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With	them	the	Seed	of	Wisdom	did	I	sow,	

	And	with	my	own	hand	laboured	it	to	grow:	

And	this	was	all	the	Harvest	that	I	reap'd—	

“I	came	like	Water,	and	like	Wind	I	go.”	

	

Omar	Khayyam	(1048–1131)		

These	lines	are	taken	from	Omar	Khayyam's	Rubaiyat,	translated	into	English	by	Edward	

FitzGerald	in	the	19th	century.	

	

	

	

	

	

	

	

	

	

	

	

	



	

	 i	

Declaration	

	
Except	where	acknowledged	in	the	text,	I	declare	that	this	thesis	is	my	own	work	and	it	

is	based	on	the	research	work	that	was	undertaken	by	myself,	Ashkan	Bakhtiari,	in	the	

Gene	Regulation	&	RNA	Biology	group,	School	of	Pharmacy,	Faculty	of	Science,	University	

of	Nottingham,	UK.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

	 ii	

Abstract	

The	 Ccr4-Not	 complex,	 a	 conserved	 multi-subunit	 regulator	 of	 mRNA	 metabolism,	

transcription,	and	translation,	plays	a	pivotal	role	in	maintaining	cellular	homeostasis.	

The	work	described	in	this	thesis	investigated	the	role	of	human	CNOT3,	a	core	subunit	

of	 the	 Ccr4-Not	 complex.	 The	 protein	 contains	 two	 conserved	 domains	 linked	 by	 an	

intrinsically	 disordered	 region.	 The	N-terminal	 domain	 can	 directly	 interact	with	 the	

ribosome,	while	 the	 C-terminal	Not-Box	 region	 is	 required	 for	 incorporation	 into	 the	

Ccr4-Not	complex,	which	involves	interactions	with	the	C-terminal	domain	of	the	CNOT1	

subunit	 and	 the	 Not-Box	 region	 of	 CNOT2.	 To	 examine	 the	 structural	 and	 functional	

signiUicance	 of	 CNOT3,	 stable	 HEK293	 cell	 lines	 with	 inducible	 expression	 of	 siRNA-

resistant	CNOT3	variants	were	generated.	These	cell	lines	allowed	dissection	of	CNOT3’s	

role	in	cell	proliferation	by	siRNA-mediated	knockdown	of	endogenous	CNOT3	combined	

with	 overexpression	 of	 siRNA-resistant	 CNOT3	 variants.	 Western	 blot	 analyses	

conUirmed	 that	 the	 CNOT3	 variants	 studied	 were	 expressed	 at	 comparable	 levels,	

validating	the	functionality	of	the	experimental	system. 
The	use	of	AlamarBlue	and	crystal	violet	cell	viability	assays	revealed	that	deletion	of	the	

N-terminal	and	C-terminal	domains	of	CNOT3	failed	to	rescue	cell	proliferation	following	

siRNA	knockdown	of	endogenous	CNOT3,	highlighting	their	essential	roles	 in	efUicient	

cell	 proliferation	 in	 the	 HEK293	 cell	 model.	 Furthermore,	 co-immunoprecipitation	
experiments	revealed	 that	 the	C-terminal	domain	 is	essential	 for	 the	 incorporation	of	

CNOT3	into	the	Ccr4-Not	complex,	whereas	the	N-terminal	domain	is	not	required	for	

this	interaction.	These	Uindings	demonstrate	the	importance	of	the	structural	integrity	of	

CNOT3	in	promoting	cellular	growth	and	maintaining	its	incorporation	into	the	complex.	

Mutations	 in	CNOT3,	particularly	within	 its	N-terminal	domain,	 have	been	associated	

with	T-cell	acute	 lymphoblastic	 leukaemia	(T-ALL)	and	neurodevelopmental	disorders	

(NDDs).	 This	 research	 integrates	 computational	 tools,	 such	 as	 SIFT,	 PolyPhen-2,	

PROVEAN,	and	AlphaMissense,	with	experimental	validation	to	evaluate	the	 impact	of	

missense	 mutations.	 While	 these	 mutations	 preserved	 the	 fundamental	 interactions	

within	 the	 Ccr4-Not	 complex,	 they	 appear	 to	 modulate	 its	 function	 through	 subtle	

mechanisms.	 SpeciUically,	 given	 the	 established	 role	 of	 the	 N-terminal	 domain	 in	

ribosome	 binding,	 these	 mutations	 may	 inUluence	 both	 regulatory	 pathways	 and	

translational	efUiciency.	

In	 addition,	 mutations	 in	 CNOT2	 were	 investigated,	 demonstrating	 that	 truncating	

mutations	result	in	haploinsufUiciency	by	disrupting	its	incorporation	into	the	Ccr4-Not	
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complex,	as	shown	through	co-immunoprecipitation	experiments	using	plasmid-based	

expression	systems.	In	contrast,	the	missense	mutation	does	not	affect	core	interactions	

but	may	have	subtler	functional	consequences	that	require	further	study.	These	Uindings	

contribute	 to	 understanding	 how	 mutations	 in	 CNOT3	 and	 CNOT2	 inUluence	 the	

structural	and	functional	integrity	of	the	Ccr4-Not	complex.	By	providing	a	foundation	

for	future	investigations	into	their	broader	biological	and	pathological	signiUicance,	this	

work	 emphasises	 the	 need	 for	 detailed	 functional	 studies	 to	 elucidate	 the	 precise	

mechanisms	underlying	these	mutations’	contributions	to	disease.	
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1.1	Eukaryotic	gene	regulation	

Just	as	civil	society	requires	checks	and	balances	to	regulate	freedom	of	expression,	cells	

have	developed	various	mechanisms	to	control	the	expression	of	their	constituent	genes.	

Regulation	of	gene	regulation,	includes	a	wide	range	of	mechanisms	that	are	used	by	cells	

to	increase	or	decrease	the	production	of	speciUic	gene	products	(protein	or	RNA)	(Lee	

and	 Young	 2013).	 Sophisticated	 programs	 of	gene	 expression	are	 widely	 observed	 in	

biology,	for	example	to	trigger	developmental	pathways	(Pollex	et	al.	2024),	respond	to	

environmental	stimuli	(Penner-Goeke	and	Binder	2024;	Rahman	and	McGowan	2022),	

or	adapt	to	new	food	sources	(Dwaraka	et	al.	2024).  

In	eukaryotic	cells,	the	regulation	of	gene	expression	is	a	highly	complex	process	that	can	

occur	 at	 multiple	 levels.	 Unlike	 prokaryotic	 genes,	 which	 are	 often	 organised	 into	

operons	 and	 regulated	 collectively,	 eukaryotic	 genes	 are	 regulated	 individually.	

Additionally,	eukaryotic	cells	possess	a	signiUicantly	larger	number	of	genes	compared	to	

prokaryotic	cells,	necessitating	more	intricate	regulatory	mechanisms	(Remenyi,	Scholer,	

and	 Wilmanns	 2004).	 Gene	 expression	 can	 be	 modulated	 at	 any	 stage	 during	 the	

processes	of	transcription	of	DNA	into	mRNA	and	the	subsequent	translation	of	mRNA	

into	protein	(Dahan,	Gingold,	and	Pilpel	2011).	For	clarity	and	simplicity,	the	regulation	

of	 gene	 expression	 is	 typically	 categorised	 into	 three	 distinct	 levels:	 epigenetic	 and	

transcriptional,	post-transcriptional,	translational,	and	post-translational	(Figure	1.1).	

	

	

	

	

	

	

	

	

	

	

	

	

	

https://en.wikipedia.org/wiki/Gene_product
https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/RNA
https://en.wikipedia.org/wiki/Gene_expression
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Figure	1.1	Overview	of	gene	regulation	in	eukaryotes.		

In eukaryo+c cells, gene expression is regulated on three different levels: Epigene+c and 
transcrip+onal, post-transcrip+onal, transla+onal and post-transla+onal. 
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1.2	Epigenetic	regulation	

Epigenetics,	derived	from	the	Greek	preUix	"epi,"	meaning	"above"	or	"on	top	of,"	refers	to	

changes	 in	 gene	expression	or	phenotype	 that	occur	 through	mechanisms	other	 than	

alterations	in	the	underlying	DNA	sequence	(Stephens	et	al.	2013;	Berger	et	al.	2009).	

Epigenetics	adds	an	additional	layer	of	regulatory	control	over	gene	expression,	enabling	

organisms	to	adapt	to	environmental	changes.	Epigenetic	mechanisms	have	the	ability	to	

modify	chromatin	structure	and	nuclear	organisation.	These	changes,	either	individually	

or	in	combination,	signiUicantly	impact	gene	expression,	leading	to	long-lasting	molecular	

and	functional	effects	(Stephens	et	al.	2013).	

1.3	Transcription	

	1.3.1	Transcription	initiation	

Transcription,	 the	 process	 by	 which	 DNA	 is	 transcribed	 into	 RNA,	 and	 nuclear	 RNA	

processing,	 which	 transforms	 the	 precursor	 mRNA	 (pre-mRNA)	 into	 a	 mature	 RNA	

molecule,	 are	 intertwined	 and	 mutually	 dependent	 processes	 (Persson	 and	 Mueller	

2015).		

Transcription	initiation	begins	with	the	formation	of	the	pre-initiation	complex	(PIC)	at	

the	core	promoter,	a	minimal	region	close	to	the	transcription	start	site	(TSS)(Thomas	

and	Chiang	2006).	The	process	of	transcription	initiation	begins	with	the	binding	of	TBP	

to	the	TATA	box,	which	induces	a	sharp	90°	bend	in	the	DNA,	facilitating	the	recruitment	

of	additional	general	transcription	factors	(GTFs)(Kim	et	al.	1993).	However,	It	 is	now	

well	 established	 that	 many	 eukaryotic	 promoters,	 particularly	 in	metazoans,	 do	 not	

contain	consensus	or	even	non-consensus	TATA	boxes.	These	TATA-less	promoters	can	

still	initiate	transcription	either	from	a	single	deUined	nucleotide	or	from	multiple	closely	

spaced	 start	 sites.	 In	 such	 cases,	 transcription	 initiation	 is	 typically	 directed	 by	

alternative	 core	 promoter	 elements,	 most	 notably	 the	initiator	 (Inr)	 element,	 which	

overlaps	the	transcription	start	site	and	can	function	independently	of	a	TATA	box.	The	

Inr	is	sufUicient	to	support	accurate	transcription	initiation	by	RNA	polymerase	II	and	is	

functionally	 analogous	 to	 the	 TATA	 box	 in	 many	 respects.	 Additionally,	 other	 core	

promoter	elements	such	as	the	downstream	promoter	element	(DPE)	can	cooperate	with	

the	Inr	to	enhance	transcription,	particularly	in	TATA-less	contexts.	Therefore,	while	the	

TATA	box	plays	a	well-characterised	role	in	recruiting	the	transcriptional	machinery,	its	

absence	does	not	preclude	precise	and	efUicient	transcription	initiation	(Smale	1997).	
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Following	the	establishment	of	the	PIC,	DNA	unwinding	is	mediated	by	the	translocase	

activity	of	Transcription	Factor	IIH	(TFIIH)	(Fishburn	et	al.	2015).	After	DNA	unwinding,	

the	 process	 transitions	 to	 promoter	 clearance	 or	 promoter	 escape.	 In	 this	 step,	 RNA	

polymerase	II	(RNAPII),	a	multi-subunit	enzyme	central	to	eukaryotic	transcription	and	

responsible	for	synthesising	precursor	messenger	RNA	(pre-mRNA)	from	protein-coding	

genes,	 synthesises	 10–16	 nucleotides	 before	 disengaging	 from	 the	 initiation	 complex	

into	elongation.	The	GTFs	remain	at	 the	promoter,	acting	as	a	scaffold	 for	subsequent	

rounds	of	transcription	(Sharma	et	al.	2024).		

1.3.2	Transcription	elongation	

Once	 RNAPII	 is	 engaged,	 it	 moves	 along	 the	 template	 strand	 of	 DNA	 towards	 the	

transcription	 start	 site,	 reading	 the	 template	 DNA	 strand	 in	 a	 3’	 to	 5’	 direction	 and	

synthesising	a	complementary	pre-mRNA	transcript	 in	the	5’	to	3’	direction.	However,	

elongation	is	a	highly	regulated	and	dynamic	process	rather	than	a	continuous	one.	Early	

in	elongation,	RNAPII	often	pauses	near	the	promoter-proximal	region,	a	step	that	allows	

additional	regulatory	inputs	to	Uine-tune	transcription	and	facilitates	the	recruitment	of	

essential	 RNA	 processing	 factors	 such	 as	 those	 involved	 in	 capping,	 splicing,	 and	

polyadenylation	(Jonkers	and	Lis	2015).	This	regulatory	checkpoint	is	mediated	by	the	

Negative	Elongation	Factor	(NELF)	and	DRB	Sensitivity-Inducing	Factor	(DSIF),	which	

bind	to	RNAPII	and	stabilise	its	paused	state	(Kwak	and	Lis	2013).	

The	release	of	RNAPII	from	this	paused	state	is	orchestrated	by	the	Positive	Transcription	

Elongation	Factor	b	(P-TEFb),	a	critical	regulator	of	elongation.	P-TEFb	phosphorylates	

the	 serine	 2	 (Ser2)	 residues	 on	 the	 C-terminal	 domain	 (CTD)	 of	 RNAPII,	 as	 well	 as	

components	 of	 NELF	 and	 DSIF.	 This	 phosphorylation	 converts	 DSIF	 into	 a	 positive	

elongation	factor	and	results	in	the	eviction	of	NELF,	allowing	RNAPII	to	transition	into	

productive	elongation	(Taube	et	al.	2002).	 Importantly,	Ser2	phosphorylation	not	only	

releases	RNAPII	from	the	pause	but	also	facilitates	the	recruitment	of	co-transcriptional	

RNA	 processing	 factors,	 including	 splicing	 machinery,	 capping	 enzymes,	 and	

polyadenylation	 complexes	 (Jonkers	 and	 Lis	 2015;	 Taube	 et	 al.	 2002).	 This	 coupling	

ensures	that	RNA	synthesis	and	RNA	processing	occur	simultaneously,	streamlining	the	

maturation	of	nascent	RNA	(Jonkers	and	Lis	2015;	Taube	et	al.	2002).	
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1.3.3	Transcription	termination		

Transcription	 termination	 is	a	 critical	phase	 in	 the	gene	expression	process,	ensuring	

that	 RNA	 synthesis	 concludes	 precisely	 and	 effectively.	 This	 stage	 involves	 the	

disassembly	 of	 the	 transcription	 machinery,	 the	 release	 of	 RNAPII	 from	 the	 DNA	

template,	and	the	detachment	of	the	newly	synthesised	RNA	transcript	(Eaton	and	West	

2020;	 Proudfoot	 2011).	 The	 mechanism	 of	 transcription	 termination	 is	 still	 unclear,	

typically	explained	by	two	models:	the	allosteric	model	and	the	torpedo	model	(Connelly	

and	Manley	1988;	Sharma	et	al.	2024).	

The	torpedo	model	provides	one	explanation	for	transcription	termination.	After	RNAPII	

synthesises	the	nascent	RNA,	cleavage	occurs	at	the	polyadenylation	site,	facilitated	by	

the	 cleavage	 and	 polyadenylation	 complex.	 Following	 cleavage,	 the	 5′-3′	 exonuclease	

XRN2	(Rat1	in	yeast)	rapidly	degrades	the	downstream	RNA	fragment,	chasing	RNAPII	

and	destabilising	the	elongation	complex.	This	process	ultimately	results	in	the	release	

of	RNAPII	from	the	DNA,	terminating	transcription.	The	torpedo	mechanism	emphasises	

the	role	of	RNA	degradation	in	physically	dislodging	RNAPII	from	the	template	(Connelly	

and	Manley	1988).	

The	allosteric	model	offers	an	alternative	perspective.	Here,	the	binding	of	termination	

factors	to	the	polyadenylation	signal	 induces	a	conformational	change	in	RNAPII.	This	

structural	 shift	 reduces	 its	 processivity,	 causing	 RNAPII	 to	 pause	 and	 eventually	

dissociate	from	the	DNA	(Logan	et	al.	1987).	Concurrently,	the	loss	of	elongation	factors	

or	the	recruitment	of	termination-speciUic	proteins	further	destabilises	the	transcription	

complex,	 facilitating	 termination.	 This	 model	 highlights	 the	 importance	 of	 molecular	

signalling	and	protein	dynamics	 in	orchestrating	 the	 Uinal	steps	of	 transcription	(Ahn,	

Kim,	and	Buratowski	2004).	

Termination	 is	 intricately	 coupled	 with	 RNA	 processing,	 ensuring	 that	 the	 nascent	

transcript	undergoes	modiUications	such	as	5′	capping,	splicing,	and	3′	polyadenylation.	

The	 carboxy-terminal	domain	 (CTD)	of	RNAPII	 serves	as	a	 scaffold	 for	 the	 sequential	

recruitment	of	RNA	processing	factors	(Ahn,	Kim,	and	Buratowski	2004).			

1.4	Post-transcriptional	regulation	

The	process	of	nuclear	RNA	processing	is	fundamental	to	the	conversion	of	the	primary	

RNA	transcript,	also	known	as	pre-mRNA,	into	a	fully	functional,	mature	mRNA	that	is	

capable	of	guiding	protein	synthesis	(Han	et	al.	2011).	Pre-mRNA	undergoes	a	series	of	

modiUications	that	transform	it	from	an	unstable,	nascent	molecule	into	a	mature	mRNA	



																																																																																																																								Chapter	1.	Introduction	

	

	 7	

capable	 of	 navigating	 the	 complex	 intracellular	 environment	 and	 facilitating	 accurate	

translation	 (Darnell	 1978).	 These	 modiUications—5′	 capping,	 splicing,	 and	 3′	

polyadenylation—are	 tightly	 coordinated	 and	 integrated	 with	 transcription	 itself,	

illustrating	the	remarkable	efUiciency	and	complexity	of	eukaryotic	gene	regulation.	

1.4.1	mRNA	Capping	

One	of	the	earliest	modiUications	to	the	pre-mRNA	is	the	addition	of	a	7-methylguanosine	

cap	to	its	5′	end.	This	process	begins	almost	immediately	after	transcription	initiation	

when	the	nascent	RNA	transcript	is	just	20–30	nucleotides	in	length	(Ramanathan,	Robb,	

and	 Chan	 2016).	 The	 capping	 reaction	 is	 catalysed	 by	 a	 series	 of	 enzymatic	 steps	

involving	 RNA	 triphosphatase,	 guanylyltransferase,	 N7-methyltransferase	 and	 Cap1	

methyltransferase	enzymes.	These	enzymes	sequentially	remove	the	terminal	phosphate	

group	 from	 the	 5′	 triphosphates	 of	 the	 RNA,	 attach	 a	 guanosine	 residue	 via	 a	 5′-5′	

triphosphate	 linkage,	 and	methylate	 the	 guanosine	 at	 the	N7	 position	 to	 produce	 the	

mature	cap	structure	(Shatkin	1976). The	5'	cap	on	mRNA	acting	like	a	shield,	protecting	

the	mRNA	from	being	chopped	up	by	enzymes	that	normally	destroy	unprotected	RNA	

ends	(Ghosh	and	Lima	2010;	Liu	and	Kiledjian	2006). 

1.4.2	mRNA	Splicing	

Splicing	 is	 another	 of	 the	 most	 complex	 and	 dynamic	 aspects	 of	 RNA	 processing,	

responsible	 for	 removing	 non-coding	 introns	 and	 ligating	 coding	 exons	 to	 generate	 a	

continuous	open	reading	frame	(ORF).	This	process	is	carried	out	by	the	spliceosome,	a	

massive	and	highly	dynamic	ribonucleoprotein	complex	composed	of	small	nuclear	RNAs	

(snRNAs)	 and	 associated	 proteins,	 collectively	 referred	 to	 as	 a	 small	 nuclear	

ribonucleoprotein	(snRNPs)	(Abelson	2008).	

1.4.3	mRNA	Polyadenylation	

Polyadenylation	 is	a	 fundamental	post-transcriptional	modiUication	 in	eukaryotic	gene	

expression,	involving	the	addition	of	a	poly(A)	tail	to	the	3'	end	of	precursor	messenger	

RNA	(pre-mRNA).	This	modiUication	 is	 crucial	 for	mRNA	stability,	nuclear	export,	 and	

translational	efUiciency.	The	process	of	polyadenylation	can	be	broadly	categorised	into	

nuclear	 and	 cytoplasmic	 phases,	 each	with	 distinct	mechanisms	 and	 regulatory	 roles	

(Colgan	and	Manley	1997)	.	
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In	the	nucleus,	polyadenylation	occurs	co-transcriptionally	and	is	tightly	coupled	with	

transcription	termination.	The	process	is	initiated	by	the	recognition	of	speciUic	sequence	

elements	within	the	pre-mRNA,	notably	the	highly	conserved	hexamer	AAUAAA,	located	

upstream	of	the	cleavage	site,	and	a	downstream	GU-rich	sequence.	Following	cleavage,	

poly(A)	polymerase	(PAP)	adds	a	poly(A)	tail,	 typically	consisting	of	200-250	adenine	

residues,	 to	 the	 newly	 formed	 3'	 end	 (Colgan	 and	 Manley	 1997).		 However,	mRNAs	
encoding	histone	proteins	 lack	 a	poly(A)	 tail	 and	 instead	 contain	 a	 unique	 stem-loop	

structure	at	their	3′	end	(Marzluff,	Wagner,	and	Duronio	2008).	

1.4.4	mRNA	nuclear	export	

After	polyadenylation,	which	marks	the	Uinal	step	in	pre-mRNA	processing	by	adding	a	

poly(A)	tail	to	the	transcript's	3′	end,	the	mRNA	becomes	primed	for	nuclear	export.	This	

transition	 involves	 the	 recruitment	 of	 nuclear	 export	 machinery,	 ensuring	 that	 only	

properly	processed	and	mature	mRNAs	are	transported	out	of	the	nucleus.	The	poly(A)	

tail,	along	with	other	processing	marks	such	as	the	5′	cap	and	splicing-dependent	exon	

junction	complexes	(EJCs),	signals	that	the	mRNA	is	export-ready	(Palazzo,	Qiu,	and	Kang	

2024).	These	processing	marks	attract	export	adaptors	like	the	TREX	complex	and	Yra1,	

which	facilitate	the	assembly	of	export-competent	messenger	ribonucleoprotein	(mRNP)	

complexes	(Stewart	2010).	Once	assembled,	these	complexes	interact	with	nuclear	pore	

complexes	 (NPCs)	 to	 ensure	 selective	 and	 efUicient	 export	 to	 the	 cytoplasm,	 while	

defective	or	misprocessed	transcripts	are	retained	and	degraded	within	the	nucleus	to	

maintain	gene	expression	Uidelity	(Stewart	2010).		

	

1.5	Translation	

1.5.1	Eukaryotic	Ribosome	

The	human	80S	ribosome,	a	molecular	machine	essential	for	protein	synthesis,	consists	

of	 two	 subunits:	 the	40S	 small	 subunit	and	 the	60S	 large	 subunit.	 The	 40S	 subunit	 is	

composed	 of	 18S	 ribosomal	 RNA	 (rRNA)	 and	 33	 ribosomal	 proteins	 (RPs),	 and	 its	

primary	role	is	to	bind,	unwind,	and	scan	messenger	RNAs	(mRNAs)	during	translation.	

Meanwhile,	the	60S	subunit,	which	contains	5S,	5.8S,	and	28S	rRNAs	along	with	47	RPs,	

is	responsible	for	catalysing	peptide	bond	formation	and	ensuring	the	quality	control	of	

nascent	 peptide	 chains.	 Together,	 these	 subunits	 form	 a	 highly	 efUicient	 system	 for	
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decoding	genetic	information	into	functional	proteins	(Pelletier,	Thomas,	and	Volarevic	

2018).	

Ribosome	 biogenesis	 primarily	 occurs	 in	 the	nucleolus,	 a	 specialised	 subnuclear	

structure	 that	 forms	around	regions	of	 ribosomal	DNA	(rDNA).	These	regions,	known	

as	nucleolar	organizer	regions	(NORs),	harbour	hundreds	of	 tandemly	arranged	rDNA	

gene	 repeats	 on	 the	 short	 arms	 of	 Uive	 acrocentric	 chromosomes.	 These	 genes	 are	

transcribed	to	produce	a	47S	precursor	rRNA	(pre-rRNA),	which	contains	the	sequences	

for	18S,	5.8S,	and	28S	rRNAs.	The	transcription	of	the	47S	pre-rRNA	by	RNA	Polymerase	

I	is	accompanied	by	its	co-transcriptional	assembly	into	a	90S	processome,	a	precursor	

to	the	mature	ribosome.	This	complex	involves	the	association	of	rRNA	with	ribosomal	

proteins,	5S	rRNA	(transcribed	separately	by	RNA	Polymerase	III),	and	numerous	small	

nucleolar	 RNAs	 (snoRNAs),	 enzymes,	 and	 assembly	 factors.	 These	 components	 work	

together	 to	 process	 and	 chemically	 modify	 the	 rRNA,	 ensuring	 proper	 folding	 and	

functional	maturation	(Pelletier,	Thomas,	and	Volarevic	2018).	

The	assembly	process	of	ribosomal	subunits	is	a	multistep	mechanism.	During	the	early	

steps,	dynamic	interactions	between	the	rRNA	and	ribosomal	proteins	occur,	forming	key	

functional	sites	such	as	the	mRNA	entry	and	exit	channels.	In	the	40S	subunit,	proteins	

like	rpS26e	and	rpS15e	play	crucial	roles	in	stabilising	mRNA	binding	and	maintaining	

the	 decoding	 site's	 Uidelity.	 These	 ribosomal	 proteins	 interact	 with	 speciUic	 mRNA	

regions,	 ensuring	 that	 the	 codon-anticodon	 pairing	 occurs	 accurately	 and	 efUiciently	

during	translation	(Graifer	and	Karpova	2012).	

The	ribosome's	architecture	is	highly	adapted	to	its	translational	role.	The	small	subunit	

(40S)	contains	the	decoding	centre	(Figure	1.2),	which	interacts	with	mRNA	and	tRNA	

and	includes	three	key	binding	sites	for	tRNA:	the	aminoacyl	(A),	peptidyl	(P),	and	exit	

sites	(E).	The	A	site	accommodates	incoming	aminoacyl-tRNA,	the	P	site	holds	the	tRNA	

carrying	the	growing	peptide	chain,	and	the	E	site	is	where	the	uncharged	tRNA	exits	the	

ribosome.	The	large	subunit	(60S)	contains	the	peptidyl	transferase	centre	(PTC),	which	

catalyses	peptide	bond	formation.	These	sites	are	arranged	to	facilitate	the	sequential	

binding	 and	movement	 of	 tRNA	molecules,	 guided	by	 the	 ribosome's	 thermal	 ratchet	

mechanism.	 This	 mechanism	 rectiUies	 random	 thermal	 motions	 into	 unidirectional	

translocation	of	tRNA	and	mRNA	during	elongation	(Graifer	and	Karpova	2012).	

Once	assembled	into	pre-40S	and	pre-60S	subunits,	these	immature	ribosomal	particles	

are	exported	to	the	cytoplasm,	where	additional	modiUications	and	assembly	steps	occur,	
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rendering	 the	 ribosome	 competent	 for	 translation	 (Pelletier,	 Thomas,	 and	 Volarevic	

2018).	The	involvement	of	speciUic	export	factors,	like	Ccrm1	and	Nmd3,	facilitates	this	

process.	Furthermore,	cytoplasmic	maturation	steps	involve	the	proofreading	and	Uinal	

incorporation	of	late-binding	ribosomal	proteins,	ensuring	the	production	of	functional	

ribosomes	(Spirin	2002)..	

	

	
Figure	1.2	Structure	of	the	Ribosome.		

Schema+c representa+on of the ribosome and its func+onal sites during transla+on. The 
ribosome consists of two subunits: the large subunit in pink and the small subunit in purple. 
The large subunit contains three tRNA docking sites: the A (aminoacyl) site, which 
accommodates incoming aminoacyl-tRNA; the P (pep+dyl) site, which holds the tRNA 
aJached to the growing pep+de chain; and the E (exit) site, where uncharged tRNA exits the 
ribosome. The small subunit contains the mRNA binding site, which interacts with the mRNA 
strand to guide transla+on. Together, these subunits coordinate the sequen+al binding and 
movement of tRNA and mRNA to facilitate protein synthesis. The figure was created using 
Biorender.com. 
 
	

1.5.2	Translation	initiation	

Translation	 is	 the	 cellular	 process	 by	 which	 messenger	 RNA	 (mRNA)	 is	 decoded	 to	

synthesise	 proteins,	 following	 the	 genetic	 instructions	 encoded	 in	 DNA.	 This	 process	

occurs	 in	 the	 cytoplasm	and	 involves	 three	primary	stages:	 initiation,	 elongation,	 and	

termination	(Sonenberg	and	Hinnebusch	2009).	
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During	initiation,	the	small	ribosomal	subunit	binds	to	initiation	factors	and	the	initiator	

tRNA	is	charged	with	methionine	(Met-tRNAi).	This	complex	recognises	the	5'	cap	of	the	

mRNA	 and	 scans	 in	 the	 5'	 to	 3'	 direction	 to	 locate	 the	 start	 codon	 (Sonenberg	 and	

Hinnebusch	2009).	Upon	Uinding	AUG	start	codon,	typically	embedded	within	the	Kozak	

consensus	 sequence	 (Kozak	 1989),	 the	 initiator	 tRNA	 pairs	 with	 it,	 establishing	 the	

reading	 frame	 for	 translation.	 Subsequently,	 the	 large	 ribosomal	 subunit	 joins	 the	

complex,	forming	a	complete	ribosome	ready	for	elongation.	This	assembly	positions	the	

initiator	tRNA	in	the	P	site	of	the	ribosome	(Sonenberg	and	Hinnebusch	2009;	Jackson,	

Hellen,	and	Pestova	2010)		(Figure	1.3).	

1.5.3	Translation	elongation	

Elongation	involves	the	sequential	addition	of	amino	acids	to	the	growing	polypeptide	

chain.	 Aminoacyl-tRNA,	 carrying	 the	 appropriate	 amino	 acid,	 enters	 the	 A	 site	 of	 the	

ribosome	and	pairs	with	 the	 corresponding	mRNA	codon	 through	Watson-Crick	base	

pairing	between	the	codon	on	the	mRNA	and	the	anticodon	on	the	tRNA.	The	ribosome	

catalyses	the	formation	of	a	peptide	bond	between	the	amino	acid	in	the	A	site	and	the	

growing	 polypeptide	 chain	 attached	 to	 the	 tRNA	 in	 the	 P	 site	 through	 the	 enzymatic	

activity	of	the	peptidyl	transferase	centre,	which	is	part	of	the	ribosome’s	large	subunit	

(Polacek	 and	Mankin	 2005).	 The	 ribosome	 then	moves	 one	 codon	 forward	 along	 the	

mRNA,	translocating	the	tRNA	with	the	growing	polypeptide	to	the	P	site,	vacating	the	A	

site	 for	 the	next	aminoacyl-tRNA,	and	moving	 the	uncharged	 tRNA	to	 the	E	site,	 from	

which	it	exits	the	ribosome.	This	cycle	repeats,	elongating	the	polypeptide	chain	until	a	

stop	 codon	 is	 encountered	 (Sonenberg	 and	 Hinnebusch	 2009;	 Jackson,	 Hellen,	 and	

Pestova	2010)	(Figure	1.3).		

1.5.4	Translation	termination	

Termination	concludes	translation	when	the	ribosome	encounters	a	stop	codon	(UAA,	

UAG,	or	UGA)	on	the	mRNA.	Release	factors	recognise	the	stop	codon	and	bind	to	the	A	

site,	 prompting	 the	 release	of	 the	polypeptide	 chain	 from	 the	 tRNA	 in	 the	P	 site.	The	

ribosomal	subunits,	mRNA,	and	remaining	tRNA	then	dissociate,	making	the	components	

available	 for	 future	 rounds	 of	 translation	 (Sonenberg	 and	Hinnebusch	2009;	 Jackson,	

Hellen,	and	Pestova	2010)	(Figure	1.3).	
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																			Figure	1.3	Overview	of	Eukaryotic	Translation	Process.	

The figure outlines eukaryo+c transla+on, star+ng with mRNA export from the 
nucleus.	Ini+a+on	involves eIFs binding the 5ʹ cap and assembling the ribosome. 
During	elonga+on, tRNAs add amino acids as the ribosome moves along the 
mRNA.	Termina+on	occurs at stop codons, releasing the completed protein (Jia et al. 2024).  
	

	

	

1.6	Translation	regulation	

Translational	 regulation	 is	 a	 fundamental	 aspect	of	 gene	expression	control,	 ensuring	

that	proteins	are	synthesised	at	the	right	time,	place,	and	quantity	within	a	cell.	During	
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translation	 initiation,	 the	 assembly	 of	 the	 ribosome	 on	 mRNA	 is	 a	 highly	 regulated	

process.	 Eukaryotic	 initiation	 factors	 (eIFs)	 play	 crucial	 roles	 in	 this	 assembly.	 For	

instance,	eIF2,	in	its	GTP-bound	form,	escorts	the	initiator	methionyl-tRNA	to	the	small	

ribosomal	subunit.	Phosphorylation	of	the	eIF2	alpha	subunit	can	inhibit	this	process,	

leading	to	a	decrease	in	global	protein	synthesis,	which	is	a	common	cellular	response	to	

stress	condition,	 such	as	 innate	 immune	response	 to	viral	 infections	 (Kashiwagi	et	al.	

2016).		

The	structure	of	the	mRNA	itself	also	inUluences	translation.	Secondary	structures	in	the	

5'	untranslated	region	(UTR)	can	impede	the	scanning	process	of	the	ribosome,	thereby	

affecting	initiation	efUiciency.	For	example,	the	iron-responsive	element	is	a	small	stem-

loop	structure	found	in	the	5'	UTR	of	mRNAs	involved	in	iron	metabolism.	In	low	iron	

conditions,	iron	regulatory	proteins	(IRPs)	bind	to	the	iron-responsive	elements	(IREs),	

physically	blocking	 the	 ribosome	 from	accessing	 the	mRNA	and	 initiating	 translation.	

This	prevents	the	production	of	proteins	involved	in	iron	storage	and	uptake	when	iron	

levels	are	already	low	(Leppek,	Das,	and	Barna	2018).	

Moreover,	 microRNAs	 (miRNAs)	 are	 small	 non-coding	 RNAs,	 approximately	 22	

nucleotides	in	 length,	that	play	a	crucial	role	 in	translational	repression.	They	achieve	

this	by	binding	to	complementary	sequences	within	the	3'	UTRs	of	target	mRNAs,	leading	

to	translational	repression	or	mRNA	degradation,	thereby	Uine-tuning	protein	synthesis	

(Sonenberg	and	Hinnebusch	2009).	

The	 length	of	 the	poly(A)	 tail	 at	 the	3'	 end	of	mRNA	has	a	 complex	 relationship	with		

stability	 and	 translational	 efUiciency.	While	Cytoplasmic	polyadenylation,	 regulated	by	

elements	in	the	3'	UTR	and	associated	binding	proteins,	can	activate	the	translation	of	

speciUic	mRNAs	 during	 developmental	 processes	 such	 as	 oocyte	maturation	 (Villalba,	

Coll,	 and	Gebauer	2011),	 recent	 Uindings	 challenge	 the	notion	 that	 longer	poly(A)	 tail	

universally	correlate	with	increased	mRNA	stability	or	translational	efUiciency	(Passmore	

and	Coller	2022).		

Passmore	 et	 al	 highlighted	 that	 highly	 translated,	 stable	mRNAs	 often	 have	 relatively	

short	poly	(A)	tails	(30	adenosines),	suggesting	that	the	relationship	between	poly(A)	tail	

length	and	mRNA	metabolism	is	not	straightforward	but	inUluenced	by	transcript-speciUic	

factors	and	cellular	context.	Moreover,	Poly(A)-binding	protein	(PABP)	is	a	vital	protein	

that	 plays	 a	multifaceted	 role	 in	 the	 regulation	 of	 eukaryotic	 translation.	 Its	 primary	

function	arises	from	its	interaction	with	the	poly(A)	tail.	This	interaction,	in	conjunction	
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with	 PABPA's	 associations	 with	 other	 translation	 factors,	 signiUicantly	 inUluences	 the	

efUiciency	and	control	of	protein	synthesis	 (Gorgoni	and	Gray	2004;	Vicens,	Kieft,	and	

Rissland	2018).	

For	more	than	20	years,	it	was	believed	that	various	codons	were	translated	at	varying	

speeds.	However,	a	radio-labelled	amino	acid	incorporation	assay	demonstrated	that	the	

identity	of	 the	codon	could	 inUluence	 the	 rate	of	 translation	elongation	 (Akashi	1994;	

Gingold	and	Pilpel	2011;	Sorensen	and	Pedersen	1991).	The	relationship	between	codon	

usage	and	translation	is	a	Uinely	tuned	system	that	reUlects	the	evolutionary	optimisation	

of	 gene	 expression	 processes.	 Codon	 usage	 bias,	 or	 the	 preferential	 use	 of	 speciUic	

synonymous	 codons,	 is	 a	 feature	 observed	 in	 all	 genomes	 and	 signiUicantly	 affects	

translation	 efUiciency,	 accuracy,	 and	 protein	 folding	 (Yu	 et	 al.	 2015).	 This	 bias	 arises	

primarily	from	selection	pressures	for	efUicient	and	accurate	protein	synthesis	and	from	

co-evolution	with	tRNA	availability	(Yu	et	al.	2015).		

During	translation,	each	codon	in	an	mRNA	sequence	corresponds	to	a	speciUic	amino	

acid,	which	is	added	to	the	growing	polypeptide	chain	by	the	ribosome.	However,	not	all	

synonymous	 codons	 are	 translated	 with	 the	 same	 efUiciency.	 Codons	 that	 are	 more	

frequently	 used,	 termed	 frequent	 codons,	 are	 usually	 paired	 with	 abundant	 tRNAs,	

enabling	 rapid	 and	 accurate	 decoding.	 Conversely,	 rare	 codons	 correspond	 to	 less	

abundant	 tRNAs,	 resulting	 in	 slower	 elongation	 rates	 and	 increased	 likelihood	 of	

ribosome	pausing	(Pedersen	1984;	Yu	et	al.	2015).		Numerous	studies	have	investigated	

codon	pair	biases	across	different	species	and,	in	some	cases,	between	cell	types	(Gingold	

et	al.	2014).	Notably,	the	codon	pair	GGGCUU	was	the	most	consistently	favoured,	being	

over-represented	in	76%	of	the	species	analysed,	while	the	least	favoured	pair,	UUCGCA,	

was	found	to	be	under-represented	in	86%	of	the	genomes	studied	(Komar	2016).	

One	study	used	a	Neurospora	crassa	cell-free	translation	system	to	directly	measure	the	

effects	of	codon	usage	on	translation	elongation.	By	analysing	the	translation	of	UireUly	

luciferase		(De	Keersmaecker	et	al.	2013)	mRNAs	engineered	with	different	codon	usage	

patterns,	 it	was	 demonstrated	 that	 optimal	 codons	 signiUicantly	 increased	 the	 rate	 of	

translation	 elongation	 compared	 to	 rare	 codons	 (Figure	 1.4).	 For	 instance,	 codon	

optimisation	 of	 the	 Luc	 mRNA	 led	 to	 faster	 translation	 and	 earlier	 detection	 of	 the	

bioluminescent	signal,	an	indirect	proxy	for	translation	speed.	In	contrast,	the	use	of	rare	

codons	delayed	translation	by	several	minutes,	highlighting	the	profound	effect	of	codon	

usage	on	translational	dynamics	(Yu	et	al.	2015).		
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	Barrington	et	 al	 emphasise	 that	 codon	usage	 can	 regulate	 translation	elongation	and	

initiation,	 expanding	 its	 role	 in	 translational	 control	 beyond	 previously	 understood	

mechanisms.	Codon	usage	within	the	open	reading	frame	(ORF)	inUluences	the	binding	

of	 critical	 initiation	 factors,	 such	 as	 eIF4E	and	eIF4G1,	which	mediate	 cap-dependent	

translation.	Rare	codons	reduce	the	association	of	these	factors	with	the	mRNA,	leading	

to	repression	of	translation	initiation	(Barrington	et	al.	2023).		
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Figure	1.4	Translation	and	codon	usage.	

	

The diagram illustrates the rela+onship between codon usage, transla+on speed, and protein 
output. The top por+on represents a transcript with op+mal codons that match abundant 
tRNAs, leading to fast ribosomal movement, increased protein synthesis, and a longer 
transcript half-life. The boJom por+on shows a transcript with rare codons, which correspond 
to rare tRNAs, resul+ng in slower ribosomal movement, reduced protein output, and a 
shorter transcript half-life. The 40S and 60S ribosomal subunits are depicted interac+ng with 
the mRNA during transla+on. The arrows indicate the overall transla+on speed and protein 
output. 
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	1.7	Cytoplasmic	messenger	RNA	decay	

One	of	the	processes	in	the	post-transcriptional	regulation	of	gene	expression	is	mRNA	

turnover,	which	signiUicantly	inUluences	the	rates	at	which	genes	are	expressed	in	cells.	

mRNA	 level	 is	 determined	 by	 the	 balance	 between	 transcription	 and	 degradation	

(Korner	 and	Wahle	 1997).	 Each	mRNA	molecule	 has	 a	 unique	 half-life,	which	 can	 be	

modiUied	in	response	to	various	internal	or	external	stimuli	(Korner	and	Wahle	1997).	

Rapid	mRNA	degradation	 is	particularly	critical	 for	 transcripts	encoding	proteins	 that	

are	 only	 needed	 temporarily,	 such	 as	 those	 involved	 in	 early	 responses	 to	 serum	

stimulation		(Korner	and	Wahle	1997).	While	the	instability	of	mRNA	is	clearly	essential	

for	 the	swift	 termination	of	protein	synthesis	 following	transient	 transcription,	 it	also	

facilitates	 rapid	 induction,	 as	 a	 short	mRNA	 half-life	 allows	 for	 quicker	 turnover	 and	

response	to	changing	cellular	conditions	(Korner	and	Wahle	1997).	

Research	conducted	primarily	in	yeast	and	mammals	has	identiUied	two	main	pathways	

of	 mRNA	 decay	 in	 eukaryotic	 cells	 (Tucker	 and	 Parker	 2000)	 (Figure	 1.5	 A).	 The	

degradation	process	typically	begins	with	the	removal	of	the	poly(A)	tail	at	the	3′	end	of	

the	mRNA,	a	process	known	as	deadenylation,	which	 is	 carried	out	by	various	mRNA	

deadenylases	 (discussed	 below).	 Following	 deadenylation,	 the	 5′	 cap	 structure	 of	 the	

transcript	 is	 removed	by	a	decapping	 complex	 composed	of	 two	subunits,	Dcp1p	and	

Dcp2p,	making	the	mRNA	susceptible	to	degradation	by	the	5′→3′	exonuclease	Xrn1p.		

Alternatively,	 after	 deadenylation,	 mRNAs	 may	 undergo	 degradation	 in	 the	 3′→5′	

direction	 by	 the	 cytoplasmic	 exosome,	 a	 multiprotein	 complex	 with	 diverse	 3′→5′	

exonucleases.	 In	 this	 pathway,	 the	 resulting	 capped	 oligonucleotide	 fragments	 are	

hydrolysed	by	the	scavenger	decapping	enzyme	DcpS	(Parker	and	Song	2004).	

In	certain	eukaryotes,	mRNA	degradation	is	initiated	by	endonucleolytic	cleavage	within	

the	 mRNA	 molecule.	 This	 process	 generates	 two	 fragments	 that	 are	 subsequently	

degraded	by	the	exosome	and	Xrn1	(Figure	1.5	B).	Several	endonucleases	are	known	to	

target	mRNAs,	including	polysomal	ribonuclease	1	(PMR1)	(Yang	and	Schoenberg	2004),	

inositol-requiring	enzyme	1	(IRE1)	(Schoenberg	2011),	and	some	nucleolar	ribosomal	

RNA	 (rRNA)-processing	 enzymes	 such	 as	 RNase	 MRP.	 Additionally,	 short	 interfering	

RNAs	(siRNAs)	can	trigger	mRNA	decay	through	cleavage,	along	with	other	unidentiUied	

endonucleases	 involved	 in	 the	 degradation	 of	 faulty	mRNAs	 (GatUield	 and	 Izaurralde	
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2004).	PMR1	and	IRE1	primarily	target	actively	translating	mRNAs	and	are	only	activated	

under	speciUic	conditions	(Hollien	and	Weissman	2006).	While	PMR1	is	associated	with	

polysomes,	IRE1	speciUically	targets	transcripts	localised	to	the	endoplasmic	reticulum.		
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       A 
 

	
																Figure	1.5	The	main	mRNA	degradation	pathways.	

(A) The majority of mRNAs are degraded exonucleoly+cally through either a 5ʹ→3ʹ or 3ʹ→5ʹ 
decay pathway, both of which begin with deadenyla+on. The removal of the poly(A) tail is 
carried out by the Ccr4-Not complex, the PAN2-PAN3 complex, or PARN. In the 5ʹ→3ʹ 
pathway, the Lsm complex binds to the 3ʹ end of the mRNA following deadenyla+on and 
facilitates decapping via the Dcp1/Dcp2 complex, allowing the exonuclease Xrn1 to degrade 
the mRNA from the 5ʹ end. Alterna+vely, in the 3ʹ→5ʹ pathway, the exosome complex 
degrades the mRNA a_er deadenyla+on. 

B 
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(B) For certain mRNAs, degrada+on begins with endonucleoly+c cleavage within the mRNA 
body. This process generates cleavage fragments with exposed ends, which are 
subsequently degraded by the exosome complex at the 3ʹ end and Xrn1 at the 5ʹ end. 
	

	

1.8	Deadenylation:	shortening	of	Poly	(A)	tail	

The	 dynamic	 regulation	 of	 the	 poly(A)	 tail	 is	 a	 crucial	 factor	 in	 controlling	 gene	

expression,	 which	 directly	 inUluences	 the	 cellular	 proteome	 and	 affects	 various	 life	

processes	in	eukaryotic	organisms	(Liu	et	al.	2022).	In	the	cytoplasm,	poly(A)	tails	are	

bound	by	poly(A)-binding	proteins	(PABPC,	speciUically	PABPC1	in	mammals	and	Pab1	

in	yeast)	and	are	progressively	shortened	 in	a	3′-to-5′	direction	by	 two	evolutionarily	

conserved	multiprotein	complexes:	Pan2-Pan3	and	Ccr4-Not.	This	shortening	occurs	in	

a	 biphasic	manner	 (Yi	 et	 al.	 2018)	 .	 During	 the	 Uirst	 phase,	Pan2-Pan3	mediates	 the	

gradual	removal	of	the	distal	region	of	the	poly(A)	tail	(Yamashita	et	al.	2005),	reducing	

its	length	from	approximately	200–110	nucleotides	in	mammals	and	90	nucleotides	in	

yeast.	 In	 the	 subsequent,	 faster	 phase,	 the	 Ccr4-Not	 complex	 primarily	 shortens	 the	

remaining	poly(A)	tail	 from	around	110	nucleotides	 in	mammals	to	a	minimal	 length,	

thereby	 initiating	 mRNA	 decay	 (Schafer	 et	 al.	 2019).	 Ccr4-Not	 is	 likely	 the	 primary	

deadenylase	 recruited	 for	 target	mRNAs,	 as	 it	 has	 established	 numerous	 interactions	

with	RNA-binding	proteins,	and	the	mechanisms	of	recruitment	have	been	elucidated	in	

detail	in	various	studies	(Zhao	et	al.	2023)	.	

The	key	exonucleases	(deadenylases)	involved	in	these	processes	include	Pan2	from	the	

Pan2-Pan3	 complex	 and	 CNOT6	 /CNOT6L	 (Wang	 et	 al.	 2010)	 and	 CNOT7/CNOT8	

(Maryati,	 Airhihen,	 and	Winkler	 2015)	 from	 the	 Ccr4-Not	 complex	 (Lau	 et	 al.	 2009)	

(Wahle	and	Winkler	2013).	

1.8.1	The	Pan2/Pan3	complex	

The	Pan2–Pan3	complex	is	an	essential	player	in	mRNA	deadenylation,	a	critical	step	in	

mRNA	turnover.	Pan2	(Figure	1.6),	the	catalytic	subunit	of	the	complex,	consists	of	three	

main	domains:	an	N-terminal	WD40	domain,	a	ubiquitin	C-terminal	hydrolase	(UCH)-like	

domain,	 and	 a	 C-terminal	 exonuclease	 domain	 that	 belongs	 to	 the	 DEDD	 family.	 The	

WD40	domain,	with	its	seven-blade	β-propeller	structure,	facilitates	interactions	with	

Pan3,	 the	 regulatory	 subunit	 of	 the	 complex.	 Pan2’s	 enzymatic	 activity	 depends	 on	
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magnesium	ions	(Mg²⁺)	and	breaks	down	the	poly(A)	tail	of	mRNA,	releasing	5-AMP	as	

a	byproduct	(Jonas	et	al.	2014;	Zhao	et	al.	2023).		

Pan3	interacts	with	Pan2	in	a	unique	ratio	of	one	Pan2	molecule	to	two	Pan3	molecules.	

Pan3	features	a	pseudokinase	domain	that	(Figure	1.6),	while	not	catalytically	active,	

has	a	functional	ATP-binding	site	that	is	crucial	for	enhancing	the	RNA	decay	activity	of	

Pan2.	 This	 structural	 arrangement	 allows	Pan3	 to	 position	 the	poly(A)	 substrate	 and	

direct	it	toward	Pan2's	active	site,	increasing	the	efUiciency	of	deadenylation.	Together,	

the	Pan2–Pan3	complex	targets	the	distal	portion	of	the	poly(A)	tail	for	initial	trimming,	

which	is	a	slower	and	more	controlled	phase	of	deadenylation	compared	to	the	action	of	

other	deadenylases	like	Ccr4–Not	(Schafer	et	al.	2014).	

The	complex	is	recruited	to	the	poly(A)	tail	via	its	interaction	with	cytoplasmic	poly(A)-

binding	 protein	 (PABPC).	 Pan2–Pan3	 shows	 a	 preference	 for	 longer	 poly(A)	 tails	

associated	with	poly(A)-binding	proteins,	and	its	recruitment	typically	requires	at	least	

two	 PABPC	 molecules.	 Additionally,	 the	 GW182	 protein,	 a	 component	 of	 the	 miRNA	

repression	machinery,	 has	 been	 shown	 to	 facilitate	 the	 recruitment	 of	 Pan2–Pan3	 to	

speciUic	mRNAs	(Zhao	et	al.	2023).	

Interestingly,	 Pan2–Pan3	 and	 Ccr4–Not	 work	 in	 a	 sequential	 manner	 during	 mRNA	

deadenylation.	Pan2–Pan3	carries	out	the	initial	shortening	of	the	poly(A)	tail,	which	is	

followed	by	the	processive	action	of	Ccr4–Not.	This	process	is	tightly	regulated,	as	Pan2–

Pan3	is	activated	by	PABPC,	while	Ccr4–Not	is	inhibited	by	it.	This	interplay	ensures	a	

controlled	 and	 efUicient	 removal	 of	 the	 poly(A)	 tail,	 balancing	 mRNA	 stability	 and	

degradation	(Schafer	et	al.	2014).	

The	 structural	 organisation	 of	Pan2	 reveals	 that	 its	 UCH	 and	 RNase	 domains	 form	 a	

tightly	associated	module,	 creating	a	 stable	platform	 for	enzymatic	activity.	While	 the	

WD40	domain	primarily	interacts	with	Pan3	to	stabilise	the	complex,	the	pseudokinase	

domain	of	Pan3	acts	as	a	regulator	rather	than	an	enzyme.	This	domain	helps	orient	the	

poly(A)	substrate,	ensuring	effective	interaction	with	Pan2's	active	site.	Although	Pan2–

Pan3	can	function	in	vitro	without	PABPC	under	speciUic	conditions,	the	interaction	with	

PABPC	is	critical	for	its	recruitment	and	activity	in	a	cellular	context	(Schafer	et	al.	2014)	

Mutations	 in	Pan3's	ATP-binding	site	have	been	shown	to	reduce	the	activity	of	Pan2,	

highlighting	the	importance	of	this	site	in	enhancing	the	deadenylation	process.	Overall,	

the	Pan2–Pan3	complex	represents	a	highly	coordinated	system	that	ensures	precise	and	
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regulated	removal	of	the	poly(A)	tail,	a	key	step	in	the	life	cycle	of	mRNA	(Schafer	et	al.	

2014).	

	

	
	Figure	1.6	The	trimeric	S.	cerevisiae	PAN2	–	(PAN3)2	complex	structure.	

The Pan2 subunit contains an N-terminal WD40 domain (grey), a linker region (Nagy and 
Watzele) wraps around the asymmetric PAN3 homodimer, a UCH-like domain (green), and a 
C-terminal RNase domain (purple). These domains contribute to Pan2's role as a cataly+c 
subunit in the deadenyla+on process. 
The Pan3 subunit features a Zn finger (grey) at the N-terminal, a Pan2 interac+on mo+f (grey 
square), and a structured C-terminal region. The structured C-terminal includes a 
pseudokinase domain (PK, blue/beige), a coiled-coil domain (CC, blue/yellow), and a knob 
domain (CK, blue/yellow).  
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1.8.2	Poly	(A)-speci]ic	ribonuclease	(PARN)	

In	 mammalian	 cells,	 an	 additional	 enzyme	 involved	 in	 deadenylation	 is	 the	 poly(A)-

speciUic	 exonuclease,	 commonly	 referred	 to	 as	 poly(A)-speciUic	 ribonuclease	 (PARN)	

(Korner	 and	 Wahle	 1997).	 PARN	 is	 characterised	 by	 its	 high	 speciUicity	 for	 single-

stranded	poly(A)	sequences	and	its	dependence	on	the	presence	of	a	3′	hydroxyl	group	

for	enzymatic	activity	(Wu	et	al.	2005).	Sequence	analysis	indicates	that	PARN	belongs	to	

the	DnaQ-like	superfamily	of	3′–5′	exonucleases,	which	are	characterised	by	a	conserved	

catalytic	core	made	up	of	four	acidic	amino	acids	(aspartic	acid,	glutamic	acid,	aspartic	

acid,	and	aspartic	acid)	(Figure	1.7	A	and	B)	known	as	the	DEDD	motif	(Wu	et	al.	2005;	

Virtanen	et	al.	2013).		Additionally,	it	contains	a	conserved	R3H	domain,	which	is	thought	

to	 function	 as	 a	 single-stranded	 nucleic	 acid-binding	 domain,	 enabling	 PARN	 to	 bind	

effectively	to	polyadenylated	mRNAs.		

While	 PARN	 is	 conserved	 across	 many	 eukaryotic	 species,	 it	 is	 notably	 absent	 in	

Saccharomyces	cerevisiae	and	Drosophila	melanogaster,	indicating	that	this	enzyme	is	not	

universally	required	by	all	eukaryotes	(Parker	and	Song	2004).	In	addition,	PARN,	a	major	
deadenylase	 in	 mammalian	 cell	 extracts,	 is	 inhibited	 by	 the	 poly(A)-binding	 protein	

(Pab1p)	under	physiological	salt	conditions	(Korner	and	Wahle	1997).		

PARN's	 exonuclease	 activity	 is	 allosterically	 regulated,	which	means	 that	 the	 enzyme	

undergoes	conformational	changes	upon	binding	of	cofactors	or	interacting	molecules.	

Recent	studies	have	demonstrated	that	PARN	interacts	with	the	5′	cap	structure	of	mRNA	

through	 its	 cap-binding	domain,	 enhancing	 its	deadenylation	efUiciency	 (Nilsson	et	 al.	

2007).	 This	 interaction	 is	 believed	 to	 promote	 a	 more	 processive	 mode	 of	 action,	

ensuring	 efUicient	 degradation	 of	 poly(A)	 tails.	 Additionally,	 PARN's	 processivity	 is	

inUluenced	by	the	presence	of	divalent	metal	ions	such	as	Mg2+,	which	are	required	for	

its	catalytic	activity	(Wu	et	al.	2005).	

Structural	 studies	 have	 further	 highlighted	 that	 PARN	 consists	 of	 distinct	 domains	

(Figure	 1.7	 A),	 including	 the	 nuclease	 domain,	 the	 R3H	 domain,	 and	 the	 RPM	

(Regulatory	of	Poly(A)	Metabolism)	domain.	The	nuclease	domain	contains	 the	DEDD	

motif	crucial	for	catalytic	function,	while	the	R3H	domain	is	involved	in	RNA	recognition.	

The	 RPM	 domain	 is	 believed	 to	 contribute	 to	 the	 regulation	 of	 PARN’s	 activity	 by	

mediating	 interactions	with	 regulatory	 proteins	 (Virtanen	 et	 al.	 2013).	Figure	 1.7	 B	

illustrates	 the	 nuclease	 domain	 of	 PARN	 in	 complex	 with	 a	 substrate	 RNA	molecule,	

emphasising	its	role	in	deadenylation.	
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1.8.3	The	Ccr4-Not	complex	

While	 PARN	 acts	 as	 an	 important	 deadenylase,	 it	 operates	 in	 parallel	 with	 other	

deadenylase	 enzymes,	 such	 as	 the	Ccr4-Not	 complex	 (Chalabi	 Hagkarim	 and	 Grand	
2020),	to	mediate	efUicient	mRNA	turnover	and	degradation.	The	Ccr4-Not	complex	is	a	

multiprotein	 assembly	 that	 plays	 a	 central	 role	 in	 deadenylation	 and	 is	 functionally	

distinct	from	PARN,	as	discussed	in	detail	in	section	1.12	of	this	thesis.	Together,	these	

deadenylases	 highlight	 the	 complexity	 and	 coordination	 required	 for	 post-

transcriptional	mRNA	regulation.	

The	deadenylase	enzymes	involved	in	mRNA	degradation	are	summarised	in	Table	1.1.		
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		Figure	1.7	Structure	of	PARN.	
 (A) Schema+c representa+on of the human PARN (hPARN) protein, highligh+ng its func+onal 
domains and key residues. The nuclease domain (green) spans most of the protein and is 
responsible for its deadenylase ac+vity. The R3H mo+f (dark blue) is a conserved RNA-binding 
domain involved in substrate recogni+on. Cri+cal cataly+c residues (D28, E30, D292, H377, 
D382) and an RPM mo+f (Nagy and Watzele), which plays a role in protein interac+ons, are 
indicated. The total length of hPARN is 639 amino acids (Virtanen et al. 2013). 
(B) A ribbon diagram of the PARNn–RNA complex. The two molecules are shown in yellow 
and green. Nucleo+des are shown in s+ck model (Wu et al. 2005) (PBD ID: 2A1R) . 
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Table	 1.1	 Enzymes	 involved	 in	 mRNA	 deadenylation,	 decapping	 and	
degradation	

Enzyme	 Human	name		 Function	

Deadenylase		
enzyme		

CNOT7	 DEDD-type	 deadenylases,	
member	of	Ccr4-Not	complex		
	

	 CNOT8		
	

DEDD-type	 deadenylases,	
member	of	Ccr4-Not	complex		
	

	 PARN		
	

DEDD-type	 deadenylases,	
member	of	Ccr4-Not	complex		
	

	 Pan2/Pan3		
	

DEDD-type	 deadenylase	 that	
exists	as	dimer	with	PAN3.		
	

	 CNOT6		
	
	
CNOT6L																																													
	

EEP-type	deadenylase,	member	of	
Ccr4-Not	complex	
		
	EEP-type	deadenylase,	
	Member	of	Ccr4-Not	complex	
	

Decapping	enzyme		
	

Dcp1a,	Dcp1b		
	

Member	 of	 decapping	 complex	
with	Dcp2		
	

	 Dcp2		
	

Catalytic	 pyrophosphatase	
subunit	of	decapping	complex		
	

	 Lsm	1-7		
	

Member	 of	 Lsm	 complex	 with	
subunits	1-7		
	

Cytoplasmic	
exonuclease	enzyme		
	

Xrn1		
	

Cytoplasmic	5’-3’		
exonuclease	
Multisubunit	exonuclease		

	 Xrn2		
	

	

	

1.9	Decapping		

Decapping	 is	 the	removal	of	 the	7-methylguanosine	(m7G)	cap	from	mRNA,	a	process	

critical	 for	 the	 degradation	 of	 transcripts	marked	 for	 turnover.	 This	 cap,	 added	 post-

transcriptionally,	stabilises	mRNA	and	facilitates	translation,	with	decapping	serving	as	

a	key	regulatory	step	in	mRNA	decay	(Parker	2012).		
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Decapping	 enzymes	 serve	 (Table	 1.1)	 as	 pivotal	 regulators	 of	 mRNA	 stability	 and	

turnover,	 playing	 a	 critical	 role	 in	 gene	 expression	 control	 and	 cellular	 homeostasis.	

These	enzymes	act	by	removing	the	protective	5′	cap	structure	of	mRNAs,	a	step	that	

commits	transcripts	to	degradation	and	prevents	further	translation.	

1.9.1	The	Dcp1-Dcp2	complex	

The	process	of	mRNA	decapping	is	conducted	by	a	complex	formed	by	the	Dcp1	and	Dcp2	

proteins,	 and	 it	 is	 affected	 by	 various	 additional	 factors	 (Parker	 2012). The	 primary	

decapping	enzyme,	Dcp2,	is	central	to	the	5′-to-3′	mRNA	decay	pathways.	Dcp2	belongs	

to	the	NUDIX	hydrolase	family	and	is	responsible	for	hydrolysing	the	5′	cap	structure,	

resulting	 in	 the	 production	 of	m7GDP	(7-methylguanosine	 diphosphate)	 and	 a	 5′	

monophosphorylated	RNA	(She	et	al.	2008).	This	decapped	RNA	is	then	rapidly	degraded	

by	 the	exonuclease	Xrn1,	 completing	 the	5′-to-3′	degradation	process.	Dcp2	activity	 is	

highly	regulated	to	ensure	precise	control	over	mRNA	decay.	It	interacts	with	a	range	of	

protein	 cofactors,	 including	Dcp1,	 which	 functions	 as	 an	 activator	 to	 enhance	 the	

enzymatic	activity	of	Dcp2	and	stabilise	its	binding	to	target	mRNAs	(She	et	al.	2008).	

Additional	regulatory	proteins,	such	as	Edc3	and	Edc4,	further	inUluence	the	activity	and	

recruitment	of	Dcp2	to	mRNAs,	integrating	decapping	into	broader	RNA	processing	and	

degradation	pathways	(Coller	and	Parker	2004).	

The	 decapping	 process	 by	Dcp2	 is	 not	 random	but	 highly	 selective,	 targeting	 speciUic	

transcripts	 often	 marked	 for	 decay	 due	 to	 errors	 in	 translation,	 the	 presence	 of	

premature	stop	codons,	or	signals	from	other	decay	pathways	like	nonsense-mediated	

decay	(NMD)	(Coller	and	Parker	2004).	Dcp2	is	also	involved	in	the	regulation	of	mRNA	

during	stress	responses,	where	stalled	or	untranslated	mRNAs	are	directed	to	processing	

bodies	(P-bodies),	dynamic	cytoplasmic	granules	that	serve	as	sites	for	mRNA	storage,	

decay,	 and	 regulation.	 Within	 P-bodies,	 Dcp2	 operates	 alongside	 other	 decapping	

activators	 and	 repressors,	 Uine-tuning	mRNA	 decay	 under	 various	 cellular	 conditions	

(Coller	and	Parker	2004;	Li	and	Kiledjian	2010).		

1.9.2	Decapping	Scavenger	(DcpS)	enzyme		

In	 the	 3′-to-5′	 decay	 pathway,	 the	 scavenger	 decapping	 enzyme	(DcpS)	plays	 a	

complementary	role.	DcpS	proteins	are	members	of	the	HIT	family	of	pyrophosphatases	

and	use	 a	 histidine	 triad	 to	 perform	 catalysis	 (Coller	 and	Parker	 2004).	Unlike	Dcp2,	

which	acts	on	full-length	mRNAs,	DcpS	speciUically	targets	short-capped	oligonucleotides	
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generated	as	byproducts	of	exosome-mediated	mRNA	degradation.	DcpS	cleaves	these	

cap	remnants	to	release	m7GDP,	recycling	this	metabolite	for	cellular	use	and	ensuring	

the	efUicient	removal	of	residual	decay	products.	This	activity	prevents	the	accumulation	

of	 inactive	RNA	fragments	that	could	interfere	with	normal	cellular	processes.	DcpS	is	

particularly	 important	for	maintaining	the	efUiciency	of	the	exosome	complex,	a	major	

player	in	3′-to-5′	mRNA	decay	(Li	and	Kiledjian	2010).	

1.9.3	The	Lsm1-7-Pat1	complex		

The	 Lsm1-7	 complex,	 along	 with	 Pat1,	 plays	 a	 pivotal	 role	 in	 the	 5′-to-3′	 mRNA	

degradation	pathways	by	linking	deadenylation	to	decapping	(Tharun	and	Parker	2001).	

The	Lsm1-7	complex	is	composed	of	seven	subunits	organised	in	a	heptameric	ring	that	

binds	short	poly(A)	oligonucleotides	in	vivo	and	is	localised	to	P-bodies	(Sharif	and	Conti	

2013).	Pat1p,	although	its	precise	biochemical	function	remains	unclear,	is	also	part	of	

this	complex	and	contributes	to	its	activity	(Coller	and	Parker	2004).	

While	several	proteins	are	critical	for	efUicient	decapping	of	most	normal	mRNAs	in	vivo,	

they	are	not	strictly	required	for	the	decapping	process	itself	(Coller	and	Parker	2004).	

This	group	includes	the	Lsm1-7	complex,	Pat1p,	and	Dhh1p,	a	member	of	the	DEAD	box	

ATPase	family	(Coller	and	Parker	2004).		

	

1.10	Degradation		

1.10.1	Xrn1	enzyme	

Following	decapping,	mRNAs	are	degraded	in	the	5′	to	3′	direction	by	the	Xrn1	nuclease	

(Figure	 1.8),	 which	 exhibits	 a	 preference	 for	 mRNA	 substrates	 containing	 a	 5′	

monophosphate	(Hsu	and	Stevens	1993).	Xrn1	contains	two	highly	conserved	domains	

that	 form	 the	 enzyme's	 active	 site,	 stabilised	 through	 interactions	 with	 additional	

structural	 domains.	 The	 active	 site	 is	 capable	 of	 coupling	 duplex	 unwinding	with	 the	

enzyme's	processivity,	 enabling	Xrn1	 to	degrade	structured	RNAs	without	 requiring	a	

helicase	(Parker	2012;	Jinek,	Coyle,	and	Doudna	2011).	The	active	site	of	Xrn1	interacts	

with	two	Mg²⁺	ions	and	is	notably	unable	to	accommodate	5'-groups	larger	than	a	5'-

phosphate	group	(Jinek,	Coyle,	and	Doudna	2011)	.	This	limitation	prevents	XRN1	from	

binding	to	and	degrading	capped	mRNAs	or	RNA	duplexes.	However,	Xrn1	is	capable	of	

unwinding	 short	 RNA	 duplexes	 if	 a	 sufUiciently	 long	 single-stranded	 RNA	 5'-end	 is	

available	(Jinek,	Coyle,	and	Doudna	2011).	
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A	 related	 enzyme,	Rat1,	 is	 primarily	 localised	 to	 the	nucleus,	where	 it	 participates	 in	

nuclear	 RNA	 processing	 and	 degradation.	 However,	when	Rat1	 is	mislocalised	 to	 the	

cytoplasm,	 it	 can	 substitute	 for	Xrn1	 in	mRNA	degradation,	 demonstrating	 that	Xrn1-

speciUic	protein–protein	 interactions	are	not	 essential	 for	 its	 function.	Xrn1	activity	 is	

regulated	by	adenosine	3′,	5′	biphosphate	(pAp),	a	product	of	sulfate	assimilation,	which	

acts	as	an	 inhibitor.	This	regulatory	mechanism	allows	cells	 to	modulate	Xrn1	activity	

during	speciUic	cellular	responses	(Parker	2012).	

	

	
	Figure	1.8	Structure	of	the	D.	melanogaster	Xrn1	Enzyme.		

The exoribonuclease domain, depicted in tan, houses the ac+ve site that binds a Mg²⁺ ion 
and the substrate, both represented in blue. Addi+onal regions of XRN1 are highlighted in 
dis+nct colours: PAZ in red, KOW in green, helix in purple, and SH3L in yellow (Jinek, Coyle, 
and Doudna 2011) (PBD ID: 2Y35). 
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1.10.2	Exosome	enzyme	

The	second	pathway	of	mRNA	decay	following	deadenylation	involves	degradation	in	the	

3′	 to	5′	direction,	a	process	mediated	by	 the	exosome.	The	exosome	 is	a	multiprotein	

complex	comprising	10	core	subunits,	including	six	RNase	PH	family	members	and	three	

small	 RNA-binding	 proteins,	 which	 together	 form	 a	 ring-shaped	 structure	 similar	 to	

bacterial	PNPas	(Parker	2012).	Additionally,	the	Rrp44/Dis3	protein,	a	key	component	

of	the	exosome,	possesses	both	exonuclease	and	endonuclease	activities	(Schaeffer	et	al.	

2009).	Beyond	its	cytoplasmic	role	in	mRNA	decay,	the	exosome	is	also	actively	involved	

in	a	variety	of	nuclear	RNA	processing	and	degradation	pathways.	 In	 the	nucleus,	 the	

exosome	interacts	with	additional	factors,	including	Rrp6,	a	3′	to	5′	exonuclease,	as	well	

as	Rrp47	and	Mpp6,	which	contribute	to	its	nuclear-speciUic	functions.	These	interactions	

enable	the	exosome	to	play	a	critical	role	in	maintaining	RNA	homeostasis	in	both	the	

cytoplasm	and	nucleus	(Parker	2012).	

	

1.11	Other	mRNA	decay	pathways		

Defective	mRNAs	 are	 degraded	more	 rapidly	 than	 normal	mRNAs	 through	 a	 process	

called	mRNA	 surveillance.	 This	 mechanism	 allows	 eukaryotic	 cells	 to	 detect	

abnormalities	in	mRNAs	and	utilise	speciUic	enzymes	to	selectively	degrade	them	(van	

Hoof	and	Wagner	2011).	There	are	three	translation-linked	mRNA	surveillance	pathways	

that	facilitate	the	degradation	of	defective	mRNAs,	thereby	preventing	the	synthesis	of	

potentially	 harmful	 proteins.	Nonsense-mediated	 decay	 (NMD)	identiUies	 mRNAs	

containing	premature	stop	codons	and	inhibits	the	production	of	truncated	proteins.	No-

go	 decay	detects	 mRNAs	 where	 ribosomes	 have	 stalled	 during	 the	 process	 of	

translation.	Nonstop	 decay	 (NSD)	serves	 as	 a	 quality	 control	 mechanism	 for	 nonstop	

mRNAs,	recognising	stalled	ribosomes	at	the	3′	end	of	transcripts	and	directing	them	for	

rapid	 degradation.	While	 these	 specialised	 pathways	 utilise	 the	 same	 decay	 enzymes	

involved	 in	 the	 degradation	 of	 normal	 mRNAs,	 they	 differ	 in	 their	 mechanisms	 for	

identifying	 and	 targeting	 faulty	 transcripts	 for	 degradation	 (Jamar,	 Kritsiligkou,	 and	

Grant	2018).	

1.11.1	Nonsense-mediated	decay	(NMD)	

Nonsense-mediated	 decay	 (NMD)	 is	 one	 of	 the	 most	 extensively	 studied	 mRNA	

surveillance	mechanisms	(Figure	1.9).	NMD	is	responsible	for	identifying	and	degrading	
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transcripts	that	contain	premature	termination	codons	(PTCs).	PTCs	can	result	from	a	

variety	of	causes,	including	mutations,	frame-shifts,	errors	in	RNA	processing,	inefUicient	

translation	 initiation,	or	extended	3′	untranslated	regions	 (UTRs).	 If	 left	untranslated,	

these	 transcripts	 could	 produce	 truncated	 proteins	 with	 potentially	 harmful	 or	

dysfunctional	properties.	The	NMD	pathway	is	conserved	across	all	eukaryotes,	and	its	

core	components,	UPF1,	UPF2,	and	UPF3,	exhibit	a	high	degree	of	conservation	(Conti	

and	Izaurralde	2005).		

The	NMD	pathway	operates	through	the	sequential	assembly	and	transition	of	protein	

complexes.	When	a	ribosome	encounters	a	PTC,	 the	SURF	complex	 forms,	 comprising	

UPF1,	SMG1,	and	the	translation	release	factors	eRF1	and	eRF3.	Upon	interaction	with	

UPF2	and	UPF3,	which	are	often	bound	to	the	exon	junction	complex	(EJC)	downstream	

of	the	PTC,	the	SURF	complex	transitions	to	the	decay-inducing	(DECID)	complex.	This	

transition	releases	the	ribosome	and	eRFs	while	UPF1	is	phosphorylated	by	SMG1	(Hug,	

Longman,	and	Caceres	2016;	Kashima	et	al.	2006;	Melero	et	al.	2014).	Phosphorylated	

UPF1	 then	 recruits	 additional	 factors	 such	 as	 SMG5,	 SMG6,	 and	 SMG7,	 which	

subsequently	 initiate	 mRNA	 degradation	 through	 exonucleolytic	 and	 endonucleolytic	

pathways	 (Schoenberg	 and	 Maquat	 2012)	 .	 This	 mechanism	 ensures	 that	 aberrant	

mRNAs	are	efUiciently	targeted	and	degraded,	maintaining	the	Uidelity	of	gene	expression	

(Hug,	Longman,	and	Caceres	2016).	

	

	

	

	

	

	

	

	

	

	

	

	

	



																																																																																																																								Chapter	1.	Introduction	

	

	 32	

	
																
																Figure	1.9	Nonsense	mediated	mRNA	decay	(NMD).	
When	 a	 ribosome	 encounters	 a	 premature	 termination	 codon	 (PTC),	 it	 facilitates	 the	
recruitment	of	UPF1	and	SMG1	through	interactions	with	the	release	factors	eRF1	and	
eRF3,	 forming	 the	 SURF	 complex.	 In	 the	 presence	 of	 UPF2	 and	 UPF3,	 which	may	 be	
associated	with	 the	exon	 junction	 complex	downstream	of	 the	PTC	on	 the	mRNA,	 the	
ribosome	releases	eRF1	and	eRF3.	SMG1	then	phosphorylates	UPF1,	which	subsequently	
initiates	 the	recruitment	of	SMG5,	SMG6,	and	SMG7.	The	SMG5–SMG7	heterodimer,	 in	
turn,	 attracts	mRNA	decay	 factors,	 ultimately	 leading	 to	 the	 degradation	 of	 the	 faulty	
mRNA	transcript.	
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1.11.2	Non-stop	decay	

Non-stop	decay	(NSD)	targets	mRNAs	that	fail	to	contain	a	stop	codon	(Figure.	1.10).	

These	defective	transcripts	can	arise	from	events	such	as	breakage	or	the	absence	of	an	

in-frame	stop	codon,	 leading	 to	 translation	extending	 into	 the	poly(A)	 tail.	Premature	

polyadenylation	is	believed	to	be	a	signiUicant	contributor	to	the	generation	of	mRNAs	

targeted	by	this	pathway.	In	addition	to	preventing	the	production	of	faulty	proteins,	NSD	

also	plays	a	role	in	ribosome	recycling	(Hug,	Longman,	and	Caceres	2016).	

Current	evidence	supports	the	existence	of	two	distinct	NSD	pathways,	which	are	likely	

to	function	together.	The	original	model	of	NSD,	conserved	across	yeast	and	mammalian	

cells,	 involves	 the	 cytoplasmic	 exosome,	 the	 SKI	 complex	 (comprising	 Ski2,	 Ski3,	 and	

Ski8),	and	the	adaptor	protein	Ski7	(Hug,	Longman,	and	Caceres	2016).	In	this	pathway,	

the	stalled	ribosome	at	the	3′	end	of	the	transcript	initiates	the	process.	Ski7,	through	its	

C-terminal	 region,	 which	 shares	 structural	 similarity	 with	 the	 GTPase	 domains	 of	

elongation	 factor-1A	 (EF1A)	 and	 eRF3,	 binds	 to	 the	 empty	 A	 site	 of	 the	 ribosome,	

facilitating	 its	 release.	 Subsequently,	 Ski7	 recruits	 the	exosome	and	 its	 associated	SKI	

complex,	 which	 degrade	 the	 transcript	 by	 deadenylation	 followed	 by	 3′→5′	

exonucleolytic	decay	(Hug,	Longman,	and	Caceres	2016;	Frischmeyer	et	al.	2002).	

In	cases	where	Ski7	is	absent,	a	secondary	pathway	can	mediate	NSD	through	a	5′→3′	

mRNA-decay	 mechanism,	 as	 observed	 in	 S.	 cerevisiae	 (Inada	 and	 Aiba	 2005).	 This	

alternative	pathway	likely	results	from	the	removal	of	PABP	by	the	translating	ribosome,	

rendering	the	transcript	vulnerable	to	decapping	and	reducing	translational	efUiciency.	

These	two	mechanisms	collectively	ensure	the	efUicient	degradation	of	defective	mRNAs	

lacking	stop	codons,	maintaining	cellular	quality	control.	
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Figure	1.10	Mechanism	of	Non-Stop	Decay	(NSD).	

The process of non-stop decay (NSD) a surveillance mechanism that targets mRNAs lacking 
stop codons. When a ribosome stalls through the poly(A) tail and stalls, Ski7 is recruited to 
the empty A site of the ribosome. Ski7 then facilitates the recruitment of the exosome 
complex, which degrades the transcript in the 3ʹ→5ʹ direc+on. In the absence of Ski7, the 
removal of PABP (poly(A)-binding protein) from the transcript makes the mRNA suscep+ble 
to decapping. Once decapped, the mRNA undergoes 5ʹ→3ʹ decay mediated by the 
exonuclease Xrn1.  
	
	

1.11.3	No-go	decay	

No-go	decay	was	Uirst	discovered	in	yeast	and	remains	the	least	understood	among	the	

pathways.	 NGD	 prevents	 the	 accumulation	 of	 faulty	 transcripts	 by	 detecting	 stalled	

ribosomes	on	mRNA	and	triggering	endonucleolytic	cleavage	near	the	stall	site	(Garneau,	

Wilusz,	and	Wilusz	2007).	This	releases	the	ribosome	and	generates	mRNA	fragments,	

which	are	subsequently	degraded	by	Xrn1	and	the	cytoplasmic	3’-5’	exosome.	While	the	

precise	 mechanism	 and	 identity	 of	 the	 endonuclease	 remain	 unclear,	 the	 process	

requires	Dom34	and	Hbs1,	which	are	homologous	to	eRF1	and	eRF3,	respectively,	and	
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may	interact	directly	with	stalled	ribosomes.	Hbs1	is	also	related	to	the	NSD	factor	Ski7,	

suggesting	a	similar	role	in	ribosome	recycling	(Doma	and	Parker	2006).	Although	the	

signiUicance	 of	 NGD	 for	 cellular	 viability	 is	 not	 fully	 understood,	 evidence	 from	

Arabidopsis	 thaliana	 implies	 that	 ribosome	 stalling	 and	 NGD	 may	 be	 evolutionarily	

conserved	processes	(Doma	and	Parker	2006;	Onouchi	et	al.	2005).	

	

	

	

1.12	The	Ccr4-Not	complex	

The	Ccr4-Not	(carbon	catabolite	repression	–	negative	on	TATA-less)	complex	is	a	multi-

subunit	 protein	 assembly	 found	 in	 all	 eukaryotic	 organisms,	 playing	 a	 critical	 role	 in	

managing	RNA	metabolism	throughout	its	various	stages,	from	synthesis	to	degradation	

(Pavanello,	 Hall,	 and	Winkler	 2023).	 Over	 time,	 it	 has	 become	 recognised	 as	 a	 vital	

regulator	 of	 gene	 expression	 balance	 in	 eukaryotes	 (Collart	 2016).	 It	 promotes	 the	

deadenylation	process,	during	which	the	removal	of	poly(A)	tails	 from	mRNA	leads	to	

inhibited	translation	and	signals	the	mRNA	for	degradation	(Collart	2003).		

In	early	studies	conducted	on	yeast,	 the	Ccr4-Not	complex	exists	 in	two	distinct	sizes,	

with	 approximate	masses	 of	 1.0	MDa	 and	1.9	MDa	 (Xu	 et	 al.	 2014;	Nasertorabi	 et	 al.	

2011).	The	yeast	Ccr4-Not	complex	consists	of	a	scaffold	protein,	Not1,	and	a	number	of	

evolutionarily	conserved	core	proteins	that	dock	onto	Not1	(Table	1.2)	(Collart	2016).	

The	 primary	 proteins	 that	make	 up	 the	 core	 include	 the	Not2-Not5	 heterodimer,	 the	

Caf40	subunit,	and	the	catalytic	subunits	Ccr4	and	Caf1	(Pop2).	In	mammals,	including	

humans,	their	homologs	assemble	into	a	comparable	multi-subunit	complex	that	plays	a	

crucial	role	in	regulating	various	cellular	processes	(Albert	et	al.	2000;	Viswanathan	et	

al.	2003).	While	the	yeast	and	human	Ccr4-Not	complexes	share	similarities,	there	are	

notable	differences	between	them	(Figure	1.11	A).	

Additional	 subunits	 in	 the	 human	 Ccr4–Not	 complex	 include	RQCD1	 (also	 known	 as	

CNOT9/Not9/Rcd1/Caf40),	Caf130,	Not10	(CNOT10),	C2orf29	(CNOT11),	and	TAB182,	are	

species	 speciUic.	 Caf130	 is	 unique	 to	 yeast	 (Collart	 and	 Panasenko	 2012),	 whereas	

CNOT10,	C2orf29,	and	TAB182	are	components	of	the	human	complex		(Lau	et	al.	2009).	

Among	these,	Not10	and	C2orf29	are	conserved	across	metazoans	(Xu	et	al.	2014).	



																																																																																																																								Chapter	1.	Introduction	

	

	 36	

	Another	 notable	 difference	 is	 that	 the	Not4	 RING	 E3	 ubiquitin	 ligase	is	 a	 conserved	

protein	but	serves	as	a	stable	component	of	the	Ccr4-Not	complex	only	in	yeast. CNOT4	

is	not	as	stably	associated	as	the	other	subunits	in	mammalian	cells	(Mostafa	et	al.	2020).		

The	human	Ccr4-Not	complex	comprises	Uive	core	subunits:	CNOT1,	CNOT2	and	CNOT3,	

which	 together	 form	 the	 NOT	 module,	 and	 the	 catalytic	

module	CNOT7/CNOT8	(equivalent	to	Caf1	in	yeast)	and	CNOT6/6L	(equivalent	to	Ccr4).	

CNOT1	 has	 three	 primary	 regions:	 the	 N-terminal	 domain,	 which	 associated	 with	

CNOT11,	which	interacts	with	CNOT10.	Together,	these	proteins	create	the	N-terminal	

module.	The	deadenylase	module	associates	with	 the	central	 region	 through	a	MIF4G	

domain	 found	 in	 CNOT1,	while	 CNOT7/CNOT8	 acts	 as	 a	 bridge	 between	 CNOT1	 and	

CNOT6/CNOT6	L	 (Collart	and	Panasenko	2017).	Additionally,	a	neighbouring	domain,	

DUF3819,	of	unknown	function	in	the	central	region	serves	as	the	binding	site	for	CNOT9.	

The	 NOT	 module	 interacts	 with	 the	 C-terminal	 part	 of	 CNOT1.	 According	 to	 their	

interaction	 map,	 CNOT2-CNOT3	 heterodimer	 tethers	 to	 CNOT1	 via	 their	 N-terminal	

NOT1	anchor	regions	(NARs),	while	CNOT3	directly	interacts	with	CNOT2	through	their	

respective	Not-Box	domains;	the	Not-Box	domains	do	not	directly	contact	CNOT1	(Xu	et	

al.	2014)	(Figure	1.11	B).	

Table	 1.2	 Name	 of	 the	 Ccr4-Not	 complex	 in	 Drosophila, 	 Yeast 	 and	
Humans	(Collart	2016)	

Core		

name	

Drosophila	

Gene	name	

Yeast	

(Saccharomyces	

cerevisiae)	

Homo	sapiens	

Gene	name		

Not1	 Not1	 Not1/CDC39	 CNOT1	

Not2	 Regena	 Not2/CDC36	 CNOT2	

Not5	 Not3	 Not5	 CNOT3	

Caf1	 Pop2	 Caf1/Pop2	 CNOT7	and	CNOT8	

Ccr4	 twin	 Ccr4	 CNOT6	and	CNOT6L	

Caf40	 Rcd1	 Caf40	 CNOT9/Rcd1/Caf40/RQCD1	

Not4	 Not4	 Not4	 CNOT4	

Not10	 Not10	 	 CNOT10	

Not11	 Not11	 	 CNOT10	

Caf130	 	 Caf130	 	

Not3	 	 Not3	 	

TAB182	 	 	 TAB182	

	



																																																																																																																								Chapter	1.	Introduction	

	

	 37	

	

	

	
	

Figure	1.11	The	Ccr4-Not	complex	subunits.	
(A) The structure of the yeast Ccr4–Not complex shows Not1 as the central scaffold 
interac+ng with Not2 and Not3 (green), Not4 (purple), Caf40 and Caf130 (yellow), and the 
cataly+c subunits Caf1 and Ccr4. (B) The human Ccr4–Not complex highlights CNOT1 as the 
scaffold protein, containing HEAT and MIF4G domains. It anchors CNOT2 and CNOT3 via 
their Not-Box regions (green and orange respec+vely). The cataly+c subunits, CNOT7/8(Caf1) 
and CNOT6/6L (Ccr4), contain DEDD and EEP nuclease domains. Addi+onal subunits 
include CNOT4 (with RING and RRM domains) and CNOT9 (Caf40), which interact through 
its ARM domain. CNOT11 (blue) and CNOT10 (magenta) associate with the N-terminal 
domain of CNOT1 directly and indirectly respec+vely  (Chalabi Hagkarim and Grand 2020; 
Collart 2016). 
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1.13	The	N-terminal	module	

The	N-terminal	module	of	the	Ccr4-Not	complex	is	built	around	the	N-terminal	domain	

of	CNOT1	(CNOT1N)	and,	in	metazoans,	incorporates	CNOT10	and	CNOT11	(also	referred	

to	as	C2ORF29	in	humans)	(Figure	1.12).	The	exact	role	of	the	CNOT10/CNOT11	module	

remains	uncertain;	however,	since	it	is	absent	in	yeast,	it	has	been	suggested	that	it	may	

either	be	an	optional	component	or	serve	as	a	functional	equivalent	to	the	yeast	protein	

Caf130	(Bawankar	et	al.	2013;	Xu	et	al.	2014).	The	puriUication	of	endogenous	Ccr4-Not	

complexes	 from	human	and	Drosophila	cells	conUirmed	that	CNOT10	and	CNOT11	are	

genuine	core	subunits	 (Mauxion	et	al.	2023).	 In	vitro	experiments	using	recombinant	

proteins	demonstrated	that	both	CNOT10	and	CNOT11	can	bind	RNA	and	enhance	the	

deadenylation	activity	of	the	Ccr4-Not	complex.	At	the	cellular	level,	these	subunits	were	

identiUied	as	regulators	of	interferon-responsive	genes	during	HIV	infection	in	primary	T	

cells	(Gordon	et	al.	2020).	Additionally,	in	mouse	embryonic	stem	cells,	the	depletion	of	

CNOT10	 resulted	 in	 the	 accumulation	 of	 speciUic	 transcripts.	 In	 trypanosomes,	 the	

deletion	of	 the	CNOT10	orthologue	disrupted	 the	 structural	 integrity	 of	 the	 Ccr4-Not	

complex	and	hindered	the	degradation	of	numerous	mRNAs	(Farber	et	al.	2013;	Mauxion	

et	 al.	 2023).	Despite	 these	 Uindings,	 the	 exact	 organisation	 and	 roles	 of	 the	 CNOT1N-

CNOT10-CNOT11	module	remain	unclear	(Mauxion	et	al.	2023).	
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Figure	1.12	Structure	of	the	N-terminal	Module	of	the	Ccr4-Not	Complex.	
The	image	depicts	the	structural	organization	of	the	N-terminal	module	of	the	Ccr4-Not	complex,	
highlighting	the	interactions	between	CNOT1N,	CNOT10,	and	CNOT11.	The	N-terminal	domain	of	
CNOT1	 (CNOT1N)	is	 shown	 in	grey	 ,	 serving	as	 the	 structural	 scaffold	 for	 the	assembly	of	 the	
module.	CNOT10	is	represented	in	magenta,	while	CNOT11	is	shown	in	blue,	with	its	N-terminal	
domain	(CNOT11	N)	and	C-terminal	domain	(CNOT11	C)	labelled	(PDB	ID:	8BFI).	
	
	
	
	
	
	
	
1.14	The	nuclease	module	

The	Ccr4-Not	 nuclease	 complex	(Figure	 1.13)	 is	 deUined	 by	 two	 key	 subunits	

responsible	 for	 ribonuclease	 activity:	Ccr4	and	Caf1	 in	 yeast.	 Ccr4	 belongs	 to	 the	EEP	

superfamily	 as	 was	 originally	 identiUied	 as	 a	 regulator	 of	 ADH2	 in	 the	 yeast	

Saccharomyces	 cerevisiae	 (Shirai	 et	 al.	 2014).	The	Ccr4	is	 distinguished	by	 two	highly	

conserved	 domains:	 a	C-terminal	 deadenylase	 domain	and	 an	N-terminal	 leucine-rich	

repeat	 (LRR)	 domain.	 The	LRR	 domain	plays	 a	 crucial	 role	 in	 its	 interaction	

with	CAF1	and	its	 integration	 into	the	Ccr4–Not	complex	(Winkler	and	Balacco	2013).	

The	structure	and	composition	of	Ccr4	exhibit	notable	differences	across	species.	Firstly,	
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the	activation	 domain	located	 in	 the	N-terminal	 domain	of	Saccharomyces	 cerevisiae	

Ccr4p	is	absent	in	orthologues	from	other	eukaryotes,	including	mammals	(Shirai	et	al.	

2014).	 Secondly,	 while	 yeasts	 and	 metazoans	 such	 as	Drosophila	

melanogaster	and	Caenorhabditis	elegans	possess	 a	 single	Ccr4,	 vertebrates—including	

Xenopus	 laevis,	Danio	 rerio,	Mus	 musculus,	 and	Homo	 sapiens—have	 two	

orthologues:	CNOT6	(Ccr4a)	and	CNOT6L	(Ccr4b)	(Winkler	and	Balacco	2013;	Shirai	et	

al.	2014).	

Caf1,	 a	 core	 deadenylase	 subunit	 of	 the	Ccr4–Not	 complex,	 contains	 a	ribonuclease	

(RNase)	D	domain	that	belongs	to	the	DEDD	superfamily	(Collart	and	Panasenko,	2012;	

Winkler	and	Balacco,	2013).	 Initially,	yeast	Caf1	 (Caf1p)	was	discovered	as	a	potential	

transcriptional	 regulator	 necessary	 for	 glucose	 derepression	 in	Saccharomyces	

cerevisiae		(Sakai	et	al.	1992).	Later,	research	by	Tucker	et	al.	demonstrated	that	Caf1p,	in	

conjunction	with	Ccr4p,	functions	as	a	key	cytoplasmic	mRNA	deadenylase	(Tucker	et	al.	

2002).In	mammals,	including	humans,	CAF1	is	represented	by	two	orthologues:	CNOT7	

(hCAF1a)	and	CNOT8	 (hCAF1b).	 Analysis	 of	 the	 amino	 acid	 sequences	 of	human	

CNOT7	and	CNOT8	reveals	a	high	level	of	similarity	between	the	two	proteins	(Shirai	et	

al.	 2014;	 Winkler	 and	 Balacco	 2013;	 Mittal	 et	 al.	 2011).	 Human	

CNOT7	and	CNOT8	interact	 with	 the	middle	 region	 of	 CNOT1	via	 its	MIF4G	 domain,	

which	consists	of	pairs	of	antiparallel	α-helices	(Shirai	et	al.	2014).	Furthermore,	yeast	

two-hybrid	 analysis	 demonstrated	 that	CNOT6	directly	 interacts	

with	CNOT7	and	CNOT8,	but	not	with	CNOT1.	These	results	indicate	that	the	association	

of	CNOT7	and	CNOT8	with	CNOT1	is	 crucial	 for	 the	 incorporation	

of	CNOT6	and	CNOT6L	into	 the	Ccr4–Not	 complex,	 enabling	 them	 to	 perform	 their	

deadenylation	functions	(Lau	et	al.	2009).	
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Figure	1.13	Structure	of	the	Human	Ccr4-Not	nuclease	module.		

The structure shows HsCNOT1 (grey) anchoring HsCaf1 (red) and HsCcr4 (yellow and 
magenta) via its MIF4G domain. The LRR region (magenta) supports complex assembly, while 
the nuclease domain of HsCcr4 (yellow) drives mRNA deadenyla+on. The schema+c highlights 
CNOT1 domains and binding sites for Caf1 and Ccr4	(Zhang et al. 2022) (PBD ID: 7VOI and 
3NGQ). 
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1.15	The	Not	module	

Another	key	module	of	the	Ccr4–Not	complex	consists	of	CNOT1,	CNOT2,	and	CNOT3	in	

humans	and	their	counterparts	Not1,	Not2,	and	either	Not3	or	Not5	in	yeast	(Miller	and	

Reese	2012;	Xu	et	al.	2014).	

1.15.1	CNOT1	subunit	

CNOT1	acts	 as	 a	 scaffold	and	 the	 largest	 subunits	of	 the	 complex	 (>200	kD)	 (Chalabi	

Hagkarim	 and	 Grand	 2020).	 Structurally,	CNOT1	can	 be	 divided	 into	 three	 primary	

regions:	 the	N-terminal,	middle,	 and	C-terminal	regions,	 based	 on	 structural	 data	 and	

predictions.	 The	N-terminal	 domain	of	 CNOT1	 interacts	 with	CNOT11,	 which	 in	 turn	

associates	 with	CNOT10.	 The	middle	 region,	 known	 as	 the	MIF4G	 (middle	 domain	 of	

eukaryotic	 initiation	 factor	 4G)	domain,	 directly	 binds	 to	CAF1a	 (CNOT7)	or	CAF1b	

(CNOT8).	 Additionally,	CAF40	 (CNOT9)	interacts	 with	 the	 remaining	 portion	 of	 the	

middle	region	of	CNOT1,	which	includes	the	DUF3819	domain.	The	C-terminal	domain	of	

CNOT1	associates	with	the	CNOT2/CNOT3	complex,	facilitating	the	assembly	of	the	NOT	

module	(Figure	1.14	A).	These	interactions	collectively	enable	CNOT1	to	function	as	a	

scaffold,	 supporting	 the	 formation	 and	 structural	 integrity	 of	 the	 Ccr4–Not	 complex	

(Boland	et	al.	2013;	Xu	et	al.	2014).	

1.15.2	CNOT2-CNOT3	subunits		

CNOT2	and	CNOT3	are	characterised	by	distinct	structural	domains.	CNOT3	is	comprised	

of	three	primary	regions:	an	N-terminal	domain	featuring	coiled-coil	domains,	a	central	

region,	 and	 a	 C-terminal	 domain.	 In	 contrast,	 CNOT2	 is	 composed	 of	 an	 N-terminal	

domain	and	a	C-terminal	domain	but	lacks	the	distinctly	deUined	middle	region	present	

in	CNOT3	(Boland	et	al.	2013)	(Figure	1.14	A).	In	the	human	complex,	both	CNOT2	and	

CNOT3	contain	a	Not-Box	motif,	which	facilitates	their	interaction	Field	(Miller	and	Reese	

2012;	Xu	 et	 al.	 2014).	Understanding	 the	 regulation	 and	 function	of	 the	NOT	module	

necessitates	 an	 investigation	 into	 its	 three-dimensional	 structure,	 particularly	 the	 C-

terminal	domains	of	CNOT1,	CNOT2,	and	CNOT3,	which	are	responsible	for	the	assembly	

of	the	module	Field	(Boland	et	al.	2013).		

Recent	 three-dimensional	 structures	 of	 the	 human	CNOT1–CNOT2–CNOT3	complexes	

have	provided	insights	into	the	structure	and	assembly	of	the	NOT	module	(Boland	et	al.	

2013;	 Xu	 et	 al.	 2014).	 	 These	 structures	 reveal	 a	 similar	 overall	 architecture,	

where	CNOT2	and	CNOT3	form	a	symmetric	heterodimer	through	their	Not-Box	motifs	
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(Figure	 1.14	 B),	 creating	 what	 is	 known	 as	 the	symmetric	 lobe.	 The	Not-Boxes	of	

CNOT2/Not2	 and	CNOT3/Not5	 are	 located	within	 their	 globular	 C-terminal	 domains.	

The	structure	of	the	Not-Box	comprises	three	N-terminal	α-helices	and	a	C-terminal	β-

sheet	 made	 up	 of	 four	 β-strands	 in	 yeast	 and	 Uive	 in	 humans,	 with	 notable	 bending	

between	 β3/β4	 in	 yeast	 or	 β4/β5	 in	 humans	 (Xu	 et	 al.	 2014).	 These	 domains	 share	

similarities	with	 Sm	 domains	 but	 lack	 the	 characteristic	 Sm	 sequence	motifs	 and	 an	

additional	 β-strand	 required	 for	 Sm–Sm	 dimerisation.	 The	 Not-Box	 regions	 of	

CNOT2/Not2	 and	 CNOT3/Not5	 enable	 dimerisation	 through	 their	N-terminal	 helices,	

forming	a	highly	symmetrical	heterodimer	with	enhanced	complementarity	compared	to	

a	CNOT3	homodimer.	A	CNOT2	homodimer	adopts	a	distinct	dimerisation	mechanism,	

involving	 domain	 swapping	 via	 the	 N-terminal	 helices,	 which	 differs	 from	 the	

arrangement	 seen	 in	 both	 CNOT3	 homodimers	 and	 CNOT2/CNOT3	 heterodimers.	

Additionally,	the	Not-Box	structures	of	CNOT2/Not2	and	CNOT3/Not5	are	highly	similar,	

with	an	r.m.s.d.	of	less	than	1.3	A{ 	when	superimposed	(Xu	et	al.	2014;	Boland	et	al.	2013).	

The	 heterodimer	 interface	 is	 further	 stabilised	 by	N-terminal	 sequences,	 referred	 to	

as	connector	 sequences	 (CSs),	 which	 encircle	 the	Not-Box	 regions	of	 their	 respective	

partners,	functioning	like	clamps	(Boland	et	al.	2013).	

Moreover,	the	CNOT2–CNOT3	heterodimer		is	tethered	to	the	conserved	helical	surface	

of	 the	 N-terminal	 subdomain	 (N-SD)	 of	 CNOT1	 exclusively	 via	 the	 N-terminal	 NOT1	

anchor	 regions	 (NARs)	 of	 CNOT2	 and	 CNOT3.	 Importantly,	 the	 Not-Box	 domains	

themselves	do	not	contact	CNOT1.	(Figure	1.14	C)	(Xu	et	al.	2014;	Boland	et	al.	2013).	

Each	NAR	comprises	an	N-terminal	α-helix	(αN)	and	a	C-terminal	domain	(NAR-C),	the	

latter	of	which	lacks	any	deUined	secondary	structure.	The	αN	helices	insert	into	grooves	

along	 the	 lateral	 surface	 of	 CNOT1,	 forming	 stable	 contacts. The	 extreme	N-terminal	

residues	of	CNOT2	penetrate	a	cleft	formed	by	loops	L15	and	L19	and	helix	α21	within	

the	C-terminal	 subdomain	 (C-SD)	of	 CNOT1	 (Xu	 et	 al.	 2014;	 Boland	 et	 al.	 2013).	

Meanwhile,	 the	NAR-Cs	conform	 to	 the	 conserved	 helical	 surface	 of	 the	 CNOT1	N-SD,	

creating	additional	points	of	interaction. The	CNOT3	NAR-C,	being	shorter,	crosses	the	

surface	 of	helices	 α4,	 α6,	 and	 α8	of	 CNOT1,	 engaging	 these	 regions	 through	 a	

combination	 of	 hydrophobic	 and	 polar	 interactions	 before	 entering	 the	 junction.	 In	

contrast,	the	CNOT2	NAR-C	takes	a	longer,	zigzagging	path	across	the	surface	of	CNOT1.	

This	region	contains	several	aromatic	residues	(Y396,	F399,	and	W403)	that	insert	into	

a	 hydrophobic	 cleft	 formed	 by	helices	 α8,	 α9,	 and	 α11	of	 CNOT1.	 Additionally,	
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residues	382–395	of	CNOT2	 form	extensive	 contacts	with	helix	α11,	 resulting	 in	well-

deUined	 interactions	 that	 contribute	 to	 the	 stability	 of	 the	 assembly	 (Xu	 et	 al.	 2014;	

Boland	et	al.	2013).	 

The	NAR-Cs	connect	to	the	(CSs)	at	the	junction	between	the	two	lobes	of	the	structure.	

The	core	of	this	junction	is	stabilised	by	hydrophilic	interactions	involving	the	N-terminal	

domains	of	 the	CSs,	with	 contributions	 from	speciUic	 residues	 in	CNOT2	(R409,	Q411,	

D412,	and	D414)	and	CNOT3	(E632,	R633,	R635,	and	R640).	Additionally,	 the	relative	

orientation	of	the	two	lobes	is	maintained	by	the	C-terminal	tail	of	CNOT2,	which	clamps	

the	CNOT3	 CS	within	 a	 tunnel	 and	 loops	 back	 to	 interact	 with	CNOT1	(speciUically	

helix	α11),	 crossing	 over	 the	CNOT3	 NAR-C	in	 the	 process.	 These	 interactions,	

particularly	those	mediated	by	the	C-terminal	tail	of	CNOT2,	are	likely	to	occur	at	a	late	

stage	in	the	assembly	of	the	NOT	module	and	impose	additional	topological	constraints.	

This	 structural	 arrangement	 prevents	 the	 dissociation	 of	CNOT3	in	 the	 presence	

of	CNOT2,	 thereby	reinforcing	 the	stability	of	 the	module.	 	Furthermore,	 this	explains	

why	the	CNOT3	Not-box	domain	is	essential	for	incorporation	of	CNOT3	into	the	Ccr4–

Not	 complex:	 deletion	 of	 the	 Not-Box	 prevents	 formation	 of	 the	 CNOT2–CNOT3	

heterodimer,	resulting	in	a	loss	of	CNOT3	interaction	with	CNOT1,	as	the	isolated	NAR	of	

CNOT3	 is	 insufUicient	 to	 maintain	 stable	 binding	 to	 CNOT1.	 Moreover,	surface	

conservation	 analysis	suggests	 that	 the	 interfaces	 within	 the	 trimeric	 complex	 are	

evolutionarily	 conserved,	 indicating	 that	 this	 mode	 of	 assembly	 is	 preserved	 across	

multiple	species	(Boland	et	al.	2013;	Xu	et	al.	2014).  
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		Figure	1.14	Structural	organisation	of	the	Human	NOT	Module.	
 (A) Domain architectures of CNOT1, CNOT2, and CNOT3. CNOT2 and CNOT3 contain N-
terminal anchor regions (NAR), connector sequences (CS), and C-terminal Not-Box regions 
that interact with CNOT1. (B) The structure of the human NOT module shows CNOT1 Field as 
the scaffold protein interac+ng with CNOT2 (green) and CNOT3 (orange) via their Not-Box 
regions. (C) The CNOT2–CNOT3 heterodimer shows their interlocking interac+on through the 
Not-Box regions and junc+ons (CSs). The NAR domains in CNOT2 and CNOT3 anchor these 
subunits to CNOT1, stabilising the assembly of the en+re complex. 
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1.16	Physiological	role	of	the	NOT	Module		

1.16.1	The	physiological	role	of	CNOT1	

Even	though	CNOT1	is	not	known	to	have	any	enzymatic	activity,	its	role	as	a	scaffold	is	

crucial	for	the	deadenylase	functions	of	the	CNOT	complex.	Research	indicates	that	when	

CNOT1	is	depleted	in	HeLa	cells,	the	levels	of	CHOP	mRNA	rise,	leading	to	the	activation	

of	caspase-4	and	resulting	in	apoptosis	due	to	ER	stress.	This	demonstrates	that	CNOT1	

is	vital	for	cell	viability	and	proliferation	(Chalabi	Hagkarim	and	Grand	2020;	Shirai	et	al.	

2014).	Additionally,	the	Depletion	of	CNOT1	results	in	the	destabilisation	of	the	whole	

complex	and	degradation	of	some	other	subunits,	such	as	CNOT2,	CNOT6L,	CNOT7,	and	

CNOT9,	but	not	CNOT3,	in	HeLa	cells	(Chalabi	Hagkarim	and	Grand	2020).	

1.16.2	Physiological	role	of	CNOT2-CNOT3 

The	precise	cellular	function	of	the	CNOT2	and	CNOT3	modules	also	remains	unclear,	as	

neither	protein	possesses	a	catalytic	domain.	 It	 is	believed	that	 this	module	primarily	

acts	as	a	protein	interaction	platform,	modulating	the	enzymatic	activities	of	the	Ccr4–

Not	 complex.	 Supporting	 this,	 multiple	 studies	 have	 demonstrated	 that	 the	

downregulation	of	either	Not2	or	Not5	affects	the	levels	of	speciUic	mRNAs	and,	in	some	

cases,	 the	 length	 of	 poly(A)	 tails.	 These	 effects	 are	 likely	 due	 to	 the	module’s	 role	 in	

facilitating	the	recruitment	of	the	Ccr4–Not	complex	to	particular	mRNAs	Field	(Collart	

and	 Panasenko	 2017;	 Morita	 et	 al.	 2011).	 It	 has	 also	 been	 noted	 to	 play	 a	 role	 in	

decapping	 Uields	 (Collart	 and	 Panasenko	 2017).	 It	 is	 important	 to	 consider	 that	 any	

function	 attributed	 to	 the	 phenotypes	 of	 cells	 deUicient	 in	 Not2	 or	 Not5	 may	 be	 a	

consequence	of	 compromised	 integrity	 of	 the	Ccr4-Not	 complex.	However,	 there	 is	 at	

least	one	instance	in	Drosophila	 in	which	Not3	interacts	with	the	RNA-binding	protein	

Bicaudal-C,	facilitating	the	assembly	of	the	complete	Ccr4-Not	complex	onto	mRNAs	for	

the	purpose	of	their	deadenylation	(Chicoine	et	al.	2007;	Collart	and	Panasenko	2017).			

This	module	is	also	associated	with	transcription,	where	it	interacts	with	a	wide	range	of	

general	and	speciUic	transcription	factors.	It	is	found	at	transcription	sites	and	inUluences	

the	presence	of	transcription	factors	at	promoters,	as	well	as	global	histone	acetylation	

levels	(Collart	and	Panasenko	2017;	Collart	2016)	.			

The	Not2-Not5	heterodimer	also	plays	a	crucial	role	in	translation,	as	it	 is	required	to	

prevent	the	aggregation	of	the	largest	subunit	of	RNA	polymerase	II	during	its	synthesis	

(Collart	and	Panasenko	2017;	Villanyi	et	al.	2014).		
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Several	 studies	 have	 demonstrated	 the	 role	 of	 CNOT3	 in	 regulating	 gene	 expression.	

Research	 in	MCF-7	 cells	 revealed	 that	 CNOT3	 suppresses	 transcription	 driven	 by	 ER	

alpha,	as	knockdown	of	CNOT3	resulted	in	increased	expression	of	ER	alpha	target	genes	

(Winkler	et	al.	2006).	Another	study	conducted	in	HEK293T	cells	found	that	while	the	

full-length	CNOT3	does	not	 inUluence	transcription,	 its	Not-Box	domain	 functions	as	a	

repressor	of	reporter	gene	activity	(Zwartjes	et	al.	2004).	Besides,	in	mouse	embryonic	

stem	cells	(ESCs),	CNOT3	is	essential	for	self-renewal	and	survival.	Its	depletion	leads	to	

rapid	 differentiation	 and	 a	 signiUicant	 loss	 of	 the	 epiblast	 cell	 population,	 with	

downregulation	of	pluripotency	markers	such	as	Oct4,	Nanog,	and	Sox2.	Notably,	in	vivo	

deletion	 of	Cnot3	causes	 peri-implantation	 lethality,	 and	 ESCs	 lacking	 CNOT3	 fail	 to	

maintain	colony	formation	even	under	ground-state	conditions.	Mechanistically,	CNOT3	

co-occupies	promoter	regions	of	target	genes	with	factors	like	TRIM28,	c-MYC,	and	ZFX,	

forming	a	transcriptional	module	that	regulates	genes	associated	with	the	cell	cycle	and	

survival	(Hu	et	al.	2009;	Zheng	et	al.	2016).	

CNOT3	has	been	identiUied	as	a	critical	factor	for	cell	cycle	progression	and	is	essential	

for	the	proliferation	of	MCF-7	cells.	Its	knockdown	results	in	cell	accumulation	in	the	G1	

phase,	suggesting	its	role	in	facilitating	the	transition	into	the	S	phase.	However,	CNOT3	

is	not	required	for	cell	survival	(Mittal	et	al.	2011).	Another	study	(Takahashi	et	al.	2012)	
reported	the	importance	of	CNOT3	during	mitotic	progression.	Knockdown	of	CNOT3	in	

Hela	cells	resulted	in	mitotic	arrest.	Evidence	was	presented	that	CNOT3	controls	mRNA	

levels	of	MAD1,	which	is	a	protein	 involved	in	mitotic	spindle	assembly.	CNOT3	might	

therefore	represent	a	player	in	controlling	the	spindle	assembly	checkpoint.		

1.16.3	Function	of	CNOT3	in	mRNA	decay	and	translation		

CNOT3,	 as	 a	 component	 of	 the	 versatile	 Ccr4-Notcomplex,	 has	 been	 attributed	 with	

various	 molecular	 roles.	 These	 roles	 encompass	 the	 regulation	 of	 transcription,	 the	

removal	 of	 poly(A)	 tails	 from	RNA,	 the	 degradation	 of	mRNA,	 and	 the	 assessment	 of	

codon	usage	efUiciency	(Ghashghaei	et	al.	2024).	The	Ccr4-Not	complex	plays	a	critical	

role	in	linking	translation	and	mRNA	decay,	with	CNOT3/Not5	(Human/yeast)	serving	as	

a	key	subunit	in	this	process	(Absmeier	et	al.	2023).	CNOT3/Not5	integrates	signals	from	

the	 translational	 machinery	 to	 modulate	 mRNA	 stability,	 thereby	 ensuring	 precise	

regulation	of	gene	expression.	 Its	 function	 is	particularly	evident	during	conditions	of	

translational	 stalling,	 where	 ribosomes	 encounter	 challenges	 in	 elongation	 due	 to	
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various	factors,	such	as	rare	codons	or	limited	availability	of	cognate	tRNAs	(described	

in	section	1.6.1)	(Pavanello,	Hall,	and	Winkler	2023;	Buschauer	et	al.	2020).	

The	 relationship	 between	 these	 processes	 has	 been	 difUicult	 to	 identify,	 but	 recent	

experiments	conducted	on	the	budding	yeast	S.	cerevisiae	suggest	a	potential	mechanism	

(Buschauer	et	al.	2020).  Work	by	Buschauer	et	al.	(Buschauer	et	al.	2020)	showed	that	

when	 a	 ribosome	 stalls	 during	 translation,	 the	 A-site	 on	 the	 ribosome	 remains	

unoccupied	 due	 to	 the	 low	 abundance	 of	 the	 incoming	 t-RNA-aminoacyl	 complex,	

signalling	a	slowdown	in	decoding.	In	this	context,	Not5,	the	orthologue	of	human	CNOT3	

is	recruited	to	the	ribosome	through	its	ability	to	bind	the	E-site	(Figure	1.15	A	and	B).	

Cryo-electron	microscopy	studies	have	revealed	the	molecular	details	of	this	interaction,	

showing	 that	 the	N-terminal	domain	of	Not5	 inserts	 into	 the	E-site	and	stabilises	 the	

stalled	ribosome	by	locking	the	L1	stalk	in	an	open	conformation.	This	conformational	

change	effectively	halts	further	elongation	by	preventing	translocation	of	the	ribosome.	

The	engagement	of	Not5	with	the	ribosome	not	only	indicates	a	stalled	condition	but	also	

prepares	the	linked	mRNA	for	deadenylation	and	eventual	degradation	through	the	5’-3’	

decay	pathway	(Buschauer	et	al.	2020;	Absmeier	et	al.	2023).	The	interaction	of	the	N-

terminal	domain	of	CNOT3	with	the	ribosomal	E-site	is	preserved	in	mammalian	cells	

(Absmeier	et	al.	2023).	

	As	 it	 was	 thought	 in	 yeast	 the	 presence	 of	 rare	 codons	 in	 the	 A-site	 is	 a	 strong	

determinant	for	CNOT3	recruitment,	recent	research	in	HEK293T	cells	has	provided	new	

insights	 into	 the	 codon-speciUic	 recruitment	 of	 CNOT3	 during	 translation	 (Zhu	 et	 al.	

2024).	 In	mammalian	 cells,	 the	 P-site	 codon	 plays	 a	more	 signiUicant	 role	 (Zhu	 et	 al.	

2024).	When	 the	E-site	 becomes	 vacant	 due	 to	 the	 dissociation	 of	 the	E-site	 tRNA,	 it	

creates	an	opportunity	 for	CNOT3	 to	enter	 the	E-site	and	probe	 the	P-site	 tRNA.	This	
probing	involves	assessing	the	structural	compatibility	of	the	P-site	tRNA,	particularly	its	

D-arm	and	the	conserved	U13:A22:A46	triplet.	If	the	P-site	tRNA	meets	these	structural	
requirements,	 CNOT3	 stabilises	 on	 the	 ribosome	 and	 engages	 in	 downstream	mRNA	

decay	processes	(Zhu	et	al.	2024).	

SpeciUic	arginine	codons,	such	as	CGG,	CGA,	and	AGG,	are	highly	associated	with	CNOT3	

recruitment	to	translating	ribosomes.	High-resolution	structural	analyses	revealed	that	

these	codons	promote	recruitment	due	to	their	interaction	with	the	D-arm	of	the	P-site	

tRNA,	facilitating	stabilising	hydrogen	bonds	with	CNOT3	and	enhancing	its	afUinity	for	

the	ribosomal	E-site	(Zhu	et	al.	2024;	Collart,	Audebert,	and	Bushell	2023).	Conversely,	
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tRNAs	that	lack	this	structural	compatibility,	such	as	those	with	an	additional	nucleotide	

in	the	D-loop,	generate	steric	clashes	that	prevent	CNOT3	recruitment	(Zhu	et	al.	2024).	

This	 distinction	 ensures	 that	 only	 speciUic	 ribosomal	 conformations	 and	 codon-tRNA	

combinations	are	targeted	by	CNOT3	for	mRNA	degradation.	Such	selective	interactions	

underline	a	sophisticated	regulatory	mechanism,	where	codon	usage	and	tRNA	structure	

jointly	dictate	the	stability	of	the	associated	mRNA	(Collart,	Audebert,	and	Bushell	2023;	

Zhu	et	al.	2024).	

Once	recruited	to	a	stalled	ribosome,	CNOT3/Not5	serves	as	a	platform	for	the	Ccr4-Not	

complex’s	 enzymatic	machinery.	The	deadenylase	module	of	 the	 complex,	 comprising	

CNOT6	and	CNOT7,	is	activated	to	remove	the	poly(A)	tail	of	the	mRNA.	Deadenylation	

destabilises	the	mRNA	and	primes	it	for	decapping,	a	process	mediated	by	the	decapping	

machinery,	which	exposes	the	mRNA	to	5'-to-3'	exonucleolytic	degradation	by	enzymes	

such	 as	 Xrn1.	 This	 sequential	 process	 ensures	 efUicient	 degradation	 of	 the	 defective	

mRNA.	Additionally,	the	recruitment	of	the	E3	ubiquitin	ligase	CNOT4	by	the	Ccr4-Not	

complex	 facilitates	 the	ubiquitination	of	 ribosomal	proteins,	 such	as	eS7,	marking	 the	

stalled	 ribosome	 for	 quality	 control	 and	 potentially	 triggering	 its	 recycling	 or	

degradation	(Absmeier	et	al.	2023;	Collart,	Audebert,	and	Bushell	2023).	

Likewise,	CNOT3	enhances	translation	efUiciency	by	recruiting	highly	translated	mRNAs,	

such	 as	 c-MYC,	 to	 active	 polysomes,	 ensuring	 ribosome	 occupancy	 and	 elongation	 on	

critical	 transcripts	 essential	 for	 rapid	 cell	 division.	 While	 global	 protein	 synthesis	

remains	unaffected,	CNOT3	selectively	boosts	AU3-biased	codons	linked	to	proliferation	

and	 destabilises	 less	 efUicient	 or	 GC3-biased	 codons	 associated	 with	 differentiation	

(Ghashghaei	et	al.	2024).	

Additionally,	CNOT3	interacts	with	ribosomal	proteins	and	elongation	factors	like	EEF1G	

and	 EEF1E,	 which	 are	 crucial	 for	 translation	 elongation.	 Its	 depletion	 disrupts	 these	

interactions,	 impairing	 elongation	 and	 reducing	 synthesis	 of	 key	 growth-promoting	

proteins.	These	Uindings	highlight	CNOT3's	role	in	codon-speciUic	translation	regulation	

and	cell	survival	(Ghashghaei	et	al.	2024).	
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      A 

	
	

	Figure	1.15	Mechanism	of	CNOT3-mediated	mRNA	degradation	at	stalled	ribosomes.		
(A) Structural representa+on of the ribosome highligh+ng the interac+on between CNOT3 
and the ribosomal P-site during transla+onal stalling. The 60S large ribosomal subunit is 
shown in green, the 40S small ribosomal subunit in yellow, the P-site tRNA in orange, and 
CNOT3 in red (Zhu et al. 2024) (PBD ID 9C3H). 
(B) Schema+c diagram illustra+ng the mechanism of transla+onal stalling and subsequent 
recruitment of CNOT3. A slowly decoded codon in the A-site results in dissocia+on of the E-
site tRNA, leaving the E-site vacated and the A-site empty. This allows CNOT3 (red) to bind to 
the vacant E-site and probe the P-site tRNA (orange), assessing its structural features. This 
interac+on enables CNOT3 to determine whether the ribosome state is compa+ble for its 
recruitment. When compa+ble P-site tRNAs are present, CNOT3 stabilises on the ribosome 
and recruits the Ccr4-Not complex. This complex ini+ates mRNA degrada+on through 
deadenyla+on, decapping, and 5'-to-3' exonucleoly+c decay, selec+vely targe+ng stalled 
transcripts for degrada+on (Buschauer et al. 2020). The schema+c was created using 
Biorender.com. 

B 



																																																																																																																								Chapter	1.	Introduction	

	

	 51	

 
1.17	Involvement	of	CNOT3	in	diseases	

1.17.1	Involvement	of	CNOT3	in	cancer	

Potential	roles	for	CNOT3	have	been	identiUied	in	a	number	of	diseases,	with	particularly	

signiUicant	implications	in	cancer.	Exome	sequencing	studies	have	identiUied	CNOT3	as	a	

tumour	 suppressor	 gene,	with	mutations	 found	 in	 approximately	7.9%	of	 adult	 T-cell	

acute	 lymphoblastic	 leukaemia	 (T-ALL)	 cases	(De	 Keersmaecker	 et	 al.	 2013).	 These	

mutations	frequently	localise	to	the	Arg57	residue	within	the	N-terminal	domain	of	the	

protein,	which	has	been	highlighted	as	a	mutation	hotspot.	The	Arg57	(corresponding	to	

Lys-58	 in	 yeast)	 mutations	 lead	 to	splicing	 defects	and	 signiUicantly	reduced	 CNOT3	

mRNA	 expression,	 undermining	 its	 tumour-suppressive	 functions.	 This	 effect	 was	

conUirmed	 by	mRNA	 expression	 analysis,	 which	 demonstrated	 that	mutations	 in	 this	

region	result	 in	 transcripts	 that	are	either	absent	or	expressed	at	very	 low	 levels	 (De	

Keersmaecker	et	al.	2013).	

To	 further	 investigate	 the	role	of	CNOT3	 in	cancer,	a	Drosophila	 eye	cancer	model	was	

employed.	In	this	model,	reducing	Not3	(the	Drosophila	homolog	of	CNOT3)	expression	

in	a	sensitised	background	led	to	a	signiUicant	increase	in	tumour	formation.	For	instance,	

tumour	incidence	increased	from	8%	in	control	RNA	interference	(RNAi)	Ulies	to	as	high	

as	90%	with	Not3	knockdown.	These	Uindings	underscore	that	CNOT3	loss	is	sufUicient	to	

drive	tumour	development	in	a	genetically	sensitised	environment,	reinforcing	its	role	as	

a	tumour	suppressor	(De	Keersmaecker	et	al.	2013).	

Similarly,	in	colorectal	cancer	(CRC),	CNOT3	has	been	identiUied	as	a	critical	regulator	of	

tumour	aggressiveness	and	progression,	further	underscoring	its	versatile	role	in	human	

diseases. Unlike	 its	 limited	 expression	 in	 normal	 colonic	 epithelial	 cells,	 CNOT3	 is	

signiUicantly	 upregulated	 in	 CRC,	 particularly	 in	 advanced	 stages.	 Intriguingly,	 its	

expression	is	conUined	to	a	subpopulation	of	tumour	cells	with	stem	cell-like	properties,	

capable	of	self-renewal	and	sustaining	the	malignancy.	Mechanistically,	CNOT3	operates	

through	dual	 regulatory	 roles.	On	 the	 one	hand,	 it	 activates	 transcriptional	 programs	

associated	with	embryonic	stem	cell-like	traits,	fostering	tumour	cell	proliferation	and	

survival.	On	the	other	hand,	it	represses	genes	silenced	in	poorly	differentiated	tumours,	

thereby	preventing	 cellular	 differentiation	 and	maintaining	 the	malignant	 phenotype.	

Unlike	its	cytoplasmic	role	in	other	cancers,	CNOT3	in	CRC	predominantly	functions	in	
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the	nucleus,	interacting	with	chromatin	to	orchestrate	the	transcriptional	dynamics	that	

drive	tumour	aggressiveness	(Cejas	et	al.	2017)	.	

Moreover,	recent	analyses	of	RNA-sequencing	datasets	 from	The	Cancer	Genome	Atlas	

(TCGA)	revealed	a	striking	increase	in	CNOT3	expression	in	non-small	cell	 lung	cancer	

(NSCLC)	tumours,	particularly	in	subtypes	like	lung	adenocarcinoma	(LADC)	and	lung	

squamous	 cell	 carcinoma	 (LSqCC)	 (Shirai	 et	 al.	 2019).	 Unlike	 some	 oncogenes,	 this	

overexpression	 does	 not	 stem	 from	 gene	 ampliUication	 but	 appears	 to	 be	 driven	 by	

alterations	in	upstream	pathways	or	the	tumour	microenvironment	(Shirai	et	al.	2019). 

One	of	 the	most	profound	effects	of	CNOT3	 in	NSCLC	 is	 its	regulation	of	 the	cell	cycle	

through	p21,	 a	 key	 cyclin-dependent	 kinase	 inhibitor	 (CDKI).	 In	 NSCLC	 cells,	 CNOT3	

suppresses	p21	expression	by	promoting	the	degradation	of	its	mRNA	(CDKN1A).	This	

suppression	 allows	 tumour	 cells	 to	 evade	 growth	 restraints,	 facilitating	 rapid	

proliferation.	 When	 CNOT3	 is	 depleted,	 this	 balance	 shifts	 dramatically	 (Shirai	 et	 al.	

2019).		

	What’s	more,	in	leukaemia,	regulatory	functions	of	CNOT3	are	essential	for	maintaining	

the	malignant	phenotype.	Elevated	levels	of	CNOT3	in	leukaemia	cells	correlate	with	poor	

patient	 prognosis,	 and	 its	 depletion	 results	 in	 reduced	 proliferation,	 induction	 of	

differentiation,	 and	 apoptosis.	 A	 key	 Uinding	 from	 the	 study	 is	 the	 speciUic	 impact	 of	

CNOT3	 on	 the	 translation	 of	 c-MYC,	 a	 master	 regulator	 of	 cell	 proliferation.	 Despite	

having	no	 effect	 on	 c-MYC	mRNA	 levels,	CNOT3	 depletion	 signiUicantly	 reduces	 c-MYC	

protein	 levels,	 highlighting	 its	 role	 in	 promoting	 the	 translation	 of	 this	 and	 other	

oncogenic	transcripts.	This	selective	regulation	further	emphasises	CNOT3's	importance	

in	leukemogenesis	(Ghashghaei	et	al.	2024). 

1.17.2	Involvement	of	CNOT3	in	other	disease	

Research	on	Cnot3+/-	mice	highlighted	its	role	in	metabolic	control.	These	mice	exhibited	

enhanced	glucose	 tolerance,	 resistance	 to	high-fat	diets,	 and	 reduced	body	and	 tissue	

weight.	This	was	 linked	 to	 increased	expression	of	 lipid	catabolism-related	genes	and	

decreased	 expression	 of	 lipogenesis-related	 genes.	 The	 stability	 of	 speciUic	 mRNAs	

involved	in	lipid	and	glucose	metabolism	was	directly	regulated	by	CNOT3	(Morita	et	al.	

2011).	

One	 study	 showed	 that	Cnot3+/-	mice	 exhibited	 cardiac	 contractile	 abnormalities	 and	

were	prone	 to	heart	 failure	under	stress.	Reduced	CNOT3	 levels	were	associated	with	

changes	 in	histone	modiUications	(H3K4me3	and	H3K9ac),	 impacting	gene	regulation.	



																																																																																																																								Chapter	1.	Introduction	

	

	 53	

Treatment	with	HDAC	inhibitors	restored	cardiac	function	even	under	stress	conditions.	

Additionally,	a	SNP	 in	 the	CNOT3	promoter	has	been	 linked	to	cardiac	malfunctions	 in	

humans	(Neely	et	al.	2010).	

Furthermore,	 CNOT3	 has	 been	 identiUied	 as	 a	 critical	 modiUier	 of	 PRPF31	 mutations,	

which	cause	autosomal	dominant	retinitis	pigmentosa,	a	degenerative	retinal	disorder	

(Venturini	 et	 al.	 2012).	 Not	 all	 carriers	 of	PRPF31	 mutations	 develop	 symptoms	 due	

to	incomplete	 penetrance,	 and	CNOT3	 plays	 a	 key	 role	 in	 determining	 this	 variability.	

CNOT3	negatively	regulates	PRPF31	by	binding	directly	to	its	promoter	and	repressing	

transcription.	In	asymptomatic	carriers,	lower	levels	of	CNOT3	allow	higher	expression	

of	the	functional	PRPF31	allele,	compensating	for	the	mutated	allele.	Conversely,	higher	

CNOT3	expression	 reduces	 PRPF31	 levels,	 increasing	 the	 risk	of	 retinal	 degeneration.	

Experimental	 silencing	 of	 CNOT3	 in	 retinal	 cells	 conUirmed	 its	 repressive	 effect,	 as	

PRPF31	expression	signiUicantly	 increased	when	CNOT3	was	 inhibited	(Venturini	et	al.	

2012).	

Besides,	CNOT3	has	protective	 roles	 in	maintaining	bone	mass.	 In	mouse	models,	 the	

absence	of	CNOT3	reduced	bone	volume	and	increased	osteoclast	numbers,	promoting	

bone	resorption	while	not	affecting	bone	formation.	This	effect	was	linked	to	increased	

stability	 of	 the	 3′UTR	 of	RANK	mRNA,	 a	 key	 factor	 in	 osteoclast	 differentiation.	

Importantly,	 the	 absence	 of	 CNOT3	 exacerbated	 osteoporosis	 in	 aged	 mice,	 further	

demonstrating	its	role	in	bone	health	(Watanabe	et	al.	2014).	

Additionally,	 recent	 research	 has	 linked	CNOT3	 mutations	 to	 neurodevelopmental	

disorders,	 reUlecting	 its	 diverse	 roles	 in	 human	 biology	 (Martin	 et	 al.	 2019).	 This	

discovery,	 spearheaded	 by	 the	 Deciphering	 Developmental	 Disorders	 (DDD)	 study,	

highlights	 the	 signiUicant	 impact	 of	de	 novo	 variants	 in	 CNOT3	on	 developmental	

processes.	These	Uindings	reveal	a	spectrum	of	clinical	features	ranging	from	intellectual	

disabilities	 to	 subtle	 physical	 traits,	 marking	 CNOT3	 as	 a	 key	 contributor	 to	 these	

complex	conditions.	

The	clinical	manifestations	associated	with	CNOT3	variants	are	diverse	yet	share	some	

recurring	features.	All	individuals	studied	exhibited	developmental	delays	and	learning	

difUiculties,	 although	 the	 severity	 varied	 signiUicantly.	 Speech	 development	 was	

particularly	 affected,	with	 some	 children	unable	 to	 speak,	while	others	demonstrated	

limited	 vocabulary	 or	 the	 ability	 to	 form	 sentences.	 Behavioural	 challenges	 were	

prominent,	including	traits	consistent	with	autism	spectrum	disorder	(ASD),	anxiety,	and	
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aggression,	affecting	about	half	of	the	cases	studied	(Martin	et	al.	2019).	Genetic	analyses	

identiUied	 two	 main	 types	 of	CNOT3	 variants:	missense	 mutations	and	protein-

truncating	 variants.	 Missense	 mutations	 generally	 resulted	 in	 milder	 phenotypes,	 as	

evidenced	 by	 some	 children	 attending	 mainstream	 schools	 with	 additional	 learning	

support.	In	contrast,	truncating	mutations,	which	lead	to	the	loss	of	functional	protein	

regions,	 were	 associated	 with	 more	 severe	 developmental	 impairments,	 including	

profound	 intellectual	 disabilities.	 The	 study	 hypothesised	 that	 these	 effects	 arise	

from	haploinsufUiciency,	where	the	presence	of	only	one	functional	copy	of	the	gene	fails	

to	produce	sufUicient	protein	for	normal	development.	Supporting	this	hypothesis,	data	

from	 large	genetic	databases	 show	 that	CNOT3	 is	highly	 intolerant	of	 loss-of-function	

mutations	(Martin	et	al.	2019).	

	

1.18	Involvement	of	CNOT2	in	diseases	

CNOT2,	an	essential	subunit	of	the	Ccr4-Not	complex,	plays	a	critical	role	in	regulating	

mRNA	stability	and	transcription,	both	of	which	are	vital	for	normal	neurodevelopment.	

HaploinsufUiciency	 of	 CNOT2	 has	 been	 identiUied	 as	 the	 cause	 of	Intellectual	

Developmental	Disorder	with	Nasal	 Speech,	Dysmorphic	Facies,	 and	Variable	 Skeletal	

Anomalies	(IDNADFS),	a	rare	condition	characterised	by	a	consistent	and	recognisable	

spectrum	 of	 developmental	 and	 physical	 anomalies.	 This	 disorder	 also	 shares	 a	

signiUicant	overlap	with	chromosome	12q15	deletion	syndrome,	further	emphasising	the	

importance	of	CNOT2	in	brain	development	and	cellular	 function	(Uehara	et	al.	2019;	

Niceta	et	al.	2023).	

Individuals	with	CNOT2	haploinsufUiciency	present	with	developmental	delays	affecting	

both	 motor	 and	 speech	 milestones.	 Walking	 is	 often	 delayed,	 and	 many	 individuals	

exhibit	nasal	speech,	which	is	a	hallmark	feature	of	the	condition.	Intellectual	disability	

is	universally	observed,	with	severity	ranging	from	mild	to	severe,	signiUicantly	impacting	

daily	 functioning.	 In	 addition	 to	 these	 developmental	 challenges,	 affected	 individuals	

display	 distinctive	 craniofacial	 features,	 including	 a	 high,	 Ulat	 forehead,	 upslanted	

palpebral	Uissures,	anteverted	nares,	a	short	triangular	nose,	thin	upper	lips,	and	low-set	

ears.	Skeletal	anomalies,	such	as	scoliosis,	vertebral	defects,	and	brachydactyly,	further	

contribute	to	the	phenotypic	variability	of	the	disorder	(Uehara	et	al.	2019).	

At	the	molecular	level,	CNOT2	mutations	disrupt	the	function	of	the	Ccr4-Not	complex,	

impairing	 its	 role	 in	mRNA	regulation.	 Structural	modelling	has	 shown	 that	missense	
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mutations,	such	as	p.	Asn466His,	destabilise	the	Not-Box	region	of	the	CNOT2	protein,	

leading	to	loss	of	function.	This	loss	of	function	impairs	gene	regulatory	processes	that	

are	 critical	 for	 brain	 development,	 explaining	 the	 wide-ranging	 neurodevelopmental	

deUicits	observed	in	patients	(Uehara	et	al.	2019).	

In	addition,	CNOT2	has	emerged	as	a	signiUicant	player	in	cancer	progression	due	to	its	

role	in	regulating	transcription	and	mRNA	stability.	Recent	research	(Sohn	et	al.	2018)	

has	revealed	its	overexpression	in	various	malignancies,	including	breast,	prostate,	and	

pancreatic	cancers,	with	particularly	high	levels	observed	in	aggressive	subtypes	such	as	

triple-negative	 breast	 cancer	 (TNBC).	 Elevated	 CNOT2	 expression	 correlates	 with	

advanced	tumour	stages	and	poor	prognosis,	suggesting	its	critical	role	in	driving	cancer	

cell	proliferation	and	survival.		

In	cancer,	CNOT2	exerts	 its	oncogenic	effects	through	multiple	mechanisms.	It	directly	

activates	 the	 expression	of	vascular	 endothelial	 growth	 factor	 (VEGF),	 a	 key	driver	 of	

angiogenesis,	by	binding	to	its	promoter.	Additionally,	CNOT2	regulates	the	expression	of	

proliferation-related	genes	such	as	c-Myc,	β-catenin,	and	cyclin	D1,	which	are	pivotal	for	

cell	 cycle	 progression.	 Experimental	 studies	 have	 shown	 that	 depletion	 of	 CNOT2	

signiUicantly	 impairs	 cancer	 cell	 proliferation,	 reduces	 colony-forming	 ability,	 and	

inhibits	 migratory	 capacity.	 These	 Uindings	 highlight	 its	 dual	 role	 in	 promoting	 both	

tumour	growth	and	metastasis	(Sohn	et	al.	2018).	The	angiogenic	role	of	CNOT2	has	been	

further	validated	through	in	vivo	models.	Knockdown	of	CNOT2	in	mouse	xenografts	and	

chick	 embryo	 chorioallantoic	 membrane	 (CAM)	 assays	 led	 to	 a	 marked	 reduction	 in	

tumour	vascularisation	and	size.	Tumours	with	suppressed	CNOT2	expression	exhibit	

decreased	 levels	 of	 VEGF	 and	 PCNA,	 a	marker	 of	 cellular	 proliferation.	 These	 results	

underscore	 the	 importance	of	CNOT2	 in	sustaining	 tumour	vascular	networks	and	 its	

potential	as	a	target	for	anti-angiogenic	therapies	(Sohn	et	al.	2018).	

Additionally,	Recent	studies	have	identiUied	CNOT2	oncogenic	potential,	particularly	 in	

colorectal	 cancer	 (CRC),	 where	 it	 contributes	 to	 tumour	 growth,	 resistance,	 and	

apoptosis	 regulation	 (Jung	 et	 al.	 2021).	 CNOT2	 is	 frequently	 overexpressed	 in	 cancer	

cells,	 including	CRC,	and	 its	high	 levels	are	associated	with	poorer	survival	 rates.	The	

oncogenic	 role	 of	CNOT2	 is	 largely	mediated	 through	 its	 interaction	with	key	 tumour	

suppressor	genes	such	as	p53.	It	has	been	shown	that	CNOT2	suppresses	p53	expression,	

reducing	 its	 tumour-suppressive	 activities	 such	 as	 apoptosis	 induction	 and	 cell	 cycle	
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arrest.	This	mechanism	highlights	how	CNOT2	can	drive	tumour	proliferation	and	evade	

programmed	cell	death	mechanisms	(Jung	et	al.	2021)	

	

	1.19	Aim	and	Objectives	

CNOT3	and	CNOT2	are	integral	components	of	the	Ccr4-Not	complex,	a	key	regulator	of	

gene	 expression	 and	 mRNA	 metabolism.	 SpeciUically,	 CNOT3	 has	 been	 shown	 to	 be	

essential	for	cell	proliferation	in	human	cells,	making	it	a	potential	factor	in	oncogenesis	

and	therapeutic	targets.	Understanding	which	domains	of	CNOT3	are	important	for	its	

role	in	cell	proliferation	in	human	cell	 lines	is	particularly	interesting,	especially	since	

Suzuki	 et	 al.	 identiUied	domains	of	CNOT3	 for	proliferation	 in	mouse	embryonic	 stem	

cells.	

	Notably,	the	N-terminal	domain	of	CNOT3	has	been	identiUied	as	a	hotspot	for	mutations	

implicated	 in	 T-cell	 acute	 lymphoblastic	 leukaemia	 (T-ALL)	 and	 neurodevelopmental	

disorders.	 This	domain	 is	 also	 crucial	 due	 to	 its	 interaction	with	 ribosomes,	which	 is	

essential	for	its	role	in	translation	regulation.		

Mutations	 in	 CNOT2	 have	 also	 been	 associated	 with	 neurodevelopmental	 disorders.	

These	mutations	 can	disrupt	 the	normal	 functioning	of	CNOT3	 and	CNOT2,	 leading	 to	

altered	protein-protein	interactions	within	the	Ccr4-Not	complex.	Such	disruptions	can	

signiUicantly	affect	gene	regulation	and	translation,	contributing	to	the	pathology	of	these	

diseases.	By	delineating	the	functional	domains	of	CNOT3	and	assessing	the	impact	of	

disease-associated	mutations,	this	research	aims	to	provide	a	deeper	understanding	of	

how	 CNOT3	 and	 CNOT2	 contribute	 to	 gene	 regulation	 and	 translation,	 ultimately	

informing	potential	therapeutic	strategies.	

To	achieve	the	aim,	the	speciUic	objectives	are:	

1. To	generate	stable	cell	lines	for	the	conditional	expression	of	siRNA-resistant	Flag-

CNOT3	variants.	 I	will	develop	and	validate	a	 toolkit	 to	 investigate	 the	 function	of	

CNOT3	in	human	cells.	This	will	involve	constructing	plasmids	to	express	wild-type	

and	mutant	variants	of	CNOT3,	 such	as	CNOT3	 lacking	N-terminal	and	C-terminal	

domains,	and	Not-Box	regions	and	generating	stable	cell	lines	with	these	constructs	

under	the	control	of	an	inducible	promoter.	

2. To	characterise	the	functional	roles	of	the	N-terminal	and	C-terminal	domains,	and	

Not-Box	 regions	 of	 CNOT3	 in	 driving	 the	 proliferation	 and	 interaction	with	 other	

subunits	 of	 Ccr4-Not	 in	 human	 cell	 lines.	 This	will	 be	 done	 using	 the	 established	
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stable	cell	lines	containing	CNOT3	expression	cassettes.	This	will	allow	to	pinpoint	

the	structural	regions	of	the	CNOT3	that	are	required	for	cell	proliferation.	

3. To	 investigate	 the	 impact	 of	 missense	 mutations	 in	 CNOT3	 and	 CNOT2	 in	

neurodevelopmental	disorders	and	T-ALL.	This	will	be	done	by	introducing	missense	

mutations	 identiUied	 from	 literature	 on	 T-ALL	 and	 neurodevelopmental	 disorders	

into	 CNOT3	 and	 CNOT2	 using	 site-directed	 mutagenesis.	 The	 impact	 of	 these	

mutations	on	the	interaction	between	CNOT3	and	CNOT2	and	their	interactions	with	

other	subunits	of	the	Ccr4-Not	complex	will	be	examined.		

Together,	 these	 objectives	 will	 provide	 a	 more	 detailed	 insight	 into	 the	 molecular	

mechanism	by	which	CNOT3	and	CNOT2	impact	on	cell	proliferation	and	gene	regulation.	
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											2.1	Bacterial	growth	and	transformation		

											2.1.1	Reagents,	stock	solutions	and	buffers	for	bacterial	methods	

	
	 	Table	 2.1	 Reagents	 and	 buffers	 are	 used	 in	 bacterial	 growth	 and	
transformation	

Reagent/	Buffer	 Composition	

	

Luria-Bertoni	(LB)	media	 10	g/l	tryptone,	5	g/l	yeast	extract,	5	g/l	NaCl,	
pH	7.2	(adjusted	using	NaOH)	
	

LB	agar		 10	g/l	tryptone,	5	g/l	yeast	extract,	5	g/l	NaCl,	
pH	 7.2	 (adjusted	 using	 NaOH	 and	 15	 g/l	
bacterial	agar	
	

Ampicillin	1000X	stock	solution	

	

100	mg/ml	in	50%	ethanol/water	

 

															2.1.2	Culture	of	E.	coli	DH5⍺	

The	bacterial	strain	E.coli	DH5⍺	(NEB,	C2987H)	was	utilised	for	all	DNA	manipulations.	

To	obtain	isolated	colonies,	the	bacteria	were	streaked	onto	agar	plates	containing	the	

appropriate	antibiotics	and	grown	at	a	temperature	of	37°C.	Once	colonies	were	formed,	

they	were	stored	at	a	temperature	of	4°C	for	up	to	several	weeks.	Liquid	cultures	were	

inoculated	with	a	single	colony	and	grown	in	universal	screw-cap	tubes	containing	LB	

medium	with	antibiotics,	incubated	at	37°C	and	200rpm	for	12-24	hours.	For	200-300	

ml	cultures,	glass	conical	Ulasks	were	used.	

															2.1.3	Transformation	of	Competent	Cells	

100	µl	of	competent	cells	E.coli	DH5⍺	cells	were	used	for	the	transformation	process.	To	

achieve	a	good	transformation	yield	when	transforming	plasmids,	<500	ng	of	DNA	was	

utilised.	When	transforming	ligations	or	mutagenesis	reactions,	10	µl	of	ligation	reaction	

mix	was	used.		

	Pre-chilled	round-bottomed	universal	tubes	(14	ml)	were	used	to	mix	the	competent	E.	

coli	cells	and	DNA,	which	were	then	incubated	on	ice	for	10	minutes.	The	transformation	



																																																																																															Chapter	2.	Materials	and	Methods	

	

	 60	

mix	was	then	heat-shocked	by	incubation	at	42°C	for	30	seconds,	followed	by	incubation	

on	ice	for	2	minutes.	Afterwards,	1	ml	of	LB	medium	(pre-warmed	at	37°C)	was	added	to	

the	 cells,	 and	 the	 mixture	 was	 incubated	 at	 37°C,	 200rpm	 for	 1	 hour.	 For	 plasmid	

transformation,	100	µl	of	the	cell	suspension	was	spread	onto	LB	agar	plates	containing	

the	appropriate	antibiotic.                                        
  2.2	Molecular	biology	

													2.2.1	Regents,	stock	solutions	and	buffers	for	use	in	molecular	biology	methods	

	Table	2.2	Reagents	and	buffers	used	in	molecular	biology	methods		

Reagent/	Buffer	

	

Catalogue	

number	

Supplier	

	 	 	

GenElute	Plasmid	Miniprep	Kit			 PLN350	

	

Sigma-Aldrich	

GenElute™	HP	 Plasmid	 Maxiprep	

Kit	

NA0310-1KT	 Sigma-Aldrich	

The	 Monarch	 DNA	 Gel	 Extraction	

Kit	

T1020S	

	

NEB	

AElll-HF	restriction	enzyme	 	R0520S	 (20000	

units/ml)	

	

NEB	

PspOMI-HF	restriction	enzyme		 R0653S	 (20000	

units/ml)	

	

NEB	

NotI-HF	restriction	enzyme	 R3189S	 (20000	

units/ml)	

NEB	

Phusion	 High-Fidelity	 DNA	

polymerase	

MO530S	

	

NEB	

Deoxynucleotide	 (dNTP)	 Solution	

Mix		

Taq	DNA	Polymerase	with	Standard						

Taq	Buffer																																																				

N0447S	

	

M0273S	

NEB	

		

NEB	

Nuclease-free	Water	 B1500S	 NEB	

	

T4	DNA	Ligase	 M0202S	 NEB	
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													2.2.2	Small-scale	plasmid	DNA	preparation	

 The	GenElute	Plasmid	Miniprep	Kit		was	used	for	the	small-scale	preparation	of	plasmid	

DNA.	A	single	bacterial	colony	was	picked	and	used	to	inoculate	either	2	ml	(for	small	

scale)	or	5	ml	(for	use	in	mammalian	cell	transient	transfections)	of	LB	containing	the	

appropriate	antibiotic	ampicillin	and	grown	overnight	in	an	orbital	shaker	at	37°C,	200	

rpm.	All	 the	overnight	cultures	were	pelleted	by	centrifugation	 in	a	microfuge	tube	at	

4000	 g	 for	 2	 minutes.	 The	 plasmid	 DNA	 was	 then	 extracted	 according	 to	 the	

manufacturer’s	 instructions.	 Small-scale	 plasmid	 extractions	 were	 eluted	 in	 50	 µl	 of	

elution	buffer,	or	on	100	µl	buffer	when	DNA	was	isolated	from	5	ml.	All	plasmid	DNA	

was	 assessed	 using	 NANODrop	 ONE	 C	 (Thermo	 Fisher	 ScientiUic)	 To	 check	 the	

concentration	and	purity	before	storing	at	-20°C.	

														2.2.3	Large-scale	plasmid	DNA	preparation	

The	 GenElute	 HP	 maxiprep	 Kit	 (Sigma-Aldrich,)	 was	 utilised	 to	 manufacture	 a	 large	

supply	of	high-quality	plasmid	DNA	for	transient	transfections.	Initially,	a	singular	E.coli	

colony	was	used	to	inoculate	5	ml	of	LB	(which	had	antibiotic).	This	mixture	was	cultured	

for	 4-6	 hours	 in	 an	 orbital	 shaker	 at	 37°C,	 200	 rpm.	 This	 culture	 was	 then	 used	 to	

inoculate	 200	 ml	 of	 LB	 containing	 ampicillin.	 The	 culture	 was	 allowed	 to	 mature	

overnight	 in	 an	 orbital	 shaker	 at	 37°C,	 200rpm.	 The	 overnight	 culture	 was	 then	 re-

suspended	and	processed	by	 the	manufacturer’s	 standard	protocol.	The	plasmid	DNA	

was	eluted	in	500	µl	of	elution	buffer	and	stored	at	-20	°C.	

														2.2.4	Determination	of	DNA/RNA	concentration	

To	 determine	 DNA	 concentration,	 the	 NanoDrop	ND-1000	 UV-Vis	 Spectrophotometer	

(NanoDrop	Technologies)	was	utilised.	To	assess	 sample	purity,	A260/A280	 ratio	values	

were	calculated.	A	 ratio	between	1.8	 to	2.0	was	deemed	acceptable	 for	DNA	samples,	

whereas	RNA	samples	were	expected	to	have	a	ratio	between	2.0	to	2.2.	

														2.2.5	Agarose	gel	electrophoresis		

A	1X	TBE	buffer	was	used	to	prepare	the	agarose	gels.	Next,	the	DNA	samples	were	mixed	

with	1X	loading	dye	and	loaded	onto	the	1%	gel.	Depending	on	the	sample,	the	gels	were	

then	run	at	80V	for	45	minutes	to	1	hour.	After	the	electrophoresis	process,	DNA	was	
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visualized	by	transillumination	with	ultraviolet	light.	The	results	were	then	documented	

using	Bio-Rad	Gel	Doc	2000	 (Catalogue	number	170-8100)	and	BioRad	Quantity	One	

software.	

															2.2.6	DNA	extraction	and	puri]ication	from	agarose	gel	

To	extract	DNA	fragments	from	agarose	gel,	a	surgical	scalpel	was	used	to	cut	out	the	DNA	

bands	from	the	agarose	gel.	Monarch	DNA	Gel	Extraction	Kit	instructions	were	followed	

to	 carry	out	 the	puriUication	process.	 Initially,	 the	gel	 slice	was	dissolved	 in	a	binding	

buffer	at	65°C.	To	do	this,	4	volumes	of	Monarch	Gel	Dissolving	Buffer	were	added	to	the	

tube	containing	the	gel	slice	(e.g.	400	µl	buffer	per	100	mg	agarose).		Samples	were	then	

processed	 through	 spin	 columns	 and	 brieUly	 centrifuged	 with	 a	 benchtop	

microcentrifuge,	with	 Ulow-through	being	discarded.	The	columns	were	washed	 twice	

with	Wash	 Solution,	 and	 eventually,	 DNA	was	 eluted	 in	 50	 µl	 of	 the	 pre-heated	 65°C	

elution	buffer	provided.	

																2.2.7	Restriction	enzyme	digestion	of	DNA	

	Plasmid	DNA	underwent	restriction	endonuclease	treatment	(Danna	and	Nathans	1971)	

to	 produce	 compatible	 ends	 for	 cloning	 and	 to	 verify	 the	 generation	 of	 plasmids	 (Di	

Felice,	Micheli,	and	Camilloni	2019).	All	required	restriction	endonucleases	and	buffers	

were	obtained	from	New	England	Biolabs	and	employed	following	the	manufacturer's	

guidelines.	 SpeciUically,	 the	 restriction	 enzymes	A]lII-HF	 (Catalogue	 number	

R0520S),	PspOMI-HF	 (Catalogue	 number	 R0653S),	 and	NotI-HF	 (Catalogue	 number	

R3189S)	were	employed.	For	analytical	digestion,	100	ng	of	plasmid	DNA	was	digested	
in	a	total	volume	of	10	µl	using	1	µl	of	the	appropriate	restriction	enzyme	and	1	µl	of	10X	

NEBuffer,	with	nuclease-free	water	added	 to	 the	 Uinal	volume.	For	preparative	digests	

used	in	cloning,	1	µg	of	plasmid	DNA	was	digested	in	a	50	µl	reaction	mixture,	composed	

of	5	µl	of	10X	NEBuffer,	1	µl	of	the	appropriate	restriction	enzyme	(A]lII,	PspOMI,	or	NotI-

HF),	and	nuclease-free	water	to	a	Uinal	volume	of	50	µl.	Reactions	were	incubated	at	37°C	

for	 1	 hour.	 For	 double	 digests	 involving	 two	 restriction	 enzymes,	NEBuffer	 CutSmart	

(Catalogue	number	B6004S)	was	used	when	both	enzymes	were	compatible.	

																2.2.8	Ligation	of	DNA	fragments 

To	generate	recombinant	plasmids,	T4	DNA	ligase	was	utilised	at	a	stock	concentration	

400,000	 units/ml,	 to	 ligate	 DNA	 fragments.	 Ligation	 reactions	 involved	 combining	
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approximately	100	ng	of	a	digested	vector	with	a	3-fold	molar	excess	of	insert,	along	with	

1	µl	of	T4	DNA	ligase	in	1X	T4	DNA	ligase	buffer	(10X)	to	achieve	a	Uinal	reaction	volume	

of	10	µl.	The	reactions	were	incubated	overnight	at	room	temperature.	

																2.2.9	Polymerase	Chain	Reaction	(PCR)	

Polymerase	Chain	Reaction	(PCR)	was	carried	out	using	a	thermal	cycler	to	generate	DNA	

fragments	suitable	for	cloning	and	screening	recombinant	plasmids	(Zhu	et	al.	2020).	To	

synthesize	 DNA	 fragments	 for	 cloning,	 the	 Phusion	 DNA	 polymerase	with	 	 	 	 	 	 	 	 5’-3’	

proofreading	activity	was	used.	A	standard	reaction	was	set	up	according	to	Table	2.3.	

Samples	were	initially	denatured	at	98°C	for	5	minutes	followed	by	30	cycles	consisting	

of	a	denaturing	step	of	95°C	for	30	seconds,	annealing	at	60-	68°C	for	30	seconds,	then	

elongation	at	72°C	for	1	minute	per	kilobase.	A	Uinal	elongation	step	for	10	minutes	at	

72°C	was	included.	To	ensure	that	the	newly	generated	PCR	fragments	were	of	the	correct	

size,	10	µl	of	the	reaction	was	run	on	a	1%	agarose	gel.	

	
	 	 	 	 	 	 	 	 	 	Table	2.3	Standard	Phusion	Polymerase	Reaction	

Volume	 	 Component/Reagent	

4	µl	 5X	Phusion	HF	buffer		

0.5	µl	 10	mM	dNTPs	

1	µl	 10	µM	Forward	Primer	

1	µl	 10	µM	Reverse	Primer		

100	ng	(1	µl)	 Template	DNA	

0.2	µl	 Phusion	 High	 Fidelity	 DNA	

Polymerase	

Up	to	20	µl	 Nuclease-free	water	

                

																		2.2.10	Site-directed	mutagenesis	(Inverse	PCR)	

Site-directed	mutagenesis	involves	the	design	of	non-overlapping	primers	that	contain	

desired	mutations	(Green	and	Sambrook	2019;	Silva	et	al.	2017).	These	primers	were	

oriented	 against	 each	 other	 as	 opposed	 to	 regular	 primers	 and	 the	 5’	 ends	 were	

phosphorylated	in	advance	by	the	manufacturer	(Silva	et	al.	2017).	SnapGene	software	

(version	7.0.3,	available	at	https://www.snapgene.com)	and	the	NEB	Primer	Design	Tool	

(available	at	https://nebiocalculator.neb.com)	were	used	to	design	primers	(Table	2.4).	

https://www.snapgene.com/
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To	initiate	the	reactions,	they	were	Uirst	incubated	at	a	temperature	of	98°C	for	5	minutes.	

This	was	followed	by	30	cycles,	wherein	each	cycle	included	a	denaturing	step	of	95°C	

for	 30	 seconds,	 annealing	 for	 an	 additional	 30	 seconds,	 and	 elongation	 at	 72°C	 for	 a	

minute	per	kilobase.	At	the	end	of	these	cycles,	a	Uinal	elongation	step	lasting	10	minutes	

at	72°C	was	incorporated.	The	annealing	temperature	was	adjusted	within	a	range	of	60-

68°C.	

To	eliminate	template	DNA	from	site-directed	mutagenesis	reactions,	the	Dpn	I	(20,000	

U/ml)	 enzyme	was	 employed.	 1	 µl	 of	DpnI	was	 added	 to	 every	 50	 µl	 of	mutagenesis	

reaction	 and	 left	 to	 incubate	 at	 37°C	 for	 1	 hour.	 Following	 this,	 10	 µl	 of	 the	 reaction	

mixture	was	utilised	to	transform	E.	coli	DH5⍺,	after	which	DNA	isolation	(mini	prep/	

Maxi	 prep)	 and	 sequencing	were	 carried	 out	 to	 verify	 the	 occurrence	 of	 the	 desired	

mutations	and	unwanted	mutations.	

	

	 	 	 	 	 	 	 	Table	2.4	The	list	of	primers	used	in	site-directed	mutagenesis		

Plasmid	 Primers	sequence	5’-3’	

Flag.CNOT3R1	 Forward:		

GGGATGAGTCAACATAGTATTCAGCGTCATCCTTGATCTTGCGGATGG	

Reverse:	

CCATCCGCAAGATCAAGGATGACGCTGAATACTATGTTGACTCATCCC	

	

Flag.CNOT3R2	 Forward:	GCTGCCAGATACTGAGCCTTTGTGCCCTCCAGATA	

Reverse:	TATCTGGAGGGCACAAAGGCTCAGTATCTGGCAGC	

	

Flag.CNOT3R2

ΔNTD	

Forward:	TCCCCCCCCAGCCACAGC	

Reverse:	TGGTACCTTGTCATCGTCATCTTTGTAATCCATGG	

	

Flag-

CNOT3R1ΔCTD	

Forward:	TAGCGGCCGCTCGAGCATG	

Reverse:		GGGCACAGGGCCCAGTGG	

	

Flag-

CNOT3R1ΔNot-

Box	

Forward:	TAGCGGCCGCTCGAGCATG	

Reverse:	TGGGGGTGGCATCTGGTG	
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Flag-

CNOT3.Arg57G

ln	

Forward:	CAACAACTGAGGGACCAAATCAAGACATGG	

Reverse:	TAGCTTCTTAATCTCCTTCTTTAGGTCAGCC	

	

Flag-

CNOT3.ARG57

Trp	

Forward:	CAATGGCTGAGGGACCAAATCAAGACATGGG	

Reverse:	TAGCTTCTTAATCTTAGGTCAGCCTAGCCTCATACTTTTC	

	

Flag-

CNOT3.Leu48V

al	

Forward:	GTAAAGAAGGAGATTAAGAAGCTAVAACGGCTGA	

Reverse:	GTCAGCCTCATACTTTTCTTTCTGGTTCGCGTTG	

	

	

	

Flag-

CNOT3.Glu147

Lys	

Forward:	TGAAGTCACTGTCAGTGCAGACACGCAAGA	

	

Reverse:	CTTCACTCTCAAACTGGTCCACCTGCATGTT	

	

Flag-

CNOT3.Arg188

His	

	

Forward:	CTGCACATGCTGGACAATGACTCCATCCTCG	

Reverse:	GATGGTCTCTAGCATGCGCACGTGGTAG	

	

Flag-

CNOT3.Arg188

Cys	

	

Forward:	TATGCTGGACAATGACTCCATCCTCGTTGAC	

Reverse:	CACAGGATGGTCTCTAGCATGCGCACG	

	

Flag-

CNOT3.Lys119

Glu	

Forward:	AGAGGTTGGCCAGTGGCTCACGAATACCAT	

Reverse:	TCCTTCTCTTCCTGGGCAGGATCTACCTT	

	

T7		 TAATACGACTCACTATTAGGG	

BGHR	 TAGAAGGCACAGTCGAGG	

	

Flag-

CNOT2.Asn466

His	

Forward:		GTGGAGCTTTTTCACCGTGATTGGAGA	
Reverse:		TGCAGCTAAAAGTTGTAATACGTC	
	

Flag-

CNOT2.Tyr494

Ter	

Forward:		AAAACCAATACCTAGGAGAGGGGAACA	
Reverse:		CATTGTTGGCTCCATGCCTG	
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																2.2.11	Construction	of	induced	FLAG-CNOT3	expression	vectors	

To	 generate	 cell	 lines	 with	 inducible	 expression	 of	 CNOT3	 variants,	 cDNA	 fragments	

encoding	 Flag-CNOT3,	 Flag-CNOT3R1,	 Flag-CNOT3R2,	 Flag-CNOT3ΔNTD,	 Flag-

CNOT3R1ΔCTD,	 and	 Flag-CNOT3R1ΔNot-Box	 were	 cloned	 into	 the	 pcDNA5-FRT-TetO	

expression	 vector	 (Braun	 et	 al.	 2018).	 First,	 the	 pcDNA5-FRT-TetO	 vector	 (which	

originally	contained	an	fSNAP	tag)	was	digested	with	A]lII	(20,000	units/ml)	and	PspOMI	

(20,000	units/ml)	to	remove	the	fSNAP	tag.	Next,	an	A]lII	restriction	site	was	introduced	

at	the	5'	end	of	each	Flag-CNOT3	cDNA	by	PCR	ampliUication	using	high-Uidelity	Phusion	

polymerase.	 Following	 gel	 extraction	 and	 PCR	 ampliUication,	 the	 pcDNA5-FRT-TetO	

vector	and	all	inserts	were	digested	with	A]lII	and	NotI	restriction	enzymes.	The	inserts	

were	 then	 ligated	 into	 the	 linearized	pcDNA5-FRT-TetO	vector.	These	 constructs	were	

chemically	transformed	into	competent	E.	coli	DH5α	cells	following	the	manufacturer's	

protocol.	 The	 primers	 used	 for	 PCR	 ampliUication	 were	 designed	 using	 SnapGene	

software	 (version	7.0.3,	 available	 at	https://www.snapgene.com)	and	 the	NEB	Primer	

Design	Tool	(available	at	https://nebiocalculator.neb.com)	(Table	2.4).	Table	2.5	 lists	

all	 plasmids	 constructed	 in	 this	 research	 using	 inverse	 PCR	 and	 restriction	 enzyme	

cloning	procedures.	

	

	

	

	

	

	

	

	

	

Flag-

CNOT2.Lys316

Ter	

Forward:		ACAGATGGACCCTAATTCCCTGGAGAT	
Reverse:		ACTTGAAGTTGTCTTGCCAGATGTATTC	
	

AElII		

Sp6	

Forward:	CACTATCTTAAGACCCAAGCTTCCACCATGGAT	

	Forward:	ATTTAGGTGACACTATAG	

	

	

https://www.snapgene.com/
https://nebiocalculator.neb.com/
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	 	 	 	 	 	Table	2.5	List	of	plasmids	constructed		

Plasmid	 Backbone	 Insert/modi2ication	

pCMV-Flag-CNOT3R1	 pCMV-Flag	 Three-point	mutations	in	

CNOT3	cDNA	

	

pCMV-Flag-CNOT3R2	 pCMV-Flag	 Two-point	 mutations	 in	

CNOT3	cDNA	

	

pCMV-Flag-CNOT3ΔNTD	 pCMV-Flag	 Removal	of	N	terminal	of	

CNOT3	

	 	 	

pCMV-Flag-CNOT3R1ΔCTD	 pCMV-Flag	 Removal	of	C	 terminal	of	

CNOT3	

	

pCMV-Flag-CNOT3R1ΔNot-

Box	

	

pCMV-Flag	 Removal	of	Not-Box	

	

pcDNA-5FRT-TetO-fsNAP	

(empty	plasmid)	

CDM	Lab	 Removal	of	sNAP	tag	

	

	

Flp-In-	recombinase	 pCAG-FLpo	 N/A	

	

	

pCDNA5-FRT-TetO-Flag-

CNOT3	

pCDNA5-FRT-TetO	 Insert	Flag-CNOT3	cDNA	

	

pCDNA5-FRT-TetO-Flag-

CNOT3R1	

pCDNA5-FRT-TetO	 Insert	 Flag-CNOT3R1	

cDNA	

	

pCDNA5-FRT-TetO-Flag-

CNOT3R2	

pCDNA5-FRT-TetO	 Insert	 Flag-CNOT3R2	

cDNA	

	

pCDNA5-FRT-TetO-Flag-

CNOT3ΔNTD	

pCDNA5-FRT-TetO	 Insert	 Flag-

CNOT3R2ΔNTD	cDNA	
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2.2.12	 Construction	 of	 eukaryotic	 expression	 plasmids	 containing	 disease-associated	

mutations	in	CNOT3	and	CNOT2	

Plasmids	containing	mutations	in	CNOT3/CNOT2	(Martin	et	al.	2019;	De	Keersmaecker	

et	 al.	 2013;	 Niceta	 et	 al.	 2023;	 Uehara	 et	 al.	 2019)	 that	 cause	 T-ALL	 and	

neurodevelopmental	disorders	were	constructed	using	inverse	PCR.	The	primers,	listed	

in	 Table	 2.4,	 were	 designed	 using	 SnapGene	 software	 (version	 7.0.3,	 available	

at	https://www.snapgene.com).	The	method	described	in	section	2.2.10	was	followed	to	

construct	these	plasmids,	and	the	plasmids	constructed	are	listed	in	Table	2.5.	

	

															2.2.13	Colony	PCR	

To	 screen	 the	newly	generated	plasmids	 for	 the	presence	of	 the	 correct	 insert,	 single	

clones	from	the	plate	were	selected	and	inoculated	into	1	ml	of	LB	with	the	appropriate	

antibiotic	(ampicillin).	This	screening	step	is	critical	to	conUirm	that	the	bacterial	colonies	

contain	 plasmids	 with	 the	 desired	 insert	 before	 further	 analysis.	 A	 standard	 Taq	

Polymerase	 PCR	 (NEB,	 Catalogue	 number	M0273S)	 reaction	was	 set	 up	 according	 to	

Table	2.6.	The	samples	were	initially	denatured	at	95°C	for	5	minutes,	followed	by	30	

cycles	of	denaturation	at	95°C	for	30	seconds,	annealing	at	60°C	to	68°C	for	30	seconds,	

and	elongation	at	72°C	for	1	minute	per	kilobase.	A	Uinal	elongation	step	for	10	minutes	

at	72°C	was	included.	To	verify	the	size	of	the	insert,	10	µl	of	the	reaction	was	loaded	onto	

a	1%	agarose	gel	(Bergkessel	and	Guthrie	2013).	

	

	

	

	

	

pCDNA5-FRT-TetO-Flag-

CNOT3.ΔCTD	

pCDNA5-FRT-TetO	 Insert	 Flag-

CNOT3R1ΔCTD	cDNA	

	

pCDNA5-FRT-TetO-Flag-

CNOT3.ΔNot-Box	

pCDNA5-FRT-TetO	 Insert	 Flag-

CNOT3R1ΔNot-Box	

cDNA	

https://www.snapgene.com/
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	Table	2.6	Standard	Taq	DNA	polymerase	PCR	reaction		

Volume	 Component/Reagent	

2.5	µl		 10X	Standard	Taq	Reaction	Buffer	

0.5	µl	 10	mM	dNTPs	

0.5	µl	 10	µM	Forward	Primer		

0.5	µl	

2					µl	

10	µM	Reverse	Primer	

Template	DNA	

0.125	µl	

Up	to	25	µl	

Taq	DNA	Polymerase	(	5000	units/m)	

Nuclease	free	water	

					

																2.2.14	DNA	sequencing	

Plasmids	isolated	via	miniprep	or	maxiprep	were	sent	to	Source	Bioscience	for	Sanger	

sequencing	alongside	their	appropriate	sequencing	primer	(Table	2.7).	5	µl	of	plasmid	

at	a	concentration	of	100	µg/ml	and	5	µl	of	sequencing	primer	at	3.2	ng/ml.	

	

	Table	2.7	List	of	sequencing	primers	

Primer	 Sequence	

BGH	Reverse	 TAG	AAG	GCA	CAG	TCG	AGG	

CMVF_pCDNA3	 CAA	CGG	GAC	TTT	CCA	AAA	TG	

T7	promoter	(F)	 TAA	TAC	GAC	TCA	CTA	TAG	GG	

pCMV	forward	 GAG	CTC	GTT	TAG	TGA	ACC	GTC	

	

			2.3	Cell	Culture	

HEK293	and	Flp-In	TREx-HEK293	cells	(Ward,	Alvarez-Curto,	and	Milligan	2011)	were	

grown	in	Dulbecco's	modiUied	Eagle	media	(DMEM)	with	10%	fetal	bovine	serum	(FBS)	

in	a	humidiUied	incubator	at	37	°C	with	5%	CO2	.	To	maintain	aseptic	conditions	a	Class	II	

biological	safety	cabinet	was	used.	Cells	were	kept	in	T75	Ulasks	for	routine	culture.	Once	

the	cells	reached	80%	conUluence,	they	were	washed	two	times	with	PBS	and	transferred	

to	a	new	Ulask	by	trypsinisation	for	two	minutes.	After	spinning	down	the	cells	at	200	g	

for	5	minutes	at	room	temperature	in	15	ml	falcon	tubes,	the	medium	was	removed,	and	

the	cells	were	resuspended	in	fresh	media	before	being	added	to	a	new	Ulask.	The	cells	

were	typically	split	1:10	three	times	a	week	to	maintain	their	growth.	
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Cells	were	thawed	from	liquid	nitrogen	storage	when	needed	by	quickly	warming	the	

cryovials	 in	 a	 37°C	 water	 bath,	 followed	 by	 resuspension	 in	 warm	 DMEM	 medium	

containing	10%	FBS.			For	long-term	storage,	cells	were	frozen	in	freezing	medium	(10%	

DMSO	in	FBS)	and	stored	in	cryovials	at	-80°C	before	being	transferred	to	liquid	nitrogen.	

Experiments	were	conducted	on	cells	between	passages	6	and	25.	

																2.3.1	Reagents,	stock	solutions	and	buffers	for	use	in	cell	culture	

	 	 	Table	2.8	List	of	reagents	and	buffers	used	in	cell	culture	

	Product	name		

	

Catalogue	number	 Supplier	

Fetal	Bovine	Serum	 A5256701	 ThermoFisher	

Scientihic	

DMEM	complete	 D5796		 Sigma-Aldrich	

	Trypan	Blue	solution	 T6146-5G	 Sigma-Aldrich	

AlamarBlue	cell		

viability		

	DAL1025	(25	ml)	 ThermoFisher	

Scientihic	

Crystal	Violet	cell	Solution	 V5265-250ML	 Sigma-Aldrich	

Opti-MEM	I	Reduced	Serum	

Medium		

319850063	 ThermoFisher	

Scientihic	

Fetal	 Bovine	 Serum,	 Tet	

system	 approved,	 USDA-

approved	regions	

A4736401	 ThermoFisher	

Scientihic	

Hygromycin	 B	 Gold	

(solution)	

Ant-hg-1	(100	mg/ml)	 Invitrogen	

INTERFERin,	 siRNA	

transfection	reagent	

101000036	 Polyplus-

transfection	

FuGENE6	 Transfection	

Reagent	

E2691	 Promega	

DMSO	 34869-100ML	

	

Sigma-Aldrich	

Mr.	Frosty	cryo-container	 1562-1EA	 NALGENE	Labware	
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															2.3.2	Freezing	cells	

To	 facilitate	 storage,	 the	 cells	 were	 cryopreserved	 in	 liquid	 nitrogen.	 Before	

cryopreservation,	the	cells	were	grown	in	10	cm	dishes	to	approximately	80%	conUluency	

for	24	hours.	The	cells	 from	each	dish	were	 then	harvested,	with	each	dish	providing	

enough	cells	for	one	vial.	After	trypsinisation,	the	cells	were	pelleted	by	centrifugation	at	

200	g	for	5	minutes	at	4°C	in	15	ml	falcon	tubes	for	HEK293	and	Flp-In	TREx	HEK293.	

The	supernatant	was	then	removed,	and	the	cells	were	resuspended	in	a	freezing	mixture	

consisting	of	1	ml	FBS	with	10%	DMSO.	Finally,	the	cells	were	stored	at	-80°C	in	a	Nalgene	
Cryo	1°C	Freezing	Container	(	Mr	frosty)		to	ensure	cooling	at	a	rate	of	-1°C	per	minute	

before	transfer	to	liquid	nitrogen.	

															2.3.3	Thawing	cells	

Upon	 removal	 from	 the	 liquid	nitrogen,	 the	 ampoule	was	promptly	 thawed	 in	 a	37°C	

water	bath.	Next,	the	cell	aliquot	was	introduced	into	a	DMEM	medium	containing	10%	

FBS.	After	mixing,	the	cells	were	centrifuged	at	200	g	for	5	minutes	at	room	temperature	

and	the	supernatant	was	discarded.	The	cells	were	then	resuspended	in	a	new	10%	FBS	

DMEM	solution	for	routine	upkeep	in	a	T75	Ulask,	as	previously	outlined.	The	cells	were	

given	a	week	to	recuperate	before	any	experimentation	occurred.	

															2.3.4	DNA	plasmids	transient	transfection		

The	expression	plasmids	were	 constructed	and	 transiently	 transfected	 to	observe	 the	

expression	of	CNOT3	variants	in	the	HEK293	cell	line.	The	transfection	was	performed	

using	FuGENE6	(Nagy	and	Watzele	2006).	In	a	6-well	plate,	cells	were	seeded	and	grown	

to	80%	conUluency	to	prepare	for	transfection.	The	plasmids	were	transfected	in	a	1:3	

ratio	using	2	µg	of	DNA	plasmid	and	6	µl	of	 the	transfection	reagent	(Table	2.9).	The	

transfection	mixture	was	prepared	by	combining	the	appropriate	amount	of	Opti-MEM	

with	6	µl	of	the	transfection	reagent	and	leaving	it	at	room	temperature	for	5	minutes.	

Then,	2	µg	of	plasmid	DNA	was	added	to	the	mixture	and	left	at	room	temperature	for	15	

minutes.	Finally,	the	mixture	was	added	dropwise	onto	the	cells.	The	next	day,	the	media	

was	removed	and	replaced	with	warm	media.	Cells	were	then	incubated	in	an	incubator	

for	12	hours	before	harvesting.	
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	 	 	 	 	 	Table	2.9	Transfection	steps	for	transient	transfection	

					
	

																	2.3.5.	Generation	of	stable	cell	lines		

To	transfect	the	Flp-In	TREx	HEK293	cell	line,	two	plasmids	were	used.	The	pcDNA5-FRT-

TetO	 expression	 vector	 carried	 the	 CNOT3	 gene	 under	 the	 control	 of	 a	 tetracycline-

inducible	promoter,	enabling	controlled	expression.	The	second	plasmid	encoded	pCAG-

Flpo,	a	Flp	recombinase	enzyme,	(Xue,	Atallah,	and	Scanziani	2014),	which	mediates	site-

speciUic	recombination,	ensuring	stable	integration	of	the	expression	vector	into	the	cell's	

genome.	 This	 integration	 allows	 for	 consistent	 and	 reliable	 expression	 of	 the	 gene	 of	

interest.		

Flp-in	TREx	HEK293	cells	were	seeded	onto	6	cm	plates	and	grown	to	approximately	

80%	conUluency	before	transfection.	The	plasmids	were	transfected	in	a	1:9	ratio	with	

one	 µg	 of	 the	 pcDNA5-FRT-TetO-CNOT3	 expression	 vector	 and	 nine	 µg	 of	 the	 Flp-in	

recombinase	vector,	resulting	in	a	Uinal	concentration	of	10	µg/ml	plasmids.	To	prepare	

the	transfection	mixture,	470	µl	of	Opti-MEM	was	combined	with	20	µl	of	FuGENE	and	

10	µl	of	plasmids	per	well.	The	mixture	was	then	mixed	and	incubated	for	5	minutes	at	

room	temperature.	Prior	to	transfection,	the	cells	were	washed	twice	with	PBS,	and	2.5	

ml	of	10%	FBS	DMEM	media	was	added	to	each	plate.	The	transfection	mixture	was	then	

added	dropwise	 onto	 the	 cells.	 After	 24	hours,	 the	media	 containing	 the	 transfection	

mixture	was	removed	and	replaced	with	fresh	10%	FBS	DMEM	media.	

Hygromycin	 (250	µg/ml)	was	 added	 to	 the	 cells	 48	hours	 after	 initial	 transfection	 to	

select	successfully	transfected	cells.		

Component/Regent	

	

Volume	

	2	µg	of	each	DNA	plasmids	

	

	X	 µl	 (depends	 on	 plasmids	

concentration)	

Transfection	reagent	(FuGENE	6)	

	

6	µl	

	Opti-MEM	 Up	to	100	µl	
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															2.3.6	Determination	of	Hygromycin	Kill	Curve	

To	determine	the	most	effective	concentration	of	Hygromycin	B	for	selecting	successfully	

transfected	 Flp-In	 TREx	 HEK293	 cells,	 a	 kill	 curve	 experiment	 was	 conducted.	 This	

involved	seeding	the	cells	in	a	6-well	plate	and	allowing	them	to	grow	to	around	50%	

conUluency.	Varying	concentrations	of	Hygromycin	B	(1000	µg/ml,	750	µg/ml,	500	µg/ml,	

250	µg/ml,	100	µg/ml,	and	a	control	with	0	µg/ml)	were	then	added	to	the	wells.	The	

cells	were	incubated	for	ten	days,	with	the	Hygromycin-containing	media	replaced	every	

2-3	days.	

Throughout	 the	 incubation	 period,	 cell	 viability	 was	 closely	 monitored	 daily	 using	

microscopic	observation	for	cell	death.	The	goal	was	to	identify	the	lowest	concentration	

of	 Hygromycin	 B	 that	 resulted	 in	 complete	 cell	 death	 within	 seven	 days.	 This	

concentration	was	deemed	optimal	 for	selecting	only	those	cells	 that	had	successfully	

integrated	 the	 transfected	DNA,	as	 they	would	be	 the	only	ones	able	 to	survive	 in	 the	

presence	of	the	antibiotic.	

The	 results	 of	 the	 kill	 curve	 showed	 that	 250	 µg/ml	 of	 Hygromycin	 B	 effectively	

eliminated	all	non-transfected	cells	within	the	seven-day	timeframe.	This	concentration	

was	then	used	in	subsequent	experiments	to	select	for	the	successfully	transfected	cells,	

ensuring	a	pure	population	for	further	analysis.	

Successfully	 transfected	 cells	were	 then	 cultured	 in	 a	medium	 containing	 250	 µg/ml	

Hygromycin,	and	six	independent	mass	populations	were	generated	and	maintained	in	

parallel.	

															2.3.7	Doxycycline-Induced	Expression	of	CNOT3	Variants	

To	 induce	 the	 expression	 of	 CNOT3	 variants,	 inducible	 TetO	 cassette	 cell	 lines	 were	

seeded	 in	 6-well	 plates.	 After	 24	 hours	 of	 incubation	 at	 37°C	with	 5%	 CO2	 to	 reach	

approximately	80%	conUluency,	expression	was	induced	by	adding	2	µg/ml	doxycycline	

hyclate	(Sigma-Aldrich,	Catalogue	number	D9891-1G)	directly	to	the	culture	media.	This	

concentration	was	selected	based	on	the	manufacturer's	recommendations	for	optimal	

induction	of	Tet-On	systems.	The	plates	were	gently	swirled	to	ensure	even	distribution	

of	doxycycline	and	prevent	localised	high	concentrations.	Cells	were	treated	for	48	hours,	

with	individual	wells	harvested.	All	remaining	wells	were	harvested	simultaneously	at	

the	end	of	the	experiment	for	further	analysis	(see	Section	2.3.6).	
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														2.3.8	siRNA	Transfection	of	HEK293	cells	

For	a	6-well	plate,	HEK293	cells	were	transfected	with	a	 Uinal	concentration	of	30	nM	

siRNA,	INTERFERin,	and	Opti-MEM	medium.	The	siRNAs	used	were	siGENOME	duplex	

#1	and	#2	targeting	the	N	terminal	and	C	terminal	of	CNOT3	respectively,	along	with	a	

non-targeting	negative	control	(Table	2.10).	One	knockdown	was	performed	for	both	

siRNAs.		

Cells	 were	 seeded	 24	 hours	 before	 transfection	 and	 grown	 to	 a	 conUluency	 of	

approximately	30%.	The	transfection	was	done	using	INTERFERin	with	one	hit	of	30	nM	

siRNA.	The	transfection	mixture	was	assembled	based	on	the	culture	vessel,	as	shown	in	

Table	2.11.	
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	 	 	Table	2.10	siRNAs	used	in	this	research	

	

	

	

	

	

	

	

	

	

Reagent	

			

	Sequence		

																		

Speci]icity													

																																				

Supplier	

	

	

	

Concentration		

	

siGENOME	

duplex,	 CNOT3	

#1	

	

Sense:	

GGACGACGUUGAGUACUAUUU	

Antisense:																													

AUAGUACUCAACGUCGUCCUU	

	

																																

Human	

			

	Horizon													

Discovery	

	

	

	

	

	

									

							30	nM	

siGENOME	

duplex,	 CNOT3	

#2	

Sense:	

GCACUAAGGCACAGUAUCUUU	

	

Antisense:												

AGAUACUGUGCCUUAGUGCUU	

	

	

	

	

																													

Human		

		Horizon						

		Discovery	

	

	

	

										30	nM	

sicontrol	 non-

targeting	siRNA	

#1	

UAGCGACUAAACACAUCAA	 																																				

Human	

		Horizon	

	Discovery	

												30	nM	
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	 	Table	2.11	Transfection	conditions	in	different	culture	vessels	

Culture	

vessel	

	Volume	

of	

INTERFERin	

Volume	 of	

medium	

w/o	 serum	

for	 complex	

formation	

	

	Volume	 of	

complete	

medium	 on	

cells		

Final	

volume	

24-well	

	

4	µl	 100	µl	 500	µl	 600	µl	

12-well	 8	µl	

	

200	µl	 1	ml	 1.2	ml	

6-well	 12	µl	 200	µl	 2	ml	 2.2	ml	

	

To	prepare	for	transfection	on	a	6-well	plate,	200	µl	of	Opti-MEM	was	used	to	dilute	30	

nM	of	siRNA	duplexes.	The	solution	was	mixed	by	pipetting	it	up	and	down.	Next,	12	µl	

of	INTERFERin	was	added,	and	it	was	mixed	by	vortexing	for	10	seconds.	The	mixture	

was	incubated	for	10	minutes	at	room	temperature	to	allow	the	formation	of	transfection	

complexes	between	siRNA	duplexes	and	the	transfection	reagent.	

During	 the	 formation	 of	 the	 complex,	 the	 growth	medium	was	 removed,	 and	 a	 fresh	

DMEM	medium	containing	10%	FBS	was	added.	After	that,	200	µl	of	 the	mixture	was	

added	to	the	cells.	The	plate	was	gently	swirled	and	incubated	at	37°C.	

	After	24	hours	of	transfection,	the	medium	was	replaced	with	a	fresh	one.		Gene	silencing	

was	measured	72	hours	after	knockdown.	

															2.3.9	Crystal	violet	assay		

The	 crystal	 violet	 assay	 involves	 staining	 cells	 adhered	 to	 the	 cell	 culture	 plates	

(Feoktistova,	Geserick,	and	Leverkus	2016).	This	assay	assumes	that	all	the	cells	attached	

to	 the	 plate's	 bottom	 are	 viable,	 and	 the	 intensity	 of	 staining	 is	 proportional	 to	 the	

number	of	cells	present.		

	After	72	hours	 following	 the	knockdown,	 the	 cells	underwent	 treatment	with	 crystal	

violet	to	evaluate	the	impact	of	the	gene	of	interest	knockdown	on	the	proliferation	rate	

of	the	HEK293	cell	line.	The	Uirst	step	was	to	remove	all	the	medium	from	the	cells,	which	

were	washed	twice	with	PBS.	Next,	the	cells	were	Uixed	with	10%	solution	HCl	for	at	least	

10	minutes	at	room	temperature.	Then,	500	µl	of	0.05%	crystal	violet	staining	solution	
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was	pipetted	onto	the	cells	and	left	to	incubate	at	room	temperature	for	15	minutes.	Once	

the	incubation	was	complete,	the	crystal	violet	solution	was	discarded,	and	the	cells	were	

washed	with	deionised	water	until	no	colour	was	released	from	the	plate.	Once	this	step	

was	done,	the	plate	was	left	in	the	chemical	fumes	hood	in	a	tilted	position	to	dry.	After	

the	plate	was	completely	dry,	photos	were	photographed	after	7	days.	

															2.3.10	AlamarBlue	Assay	

	Cells	 in	 a	 six-well	 plate	 (from	 section	 2.3.6)	 were	 exposed	 to	 AlamarBlue	 solution	

(O'Brien	et	al.	2003).	To	carry	out	the	assay,	10%	of	the	culture	volume	in	each	well	was	
replaced	with	AlamarBlue.	For	example,	 in	a	well	containing	1	ml	of	culture,	100	µl	of	

AlamarBlue	was	 introduced,	 and	 the	 cells	were	 incubated	 for	 2	 hours	 at	 37°C	 in	 the	

incubator.	 Subsequently,	 the	 Uluorescence	was	measured	using	 a	plate	 reader	 (BioTek	

Synergy	 H1,	 208985)	 at	 an	 excitation	 wavelength	 of	 530-560	 nm	 and	 an	 emission	

wavelength	of	590	nm.	

	The	AlamarBlue	assay	was	also	used	to	measure	the	effect	of	doxycycline	induction	on	

the	 proliferation	 rate	 of	 stable	 cell	 lines.	 The	 stably	 induced	 cell	 lines	 were	 initially	

cultured	in	a	24-well	and	allowed	to	reach	70%	conUluency.	The	following	day,	one	set	of	

cells	 was	 induced	 with	 doxycycline	 (2	 µg/ml)	 while	 the	 other	 was	 not	 induced	 (no	

treatment	of	Dox)	and	was	incubated	under	standard	conditions	at	37°C.	After	48	hours,	

the	AlamarBlue	assay	was	conducted,	as	previously	described.	
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												2.4	Protein	analysis	

																							2.4.1	Reagents,	stock	solutions	and	buffers	for	use	in	Protein	Analysis	

	

	 	Table	2.12	Antibodies	used	for	western	blotting			 	

										
	

												
			
	
	

	

	

	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Antibody	

	

	

Dilution	

	

Supplier	

Anti-CNOT3	 1:1000																 Abnova	(4B8)	

Anti-CNOT1	 1:1000	 Cell	 signalling	

(#44613)	

	

Anti-CNOT2	 1:1000	 Cell	 signalling	

(#34214)	

	

	 	 	

Anti-CNOT7	 1:1000	 Cell	 signalling	

(#86665)	

	

Anti-S3	 1:1000	 Cell	 signalling	

(#9538)	

	

Anti-βtubulin	 1:1000	 Abcam	(ab15568)	

	

Anti-Flag	M2	 1:1000	 Sigma	(F1805)	

	

Anti-mouse	 HRP	

(secondary)	

1:2000	 Proteintech	

	(SA00001-1)	

	

Anti-Rabbit	 HRP	

(secondary)	

1:2000	 Invitrogen		
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	Table	2.13	Buffers	used	in	western	blotting		

Buffer/	

Reagent	

	

	Composition	 Application	

	RIPA	buffer	 150	 mM	 NaCl,	 1.0%	 Triton	 X-100,	 0.5%	

sodium	 deoxycholate,	 0.1%	 SDS,	 50	 mM	

Tris,	1	mm	EDTA,	pH	8.0	

WB	

	

4X	Upper	buffer	 0.5	M	Tris	base,	0.4%	SDS,	pH	6.8;	stored	at	

room	temp	

WB	

4X	Lower	buffer	 1.5	M	tris	base,	0.4%	SDS,	pH	8.8;	stored	at	

room	temp	

WB	

10X	 Running	

buffer	

0.25	M	Tris	base,	1.0%	SDS,	1.92	M	glycine;	

stored	at	room	temp	

WB	

10X	 Transfer	

buffer	

0.25	M	Tris	base,	1.92	M	glycine;	stored	at	

room	temp	

WB	

1X	TBS-T	 50	 mM	 Tris-HCL	 pH	 7.8,	 150	 mM	 NaCl,	

0.1%	Tween-20.	Stored	at	room	temp	

WB	

Blocking	buffer	 N/A	 WB	

4X	 SDS	 loading	

dye	

2.4	ml	1	M	Tris	buffer	pH	6.8,	4	ml	100%	

glycerol,	 0.5ml	 β-mercaptoethanol,	 0.8	 g	

SDS,	4	mg	bromophenol	blue	and	3.1	ml		

distilled	water.	Stored	at	-20°C	

	

WB	

10%	APS	 2.0	g	 ammonium	 persulphate	 in	 20	 ml	

water	(	

WB		

,Thermo	

Fisher	

Scientihic,	

Catalogue	

number	

17875)	

	

															2.4.2	Preparation	of	protein	lysates	for	western	blotting	

The	 cells	 bearing	 HEK293	were	 transfected	 with	 the	 appropriate	 expression	 vectors	

using	 FuGENE6	 (Nagy	 and	Watzele	 2006).	 After	 48	 hours	 post-transfection,	 the	 cells	
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were	harvested	for	further	analysis.	Before	harvesting,	the	cells	were	washed	twice	with	

PBS	and	replaced	with	a	fresh	warm	medium.	After	48	hours	post-transfection,	the	cells	

were	harvested	by	pipetting	the	culture	medium	up	and	down	to	dislodge	them.	The	cell	

suspensions	were	then	transferred	into	15	ml	falcon	tubes	and	centrifuged	at	4000	g,	4°C	

for	5	minutes,	and	the	media	was	discarded.	The	cell	pellets	were	washed	twice	with	cold	

PBS	and	the	centrifugation	step	was	repeated.	Following	this,	 the	cell	pellets	were	re-

suspended	 in	500	µl	of	cold	cell	 lysis	buffer	(RIPA	buffer)	and	transferred	 into	1.5	ml	

tubes.	Cells	were	lysed	twice	by	freeze/thawing	at	-80°C,	followed	by	centrifugation	at	

16,000	g,	4°C	for	10	minutes.	The	supernatant	was	transferred	into	new	1.5	ml	tubes	and	

either	stored	at	-80°C	or	used	directly	for	the	assay.	

															2.4.3	Bradford	assay	to	determine	protein	concentration	

The	concentration	of	protein	lysates	was	measured	using	the	Bradford	assay	(Kielkopf,	

Bauer,	 and	Urbatsch	 2020),	which	 utilised	 Bradford	 reagent	 (	 Sigma	 Aldrich,	 Catalogue	

number	 B6916-500ML	 )and	 Bovine	 serum	 albumin	 (BSA)	 with	 a	 concentration	 of	 20	

mg/ml	was	diluted	to	10	µg/µl	with	lysis	buffer	for	protein	isolation.	Standard	curves	

were	established	with	varying	 concentrations	of	BSA,	 ranging	 from	0,	2,	 4,	 6,	 8	 to	10	

µg/µl.	To	conduct	the	assay,	10	µl	of	protein	sample	was	introduced	to	200	µl	of	Bradford	

reagent,	and	the	total	volume	was	adjusted	to	1	ml	with	water.	The	mixture	was	then	

vortexed	and	left	to	incubate	for	5	minutes	at	room	temperature.	Once	incubation	was	

completed,	the	samples	were	moved	to	1	ml	cuvettes,	and	the	absorbance	was	measured	

at	600	nm.	The	protein	concentration	of	the	samples	was	calculated	by	evaluating	the	

standard	curve	obtained	via	linear	regression	analysis	using	Microsoft	Excel.	

															2.4.4	Sodium	dodecyl	sulphate-polyacrylamide	gel	electrophoresis	(SDS-PAGE)	

	The	Invitrogen	X-Cell	SureLock	Mini	Cell	system	(ThermoFisher	ScientiUic)	was	used	to	

conduct	SDS-PAGE	analysis	 (Nowakowski,	Wobig,	 and	Petering	2014).	The	 separation	

gels	were	 prepared	 at	 different	 concentrations,	 namely,	 10%	 and	 14%,	 based	 on	 the	

molecular	mass	of	the	protein	of	interest.	The	separation	gel	was	initially	cast	in	a	gel	

cassette	while	leaving	a	room	of	1.5	cm	at	the	top	for	the	stacking	gel	to	be	added.	After	

pouring	the	separation	gel	onto	the	cassette,	500	µl	of	isopropanol	was	promptly	added	

to	the	top	of	the	gel,	following	which	the	gel	was	allowed	to	set	for	15-20	minutes.	Once	

the	gel	was	formed,	 the	 isopropanol	was	removed	by	 inverting	the	gel	and	draining	 it	

onto	tissue	paper.	Subsequently,	 the	stacking	gel	was	cast	on	top,	and	the	appropriate	
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comb	was	 inserted	 immediately	 after	 pouring.	 The	 gel	was	 allowed	 to	 stand	 at	 room	

temperature	for	30	minutes	before	being	used	or	stored	at	4°C.	The	comb	was	removed	

before	 use,	 and	 the	 gel	 was	 washed	 with	 1X	 running	 buffer.	 Before	 loading,	 protein	

extracts	were	denatured	by	boiling	for	5	minutes	in	1X	SDS	sample	buffer.	The	protein	

ladder	 employed	 was	 the	 NEB	 colour	 protein	 standard,	 broad	 range	 11-2456	 kDa	

(Catalogue	number	P7719S).	Gels	were	run	in	800	ml	of	1X	running	buffer	at	180V	for	

approximately	1.5	hour.	

	

	
	 	 	Table	2.14	List	of	the	SDS-PAGE	gels	component		

								
									

Reagent		 							Resolving	Gel		

	

																														

					10%															14%	

						Stacking	gel	

									

												

													4%	

	

Protein	MW	range,	kDa	 			30-200	 								10-80	 														-	

	

	

4X	Lower	buffer	 								2	ml	 									2	ml	 																-	

	

4X	Upper	buffer	 -                      											-	 														750	µl	

	

40%	 acrylamide:	

Bisacrylamide	29:1	

								2	ml	 								2.8	ml	 														300	µl	

10%	APS	 							80	µl	 										80	µl	 															60	µl	

	

TEMED	 								8	µl	 										8	µl	 															6	µl	

	

H2O	 								4	ml	 								3.2	ml	 														1950	µl	
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				2.4.5	Western	blotting	and	immunodetection		

After	separation	by	SDS-PAGE,	proteins	were	transferred	to	nitrocellulose	membranes	

(Whatman	Protran	0.45	µm)	via	the	Invitrogen	X-Cell	SureLock	Mini	Cell	system	for	1	

hour	at	25V	in	a	transfer	buffer.	The	membranes	were	then	blocked	with	a	solution	of	5%	

dried	milk	 dissolved	 in	 1X	TBST	 for	 1	 hour	 at	 room	 temperature.	 Following	 this,	 the	

membranes	were	 transferred	 to	 50	ml	 Falcon	 tubes	 containing	 1X	 TBST,	 the	 speciUic	

primary	antibody,	and	5%	dried	milk,	and	incubated	on	a	rotator	overnight	at	4°C.	Before	

proceeding	to	incubate	the	membranes	with	the	secondary	antibody,	they	were	washed	

three	times	with	1X	TBST	buffer	for	5	minutes	each	time.	The	membranes	were	further	

incubated	with	the	speciUic	secondary	antibody	in	1X	TBST	and	5%	dried	milk	for	an	hour	

on	a	rotator	at	room	temperature.	Finally,	the	membranes	were	incubated	with	600	µl	of	

ECL	western	blotting	substrate	(ThermoFisher	ScientiUic,	Catalogue	number	32106)	for	

1	minute	 before	 imaging.	 The	 FujiUilm	 LAS-4000	 system	 and	 image	 reader	 computer	

software	 (FujiUilm,	 Japan)	were	 used	 for	 imaging	 and	 image	 analysis	was	 carried	 out	

using	Image	J.	Table	2.12	lists	all	the	antibodies	used.	

	

					2.5	Co-Immunoprecipitation		

					2.5.1	Regents,	stock	solutions	and	buffers	for	use	in	Co-Immunoprecipitation	

	

	 	 	Table	2.15	Reagents	and	buffers	used	in	Co-Immunoprecipitation	

	 	 	

Reagent/Buffers	

	

	Catalogue	

number	

Supplier	

Bradford	Reagent	 B6916-500ML	 Sigma-Aldrich	

	

DynaMag-2	 12321D	 Thermo	 Fisher	

Scientihic	

	

Anti-Flag	M2	magnetic	beads	 M8823-1ML	 Sigma-Aldrich	

	

Protease	inhibitor	cocktail	 11836170001	 Sigma-Aldrich	
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0.2	NP-40	buffer	(50	mM	Tris-HCL	pH	8.0,	150	

mM	NaCl,	5	mM	MgCl2,	

	EDTA	0.5	mM,	0.2%	NP-40,	5%	Glycerol,	1	mM	

DTT)	

							N/A	 N/A	

2X	Laemmli	buffer	(0.125	M	Tris	base,	0.14	M	

SDS,	 glycerol	 20%,	 2-mercaptoethanol	 10%,	

Bromophenol	blue)	

	

N/A	 N/A	

	

			2.5.2	Preparation	of	protein	lysate	for	co-immunoprecipitation	

HEK293	cells	were	seeded	and	grown	at	80%	conUluency	in	6	cm	dishes.	After	24	hours,	

cells	 were	 transfected	 with	 plasmids	 encoding	 (Flag-CNOT3Arg57Gln,	 Flag-

CNOT3ARG57Trp,	Flag-CNOT3Leu48Val,	Flag-CNOT3Glu147Lys,	Flag-CNOT3Arg188His,	

Flag-CNOT3Arg188Cys,	 Flag-CNOT3.Lys119Glu,	 Flag-CNOT2Asn466His,	 Flag-

CNOT2Tyr494Ter	 and	Flag-CNOT2Lys316Ter)	using	FuGENE6.	 In	 each	 culture	dish,	 a	

total	of	5	µg	of	plasmid	DNA	was	transfected	as	shown	in	Table	2.16	After	48	hours	post-

transfection,	the	cells	were	put	on	an	ice-cold	tray	and	harvested	by	pipetting	the	culture	

medium	up	and	down	to	dislodge	them.	The	cell	suspensions	were	then	transferred	into	

15	ml	Flacon	 tubes	and	centrifuged	at	4000	g,	4°C	 for	5	minutes,	 and	 the	media	was	

discarded.	The	cell	pellets	were	washed	twice	with	cold	PBS	and	the	centrifugation	step	

was	repeated.	Following	this,	the	cell	pellets	were	re-suspended	in	500	µl	-	1	ml	of	cold	

cell	lysis	buffer	(0.2	NP-40)	and	transferred	into	1.5	ml	tubes.	The	cells	were	lysed	twice	

by	freeze/thawing	at	-80°C,	followed	by	centrifugation	at	16,000	g,	4°C	for	10	minutes.	

The	supernatant	was	transferred	into	new	1.5	ml	tubes	and	either	stored	at	-80°C	or	used	

directly	for	the	assay.	Following	that,	the	cell	lysate	protein	concentration	was	measured	

using	Bradford	assay.	
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	Table	2.16	Transfection	steps	used	for	transient	transfect			 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

	

	

									

2.5.3	Co-Immunoprecipitation	

For	co-immunoprecipitation	(Lin	and	Lai	2017)	using	anti-Flag	M2	magnetic	beads,	the	

protocol	 was	 scaled	 according	 to	 the	 number	 of	 samples.	 Firstly,	 10	 µl	 of	 anti-Flag	

magnetic	beads	were	mixed	in	a	1.5	ml	tube,	then	the	beads	were	washed	three	times	

with	500	µl	of	1X	TBS	(50	mM	Tris	HCl,	150	mM	NaCl,	pH	7.4)	to	prepare	the	beads.	The	

tube	containing	beads	and	TBS	was	thoroughly	mixed	and	then	placed	in	the	magnetic	

rack	 to	 collect	 the	 beads.	 The	 storage	 buffer	 and	 TBS	 mixture	 were	 then	 discarded.	

Afterwards,	the	equilibrated	beads	and	protein	extract	were	incubated	for	1	hour	at	room	

temperature,	with	gentle	mixing	using	the	rotating	device	to	capture	the	Flag	proteins.	

Once	the	incubation	was	complete,	the	tube	was	placed	in	the	magnetic	stand	to	collect	

the	beads	and	remove	the	supernatant.	Next,	the	beads	were	washed	three	times	with	

500	 µl	 of	 1X	 TBS	 to	 remove	 non-speciUically	 bound	 proteins.	 Finally,	 the	 beads	were	

eluted	with	2X	Laemmli	buffer	for	10	minutes	at	95°C.	The	tube	was	then	placed	in	the	

magnetic	beads	to	collect	the	supernatant,	which	was	used	for	further	analysis	using	the	

SDS-PAGE	gel.	

	

2.6	Computational	work	

															2.6.1	Prediction	of	Amino	Acid	Substitution	Effects	Using	PolyPhen-2	

The	PolyPhen-2	tool	(Adzhubei,	 Jordan,	and	Sunyaev	2013)	was	utilised	to	predict	 the	

impact	 of	 missense	 mutations.	 The	 tool	 was	 accessed	 online	

via	http://genetics.bwh.harvard.edu/pph2/.	 The	 analysis	 was	 performed	 using	

the	HumVar	 model,	 which	 is	 designed	 to	 predict	 the	 potential	 effects	 of	 both	 rare	

Mendelian	variants	and	common	polymorphisms.	

Step-by-Step	Procedure	

Component/	Reagent		 	Volume		

	

	5	µg	of	DNA	plasmids		

	

	X	µl	

Transfection	reagent	(FuGENE	6)	

	

30	µl	

Opti-MEM	 Up	to	600	µl	

http://genetics.bwh.harvard.edu/pph2/
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1. Protein	 Sequence	 Retrieval:	 Protein	 sequences	 for	 the	 relevant	 proteins,	

including	CNOT3	and	CNOT2,	were	obtained	from	the	UniProt	database.	The	UniProt	

accession	numbers	of	 these	proteins	were	used	 to	ensure	accurate	and	consistent	

input	data.	

2. Input	of	Amino	Acid	Substitutions:	The	speciUic	amino	acid	substitutions	of	interest	

were	identiUied	based	on	experimental	data.	For	each	mutation,	the	following	details	

were	entered	into	the	PolyPhen-2	interface:	

o Position	of	the	substitution	within	the	protein	sequence.	

o Wild-type	amino	acid	(the	original	amino	acid	in	the	protein).	

o Mutant	amino	acid	(the	amino	acid	replacing	the	original	one).	

3. Submission	of	Query:	After	inputting	the	required	data,	the	"Submit	Query"	button	

was	clicked	to	start	the	analysis.	In	cases	where	multiple	substitutions	were	analysed,	

the	batch	processing	feature	was	used	to	input	multiple	variants	in	a	single	query,	by	

preparing	a	Uile	in	the	required	format.	

4. Data	Processing	and	Prediction:	PolyPhen-2	then	processed	the	submitted	data	using	

various	features,	including	sequence-based	analysis,	evolutionary	conservation,	and	

protein	 structure.	 For	 each	 substitution,	 PolyPhen-2	 generated	 a	 prediction	 score	

ranging	from	0	to	1,	indicating	the	likelihood	of	the	mutation	being	damaging	to	the	

protein's	function.	The	output	was	provided	as	a	qualitative	prediction:	

o Benign	(no	predicted	impact	on	protein	function),	

o Possibly	damaging	(some	potential	for	functional	impact),	

o Probably	damaging	(high	conUidence	of	a	deleterious	effect).	

5. Interpretation	of	Results:	The	 scores	and	classiUication	 for	each	 substitution	were	

reviewed.	Scores	closer	to	1	were	interpreted	as	indicating	a	higher	probability	of	a	

detrimental	effect	on	the	protein.		

6.				Download	and	Storage	of	Results:	After	analysis,	the	results	were	downloaded	from	

the	website	in	a	tabular	format	for	further	examination	and	incorporation	into	the	

study.	
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Figure	2.1:	PolyPhen-2	Web	Interface	for	Predicting	the	Functional	Impact	of	Amino	
Acid	Substitutions.		

This figure shows the web interface of PolyPhen-2 (Polymorphism Phenotyping v2). Input 
Protein name and Protein sequence in FASTA format were entered in protein iden+fier and 
protein sequence respec+vely. The specific subs+tu+on is entered by indica+ng 
the posi+on of the muta+on and the respec+ve wild-type and mutant amino acids.  
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			2.6.2	Prediction	of	missense	variant	pathogenicity	using	AlphaMissense	

To	 predict	 the	 functional	 consequences	 of	 missense	 mutations,	AlphaMissense	was	

employed	 (Ljungdahl	 et	 al.	 2023;	 Cheng	 et	 al.	 2023).	 AlphaMissense	 utilises	 deep	

learning	 algorithms	 to	 assess	 the	 likelihood	 of	 a	 missense	 variant	

being	pathogenic	or	benign.	The	analysis	was	 conducted	via	 the	AlphaMissense	online	

platform,	which	can	be	accessed	at	https://alphamissense.hegelab.org/results.	

Step-by-Step	Procedure.	

1.	 Gene	 Input:	 To	 initiate	 the	 analysis,	 the	gene	 name	was	 directly	 entered	 into	 the	

AlphaMissense	 query	 Uield.	 In	 this	 case,	 the	 genes	CNOT3	and	CNOT2	were	 analysed.	

Upon	entering	the	gene	name,	the	"Submit	Query"	button	was	pressed,	which	redirected	

the	tool	to	the	result	page.	

2.	 Analysis	 of	 Missense	 Mutations:	 On	 the	 result	 page,	 AlphaMissense	 automatically	

generated	a	comprehensive	 list	of	missense	mutations	for	each	amino	acid	position	 in	

the	protein	encoded	by	the	entered	gene.	For	each	mutation,	AlphaMissense	provided	

a	pathogenicity	 score	(ranging	 from	0	 to	1),	where	 a	 higher	 score	 indicated	 a	 greater	

likelihood	of	the	mutation	being	pathogenic.	Additionally,	each	variant	was	classiUied	into	

one	of	two	categories:	"Pathogenic"	or	"Benign",	based	on	the	calculated	score.	

3.	 Pathogenicity	 Data	 Collection:	 The	 list	 of	 missense	 mutations,	 along	 with	 their	

respective	 pathogenicity	 scores	 and	 classiUications,	was	 downloaded	 from	 the	 results	

page	 for	 further	 analysis.	 These	predictions	were	 then	used	 to	 evaluate	 the	potential	

functional	impact	of	speciUic	mutations	within	the	CNOT3	and	CNOT2	proteins.	

	

	

	

																																							

https://alphamissense.hegelab.org/results
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Figure	2.2	AlphaMissense	Web	Interface	for	Missense	Variant	Pathogenicity	Search.	

 This figure displays the AlphaMissense web interface used for predic+ng the pathogenicity 
of missense variants. The Iden+fier field allows for the input of the gene name to retrieve 
missense variant data. Filters are available to categorise the predicted variants as likely 
benign, likely pathogenic, or ambiguous. Addi+onal op+ons include serng high-pass and 
low-pass cutoff values for the pathogenicity score. A_er inpurng the required data and 
adjus+ng the filters, results are generated by pressing the Submit buJon, providing insights 
into the pathogenic poten+al of the variants based on the predic+on model. 
 
 

																				2.6.3	Prediction	of	Amino	Acid	Substitution	Effects	Using	SIFT	

The	analysis	was	conducted	via	the	SIFT	(Kumar,	Henikoff,	and	Ng	2009)	online	platform,	
which	can	be	accessed	at	https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html.	
	
Step-by-Step	Procedure	
	

1. Protein	 Sequence	 Input:	 To	 begin	 the	 analysis,	 the	protein	 sequence	of	 the	 gene	 of	

interest	(such	as	CNOT3)	was	prepared	in	FASTA	format.	The	sequence	was	either	pasted	

directly	into	the	designated	text	box	on	the	SIFT	interface	or	uploaded	as	a	FASTA	Uile.	

2. Mutation	Data	Input:	After	entering	the	protein	sequence,	 the	speciUic	substitutions	of	

interest	(missense	mutations)	were	 entered	 in	 the	 provided	 text	 box	 in	 the	 required	

format	(i.e.,	indicating	the	position	of	the	mutation	and	the	amino	acids	involved,	such	

as	188	 A	 >	 H).	 Alternatively,	 a	 Uile	 containing	 the	 list	 of	 substitutions	 was	 uploaded,	

depending	on	the	scale	of	the	analysis.	

3. Submission	 of	 Query:	 Once	 the	 protein	 sequence	 and	 the	 desired	 substitutions	were	

input,	 the	“Submit”	button	 was	 clicked	 to	 begin	 the	 analysis.	 SIFT	 then	 performed	 a	

homology	search	against	a	database	of	related	protein	sequences	to	assess	how	likely	the	

substitution	is	to	be	tolerated	or	damaging	to	the	protein's	function.	

https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html
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4. Data	Processing	 and	Result	Generation:	 SIFT	 generated	 a	 score	 for	 each	 substitution,	

ranging	from	0	to	1.	Scores	closer	to	0	indicated	a	higher	likelihood	that	the	substitution	

would	 be	damaging,	 while	 scores	 closer	 to	 1	 suggested	 that	 the	 substitution	 was	

likely	tolerated.	 Each	 substitution	 was	 also	 categorised	

as	“damaging”	or	“tolerated”	based	 on	 the	 score.	 Results	 were	 typically	 available	

within	10-15	minutes	after	submission.	

														
	
																																			

	
	
Figure	 2.3	 SIFT	 Sequence	 Web	 Interface	 for	 Predicting	 Amino	 Acid	 Substitution	
Effects.	

This figure shows the SIFT (Sor+ng Intolerant From Tolerant) Sequence web interface. The 
interface allows for the input of a protein query sequence either by uploading a FASTA 
format file or by pas+ng the sequence into the provided text box. Below the protein sequence 
input, specific subs+tu+ons of interest can be entered directly or uploaded in a separate file. 
SIFT processes the query by comparing the sequence against a database of related sequences 
to predict whether the subs+tu+ons are likely to be damaging or tolerated. Results are 
typically generated within 10-15 minutes and are automa+cally deleted a_er 24 hours unless 
saved. 
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									2.6.4	ChimeraX	software	

For	 the	 structural	 analysis	 of	 CNOT3	mutations,	 ChimeraX	 (version	 1.8)	 (Meng	 et	 al.	
2023)	was	employed	to	visualise	and	analyse	the	effects	of	predicted	missense	mutations	
on	the	protein's	three-dimensional	structure.	Protein	structure	Uiles	in	PDB	format	and	
Uniprot	ID	were	imported	into	ChimeraX,	and	the	regions	of	interest	corresponding	to	
the	mutated	residues	were	highlighted.	The	software's	visualization	tools	were	used	to	
assess	any	potential	structural	alterations.	

	
 

	

2.7	Statistical	analysis	

Prior	 to	 performing	 statistical	 tests,	 data	 sets	were	 assessed	 for	 normality	 using	 the	

Shapiro–Wilk	test	in	GraphPad	Prism	10.	If	data	were	normally	distributed,	parametric	

tests	were	used;	otherwise,	non-parametric	tests	were	applied.	In	this	study,	all	data	sets	

were	conUirmed	to	be	normally	distributed;	therefore,	parametric	tests	were	used	for	all	

statistical	comparisons.	

For	the	Alamar	Blue	assay,	data	were	normalised	to	the	mean	of	the	untreated	siControl	

group	(set	to	100%)	and	are	presented	as	metabolic	activity	(%	of	control).	Experiments	

were	performed	in	biological	triplicates.	Statistical	signiUicance	was	determined	using	a	

two-way	ANOVA	to	assess	the	effects	of	CNOT3	variant	expression	and	siRNA	treatment,	

followed	by	Tukey’s	multiple	comparisons	test.	Data	are	expressed	as	mean	±	standard	

error	of	the	mean	(SEM),	and	a	p-value	<	0.05	was	considered	statistically	signiUicant.	All	

statistical	analyses	were	conducted	using	GraphPad	Prism	10.	
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3.1	Introduction	

This	chapter	focuses	on	the	development	of	a	specialised	molecular	toolkit	designed	to	

investigate	 the	 role	 of	 CNOT3	 in	 a	 human	 cell	 line.	 SpeciUically,	 the	 objective	 was	 to	

generate	 stable	 human	 cancer	 cell	 lines	 capable	 of	 conditionally	 expressing	 various	

siRNA-resistant	Flag-CNOT3 variants. To	achieve	 this,	 several	key	methodologies	were	

employed.	First,	siRNA-resistant	variants	of	CNOT3	cDNAs	were	engineered	using	site-

directed	mutagenesis.	This	process	 involved	 introducing	speciUic	point	mutations	 into	

the	CNOT3	gene	(Medema	2004;	Aslam	et	al.	2009),	rendering	it	resistant	to	degradation	

by	 siRNA.	 This	 approach	 was	 essential	 in	 allowing	 the	 exogenous	 (experimentally	

introduced)	 Flag-CNOT3	 variants	 to	 be	 studied	 without	 interference	 from	 the	

endogenous	CNOT3,	which	can	still	be	silenced	by	siRNA-mediated	degradation.	

In	 addition	 to	 creating	 these	 resistant	 variants,	 truncated	 versions	 of	 CNOT3	 were	

constructed	(Sarkar	et	al.	2021;	Suzuki	et	al.	2015)	 ,	 informed	by	prior	structural	and	

functional	studies	on	the	protein	domains	of	CNOT3	(Lau	et	al.	2009;	Boland	et	al.	2013;	

Buschauer	 et	 al.	 2020).	 These	 truncated	 variants,	 lacking	 the	 N-terminal	 and	 the	 C-

terminal	 domains,	 and	 the	Not-Box	 region,	were	 designed	 and	 constructed	 using	 the	

inverse	 PCR	 (Silva	 et	 al.	 2017;	 Green	 and	 Sambrook	 2019)	 to	 identify	 the	 regions	 of	

CNOT3	that	are	essential	for	its	role	in	regulating	cancer	cell	proliferation.	By	selectively	

removing	these	domains	(Albert	et	al.	2000;	Raisch	et	al.	2019;	Collart	2003),	the	toolkit	

allows	a	comparison	of	the	functional	properties	of	these	mutant	CNOT3	proteins	to	the	

wild-type	protein	aimed	to	determine	the	importance	of	each	region	for	CNOT3	activity	

in	human	cells.		

Furthermore,	to	provide	precise	control	over	the	expression	of	these	CNOT3	variants,	

the	Flp-In	TREx	system	(O'Gorman,	Fox,	and	Wahl	1991;	Sauer	1994)	was	employed	to	

establish	stable	cell	lines	for	inducible	expression	of	CNOT3.	This	system	was	selected	

for	 its	 ability	 to	 regulate	 gene	 expression	 in	 a	 temporal	 manner,	 meaning	 that	 the	

expression	 of	 the	 Flag-CNOT3	 variants	 could	 be	 turned	 on	 or	 off	 as	 needed	 by	 the	

addition	 or	 removal	 of	 doxycycline.	 This	 capability	 is	 particularly	 valuable	 for	

minimising	 confounding	 factors	 that	 often	 arise	 from	 the	 variability	 associated	 with	

transient	transfections,	thereby	ensuring	more	reliable	experimental	outcomes.	
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The	Flp-In	system,	derived	from	Saccharomyces	cerevisiae,	was	employed	to	streamline	

the	 creation	 of	 stable	 mammalian	 expression	 cell	 lines	 using	 a	 DNA	 recombination	

system.	 This	 system	 harnesses	 the	 recombinase	 enzyme	 Flp	 and	 site-speciUic	

recombination	to	facilitate	the	integration	of	the	gene	of	interest	into	a	speciUic	location	

in	the	genome	of	mammalian	cells.	The	Flp-In	system	relies	on	three	vectors	to	generate	

isogenic	stable	mammalian	cell	lines	expressing	the	gene	of	interest.		

The	Uirst	essential	component	of	the	Flp-In	system	is	the	pFRT/lacZeo	target	site	vector	

(Figure	3.1	A),	which	is	utilised	to	create	a	Flp-In	host	cell	line. This	vector	contains	a	

lacZ-Zeocin	fusion	gene	regulated	by	the	SV40	early	promoter	and	an	FRT	site	that	serves	

as	the	binding	and	cleavage	site	for	the	Flp	recombinase.	The	second	major	component	

is	 the	 pcDNA5-FRT-TetO	 expression	 vector	 (Figure	 3.1	 B),	 which	 facilitates	 the	

integration	of	the	gene	of	interest	into	the	genome	of	mammalian	cells.	The	third	crucial	

component	 is	 the	 pCAG-Flpo	 plasmid	 (Figure	 3.1	 B),	 which	 induces	 site-speciUic	

recombination	 between	 the	 FRT	 sites	 of	 the	 pFRT/lacZeo	 and	 pcDNA5-FRT	 vectors	

(O'Gorman,	Fox,	and	Wahl	1991;	Sauer	1994). In	this	study,	the	Flp-In	T-REx	host	cell	line,	

pre-engineered	 and	 generously	 provided	 by	 the	 Cornelia	 de	 Moor	 (CDM)	 group,	

eliminated	 the	 requirement	 for	 transfection	 with	 the	 pFRT/lacZeo	 plasmid.	 This	

streamlined	 approach	 facilitated	 the	 stable	 and	 inducible	 expression	 of	 the	 gene	 of	

interest	(Figure	3.1	C),	thereby	providing	a	robust	platform	for	assessing	the	impact	of	

CNOT3	mutants	on	cellular	proliferation.	

The	 methodologies	 detailed	 in	 this	 chapter—including	 the	 construction	 of	 siRNA-

resistant	 CNOT3	 cDNAs,	 the	 generation	 of	 truncated	 CNOT3	 variants,	 and	 the	

establishment	of	stable	cell	lines	for	inducible	expression	of	CNOT3—collectively	form	a	

robust	platform	for	conducting	functional	analyses	of	CNOT3	in	human		cells.	 
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         Figure 3.1. Overview of the genera4on of Flp-In TREX HEK293 stable cell line.  
The schema+c depicts the procedures of making the Flp-In TREX HEK293 and integra+on of 
the gene of interest. (A) The first step was to transfect the pFRT/lacZeo into HEK293 cells to 
generate a Zeocin-resistant Flp-In host cell line. (B) Next, the pcDNA5-FRT-TetTO containing 
the gene of interest (GIO) was cotransfected with the recombinase vector, pCAG-Flpo, into 
the Flp-In TREx HEK293. (C) The Flp plasmid conducts recombina+on between the FRT sites 
between the cell line and the expression vector. 
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3.2	Construction	of	plasmids	expressing	Flag-CNOT3	variants	

															3.2.1	Design	of	siRNA-resistant	cDNA	expression	plasmids	

To	design	siRNA-resistant	CNOT3	cDNA	sequences,	silent	mutations	were	introduced	at	

speciUic	sites	to	avoid	degradation	by	siRNAs	while	maintaining	the	amino	acid	sequence	

of	 the	 protein.	 This	 approach	 was	 chosen	 to	 ensure	 that	 the	 exogenously	 expressed	

CNOT3	remains	unaffected	by	siRNA	treatment,	which	speciUically	targets	endogenous	

CNOT3	mRNA	(Figure	3.2	A). 

The	introduction	of	these	silent	mutations	was	done	by	altering	nucleotide	sequences	at	

the	 siRNA	 recognition	 sites	without	 changing	 the	 encoded	 amino	 acids.	 This	 strategy	

ensures	that	the	functionality	of	the	CNOT3	protein	remains	intact	while	rendering	the	

mRNA	resistant	to	siRNA-mediated	degradation	(Figure	3.2	B	and	D).	The	sites	for	these	

mutations	were	selected	based	on	several	criteria	outlined	by	(Medema	2004):	Uirst,	the	
mutations	 were	 introduced	 in	 regions	 of	 the	 CNOT3	 mRNA	 that	 are	 speciUically	

recognised	by	 the	 siRNA.	By	altering	 this	 region,	 the	exogenous	CNOT3	mRNA	avoids	

being	 targeted	 by	 the	 siRNAs,	 ensuring	 stable	 expression	 in	 the	 presence	 of	 siRNA-

mediated	 knockdown.	 The	 regions	 targeted	 by	 siRNA#1	 and	 siRNA#2	 were	

independently	altered.	Secondly,	the	mutations	were	designed	to	be	silent,	meaning	they	

do	not	alter	the	amino	acid	sequence	of	the	CNOT3	protein.	At	least	two	silent	mutations	

were	introduced—one	around	position	5-10	and	another	around	position	10-15	of	the	

siRNA	target	sequence,	ideally	separated	by	two	codons.	These	mutations	were	selected	

to	avoid	possible	G	wobble	base	pairs,	which	could	otherwise	impact	the	speciUicity	of	

the	siRNA	knockdown.	Importantly,	this	strategy	was	applied	to	the	CNOT3	cDNA	R2	but	

not	to	the	CNOT3	cDNA	R1,	where	this	precaution	was	not	necessary.	

This	 is	crucial	 for	maintaining	the	biological	 function	of	 the	protein	while	making	the	

mRNA	resistant	to	siRNA	degradation.	By	introducing	these	mutations,	the	endogenous	

CNOT3	mRNA	remains	susceptible	to	siRNA	knockdown,	allowing	for	the	study	of	CNOT3	

function	by	comparing	the	knockdown	effects	on	endogenous	versus	exogenously.	

Mutations	 were	 introduced	 using	 site-directed	 mutagenesis	 (Zhang	 et	 al.	 2021),	

employing	inverse	PCR	(Silva	et	al.	2017)	as	one	possible	approach	(Figure	3.3	A).	The	

PCR	reaction	was	treated	with	Dpn	I	to	degrade	the	methylated	parental	template	DNA,	

leaving	 the	 ampliUied	PCR	product	 intact	 (Figure	3.3	B).	 Following	 the	digestion,	 the	

linear	product	was	 circularised	by	 ligation	 to	 construct	 the	 expression	plasmids	with	
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siRNA-resistant	 Flag-CNOT3	 cDNAs	 (Figure	 3.3	 C).	 The	 inverse	 PCR	 was	 used	 to	

introduce	mutations	at	the	positions	corresponding	to	Asp216,	Val218,	and	Glu219	to	

generate	plasmid	pCMV-Flag-CNOT3R1	containing	a	Flag-CNOT3	cDNA	resistant	against	

siRNA#1,	and	at	positions	corresponding	to	Thr692	and	Ala694	to	generate	pCMV-Flag-

CNOT3R2	containing	a	Flag-CNOT3	cDNA	resistant	against	siRNA#2.	All	cDNA	sequences	

were	conUirmed	using	the	Sanger	sequencing	(Figure	3.2	C	and	E).		

	

	

	

	

	

	

	

	

	

	

	

	

	



													Chapter	3.	Generation	of	stable	cell	lines	for	inducible	expression	of	CNOT3	

	

	
	

97	

			 	
		Figure	3.2	Design	of	siRNA-resistant	CNOT3	cDNAs.		

   (A) The siRNA-sensi+ve sequence binds to the siRNA, leading to mRNA degrada+on and the 
inhibi+on of protein produc+on. In contrast, the siRNA-resistant sequence, designed with 
point muta+ons that disrupt siRNA binding without altering the protein sequence, avoids 
degrada+on, allowing transla+on to proceed and protein expression to occur . (B) Three-point 
muta+ons were designed in the region recognised by siRNA#1, targe+ng the 5’ end of CNOT3 
mRNA. (C) Verifica+on of the desired muta+ons in the sequences of Flag-CNOT3R1 using 
Sanger Sequencing. (D) Two-point muta+ons were designed in the region recognised by 
siRNA#2, targe+ng the 3’ end of CNOT3 mRNA. (E) Verifica+on of the desired muta+ons in 
the sequences of Flag-CNOT3R2 using Sanger sequencing.  
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Figure	3.3	Construction	of	variants	of	Flag-CNOT3.		

A schema+c representa+on of site-directed muta+on by inverse PCR. (A) Schema+c 
representa+on of the pCMV-Flag-CNOT3 plasmid. The plasmid contains the CNOT3 gene, with 
forward (F) and reverse (R) primers indicated for site-directed mutagenesis. The subs+tu+on 
site for the muta+on is also marked in red square. (B) Illustra+on of the PCR product obtained 
a_er amplifica+on using the forward and reverse primers. The PCR product contains the 
desired muta+on at the subs+tu+on site, with 5' (PO₄) phosphate and 3' (OH) hydroxy groups 
necessary for subsequent liga+on. (C) Diagram showing the final mutant pCMV-Flag-CNOT3 
plasmid a_er DpnI diges+on and liga+on. The red square represents the site of muta+on 
within the CNOT3 gene.  
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		3.2.2	Design	of	 cDNA	variants	 encoding	Flag-CNOT3	 lacking	N-	and	C-terminal	

domains		

To	identify	the	role	for	speciUic	regions	of	CNOT3,	a	series	of	plasmids	were	constructed	

using	 inverse	PCR.	 	The	constructed	plasmids	encoded	variants	of	 the	CNOT3	protein	
with	speciUic	deletions.	These	deletions	were	in	the	N-terminal	and	C-terminal	domains,	

and	 the	 Not-Box	 region	 of	 CNOT3.	 The	 resulting	 truncated	 proteins	 were	 named	

CNOT3ΔNTD	 1-241,	 CNOT3ΔCTD	 651-751,	 and	 CNOT3ΔNot-Box	 701-751,	 indicating	

deletions	at	the	N-terminal,	the	C-terminal,	and	the	Not-Box	region,	respectively	(Figure	

3.4	A	and	E).	The	last	construct	which	was	made	was	Flag-CNOT3NTD-only,	lacking	the	

C-terminal	and	the	middle	region	of	CNOT3	protein.	 	 	

	

To	confer	resistance	to	siRNA	knockdown	in	 the	 truncated	CNOT3	variants,	 truncated	

plasmids	 were	 constructed	 using	 the	 parental	 plasmids	 Flag-CNOT3R1	 and	 Flag-

CNOT3R2.	SpeciUically,	Flag-CNOT3-ΔNTD	was	derived	from	Flag-CNOT3R2,	while	Flag-

CNOT3-ΔCTD	 and	 Flag-CNOT3-ΔNot-Box	 were	 derived	 from	 Flag-CNOT3R1.	 This	

approach	was	chosen	to	ensure	that	the	truncated	CNOT3	variants	remained	expressed	

despite	siRNA	knockdown.	To	construct	Flag-CNOT3only,	the	wild	type	of	Flag-CNOT3,	

without	any	point	mutation,	was	used	as	a	parental	fragment.		

	

To	create	truncated	variants	of	the	Flag-CNOT3	protein	(Sarkar	et	al.	2021),	a	technique	

called	inverse	PCR	was	employed.	Unlike	traditional	PCR,	where	primers	bind	to	the	ends	

of	 the	DNA	sequence,	 inverse	PCR	uses	primers	 that	bind	within	 the	sequence,	 facing	

outwards	(Figure	3.5	A).	This	allows	for	the	ampliUication	of	a	speciUic	internal	segment	

of	the	DNA.	

Following	 the	 PCR	 reaction,	 the	 enzyme	 Dpn	 I	 was	 used	 to	 remove	 the	 original,	

unmodiUied	DNA	 (Figure	3.5	B).	 The	 remaining,	 ampliUied	DNA	 fragments	were	 then	

joined	together	to	create	the	new,	shorter	variants	of	Flag-CNOT3	(Figure	3.5	C).	
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Figure	3.4	Design	of	variants	of	CNOT3	with	 truncations	at	 the	N-terminal	and	C-
terminal	domains,	and	Not-Box	region.		

(A) Overview of the domains of human CNOT3, which is characterised by a coiled-coil N-
terminal domain (in red), a central linker region (in green) and a C-terminal (in red) that 
includes the Not-Box region, a CNOT1 anchor region (NAR) and a connector sequence (CS) 
(Boland et al. 2013). (B) Dele+on of N-terminal in CNOT3. (C) CNOT3 lacking the C-terminal. 
(D) CNOT3 lacking the Not-Box region. (E) CNOT3 lacking C-terminal domain and middle 
region.  
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Figure	 3.5	 Construction	 of	 variants	 of	 CNOT3	 lacking	 N-terminal	 and	 C-terminal	
domains.		

Construc+ng of plasmids lacking N-terminal and C-terminal domains using the inverse PCR 
procedure. (A) The pCMV-Flag-CNOT3 plasmid, containing the CNOT3 gene, was used as a 
template for PCR amplifica+on. The forward (F) and reverse (R) primers were designed to 
amplify the plasmid, excluding the dele+on region. (B) The resul+ng PCR product contained 
phosphorylated 5' and 3' hydroxy ends (indicated as 5’ PO4 and 3’ OH). This product contains 
the plasmid sequence without the region targeted for dele+on (C) The PCR reac+on was 
treated with DpnI to digest the methylated, non-mutated parental DNA template. The linear 
PCR product was then ligated to form a circular plasmid, resul+ng in the pCMV-Flag-CNOT3 
plasmid with the desired dele+on.                
	



													Chapter	3.	Generation	of	stable	cell	lines	for	inducible	expression	of	CNOT3	

	

	
	

102	

	

		3.3	Transient	expression	of	Flag-CNOT3	mutants	in	HEK293	cell	line	

To	evaluate	the	protein	expression	levels	of	Flag-CNOT3	variants,	transient	transfection	

of	the	constructed	plasmids	was	carried	out.	The	plasmids	containing	pCMV-FlagCNOT3,	

pCMV-Flag-CNOT3R1,	 pCMV-Flag-CNOT3R2,	 pCMV-Flag-CNOT3DNTD,	 pCMV-Flag-

CNOT3DCTD,	 pCMV-Flag-CNOT3DNot-Box	 and	 Flag-CNOT3onlyNTD	 were	 transiently	

transfected	into	HEK293	cell	lines.	Subsequently,	48	hours	post-transfection,	cell	lysates	

were	prepared,	and	protein	expression	was	analysed	through	western	blotting	(Figure	

3.6).	

The	 utilisation	 of	 the	 Flag	 antibody	 (monoclonal	 rabbit	 antibody,	 Sigma-Aldrich)	

facilitated	 the	 assessment	 of	 the	 protein	 expression	 of	 the	 transfected	 Flag-CNOT3	

variants	 without	 the	 contribution	 of	 endogenous	 CNOT3.	 Notably,	 the	 results	

demonstrated	that	all	 the	CNOT3	variants	were	expressed	at	comparable	 levels	 in	the	

HEK293	 cell	 lines	 after	 transient	 expression,	 with	 the	 exception	 of	 the	 Flag-

CNOT3onlyNTD	 variant,	 which	 exhibited	 signiUicantly	 lower	 expression	 (Figure	 3.6).	

The	 reduced	expression	 level	was	consistently	observed	across	multiple	experiments,	

suggesting	that	the	N-terminal	domain	alone	may	not	be	as	efUiciently	expressed	or	stable	

as	full-length	CNOT3	or	other	truncated	versions	of	CNOT3.	Due	to	this	marked	decrease	

in	 expression,	 it	 was	 concluded	 that	 the	 Flag-CNOT3onlyNTD	 variant	 would	 not	 be	

suitable	for	further	functional	studies.	This	decision	was	made	to	ensure	that	subsequent	

experiments	could	be	interpreted	based	on	the	function	of	the	CNOT3	variant	rather	than	

its	expression	level.	

The	presence	of	endogenous	CNOT3	was	identiUied	through	the	use	of	a	CNOT3	antibody	

(mouse	 monoclonal	 antibody	 4B8,	 AbNova).	 Endogenous	 CNOT3	 expression	 was	

markedly	 lower	 than	 that	 of	 all	 Flag-CNOT3	 variants.	 Truncated	 and	 full-length	 Flag-

CNOT3	variants	showed	consistent	expression	levels,	with	full-length	variants	exhibiting	

slightly	higher	expression	(Figure	3.6).		
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Figure	3.6	Transient	expression	of	Flag-CNOT3	variants	in	HEK293	cell	lines.		

The Flag an+body was used to detect Flag-CNOT3 variants. Flag-CNOT3 variants were 
expressed equally for all the variants of CNOT3 except the Flag-CNOT3onlyNTD using Flag 
an+body (rabbit monoclonal an+body, Sigma-Aldrich). The Flag-CNOT3NonlyNTD was 
expressed at the lowest level. Endogenous CNOT3 was detected using the CNOT3 an+body 
(mouse monoclonal an+body 4B8, AbNova). In Flag-CNOT3DNTD, the epitope recognised by 
the an+-CNOT3 an+body is not present.  b-tubulin was used as a loading control. 
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In	addition	to	using	anti-CNOT3	antibodies,	the	effect	of	Flag-CNOT3	expression	on	the	

CNOT1	and	CNOT2	subunits	of	the	Ccr4-Not	complex	was	also	evaluated,	as	well	as	the	

expression	of	ribosomal	proteins	S3	and	L7a.	The	analysis	of	 the	 levels	of	CNOT1	and	

CNOT2	 indicated	 that	 their	 expression	 levels	were	 relatively	 similar	 regardless	of	 the	

expression	of	Flag-CNOT3	variants,	except	for	Flag-CNOT3DNTD,	which	led	to	increased	

CNOT1	 levels.	 It	 is	unclear	why	Flag-CNOT3DNTD	 led	 to	 increased	CNOT1	 levels,	 and	

further	studies	are	needed	to	understand	this	 increase.	However,	the	expression	of	S3	

and	 L7a	 remained	 consistent	 across	 all	 Flag-CNOT3	 variants.	 To	 control	 for	 protein	

loading,	β-tubulin	was	utilised	as	a	loading	control.	

Figure	 3.7	 shows	 the	 transient	 expression	 of	 Flag-CNOT3	 variants	 without	 Flag-

CNOT3onlyNTD	in	HEK293	cell	lines	

	

3.4	Generating	Flag-CNOT3	Cell	Lines	using	G-418	

Having	 conUirmed	Flag-CNOT3	expression	via	 transient	 transfection,	 the	 focus	 shifted	

towards	 establishing	 a	 stable	 cell	 line	 model.	 This	 was	 crucial	 for	 downstream	

applications.	 To	 achieve	 this,	 stable	HEK293	 cell	 lines	 expressing	 Flag-tagged	 CNOT3	

variants	 were	 initially	 pursued.	 A	 pCMV	 backbone	 vector	 carrying	 the	 Flag-CNOT3	

constructs	 was	 transfected	 into	 HEK293	 cells,	 and	 G-418	 selection	 (1.0	 mg/ml)	 was	

applied	to	isolate	a	stable	integrant.	However,	the	cells	unexpectedly	exhibited	resistance	

to	G-418,	precluding	the	establishment	of	stable	cell	lines.	The	underlying	cause	of	this	

G-418	 resistance,	 despite	 troubleshooting	 efforts,	 remained	 elusive.	 Potential	 factors	

include	anomalies	within	the	plasmid	construct,	suboptimal	transfection	efUiciency,	or	an	

unforeseen	 mechanism	 of	 G-418	 resistance	 in	 this	 cellular	 context.	 Therefore,	 an	

alternative	strategy	for	generating	stable	cell	lines	was	developed,	involving	the	use	of	

the	Flp-In	T-REx	HEK293	system.	

	

	

			3.5	Construction	of	vectors	for	inducible	expression	of	Flag-CNOT3	variants		

Because	the	initial	attempt	to	generate	stable	cell	lines	expressing	Flag-CNOT3	variants	

in	 HEK293	 cells	 using	 G418	 selection	 did	 not	 succeed,	 an	 alternative	 approach	 was	

adopted.	This	involved	using	the	Flp-In	TREx	HEK293	(Ward,	Alvarez-Curto,	and	Milligan	
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2011;	O'Gorman,	Fox,	and	Wahl	1991)cell	lines	to	generate	stable	cell	lines.	The	Flp-In	

TREx	 system	 is	 a	more	 controlled	 and	 reliable	method	 for	 creating	 stable,	 inducible	

expression	of	the	gene	of	interest.		

To	generate	the	expression	plasmids	suitable	for	this	approach,	the	CNOT3	cDNAs	from	

the	 pCMV-Flag-CNOT3	were	 first	 amplified	 by	polymerase	 chain	 reaction	 (PCR)	to	

incorporate	an	AflII	restriction	site	at	the	5'	terminus	of	the	Flag-CNOT3	cDNAs.	The	PCR	

product	 was	 then digested	 with	AflII	and	NotI,	 producing	 compatible	 5’	 overhangs	

with	PspOMI	(5’	 GGCC).	 The	 digested	Flag-CNOT3	 cDNAs	were	 subsequently	 purified	

and	used	for	further	cloning	(Figure	3.8	A).	This	process	involved	the	use	of	specially	

designed	 primers	 to	 ensure	 the	 incorporation	 of	 the	 AflII	 restriction	 site	 into	 the	

amplified	product.	Next,	plasmid	pcDNA5-FRT-TetO-fSNAP	(Figure	3.8	B)	(Braun	et	al.	

2018)	was	subjected	to	digestion	with	the	restriction	endonucleases	AflII	and	PspOMI	to	

excise	 the	 fSNAP	 cDNA	 insert	 (Figure	3.8	B).	 Following	 the	 digestion,	 the	 linearised	

plasmid	backbone	was	purified	by	agarose	gel	electrophoresis. 

The	purified	Flag-CNOT3	cDNAs	were	then	ligated	into	the	digested	pcDNA5-FRT-TetO	

vector,	resulting	in	the	generation	of	the	following	expression	plasmids:	pcDNA5-FRT-

TetO-Flag-CNOT3,	 pcDNA5-FRT-TetO-Flag-CNOT3R1,	 pcDNA5-FRT-TetO-Flag-

CNOT3R2,	 pcDNA5-FRT-TetO-Flag-CNOT3ΔNTD,	 pcDNA5-FRT-TetO-Flag-

CNOT3R1ΔCTD,	and	pcDNA5-FRT-TetO-Flag-CNOT3R1ΔNot-Box	(Figure	3.8	C).	

All	cDNA	sequences	were	confirmed	by	DNA	sequencing	to	ensure	the	accuracy	of	the	

constructs.	
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Figure	3.8	Construction	of	vectors	for	inducible	expression	of	Flag-CNOT3	variants.		
(A) Subcloning of Flag-CNOT3 cDNA into the expression vector pcDNA5-FRT-TetO. The Flag-
CNOT3 cDNAs were amplified by PCR using primers that incorporated an AflII site at the 5’ 
end, as well as the BGHR primers (see Materials and Methods for further details). A_er 
amplifica+on, the template DNA was removed by DpnI diges+on. 
(B) The expression vector was digested with AflII and PspOMI restric+on enzymes to 
generate cohesive ends compa+ble with the CNOT3 fragments. The recombinant plasmids 
were obtained a_er liga+on and transforma+on of E. coli DH5α. (C) pcDNA5-FRT-
TetO	plasmid derived from (B), where the Flag-CNOT3 insert has been cloned, resul+ng in a 
Tet-inducible expression constructs for Flag-tagged CNOT3 variants. 

A 
	

B 

	

C 
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				3.6	Generation	of	Flp-In	TREx	HEK293	stable	cell	lines	containing	inducible	Flag-

CNOT3	variants	

To	generate	stable	cell	lines	with	inducible	Flag-CNOT3	expression	cassettes,	Flp-In	TREx	

293	 cells	 were	 co-transfected	 with	 pCAG-Flpo	 (Xue,	 Atallah,	 and	 Scanziani	 2014)	

encoding	 the	 Flp	 recombinase	 and	 the	 following	 expression	 plasmids:	 	 pcDNA5-FRT-

TetO-FlagCNOT3,	 pcDNA5-FRT-TetO-FlagCNOT3R1,	 pcDNA5-FRT-TetO-FlagCNOT3R2,	

pcDNA5-FRT-TetO-Flag-CNOT3DNTD,	 pcDNA5-FRT-TetO-Flag-CNOT3DCTD,	 and	

pcDNA5-FRT-TetO-Flag-CNOT3DNot-Box.		

After	transfection,	hygromycin	(250	µg/ml)	was	added	to	the	culture	medium	48	hours	

post-transfection	to	select	transfected	cells.	These	cells	were	then	cultured	in	a	medium	

containing	250	µg/ml	hygromycin,	resulting	in	the	generation	and	parallel	maintenance	

of	six	mixed	cell	populations.		

After	 cell	 populations	 were	 established,	 the	 expression	 of	 Flag-CNOT3	 variants	 was	

evaluated	by	western	blotting.	To	this	end,	cells	were	seeded	in	six-well	culture	plates	in	

a	medium	with	doxycycline	(1.0	µg/ml)	to	induce	the	expression	of	Flag-CNOT3	cDNA,	

while	cells	were	also	cultured	without	doxycycline.	Subsequently,	total	cell	lysates	were	

prepared.	 Following	 the	 separation	 of	 proteins	 by	 SDS-PAGE,	 immunoblotting	 was	

performed	to	detect	the	expression	of	Flag-CNOT3	variants.	The	results	conUirmed	the	

expression	 of	 Flag-CNOT3	 variants,	 using	 the	 Flag	 antibody,	 in	 the	 presence	 of	

doxycycline	and	negligible	expression	in	the	absence	of	doxycycline	(Figure	3.9	A	and	

B).	It	also	shows	that	the	expression	cassette	was	speciUically	integrated	into	the	Flp-In	

site	in	the	host	genome	(O'Gorman,	Fox,	and	Wahl	1991).		By	utilising	the	Flp-In	system	

and	 targeting	 the	 FRT	 site,	 the	 expression	 cassette	 is	 inserted	 into	 a	 known	genomic	

location	with	a	deUined	regulatory	environment.	This	not	only	minimises	the	positional	

effect	but	also	ensures	a	more	consistent	and	predictable	gene	expression	proUile	across	

different	cell	clones.	The	FRT	site	is	typically	located	in	a	"safe	harbour"	region	within	the	

genome,	which	 is	devoid	of	strong	regulatory	elements	that	could	 interfere	with	gene	

expression.	This	reduces	the	likelihood	of	variations	in	gene	expression	levels	due	to	the	

inUluence	of	neighbouring	sequences,	 resulting	 in	a	more	controlled	and	reproducible	

experimental	system.	
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	Based	on	the	Western	blot	analysis	using	the	anti-CNOT3	antibody	(mouse	monoclonal	

antibody	4B8,	AbNova),	 it	was	observed	 that	endogenous	CNOT3	was	detected	 in	 the	

Flag-CNOT3	and	Flag-CNOT3R1	variants	at	similar	levels	in	the	presence	of	doxycycline	

but	 not	 in	 the	 absence	 of	 doxycycline.	 However,	 in	 the	 case	 of	 Flag-CNOT3R2,	 the	

expression	level	was	found	to	be	higher	in	the	presence	of	doxycycline.	Additionally,	the	

expression	of	endogenous	CNOT3	in	the	other	variants	remained	comparable,	both	in	the	

presence	 and	 absence	 of	 doxycycline.	 This	 suggests	 that	 the	 overexpression	 of	 Flag-

CNOT3	variants	has	no	effect	on	the	expression	level	of	endogenous	CNOT3.	

Furthermore,	the	expression	levels	of	various	components	of	Ccr4-Not,	including	CNOT1,	

CNOT2,	CNOT7,	and	the	ribosomal	protein	S3	was	analysed.	This	investigation	revealed	

that	the	expression	levels	of	these	components	remained	similar	and	were	unaffected	by	

the	overexpression	of	Flag-CNOT3	mutants,	as	illustrated	in	Figure	3.9	B.		
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		Figure	3.9	Expression	of	Flag-CNOT3	variants	 in	stably	transfected	Flp-In	TREx	
HEK293	cell	lines.		

(A) Schema+c representa+on of the inducible Flag-CNOT3 expression casseJe. In the 
absence of doxycycline, the Tet repressor (TetR) binds to the TetO operator sequence 
thereby inhibi+ng transcrip+on. Doxycycline binds TetR, preven+ng binding to TetO 
sequences, allowing CMV promoter-driven CNOT3 transcrip+on. (B) Western blot analysis 
of stable cell lines containing inducible Flag-CNOT3 expression casseJes in the presence 
and absence of doxycycline (+/-). The results confirmed the expression of Flag-CNOT3 
variants, using the Flag an+body, in the presence of doxycycline and no expression in the 
absence of doxycycline. The expression of CNOT3 endogenous was detected using an+-
CNOT3 an+body (mouse monoclonal an+body 4B8). The expression level of other 
components of the Ccr4-Not complex was detected using CNOT1, CNOT2, and S3 as 
ribosomal an+bodies. β-Tubulin was used as the loading control. 
	

		3.7	Flag-CNOT3R1	and	Flag-CNOT3R2	mRNAs	are	resistant	against	siRNA#1	and	

#2,	respectively	

Next,	 we	 conUirmed	 the	 resistance	 of	 the	 mRNAs	 encoding	 Flag-CNOT3R1	 and	 Flag-

CNOT3R2	to	siRNA#1	and	siRNA#2,	respectively.	To	determine	the	effectiveness	of	the	

silent	mutations	 introduced	 to	confer	resistance	of	 the	CNOT3	variants	against	siRNA	

knockdown,	 both	 stable	 cell	 lines	 expressing	 the	 Flag-CNOT3R1	 and	 Flag-CNOT3R2	

variants	 were	 transfected	with	 siRNA	 duplexes	 #1	 and	 #2.	 After	 48	 hours,	 total	 cell	

lysates	were	prepared	and	subjected	to	western	blotting	using	anti-CNOT3	and	anti-Flag	

antibodies	 (Figure	 3.10	 A).	 The	 results	 revealed	 that	 the	 point	mutations	 in	 the	 N-

terminal	 domain	 of	 Flag-CNOT3R1	 resulted	 in	 resistance	 against	 siRNA#1	 but	 not	

siRNA#2.	 By	 contrast,	 endogenous	 CNOT3	 proteins	 levels	 were	 reduced	 upon	

transfection	with	siRNA#1	and	siRNA#2.	

Further	 analysis	 of	 the	 siRNA-resistant	mRNA	encoding	Flag-CNOT3R2	demonstrated	

that	point	mutations	 in	 the	C-terminal	domain	of	Flag-CNOT3R2	conferred	resistance	

against	siRNA	duplex	2	but	not	siRNA	duplex	1	(Figure	3.10	B).	This	was	evidenced	by	

the	 decrease	 in	 the	 expression	 level	 of	 endogenous	 CNOT3	 upon	 transfection	 with	

siRNA#1	and	siRNA#2.	Notably,	transfection	of	non-targeting	siRNAs	in	both	cell	 lines	

did	not	result	in	a	signiUicant	reduction	at	the	protein	level.	

	

A 
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	Figure	 3.10	 mRNA	 encoding	 Flag-CNOT3R1	 and	 Flag-CNOT3R2	 are	 resistant	 to	
knockdown	by	siRNA#1	and	siRNA#2,	respectively.		

(A) The Flag-CNOT3R1 mRNA was resistant to siRNA#1, whereas knockdown was observed in 
cells transfected with siRNA#2. The endogenous CNOT3 was sensi+ve to siRNA#1 and #2. No 
knockdown was observed in cells transfected with non-targe+ng siRNA. (B) The Flag-
CNOT3R2 mRNA was resistant to siRNA#2 but sensi+ve to siRNA#1. No knockdown was 
observed in cells transfected with non-targe+ng siRNA. The endogenous CNOT3 was knocked 
down in stable cell lines expressing Flag-CNOT3R2.  β-tubulin was used as the loading control. 
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	3.8	Discussion	

In	 this	 chapter,	 the	design	of	siRNA-resistant	Flag-CNOT3	cDNAs	(with	mutations	 that	

prevent	siRNA	from	targeting	the	corresponding	mRNA)	was	described.	In	addition,	the	

design	of	Flag-CNOT3	deletion	variants	and	the	generation	of	stable	cell	lines	containing	

inducible	Flag-CNOT3	expression	cassettes	were	reported.	

The	 design	 of	 siRNA-resistant	 cDNA	 expression	 constructs	 (Figure	 3.2)	 and	 the	

subsequent	validation	of	their	protein	expression	(Figure	3.10)	were	essential	to	ensure	

the	 successful	 implementation	 of	 downstream	 applications.	 SpeciUically,	 three	 silent	

point	mutations	were	introduced	into	the	region	of	the	CNOT3	cDNA	that	corresponds	to	

the	 N-terminal	 domain	 of	 the	 encoded	 protein,	 and	 two	 additional	 mutations	 were	

introduced	in	the	region	corresponding	to	the	C-terminal	domain.	These	silent	mutations	

ensured	that	the	exogenous	cDNA	was	resistant	to	siRNA-mediated	degradation	while	

maintaining	the	integrity	of	the	protein	sequence.	This	approach	allowed	for	the	selective	

knockdown	 of	 endogenous	 CNOT3	 while	 inducing	 the	 expression	 of	 siRNA-resistant	

variants	via	doxycycline.	The	overexpression	of	these	variants	enables	the	assessment	of	

their	ability	to	complement	the	cell	growth	defect	observed	in	HEK293	cells,	shedding	

light	on	the	functional	roles	of	CNOT3	in	regulating	cell	growth.	The	successful	design	of	

variants	of	Flag-CNOT3	resistant	to	siRNA	aligns	with	the	widespread	use	of	this	method,	

as	demonstrated	in	numerous	studies	(Aslam	et	al.	2009;	Medema	2004;	Zheng,	Tang,	

and	Tao	2005;	Morita	et	al.	2012;	Jiang	and	Price	2014).	By	introducing	targeted	point	

mutations	 into	 the	 CNOT3	 cDNA,	 the	 constructs	 were	 engineered	 to	 resist	 siRNA	

targeting,	allowing	the	selective	silencing	of	endogenous	CNOT3.	This	strategy	effectively	

decoupled	the	effects	of	exogenous	Flag-CNOT3	variants	from	those	of	the	endogenous	

protein,	 facilitating	 a	 precise	 interpretation	 of	 the	 function	 of	 CNOT3	 through	

complementation	analysis—a	classic	genetic	technique	commonly	used	in	mammalian	

cells	(Medema	2004).		

The	generation	of	 truncated	variants,	 lacking	 the	N-terminal	and	C-terminal	domains,	

and	the	Not-Box	region,	will	enable	the	identiUication	of	critical	regions	within	the	CNOT3	

protein	that	inUluence	cell	proliferation	and	gene	expression	in	human	cancer	cells.	The	

similar	levels	of	expression	of	these	truncated	variants,	conUirmed	by	western	blotting,	

suggest	 that	 the	 truncated	 proteins	 were	 stable	 and	 functional	 within	 the	 cellular	

environment,	except	for	the	low	expression	of	the	Flag-CNOT3onlyNTD.	As	a	result,	this	

variant	was	not	further	investigated.	
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The	Flp-In	TREx	system	(O'Gorman,	Fox,	and	Wahl	1991;	Sauer	1994;	Schlake	and	Bode	

1994)	provided	an	efUicient	and	reliable	method	for	generating	inducible	stable	cell	lines,	

essential	for	controlled	expression	studies.	Although	the	system	is	designed	to	integrate	

a	 single	 copy	 of	 the	 cDNA	 into	 the	 same	 genomic	 locus	 in	 all	 cells,	the	 resulting	

populations	may	still	contain	heterogeneity	due	to	incomplete	integration	or	selection.	

This	 could	 result	 in	 some	 cells	 lacking	 the	 expression	 cassette	while	 others	 carry	 it,	

potentially	 leading	 to	 variable	 expression	 levels.	 Nevertheless,	 the	 system	 offers	 an	

overall	advantage	by	minimising	positional	effects	and	promoting	uniform	expression	in	

successfully	integrated	clones.	The	absence	of	background	expression	in	the	absence	of	

doxycycline	 further	 validated	 the	 inducibility	 of	 the	 system,	 minimising	 potential	

confounding	factors	in	downstream	analyses.	

Upon	 overexpressing	 the	Flag-CNOT3	 variants	in	TREx	 Flp-In	 cell	 lines,	 a	 notable	

difference	was	observed	in	the	expression	levels	of	Flag-CNOT3R1	and	Flag-CNOT3R2,	

despite	 their	 identical	 transient	 expression	 profiles	 in	 HEK293	 cells.	 Specifically,	 the	

expression	of	endogenous	CNOT3	in	Flag-CNOT3R2	was	higher	compared	to	the	other	

variants,	suggesting	potential	differences	in	the	regulatory	mechanisms	governing	these	

variants.	One	possible	explanation	for	the	lower	expression	of	Flag-	CNOT3R1	could	be	

the	synonymous	mutations	introduced	in	the	cDNA	sequences.	These	mutations,	while	

not	 altering	 the	amino	acid	 sequence,	might	have	 influenced	codon	usage,	potentially	

changing	rare	codons	to	more	abundant	ones	or	vice	versa	(Komar	2007).	Although	this	

is	 a	 plausible	 explanation,	 it	 is	less	 likely	because	 no	 difference	was	 observed	 in	 the	

transient	transfection	experiments	in	HEK293	cells.	A	more	likely	explanation	is	that	the	

differences	 in	 expression	 levels	 may	 stem	 from	 a	heterogeneous	 population	 of	

cells	within	the	TREx	Flp-In	cell	 lines,	where	some	cells	do	not	contain	the	expression	

cassette	while	others	do.	This	mixture	could	lead	to	variable	expression	levels,	with	only	

a	 subset	 of	 cells	 fully	 expressing	 the	Flag-CNOT3	 variants.	 These	 results	 align	 with	

studies	 by	(Quax	 et	 al.	 2015)	 and	 (Plotkin	 and	Kudla	 2011),	which	 showed	 that	 rare	

codons	can	reduce	translation	efficiency,	but	this	effect	may	not	have	been	significant	in	

the	transient	expression	system.		

Additionally,	 the	higher	expression	of	Flag-CNOT3R2	might	be	due	 to	 a	more	optimal	

codon	 usage	 that	 enhances	 translation	 efficiency,	 as	 supported	 by	 (Zhou	 et	 al.	 2016;	

Presnyak	 et	 al.	 2015).	 However,	 cell	 population	 variability	 remains	 a	 more	 likely	

contributor	to	the	observed	differences	in	the	stable	expression	system.	
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Interestingly,	 the	 expression	 levels	 of	 endogenous	 CNOT3	 in	 Flag-CNOT3ΔNTD,	 Flag-

CNOT3R1ΔCTD,	 and	 Flag-CNOT3R1ΔNot-Box	 were	 comparable,	 suggesting	 that	 the	

removal	of	these	specific	domains	did	not	significantly	affect	stability	of	the	endogenous	

protein.		

Investigation	 into	 the	expression	 levels	of	other	components	of	 the	Ccr4-Not	complex	

revealed	 that	 expression	 of	 Flag-CNOT3	 variants	 did	 not	 lead	 to	 alterations	 in	 the	

expression	of	other	Ccr4-Not	components.	This	suggests	that	CNOT3	is	not	a	rate-limiting	

component	 in	 the	 assembly	 of	 the	 complex.	 In	 addition,	 it	 suggests	 that	 the	

overexpression	 of	 Flag-CNOT3	 does	 not	 interfere	 with	 the	 assembly	 of	 the	 complex.	

These	 Uindings	 are	 in	 line	with	 previous	 studies,	which	 demonstrated	 that	 individual	

subunits	such	as	CNOT3	contribute	to	the	complex’s	function	but	do	not	necessarily	alter	

the	expression	or	assembly	of	other	components	(Collart	and	Panasenko	2012;	Chalabi	

Hagkarim	and	Grand	2020).	 	

This	study	is	in	line	with	the	Uindings	of	Suzuki	et	al	(Suzuki	et	al.	2015),	who	investigated	

the	 role	 of	 CNOT3	 in	 mouse	 embryonic	 Uibroblasts	 (MEFs).	 While	 both	 studies	

demonstrate	that	CNOT3	is	crucial	for	cell	viability	and	Ccr4-Not	complex	integrity,	they	

employ	distinct	but	complementary	experimental	approaches.	

The	 thesis	work	utilises	 human	HEK293	 cells	with	 an	 inducible	 Flp-In	T-REx	 system,	

enabling	 precise	 control	 over	 CNOT3	 expression	 and	 systematic	 analysis	 of	 domain	

function	 through	 various	 CNOT3	 mutants.	 This	 approach	 can	 reveal	 structural	

requirements	for	CNOT3	function,	particularly	the	importance	of	both	N-terminal	and	C-

terminal	domains	for	cell	viability.	While	using	human	cells	provides	direct	relevance	to	

human	 biology,	 the	 transformed	 nature	 of	 HEK293	 cells	 may	 affect	 certain	 cellular	

responses.	

The	distinct	cellular	contexts	-	 transformed	human	cells	versus	primary	mouse	cells	 -	

may	explain	any	divergent	phenotypes	between	the	studies.	However,	the	core	Uindings	

regarding	 CNOT3's	 importance	 for	 complex	 stability	 and	 cell	 survival	 are	 conserved	

across	both	systems,	suggesting	fundamental	roles	for	CNOT3	that	transcend	species	and	

cell	type	differences.	Together,	these	studies	provide	complementary	insights	into	CNOT3	

biology,	 combining	 detailed	 structural	 analysis	with	mechanistic	 understanding	 of	 its	

role	in	cell	survival.	
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The	key	advantages	of	the	thesis	approach	include	the	ability	to	precisely	control	CNOT3	

expression	 through	 the	 inducible	 system,	 systematic	 analysis	 of	 domain	 functions	

through	 mutants,	 and	 direct	 relevance	 to	 human	 biology.	 However,	 this	 system	 has	

limitations	compared	to	Suzuki	et	al.'s	approach	-	notably	the	use	of	transformed	cells	

that	may	 have	 altered	 cellular	 responses,	 particularly	 regarding	 cell	 death	 pathways.	

Additionally,	 the	 thesis	 approach	 is	 more	 complex,	 time-consuming,	 and	 technically	

demanding	to	establish	than	their	direct	knockout	strategy	in	primary	cells. 
Despite	these	methodological	differences,	the	constructs	and	cell	lines	generated	in	this	

chapter	 form	 the	 basis	 for	 assessing	 the	 role	 of	 CNOT3	 in	 cell	 proliferation	 in	 later	

chapters.	
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		4.1	introduction		

Cell	proliferation	is	regarded	as	a	fundamental	process	in	cellular	biology,	essential	for	

growth,	 development,	 and	 tissue	 repair	 (Hanahan	 2022).	 Dysregulation	 of	 cell	

proliferation	 is	 known	 to	 be	 a	 hallmark	 of	many	 diseases,	 including	 cancer	 (Almalki	

2023).	 Previous	 studies	 have	 highlighted	 the	 pivotal	 role	 of	 the	 Ccr4-Not	 complex,	 a	

multi-subunit	 protein	 assembly	 involved	 in	 mRNA	 metabolism	 and	 gene	 expression	

regulation,	in	controlling	cell	proliferation	(Aslam	et	al.	2009).	Within	this	complex,	the	

CNOT3	protein	has	emerged	as	a	key	regulator	for	integrity	and	cell	viability	(Cejas	et	al.	

2017;	 Suzuki	 et	 al.	 2015).	 However,	 it	 remains	 unclear	 which	 domain	 of	 CNOT3	 is	

important	for	cell	proliferation	in	human	cancer	cell	lines.		

Building	on	prior	research,	this	chapter	focuses	on	addressing	this	gap	by	investigating	

the	functional	roles	of	different	CNOT3	domains	in	regulating	human	cell	proliferation.	

SpeciUically,	it	examines	the	N-terminal	and	C-terminal	domains,	and	Not-Box	regions	of	

CNOT3	in	relation	to	their	ability	to	drive	proliferation	and	their	interactions	with	other	

subunits	of	the	Ccr4-Not	complex.	The	established	stable	cell	lines	(described	in	Chapter	

3)	were	employed	as	a	toolkit	to	explore	these	structural	regions	in	detail.	

To	 ensure	 reliable	 experimental	 conditions,	 the	 inUluence	 of	 doxycycline	 on	 cell	

proliferation	in	the	induced	stable	cell	 lines	expressing	various	CNOT3	constructs	was	

Uirst	examined.	It	was	conUirmed	that	doxycycline	induction	did	not	 interfere	with	cell	

growth,	validating	the	experimental	conditions	for	subsequent	investigations.	

This	 chapter	 investigated	 whether	 CNOT3	 knockdown	 affects	 cell	 proliferation	 in	

HEK293	 cells.	 siRNA-mediated	 silencing	 was	 employed,	 and	 the	 results	 aligned	 with	

previous	studies	(Ghashghaei	et	al.	2024;	Aslam	et	al.	2009;	Cejas	et	al.	2017)	showing	a	

signiUicant	 reduction	 in	 proliferation.	 These	 Uindings	 underscore	 the	 essential	 role	 of	

CNOT3	in	promoting	cellular	growth	 in	HEK293	cells,	consistent	with	observations	 in	

other	cell	lines.	

Finally,	to	further	delineate	the	roles	of	the	N-terminal	and	C-terminal	domains	of	CNOT3,	

siRNA-resistant	stable	cell	lines	expressing	various	CNOT3	mutants	were	developed.	In	

line	with	Uindings	from	Suzuki	et	al.	on	mouse	embryonic	Uibroblast	stem	cells,	this	study	

demonstrated	 the	 vital	 roles	 of	 both	 the	 N-terminal	 and	 C-terminal	 domains	 in	
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promoting	 cell	 proliferation.	 SpeciUic	 mutations	 within	 these	 regions	 conferred	

resistance	to	siRNA	knockdown,	allowing	cells	to	maintain	normal	proliferation	rates.	

In	summary,	this	chapter	provides	a	detailed	analysis	of	the	functional	roles	of	the	N	and	

C	 termini	 of	 CNOT3	 in	 regulating	 human	 cell	 line.	 These	 Uindings	 contribute	 to	 an	

understanding	of	cellular	growth	mechanisms,	in	particular	in	diseases	characterised	by	

abnormal	cell	proliferation.	Furthermore,	this	work	adds	to	the	broader	context	of	mRNA	

metabolism	and	gene	expression	regulation	in	cellular	biology.	

	

4.2	Doxycycline-induced	expression	of	Flag-CNOT3	variants	in	stably	transfected	

cell	lines	does	not	affect	cell	proliferation	

To	investigate	the	effects	of	overexpressing	CNOT3	variants	on	cell	proliferation,	the	rate	

of	 cell	 proliferation	 was	 monitored	 in	 stable	 cell	 lines	 expressing	 different	 CNOT3	

variants,	 including	 Flag-CNOT3	 (wild	 type),	 Flag-CNOT3R1,	 Flag-CNOT3R2,	 Flag-

CNOT3ΔNTD,	Flag-CNOT3R1ΔCTD,	Flag-CNOT3R1ΔNot-Box,	along	with	an	empty	vector	

control.	These	stably	induced	cell	lines	were	cultured	with	and	without	doxycycline,	and	

their	metabolic	 activity	was	measured	48	hours	post-induction	using	 the	AlamarBlue	

assay.	This	assessment	provides	an	estimate	of	cell	viability	at	the	time	of	measurement,	

where	higher	metabolic	activity	indicates	a	greater	number	of	viable	cells.		

The	obtained	data	 revealed	 that	 overexpression	of	 CNOT3	variants	 in	 cell	 lines	using	

doxycycline	did	not	have	a	discernible	impact	on	cell	proliferation,	as	depicted	in	Figure	

4.1.	 This	 Uinding	 suggests	 that	 in	 the	 context	 of	 this	 study,	 overexpression	 of	 CNOT3	

variants	 using	 a	 doxycycline-inducible	 system	 did	 not	 signiUicantly	 inUluence	 the	

proliferation	activity	of	the	investigated	cell	lines.	
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Figure	 4.1	 Doxycycline-induced	 expression	 of	 Flag-CNOT3	 variants	 in	
stably	transfected	cell	lines	does	not	affect	cell	proliferation.		

Stable cell lines expressing Flag-CNOT3, Flag-CNOT3R1, Flag-CNOT3R2, Flag-
CNOT3ΔNTD, Flag-CNOT3R1ΔCTD, and Flag-CNOT3R1ΔNot-Box were seeded, and 
expression was induced by adding doxycycline. The metabolic ac+vity of the cell 
lines was measured a_er 48 hours using the AlamarBlue assay. A stable cell line 
containing an empty expression casseJe was used as control. Error bars indicate 
the standard devia+on of three independent experiments (n=3). 
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4.3	CNOT3	knockdown	leads	to	a	decrease	in	cell	proliferation	in	HEK293	cells	

To	assess	the	effect	of	knocking	down	the	expression	of	CNOT3	on	cellular	proliferation,	

HEK293	cells	were	transfected	with	siRNAs	speciUically	designed	to	target	CNOT3	mRNA.	

Three	distinct	siRNA	duplexes	were	employed	in	this	study:	siRNA#1,	which	targets	the	

CNOT3	 mRNA	 encoding	 the	 N-terminal	 domain;	 siRNA#2,	 which	 targets	 the	 CNOT3	

mRNA	encoding	the	C-terminal	domain;	and	a	non-targeting	control	siRNA.	These	siRNAs	

were	selected	to	ensure	that	observed	effects	upon	knockdown	of	CNOT3	expression	was	

not	due	to	off-target	effects	of	the	siRNAs.	

 

The	effectiveness	of	CNOT3	knockdown	was	validated	through	western	blot	(Figure	4.2	

A).	HEK293	cells	were	seeded	and	transfected	with	siRNA#1,	siRNA#2,	and	two	distinct	

non-targeting	control	siRNAs.	Total	cell	lysate	was	collected	at	72	hours	after	transfection	

for	western	blot	analysis.	Western	blot	results	showed	that	transfection	with	siRNA#1	

and	siRNA#2	resulted	in	a	signiUicant	reduction	in	CNOT3	protein	levels	in	the	HEK293	

cells.	In	contrast,	cells	treated	with	non-targeting	control	siRNAs	showed	no	discernible	

impact	on	CNOT3.	Moreover,	siRNA	transfection	did	not	result	in	changes	in	the	level	of	

b-Tubulin.	These	experiments	validated	the	speciUicity	and	efUicacy	of	the	siRNAs,	as	the	

absence	of	knockdown	in	the	non-targeting	control	groups	conUirmed	that	the	observed	

effects	were	due	to	speciUic	targeting	of	CNOT3	mRNA.	

Next,	to	determine	the	effect	of	CNOT3	knockdown	on	cell	proliferation	in	HEK293	cells,	

two	different	phenotypic	assays	AlamarBlue	and	Crystal	Violet	assays,	were	conducted.	

The	same	siRNAs	used	for	Western	blotting	were	utilized	in	these	assays.	The	AlamarBlue	

assay	was	performed	concurrently	with	the	western	blotting	(72	h	after	transfection)	to	

assess	immediate	effects,	while	the	Crystal	Violet	assay	was	performed	Uive	days	post-

transfection	to	reveal	the	sustained	effects	of	the	siRNAs	at	a	later	time	point.		

The	 AlamarBlue	 assay	 results	 indicated	 a	 significant	 decrease	 in	 cellular	 metabolic	

activity	in	the	CNOT3	knockdown	groups	compared	to	the	control	(Figure	4.2	B).	This	

suggests	that	CNOT3	is	important	for	cell	proliferation	in	HEK293.	
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Similarly,	 the	 Crystal	 Violet	 phenotypic	 assay	 further	 corroborated	 these	 findings	 by	

showing	a	reduction	in	cell	viability	and	proliferation	five	days	post-transfection	in	cells	

treated	 with	 siRNA#1	 and	 siRNA#2,	 but	 not	 in	 cells	 treated	 with	 the	 non-targeting	

control	siRNA	(Figure	4.2	C).	

	

These	Uindings	contribute	to	the	growing	body	of	knowledge	surrounding	the	functional	

signiUicance	of	CNOT3	in	cellular	processes.	This	study	demonstrates	the	role	of	CNOT3	

in	cellular	proliferation	and	highlights	the	effectiveness	of	using	targeted	siRNA	duplexes	

to	dissect	the	functions	of	speciUic	genes.	
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Figure	4.2	CNOT3	knockdown	decreases	cell	proliferation	in	the	HEK293	cell	line.	

(A) Knockdown of CNOT3 results in decreased in cell viability.  Cells were transfected with 
siRNA#1 and #2 and control siRNA. Five days a_er transfec+on, cells were stained with 
Crystal violet. (B) Decreased metabolic ac+vity as a result of knock down of CNOT3 with 
siRNA#1 and #2 but not in control siRNA. (C) Western blorng following siRNA-mediated 
knockdown of CNOT3 using siRNA#1, siRNA#2, sicontrols, and untransfected cells.	Error bars 
represent the standard error of the mean of three independent experiments (n=3).	
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		4.4	CNOT3	knockdown	in	HEK293	affects	Ccr4-Not	complex	formation	

In	the	context	of	previous	Uindings,	 it	has	been	well-documented	that	the	depletion	of	

CNOT1	and	CNOT2	disrupts	 the	 integrity	of	 the	Ccr4-Not	 complex,	 impacting	various	

cellular	processes	(Ito,	 Inoue,	et	al.	2011;	 Ito,	Takahashi,	et	al.	2011).	 It	has	also	been	

demonstrated	 that	 depleting	 CNOT3	 affects	 the	 integrity	 of	 the	 Ccr4-Not	 complex	 by	

reducing	the	expression	level	of	other	components,	such	as	CNOT1,	CNOT2,	and	CNOT7,	

in	mouse	embryonic	Uibroblasts	(Suzuki	et	al.	2015).		

However,	the	current	study	was	designed	to	explore	the	effects	of	CNOT3	knockdown	on	

the	 expression	 of	 subunits	 within	 the	 Ccr4-Not	 complex	 in	 HEK293	 cells.	 The	

experimental	procedure	involved	transfecting	a	speciUied	number	of	cells	with	siRNA#1	

and	#2	to	silence	the	expression	of	CNOT3	and	determine	the	effect	of	CNOT3	knockdown	

on	other	subunits	of	the	Ccr4-Not	complex.	

The	aim	of	 this	 experiment	was	 to	determine	 the	effect	of	CNOT3	knockdown	on	 the	

protein	levels	of	other	components	of	the	Ccr4-Not	complex,	speciUically	CNOT1,	CNOT2,	

and	CNOT7.	To	achieve	this,	cells	were	transfected	with	two	different	siRNAs	targeting	

CNOT3	(siCNOT3#1	and	siCNOT3#2),	and	a	non-targeting	siRNA	(siControl)	was	used	as	

a	control.	Protein	expression	was	then	assessed	by	Western	blotting.	

As	shown	in	Figure	4.3,	CNOT3	knockdown	was	conUirmed	by	the	reduction	in	CNOT3	

protein	levels	in	both	siCNOT3#1	and	siCNOT3#2	lanes	compared	to	the	control	 lane.	

Knockdown	of	CNOT3	also	resulted	in	a	decrease	in	CNOT1,	CNOT2,	and	CNOT7	protein	

levels.	 In	 contrast,	 the	 control	 (siControl)	maintained	 normal	 expression	 levels	 of	 all	

components.	β-Tubulin	was	used	as	a	loading	control,	showing	consistent	protein	loading	

across	all	samples.	

These	Uindings	suggest	that	CNOT3	depletion	leads	to	a	downregulation	of	other	subunits	

within	the	Ccr4-Not	complex,	highlighting	the	critical	role	of	CNOT3	in	maintaining	the	

stability	of	this	complex.	
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Figure	4.3	CNOT3	knockdown	in	HEK293	affects	Ccr4-Not	complex	formation.		

Cells were transfected with siRNAs#1 siRNA#2, and control siRNA. A_er transfec+on (72 h), 
cell lysates were prepared and subjected to Western blorng. An+bodies used were: CNOT1 
monoclonal an+body (Cell Signalling), CNOT2 monoclonal an+body, (Cell Signalling) and 
CNOT7 monoclonal an+body, (Cell Signalling). β-Tubulin was used as a loading control. 
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4.5	The	C-terminal	domain	of	CNOT3	is	required	for	cell	proliferation	

The	 results	 from	 previous	 experiments	 demonstrated	 the	 signiUicance	 of	 CNOT3	 in	

maintaining	the	integrity	of	the	Ccr4-Not	complex.	Notably,	a	substantial	decrease	in	the	

proliferation	 of	HEK293	 cell	 lines	was	 observed	 following	 the	 knockdown	 of	 CNOT3.	

Building	on	these	observations,	the	speciUic	regions	of	CNOT3	crucial	for	its	role	in	cell	

proliferation	were	further	delineated.	This	investigation	focused	on	the	use	of	stable	cell	

lines	 expressing	 different	 variants	 of	 Flag-CNOT3,	 including	 Flag-CNOT3R1,	 Flag-

CNOT3R1ΔCTD,	and	Flag-CNOT3R1ΔNot-Box.	

As	previously	discussed,	the	expression	of	Flag-CNOT3R1ΔCTD	and	Flag-CNOT3R1ΔNot-

Box	 was	 achieved	 by	 using	 mutant	 mRNAs	 that	 conferred	 resistance	 to	 siRNA	

knockdown.	 Consequently,	 stable	 cell	 lines	 expressing	 Flag-CNOT3R1ΔCTD	 and	 Flag-

CNOT3R1ΔNot-Box	 harboured	 point	mutations	 in	 the	 cDNA	 encoding	 the	 N-terminal	

domain,	and	a	deletion	of	the	cDNA	encoding	the	C-terminal	domain.	The	resistance	of	

Flag-CNOT3R1	and	Flag-CNOT3R2	against	siRNAs	targeting	different	regions	of	CNOT3	

is	 shown	 in	 Chapter	 3.	 To	 conUirm	 that	 the	 expression	 of	 Flag-CNOT3R1,	 Flag-

CNOT3R1ΔCTD,	 and	 Flag-CNOT3R1ΔNot-Box	 was	 not	 affected	 by	 transfection	 of	

siRNA#1,	western	blot	 analysis	was	 carried	out	 (Figure	4.4).	As	 expected,	 only	Flag-

CNOT3R1	 expression	 was	 sensitive	 to	 siRNA#2.	 By	 contrast,	 expression	 of	 Flag-

CNOT3R1ΔCTD,	 and	 Flag-CNOT3R1ΔNot-Box	 was	 not	 affected	 by	 transfection	 of	

siRNA#2,	 because	 the	 region	 targeted	 by	 siRNA#2	 was	 not	 present	 in	 the	 mRNAs	

encoding	these	variants.	Moreover,	endogenous	CNOT3	was	effectively	knocked	down	in	

all	cell	lines	using	siRNA#1	and	siRNA#2,	whereas	no	knockdown	was	observed	in	cells	

transfected	with	 non-targeting	 siControl.	 Cells	 carrying	 an	 empty	 expression	 cassette	

served	as	a	control,	and	the	presence	of	the	Flag	peptide	was	undetected	due	to	its	size.		
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Figure	 4.4	 Expression	 of	 Flag-CNOT3R1,	 Flag-CNOT3R1ΔCTD,	 and	 Flag-
CNOT3R1ΔNot-Box	are	resistant	to	knockdown	by	siRNA#1.		

(A) Stable cell lines expressing Flag-CNOT3R1 (full-length, siRNA#1-resisitant), Flag-
CNOT3R1ΔCTD ( lacking the C-terminal domain) and Flag-CNOT3R1ΔNot-Box (lacking the Not-
Box domain) were cultured in medium containing doxycycline for 48 hours before 
transfec+on with siRNAs targe+ng CNOT3 (siRNA#1, siRNA#2) or a non-targe+ng control 
siRNA. Lysates were prepared 72 hours a_er transfec+on and subjected to western blorng. 
Flag-CNOT3 was detected using an an+-Flag rabbit an+body (Sigma-Aldrich). CNOT3 was 
detected using mouse monoclonal an+body 4B8 (Abnova). β-tubulin served as a loading 
control. 
(B)  Domain organisa+on of human CNOT3 constructs used in Figure 4.4 A. The full-length 
Flag-CNOT3R1 construct contains the N-terminal conserved region (red), middle region 
(green), and the C-terminal Not-Box domain (all in yellow). Flag-CNOT3R1ΔCTD lacks the C-
terminal region including the NAR, CS, and Not-Box domains. Flag-CNOT3R1ΔNot-Box retains 
the N-terminal and middle regions but lacks the Not-Box domain. 
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Then,	the	question	was	to	determine	which	domain	is	essential	for	the	proliferation	rate	

of	HEK293	cells	in	these	cell	lines.	To	address	this,	the	set	of	stable	cell	lines	was	cultured	

in	 the	 presence	 of	 doxycycline	 to	 induce	 expression	 of	 Flag-CNOT3	 variants.	

Subsequently,	48	hours	post-induction,	the	cell	lines	were	transfected	with	siRNA#1	and	

siRNA#2.	After	a	further	incubation	for	72	h,	cells	were	analysed	using	the	AlamarBlue	

assay.	The	data	revealed	that	the	overexpression	of	wild-type	Flag-CNOT3	and	the	empty	

cell	 lines	 failed	 to	 complement	 the	 decrease	 in	 the	 proliferation	 rate	 caused	 by	

transfection	of	siRNA#1	and	siRNA#2,	indicating	successful	knockdown	of	endogenous	

CNOT3	and	Flag-CNOT3	(Figure	4.5).	 In	contrast,	 the	siRNA#1-resistant	variant	Flag-

CNOT3R1	 rescued	 reduced	 proliferation	 rate	 comparable	 to	 that	 observed	 upon	

transfection	of	non-targeting	control	siRNA,	while	the	siRNA#2-sensitive	Flag-CNOT3R1	

could	not.	This	shows	the	proliferation	defect	is	speciUic	to	the	knockdown	of	CNOT3	and	

not	due	to	off-target	effects.	

Furthermore,	the	overexpression	of	stable	cell	lines	expressing	Flag-CNOT3R1ΔCTD	and	

Flag-CNOT3R1ΔNot-Box	 did	 not	 rescue	 the	 proliferation	 defect	 after	 knockdown	 of	

endogenous	CNOT3,	showing	the	requirement	of	the	C-terminal	and	the	Not-Box	regions	

for	proliferation	of	HEK293	cells	(Figure	4.5).	
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Figure	4.5	The	C-terminal	domain	of	CNOT3	is	important	for	cell	proliferation.		
Stable cell lines containing inducible Flag-CNOT3, Flag-CNOT3R1, Flag-CNOT3R1ΔCTD, and 
Flag-CNOT3R1ΔNot-Box expression casseJes were cultured in the presence of doxycycline for 
48 hours. Cells were then transfected with siRNAs targe+ng CNOT3 (siRNA#1 and #2) or a 
non-targe+ng control siRNA. A_er 72 hours, cell prolifera+on was assessed using the 
AlamarBlue assay. Error bars represent the standard error of the mean of three independent 
experiments. 
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		4.6	The	N-terminal	domain	of	CNOT3	is	required	for	cell	proliferation	

After	deUining	the	role	of	the	C-terminal	domain	in	proliferation,	the	signiUicance	of	

the	N-terminal	domain	of	CNOT3	was	investigated.	To	explore	this,	stable	cell	lines	

expressing	the	Flag-CNOT3R2	and	Flag-CNOT3R2ΔNTD	variants	were	studied	for	

their	resistance	to	siRNA-mediated	knockdown.	

First,	the	resistance	of	cell	lines	against	siRNAs	#1	and	#2	was	assessed.	To	confer	

resistance	 to	 siRNA	 knockdown,	 Flag-CNOT3R2ΔNTD	was	 engineered	 using	 the	

Flag-CNOT3R1	 construct.	 Consequently,	 the	 stable	 cell	 lines	 expressing	 Flag-

CNOT3R2ΔNTD	 mRNA	 harboured	 speciUic	 point	 mutations	 in	 the	 sequence	

encoding	the	C-terminal	domain	in	addition	to	a	deletion	of	the	sequences	encoding	

the	N-terminal	domain.	The	resistance	of	these	stable	cell	 lines,	along	with	those	

expressing	Flag-CNOT3R2	shown	in	Chapter	3,	and	the	control	was	veriUied	through	

transfection	with	 siRNAs	 targeting	 two	 different	 regions	 of	 CNOT3.	 After	 siRNA	

transfection	of	cell	lines	containing	inducible	expression	cassettes	containing	Flag-

CNOT3R2,	 Flag-CNOT3ΔNTD,	 or	 an	 empty	 expression	 cassette,	 cell	 lysates	were	

prepared	and	subjected	to	western	blotting.	The	western	blot	analysis	(Figure	4.6)	

demonstrated	that	the	expression	of	Flag-CNOT3R2	was	resistant	against	siRNA#2	

but	sensitivity	to	siRNA#1.	Expression	of	Flag-CNOT3R2ΔNTD	was	also	resistant	to	

transfection	with	siRNA#2.	In	addition,	however,	expression	of	Flag-CNOT3R2ΔNTD	

was	also	unaffected	by	siRNA#1,	because	 the	mRNA	region	targeted	by	siRNA#1	

was	deleted.	Moreover,	endogenous	CNOT3	was	effectively	knocked	down	in	all	cell	

lines	using	siRNA#1	and	siRNA#2,	whereas	no	knockdown	was	observed	in	cells	

transfected	with	non-targeting	siControl.	Next,	after	conUirming	that	expression	of	

Flag-CNOT3R2	and	Flag-CNOT3R2ΔNTD	was	resistant	to	siRNA#2,	the	role	of	the	

N-terminal	domain	of	CNOT3	in	cell	proliferation	was	 investigated.	To	determine	

the	role	of	the	N-terminal	domain,	stable	cell	lines	expressing	the	empty	pcDNA5-

FRT-TetO,	Flag-CNOT3,	Flag-CNOT3R2,	and	Flag-CNOT3R2ΔNTD	were	seeded	and	

cultured	 in	 a	 medium	 containing	 doxycycline	 for	 induction	 of	 expression.	

Subsequently,	48	hours	post-induction,	the	cell	lines	were	transfected	with	siRNA#1	

and	siRNA#2.	After	a	 further	 incubation	of	72	h,	cells	were	subjected	 to	analysis	

using	the	AlamarBlue	assay.	
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The	 AlamarBlue	 assay	 data	 revealed	 that	 the	 overexpression	 of	 the	 siRNA#2-

resistant	Flag-CNOT3R2	was	able	to	complement	the	reduced	proliferation	rate	as	

a	result	of	endogenous	CNOT3	knockdown.	This	was	shown	to	be	speciUic	because	

it	was	not	observed	upon	expression	of	wild-type	Flag-CNOT3	or	after	transfection	

with	siRNA#1	(Figure	4.7).	By	contrast,	overexpression	of	Flag-CNOT3R2ΔNTD	did	

not	rescue	the	defect	in	proliferation	after	knockdown	of	endogenous	CNOT3.	This	

implies	 the	 importance	 of	 the	 N-terminal	 domain	 for	 the	 proliferation	 rate	 of	

HEK293	cells.	

Together,	 the	 data	 presented	 in	 this	 chapter	 demonstrates	 that	 efUicient	

proliferation	of	human	HEK293	cells	depends	on	both	 the	N-terminal	domain	of	

CNOT3	and	the	C-terminal	domain	containing	the	Not-Box	region.	
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Figure	 4.6	 Stable	 HEK293	 cells	 expressing	 Flag-CNOT3R2	 and	 Flag-CNOT3R2ΔNTD	 are	
resistant	against	knockdown	by	siRNA#2.		

HEK293 cell lines containing the indicated inducible Flag-CNOT3 expression casseJes were cultured 
in medium containing doxycycline for 48 hours before transfec+on with siRNAs targe+ng 
endogenous CNOT3 (siRNA#1 and siRNA#2) or a non-targe+ng control siRNA. Cell lysates were 
prepared 72 hours a_er transfec+on and subjected to western blorng. Expression of Flag-
CNOT3R2 and Flag-CNOT3R2ΔNTD was detected using an an+-Flag rabbit an+body (Sigma-Aldrich). 
Endogenous CNOT3 was detected using mouse monoclonal an+body 4B8 (Abnova). β-tubulin 
served as a loading control. 
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Figure	 4.7	 The	 N-terminal	 domain	 of	 CNOT3	 is	 important	 for	 efbicient	 cell	
proliferation.		

Stable HEK293 cell lines carrying inducible expression casseJes containing Flag-CNOT3, Flag-
CNOT3R2, and Flag-CNOT3R2ΔNTD were cultured in doxycycline for 48 hours. Subsequently, 
the cells were transfected with siRNA#1 and #2 or non-targe+ng control siRNA. A_er 72 
hours, the AlamarBlue assay was performed.  
 
																

	

4.7	Discussion	

The	Uindings	presented	in	this	chapter	advance	our	understanding	of	the	role	of	CNOT3	

in	cell	proliferation,	highlighting	 the	 intricate	mechanisms	through	which	 this	protein	

inUluences	 cellular	 growth.	 The	 experimental	 strategies	 employed,	 using	 doxycycline-

induced	cell	 lines	and	siRNA-mediated	knockdown,	 facilitated	a	detailed	 investigation	

into	 the	 speciUic	 contributions	 of	 the	N-	 and	 C-	 terminal	 regions	 of	 CNOT3.	 Also,	 the	
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toolkit	of	stable	cell	lines	described	in	the	previous	chapter	were	used	to	discover	which	

regions	of	CNOT3	are	essential	for	efUicient	proliferation	in	HEK293	cells.		

	

In	the	Uirst	step,	the	lack	of	signiUicant	impact	on	cell	proliferation	following	the	induction	

of	expression	of	the	Flag-CNOT3	variants	validates	the	experimental	approach,	indicating	

that	overexpression	of	Flag-CNOT3	did	not	affect	cell	proliferation.	This	validation	was	

crucial,	as	it	ensured	that	subsequent	observations	and	conclusions	regarding	the	role	of	

CNOT3	were	not	due	to	overexpression.	

Following	CNOT3	knockdown	in	HEK293	cells,	a	signiUicant	reduction	in	cell	proliferation	

was	observed,	highlighting	the	important	role	of	CNOT3	in	cellular	growth.	This	Uinding	

is	consistent	with	previous	studies	that	have	implicated	CNOT3	in	cell	viability	(Jing	et	

al.	 2019;	 Cejas	 et	 al.	 2017;	Aslam	et	 al.	 2009;	Ghashghaei	 et	 al.	 2024)	 .	However,	 the	

function	 contrasts	 with	 the	 previously	 characterised	 role	 of	 CNOT3	 as	 a	 tumour	

suppressor	in	T-cell	acute	lymphoblastic	leukaemia	(De	Keersmaecker	et	al.	2013).	The	

observed	 reduction	 in	 proliferation	 suggests	 that	 CNOT3	 is	 not	 just	 a	 structural	

component	of	the	Ccr4-Not	complex	but	is	actively	involved	in	critical	cellular	processes	

governing	proliferation	and	might	be	regarded	as	a	driver	for	oncogenesis.	

CNOT3	 is	 a	 conserved	 component	 of	 the	 Ccr4-Not	 complex,	 establishing	 stable	

connections	with	the	scaffolding	subunit	CNOT1	and	subunit	CNOT2	(Boland	et	al.	2013).	

The	 disruption	 of	 the	 Ccr4-Not	 complex	 integrity	 is	 evidenced	 by	 altered	 expression	

levels	 of	 CNOT1,	 CNOT2,	 and	 CNOT7	 following	 CNOT3	 knockdown,	 highlighting	 the	

interdependence	of	 these	 subunits	 for	 the	 stability	of	 the	 complex.	The	data	 revealed	

from	this	experiment	was	in	line	with	the	previous	study,	which	showed	the	knockdown	

of	CNOT3	effects	on	the	expression	level	of	other	subunits	of	the	Ccr4-Not	complex	in	

mouse	embryonic	Uibroblast		(Suzuki	et	al.	2015;	Ghashghaei	et	al.	2024).		One	possible	

explanation	 is	 that,	 in	 the	 absence	 of	 CNOT3,	 the	 unassembled	 subunits	 become	

destabilised	 and	 are	 subject	 to	 degradation	 by	 proteolytic	 pathways,	 or	 that	 CNOT3	

knockdown	 leads	 to	 transcriptional	 downregulation	 of	 other	 subunits.	Either	

mechanism	would	 result	 in	 lower	 steady-state	 levels	of	 the	affected	components.	The	

disruption	of	 the	complex	also	suggests	 that	 the	effects	on	cell	proliferation	observed	
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after	CNOT3	knockdown	may	be	mediated	by	broader	impairments	in	the	complex’s	

regulatory	functions,	such	as	mRNA	decay	and	translational	control.	

The	development	of	stable	cell	lines	expressing	various	siRNA-resistant	CNOT3	mutants	

provided	 further	 insights	 into	 the	 functional	 roles	 of	 the	 amino	 and	 carboxylic	 acid	

terminal	 domains.	 The	 resistance	 to	 siRNA	 knockdown	 conferred	 by	 speciUic	

synonymous	mutations	allowed	for	the	delineation	of	the	contributions	of	these	regions	

to	role	of	CNOT3	in	cell	proliferation	(Aslam	et	al.	2009).		The	function	of	each	domain	of	

CNOT3	was	investigated	by	knocking	down	the	endogenous	CNOT3	and	simultaneously	

overexpressing	the	exogenous	Flag-tagged	variants	of	CNOT3	to	determine	the	function	

of	each	domain.	It	was	previously	shown	(Suzuki	et	al.	2015)	that	the	N	and	C	termini	are	

important	 for	 cell	 proliferation	 in	 mouse	 embryonic	 Uibroblast	 cells.	 The	 results	

described	 in	 this	 chapter	 focused	 on	 the	 role	 of	 each	 region	 of	 CNOT3	 in	 the	 human	

HEK293	cell	line.	The	AlamarBlue	assay,	a	widely	used	method	to	assess	cell	viability	and	

proliferation,	 was	 employed	 to	 evaluate	 the	 impact	 of	 CNOT3	 knockdown	 on	 cell	

proliferation.	Following	CNOT3	knockdown	 in	cell	 lines	expressing	CNOT3	variants,	 it	

was	shown	that	the	Flag-CNOT3R1	variant	could	complement	the	depletion	of	CNOT3,	

maintaining	normal	proliferation	rates.	In	contrast,	cell	lines	expressing	CNOT3	lacking	

the	 C-terminal	 (CTD)	 and	 Not-Box	 regions	 could	 not	 complement	 the	 depletion	 of	

endogenous	CNOT3,	resulting	 in	reduced	proliferation	rates.	This	suggests	 that	 the	C-

terminal	and	Not-Box	regions	are	crucial	for	the	role	of	CNOT3	in	promoting	efUicient	cell	

proliferation.	Mutations	in	the	C-terminal	(C)	and	Not-Box	regions	of	CNOT3	signiUicantly	

disrupt	its	function	by	impairing	critical	protein-protein	interactions,	particularly	with	

CNOT1	and	CNOT2,	which	are	essential	for	the	structural	and	functional	integrity	of	the	

Ccr4-Not	complex	(Boland	et	al.	2013).	These	domains	play	a	pivotal	role	in	anchoring	

CNOT3	within	the	complex	and	facilitating	its	interactions	with	other	subunits	that	are	

crucial	for	mRNA	degradation.	The	deletion	of	these	domains	hinders	CNOT3's	ability	to	

effectively	 regulate	 the	 stability	 and	 degradation	 of	 mRNA,	 a	 process	 critical	 for	

maintaining	 cellular	 homeostasis.	 As	 a	 result,	 the	 loss	 of	 function	 in	 these	 regions	
compromises	the	complex’s	ability	to	support	efUicient	cell	proliferation.	The	impaired	

ability	to	regulate	key	cellular	transcripts	can	lead	to	dysregulated	growth	signals	and	

failure	 to	 maintain	 normal	 cellular	 functions,	 highlighting	 the	 importance	 of	 these	
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domains	 in	both	the	structural	 integrity	of	CNOT3	(Boland	et	al.	2013)	and	 its	role	 in	

cellular	proliferation	(Suzuki	et	al.	2015).	As	a	result,	they	are	unable	to	compensate	for	
the	 knockdown	 of	 endogenous	 CNOT3,	 which	 is	 necessary	 for	 promoting	 cell	

proliferation	 (Suzuki	 et	 al.	 2015).	 These	 Uindings	 are	 consistent	with	 the	 research	 by	

(Suzuki	 et	 al.	 2015)	 in	mouse	 embryonic	 Uibroblast	models,	which	 demonstrated	 the	

importance	of	these	regions	for	CNOT3's	function	in	cellular	growth.		
Similarly,	the	AlamarBlue	assay	was	used	to	investigate	the	effects	of	CNOT3	knockdown	

in	 cell	 lines	 expressing	 the	 N-terminal	 deletion	 (NTD)	 alongside	 the	 Flag-CNOT3R2	

variant	and	a	control.	The	results	indicated	that	the	Flag-CNOT3R2	variant	could	rescue	

the	proliferation	defect	caused	by	CNOT3	knockdown,	whereas	the	Flag-CNOT3R2ΔNTD	

variant	could	not.	The	inability	of	Flag-CNOT3R1ΔNTD	to	rescue	proliferation	defects,	

suggests	 multiple	 crucial	 regulatory	 roles	 for	 the	 N-terminal	 domain.	 Our	 Uindings,	

supported	by	previous	study	(Suzuki	et	al.	2015),	suggests	that	the	N-terminal	coiled-coil	

domain	may	serve	as	a	critical	platform	for	target	recognition,	potentially	through	direct	

RNA	interactions	or	by	recruiting	additional	regulatory	factors	that	guide	the	complex	to	

speciUic	mRNAs.	Moreover,	 the	N-terminal	domain	likely	plays	a	vital	role	 in	ribosome	

association,	suggesting	that	its	absence	could	disrupt	the	complex's	ability	to	coordinate	

translation	regulation	(Absmeier	et	al.	2023;	Zhu	et	al.	2024)	with	mRNA	decay,	thereby	

affecting	both	the	stability	and	translation	efUiciency	of	its	target	transcripts. 
This	multifaceted	hypothesis	is	particularly	compelling	given	the	discovery	of	N-terminal	

domain	 mutations	 in	 T-cell	 acute	 lymphoblastic	 leukaemia,	 where	 disrupted	

proliferation	 control	 is	 a	 hallmark	 feature	 (De	 Keersmaecker	 et	 al.	 2013).	 This	

comprehensive	 regulatory	 failure	 could	 explain	 the	 inability	 to	 rescue	 proliferation	

defects	in	CNOT3-depleted	cells.		

	

Overall,	this	chapter	analyses	the	functional	signiUicance	of	the	N-terminal	and	C-terminal	

domains	of	CNOT3	in	cell	proliferation.	The	data	presented	support	the	hypothesis	that	

the	structural	integrity	of	CNOT3	is	crucial	for	its	role	in	the	Ccr4-Not	complex	and	for	

the	proliferation	of	HEK293.	These	insights	contribute	to	a	deeper	understanding	of	the	

molecular	mechanisms	underlying	cellular	growth.	
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5.1	Introduction	

Neurodevelopmental	disorders	(NDDs)	pose	a	significant	challenge,	affecting	a	portion	

of	the	population	and	often	leading	to	lifelong	difficulties	(Niceta	et	al.	2023;	Martin	et	al.	

2019).	 These	 disorders	 encompass	 a	wide	 range	 of	 conditions,	 including	 intellectual	

disability	 and	 autism	 spectrum	 disorder,	 which	 often	 lead	 to	 lifelong	 difficulties	 in	

learning,	communication,	and	social	interaction	(Martin	et	al.	2019).	Recent	research	has	

highlighted	the	role	of	genetic	factors	in	these	disorders.	For	example,	de	novo	variants	

in	CNOT3	identified	 by	 the	 Deciphering	 Developmental	 Disorders	 (DDD)	 study	 have	

provided	strong	evidence	for	the	involvement	of	this	gene	in	developmental	disorders	

(Martin	et	al.	2019).	

	

Interestingly,	the	Ccr4-Not	complex,	a	key	regulator	of	gene	expression	in	which	CNOT3	

is	a	core	component,	has	been	implicated	in	both	neurodevelopmental	disorders	and	T-

cell	acute	lymphoblastic	leukaemia	(T-ALL)	(Vicente	et	al.	2018;	De	Keersmaecker	et	al.	

2013).	 In	NDDs,	mutations	 in	CNOT3—such	 as	 c.142C>G	 (p.	 Leu48Val),	 c.355A>G	 (p.	

Lys119Glu),	 c.439G>A	 (p.	 Glu147Lys),	 c.562C>T	 (p.	 Arg188Cys),	 and	 c.563G>A	 (p.	

Arg188His)—have	been	associated	with	intellectual	disability,	developmental	delay,	and	

behavioural	abnormalities.	Patients	with	these	mutations	often	exhibit	distinctive	facial	

features,	 including	 a	 thin	 upper	 lip,	 low-set	 ears,	 and	micrognathia,	 aiding	 in	 clinical	

diagnosis.	Additional	features	may	include	hypotonia,	seizures,	and	other	neurological	

symptoms,	underscoring	the	broad	impact	of	CNOT3	dysfunction	in	human	development	

(Martin	et	al.	2019).			

	

In	T-ALL,	specific	mutations	in	CNOT3—namely,	c.169C>T	(p.	Arg57Trp)	and	c.170G>A	

(p.	 Arg57Gln)—have	 been	 identified	 as	 significant	 contributors	 to	 disease	

pathogenesis.	These	mutations	 are	 believed	 to	 impair	 the	 regulatory	 functions	 of	 the	

Ccr4-Not	complex,	contributing	to	leukemogenesis	(De	Keersmaecker	et	al.	2013).	

The	interaction	between	CNOT3	and	CNOT2	is	crucial	for	the	stability	and	function	of	the	

complex.	 Mutations	 in	 CNOT2	 have	 also	 been	 identified	 in	 patients	 with	

neurodevelopmental	 disorders.	The	 clinical	manifestations	 of	 these	CNOT2	mutations	

include	nasal	speech,	dysmorphic	facial	features,	and	variable	skeletal	anomalies.	Shared	

phenotypic	 features	 among	 affected	 individuals	 include	 upslanted	 palpebral	 fissures,	

anteverted	nares,	a	thin	upper	lip,	low-set	ears,	and	micrognathia.	Additionally,	variable	
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skeletal	 abnormalities	 such	 as	 clinodactyly	 and	 short	 fifth	 fingers	 have	 been	

observed.	The	study	provided	further	evidence	supporting	CNOT2	as	a	gene	associated	

with	 NDDs.	The	 findings	 emphasise	 the	 role	 of	 CNOT2	 in	 contributing	 to	 the	 clinical	

features	observed	in	patients	with	the	12q15	microdeletion	syndrome	and	highlight	its	

relevance	 as	 a	novel	 gene	 involved	 in	human	NDDs	 (Uehara	 et	 al.	 2019;	Niceta	 et	 al.	

2023).			

Coupled	with	truncating	mutations	(described	in	chapter	3),	these	findings	suggest	that	

mutations	 in	CNOT3	 and	CNOT2	may	disrupt	 their	 interaction,	 thereby	 impairing	 the	

functionality	of	 the	Ccr4-Not	complex.	Previous	work	 in	mouse	embryonic	 fibroblasts	

has	demonstrated	the	importance	of	the	C-terminal	domain	of	CNOT3	for	its	interaction	

with	CNOT2,	highlighting	the	need	to	further	investigate	this	interaction	in	other	systems	

(Suzuki	et	al.	2015).	

	

This	 chapter	 is	 aimed	 at	 investigating	 the	 molecular	 consequences	 of	 mutations	 in	

CNOT3	 and	 CNOT2,	 with	 a	 focus	 on	 their	 impact	 on	 the	 interaction	 between	 human	

CNOT3	and	CNOT2.	 It	 is	hypothesised	 that	 the	binding	 interface	between	CNOT3	and	

CNOT2	will	be	disrupted	by	these	mutations,	leading	to	the	destabilisation	of	the	Ccr4-

Not	 complex.	 To	 test	 this	 hypothesis,	 computational	 predictions	 and	 experimental	

validation	were	 combined.	Missense	mutations	 identified	 in	 patients	with	 T-ALL	 and	

neurodevelopmental	disorders	were	 introduced	 into	human	CNOT3	 and	CNOT2	using	

site-directed	 mutagenesis.	 In	 silico	 prediction	 tools	 (SIFT,	 PolyPhen-2,	 and	

AlphaMissense)	 were	 utilised	 to	 assess	 the	 potential	 effects	 of	 these	 mutations	 on	

protein	 structure	 and	 function.	 Finally,	 co-immunoprecipitation	 (co-IP)	 assays	 were	

employed	 to	 directly	 measure	 the	 impact	 of	 these	 mutations	 on	 the	 CNOT3-CNOT2	

interaction	in	mammalian	cells.	

	
	5.2	Importance	of	C-terminal	domain	of	CNOT3	for	incorporation	of	CNOT3	into	

the	Ccr4-Not	complex		

	To	confirm	the	requirement	for	the	N-terminal	domain	of	CNOT3	for	incorporation	into	

the	Ccr4-Not	complex	in	the	context	of	mammalian	cells,	co-immunoprecipitation	(co-

IP)	 analysis	 was	 conducted.	 Plasmids	 encoding	 Flag-CNOT3,	 Flag-CNOT3ΔNTD,	 Flag-

CNOT3R1ΔCTD,	and	Flag-CNOT3R1ΔNot-Box	were	transiently	transfected	into	HEK293	



									Chapter	5.	Characterising	disease-associated	mutations	in	CNOT3	and	CNOT2	

	

	
	

139	

cells	along	with	an	empty	vector	control.	After	48	hours,	cell	lysates	were	collected,	and	

co-IP	was	carried	out.	

	Western	blot	analysis	of	the	total	cell	lysate	was	carried	out	as	a	preliminary	step	before	

co-immunoprecipitation	 to	ascertain	 the	equal	expression	of	various	CNOT3	variants.	

The	results	from	the	input	analysis	revealed	similar	expression	levels	of	all	variants	in	

HEK293	cells.	As	anticipated,	no	expression	was	detected	in	the	cell	line	transfected	with	

the	empty	vector,	indicating	the	specificity	of	the	assay	(Figure	5.1	A).	

The	 co-immunoprecipitation	 of	 both	 Wildtype	 Flag-CNOT3	 and	 Flag-CNOT3R2ΔNTD	

successfully	demonstrated	precipitation	of	CNOT1,	CNOT2,	and	CNOT7	using	anti-flag	

beads.	This	confirms	that	the	N-terminal	domain	is	not	required	for	the	interaction	of	

CNOT3	with	 CNOT1,	 CNOT2,	 and	 CNOT7.	 In	 contrast,	 the	 co-immunoprecipitation	 of	

Flag-CNOT3R1ΔCTD	and	Flag-CNOT3R1ΔNot-Box	with	anti-flag	beads	did	not	yield	any	

precipitation	of	CNOT1,	CNOT2	and	CNOT7,	indicating	that	the	C-terminal	and	Not-Box	

region	play	 a	 crucial	 role	 in	 incorporating	CNOT3	 into	 the	Ccr4-Not	 complex.	 This	 is	

consistent	with	the	notion	that	the	Not-Box	of	CNOT3	is	required	for	the	integrity	of	the	

Not-module	(Bawankar	et	al.	2013;	Buschauer	et	al.	2020).	Additionally,	as	expected,	no	

precipitation	was	observed	in	the	empty	plasmid	control,	thus	affirming	the	specificity	

of	the	interactions	observed	(Figure	5.1	B).	

These	findings	confirm	the	indispensable	role	of	the	C-terminal	and	Not-Box	region	of	

CNOT3	in	mediating	these	interactions	in	HEK293	cells.		
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Figure	5.1	The	C-terminal	domain	of	CNOT3	is	required	for	incorporation	into	the	Ccr4-Not	
complex.	
 (A) Similar expression of Flag-CNOT3 variants. Cell lysates were separated by 10% SDS-PAGE 
and subjected to western blorng. (B) Immunoprecipita+on of Flag-CNOT3 variants. Proteins 
were iden+fied using an+bodies recognising the Flag epitope, CNOT1 (monoclonal an+body, 
Cell Signaling), CNOT2 (monoclonal an+body, Cell Signaling), and (CNOT7 monoclonal 
an+body, Cell Signaling). β-tubulin was used as a loading control. 
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5.3	Literature-based	identi]ication	of	CNOT3	mutations	associated	with	T-ALL	and	

the	rare	neurodevelopmental	disorder	IDDSADF	

Mutations	in	CNOT3	(Table	5.1),	those	located	within	the	N-terminal	domain,	have	been	

implicated	 in	 both	 T-cell	 acute	 lymphoblastic	 leukaemia	 (T-ALL)	 and	 a	 rare	

neurodevelopmental	 disorder	 known	 as	 Intellectual	 Disability	 with	 Dysmorphic	

Syndrome	and	Autistic	Features	(IDDSADF)	(Martin	et	al.	2019;	De	Keersmaecker	et	al.	

2013)	(Figure	5.2).	

A	study	by	Martin	et	al.	analysed	16	probands	with	de	novo	variants	in	CNOT3,	revealing	

that	 these	 mutations	 in	 the	 N-terminal	 domain	 (Figure	 5.2	 A	 and	 B)	 are	 strongly	

associated	with	neurodevelopmental	disorders,	specifically	IDDSADF.	This	rare	disorder	

is	characterised	by	intellectual	disability,	distinctive	facial	dysmorphisms,	and	autistic	

behaviours.	 Notable	 de	 novo	 mutations	 identified	 in	 this	 study	 include	c.142C>G	 (p.	

Leu48Val),	c.355A>G	 (p.	 Lys119Glu),	c.439G>A	 (p.	 Glu147Lys),	c.562C>T	 (p.	

Arg188Cys),	and	c.563G>A	(p.	Arg188His).	These	mutations	have	been	associated	with	

clinical	 manifestations	 such	 as	 hypotonia,	 intellectual	 disability,	 and	 behavioural	

problems,	though	no	specific	phenotype	was	consistently	observed	across	all	cases.	

In	 T-cell	 acute	 lymphoblastic	 leukaemia	 (T-ALL),	 CNOT3	 mutations	 are	 significant	

contributors	to	the	disease's	pathogenesis.	(De	Keersmaecker	et	al.	2013)	identified	two	

mutations	 within	 the	 N-terminal	 domain	 of	 CNOT3,	 including	c.169C>T	 (p.	

Arg57Trp)	and	c.170G>A	(p.	Arg57Gln).		
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Table	 5.1	 CNOT3	 mutations	 associated	 with	 both	 T-ALL	 and	
neurodevelopmental	disorders	

	Variant	 					Effect	 Type	 of	
variant	 	Disease							Reference	

	 c.169C>T	 p.	(Arg57Trp)	 Missense	 T-ALL																	A	

	 c.170G>A	 p.	(Arg57Gln)	 Missense	 T-ALL																	A		

	 c.142C>G	 p.	(Leu48Val)	 Missense	 IDDSADF											B	

	 c.355A>G	 p.	(Lys119Glu)	 Missense	 IDDSADF											B				

	 c.439G>A	 p.	(Glu147Lys)	 Missense	 IDDSADF											B	

	 c.562C>T	 p.	(Arg188Cys)	 Missense	 IDDSADF											B	

	 c.563G>A	 p.	(Arg188His)	 Missense	 IDDSADF											B	

																	A	(De	Keersmaecker,	2013	#247),	B	(Martin	et	al.	2019).	

	
5.4	 The	 analysis	 of	 CNOT3	 variants	 found	 in	 T-ALL	 and	 neurodevelopmental	

disorders	using	predictive	algorithms	

To	 investigate	 the	 potential	 impact	 of	 CNOT3	 variants	 identified	 in	 T-ALL	 and	

neurodevelopmental	 disorders,	 ChimeraX	 was	 initially	 used	 to	 visualize	 the	 protein	

structure	and	map	the	positions	of	the	mutations	(Figure	5.2).	This	provided	a	structural	

context	for	understanding	their	potential	effects.	Following	this,	predictive	algorithms	

including	 SIFT,	 AlphaMissense,	 and	 PolyPhen-2	 were	 employed	 to	 evaluate	 whether	

these	coding	missense	variants	could	lead	to	functional	changes	in	the	protein,	offering	

insights	into	their	possible	roles	in	disease	pathogenesis.	
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Figure	 5.2	 Distribution	 of	 missense	 mutations	 in	 CNOT3	 observed	 in	 T-cell	 acute	
lymphoblastic	leukaemia	(T-ALL)	and	IDDSADF	within	the	CNOT3-N.		
(A) Schema+c Representa+on of CNOT3 protein domains and missense muta+ons. The 
diagram illustrates the domain structure of the CNOT3 protein, highligh+ng the posi+ons of 
iden+fied missense muta+ons. The protein is divided into its major domains: CNOT3-N (N-
terminal), CNOT3-M (Middle), CNOT3-C (C-terminal), NAR (Not1 Associated Region), CS 
(Conserved Sequence), and Not-Box. The muta+ons R57W and R57Q in T-cell acute 
lymphoblas+c leukaemia (T-ALL), along with L48V K119E, E147K, R188C, and R188H, are 
highlighted with red and blue stars, respec+vely, indica+ng their specific loca+ons within the 
CNOT3-N region. (B) AlphaFold-predicted model of CNOT3 ( AF-O75175-F1, UniProt ID: 
O75175). This 3D model of the CNOT3 protein was visualised using ChimeraX so_ware 
(version 1.8) (Meng et al. 2023). The protein backbone is displayed in tan, with alpha-helices 
represented as coiled ribbons and beta-strands as arrows. The posi+ons of key residues 
where missense muta+ons have occurred, specifically Leu48, Arg57, Lys119, Glu147, and 
Arg188, are shown in red. 

A 

B 
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5.4.1	 CNOT3	 variants	 found	 in	T-ALL	and	neurodevelopmental	 disorders	 analysed	using	

Sorting	intolerant	from	tolerant	(SIFT)	

To	 assess	 the	 potential	 impact	 of	 these	mutations,	 Sorting	 Intolerant	 From	 Tolerant	

(SIFT),	 a	 bioinformatics	 tool	 was	 utilised	 that	 predicts	 the	 effects	 of	 amino	 acid	

substitutions	on	protein	function	(Kumar,	Henikoff,	and	Ng	2009).	SIFT	is	an	algorithm	

that	predicts	whether	an	amino	acid	substitution	in	a	protein	sequence	is	likely	to	affect	

protein	function	or	not.	It	categorises	each	variant	as	"tolerated”,	or	"damaging"	based	

on	 the	 degree	 of	 conservation	 of	 the	 amino	 acid	 position	 and	 the	 physicochemical	

properties	of	the	amino	acids	involved.	SIFT	calculates	the	probability	score	of	changing	

the	amino	acid	at	the	position	that	appears	in	the	alignment	from	0	to	1,	with	a	cut-off	

value=0.05.	The	amino	acid	substitution	is	predicted	damaging	is	the	score	≤0.05	and	

tolerated	if	the	score	is	>0.05.	

Specific	missense	mutations	in	CNOT3,	associated	with	T-ALL	and	neurodevelopmental	

disorders,	 are	 focused	 on	 in	 this	 analysis,	 including	 those	 reported	 in	 the	 literature:	

L48V,	 R57W,	 R57Q,	 K119E,	 E147K,	 R188C,	 and	 R188H.	 Each	 of	 these	 mutations	

represents	a	single	amino	acid	change	in	the	CNOT3	protein	sequence	(Table	5.2).	

	

	

	

Table	 5.2	 List	 of	 CNOT3	 variants	 associated	 with	 T-ALL	 and	
neurodevelopmental	disorders	(IDDSADF)	evaluated	with	SIFT	

		

Variant	 	Score	 Prediction																																		Disease	

L48V	 0.00	 Damaging																																								IDDSADF	

R57W		 0.00	 Damaging				 	T-ALL	

R57Q	 0.03	 Damaging	 	T-ALL	

K119E	 0.08	 Tolerated																																													IDDSADF	

E147K	 0.05	 Tolerated	 IDDSADF	

R188C	 0.00	 Damaging	 IDDSADF	

R188H	 0.01	 Damaging	 IDDSADF	

	 	 	 	



									Chapter	5.	Characterising	disease-associated	mutations	in	CNOT3	and	CNOT2	

	

	
	

145	

	

The	L48V	variant	has	a	SIFT	score	of	0.00,	which	strongly	suggests	that	it	is	highly		

damaging.	 This	 variant	 is	 associated	 with	neurodevelopmental	 disorders	 (IDDSADF),	

implying	that	it	may	significantly	disrupt	the	normal	function	of	CNOT3,	contributing	to	

developmental	issues.	

Similarly,	the	R57W	variant,	with	a	SIFT	score	of	0.00,	is	predicted	to	be	damaging,	and	

it	is	associated	with	T-ALL.	This	strongly	suggests	that	this	mutation	might	play	a	critical	

role	in	leukemogenesis.	The	R57Q	variant,	with	a	SIFT	score	of	0.03,	is	also	considered	

damaging	and	is	similarly	linked	to	T-ALL,	indicating	that	alterations	at	the	R57	residue	

are	likely	critical	for	CNOT3’s	activity	and	might	contribute	to	cancer	development.	

The	K119E	variant	has	 a	 SIFT	 score	of	0.08,	 categorized	as	 tolerated,	 suggesting	 this	

mutation	 may	 not	 severely	 impact	 CNOT3's	 functionality.	 However,	 SIFT’s	 tolerance	

prediction	 may	 not	 fully	 capture	 the	 variant's	 effect,	 as	 it	 could	 still	 contribute	 to	

neurodevelopmental	disorders	through	subtle	mechanisms	or	in	combination	with	other	

genetic	or	environmental	factors.	

Another	variant,	E147K,	with	a	SIFT	score	of	0.05,	is	also	predicted	to	be	tolerated.	This	

mutation	 is	 associated	 with	neurodevelopmental	 disorders.	 While	 not	 predicted	 to	

severely	impair	CNOT3’s	function,	its	association	with	developmental	disorders	suggests	

that	it	could	play	a	role	in	disease	development	in	combination	with	other	mutations	or	

factors.	

The	R188C	and	R188H	variants,	with	SIFT	scores	of	0.00	and	0.01,	respectively,	are	both	

predicted	 to	 be	 damaging.	 These	 variants	 are	 associated	 with	 neurodevelopmental	

disorders.	 The	 damaging	 predictions	 for	 both	mutations	 at	 this	 residue	 suggest	 that	

alterations	 in	 this	 region	 of	 CNOT3	 may	 lead	 to	 significant	 functional	 impairments,	

contributing	to	both	cancer	and	developmental	abnormalities.	

In	summary,	the	variants	with	low	SIFT	scores,	particularly	L48V,	R57W,	R57Q,	R188C,	

and	R188H,	 are	 predicted	 to	 be	 damaging	 and	 are	 associated	 with	 serious	 diseases	

like	T-ALL	and	neurodevelopmental	 disorders.	 These	 damaging	 mutations	 likely	

represent	 alterations	 that	 affect	 CNOT3’s	 regulatory	 functions.	

Conversely,	K119E	and	E147K	are	predicted	 to	be	 tolerated,	 suggesting	a	more	subtle	

impact	on	protein	function,	though	they	may	still	be	involved	in	disease	under	certain	

circumstances.	
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5.4.2	 CNOT3	 variants	 found	 in	T-ALL	and	neurodevelopmental	 disorders	 analysed	using	

PolyPhen-2	

Following	 the	 initial	 evaluation	 of	 CNOT3	 variants	 using	 SIFT	 and	 AlphaMissense,	

PolyPhen-2	 (Polymorphism	 Phenotyping	 v2)	 was	 employed	 to	 further	 elucidate	 the	

potential	functional	impact	of	these	(Adzhubei,	Jordan,	and	Sunyaev	2013)	PolyPhen-2	

complements	these	analyses	by	incorporating	both	sequence-based	and	structure-based	

features,	such	as	the	physical	properties	of	amino	acids,	their	spatial	locations	within	the	

protein's	 3D	 structure,	 and	 the	 evolutionary	 conservation	 of	 the	 substitution	 site.	 It	

employs	a	Naive	Bayes	classifier	 trained	on	 large	datasets,	which	helps	to	distinguish	

between	mutations	likely	to	be	"benign,"	"possibly	damaging,"	or	"probably	damaging"	

based	 on	 a	 combination	 (Bawankar	 et	 al.	 2013)	 of	 biochemical,	 evolutionary,	 and	

structural	 attributes	 (Adzhubei,	 Jordan,	 and	 Sunyaev	 2013).	 The	Poly-Phen-2	 assigns	

each	 variant	 a	 qualitative	 descriptor—either	 "benign,"	 "possibly	 damaging,"	 or	

"probably	 damaging"—along	with	 a	 quantitative	 score	 ranging	 from	 0	 (benign)	 to	 1	

(damaging),	where	 higher	 scores	 indicate	 a	 greater	 probability	 of	 a	 damaging	 effect.	

Table	5.3	and	Figure	5.3	below	present	the	PolyPhen-2	results	for	the	CNOT3	variants	

examined	in	this	study.	

	

	

Table	 5.3	 Analysis	 of	 CNOT3	 variants	 associated	 with	 T-ALL	 and	
IDDSADF	evaluated	with	PolyPhen-2	

Variant	 Score	 Prediction	 Disease	

L48V	 0.997	 Probably	pathogenic	 IDDSADF	
R57W	 0.994	 Probably	pathogenic	 T-ALL	
R57Q	 0.998	 Probably	pathogenic	 T-ALL	
K119E	 0.457	 possibly	pathogenic	 IDDSADF	
E147K	 0.995	 Probably	pathogenic	 IDDSADF	
R188C	 0.998	 Probably	pathogenic	 IDDSADF	
R188H	 0.997	 Probably	pathogenic	 IDDSADF	
								
	

	

	



									Chapter	5.	Characterising	disease-associated	mutations	in	CNOT3	and	CNOT2	

	

	
	

147	

	

	

																								 	
Figure	5.3	PolyPhen-2	Analysis	of	CNOT3	Missense	Mutations.		
This figure presents the predicted func+onal impact of seven missense muta+ons in the 
CNOT3 protein as analysed by PolyPhen-2. Each panel represents a specific muta+on, 
showing a colour-coded bar indica+ng the likelihood of the muta+on being damaging. The 
green to red gradient represents the score range from 0 (benign) to 1 (probably damaging), 
with the specific score for each muta+on marked by a ver+cal black line. L48V: Predicted to 
be probably damaging with a score of 0.992 (sensi+vity: 0.49, specificity: 0.95). 
R57Q: Predicted to be probably damaging with a score of 0.994 (sensi+vity: 0.46, specificity: 
0.96) R57W: Predicted to be probably damaging with a score of 0.998 (sensi+vity: 0.18, 
specificity: 0.98). K119E: Predicted to be possibly damaging with a score of 0.457 (sensi+vity: 
0.83, specificity: 0.80). E147K: Predicted to be probably damaging with a score of 0.995 
(sensi+vity: 0.45, specificity: 0.96) R188C: Predicted to be probably damaging with a score of 
0.998 (sensi+vity: 0.18, specificity: 0.98). R188H: Predicted to be probably damaging with a 
score of 0.997 (sensi+vity: 0.27, specificity: 0.98). 
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The	analysis	reveals	that	six	out	of	the	seven	CNOT3	variants	(L48V,	R57Q,	R57,	E147K,	

R188C,	and	R188H)	are	predicted	to	be	"probably	damaging,"	with	scores	approaching	

1.0.	These	predictions	suggest	a	high	probability	that	these	variants	significantly	impair	

the	structure	or	function	of	the	CNOT3	protein.	The	variants	R57	and	R188C	have	the	

highest	 scores	 (0.998),	 strongly	 indicating	 their	 potential	 to	 disrupt	 normal	 protein	

function.	

The	variant	K119E,	on	the	other	hand,	is	classified	as	"possibly	damaging"	with	a	score	

of	0.457,	suggesting	a	moderate	likelihood	of	a	damaging	effect.	While	this	score	is	lower	

than	 those	 of	 the	 other	 variants,	 it	 still	 indicates	 a	 possible	 impact	 on	 protein	

functionality,	although	with	less	confidence.	

	

	

5.4.3	 CNOT3	 variants	 found	 in	T-ALL	and	neurodevelopmental	 disorders	 analysed	using	

AlphaMissense	

Missense	variants	 are	 a	 significant	 source	of	 genetic	 variation	 contributing	 to	human	

diseases,	 including	 T-cell	 acute	 lymphoblastic	 leukaemia	 (T-ALL)	 and	 various	

neurodevelopmental	 disorders	 (IDDSADF).	 AlphaMissense,	 a	machine	 learning-based	

tool	 that	 combines	 structural	 context,	 evolutionary	 conservation,	 and	 population	

frequency	data,	was	utilised	to	predict	structure	of	CNOT3	wild-type,		mutant	(Figure	

5.4	A	and	B)	and	the	pathogenicity	of	missense	variants.	This	tool	provides	a	valuable	

approach	to	understanding	which	variants	may	have	a	significant	clinical	impact	without	

relying	on	potentially	biased	human-curated	data	(Cheng	et	al.	2023).	

In	this	study,	AlphaMissense	was	applied	to	assess	missense	variants	related	to	T-ALL	

and	neurodevelopmental	disorders	in	CNOT3,	and	the	results	are	presented	in	Table	5.3.	
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Table	5.4	Analysis	of	CNOT3	variants	associated	with	T-ALL	and	IDDSADf	
evaluated	with	AlphaMissense		

Variant	 Score	 Prediction	 							Disease	

L48V	 0.997	 likely	pathogenic	 IDDSADF	
R57W	 1.0	 likely	pathogenic	 T-ALL	
R57Q	 1.0	 likely	pathogenic	 T-ALL	
K119E	 0.97	 likely	pathogenic	 IDDSADF	
E147K	 1.0	 likely	pathogenic	 IDDSADF	
R188C	 0.999	 likely	pathogenic	 IDDSADF	
R188H	 0.997	 likely	pathogenic	 IDDSADF	
								
	

The	AlphaMissense	model	classified	all	analysed	variants	as	"Likely	Pathogenic,"	with	

pathogenicity	scores	nearing	or	at	1.0.	This	classification	indicates	that	these	variants	

have	 a	 high	 likelihood	 of	 being	 involved	 in	 disease	 processes.	 AlphaMissense	 has	

predicted	 variant	 pathogenicity	 by	 integrating	 structural	 information	 and	 leveraging	

patterns	in	biological	data	(Cheng	et	al.	2023;	Ljungdahl	et	al.	2023).	

	
The	 high	 pathogenicity	 scores	 obtained	 for	 the	 CNOT3	 variants	 suggest	 that	 these	

variants	may	significantly	contribute	to	the	pathogenesis	of	T-cell	acute	lymphoblastic	

leukaemia	 (T-ALL)	 and	 neurodevelopmental	 disorders	 (IDDSADF)	 by	 disrupting	 the	

normal	function	of	the	Ccr4-Not	complex.	Given	the	Ccr4-Not	complex's	critical	role	in	

regulating	 mRNA	 decay	 and	 transcriptional	 control,	 the	 disruption	 caused	 by	 these	

variants	could	lead	to	the	dysregulation	of	key	genes	involved	in	T-cell	development	and	

neuronal	function.	
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Figure	5.4	AlphaFold	predicted	3D	Structures	of	wild-type	and	mutant	CNOT3	Protein.	
		
 (A) Predicted structure of wild-type human CNOT3 generated using AlphaFold 3. The model 
reveals an extended α-helical architecture consistent with its scaffold func+on within the 
Ccr4–Not complex. Residues corresponding to the disease-associated point muta+ons 
analysed in this study are highlighted in red. These muta+ons are situated within structured 
α-helical regions, poten+ally impac+ng local conforma+on or interac+on surfaces. 
(B) Structural overlay of the AlphaFold 3-predicted wild-type and mutant CNOT3 proteins. 
The wild-type structure is shown in tan, and the mutant variant is displayed in sky blue. 
Muta+on sites are indicated in red on the wild-type model and in magenta on the mutant 
model. While the global secondary and ter+ary structure is retained in the mutant, subtle 
local devia+ons are observed near the muta+on sites. These may reflect changes inside 
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chain posi+oning, local packing, or flexibility that could impact protein–protein interac+ons 
or func+onal stability. 
	

	5.5	Construction	of	plasmids	containing	CNOT3	with	patient-derived	mutations	

linked	to	T-ALL	and	IDDSADF	

To	 investigate	 the	 functional	 consequences	 of	 these	 mutations,	 site-directed	

mutagenesis	was	employed	to	introduce	the	specific	variants	into	a	plasmid	expressing	

the	CNOT3	gene.	The	plasmid	used	in	this	study	is	pCMV-Flag-CNOT3,	which	includes	a	

Flag	tag	to	facilitate	downstream	protein	detection	and	purification.	

The	process,	illustrated	in	Figure	5.4,	began	with	the	design	of	specific	forward	(F)	and	

reverse	(R)	primers	to	introduce	the	desired	mutations	into	the	CNOT3	gene	(Figure	5.5	

A).	 These	 primers	 were	 constructed	 to	 incorporate	 the	 nucleotide	 changes	

corresponding	to	each	patient-derived	mutation.	The	plasmid	was	then	amplified	using	

PCR	 with	 the	 designed	 primers,	 resulting	 in	 a	 linear	 product	 (Figure	 5.5	 B)	 that	

contained	 the	mutation(s)	 of	 interest.	 The	 PCR	 product	was	 designed	 to	maintain	 5'	

phosphate	(5'	PO4)	and	3'	hydroxyl	(3'	OH)	groups	to	facilitate	subsequent	ligation.	

Following	 PCR	 amplification,	 the	 product	 was	 treated	 with	 Dpn	I,	 an	 enzyme	 that	

specifically	 digests	 methylated	 DNA.	 Since	 the	 original	 plasmid	 DNA	 template	 is	

methylated,	 Dpn	I	 digestion	 selectively	 removed	 the	 parental	 DNA,	 leaving	 only	 the	

newly	synthesized,	mutated	plasmid	DNA.	The	mutated	linear	DNA	was	then	ligated	to	

re-circularize	the	plasmid	(Figure	5.5	C).	After	ligation,	the	plasmid	was	transformed	

into	 competent	E.	 coli	cells	 for	 propagation	 and	 subsequent	 extraction.	 Post-

transformation,	colonies	were	screened,	and	plasmid	DNA	was	extracted.	The	presence	

of	 the	 desired	 mutations	 was	 confirmed	 by	 Sanger	 sequencing,	 ensuring	 that	 the	

plasmids	with	the	correct	sequence	were	used	for	further	experiments.	
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Figure	 5.5	 Construction	 of	 variants	 of	 Flag-CNOT3.	 A	 schematic	 representation	 of	 site-
directed	mutation	by	inverse	PCR.		
(A) Schema+c representa+on of the pCMV-Flag-CNOT3 plasmid. The plasmid contains the 
CNOT3 gene, with forward (F) and reverse (R) primers indicated for site-directed mutagenesis. 
(B) Illustra+on of the PCR product obtained a_er amplifica+on using the forward and reverse 
primers. The PCR product contains the desired muta+on at the subs+tu+on site, with 5' (PO₄) 
phosphate and 3' (OH) hydroxy groups necessary for subsequent liga+on. (C) Diagram 
showing the final mutant pCMV-Flag-CNOT3 plasmid a_er Dpn I diges+on and liga+on. The 
red square represents the site of muta+on within the CNOT3 gene. 
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5.6	Expression	of	CNOT3	mutations	associated	with	T-ALL	and	IDDSADF	in	HEK293	

cell	lines	

To	analyse	the	expression	of	Flag-CNOT3	variants	harbouring	mutations	associated	with	

CNOT3	 in	 T-All	 (T-cell	 Acute	 Lymphoblastic	 Leukaemia)	 and	 neurodevelopmental	

disorders	 (IDDSADF),	 all	 plasmids,	 wild	 type	 Flag-CNOT3,	 empty	 vector,	 Flag-

CNOT3L48V,	 Flag-CNOT3R57W,	 Flag-CNOT3R57Q,	 Flag-CNOT3K119E,	 Flag-

CNOT3E147K,	Flag-CNOT3R188C	and	Flag-CNOT3R188H	were	transiently	transfected	

into	 the	HEK293	cell	 line.	 Subsequent	 immunoblot	 analysis	 revealed	 that	 all	 variants	

were	expressed	at	similar	levels	indicating	that	the	mutations	do	not	lead	to	unstable	or	

misfolded	proteins.	The	expression	 levels	of	variants	of	CNOT3	were	evaluated	using	

Flag	antibody,	enabling	a	comprehensive	assessment	of	their	respective	levels	(Figure	

5.6).	

Expression	of	CNOT3	did	not	affect	expression	of	other	subunits	of	the	Ccr4-Not	complex,	

specifically	 CNOT1	 and	 CNOT2,	 or	 the	 L7A	 ribosomal	 protein.	 This	 suggests	 that	 the	

mutations	in	CNOT3	do	not	disrupt	the	overall	stability	or	expression	of	the	Ccr4-Not	

complex.	
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Figure	5.6	Expression	of	CNOT3	mutations	associated	with	T-ALL	and	IDDSADF	in	HEK293	Cell	
lines.		
(R57Q, R57W are associated with T-ALL, while muta+ons L48V, K119E, E147K, A188H and 
A188C are associated with IDDSADF) Flag-CNOT3 variants were expressed equally in the 
HEK293 cell line using an+-Flag. The expression levels of other components of the Ccr4-Not 
complex were assessed using CNOT1 (monoclonal an+body Cell Signalling), CNOT2 
(monoclonal an+body, Cell Signalling), CNOT7 (monoclonal an+body Cell Signalling), and L7A 
(monoclonal an+body Cell Signalling), a ribosomal an+body. β-tubulin was used as a loading 
control. 
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5.7	Patient-derived	mutations	 linked	with	T-ALL	and	 IDDSADF	 in	CNOT3	do	not	

affect	its	incorporation	into	the	Ccr4-Not	complex	

To	investigate	the	impact	of	patient-derived	CNOT3	mutations	on	its	interaction	with	the	

Ccr4-Not	 complex,	 co-immunoprecipitation	 experiments	 were	 performed	 in	 HEK293	

cells.	Cells	were	transiently	transfected	with	plasmids	encoding	wild-type	Flag-CNOT3,	

an	empty	vector,	and	CNOT3	variants	harbouring	mutations	associated	with	either	T-cell	

acute	 lymphoblastic	 leukaemia	 (T-ALL)	 and	 intellectual	 disability-dysmorphic	 facies-

autism	spectrum	disorder	(IDDSADF).	

After	48	hours,	cell	lysates	were	harvested,	and	co-immunoprecipitation	was	performed	

using	 anti-flag	 beads.	 Consistent	 expression	 of	 all	 CNOT3	 variants	was	 confirmed	 by	

Western	blot	analysis	of	the	total	cell	lysates	(Figures	5.7	A	and	5.8	A).	As	expected,	no	

CNOT3	expression	was	detected	in	the	empty	vector	control.	

In	 the	 co-immunoprecipitation	 experiments,	 CNOT1,	 CNOT2,	 and	 CNOT7	 were	

effectively	 co-precipitated	 by	 both	 wild-type	 Flag-CNOT3	 and	 the	 mutant	 variants	

(Figures	5.7	B	and	5.8	B).	This	indicates	that	the	ability	of	CNOT3	to	interact	with	these	

core	components	of	the	Ccr4-Not	complex	is	not	impaired	by	either	the	T-ALL-associated	

mutations	 (Arg57Gln	 and	 Arg57Trp)	 or	 the	 IDDSADF-associated	 mutations	 (L48V,	

K119E,	E147K,	R188H,	and	R188C).	Furthermore,	as	anticipated,	no	precipitation	was	

observed	 in	 the	 empty	 plasmid	 control.	 This	 outcome	 reaffirms	 the	 specificity	 of	 the	

interactions	observed	and	underscores	the	validity	of	the	experimental	findings.	

These	 findings	 suggest	 that	 disrupted	 complex	 formation	 is	 not	 responsible	 for	 the	

pathogenic	effects	of	these	CNOT3	mutations.	Instead,	it	is	possible	that	they	may	result	

from	 subtle	 functional	 alterations	 within	 the	 assembled	 complex	 or	 involve	 CNOT3	

interactions	 with	 other	 proteins	 or	 pathways.	 Further	 investigation	 is	 needed	 to	

elucidate	the	precise	mechanisms	by	which	these	mutations	contribute	to	the	disease.	
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Figure	 5.7	 Patient-derived	 mutations	 linked	 with	 T-ALL	 in	 CNOT3	 do	 not	 affect	 its	
incorporation	into	the	Ccr4-Not	complex.		
(A) Immunoblot analysis of cell lysates. (B) Immunoprecipita+on of Flag-CNOT3 co-
precipitated, Flag (rabbit monoclonal an+body, Sigma-Aldrich), CNOT1 (rabbit monoclonal 
an+body, Cell Signalling), CNOT2 (rabbit monoclonal an+body, Cell Signaling), and CNOT7 
(rabbit monoclonal an+body, Cell Signalling). β-tubulin was used as a loading control. 
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Figure	 5.8	 Patient-derived	 mutations	 linked	 with	 (IDDSADF)	 in	 CNOT3	 do	 not	 affect	 its	
incorporation	into	the	Ccr4-Not	complex.		
(A) Western blot analysis of total cell lysates before co-immunoprecipita+on. (B) 
Immunoprecipita+on of Flag-CNOT3 co-precipitated Flag (rabbit monoclonal an+body, Sigma-
Aldrich), CNOT1 (rabbit monoclonal an+body, Cell Signaling, CNOT2 (rabbit monoclonal 
an+body, Cell Signaling), and CNOT7 (rabbit monoclonal an+body, Cell Signaling. β-tubulin 
was used as a loading control. 
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5.8	Literature-based	identi]ication	of	CNOT2	mutations	associated	with	IDNADFS	

Mutations	 in	 CNOT2	 have	 been	 associated	with	 a	 rare	 neurodevelopmental	 disorder	

known	as	Intellectual	Developmental	Disorder	with	Nasal	Speech,	Dysmorphic	Facies,	

and	variable	Skeletal	anomalies	(IDNADFS)	(Niceta	et	al.,	2022;	Uehara	et	al.,	2019).	

A	 study	 by	 Uehara	 et	 al.	 (2019)	 described	 a	 patient	 with	 a	 de	 novo	 heterozygous	

nonsense	mutation	in	the	CNOT2	gene	(c.946A>T,	p.	Lys316Ter),	which	was	absent	in	

large	 population	 databases,	 indicating	 its	 rarity	 and	 potential	 pathogenicity.	 This	

mutation,	 along	 with	 other	 structural	 variants	 such	 as	 microdeletions	 involving	 the	

CNOT2	gene,	contributes	to	a	clinical	spectrum	characterised	by	developmental	delays,	

intellectual	disability,	distinctive	facial	dysmorphisms,	and	hypotonia.	

Niceta	 et	 al.	 	 further	 expanded	 the	 understanding	 of	 this	 disorder	 by	 reporting	 five	

unrelated	 individuals	with	 de	 novo	 CNOT2	 variants,	 including	 one	with	 a	 truncating	

mutation	(c.1482T>G,	p.	Tyr494Ter)	and	another	with	a	missense	change	(c.1396A>C,	p.	

Asn46His).	These	mutations	(Table	5.5	and	Figure	5.9)	along	with	microdeletions	at	

the	 12q15	 locus	 encompassing	 CNOT2,	 suggest	 that	 CNOT2	 mutation	 is	 a	 significant	

factor	in	the	pathogenesis	of	IDNADFS.	

CNOT2	mutations	are	linked	to	nasal	speech,	facial	dysmorphism,	and	skeletal	anomalies	

like	 up-slanted	 palpebral	 fissures	 and	micrognathia.	 The	 Deciphering	 Developmental	

Disorders	 (DDD)	 study	 reinforces	 CNOT2's	 role	 in	 neurodevelopmental	 disorders	

(Uehara	et	al.	2019;	Niceta	et	al.	2023).	

	
Table	5.5	CNOT2	mutations	associated	with	IDNADFS	

	 Variant	 Effect	 Type	 of	
Variant	 Disease													Reference								

	 c.946A>T	 p.	(Lys316Ter)	 Nonsense	 IDNADFS																	A	

	 c.1482T>G	 p.	(Tyr494Ter)	 Nonsense	 	IDNADFS																B	

	 c.1396A>C	 p.	(AsN466His)	 Missense	 IDNADFS																	B	

	 	 	 	 	
A	(Uehara	et	al.	2019),	B	(Niceta	et	al.	2023).	
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Figure	5.9	Schematic	representation	of	the	CNOT2	mutations.		
(A) Domains are indicated (NAR: Not1-interac+ng domain, CS: CNOT2-specific domain, Not-
Box). The posi+ons of iden+fied muta+ons are marked with symbols: squares for nonsense 
muta+ons, and a star for a missense muta+on. (B) Three-dimensional structure of the CNOT2 
protein predicted by AlphaFold (AF-Q9NZN8-F1). The polypep+de chain is shown in blue. The 
loca+ons of the amino acids affected by panel (A) muta+ons are highlighted in yellow. 
	
	
	
	
	
	

A 

B 
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	5.9	 CNOT2	 variants	 found	 in	 neurodevelopmental	 disorders	 analysed	 using	

predictive	algorithms	

	
To	 distinguish	 whether	 these	 SNVs	 may	 lead	 to	 functional	 variation	 and	 potentially	

contribute	 to	 neurodevelopmental	 disorders	 (IDNADFS),	 three	 algorithms	 (SIFT,	

PolyPhen-2	and	AlphaMissense)	were	used	to	analyse	and	predict	the	effects	of	coding	

non-synonymous	variants	on	protein	function.	

	

5.9.1	 CNOT2	 variants	 found	 in	 neurodevelopmental	 disorders	 analysed	 using	 Sorting	

intolerant	from	tolerant	(SIFT)	

	
The	 potential	 impact	 of	 these	mutations	was	 assessed	 using	 Sorting	 Intolerant	 From	

Tolerant	(SIFT),	as	described	in	section	5.4.1.	This	analysis	focuses	on	specific	missense	

mutations	 in	 CNOT2	 associated	 with	 neurodevelopmental	 disorders,	 including	 one	

previously	reported	in	the	literature:	a	missense	change	(c.1396A>C,	p.	AsN466His)	that	

results	in	a	single	amino	acid	change	in	the	CNOT2	protein	sequence	(Uehara	et	al.	2019).	

	
	Table	5.6	Analysis	of	CNOT2	variant	associated	with	IDNADFS	evaluated	
with	SIFT	

Variant	 	 				Score																	Pathogenicity	 	
								Disease		

N466His		 	 				0.04																				damaging	
													 									IDNADFS		

	
The	 analysis	 of	 the	 CNOT2	 N466His	 variant,	associated	 with	 intellectual	

disability,	autism	 spectrum	 disorder,	dysmorphic	 facial	 features,	and	 seizures	

(IDNADFS),	using	 SIFT	 yielded	 a	 score	 of	 0.04	 (Table	 5.6),	falling	 well	 below	 the	

threshold	for	tolerance.	This	strongly	suggests	that	the	substitution	of	asparagine	with	

histidine	at	position	466	 is	deleterious	and	 likely	disrupts	 the	normal	 function	of	 the	

CNOT2	protein.	The	only	damaging	nature	of	this	mutation	underscores	its	potential	role	

in	the	development	of	neurodevelopmental	disorders	and	highlights	the	importance	of	

CNOT2	in	maintaining	proper	neurological	function.	
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5.9.2	CNOT2	variants	found	in	neurodevelopmental	disorders	analysed	using	PolyPhen-2	

Following	 the	 initial	 evaluation	 of	 CNOT3	 variants	 using	 SIFT	 and	 AlphaMissense,	

PolyPhen-2	(Polymorphism	Phenotyping	v2),	described	in	section	5.4.3),	was	employed	

to	further	elucidate	the	potential	functional	impact	of	these	mutations	(Adzhubei,	Jordan,	

and	Sunyaev	2013)	

	
The	analysis	(Table	5.7)	reveals	that	CNOT	variant	(N466H)	is	predicted	to	be	benign,"	

with	score	of	0.297.	This	prediction	suggests	a	high	probability	that	this	variant	does	not	

impair	the	structure	or	function	of	the	CNOT3	protein.		

Figure	5.10	provides	a	visual	representation	of	the	CNOT2	protein	structure,	highlighting	

the	 significance	 of	 the	 asparagine	 residue	 at	 position	 466	 (N466).	The	 visualisation	

suggests	that	N466	plays	a	role	in	maintaining	protein	integrity	by	forming	interactions	

(potentially	hydrogen	bonds)	with	other	amino	acids	within	 the	protein,	such	as	ARG	

534	and	GLU	463.	These	interactions	likely	contribute	to	the	stability	and	proper	folding	

of	CNOT2.	

However,	in	 silico	 predictions,	which	 utilise	 computational	 algorithms	 to	 forecast	 the	

impact	 of	 amino	 acid	 substitutions,	 suggest	 that	 a	 change	 from	 asparagine	 (N)	 to	

histidine	 (H)	 at	 position	 466	 (N466H	 mutation)	 might	 not	 significantly	 affect	 the	

protein's	structure	or	function.	This	prediction	contradicts	the	structural	insights	from	

the	image,	which	implies	the	importance	of	N466	for	protein	stability.	

	
	

	
Table	5.7	Analysis	of	CNOT2	Variant	associated	with	IDNADFS	evaluated	
with	PolyPhen-2	

	

	

	
N466H																				benign																											0.266																		IDNADFS																													
	
																																													

Variant	
	

Pathogenicity	
	

Score																		Disease				
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Figure	5.10	Three-dimensional	schematic	of	Asn466H	mutation	in	CNOT2.		

This image represents the three-dimensional model of the CNOT2 protein (AF-Q9NZN8-F1-
v4, UniProt ID: Q9NZN8), visualised using ChimeraX so_ware version 1.8. The model 
highlights key structural features and interac+ons within the CNOT2 protein. The backbone 
of the protein is represented in a tan colour, with alpha-helices depicted as coiled ribbons 
and beta-strands as broad arrows, illustra+ng the secondary structure elements of the 
protein. Key residues involved in cri+cal interac+ons are shown in different colours: Asn466 is 
shown in red, indica+ng its importance in the protein's structure. Arg524 is marked in 
magenta, highligh+ng its involvement in hydrogen bonding interac+ons. Glu463 is 
represented in cyan, demonstra+ng its role in stabilising the protein through hydrogen bonds. 
Hydrogen bonds between Asn466 and Arg524 are depicted as dashed lines.  
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5.9.3	 CNOT2	 variants	 found	 in	 neurodevelopmental	 disorders	 analysed	 using	

AlphaMissense	

	
Next,	to	assess	the	potential	pathogenicity	of	this	missense	variant,	the	AlphaMissense	

tool	(described	in	section	5.4.2)	was	used	(Cheng	et	al.	2023).	

The	 AlphaMissense	 analysis	 assigned	 a	 pathogenicity	 score	 of	0.297	(Table	 5.8)	 to	

the	Asn466His	 (N466H)	variant	 in	 CNOT2,	 classifying	 it	 as	likely	 benign.	 This	 score	

indicates	that	 the	substitution	of	Asparagine	(N)	with	Histidine	(H)	at	position	466	 is	

unlikely	 to	 significantly	 disrupt	 the	 normal	 function	 of	 the	 Ccr4-Not	 complex	 or	

contribute	to	the	pathogenesis	of	IDNADFS.	However,	this	prediction	seems	to	contradict	

the	 findings	 from	 the	 3D	 modelling	 assessment,	 which	 indicated	 that	 the	 N466His	

mutation	could	destabilise	the	Not-Box	region	of	the	CNOT2	protein	due	to	the	loss	of	a	

hydrogen	bond	with	Arg524.	This	discrepancy	highlights	the	limitations	of	relying	solely	

on	computational	predictions	for	pathogenicity	assessment.	

Despite	the	AlphaMissense	classification,	the	structural	analysis	suggests	that	the	N466H	

variant	may	indeed	affect	protein	stability	and	function.	Therefore,	further	investigation	

is	necessary	to	determine	the	true	impact	of	this	variant	on	the	CNOT2	protein	and	its	

role	in	IDNADFS	pathogenesis.	

	

	
Table	5.8	Analysis	of	CNOT2	Variant	associated	with	 IDNADFS	evaluated	with	
AlphaMissense	

Variant				
	
		

	
		
Score												Pathogenicity														Disease	
																																						

								N466H																											0.297																	benign																										IDNADFS	

5.9.4	CNOT2	variants	found	in	neurodevelopmental	disorders	analysed	using	Provean	

In	this	study,	the	functional	impact	of	two	truncating	mutations	in	CNOT2,	K316Ter	and	

Tyr494Ter,	 was	 evaluated	 using	 PROVEAN	 (Protein	 Variation	 Effect	 Analyzer).	

PROVEAN	(Choi	et	al.	2012)	is	a	highly	suitable	tool	for	analysing	truncating	mutations	

because	it	assesses	protein	sequence	changes	based	on	evolutionary	conservation	and	

potential	biological	impact	across	homologous	sequences.	Unlike	in	silico	tools	such	as	
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SIFT	 and	 PolyPhen-2,	 which	 are	 optimised	 for	 missense	 mutations,	 PROVEAN	 is	

particularly	effective	 for	predicting	 the	effects	of	 truncating	mutations	 that	 introduce	

premature	stop	codons,	as	it	evaluates	the	impact	of	such	mutations	in	terms	of	overall	

protein	stability	and	loss	of	function.	

For	PROVEAN,	a	score	below	-2.5	is	considered	deleterious,	indicating	that	the	mutation	

is	likely	to	impair	protein	function	significantly	(Choi	et	al.	2012).	The	K316Ter	mutation	

yielded	a	PROVEAN	score	of	-716.934	(Table	5.9),	suggesting	a	profound	loss	of	function	

due	to	premature	termination	at	amino	acid	position	316.	This	early	truncation	likely	

results	in	a	severely	shortened	protein	that	lacks	critical	domains	necessary	for	CNOT2’s	

stability,	 its	 interactions	within	 the	Ccr4-Not	 complex,	 and	 its	overall	 functionality	 in	

mRNA	regulation.	The	extremity	of	this	score	emphasises	the	likelihood	that	K316Ter	

severely	 compromises	 CNOT2’s	 cellular	 roles,	 aligning	 with	 the	 pathogenesis	 of	

disorders	associated	with	Ccr4-Not	dysfunction.	

Similarly,	the	Tyr494Ter	mutation	produced	a	PROVEAN	score	of	-137.890	(Table	5.9),	

indicating	a	highly	deleterious	effect,	though	somewhat	less	severe	than	K316Ter.	This	

truncation	halts	protein	translation	at	residue	494,	removing	essential	domains	near	the	

C-terminal	domain.	Although	this	mutation	retains	more	of	the	protein	structure	than	

K316Ter,	the	substantial	PROVEAN	score	suggests	that	it	disrupts	function	significantly,	

possibly	by	impairing	critical	intermolecular	interactions	within	the	Ccr4-Not	complex	

and	affecting	downstream	regulatory	activities.	

In	conclusion,	these	PROVEAN	scores	demonstrate	that	both	K316Ter	and	Tyr494Ter	

are	 likely	pathogenic	mutations	 that	 cause	 functional	 loss	 in	CNOT2.	By	destabilising	

protein	structure	and	removing	domains	essential	for	Ccr4-Not	complex	integrity,	these	

mutations	 contribute	 to	 the	mechanistic	 basis	 of	 neurodevelopmental	 disorders	 and	

other	pathologies	linked	to	CNOT2	haploinsufficiency.	
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Table	5.9	Analysis	of	CNOT2	Variant	associated	with	IDNADFS	evaluated	
with	Provean	

Variant	
	
		

Score			
		

Pathogenicity													Disease	
																																						

					K316Ter																							-716.934										deleterious																			IDNADFS	 	
	
							
					Y493Ter																							-137.890											deleterious																		IDNADFS	
	 	
	

	
5.10	Constructing	plasmids	containing	patient-derived	mutations	 linked	 to	 rare	

neurodevelopmental	disorders	in	CNOT2	

To	 investigate	 the	 functional	 consequences	 of	 these	 mutations,	 site-directed	

mutagenesis	was	 employed	 to	 introduce	 them	 into	 a	 plasmid	 expressing	 the	 CNOT2	

gene.	The	pCMV-Flag-CNOT2	plasmid	used	in	this	study	includes	a	Flag	tag	to	facilitate	

downstream	 protein	 detection	 and	 purification.	 All	 plasmids	 were	 constructed	 as	

described	in	section	5.5	of	this	chapter.	

	

																	

	

																				
5.11	Transient	expression	of	Flag-CNOT2	mutants	in	HEK293	cell	line	

Following	the	construction	of	these	plasmids,	their	expression	levels	were	evaluated	in	

a	 series	 of	 experiments.	 To	 assess	 the	 impact	 of	 CNOT2	 mutations	 associated	 with	

IDNADFS	(intellectual	developmental	disorder	with	nasal	speech,	dysmorphic	facies,	and	

variable	 skeletal	 anomalies,	 OMIM	 618608),	 the	plasmids—including	 wild-type	 Flag-

CNOT2,	 empty	 vector,	 Flag-CNOT2N466H,	 Flag-CNOT2Y494Ter,	 and	 Flag-

CNOT2K316Ter—were	 transiently	 transfected	 into	 the	 HEK293	 cell	 line.	 Plasmid	

expression	 levels	 were	 then	 assessed	 using	 a	 Flag	 antibody.	 Western	 blot	 analysis	

(Figure	 5.111)	 of	 the	 total	 cell	 lysate	 was	 carried	 out	 to	 validate	 the	 expression	 of	

various	 Flag-CNOT2	 variants.	 The	 results	 of	 this	 analysis	 revealed	 the	 expression	 of	

distinct	Flag-CNOT2	variants.	Similar	expression	levels	of	the	wild-type	Flag-CNOT2	and	

Flag-CNOT2N466H	 variants	 were	 observed.	 However,	 the	 Flag-CNOT2Y494Ter	 and	
Flag-CNOT2K316Ter	variants	were	expressed	at	different	molecular	weights,	suggesting	
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that	 nonsense-mediated	 decay	 of	 the	mutant	mRNA	may	 lead	 to	 reduced	 expression	

compared	to	wild-type	Flag-CNOT2.	The	Flag-CNOT2Y494Ter	variant	showed	very	low	

expression,	while	the	Flag-CNOT2K316Ter	variant	exhibited	robust	expression.	Due	to	

the	low	expression	of	Flag-CNOT2-Y494Ter,	it	was	not	further	analysed.			

Moreover,	expression	levels	of	the	Ccr4-Not	subunits	CNOT1,	CNOT3,	and	CNOT7,	as	well	

as	the	L7A	and	S3	ribosomal	proteins	were	unchanged.		

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	



									Chapter	5.	Characterising	disease-associated	mutations	in	CNOT3	and	CNOT2	

	

	
	

167	

																												 	
Figure	5.11	Transient	expression	of	Flag-CNOT2	variants	in	HEK293	cell	line.		

The protein expression level of other components of the Ccr4-Not complex, CNOT1, CNOT2, 
CNOT3, and two ribosomal proteins, L7a and S3, was assessed using an+bodies Flag (rabbit 
monoclonal an+body, Sigma-Aldrich),  CNOT1 (rabbit monoclonal an+body, Cell Signaling), 
CNOT2, (rabbit monoclonal an+body, Cell Signaling), CNOT3 (mouse monoclonal an+body 
4B8, AbNova), L7a (rabbit monoclonal an+body, Cell Signaling) and S3(rabbit monoclonal 
an+body, Cell Signaling). β-tubulin was used as a loading control.  
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	5.12	 Patient-derived	 mutations	 linked	 to	 IDNADFS	 disrupt	 the	 interaction	 of	

CNOT2	with	the	Ccr4-Not	complex	

Similar	 to	 the	 CNOT3	 investigation,	 the	 potential	 effects	 of	 IDNADFS-associated	

mutations	on	CNOT2's	 interaction	with	the	Ccr4-Not	complex	were	explored.	For	this	

analysis,	a	series	of	plasmids	containing	desired	mutations	(Flag-CNOT2-N466H,	Flag-

CNOT2K316Ter),	 along	 with	 wildtype	 Flag-CNOT2	 and	 an	 empty	 vector,	 were	

transiently	 transfected	 into	 HEK293	 cells,	 followed	 by	 co-immunoprecipitation.	 This	

approach	aimed	to	identify	any	alterations	in	binding	affinity	or	functional	consequences	

of	these	mutations	on	the	CNOT2-CNOT3-CNOT1	interaction	and	the	overall	Ccr4-Not	

complex.	 After	 48	 hours,	 cellular	 lysates	 were	 harvested	 and	 subjected	 to	 co-

immunoprecipitation.	

	
Western	blot	analysis	of	the	total	cell	lysate	conducted	before	co-immunoprecipitation	

confirmed	 the	 expression	 of	 various	 CNOT2	 variants	 (Figure	 5.12	 A).	 The	 results	

indicated	that	all	Flag-CNOT2	variants	exhibited	similar	expression	levels	to	wild-type	

Flag-CNOT2	 in	HEK293	 cells.	 As	 expected,	 no	 expression	was	 observed	 in	 the	 empty	

vector,	confirming	the	assay's	specificity.	Furthermore,	the	expression	levels	of	CNOT1,	

CNOT3,	and	CNOT7,	components	of	the	Ccr4-Not	complex,	were	also	investigated	and	

found	to	be	similar	(Figure	5.12	A).	

Wild-type	Flag-CNOT2,	empty	vector,	and	the	mutated	variants	Flag-CNOT2N466H	and	

Flag-CNOT2K316Ter	were	utilised	in	co-immunoprecipitation	experiments.	The	results	

revealed	the	precipitation	of	CNOT1,	CNOT3,	and	CNOT7	in	both	wild-type	Flag-CNOT2	

and	Flag-CNOT2N466H	using	 anti-flag	 beads	 (Figure	5.12	B).	 This	 suggests	 that	 the	

missense	mutation	associated	with	IDNADFS	in	CNOT2	does	not	completely	affect	the	

incorporation	of	CNOT2	into	the	Ccr4-Not	complex.	However,	a	noticeable	reduction	in	

the	amount	of	co-precipitated	subunits	was	observed	for	the	N466H	mutant	compared	

to	the	wild-type,	which	may	reflect	partial	disruption	of	complex	assembly	or	reduced	

expression	or	stability	of	the	mutant	protein.	

Notably,	no	precipitation	was	detected	with	Flag-CNOT2K316Ter	(Figure	5.12	B).	This	

suggests	that	the	stop	codon	produces	an	incomplete	protein,	preventing	its	integration	

into	the	Ccr4-Not	complex.	Similarly,	the	empty	vector	failed	to	precipitate	any	subunits	
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of	the	Ccr4-Not	complex,	confirming	the	specificity	of	the	observed	interactions	and	the	

validity	of	the	experimental	findings.	

These	 findings	 demonstrate	 that	 the	 CNOT2	missense	mutation	 (Flag-CNOT2N466H)	

partially	 compromise	 the	 incorporation	 of	 CNOT2	 into	 the	 Ccr4-Not	 complex,	 as	

evidenced	by	its	reduced	pull	down	of		CNOT1,	CNOT3,	and	CNOT7.	In	addition	to	that,	

the	truncating	mutation	(Flag-CNOT2K316Ter)	results	in	a	truncated	protein	incapable	

of	integrating	into	the	complex,	thereby	disrupting	its	function.		
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Figure	5.12	Patient-derived	mutations	linked	to	IDNADFS	disrupt	the	interaction	of	CNOT2	
with	the	Ccr4-Not	complex.		
(A) Western blot analysis of the total cell lysate conducted before co-immunoprecipita+on. 
(B) Immunoprecipita+on of Flag-CNOT2 variants. Proteins were detected using an+bodies, 
Flag (rabbit monoclonal an+body, Sigma-Aldrich), CNOT1(rabbit monoclonal an+body, Cell 
Signaling), CNOT3 (mouse monoclonal an+body 4B8, AbNova) and CNOT7 (rabbit monoclonal 
an+body, Cell Signaling). β-tubulin was used as a loading control.   
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5.13	Discussion		

The	intricate	 interplay	between	CNOT3	and	CNOT2	within	the	Ccr4-Not	complex	(Ito,	

Inoue,	 et	 al.	 2011;	 Collart	 and	 Panasenko	 2012,	 2017)	 has	 been	 investigated	 in	 this	

chapter	 through	 a	 combination	 of	 in	 silico	 predictions	 and	 experimental	 validation,	

focusing	 on	 patient-derived	 variants.	 These	 analyses	 have	 provided	 valuable	 insights	

into	the	structural	and	functional	roles	of	these	key	subunits.	

The	 findings	 corroborate	 previous	 structural	 studies	 and	 further	 illuminate	 the	

functional	 roles	 of	 specific	 domains	 within	 CNOT3,	 particularly	 C-terminal	 for	 its	

interaction	with	CNOT2,	a	finding	that	is	consistent	with	recent	investigations	(Boland	

et	al.	2013;	Suzuki	et	al.	2015;	Collart	2016).	Moreover,	the	necessity	of	integrating	both	

computational	and	experimental	approaches	to	fully	understand	the	impact	of	disease-

associated	 mutations	 on	 protein	 function	 has	 been	 highlighted	 by	 the	 observed	

discrepancy	between	computational	predictions	and	experimental	results.	

	

5.13.1	Importance	of	CNOT3	termini	for	Ccr4-Not	complex	formation	

The	critical	importance	of	the	C-terminal	domain	and,	specifically,	the	Not-Box	region	of	

CNOT3	for	its	incorporation	into	the	complex	was	elucidated	by	co-immunoprecipitation	

assays.	This	finding	is	consistent	with	prior	structural	studies	that	have	underscored	the	

pivotal	 role	 of	 these	 domains	 in	 mediating	 protein-protein	 interactions	 within	 the	

complex	(Suzuki	et	al.	2015;	Buschauer	et	al.	2020).	The	indispensability	of	these	regions	

for	complex	assembly	and	stability	was	further	solidified	by	the	observation	that	CNOT3	

variants	lacking	these	regions	failed	to	interact	with	other	subunits.	

Notably,	 findings	 also	 demonstrate	 that	 the	 N-terminal	 domain	 (NTD)	 of	 CNOT3	 is	

dispensable	for	its	interaction	with	CNOT2,	aligning	with	previous	studies	(Suzuki	et	al.	

2015;	Buschauer	et	al.	2020).	This	consensus	is	further	supported	by	our	findings,	which	

collectively	 suggest	 that	 the	NTD	may	not	 be	 directly	 involved	 in	mediating	 the	 core	

interaction	between	CNOT3	and	CNOT2	within	 the	Ccr4-Not	complex.	While	 the	NTD	

plays	a	role	 in	mediating	CNOT3’s	 interactions	with	ribosomes	(Absmeier	et	al.	2023;	

Buschauer	et	al.	2020;	Collart,	Audebert,	and	Bushell	2023)	
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5.13.2	In	silico	analysis	of	CNOT3	and	CNOT2	mutations	

CNOT3	and	CNOT2	mutations	found	in	the	literature	were	analysed	using	in	silico.	The	in	

silico	 predictions	 generated	 by	 SIFT,	 PolyPhen-2,	 AlphaMissense	 and	 PROVEAN	

provided	 valuable	 insights	 into	 the	 potential	 pathogenicity	 of	 CNOT3	 and	 CNOT2	

variants.	 In	general,	a	high	degree	of	concordance	was	observed	between	these	tools,	

with	 most	 variants	 predicted	 to	 be	 damaging	 or	 likely	 pathogenic.	 However,	 some	

discrepancies	 were	 also	 noted,	 highlighting	 the	 importance	 of	 considering	 multiple	

prediction	 algorithms	 and	 incorporating	 experimental	 validation	 to	 accurately	 assess	

the	 functional	 impact	 of	 mutations.	 For	 instance,	 the	 K119E	 and	 E147K	 variants	 in	

CNOT3	was	classified	as	tolerated	by	SIFT	but	as	likely	pathogenic	by	AlphaMissense	and	

possibly	damaging	by	PolyPhen-2.	variants.	

Similarly,	The	CNOT2	Asn466His	(N466H)	variant,	located	within	the	conserved	Not-box	

region,	 demonstrates	 contrasting	 interpretations	 across	 predictive	 tools.	

While	AlphaMissense	and	PolyPhen-2	classify	 this	 variant	 as	 benign,	 analysis	

with	SIFT	and	 structural	 evidence	 underscores	 its	 critical	 role	 in	 protein	 stability,	

suggesting	 pathogenicity.	 Structural	 predictions	 indicate	 that	 the	N466H	 substitution	

disrupts	essential	hydrogen	bonds	within	the	Not-box	region,	potentially	destabilising	

the	protein	structure.	This	variant,	conUirmed	as	de	novo,	is	associated	with	phenotypic	

features	 that	 overlap	 with	 those	 observed	 in	 truncating	mutations,	 such	 as	K316Ter,	

highlighting	its	likely	functional	signiUicance	(Uehara	et	al.,	2019;	Niceta	et	al.,	2023).	

The	 truncating	 mutation	K316Ter,	 located	 in	 the	N-terminal	 domain	of	 CNOT2,	 was	

analysed	 using	PROVEAN	and	 found	 to	 be	 deleterious.	 This	 truncation	 removes	

significant	portions	of	the	protein,	which	is	essential	for	its	function.	Both	N466H	and	

K316Ter	mutations	 lead	to	core	phenotypic	 features,	 indicating	severe	 impairment	of	

CNOT2	 functionality.	 However,	 their	 mechanisms	 of	 disruption	 differ:	 N466H	 likely	

destabilises	 the	 protein	 through	 structural	 alterations	 in	 the	 Not-Box	 region,	 while	

K316Ter	results	in	a	loss	of	functionality	(Uehara	et	al.	2019;	Niceta	et	al.	2023).		

Furthermore,	although	CNOT3	is	highly	intolerant	to	missense	variation,	as	reUlected	by	

its	signiUicantly	reduced	number	of	observed	variants	compared	to	the	expected	number	
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(expected:	292.1;	observed:	156;	Z	=	3.89)	(Martin	et	al.	2019),	co-immunoprecipitation	

experiments	demonstrated	that	the	missense	mutations	did	not	disrupt	the	interaction	

with	 the	 core	Ccr4-Not	 complex.	This	 finding	 suggests	 that	 these	mutations	may	 still	

contribute	to	T-ALL	and	IDDSADF	pathogenesis	through	more	subtle	impacts	or	other	

mechanisms	 such	 as	 interaction	 between	 the	 N-terminal	 domain	 of	 CNOT3	 and	 the	

ribosome,	which	could	influence	translation	efficiency	(Zhu	et	al.	2024;	Absmeier	et	al.	

2023).	

The	truncating	mutation	in	CNOT2	(K316Ter)	that	causes	IDNADFS	likely	acts	through	

haploinsufUiciency	(Uehara	et	al.	2019).	PROVEAN	analysis	and	co-immunoprecipitation	

experiments	demonstrated	that	Flag-CNOT2K316Ter	fails	to	incorporate	into	the	Ccr4-

Not	 complex,	 severely	 compromising	 CNOT2	 function.	 In	 contrast,	 for	 the	 missense	

mutation	N466H,	although	structural	analysis	suggested	that	the	amino	acid	substitution	

to	histidine	would	be	detrimental	to	the	integrity	of	the	Not-Box	region	and	causing	loss	

of	function,	in	vitro	experiments	showed	partial	disruption	of	its	incorporation	into	the	

Ccr4-Not	complex.	This	suggests	that	N466H	may	exert	more	subtle	effects	that	require	

further	investigation	to	fully	elucidate	its	role	and	impact.	

	

The	 disparity	 between	 in	 silico	 predictions	 and	 experimental	 results	 serves	 as	 a	

cautionary	reminder	of	the	limitations	inherent	in	computational	models.	While	these	

tools	 are	 invaluable	 for	 generating	 hypotheses	 and	 guiding	 research,	 they	 may	 not	

always	accurately	predict	the	functional	consequences	of	mutations	within	the	complex	

cellular	environment.		

While	this	study	provides	insights	into	the	impact	of	CNOT3	and	CNOT2	mutations	on	

Ccr4-Not	complex	formation,	it's	important	to	acknowledge	its	limitations.	The	use	of	in	

vitro	 assays,	 although	 valuable,	may	 not	 fully	 recapitulate	 the	 complexities	 of	 in	 vivo	

cellular	environments.	Future	studies	should	employ	in	vivo	models	and	patient-derived	

samples	to	validate	and	extend	our	findings.	
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	6.1	Concluding	remarks	and	future	outlook	

This	study	focuses	on	understanding	the	role	of	human	CNOT3,	a	key	subunit	of	

the	 Ccr4-Not	 complex,	 in	 cell	 proliferation	 and	 in	 disease.	 Insights	 into	 how	

CNOT3	 contributes	 to	 these	processes	 are	 essential	 for	 uncovering	 its	 broader	

signiUicance	in	human	health	and	pathology.		
One	of	the	initial	steps	in	mRNA	degradation	is	deadenylation,	the	shortening	and	

removal	of	 the	poly(A)	 tail	 from	mRNAs	 (Park	et	 al.	 2023;	Pavanello,	Hall,	 and	

Winkler	 2023;	 Passmore	 and	 Coller	 2022;	Webster	 et	 al.	 2017).	 The	 Ccr4-Not	

complex	is	a	central	player	in	this	process,	acting	as	a	multi-subunit	deadenylase	

that	regulates	 the	stability	and	turnover	of	mRNAs	(Chen	and	Shyu	2011).	The	

complex	 is	 critical	 for	 various	 cellular	 functions,	 including	mRNA	degradation,	

translation,	transcription	regulation,	and	protein	ubiquitination,	underscoring	its	

importance	in	maintaining	cellular	homeostasis	(Collart	2016).	

The	human	Ccr4-Not	complex	consists	of	nine	subunits,	each	with	a	speciUic	role.	

CNOT1	serves	as	a	scaffold	protein,	binding	other	subunits	and	organising	them	

into	 functional	 modules	 (Collart	 and	 Panasenko	 2017).	 The	catalytic	

module	includes	 CNOT6/6L	 (Mittal	 et	 al.	 2011)	 and	 CNOT7/8	 (Mostafa	 et	 al.	

2020),	responsible	for	removing	the	poly(A)	tail	(Yi	et	al.	2018).	However,	the	non-

catalytic	subunits,	such	as	CNOT2	(Ito,	Inoue,	et	al.	2011)	and	CNOT3	(Zhu	et	al.	

2024),	play	equally	important	roles	in	the	regulatory	mechanisms	that	guide	the	

complex’s	interaction	with	mRNAs.		In	particular,	CNOT3	has	emerged	as	a	crucial	

regulatory	 subunit,	 maintaining	 the	 structural	 integrity	 of	 the	 complex	 and	

ensuring	its	proper	functioning.	

This	thesis	focused	on	CNOT3,	speciUically	its	N-terminal	and	C-terminal	domains,	

to	 better	 understand	 its	 role	 within	 the	 Ccr4-Not	 complex.	 The	C-terminal	

domain	of	 CNOT3,	 which	 contains	 the	Not-Box,	 facilitates	 the	 interaction	

with	CNOT2,	securing	 incorporation	of	CNOT3	and	CNOT2	within	 the	Ccr4-Not	

complex		(Suzuki	et	al.	2015;	Ghashghaei	et	al.	2024;	Boland	et	al.	2013;	Xu	et	al.	

2014).	 In	 contrast,	 the	N-terminal	 domain	of	 CNOT3,	 while	 less	 studied,	 has	

gained	 attention	 due	 to	 its	 involvement	 in	 critical	 protein-protein	 interactions	
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essential	for	translation	regulation	(Buschauer	et	al.	2020;	Ghashghaei	et	al.	2024;	

Absmeier	et	al.	2023;	Collart,	Audebert,	and	Bushell	2023;	Zhu	et	al.	2024).	

SigniUicantly,	mutations	in	the	N-terminal	domain	of	CNOT3	have	been	linked	to	T-

cell	 acute	 lymphoblastic	 leukaemia	 (T-ALL)	and	neurodevelopmental	 disorders	

(NDDs).	 Mutations	 have	 been	 identiUied	 in	 patients	 with	 these	 diseases	 (De	

Keersmaecker	et	al.	2013;	Martin	et	al.	2019),	indicating	that	alterations	in	this	

domain	may	disrupt	normal	cellular	functions.	These	mutations	are	believed	to	

affect	the	regulatory	capacity	of	CNOT3,	impairing	its	ability	to	maintain	proper	

mRNA	degradation,	transcriptional	control	and	translational	regulation,	leading	

to	abnormal	cellular	growth	and	developmental	abnormalities	(Martin	et	al.	2019;	

De	Keersmaecker	et	al.	2013;	Uehara	et	al.	2019;	Niceta	et	al.	2023;	Ghashghaei	et	

al.	2024).	While	this	project	focused	on	understanding	the	broader	role	of	CNOT3	

in	HEK293	 cells,	 these	 disease-associated	 mutations	 highlight	 the	 critical	

importance	of	the	N-terminal	domain	in	human	health	and	disease.	

Additionally,	 mutations	 in	CNOT2	have	 also	 been	 implicated	

in	neurodevelopmental	disorders.	Recent	studies	(Uehara	et	al.	2019;	Niceta	et	al.	

2023)	 have	 identiUied	CNOT2	 mutations	as	 a	 cause	 of	 severe	 developmental	

delays,	 intellectual	 disability,	 and	 autism	 spectrum	disorders.	 These	mutations	

can	alter	 the	 integrity	 and	 function	of	 the	Ccr4-Not	 complex,	 as	CNOT2	plays	a	

pivotal	role	in	coordinating	interactions	between	other	subunits	like	CNOT1	and	

CNOT3.	Disruption	in	the	regulatory	function	of	CNOT2	can	lead	to	abnormal	gene	

expression	 (Sohn	 et	 al.	 2018;	 Jung	 et	 al.	 2021;	 Ito,	 Inoue,	 et	 al.	 2011),	 further	

highlighting	the	importance	of	non-catalytic	subunits	in	maintaining	cellular	and	

developmental	 processes	 (Sohn	 et	 al.	 2018;	 Jung	 et	 al.	 2021;	 Ito,	 Inoue,	 et	 al.	

2011).		

Moreover,	while	 previous	 research	 (Suzuki	 et	 al.	 2015),	 has	 demonstrated	 the	

essential	 role	 of	CNOT3	in	mouse	 Uibroblast	 embryonic	 stem	 cells	 (MFEs),	 this	

study	 extended	 the	 focus	 to	 a	 human	 cell	model	 by	 investigating	 the	 function	

of	CNOT3	in	HEK293	cell	line.	This	allowed	for	a	more	in-depth	understanding	of	

how	CNOT3	operates	in	human	cells,	emphasising	its	pivotal	role	in	maintaining	
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cellular	proliferation	and	regulating	the	Ccr4-Not	complex's	mRNA	degradation	

activities.	

	

6.2	Generation	of	stable	cell	lines	for	the	conditional	expression	of	siRNA-

resistant	Flag-CNOT3	variants	

The	 generation	 of	 stable	 cell	 lines	 for	 the	 conditional	 expression	 of	 siRNA-

resistant	Flag-CNOT3	variants	directly	supports	the	Uirst	objective	of	this	thesis.	

These	cell	 lines	allow	me	 to	 investigate	 the	 functional	 contributions	of	 speciUic	

regions	of	CNOT3,	including	the	N-terminal	domain,	C-terminal	domain,	and	Not-

box	region.	By	providing	a	 tightly	controlled	system	to	selectively	express	both	

wild-type	 and	 mutant	 variants	 under	 an	 inducible	 promoter,	 these	 cell	 lines	

facilitated	detailed	 studies	 into	 the	distinct	 roles	 of	 CNOT3	variants	 in	 cellular	

processes.	

To	 achieve	 this,	 a	 series	 of	 siRNA-resistant	 Flag-CNOT3	 expression	 plasmids,	

including	Flag-CNOT3R1	(resistant	variant	1),	Flag-CNOT3R2	(resistant	variant	

2),	and	truncated	variants,	were	successfully	constructed.	These	plasmids	were	

used	 to	 establish	 stable	 Flp-In	 TREx	 HEK293	 cell	 lines,	 which	 offer	 tightly	

controlled	and	inducible	expression	of	CNOT3	variants.	The	Flp-In	TREx	system	

(O'Gorman,	 Fox,	 and	Wahl	1991)	 integrates	 the	 gene	of	 interest	 into	 a	deUined	

genomic	 locus,	 ensuring	 consistent	expression	 levels	across	different	 cell	 lines.	

This	 system	was	 chosen	 due	 to	 its	 ability	 to	mitigate	 clonal	 variability	 and	 its	

compatibility	 with	 siRNA-mediated	 knockdown	 of	 endogenous	 CNOT3.	 This	

approach	 allows	 for	 the	 conditional	 knockdown	 of	 endogenous	 CNOT3	 while	

simultaneously	 expressing	 siRNA-resistant	 CNOT3	 variants,	 enabling	 the	

functional	analysis	of	these	variants	in	a	cellular	context.	

While	 siRNA-mediated	 knockdown	was	 successfully	 employed	 in	 this	 study	 to	

deplete	 endogenous	 CNOT3,	 potential	 alternative	 strategies	 that	 could	 have	

strengthened	 the	 robustness	 and	 versatility	 of	 our	 approach.	 For	 instance	 ,the	

dTAG	system	(Nabet	et	al.	2018)	offers	a	powerful	and	highly	speciUic	alternative	

for	 conditional	 protein	 depletion.	 This	 system	 employs	 a	 tag-based	 chemical	

biology	 approach	 in	 which	 the	 protein	 of	 interest	 is	 fused	 to	 an	 engineered	
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FKBP12	 variant	 (FKBP12^F36V),	which	 is	 selectively	 targeted	 for	 degradation	
upon	treatment	with	a	small	molecule	degrader	such	as	dTAG-13.	The	degrader	

functions	 by	 bridging	 FKBP12^F36V	 to	 the	 CRBN	 E3	 ubiquitin	 ligase,	 thereby	

initiating	ubiquitination	and	proteasomal	degradation	of	the	tagged	protein.	A	key	

advantage	of	the	dTAG	system	is	its	rapid	and	reversible	mode	of	action,	allowing	

for	 the	 study	 of	 immediate	 cellular	 consequences	 following	 protein	 loss—

something	not	easily	achievable	with	RNAi,	which	often	has	slower	kinetics	and	

incomplete	 knockdown.	 Moreover,	 because	 dTAG	 targets	 the	 protein	 directly	

rather	than	its	transcript,	it	circumvents	concerns	related	to	mRNA	stability,	off-

target	transcript	effects,	and	the	generation	of	siRNA-resistant	mutants	(Nabet	et	

al.	2018).	

Another	effective	approach	for	gene	silencing	involves	designing	siRNAs	that	

speciUically	target	the	3′	untranslated	region	(3′	UTR)	of	the	endogenous	mRNA.	

This	allows	for	the	selective	knockdown	of	the	native	transcript	while	enabling	

the	expression	of	exogenous	constructs	that	lack	the	targeted	3′	UTR	sequence.	

Since	the	coding	sequence	of	the	exogenous	gene	remains	unchanged,	this	

strategy	avoids	the	need	for	introducing	silent	mutations	to	create	siRNA	

resistance,	which	can	sometimes	affect	translation	efUiciency,	mRNA	stability,	or	

protein	folding	(Yoo	et	al.	2007).	

The	cell	lines	generated	in	this	study	provided	a	valuable	resource	for	dissecting	

the	 contributions	 of	 speciUic	 CNOT3	domains	 to	 cell	 proliferation.	 Additionally,	

these	cell	lines	serve	as	a	robust	platform	to	study	the	ability	of	different	CNOT3	

variants	to	rescue	cellular	phenotypes	following	siRNA	knockdown	of	endogenous	

CNOT3,	 thereby	 offering	 insights	 into	 the	 molecular	 mechanisms	 underlying	

CNOT3's	roles.	

6.3	Essential	domains	for	cell	proliferation	

Using	 the	 panel	 of	 siRNA-resistant	 stable	 HEK293	 cell	 lines	 developed	 in	 this	

study,	 the	 essential	 domains	 of	 CNOT3	 required	 for	 cell	 proliferation	 were	

identiUied.	These	Uindings	directly	align	with	the	second	objective,	which	aimed	to	

characterise	the	functional	roles	of	the	N-terminal	and	C-terminal	domains,	and	

Not-Box	regions	of	CNOT3	in	driving	proliferation. 
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As	detailed	in	Chapter	4,	the	N-terminal	and	C-terminal	domains	of	CNOT3	were	

shown	to	be	indispensable	for	cell	proliferation.	Truncated	variants	lacking	the	N-

terminal	 and	C-terminal	domains	 failed	 to	 rescue	growth	defects	 following	 the	

siRNA-mediated	knockdown	of	endogenous	CNOT3.	These	results	highlight	 the	

essential	roles	of	these	domains	in	stabilising	CNOT3	within	the	Ccr4-Not	complex	

and	 supporting	 its	 regulatory	 functions	 in	 mRNA	 degradation	 and	 gene	

expression.	

Additionally,	the	Not-Box	region	was	also	demonstrated	to	be	essential,	as	variants	

lacking	this	domain	were	unable	to	complement	the	proliferation	defect.	These	

observations	 underscore	 the	 structural	 requirements	 for	 CNOT3’s	 activity,	

revealing	that	the	disruption	of	any	of	these	key	regions	compromises	its	ability	

to	 maintain	 normal	 cellular	 growth.	 For	 instance,	 experiments	 using	 the	

AlamarBlue	 assay	 conUirmed	 that	 only	 siRNA-resistant	 variants	 with	 intact	 N-	

terminal	and	C-terminal	domains	could	restore	proliferation,	 further	validating	

these	domains’	importance.	

These	 Uindings	 not	 only	 clarify	 the	 structural	 contributions	 of	 CNOT3	 but	 also	

suggest	 a	 potential	 for	 diseases,	 such	 as	 cancer,	 where	 disruptions	 in	 cell	

proliferation	are	a	hallmark.		

	

6.4	 Characterising	 the	 interactions	 and	 disease-associated	 mutations	 of	

CNOT3	and	CNOT2	variants	in	the	Ccr4-Not	Complex	

The	 third	 objective	 of	 this	 thesis	 was	 addressed	 to	 investigate	 how	 missense	

mutations	 in	 CNOT3	 and	 CNOT2	 contribute	 to	 neurodevelopmental	 disorders	

(Martin	 et	 al.	 2019)	 and	 T-cell	 acute	 lymphoblastic	 leukaemia	 (T-ALL)(De	

Keersmaecker	et	al.	2013),	alongside	determining	the	functional	signiUicance	of	N-

terminal	and	C-terminal	domains,	and	Not-Box	region	 in	 the	Ccr4-Not	complex	

interactions.	 Disease-associated	 mutations	 identiUied	 from	 the	 literature	 were	

introduced	 into	Flag-tagged	CNOT3	and	CNOT2	constructs,	and	their	effects	on	

protein	 interactions	 within	 the	 Ccr4-Not	 complex	 were	 examined	 through	

expression	in	HEK293	cells.	
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Investigation	 of	 CNOT3	 domain	 functionality	 was	 conducted	 through	 co-

immunoprecipitation	analysis	in	HEK293	cells	using	various	CNOT3	constructs.	

The	N-terminal	domain	was	 found	to	be	dispensable	 for	complex	 formation,	as	

both	wildtype	Flag-CNOT3	and	Flag-CNOT3R2ΔNTD	successfully	co-precipitated	

with	CNOT1,	CNOT2,	and	CNOT7.	However,	the	deletion	of	the	C-terminal	domain	

and	the	Not-Box	region	abolished	these	interactions,	demonstrating	their	crucial	

role	in	incorporating	CNOT3	into	the	Ccr4-Not	complex.	These	Uindings	align	with	

previous	structural	studies	(Suzuki	et	al.	2015;	Boland	et	al.	2013)	indicating	the	

importance	of	the	C-terminal	in	maintaining	Not-module	integrity.	

The	assessment	of	these	disease-associated	mutations	in	CNOT3	and	CNOT2	was	

conducted	 using	 both	 computational	 and	 experimental	 approaches.	 High	

concordance	 in	 predicting	 damaging	 effects	 for	 several	 CNOT3	 missense	

mutations	(L48V,	R57W,	R57Q,	R188C,	and	R188H)	was	demonstrated	 through	

computational	 analyses	 utilising	 prediction	 algorithms	 including	 SIFT	 (Kumar,	

Henikoff,	and	Ng	2009),	PolyPhen-2	(Adzhubei,	Jordan,	and	Sunyaev	2013),	and	

AlphaMissense	(Ljungdahl	et	al.	2023).	While	varied	predictions	across	different	

tools	were	observed	for	some	mutations,	such	as	K119E	and	E147K,	most	were	

consistently	classiUied	as	pathogenic.	

Normal	expression	 levels	of	CNOT3	variants	 in	HEK293	cells	were	detected	by	

Western	 blot	 analysis,	 suggesting	 these	mutations	 did	 not	 signiUicantly	 impact	

protein	 abundance	 or	 stability.	 The	 preservation	 of	 interactions	 between	
missense	 mutations	 in	 CNOT3's	 N-terminal	 domain	 and	 core	 Ccr4-Not	

components	 CNOT1,	 CNOT2,	 and	 CNOT7	 was	 demonstrated	 through	 co-

immunoprecipitation	 experiments.	 While	 these	 mutations	 did	 not	 disrupt	 the	

interaction	 of	 CNOT3	 and	 CNOT2	 with	 the	 core	 Ccr4-Not	 complex,	 their	

involvement	 in	 disease	 pathogenesis	 might	 occur	 through	 alternative	

mechanisms.	For	instance,	these	mutations	could	interfere	with	the	ability	of	the	

Ccr4-Not	complex	to	bind	ribosomes,	a	process	critical	for	its	role	in	regulating	

mRNA	stability	and	translation	(Absmeier	et	al.	2023;	Zhu	et	al.	2024).	

The	 missense	 mutation	 associated	 with	 CNOT2,	 identiUied	 as	 N466H,	 was	

evaluated	 in	 relation	 to	 IDNADFS	 (Niceta	 et	 al.	 2023).	 The	 Co-	
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immunoprecipitation	experiments	revealed	that	interactions	with	core	Ccr4-Not	

components,	 such	 as	 CNOT1,	 CNOT3,	 and	 CNOT7,	 remained	 intact	 in	 both	 the	

wild-type	 and	 N466H-mutant.		 Although	 Niceta	 et	 al.	 (Niceta	 et	 al.	 2023)	

demonstrated	through	structural	analyses	that	missense	mutation	in	the	Not-Box	

region,	 N466H,	 would	 perturb	 interactions	 within	 the	 Ccr4-Not	 complex	 and	

compromise	 its	 stability,	 the	 experimental	 results	 presented	 in	 this	 study	

indicated	that	these	interactions	remain	intact.	However,	subtle	functional	effects	
or	 impacts	 on	 non-core	 interactions	 cannot	 be	 ruled	 out	 and	 require	 further	

investigation	to	fully	understand.	

In	contrast,	truncating	mutation	in	CNOT2,	K316Ter,	cause	signiUicant	functional	

impairment.	 Analysis	 using	 PROVEAN	 (Choi	 et	 al.	 2012),	 a	 tool	 validated	 for	

predicting	 the	 impact	 of	 premature	 stop	 codons,	 classiUied	 this	 mutation	 as	

deleterious.	Co-immunoprecipitation	experiments	conUirmed	that	this	truncation	

prevents	 CNOT2	 incorporation	 into	 the	 Ccr4-Not	 complex.	 The	 truncating	

mutation	 has	 been	 strongly	 associated	 with	 severe	 neurodevelopmental	

phenotypes,	 including	 profound	 developmental	 delays,	 hypotonia,	 signiUicant	

speech	delays,	and	behavioural	abnormalities,	consistent	with	haploinsufUiciency	

caused	by	complete	loss	of	function	(Uehara	et	al.	2019;	Niceta	et	al.	2023).	The	

comparison	 of	 clinical	 phenotypes	 did	 not	 reveal	 clear	 differences	 between	

missense	 and	 truncating	 mutation	 in	 CNOT2.	 The	 patient	 with	 the	 missense	
mutation	 N466H	 exhibited	 similar	 core	 features	 to	 those	 with	 truncating	

mutations,	 including	 intellectual	 disabilities,	 developmental	 delays,	 and	

distinctive	facial	features	(Uehara	et	al.	2019;	Niceta	et	al.	2023).		

	

6.5	Future	Outlook	

The	Uindings	of	this	study	open	several	avenues	for	future	research	to	expand	our	

understanding	 of	 CNOT3	 and	 CNOT2	 in	 cellular	 regulation	 and	 disease	

mechanisms.	 These	 directions	 include	 the	 exploration	 of	 molecular	 pathways,	

therapeutic	 targeting,	 and	 the	 mechanistic	 impacts	 of	 disease-associated	

mutations:	
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Gene	Pro]iling	and	Pathway	Analysis	

Stable	cell	lines	developed	in	this	study	provide	a	platform	for	gene	proUiling	to	

uncover	pathways	directly	regulated	by	CNOT3.	RNA	sequencing	could	offer	a	

comprehensive	analysis	of	transcriptome-wide	changes,	helping	to	identify	

speciUic	target	genes	and	pathways	modulated	by	CNOT3	in	the	context	of	

diseases	like	T-ALL	and	neurodevelopmental	disorders.	By	examining	gene	

expression	changes	following	CNOT3	overexpression	or	knockdown,	future	

studies	could	delineate	the	regulatory	networks	inUluenced	by	CNOT3	and	

evaluate	how	different	variants	affect	these	pathways.	This	approach	may	

provide	mechanistic	insights	into	how	CNOT3	dysfunction	contributes	to	disease	

pathogenesis	and	identify	potential	molecular	targets	for	therapeutic	

intervention.	

	

Investigating	Mutational	Impacts	Beyond	Complex	Formation	

While	this	study	demonstrated	that	missense	mutations	in	CNOT3	and	CNOT2	

retain	interactions	with	the	core	Ccr4-Not	complex,	future	work	should	explore	

other	potential	pathogenic	mechanisms.	These	include	examining	the	effects	of	

mutations	on	protein	stability,	catalytic	activity,	and	interactions	with	other	

proteins	or	cofactors.	Ribosome	proUiling	and	co-immunoprecipitation	assays	

could	be	used	to	investigate	the	impact	of	mutations	on	ribosome	association,	

particularly	given	recent	evidence	of	interactions	between	CNOT3	and	

ribosomes	through	its	N-terminal	domain	(Absmeier	et	al.	2023;	Zhu	et	al.	

2024).	Understanding	how	these	mutations	inUluence	translational	control	and	

mRNA	metabolism	could	reveal	novel	aspects	of	their	involvement	in	disease	

Therapeutic	Targeting	of	CNOT3	Domains	

Future	research	should	focus	on	the	therapeutic	potential	of	targeting	critical	

CNOT3	domains,	particularly	the	N-terminal	and	C-terminal	domains,	and	Not-

Box	regions.	Identifying	small	molecules	that	disrupt	their	function	could	be	

utilised	to	inhibit	CNOT3-mediated	cell	proliferation,	offering	promising	

applications	in	cancer	treatment.	Aberrant	CNOT3	expression	has	been	

implicated	in	tumour	formation	(Cejas	et	al.	2017),	progression,	and	drug	
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resistance	in	various	cancers,	including	non-small	cell	lung	cancer	(NSCLC)	(Jing	

et	al.	2019)	and	renal	cancer	(Mao	et	al.	2021).	For	example,	CNOT3	has	been	

shown	to	contribute	to	cisplatin	resistance	and	dampen	sensitivity	to	EGFR-TKIs	

like	geUitinib.	Targeting	CNOT3	could,	therefore,	not	only	inhibit	tumour	growth	

but	also	overcome	therapeutic	resistance,	potentially	enhancing	the	efUicacy	of	

existing	anti-cancer	treatments	(Jing	et	al.	2019).																				
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The	COVID-19	pandemic	 signiUicantly	 impacted	 the	 initial	 stages	of	my	PhD	 research.	

During	 the	 Uirst	 year	 of	 my	 program,	 strict	 restrictions	 were	 imposed	 on	 laboratory	

access	 and	 capacity	 to	 ensure	 safety	 and	 comply	 with	 government	 and	 institutional	

guidelines.	As	a	result,	I	was	limited	to	working	in	the	lab	for	only	a	few	hours	each	day,	

and	these	times	had	to	be	pre-booked	due	to	reduced	bench	availability	and	restrictions	

on	the	number	of	researchers	allowed	in	the	lab	simultaneously.	

Additionally,	 social	 distancing	measures	 requiring	 a	minimum	distance	 of	 1.5	meters	

between	individuals,	along	with	the	mandatory	use	of	face	shields	and	masks,	made	it	

challenging	for	others	to	effectively	demonstrate	experimental	procedures	to	me.	These	

restrictions	 signiUicantly	 impacted	my	ability	 to	gain	hands-on	 training	and	 reUine	my	

techniques.	Consequently,	my	progress	was	slower	than	anticipated,	and	I	was	only	able	

to	 construct	 two	plasmids	during	my	 Uirst	year.	This	 limited	progress	was	noted	with	

surprise	 by	 my	 internal	 examiner,	 further	 highlighting	 the	 unusual	 challenges	 faced	

during	this	time.	

By	the	second	year,	as	restrictions	eased,	I	was	able	to	accelerate	my	practical	training	

and	research	progress.		
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Sequencing	results	for	CNOT3	mutations	linked	with	IDDSADF	

	

	
													Appendix	2	bigure	1.	Sequencing	result	of	L48V.	

 
 
 
 
 
 
 

	
															Appendix	2		bigure	2.	Sequencing	result	of	R57W.	
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															Appendix	2	bigure	3.	Sequencing	result	of	R57Q.	

	

	

	

	

	

	

	
														Appendix	2	bigure	4.	Sequencing	result	of	K119E.	
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														Appendix	2	bigure	5.	Sequencing	result	of	E147K.	
	

	

	

	

	

	

	

	

	
														Appendix	2	bigure	6.	Sequencing	result	of	A188C.	
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															Appendix	2	bigure	7.	Sequencing	result	of	A188H.	
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									Appendix	3	bigure	1.		The	plasmid	map	of		pCMV-Flag-CNOT3.	
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				Appendix	3	bigure	2.	The		plasmid	map	of	pcDNA5-FRT-TetO-fSNAPc.	
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															Appendix	3	bigure	3.	The	plasmid	map	of	recombinase.	
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												Appendix	3	Figure	4.	The	plasmid	map	of	pCMV-Flag-CNOT2.	


