growth,	 suggests	 that	G4s	may	have	 regulatory	

roles	in	plant	growth	pathways.	This	finding	means	that	G4	ligands	have	the	potential	to	

be	developed	as	herbicides.	Interestingly,	Berberine	has	previously	been	investigated	as	

a	 herbicide,	 with	 the	 suggestion	 that	 it	 causes	 cytotoxicity	 through	 cell	 wall,	

mitochondria,	nuclei	and	chromatin	damage	 (Wu	et	al.	2017;	X.-H.	Zhang	et	al.	2018).	

Additionally,	by	further	understanding	the	plant	growth	mechanisms	targeted	by	these	

G4	ligands,	there	is	the	potential	to	manipulate	them	to	improve	yields	in	crops.		

Although	 we	 see	 overall	 growth	 defects,	 the	 previously	 observed	 shoot	

phenotypes	(Nakagawa	et	al.	2012)	were	not	identified.	These	phenotypes	may	not	have	

been	 seen	due	 to	differences	 in	photoperiod	used,	which	would	 require	 future	 study.	

However,	under	the	growth	conditions	utilised	in	this	work,	G4	ligands	had	an	inhibitory	

effect	 on	 root	 length	 and	 also	 affected	 root	 hair	 morphology	 (Fig	 3.3,A-F).	 It	 was	

identified	that	the	root	hairs	needed	to	be	 in	direct	contact	with	the	 ligand-containing	

media	 in	 order	 for	 the	 phenotype	 to	 be	present,	which	may	 suggest	 either	 uptake	or	
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transport	issues	for	the	G4	ligands	or	that	the	bulbous	root	hair	morphology	requires	a	

combination	of	both	a	physical	obstruction	(the	media)	and	the	presence	of	the	ligands.	

Monitoring	the	uptake	and	transport	of	these	ligands	at	the	cellular	level	in	plant	organs	

and	tissues	would	be	technically	challenging.	For	example,	the	addition	of	a	fluorescent	

dye	 to	 enable	 tracking	 could	 also	 have	 an	 impact	 on	 uptake/transport	 or	 on	 the	

interaction	with	 nucleic	 acids,	while	 isotope	 labelling	might	 not	 give	 significant	 tissue	

level	 resolution.	 It	would	also	be	 interesting	 to	utilise	G4	 ligands	with	preferences	 for	

alternative	G4	configurations	given	that	NMM	has	a	preference	to	bind	parallel	G4s;	this	

may	allow	mapping	of	the	prevalence	of	different	configurations	as	well	as	whether	they	

have	different	biological	roles.		

To	 understand	 how	 G4	 ligands	 affect	 plant	 growth	 we	 analysed	 how	 NMM	

affects	 gene	 expression.	 Analysis	 of	 the	 gene	 expression	 in	 NMM	 treated	 plants	 by	

microarray	revealed	significant	changes	in	gene	expression	which	correlated	with	other	

transcriptome	studies	in	which	Berberine	was	used	(Nakagawa	et	al.,	2012),	suggesting	

that	 the	majority	 of	 the	 changes	 are	 due	 to	 G4	 binding	 and	 not	 the	 other	 effects	 of	

NMM.	We	 identified	 from	 the	microarray	 and	 confirmed	 by	 qPCR	 that	 the	 EXT	 gene	

family	 are	 significantly	 downregulated	 by	 NMM	 (Fig	 3.5,	 A-C).	 We	 also	 utilised	 the	

mycLRX1Δ153	line	to	show	that	NMM	also	decreases	protein	levels	of	the	EXTs	(Fig	36	

D).	As	this	is	a	truncated	form	of	LRX1,	it	would	be	good	to	confirm	the	downregulation	

of	EXT	proteins	by	repeating	using	a	full-length	myc-tagged	EXT	and	preferably	other	EXT	

proteins	to	be	certain	 it	 is	not	a	single	gene	effect.	Previous	studies	have	mutated	the	

guanines	 within	 the	 sequence	 to	 stop	 G4	 formation,	 to	 ensure	 the	 effect	 seen	 on	

expression	is	G4	dependent.	However,	this	cannot	be	done	in	the	EXTs	as	if	the	guanines	
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are	 altered	 then	 this	 alters	 the	 proline	 codon,	 causing	 a	 change	 in	 protein	 sequence.	

However,	there	is	evidence	suggesting	that	altering	the	bases	in	the	loop	sequences	of	a	

G4	can	make	it	unfavourable	to	form	(Guédin	et	al.,	2008).	Therefore,	it	is	feasible	that	

we	could	alter	the	loop	sequence	of	the	EXT	G4,	which	is	the	wobble	base	of	the	proline	

codon,	 making	 the	 G4	 unfavourable	 without	 altering	 protein	 sequence.	 There	 is	 the	

potential	 that	 this	 could	 affect	 codon	 usage	 and	 translation,	 however	 the	 creation	 of	

these	EXT	mutant	 lines	would	be	beneficial	 in	determining	that	the	effects	reported	 in	

this	study	are	dependent	on	G4	formation.	

The	EXTs	are	highly	enriched	 for	PG4s	on	 the	 template	 strand	due	 to	 the	 	HYP	

repeats	and	therefore	guanine-rich	(Fig	3.4,	A-B).	It	has	been	shown	that	Arabidopsis	has	

a	significant	enrichment	for	two-quartet	PGs	within	the	template	strand	(Mullen	et	al.,	

2010,	2012).	This	has	not	been	highlighted	in	humans,	though	this	could	be	due	to	lack	

of	 investigation	as	many	believe	 two-quartet	G4s	are	not	 stable	at	body	 temperature,	

despite	studies	suggesting	they	remain	stable	at	much	higher	temperatures	(Bock	et	al.,	

1992;	Fry	and	Loeb,	1994;	Petraccone	et	al.,	2005;	Smirnov	and	Shafer,	2000).	However,	

understanding	 of	 how	 template	 strand	 G4s	 affect	 the	 EXTs	 could	 provide	 insight	 into	

their	roles	in	the	many	other	genes,	within	Arabidopsis	and	in	other	organisms.		

We	demonstrate	using	CD	spectroscopy	that	the	EXT	SP4	motif	forms	a	parallel	

G4	 in	 vitro	 (Fig	 3.4,	 D),	 which	 may	 explain	 the	 significant	 effect	 of	 NMM	 on	 their	

expression.	 Additionally,	 plants	with	mutations	 in	 the	EXT	 genes	 LRX1	 and	 LRX2	have	

bulbous	 root	 hair	 phenotypes	 similar	 to	 NMM	 treated	 plants	 although	 less	 severe	

(Baumberger	et	al.	2003)(Fig	3.6,	C+D).	The	EXT	mutants	do	not	have	significant	changes	

in	root	length,	which	along	with	the	less	severe	root	hair	phenotype,	may	potentially	be	
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due	to	the	redundancy	of	the	EXTs.	EXT	genes	are	suggested	to	be	highly	redundant	as	

despite	 the	 Arabidopsis	 genome	 encoding	 59	 EXTs,	 only	 a	mutation	 in	 EXT3	 causes	 a	

near-lethal	phenotype,	and	it	has	been	shown	the	double	or	triple	mutations	in	EXTs	are	

usually	required	for	a	phenotypic	effect	(Sede	et	al.	2018;	Zhao	et	al.	2018;	Cannon	et	al.	

2008).	However,	plants	with	the	HYP	synthesis	inhibitor,	DHP,	which	has	been	shown	to	

reduce	global	HYP-rich	glycoproteins	 (Xu	et	 al.	 2011;	X.	 Zhang	et	 al.	 2014)	had	 severe	

bulbous	 root	 hair	 morphology	 and	 decreased	 primary	 root	 length	 (Fig	 3.6,	 B+F).	

Therefore,	we	propose	that	NMM	binds	to	the	G4s	formed	in	the	SP4	motifs	to	cause	a	

downregulation	 in	 EXT	 expression.	 Loss	 of	 EXT	 expression	 causes	 cell	 wall	 defects	

causing	 the	 cell	 to	 be	 unable	 to	 extend	 and	 withstand	 turgor	 pressure,	 leading	 to	

bulbous	root	hair	and	decreased	growth.	The	severe	root	phenotypes	seen	within	NMM	

treated	 plants	 could	 cause	 a	 defective	 root	 network	 meaning	 that	 the	 plant	 cannot	

efficiently	 take	 up	 nutrients	 and	 water,	 which	 could	 cause	 the	 overall	 decrease	 in	

growth,	seen	in	NMM	treated	plants.	Further	studies	could	be	carried	out	to	understand	

whether	the	exact	cause	of	the	overall	reduction	in	growth	is	due	to	decreased	nutrient	

uptake	through	the	reduced	root	system	or	due	to	cell	wall	defects	by	analysing	the	cell	

wall	composition	in	roots	and	shoots.	

In	 the	 literature,	 the	 proposed	 function	 of	 G4s	 within	 the	 coding	 region	 of	 a	

gene,	on	the	template	strand	is	to	affect	transcription	through	inhibiting	PolII	processing	

of	 the	 gene.	 G4s	 have	 been	 shown	 to	 stall	 both	 RNA	 and	 DNA	 polymerases	 and	 can	

inhibit	 transcription	 in	 vitro	 (Han,	 Hurley	 and	 Salazar,	 1999;	 Siddiqui-Jain	et	 al.,	 2002;	

Cogoi	and	Xodo,	2006;	Dexheimer,	Sun	and	Hurley,	2006;	Chambers	et	al.,	2015;	Caliceti	

et	 al.,	 2016;	 Kwok	 et	 al.,	 2016)	 and	 interestingly	 our	 analysis	 of	 PolII	 ChiP-Chip	 data	
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(Chodavarapu	 et	 al.,	 2010)	 suggests	 EXTs	 have	 decreased	 PolII	 occupancy	 within	 the	

gene	 body	which	 also	 correlates	with	 the	 positioning	 of	 PG4s	 (Fig	 4.1,	 A).	 This	 is	 also	

supported	 by	 our	 qPCR	 data	 that	 shows	 that	 the	 3’	 region	 of	 EXT	 genes	 has	 lower	

expression	in	untreated	plants	than	the	5’	(Fig	4.1,	D).	We	propose	that	further	stalling	

of	PolII	may	be	 responsible	 for	 the	decrease	 in	EXT	expression	 found	 in	NMM	treated	

plants,	which	is	supported	by	the	3’	region	of	some	EXTs	being	more	affected	by	NMM	

than	the	5’	region.	However,	this	was	not	the	case	within	all	EXTs	(Fig	4.1,	C).		

PolII	stalling	cannot	fully	explain	the	downregulation	of	EXTs	by	NMM	treatment	

as	our	results	show	that	NMM	downregulates	the	5’	region	of	EXTs.	This	finding	led	to	

the	hypothesis	that	NMM	was	affecting	a	transcription	factor	or	the	promoter	of	EXTs	in	

addition	to	stalling	PolII.	Therefore,	we	 investigated	whether	NMM	had	a	direct	effect	

on	EXTs	using	a	translation	 inhibitor,	CHX,	to	prevent	de	novo	protein	synthesis.	NMM	

was	found	to	downregulate	EXTs	in	the	presence	of	CHX,	indicating	a	direct	interaction	

(Fig	 4.2,	 A).	 However,	 dual	 treatment	 experiments	 can	 have	 complications	 as	 it	 is	

uncertain	 how	 the	 treatments	 may	 interact	 with	 each	 other.	 Therefore,	 we	 also	

investigated	the	effect	of	NMM	in	a	plant	line	with	a	mutation	in	the	key	EXT	regulator	

RSL4	(Datta	et	al.,	2015;	Feng	et	al.,	2017;	Hwang	et	al.,	2017;	Shibata	et	al.,	2018;	Yi	et	

al.,	 2010).	 We	 found	 that	 NMM	 can	 affect	 EXT	 expression	 without	 RSL4	 (Fig	 4.2,	 B)	

suggesting	 NMM	 does	 not	 downregulate	 EXTs	 specifically	 through	 RSL4,	 though	 we	

cannot	discount	a	role	for	other	upstream	regulators.		

To	test	whether	NMM	regulates	EXTs	via	promoter	or	gene	body	effects,	we	also	

used	the	pLRX1::GUS	line	(Baumberger	et	al.,	2001).	This	reporter	lacks	any	EXT	coding	

sequence,	and	the	hypothesis	was	that	any	impact	on	GUS	expression	would,	therefore,	
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be	 more	 likely	 to	 be	 promoter	 driven.	 Indeed,	 we	 found	 that	 NMM	 did	 significantly	

downregulate	GUS	expression	suggesting	that	NMM	can	cause	downregulation	through	

the	EXT	promotor.	However,	the	validity	of	this	conclusion	was	complicated	by	the	fact	

that	on	later	analysis,	we	did	identify	that	the	GUS	gene	contains	PG4s	within	the	coding	

and	template	sequence,	which	could	also	explain	the	downregulation	by	NMM.	Further	

evidence	 is	 required	 to	 understand	 the	 role	 of	 the	 promoter	 within	 NMM	

downregulation,	which	 could	 be	 done	 using	 an	 alternative	 reporter	 gene	 to	GUS	 that	

does	not	contain	any	PG4s,	or	analysis	of	expression	using	an	alternative	promoter	that	

does	not	 contain	G4s	 to	 drive	 EXT	 expression.	Understanding	how	exactly	G4s	 affects	

EXT	 gene	 expression	 could	 allow	 us	 to	 manipulate	 this	 pathway	 not	 only	 to	 enable	

better	plant	growth,	but	this	mechanism	could	also	be	used	in	human	cells	to	regulate	

gene	 expression,	 it	 has	 just	 not	 been	 identified	 yet	 as	 two-quartet	 G4s	 are	 often	

disregarded.		

	 If	G4s	form	 in	vivo	without	the	presence	of	G4	 ligands,	 then	the	cell	 is	 likely	to	

have	a	mechanism	to	prevent	G4	formation	when	they	are	not	beneficial.	The	literature	

suggests	 that	 the	primary	 candidates	 for	G4	 regulation	are	helicases,	of	which	 several	

have	been	shown	to	bind	and	unwind	G4s,	and	affect	transcription	through	this	action	

(Davies	et	al.,	2007;	Kruisselbrink	et	al.,	2008;	Paeschke	et	al.,	2011;	Piazza	et	al.,	2015;	

Ribeyre	et	al.,	2009;	Rodriguez	et	al.,	2012b;	Singleton	et	al.,	2007;	Sun	et	al.,	1998a;	Van	

Wietmarschen	and	Lansdorp,	2016;	Wu	and	Spies,	2016;	WU,	2007).	We	identify	using	

an	 EMSA	 that	 the	 EXT	 G4	 can	 bind	 nuclear	 proteins	 (Fig	 4.3,	 A),	 though	 this	 needs	

further	 investigation	 to	demonstrate	 that	 this	 is	G4	dependent	binding.	However,	 this	

method	 in	 combination	with	mass-spectrometry	 could	 be	 used	 to	 identify	G4	 binding	
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factors,	which	could	lead	on	to	determining	whether	such	factors	regulate	G4	formation	

or	facilitate	the	role	of	the	G4	in	a	biological	process.	Additionally,	we	investigated	some	

candidate	 helicases	which	 are	 homologues	 of	 helicases	 previously	 shown	 to	 act	 upon	

G4s	in	humans	(Davies	et	al.,	2007;	Gray	et	al.,	2014a;	Johnson	et	al.,	2010b;	Liu,	2003;	

Mohaghegh	et	al.,	2001;	Popuri	et	al.,	2008;	Sun	et	al.,	1998a).	This	analysis	revealed	a	

potential	 candidate	 helicase	 in	 RecQ4a	which	was	 found	 to	 have	 shorter	 roots,	 lower	

expression	of	LRX1	in	untreated	mutant	plants	and	be	less	affected	by	NMM	(Fig	4.3,	B-

D),	 suggesting	 that	 this	 mutant	 may	 be	 defective	 in	 resolving	 G4s	 forming	 under	

physiological	 conditions.	 However,	 further	 binding	 studies	 and	 mutant	 analysis	 is	

required	 to	 confirm	 this	 finding.	 Also,	 the	 decrease	 in	 expression	 in	 untreated	 recq4a	

mutants	was	not	as	severe	as	NMM	treated	plants,	which	may	suggest	the	involvement	

of	other	helicases	or	proteins	in	regulating	the	EXTs	G4	in	vivo.	

	 Finally,	EXTs	have	been	 identified	as	being	highly	spliced,	with	EXT9	having	 the	

most	splice	 isoforms	of	any	Arabidopsis	gene	(Li	et	al.,	2016b).	 It	has	been	shown	that	

changes	in	PolII	speed	can	affect	the	detection	and	choice	of	splice	sites	within	a	gene	

(Ameur	 et	 al.,	 2011;	Girard	 et	 al.,	 2012;	 Khodor	 et	 al.,	 2011;	Oesterreich	 et	 al.,	 2010;	

Tilgner	et	al.,	2012;	Windhager	et	al.,	2012).	As	we	propose	 that	G4s	cause	 stalling	of	

PolII	 this	 led	 to	 the	 hypothesis	 that	 the	 stalling	 of	 PolII	may	 also	 be	 causative	 of	 the	

excessive	splicing	seen	within	EXTs.	RT-PCR	and	Sanger	sequencing	results	suggest	that	

LRX1	 and	 EXT9	 are	 alternatively	 spliced	 (Fig	 5.1,	 A-C).	 Primers	 spanning	 the	 5’	 LRR	

domain	and	the	3’	EXT	domain	of	LRX1,	reveal	that	the	majority	of	splicing	occurs	in	the	

G4	dense	EXT	domain,	supporting	our	hypothesis	that	G4s	promote	splicing,	potentially	

through	PolII	 splicing.	However,	 there	 is	 the	potential	 that	 the	EXT	domain	encodes	a	
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splice	 site,	 although	 no	 canonical	 splice	 site	 was	 identified.	 Additionally,	 NMM	

treatment	 of	 plants	 appears	 to	 alter	 the	 splicing	 of	 LRX1,	 decreasing	 the	 number	 of	

splice	isoforms	(Fig	5.2).	The	effect	of	NMM	on	splicing	may	potentially	be	due	to	all	of	

the	G4s	being	 stabilised	 in	NMM	 treated	plants,	whereas	 in	 untreated	plants	 the	G4s	

forming	continually	change	resulting	in	a	greater	variety	of	splice	variants.	There	is	also	

the	question	of	what	the	biological	relevance	of	different	EXT	splice	forms	might	be.	The	

EXTs	are	thought	to	crosslink	within	the	cell	wall	to	strengthen	the	structure.	Therefore,	

the	 alternative	 splicing	of	 EXTs,	 giving	 rise	 to	proteins	of	 varying	 length,	may	be	used	

within	 plants	 to	 allow	 for	 great	molecular	 diversity,	 to	 alter	 the	 properties	 of	 the	 cell	

wall.	 Analysis	 of	 transgenic	 plants	 expressing	 truncated	 LRX1	 lines,	 which	 would	 be	

similar	to	some	of	the	LRX1	splice	variants,	supports	their	 functionality	as	some	of	the	

truncated	forms	(mycLRX1ΔE14)	can	complement	the	 lrx1	mutant	to	allow	normal	root	

hair	 development	 (Fig	 5.2	 A-D)	 (Baumberger	 et	 al.,	 2001).	 In	 addition,	 G4s	 have	 only	

previously	 been	 implicated	 in	 splicing	 through	 their	 formation	 in	 RNA,	 hence	 this	

research	suggests	a	novel	function	of	G4s	in	the	template	strand	of	DNA.			However,	the	

splice	site	sequence	of	the	splice	variants	could	not	be	confirmed	as	a	canonical	splice	

site	and	there	for	it	cannot	be	ruled	out	that	these	variant	may	be	caused	by	an	artefact	

or	reverse	transcription	of	the	mRNA.		

6.2	Future	work	

6.2.1	Short	term	questions	

Are the proposed mechanisms of EXT downregulation G4 dependant? 

We	 demonstrate	 that	 both	 NMM	 and	 Berberine	 cause	 EXT	 downregulation,	

reduced	growth	and	root	hair	morphology.	Changes	in	PolII	occupancy	and	splicing	was	
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observed	 in	 untreated	 plants,	 which	 we	 hypothesise	 is	 due	 to	 G4s	 forming	

physiologically	 in	 the	absence	of	 ligands.	This	could	be	confirmed	by	designing	several	

oligos	of	the	most	common	EXT	motif	with	mutated	loop	sequences	and	analyse	them	

by	 CD	 spec	 to	 try	 and	 identify	 loop	 sequences	 that	 prevent	G4	 formation.	 Transgenic	

plant	 lines	 could	 then	be	made	using	EXT	mutant	 lines	and	 inserting	 the	mutated	EXT	

sequence	that	no	longer	forms	G4s.	These	lines	could	then	be	investigated	by	PolII-ChIP	

qPCR	and	RT-PCR	to	investigate	whether	PolII	is	stalled	and	whether	splicing	still	occurs.	

Additionally,	 PolII	 ChIP-Seq	 could	 be	 carried	 out	 on	 G4	 ligand	 treated	 plants	 to	

investigate	whether	G4	stabilisation	alters	PolII	occupancy	and	 further	understand	 the	

EXT	 downregulation	 caused	 by	 G4	 ligands.	 Finally,	 northern	 blots	 could	 be	 used	 to	

obtain	a	better	picture	of	how	much	splicing	occurs	within	the	EXTs	and	how	G4	ligands	

affect	this.	

How G4 ligands affect EXT promoters and transcription factors? 

	 The	plrx1::GUS	experiment	may	suggests	that	G4	ligands	may	downregulate	EXTs	

by	 acting	 through	 the	 promoter.	 We	 also	 find	 that	 several	 known	 EXT	 transcription	

factors	 are	 downregulated	 by	 NMM.	 Therefore,	 the	 effect	 of	 G4	 ligands	 on	 EXTs	

promoters	and	transcription	factors	should	be	further	studied.	This	could	be	done	using	

a	 different	 EXT	 promotor	 construct,	 attached	 to	 a	 gene	 without	 any	 PG4s.	 Also,	 EXT	

constructs	 could	be	made	 that	 are	 transcribed	under	 an	 alternative	promoter	 such	as	

the	CamV	35S	promoter	to	investigate	whether	NMM	can	still	downregulate	the	gene	in	

the	 absence	 of	 the	 promoter.	 Additionally,	 the	 effect	 of	 G4	 ligands	 on	 the	 EXT	

transcription	 factors	 should	be	 further	 studied	using	other	mutant	 lines	 to	 investigate	

whether	 they	 are	 required	 for	 NMM	 downregulation	 of	 EXTs.	 	 Plus,	 NMM	
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downregulation	of	other	transcription	factors	should	also	be	tested	within	these	mutant	

lines	and	bioinformatic	analysis	could	also	be	used	to	find	the	enrichment	and	location	

of	PG4s	 to	build	a	hypothesis	as	 to	how	NMM	causes	a	downregulation	 in	all	 the	EXT	

transcription	factor	tested.		

What mechanisms do Arabidopsis have to overcome G4s? 
Extensive	 studies	 have	 identified	 that	 most	 organisms	 have	 proteins	 that	

regulate	 G4	 formation,	 whether	 to	 allow	 the	 G4	 to	 perform	 a	 particular	 function	 or	

alternatively	 to	 prevent	 them	 from	 being	 problematic.	 The	most	 common	G4	 binding	

proteins	 identified	 are	 helicases.	We	 propose	 RECQ4A	 as	 a	 potential	 regulator	 of	 EXT	

G4s	based	on	our	mutant	line	analysis;	however,	the	evidence	is	quite	weak	and	further	

analysis	of	RECQ4a	could	be	carried	out	by	using	NMR	or	X-ray	crystallography	to	 find	

whether	RECQ4a	binds	to	the	EXT	motif,	additionally	RECQ4a	ChIP-qPCR	could	be	used	

to	identify	whether	there	is	an	enrichment	of	RECQ4a	and	EXT	genes.	We	identified	that	

the	EXT	motif	binds	nuclear	proteins	suggesting	that	Arabidopsis	does	have	G4	binding	

proteins.	Mass	spec	could	be	used	to	aid	the	identification	of	the	nuclear	proteins	found	

by	the	EMSA	the	allowing	binding	assays	and	ChIP	with	the	identified	protein.	

6.2.2	Long	term	questions	

Can G4s be targeted to produce crops with better yields? 

G4	 stabilising	 ligands	 cause	 a	 decrease	 in	 the	 overall	 growth	 of	 Arabidopsis,	

which	we	hypothesise	 is	due	to	EXT	downregulation.	However,	 if	 the	 limiting	 factor	of	

growth,	the	G4s,	was	removed	from	the	EXT	genes	then	this	could	potentially	 increase	

plant	growth.	Analysis	of	 the	conservation	of	EXTs,	other	HRGPs	and	PG4s	within	crop	

species	 alongside	 looking	 at	 how	 G4	 ligands	 affect	 their	 growth	 would	 provide	 an	

understanding	of	how	well	the	proposed	mechanisms	of	G4-dependant	EXT	expression	
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would	 translate	 into	 crop	 species.	 Then	 utilising	 loop	 sequences	 that	 prevent	 G4	

formation	or	potentially	using	overexpression	of	helicases	that	have	been	 identified	to	

unwind	 the	 EXT	G4s,	 the	 effect	 of	 growth	 could	be	 investigated	 in	 the	 absence	of	G4	

formation,	within	Arabidopsis	and	crop	species.	

Are the EXT G4s effected by drought and can this be utilised to make drought-resistant 

crops? 

It	 has	 been	 identified	 that	 there	 is	 an	 enrichment	 of	 G4s	 within	 drought-responsive	

genes	within	 Arabidopsis	 (Mullen	 et	 al.,	 2010,	 2012).	 The	 effect	 of	 drought	 on	G4s	 is	

particularly	 interesting	 as	 in	 drought	 conditions	 the	 cation	 concentration	 within	 cells	

increases,	 and	 as	 cations	 stabilise	 G4s,	 you	 would	 predict	 there	 to	 be	 more	 forming	

under	 these	 conditions.	 Therefore,	 you	 may	 predict	 that	 if	 increased	 cation	

concentrations	 in	 drought	 cause	 G4s	 to	 become	 stabilised	 within	 the	 EXTs,	 then	 we	

would	see	EXT	downregulation,	causing	decreased	growth.	This	could	be	investigated	by	

comparing	EXT	expression	 in	drought	conditions	 to	non-droughted	plants	and	 look	 for	

growth	difference	and	root	hair	morphology.	Then	also	compare	a	plant	with	EXTs	that	

can	no	 longer	form	G4s	(altered	 loop	sequences)	to	see	whether	the	response	seen	 in	

drought	 conditions	 is	 affected.	 This	 could	 also	 be	 investigated	 in	 crop	 species	 to	

potentially	produce	crops	with	higher	drought	resistance.	

6.3	Closing	Remarks	

Overall	 our	 research	 indicates	 a	 functional	 role	 of	 two	 tetrad	 G4s	 within	 the	

template	 strand	 of	 gene	 bodies	 and	 a	 novel	 G4-dependent	 growth	 mechanism	 in	

Arabidopsis.	The	exact	mechanism	may	be	complex	and	requires	further	study,	although	

evidence	 suggests	 that	 G4s	 may	 cause	 stalling	 of	 PolII	 to	 result	 in	 decreased	 gene	
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expression	and	alternative	splicing.	Also,	G4s	may	regulate	EXT	gene	expression	through	

a	mechanism	involving	the	promoters	of	EXTs,	which	is	 likely	to	be	through	a	separate	

action	 to	 the	 PolII	 stalling.	 The	 stabilisation	 of	 G4s	 using	 ligands	 causes	 EXT	

downregulation	through	these	two	mechanisms,	 leading	to	decreased	cell	wall	rigidity,	

causing	reduced	growth	and	bulbous	root	hairs.	

	Further	 research	 into	 this	 area	 has	 direct	 implications	 in	 creating	 pesticides,	

manipulating	these	mechanisms	to	create	crops	with	greater	growth	rates,	or	improving	

root	systems	to	allow	more	efficient	growth	as	well	as	increasing	understanding	of	G4s	

within	transcriptional	process	within	all	organisms.	
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