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4EBP1	 	 Eukaryotic	Translation	Initiation	Factor	4E-Binding	Protein	
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AGC	 	 Protein	Kinase	A,	Protein	Kinase	G,	Protein	Kinase	C	
Akt	 	 v-.-akt	murine	thymoma	viral	oncogene	homologue	1(PKB)	
AMPK	 	 AMP-.-activated	protein	kinase	
AS160	 	 Akt	substrate	of	160kDa	
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BSA	 	 bovine	serum	albumin	
cAMP	 	 cyclic	adenosine	monophosphate	
CHAPS	 	 3-.-[(3-.-Cholamidopropyl)dimethylammonio]-.-1-.-propanesulfonate	
C.elegans	 Caenorhabditis	elegans	
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C-terminal	 carboxy	terminal	
Da	 	 Dalton	
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GPCR	 	 G-.-protein	coupled	receptor	
gRNA		 	 guide	RNA	
GSK	 	 glycogen	synthase	kinase	
HA	 	 YPYDVPDYA	peptide(haemagglutinin)	
HEK293	 human	embryonic	kidney	293	
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HPLC	 	 high	performance	liquid	chromatography	
HRP	 	 horseradish	peroxidase	
IB	 	 immunoblot	
IF		 	 Immunofluorescence	
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IGFR	 	 insulin	like	growth	factor	receptor	
IgG	 	 immunoglobulin	G	
IP	 	 immunoprecipitation	
IRS	 	 insulin	receptor	substrate	
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VII. SUMMARY 
	
Derailment	of	PI3K-Akt	signalling	is	frequently	implicated	in	cancer.		While	Akt	is	a	
highly	studied	kinase,	comparatively	little	is	known	about	serum	and	glucocorticoid	
activated	kinase	3	(SGK3),	which	has	similar	substrate	specificity	to	Akt	and	is	also	
involved	 in	 growth	 and	survival	 pathways.	 Although	Akt	 is	 considered	 to	 be	 the	
major	mediator	of	PI3K	signalling,	evidence	has	accumulated	that	SGK3	can	play	an	
Akt	 independent	 role	 in	 cancer.	 The	 major	 aims	 of	 my	 PhD	 were	 to	 define	 the	
regulatory	 mechanisms	 that	 control	 SGK3	 activity	 and	 to	 delineate	 its	 unique	
physiological	 function(s)	 through	 identification	 of	 SGK3	 selective	 substrate(s).	
While	SGK3	shares	55%	sequence	identity	with	Akt	in	its	catalytic	domain,	SGK3	is	
unique	 in	 that	 it	 possesses	 a	 PX	 domain	unlike	 any	 other	 kinase	 known.	 The	 PX	
domain	localises	SGK3	to	PI(3)P	containing	endosomal	membranes.	This	raised	the	
possibility	 that	SGK3	is	regulated	differently	 to	Akt.	 In	 this	 thesis,	 I	present	data,	
which	provided	some	of	the	first	evidence	that	SGK3	is	regulated	by	both	PI3K	Class	
I	and	Class	III	(Vps34).	I	next	demonstrate	that	the	Vps34	–	SGK3	signalling	axis	is	
responsive	to	growth	factor	stimulation	in	an	analogous	manner	to	PI3K	Class	I–Akt	
signalling.	 This	 represents	 a	 previously	 unrecognised	mode	 of	 Vps34	 regulation,	
whereby	 IGF1	 enhances	 PI(3)P	 levels	 through	 a	 pathway	 involving	 the	 UV-RAG	
complex	 of	 Vps34	 that	 leads	 to	 enhanced	 recruitment	 and	 activation	 of	 SGK3.	
Moreover,	 I	 delineate	 how	 PI3K	 Class	 I	 exerts	 control	 over	 SGK3	 through	 two	
different	 routes,	 one	 involving	 mTORC2	 regulation	 and	 another	 involving	 the	
generation	 of	 a	 second	 pool	 of	 PI(3)P	 via	 sequential	 dephosphorylation	 of	
PI(3,4,5)P3	 by	 SHIP2	 and	 INPP4A/B	 phosphatases.	 These	 highly	 versatile	
mechanisms	 of	 SGK3	 regulation	 explain	 how	 the	 Vps34-SGK3	 axis	 is	 able	 to	
substitute	 for	 Akt	 following	 inhibition	 of	 PI3K	 Class	 I/Akt	 pathways.	 They	 also	
illustrate	 robustness	 of	 SGK3	 activity	 that	 can	 remain	 active	 and	 counteract	
physiological	conditions	or	stresses	where	either	PI3K	Class	I	or	III	pathways	are	
inhibited.	Finally	I	present	data	leading	to	the	discovery	of	novel	in	vivo	substrates	
of	SGK3	(and	Akt)	such	as	PanK4.	Most	importantly	I	identify	the	first	physiological	
substrate	unique	to	SGK3,	 the	endosomal	SNARE	protein,	Syntaxin	12	that	 is	not	
phosphorylated	by	Akt.	This	finding	represents	the	first,	non-Akt	related	function	of	
SGK3	at	the	endosomes	and	further	explains	why	SGK3	requires	regulation	by	two	
distinct	classes	of	PI3K.	
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Chapter 1 
INTRODUCTION 

1.1	PROTEIN	PHOSPHORYLATION	

Protein	phosphorylation	is	the	transfer	of	a	phosphate	group	from	ATP	to	Ser,	Thr	

or	 Tyr	 residues	 on	 proteins	 and	 is	 the	 most	 common	 post	 translational	

modification	in	eukaryotes	(Hunter,	2012).	Protein	phosphorylation	is	a	reversible	

process	 that	 governs	 nearly	 all	 aspects	 of	 cell	 life	 and	 is	 catalysed	 by	 protein	

kinases.	The	carefully	orchestrated	balance	between	phosphorylation	mediated	by	

kinases	 and	 dephosphorylation	 by	 phosphatases	 can	 vastly	 modify	 protein	

function	 ranging	 from	 increasing	 and	 decreasing	 biological	 activity,	 stabilisation,	

facilitation	 or	 inhibition	 of	 movement	 between	 subcellular	 compartments	 to	

enhancement	or	disruption	of	protein-protein	interactions	(Cohen,	2002).	

1.1.1	The	history	of	protein	phosphorylation	and	discovery	

Protein	 phosphorylation	was	 originally	 identified	 as	 a	 regulatory	mechanism	 for	

the	 control	 of	 glycogen	 metabolism,	 although	 the	 presence	 of	 phosphate	 in	 a	

protein	 called	 Vitellin	was	 discovered	 in	 1906	 (Levene	 &	 Alsberg,	 1906;	 Cohen,	

2002).	 A	 few	 decades	 later,	 Eugene	 Kennedy	 described	 the	 first	 enzymatic	

phosphorylation	 of	 casein	 by	 a	 liver	 enzyme	 (Burnett	 and	 Kennedy,	 1954).	

Phosphorylase	 is	 responsible	 for	 metabolism	 of	 glycogen	 to	 glucose.	 Initially,	

Krebs	and	Fischer	attempted	to	determine	how	5’	AMP	activated	Phosphorylase	B.	

Although	this	problem	would	not	be	resolved,	they	made	the	astounding	discovery	

that	phosphorylase	was	in	fact,	converted	from	its	inactive	form	to	its	active	form	

by	the	addition	of	a	phosphate	group	from	ATP,	in	the	process	of	phosphorylation,	

catalysed	 by	 an	 enzyme	named	phosphorylase	 kinase	 (Fischer	 and	Krebs,	 1955)	

(Fig	1.1).	They	also	discovered	that	the	mechanism	by	which	active	phosphorylase	

is	converted	back	to	its	inactive	form,	involves	removal	of	the	phosphate	group	by	

another	 enzyme	 termed	 phosphatase,	 reversing	 phosphorylation.	 Subsequently	

they	 demonstrated	 that	 phosphorylase	 kinase	 itself	 is	 regulated	 by	 a	 cAMP	
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responsive	 kinase	 (PKA),	 which	 led	 to	 the	 concept	 of	 kinase	 signalling	 cascades	

(Walsh	 et	 al.,	 1968).	 Despite	 these	 discoveries,	 phosphorylation	 was	 initially	

thought	 to	 be	 confined	 to	 glycogen	 metabolism.	 The	 significance	 of	

phosphorylation	 in	other	cellular	pathways	became	clearer	 in	 the	1970s	and	80s	

through	 identification	 of	 new	 kinases	 such	 as	 myosin	 light	 chain	 kinase	 and	

phosphatases	 including	 calcineurin	 (Stewart	 et	 al.,	 1982,	 Ingebritsen	 and	Cohen,	

1983)	

	

Figure	1.1	–	Regulation	of	enzyme	activity	by	reversible	phosphorylation	

	
	

	

Figure	 –	 1.1	 –	 Reversible	 phosphorylation	 as	 a	 molecular	 switch,	 leading	 to	 activation	 or	
inactivation	of	kinases,	which	can	in	turn	go	onto	phosphorylate	other	proteins/kinases	initiating	a	
signalling	cascade.	
	

	

Phosphorylation	 acts	 as	 a	 molecular	 switch,	 which	 induces	 changes	 in	 the	

conformation	 of	 a	 protein	 leading	 to	 alteration	 of	 its	 activity.	 	 As	 a	 control	

mechanism,	 reversible	phosphorylation	offers	many	advantages:	 it	 is	 rapid,	does	

not	 require	 synthesis	 of	 new	 proteins	 or	 degradation	 and	 is	 easily	 reversible.	 A	

kinase	signalling	cascade	is	initiated	when	a	stimulus	received	by	a	receptor	kinase	

leads	 to	 phosphorylation	 and	 activation	 of	 another	 kinase	 which	 in	 turn	

phosphorylates	the	next	kinase	in	the	cascade	and	so	on.		This	results	in	the	signal	

being	transmitted	throughout	the	cell,	leading	to	generation	of	the	desired	output	

triggered	 by	 the	 initial	 stimulus.	 However,	 phosphorylation	 does	 not	 always	
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induce	 activation	 of	 a	 protein;	 as	 mentioned	 at	 the	 beginning	 of	 the	 chapter	

reversible	phosphorylation	can	alter	other	attributes	of	a	protein	such	as	location	

or	stability	enabling	signal	transduction	by	alternative	mechanisms.		

1.2	PROTEIN	KINASES	

Approximately	518	kinases	have	been	identified	to	date,	which	are	components	of	

diverse	and	complex	networks	that	can	modify	a	vast	number	of	cellular	proteins	

in	response	to	various	stimuli	(Manning	et	al.,	2002).	Based	on	sequence	similarity	

of	 the	 kinase	 domains,	 these	 kinases	 have	 been	 catalogued	 and	 classified	 as	

belonging	to	one	of	eight	different	groups	including:	atypical	kinase	family,	CAMK	

(Ca2+/Calmodulin	 dependent	 kinase	 family),	 CMGC	 (CDK,	MAPK,	 GSK3	 and	 CLK	

family),	TK	 (Tyrosine	Kinases	 family),	TKL	 (Tyrosine	kinase-like	kinases	 family),	

STE	(homologues	of	the	yeast	Sterile	kinases	family),	CK1 (Casein	kinase	1	family)	

and	 AGC	 (PKA,	 PKG	 and	 PKC	 family)	 kinase	 families	 (Fig	 1.2)	 (Manning	 et	 al.,	

2002).	
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Figure	1.2	–	The	Human	Kinome	

Fig	 1.2	 –	 The	 human	 kinome	 is	 comprised	 of	 more	 than	 500	 kinases.	 A	 phylogenetic	 tree	 was	
generated	 to	classify	all	known	kinases	 into	distinct	 families	based	on	sequence	similarity	of	 the	
kinase	domains	(Manning	et	al.,	2002).	



5	

1.2.1	AGC	KINASES	

The	AGC	kinase	sub-family	consists	of	63	highly	conserved	Ser/Thr	protein	kinases	

that	 based	 on	 sequence	 alignments	 of	 their	 catalytic	 kinase	 domains	were	most	

similar	 to	 cAMP-dependent	 protein	 kinase	 1	 (PKA),	 cGMP-dependent	 protein	

kinase	(PKG)	and	protein	kinase	C	(PKC).	

1.2.2	Structural	features	of	the	AGC	kinases	

The	first	protein	kinase	crystallised	was	the	AGC	kinase	PKA	catalytic	domain	and	

provided	a	model	to	understand	structural	features	of	other	kinases	(Knighton	et	

al.,	1991).	All	AGC	kinases	appear	to	possess	the	prototypical	bilobal	fold	described	

for	PKA.	This	bilobal	kinase	fold	consists	of	an	amino	terminal	small	lobe	(N-lobe)	

and	a	carboxy	terminal	 large	 lobe	(C-lobe),	which	enclose	one	ATP	molecule	 that	

provides	 the	 phosphate	 group	 during	 phosphorylation.	 While	 the	 small	 lobe	

consists	 of	 a	 5-stranded	 β-sheet	 and	 a	 helix	 αC,	 the	 large	 lobe	 is	 mostly	 alpha	

helical	(Fig	1.3)	(Pearce	et	al.,	2010).	

The	activation	segment	of	the	kinases	is	located	in	the	C-lobe	in	close	proximity	to	

the	 ATP	 binding	 site	 and	 contains	 important	 catalytic	 features	 such	 as	 the	 DFG	

(Asp-Phe-Gly)	motif,	which	is	responsible	for	positioning	ATP	to	enable	phosphate	

transfer.	Generally,	phosphorylation	of	the	activation	segment,	which	is	connected	

to	 the	 N-lobe	 through	 the	 αC	 helix,	 causes	 conformational	 changes	 that	 enable	

establishment	of	a	network	of	hydrogen	bonds	between	an	αC	helix	Glu	residue,	N-

lobe	 Lys	 residue	 and	 the	 phosphates	 of	 the	 ATP;	 this	 network	 is	 essential	 for	

catalytic	activity	of	the	kinase	(Fig	1.3)	(Komander	et	al.,	2005,	Yang	et	al.,	2002).	

The	 N-lobe	 also	 interacts	 with	 the	 hydrophobic	 motif	 through	 a	 hydrophobic	

pocket	 formed	partly	by	the	αC	helix	 in	 the	N-lobe	(Pearce	et	al.,	2010)	(Fig	1.3).	

The	hydrophobic	motif	is	located	on	a	C-terminal	tail	that	extends	from	the	C-lobe	

and	 loops	around	 the	N-lobe	 to	 insert	 two	aromatic	motifs	 into	 the	hydrophobic	

pocket,	 also	 known	 as	 the	 PIF	 pocket;	 this	 results	 in	 stabilisation	 of	 the	 active	
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conformation	 of	 the	 αC	 helix	 (Yang	 et	 al.,	 2002).	 Additionally,	 the	 turn	 motif	

located	in	the	C-terminus	and	preceding	the	hydrophobic	motif,	can	enable	the	C-

terminal	 tail	 to	encircle	 the	N-lobe.	Thus,	 the	turn	motif	phosphorylation	 site,	 in	

addition	 to	 the	 corresponding	 positively	 charged	 region	 on	 the	 N-lobe,	 are	 also	

important	for	full	kinase	activation	(Hauge	et	al.,	2007).	Active	site	binding	to	the	

kinase	substrate	is	enabled	by	a	groove	near	the	active	site	and	the	residues	at	the	

binding	site	determine	substrate	specificity.	

Other	structural	features	of	protein	kinases	include	phospholipid-binding	domains	

that	 are	present	 in	54	of	 the	518	human	protein	kinases	known	and	majority	of	

serine/threonine	 kinases	 containing	 such	 domains	 belong	 to	 the	 AGC	 family	

(Leonard	 and	 Hurley,	 2011).	 This	 demonstrates	 the	 importance	 of	 lipids	 in	 the	

regulation	of	kinases.	Currently	six	lipid	interacting	domains	are	known	including	

C1,	C2,	FERM,	PH,	PX	and	KA1	domains	(Moravcevic	et	al.,	2010,	Lemmon,	2008).	

These	 domains	 play	 critical	 roles	 in	 membrane	 targeting	 and	 activation	 of	 the	

kinases	 containing	 them.	 	 Interestingly	 two	 subfamilies	 of	 tyrosine	 kinases	 also	

contain	 phosphoinositide	 binding	 domains	 including	 Bruton’s	 tyrosine	 kinase	

(BTK)	and	 focal	 adhesion	kinase	 (FAK)	 (Leonard	and	Hurley,	2011,	Leonard	and	

Hurley,	 2007).	 Protein	 kinase	 C	 (PKC)	 is	 a	 well	 studied	 example	 of	 an	 enzyme	

family	whose	localisation	and	enzymatic	activation	is	dependent	on	lipid	signalling	

(Newton,	 2009).	 	 Phospholipase	 C	 hydrolyses	 phosphatidylinositol	 (4,5)	

bisphosphate	 to	 generate	 the	 lipid	 second	 messenger	 diacylglycerol	 (DAG)	 and	

inositol-1,4,5-triphosphate	 (IP3),	 which	 in	 turn	 stimulates	 release	 of	 Ca2+	 ions	

from	 intracellular	 stores.	 This	 results	 in	 PKCs	 containing	 C2	 domains	 to	 be	

recruited	 to	 the	 membrane	 where	 Ca2+	 ions	 bridge	 the	 C2	 domain	 to	

phosphatidylserine	(PS).	PKC	 is	 then	activated	at	 the	membrane	by	binding	DAG,	

through	its	C1	domains	(Nishizuka,	1992).	Importantly,	the	C1	domains	possess	a	

rim	of	hydrophobic	residues	around	the	DAG	binding	cleft,	which	enable	insertion	

into	the	lipid	bilayer;	this	hydrophobic	rim	is	essential	for	allosteric	regulation	of	

these	 proteins.	 Ultimately,	 binding	 of	 DAG	 provides	 energy	 for	 displacing	 the	

autoinhibitory	 pseudosubstrate	 from	 the	 catalytic	 site	 by	 binding	 one	 of	 the	 C1	

domains	 (C1A),	 activating	PKC.	For	 full	 activation	of	PKCs	with	 two	C1	domains,	
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engagement	 of	 the	 C1B	 domain	 to	 the	 membrane	 via	 a	 slightly	 different	

mechanism	is	also	required	(Leonard	and	Hurley,	2011).		

The	 formation	of	phosphoinositide	 lipids	by	PI3Ks,	 the	 impact	of	 lipid	binding	to	

the	Akt	PH	and	SGK3	PX	domains,	in	addition	to	the	role	of	phosphatases,	will	be	

discussed	further	in	later	sections.	

Figure	1.3	-	Structural	Features	of	AGC	kinases	

Adapted	from	(Pearce	et	al.,	2010)	

Figure	 1.3	 –	 Key	 features	 of	 AGC	 kinases	 demonstrated	 by	 the	 structure	 of	 the	 triply	
phosphorylated	 protein	 kinase	 Cβ2	 (PKCβ2).	 The	 small	 lobe,	 large	 lobe,	 activation	 segment,	αC	
helix,	 turn	 motif,	 hydrophobic	 motif	 and	αG	 helix	 are	 indicated.	 The	 three	 regulatory	
phosphorylation	 sites	 are	 shown	 in	 ball-and-stick	 representation	 (red),	 and	 the	 inhibitor	 in	 the	
ATP-binding	site	is	shown	in	light	blue	(Pearce	et	al.,	2010).	
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1.2.3	Regulation	of	AGC	kinases	by	PDK1	and	mTORC2	

Activation	 of	 AGC	 kinases	 generally	 involves	 phosphorylation	 of	 the	 two	

aforementioned,	 highly	 conserved	 regulatory	 motifs	 including	 the	 activation	

segment	 (also	 known	 at	 T	 loop)	 located	 in	 the	 catalytic	 domain	 and	 the	

hydrophobic	motif	situated	 in	a	non	catalytic	region	 following	the	kinase	domain	

(Pearce	et	al.,	2010,	Leroux	et	al.,	2017).	Some	AGC	kinases	possess	an	additional	

phosphorylation	 site	 located	 in	 the	 turn	 motif,	 which	maintains	 integrity	 of	 the	

protein	(Hauge	et	al.,	2007).	Phosphorylation	at	 these	sites	 triggers	specific	 intra	

or	 inter	 molecular	 interactions	 that	 regulate	 kinase	 activity.	 While	

phosphorylation	of	the	activation	loop	enables	the	activation	loop	to	be	fixed	with	

both	 the	 large	 and	 small	 lobes;	 phosphorylation	 of	 the	 hydrophobic	 motif	

promotes	 activation	 of	many	AGC	 kinases	 by	 enhancing	 the	 interaction	 between	

the	 hydrophobic	motif	 and	 the	 PIF	 pocket	 of	 PDK1.	 Phosphorylation	 of	 Akt	 and	

SGK3	at	these	sites	is	discussed	later.	Notably,	the	hydrophobic	motif	in	PKA	and	

PKG	 is	 truncated,	which	means	 that	 these	kinases	do	not	possess	a	hydrophobic	

motif	phosphorylation	site.		

1.2.4	PDK1	

PDK1	is	highly	conserved	through	evolution	and	consists	of	an	N-terminal	kinase	

domain	 followed	 by	 a	 linker	 region	 and	 a	 C-terminal	 PH	 domain.	 PDK1	 can	 be	

considered	a	master	kinase	that	phosphorylates	 the	activation	 loop	of	at	least	23	

other	AGC	kinases,	which	have	been	primed	for	activation	by	PDK1	(Leroux	et	al.,	

2017,	 Pearce	 et	 al.,	 2010).	 Importantly,	 PDK1	 is	 an	 important	 mediator	 of	 the	

phosphoinositide	3-kinase	(PI3K)	pathway	and	is	therefore	also	critically	involved	

in	 growth	 factor	 signalling	 (Vanhaesebroeck	 and	 Alessi,	 2000,	 Gagliardi	 et	 al.,	

2017,	Gagliardi	et	al.,	2015).	The	presence	of	a	PH	domain	in	both	PDK1	and	AKT	

enables	 these	 proteins	 to	 interact	 with	 the	 second	 messenger	 PI(3,4,5)P3,	

generated	by	PI3K	Class	I	,	bringing	them	into	close	proximity	to	each	other	at	the	

plasma	membrane,	where	 PDK1	 can	 activate	Akt.	However,	 PDK1	 is	 also	 able	 to	

bind	soluble	inositol	phosphates,	which	can	anchor	PDK1	to	its	cytosolic	substrates	
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(Komander	et	al.,	2004).	For	substrates	lacking	a	PH	or	other	membrane-targeting	

domain,	phosphorylation	of	the	hydrophobic	motif	promotes	their	interaction	with	

the	PIF	pocket	of	PDK1.	PDK1,	unlike	 its	substrates,	can	trans	autophosphorylate	

its	own	activation	segment	residue	on	Ser241	and	is	therefore	constitutively	active	

(Casamayor	et	al.,	1999).		

	

	

1.2.5	mTORC2	

	

The	study	of	rapamycin	in	yeast	and	mammalian	systems	led	to	the	discovery	of	a	

large	250kDa	protein	as	the	drug’s	cellular	target,	which	in	mammals	was	named	

the	mammalian	 target	of	 rapamycin	 (mTOR),	discovered	by	 Joseph	Heitman	and	

Michael	Hall	 (Heitman	et	al.,	1991).	 Just	recently,	Michael	Hall	received	the	2017	

Albert	 Lasker	 Prize	 for	 this	 major	 discovery	 and	 work	 on	 TOR	 proteins.	 The	

mammalian	 target	 of	 rapamycin	 (mTOR)	 is	 an	 atypical	 kinase, also known as 

phosphoinositide	3-kinase-related	kinases	(PIKKs),	evolutionarily	conserved	from	

yeast	to	human	(Guertin	and	Sabatini,	2005).	Interestingly,	members	of	this	family	

share	homology	with	lipid	kinases	but	possess	Ser/Thr	protein	kinase	activity	(Su	

and	 Jacinto,	 2011).	 While	 the	 N-terminus	 of	 mTOR	 consists	 of	 HEAT	

(Huntingtin,	Elongation	 factor	 3,	A	subunit	 of	 protein	 phosphatase	 2A,	TOR1)	

repeats,	 an	 HTH	 (helix	 turn	 helix)	 motif	 and	 a	 Golgi/ER	 localization	 signal	

sequence	(LS),	the	catalytic	domain	is	flanked	by	FAT	and	FATC	sequences	and	is	

closer	to	the	C-terminus	(Bosotti	et	al.,	2000).	mTOR	forms	the	catalytic	subunit	of	

two	 distinct	 complexes,	 mTOR	 complex1	 (mTORC1)	 and	 mTOR	 complex	 2	

(mTORC2),	 which	 are	 components	 of	 distinct	 pathways	 performing	 distinct	

functions.	mTORC1	 is	 comprised	 of	 the	 core	 proteins	mTOR,	mLST8	 and	Raptor	

(regulatory	 associated	 protein	 of	 mTOR),	 along	 with	 the	 additional	 subunits,	

Deptor,	Rheb-GTP,	Rag	A-D	and	PRAS40	(Sancak	et	al.,	2007,	Loewith	et	al.,	2002,	

Kim	et	al.,	2002).	Rictor	(rapamycin	 insensitive	companion	of	mTOR),	mTOR	and	

mLST8	form	the	mTORC2	core	complex;	other	associating	members	include	mSin1,	

Protor	and	Deptor	(Pearce	et	al.,	2007)	(Fig	1.4).	While	mTORC1	is	responsive	to	

rapamycin	 inhibition,	 the	 drug	 does	 not	 bind	 mTORC2.	 mTORC2	 is	 therefore	

known	 as	 the	 rapamycin	 insensitive	 complex	 (Loewith	 et	 al.,	 2002)	 and	 its	



	

	

10	

discovery	 explained	 why	 rapamycin	 inhibited	 certain	 mTOR	 functions	 but	 not	

others.	 The	 two	 complexes	 are	 involved	 in	 different	 signalling	 pathways	 and	

recognise	 unique	 substrates.	 This	 substrate	 specificity	 is	 determined	 by	 the	

combination	of	different	mTOR	interacting	subunits	(Fig	1.4).		

	

	

Figure	1.4	–	mTOR	Complex	I	and	II	subunits	

	

	
	

Figure	1.4	–	The	mTORC1	core	complex	consists	of	mTOR,	mLST8	and	Raptor.	The	mTORC2	core	
complex	is	formed	by	mTOR,	mLST8	and	Rictor.	
	

	

mTORC1	is	an	important	regulator	of	cell	growth.	Critical	to	the	activation	of	many	

AGC	kinases,	mTORC2	 is	 responsible	 for	 the	phosphorylation	of	 the	hydrophobic	

motif	 site	 in	 the	 C-terminus	 of	 kinases	 such	 as	 Akt	 and	 SGK.	 Furthermore,	 as	

mentioned	 in	 section	 1.2.4,	 for	 some	 proteins	 lacking	 a	 membrane-targeting	

domain	such	as	SGK1	and	SGK2	isoforms,	hydrophobic	motif	phosphorylation	by	

mTORC2	 creates	 a	 docking	 site	 for	 PDK1	 to	 interact	 with,	 via	 its	 PIF	 pocket,	

promoting	phosphorylation	of	 the	activation	 loop	by	PDK1.	 In	 contrast,	 it	 is	well	

known	that	mTORC1,	not	mTORC2	phosphorylates	the	hydrophobic	motif	of	S6K1.	

For	certain	AGC	proteins,	a	phosphomimetic	residue	 is	 found	at	 the	hydrophobic	

motif	site	instead.	Interestingly,	phosphorylation	of	the	hydrophobic	motif	site	has	
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been	implicated	in	a	number	of	cancers,	which	suggests	that	mTORC2	regulation	of	

Akt	 could	 play	 an	 important	 role	 in	 cancer.	 For	 instance,	 in	 mouse	 genetic	 and	

xenograft	 studies,	 development	 of	 prostate	 cancer	 caused	 by	 PTEN	 deletion	 is	

dependent	on	mTORC2	(Guertin	et	al.,	2009).	

	

While	 the	 presence	 of	 a	 PH	 domain	 in	 PDK1,	 which	 recruits	 it	 to	 PI(3,4,5)P3	

membranes	is	well	established,	the	upstream	regulation	of	mTORC2	has	remained	

largely	elusive.	The	presence	of	a	PH	domain	 in	the	Sin1	subunit	of	mTORC2	has	

been	reported	previously	(Schroder	et	al.,	2007,	Pan	and	Matsuura,	2012).	mSIN1	

interacts	with	the	mTOR	kinase	domain	to	suppress	mTOR	activity.	Recent	studies	

suggest	that	PI(3,4,5)P3		binding	to	the	PH	domain	of	mSIN1	relieves	inhibition	of	

the	mTOR	kinase	 domain	 and	 in	 this	way,	 PI(3,4,5)P3	 regulates	mTORC2	 via	 the	

mSin1	PH	domain	(Liu	et	al.,	2015a).		

	

PI3K	Class	 I	 and	 III	 signalling	 and	 the	 role	 of	 lipids	 in	 the	 regulation	of	 Akt	 and	

SGK3	will	be	discussed	further	in	the	next	section.	
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1.3	PI3K	SIGNALLING		

	

1.3.1	PI3K	CLASS	I,	II	AND	III	CLASSIFICATION,	DOMAIN	STRUCTURE	AND	

SUBSTRATE	SPECIFICITY	

	

Phosphoinositide	 3-kinases	 (PI3Ks)	 generate	 intracellular	 lipids	 that	 regulate	 a	

plethora	 of	 cell	 signalling	 pathways.	 The	 PI3K	 family	 consists	 of	 three	 distinct	

classes	including,	Class	I,	II	and	III	and	are	grouped	according	to	structure,	function	

and	substrate	specificity	(Vanhaesebroeck	et	al.,	2012)		(Fig	1.5).		

	

Class	 I	PI3Ks	are	heterodimers	comprised	of	a	catalytic	subunit	and	a	regulatory	

subunit	 (Geering	et	 al.,	 2007).	Class	 IA	PI3Ks	contain	one	of	 three	p110	catalytic	

subunits	(p110α,	p110β	or	p110δ)	and	one	of	five	p85	regulatory	subunits	(p85α,	

p55α,	p50α,	p85β	and	p55γ)	(Jean	and	Kiger,	2014),	in	addition	to	a	RAS-binding	

domain	 (RBD),	 a	 helical	 domain	 and	 a	 catalytic	 domain.	 Class	 IA	 p85	 regulatory	

isoforms	contain	Src	homology	2	 (SH2)	domains.	The	 longer	 isoforms,	p85α	and	

p85β,	 additionally	 contain	amino-terminal	 SH3	and	breakpoint	 cluster	homology	

(BH)	domains.	Class	IB	is	distinguishable	from	Class	IA,	in	that	its	catalytic	subunit	

p110γ	 does	 not	 bind	 the	 p85	 subunits	 but	 instead	 p101	 or	 p87	 regulatory	

subunits.	The	p110γ	subunit	has	an	RBD,	a	helical	domain	and	a	catalytic	domain.	

The	 regulatory	 subunits	 influence	 subcellular	 localisation,	 binding	 partners	 and	

activity	 of	 the	 catalytic	 subunit.	 The	 SH2	 domains	 of	 the	 regulatory	 subunits	

facilitate	binding	to	phosphorylated	tyrosine	residues,	thereby	enabling	PI3K	Class	

IA	to	become	activated	by	receptor	tyrosine	kinases	while	Class	IB	is	activated	by	

G-protein-coupled	receptors	(GPCRs)	(Fruman,	2010,	Jia	et	al.,	2009).	PI3K	Class	II	

isoforms	(PI3K-C2α,	PI3K-C2β	and	PI3K-C2γ)	have	an	RBD,	a	helical	domain	and	a	

catalytic	 domain	 while	 Vps34	 (the	 only	 class	 III	 PI3K)	 has	 helical	 and	 catalytic	

domains	 (Thorpe	 et	 al.,	 2015).	 Vps34	 forms	 a	 constitutive	 heterodimer	with	 the	

myristoylated,	 membrane	 -	 associated	 Vps15	 protein,	 which	 is	 thought	 to	 be	

involved	in	its	regulation.	
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As	 for	 substrate	 preference,	 PI3K	 Class	 IA	 and	 IB	 preferentially	 phosphorylate	

phosphatidylinositide	 4,5-bisphosphate	 (PI(4,5)P2),	 while	 class	 III	 PI3Ks	

phosphorylate	 phosphatidylinositol	 (PI).	 Class	 II	 PI3Ks	 also	 preferentially	

phosphorylate	PI	(Thorpe	et	al.,	2015).		

	

	

Figure	1.5	–	PI3K	Classification	and	domain	structures	

	

	
	

Figure	1.5	–	PI3Ks	are	divided	into	three	distinct	classes	based	on	their	structural	and	biochemical	
features	as	shown	above.	
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1.3.2	PHOSPHATIDYLINOSITOL	AND	PHOSPHOINOSITIDES	

	

Phosphatidylinositol	(PI)	consists	of	a	polar	and	non-polar	region	and	is	classified	

as	 a	 glycerophospholipid,	 which	 is	 comprised	 of	 a	 glycerol	 backbone,	 two	 non-

polar	 fatty	 acid	 tails	 and	 a	 phosphate	 group	 containing	 an	 inositol	 polar	 head	

group	 (Falkenburger	 et	 al.,	 2010).	 It	 is	 interesting	 to	 note	 that	

phosphatidylinositols	 form	 only	 a	 very	 minor	 proportion	 of	 eukaryotic	 cell	

membranes	 yet	 they	 contribute	 majorly	 to	 many	 cellular	 signalling	 pathways	

including	insulin	and	growth	factor	signalling	as	lipid	second	messengers	(See	next	

section)	(Balla,	2013,	Falkenburger	et	al.,	2010).	Rather	than	playing	a	significant	

structural	role	 in	 the	membrane,	 they	 serve	as	molecular	addresses	 that	 identify	

different	membranes	where	proteins	need	to	be	recruited.	

	

Phosphorylated	 forms	 of	 PI	 are	 known	 as	 phosphoinositides.	 Phosphorylation	

occurs	on	an	OH-	group	of	the	inositol	ring	of	PI	and	is	carried	out	by	PI3Ks,	while	

dephosphorylation	is	carried	out	by	lipid	phosphatases	(Section	1.5).	Although	five	

hydroxyls	are	available	for	phosphorylation,	only	three	of	these	positions,	-3,	-4,	-5,	

are	 actually	 phosphorylated	 singly	 or	 multiply,	 generating	 seven	 known	

phosphoinositides	 (Fig	 1.6)	 (Balla,	 2013).	 Common	 fatty	 acid	 tails	 of	

phosphoinositides	are	stearic	acid	and	arachidonic	acid.	The	estimated	proportion	

of	 the	different	phosphoinositides	vary	somewhat	but	PI	constitutes	~10-20%	of	

total	 cellular	 phospholipids,	 PI(4)P	 and	 PI(4,5)P2	 represent	 only	 ~0.2-1%.	 The	

remaining	 phsophoinositides	 represent	 even	 smaller	 amounts	 of	 total	

phosphoinositides;	 PI(3,4,5)P3	 for	 example,	 is	 present	 at	 2-5%	 of	 the	 most	

abundant	phosphoinositides,	PI(4,5)P2.	The	distribution	of	phosphoinositides	can	

be	visualised	 in	cells	using	specific	phosphoinositide	binding	domains,	which	are	

used	 in	 this	 study	 (See	 Chapter	 4).	 	 Examples	 of	 specific	 phosphoinositide	

localisations	 include	 PI(4,5)P2	 and	 PI(3,4,5)P3	 at	 the	 plasma	 membrane	 while	

PI(3)P	is	largely	found	on	endosomal	membranes.	
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Figure	1.6	–	Summary	of	phosphoinositides,	their	kinases	and	phosphatases	

	

	

	
(Bishe	et	al.,	2012)		

	
Figure	 1.6	 -	 Schematic	 overview	 of	 phosphatidylinositol	 and	 the	 seven	 varieties	 of	
phosphoinositides,	 the	 kinases	 that	 generate	 them	 and	 the	 phosphatases	 that	 dephosphorylate	
them.	
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1.3.3	PI3K	CLASS	I	ACTIVATION	BY	RECEPTOR	TYROSINE	KINASES	

	

PI3K	 Class	 I	 is	 activated	 following	 receptor	 tyrosine	 kinase	 (RTK)	 activation	 by	

extracellular	stimuli	such	as	growth	factors.	The	tyrosine	kinase	family	consists	of	

~90	members	of	which	58	are	receptor	tyrosine	kinases	(RTKs),	which	specifically	

phosphorylate	 tyrosine	 residues	 (Hunter	 and	 Cooper,	 1985,	 Lemmon	 and	

Schlessinger,	 2010).	 RTKs	 are	 cell	 surface	 receptors	 for	 many	 growth	 factors,	

cytokines	and	hormones	that	play	pivotal	roles	in	signal	transduction,	to	generate	

the	outcome	intended	by	the	stimulus.	Key	 features	of	a	receptor	tyrosine	kinase	

include	 an	 N-terminal	 extracellular	 binding	 domain,	 a	 hydrophobic	

transmembrane	 domain	 and	 a	 cytoplasmic	 kinase	 domain.	 Generally,	 growth	

factor	 binding	 activates	 RTKs	 through	 induction	 of	 receptor	 dimerisation.	

Dimerisation	 induces	a	conformational	change	 in	the	receptor	activating	tyrosine	

kinase	 activity	within	 the	 RTK,	 leading	 to	 trans-autophosphorylation	 of	 tyrosine	

residues	in	the	cytoplasmic	domain.		

	

Notably	there	are	a	subset	of	RTKs	that	 form	oligomers	even	 in	the	absence	of	a	

stimulus.	An	example	of	this	is	insulin	and	IGF1	receptors,	which	are	expressed	on	

the	 cell	 surface	 as	 preformed	 but	 inactive	 dimers	 (Ward	 et	 al.,	 2007).	 Ligand	

binding	to	these	dimerised	receptors	induces	a	conformational	change,	stimulating	

tyrosine	 kinase	 activity	 and	 autophosphorylation.	 The	 phosphotyrosine	 residues	

interact	with	adapter	proteins	 containing	SH2	or	PTB	 (protein	 tyrosine	binding)	

domains,	thus	coupling	the	activated	receptor	to	the	next	component	in	the	signal	

transduction	 pathway	 (Pawson,	 2004).	 Insulin,	 IGF1	 and	 IGF2	 can	 all	 bind	 and	

activate	the	IGF1	receptor	(IGF1R),	which	shares	70%	homology	with	the	 insulin	

receptor	 (Rosenzweig	 and	 Atreya,	 2010).	 Following	 autophosphorylation	 and	

activation	 of	 IGF1R,	 the	 RTK	 phosphorylates	 tyrosine	 residues	 on	 the	 adaptor	

protein,	 insulin	 receptor	 substrate	 1	 (IRS1)	 (Tartare-Deckert	 et	 al.,	 1995).	

Phosphorylation	 of	 tyrosine	 residues	 on	 IRS1	 provides	 further	 docking	 sites	 for	

recruitment	of	the	p85	regulatory	subunit	of	PI3K	Class	I	via	its	SH2	domain	(Fig	

1.7).	 The	 p85	 regulatory	 subunit,	 in	 turn	 activates	 its	 p110	 catalytic	 subunit,	

resulting	 in	 activation	 of	 the	 PI3K	 Class	 I	 signalling	 cascade	 described	 further	

below.		
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1.3.4	CANONICAL	PI3K	CLASS	I	SIGNALLING	&	AKT	

	

The	 canonical	 PI3K	 Class	 I	 signalling	 pathway	 is	 initiated	 by	 stimulation	 of	

receptor	tyrosine	kinases	by	agonists	such	as	insulin	and	growth	factors.	Activated	

PI3-kinases	 phosphorylate	 the	 3’-position	 hydroxyl	 group	 of	 the	 D-myo-inositol	

head	 group	 of	 phosphatidylinositol	 (PI)	 to	 generate	 3-phosphoinositides	

(Vanhaesebroeck	et	al.,	2012).	PI3K	Class	I	primarily	utilises	phosphatidylinositol	

4,5-biphosphate	(PI(4,5)P2)	as	a	substrate	to	generate	phosphatidylinositol-3,4,5-

triphosphate	(PI(3,4,5)P3)	(section	1.3.1;	1.3.2;	1.3.3),	the	lipid	second	messenger,	

which	along	with	 its	breakdown	product	PI(3,4)P2,	 recruits	Pleckstrin	Homology	

(PH)	 domain	 containing	 proteins	 such	 as	 phosphoinositide-dependent	 kinase	 1	

(PDK1)	and	Akt	to	the	plasma	membrane	(Fig	1.7)	(Vogt	et	al.,	2010).	Interaction	

of	the	PH	domain	with	PI(3,4,5)P3	and	PI(3,4)P2	induces	a	conformational	change	

in	Akt,	 	which	 enhances	 activation	 by	 PDK1	 through	 phosphorylation	 at	 Thr308	

(Alessi	 et	 al.,	 1997a,	Alessi	 et	 al.,	 1997b,	Calleja	et	 al.,	 2007,	Calleja	 et	 al.,	 2009).	

Thr308	phosphorylation	only	partially	activates	Akt	and	mTORC2	phosphorylation	

at	Ser473,	within	the	C-terminal	hydrophobic	motif	in	the	non-catalytic	C-terminal	

region,	is	required	for	full	activation.	Upon	activation	of	PI3K	Class	I	effectors	such	

as	 Akt,	 this	 pathway	 controls	 critical	 cell	 processes	 including	 growth,	 survival,	

proliferation,	metabolism	and	angiogenesis.	
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Figure	1.7	–	Canonical	PI3K	Class	I	–	Akt	signalling	

	

	
	

Figure	 1.7	 –	 Growth	 factors	 such	 as	 IGF1	 activate	 receptor	 tyrosine	 kinases,	 which	 trans-
autophosphorylate	tyrosine	residues	and	insulin	receptor	substrate	(IRS),	creating	docking	sites	for	
the	SH	domain	of	the	P85	regulatory	subunit	of	PI3K	Class	I.	P85	engagement	with	IRS	enables	p85	
to	 activate	 the	 catalytic	 subunit	 of	 PI3K	 Class	 I,	 P110.	 Upon	 activation,	 PI3K	 Class	 I	 generates	
PI(3,4,5)P3,	 thereby	 recruiting	 the	 PH	 domain	 containing	 proteins	 Akt	 and	 PDK1	 to	 the	 plasma	
membrane	 where	 PDK1	 and	 mTORC2	 phosphorylate	 the	 T	 loop	 and	 hydrophobic	 motif	 sites	
respectively	and	activate	Akt.	
	

	

The	widely	 accepted	model	 of	 Akt	 activation	 suggests	 that	 following	membrane	

dissociation,	 Akt	 phosphorylation	 and	 activity	 are	 independent	 of	 PI(3,4,5)P3	

engagement.	 	Recent	work	 investigating	mechanisms	responsible	 for	keeping	Akt	

activity	 proportional	 to	 the	 activating	 stimulus	 has	 revealed	 that	 Akt	

dephosphorylation	 in	 cells	 is	 actually	 rate	 limited	 by	 its	 dissociation	 from	

PI(3,4.5)P3	and	sustained	Akt	activation	requires	PI(3,4,5)P3	to	be	present		(Ebner	
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et	 al.,	 2017a).	Furthermore	Akt	 is	 autoinhibited	 in	 the	 cytosol;	upon	engagement	

with	 PI(3,4,5)P3	 on	 the	 membrane,	 this	 autoinhibition	 is	 relieved,	 allosterically	

activating	Akt,	by	permitting	substrate	binding	(Fig	1.8).	Moreover,	the	PH	domain	

was	found	to	allosterically	inhibit	Akt	in	the	absence	of	PI(3,4,5)P3	and	made	Akt	

more	 susceptible	 to	 phosphatase	 mediated	 inactivation	 (Ebner	 et	 al.,	 2017a).	

Attachment	to	PI(3)P	on	the	membrane	 is	 therefore	essential	 for	phosphorylated	

Akt	 to	 remain	 active	 and	 in	 this	 way,	 the	 stimulus	 governs	 the	 duration	 of	 Akt	

activation.	Interestingly,	the	authors	also	observed	that	a	somatic	cancer	mutation	

(D323A)	 drives	 Akt	 hyperactivation	 by	 relieving	 autoinhibition,	 leading	 to	

phosphorylated,	active	Akt	in	the	cytosol	(Fig	1.8)	(Ebner	et	al.,	2017a).	

	

This	 is	 also	 consistent	 with	 previous	 findings	 that	 excessive	 production	 of	

PI(3,4,5)P3	 leads	 to	 hyperactivation	 of	 Akt,	 which	 can	 lead	 to	many	 deleterious	

effects	 including	 changes	 in	metabolism,	 suppression	of	 apoptosis,	 enhanced	cell	

proliferation	 and	 increased	 survival:	 these	 features	 are	 observed	 in	 more	 than	

50%	of	cancers	(Forbes	et	al.,	2015).	
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Figure	1.8	–	PI(3,4,5)P3	engagement	to	the	PH	domain	of	Akt	is	essential	for	

maintaining	Akt	activity	

	

	
(Ebner	et	al.,	2017a)	

	

Figure	1.8	–	Akt	 is	allosterically	activated	by	PI(3,4,5)P3	or	PI(3,4)P2	enabling	substrate	binding.	
Upon	membrane	dissociation,	the	PH	domain	of	Akt	mediates	autoinhibition	leading	to	enhanced	
deposphorylation	 by	 cytosolic	 phosphatases.	 Cancerous	 mutations	 in	 the	 autoinhibitory	 surface	
drive	hyperactivation	of	Akt	in	the	cytosol	without	the	need	for	lipid	engagement.	
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1.3.5	AKT	A	MAJOR	EFFECTOR	OF	THE	PI3K	CLASS	I	PATHWAY	

	

Akt	 is	 the	 most	 well-characterised	 PI3K	 Class	 I	 effector	 to	 date	 and	 through	

phosphorylation	 of	 multiple	 targets,	 including	 FOXO	 (forkhead	 box	 O)	

transcription	 factors,	 TSC2	 (tuberous	 sclerosis	 complex	 2)	 and	 GSK3	 (glycogen	

synthase	kinase	3,	amongst	many	others	(Hers	et	al.,	2011,	Saji	and	Ringel,	2010),	

regulates	 important	 biological	 processes	 including	 growth,	 metabolism	 and	

proliferation.	PI3K/Akt	modulation	of	mTORC1	is	critical	for	growth	and	nutrient	

signalling.	Akt	phosphorylates	TSC2,	an	important	negative	regulator	of	mTORC1,	

at	two	separate	sites	(Ser939	and	Thr1462),	inducing	dissociation	of	the	TSC	complex	

from	 the	 GTPase	 Rheb,	 allowing	 Rheb	 to	 become	 active	 to	 directly	 stimulate	

mTORC1	 activation	 (Corradetti	 and	 Guan,	 2006,	 Dibble	 and	 Cantley,	 2015).	

Moreover,	 Akt	 also	 simultaneously	phosphorylates	 proline-rich	AKT	 substrate	 of	

40	 kDa	 (PRAS40),	 which	 is	 bound	 to	 mTORC1	 under	 inhibitory	 conditions;	

phosphorylation	at	Thr246	triggers	PRAS40	separation	from	mTORC1,	releasing	it	

from	inhibition	and	facilitating	access	of	substrates	 to	the	complex	(Sancak	et	al.,	

2007,	 Vander	 Haar	 et	 al.,	 2007).	 Activated	 mTORC1	 phosphorylates	 eukaryotic	

translation	 initiation	 factor	4E	 (eIF4E)	binding	protein	1	 (4E-BP1),	 releasing	 the	

inhibition	from	eukaryotic	translation	initiation	factor	4E	(eIF4E),	enabling	protein	

translation.	 Moreover,	 mTORC1	 also	 phosphorylates	 S6K1,	 triggering	 PDK1	

mediated	phosphorylation	and	full	activation	of	S6K1.	Activated	S6K1	in	turn,	also	

initiates	protein	translation	through	stimulation	of	S6	ribosomal	protein	(Laplante	

and	Sabatini,	2012).	

	

In	 addition	 to	 growth	 functions,	 Akt	 phosphorylates	 numerous	 substrates	 to	

enhance	 cell	 survival,	 and	 proliferation.	 Akt	 phosphorylation	 of	members	 of	 the	

FOXO	(Forkhead	family	of	transcription	factors)	family	leads	to	their	binding	with	

14-3-3,	 thus	 retaining	 these	 transcription	 factors	 in	 the	 cytoplasm,	 preventing	

their	translocation	to	the	nucleus.	Akt	phosphorylation	of	FOXO1	at	Thr24,	Ser256	

and	 Ser319	 and	on	 equivalent	 sites	 on	 FOXO3a	 and	 FOXO4	blocks	 expression	 of	

target	 genes	 including	 the	 BH3-only	 family	 proteins	 and	 the	 Fas-ligand,	 thereby	

preventing	 apoptosis	 (Brunet	 et	 al.,	 1999).	 Akt	was	 also	 found	 to	 phosphorylate	

the	BCL-2	 family	member	BAD,	suppressing	apoptosis,	promoting	survival	(Datta	
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et	 al.,	 1997).	 Moreover,	 Akt	 also	 phosphorylates	 the	 MDM2	 oncoprotein,	 which	

promotes	cell	survival	by	suppressing	the	p53	tumour	suppressor.	Akt	 facilitates	

translocation	 of	MDM2	 into	 the	 nucleus	 through	 phosphorylation	 at	 Ser166	 and	

Ser186,	 which	 reduces	 cellular	 levels	 of	 p53,	 and	 decreases	 p53	 transcriptional	

activity	 (Mayo	 and	Donner,	 2001).	 Additionally,	 there	 are	 several	 studies,	which	

have	also	substantiated	 the	 role	of	Akt	 in	 cell	proliferation	 through	 regulation	of	

cyclin	dependent	kinase	(CDK)	inhibitors	and	glycogen	synthase	kinase	β	(GSK3β)	

(Liang	and	Slingerland,	2003).	

	

	

1.3.6	MUTATIONS	IN	THE	RTK-PI3K	CLASS	I-AKT	PATHWAY	

	

The	growth	 factor	 stimulated	RTK	 -PI3K	Class	 I-Akt	pathway	 is	notorious	 for	 its	

roles	in	cancer.	 	RTKs	are	 frequently	 implicated	 in	oncogenic	 transformation	due	

to	 constitutive	or	dysregulated	activation	of	RTKs.	Deregulated	activation	results	

from	 gain	 of	 function	 mutation,	 gene	 rearrangements,	 gene	 amplification,	 over-

expression	or	abnormal,	autocrine,	endocrine	or	paracrine	stimulation	of	receptor	

and	ligands.	In	breast	cancer,	overexpression	of	HER2	(ErbB2)	occurs	in	~25%	of	

patients	and	is	associated	with	reduced	survival.	EGFR	is	often	upregulated	in	solid	

tumours	 and	 this	 resulted	 in	 the	 development	 of	 antibodies	 targeting	HER2	 and	

EGFR,	 including	 trastuzumab	 and	 cetuximab	 (Paul	 and	 Mukhopadhyay,	 2004).	

Another	 well	 known	 example	 is	 chronic	myeloid	 leukaemia,	 which	 results	 from	

translocation	 between	 chromosome	 9	 and	 chromosome	 22,	 the	 Philadelphia	

chromosome.	The	fusion	gene	produces	a	mutant	protein	in	which	the	first	exon	of	

c-ABL	tyrosine	kinase	 is	replaced	by	BCR	sequences;	 the	BCR-ABL	fusion	protein	

has	tyrosine	kinase	activity	 that	 is	several	 fold	higher	than	the	wild	type	version	

(Buchdunger	 et	 al.,	 2001,	 John	 et	 al.,	 2004).	 In	 addition	 to	 antibodies,	 small	

molecule	 inhibitors	 have	 also	 been	 developed	 including	 the	 highly	 successful	

Gleevec,	which	 selectively	 and	 effectively	 inhibits	 the	 kinase	 activity	 of	 the	BCR-

ABL	 fusion	 protein,	 blocking	 constitutive	 proliferative	 signalling	 (Fabbro	 et	 al.,	

2002).	
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Somatic	mutations	 that	 target	 the	 next	 constituent	 in	 this	 pathway,	 PI3K	Class	 I	

and	its	antagonist,	PTEN,	are	of	the	most	common	cancer	aberrations	known.	The	

most	 frequently	mutated	 isoform	of	PI3K	Class	 I	 is	 the	gene	encoding	 the	p110α	

catalytic	 subunit,	PIK3CA	(Samuels	 and	Velculescu,	 2004).	 PIK3CA	mutations	 are	

observed	 in	 breast,	 prostate,	 endometrium,	 colon,	 head,	 neck,	 cervical,	 lung	 and	

gastric	 cancers	 (Engelman	 et	 al.,	 2006).	 Most	 of	 these	 mutations	 are	 missense	

substitutions	with	 80%	 of	 these	 being	 E542K	 and	 E545K	 in	 the	 helical	 domain,	

along	with	H1047R	mutations	(Vogt	et	al.,	2007),	all	of	which	can	lead	to	growth	

factor	independent	activation	of	Akt	(Chalhoub	and	Baker,	2009).	

	

Inactivating	mutations	of	the	PTEN	tumour	suppressor	gene,	which	opposes	PI3K	

signalling	 occur	 in	 a	 diverse	 range	 of	 sporadic	 tumours,	 through	 mutations,	

deletions,	transcriptional	silencing,	or	protein	instability	at	a	frequency	similar	to	

p53	(Ali	et	al.,	1999).	Furthermore,	the	lipid	phosphatase	activity	of	PTEN	has	been	

shown	 to	be	essential	 for	 tumour	 suppression	 (Chow	and	Baker,	2006).	PTEN	 is	

located	 on	 chromosome	 10q.23	 and	 loss	 of	 10q	 including	 PTEN,	 is	 observed	 in	

70%	of	glioblastomas.	Somatic	mutation	in	the	second	PTEN	allele	leads	to	biallelic	

inactivation	and	is	found	in	25-40%	glioblastomas	(Furnari	et	al.,	2007).	

	

Aberrant	regulation	of	PI3K	signalling	and	PTEN	loss	is	frequently	associated	with	

constitutive,	 growth	 factor	 independent	 Akt	 hyperactivation.	 Although	 less	

frequent,	Akt	gene	overexpression	has	also	been	reported:	Akt1	gene	was	found	to	

be	amplified,	in	head	and	neck,	gastric,	pancreatic,	and	ovarian	tumors	(Bellacosa	

et	al.,	1995,	Hennessy	et	al.,	2005);	missense	mutations	in	the	PH	domain	of	Akt1,	

which	 lead	 to	 constitutive	 activation	 of	 Akt	 at	 the	 plasma	membrane	 were	 also	

identified	 in	breast,	 colorectal	 and	breast	 cancers;	 genetic	mutations	 in	akt2	 and	

akt3;	 increase	 in	 akt3	 copy	 number	 was	 observed	 in	 approximately	 70%	 of	

sporadic	melanomas	and	AKT3	overexpression	was	reported	 in	ovarian	 tumours	

(Bruhn	et	al.,	2013,	Pedrero	et	al.,	2005).		

	

Kinases	 in	 the	 PI3K-Akt	 signalling	 pathway	 therefore,	 represent	 important	 drug	

targets	in	cancer	therapy	and	as	such	numerous	kinase	inhibitors	are	currently	in	

clinical	 trials	 in	 all	 phases	 of	 development.	 Inhibitors	 of	 this	 pathway	 can	 be	
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subdivided	 into	 4	 categories	 including	 mTOR	 inhibitors,	 PI3K	 inhibitors,	 dual	

mTOR/PI3K	inhibitors,	and	AKT	inhibitors.	Some	of	 these	 inhibitors	are	 listed	 in	

Figure	 1.9	 and	 were	 used	 in	 this	 study,	 including	 the	 PI3K	 Class	 I	 inhibitor	

GDC0941	and	the	Akt	inhibitor	MK2206	(See	Chapter	3).	Interestingly	despite	the	

critical	 role	 of	 PDK1	 phosphorylation	 of	 Akt	 and	 other	 AGC	 kinases,	 oncogenic	

PDK1	mutations	have	not	been	 reported,	 although	observations	have	been	made	

that	 PDK1	 overexpression	 can	 lead	 to	 cell	 transformation	 (Zeng	 et	 al.,	 2002).	

Furthermore,	 it	 has	 been	 shown	 that	 PDK1	 inhibition	 is	 highly	 potent	 against	

activation	of	PDK1	cytosolic	targets	but	not	against	activation	of	Akt;	this	is	likely	

to	 be	 the	 result	 of	 efficient	 co-localisation	 of	 Akt	 and	 PDK1	 at	 the	 plasma	

membrane,	 which	makes	 it	 impossible	 to	 fully	 suppress	 Akt	 activation	 by	 PDK1	

inhibition	using	small	molecule	inhibitors	and	explains	why	even	minimal	residual	

activity	of	PDK1	is	sufficient	to	activate	Akt	(Najafov	et	al.,	2011).	

	

	

Figure	1.9	–	PI3K	Class	I	–	Akt	pathway	inhibitors	

	
(Slomovitz	and	Coleman,	2012)	
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1.3.7	PI3K	CLASS	II		

	

In	contrast	to	PI3K	Class	I,	the	role	of	PI3K	Class	II	is	much	less	well	understood.	

However,	PI3K	Class	II	is	believed	to	generate	PI(3)P	like	PI3K	Class	III,	Vps34.	The	

identification	of	PI3K	Class	II	effectors	would	be	important	to	understand	its	

functions.	

	

	

	

1.4	PI3K	CLASS	III	–	VPS34	

	

PI3K	Class	III	also	known	as	Vps34	(Vacuolar	protein	sorting	34)	phosphorylates	

phosphatidylinositol	 at	 the	 3’	 position	on	 the	 inositol	 ring.	 Vps34	was	 originally	

identified	 in	 a	 screen	 searching	 for	 genes	 involved	 in	 endosomal	 sorting	 in	

Saccharomyces	 cerevisiae	and	 is	 the	 sole	 PI3K	 in	 yeast	 (Herman	 and	 Emr,	 1990,	

Herman	 et	 al.,	 1992).	The	 Vps34	 sequence	 could	 not	 provide	 any	 clues	 as	 to	 its	

function	 until	 the	 PI3K	 Class	 IA,	 p110α	 subunit	 was	 cloned,	 leading	 to	 its	

identification	 as	 a	 lipid	 kinase	 (Hiles	 et	 al.,	 1992).	 Subsequently,	 the	 homology	

between	Vps34	and	p110α	revealed	Vps34	to	be	a	lipid	kinase.	Vps34	is	the	most	

ancestral	PI3K	member	and	is	essential	for	cell	survival;	its	complexes	are	highly	

conserved	 from	 yeast	 to	 mammals	 and	 serve	 diverse	 roles	 in	 autophagy	 and	

endosome	 trafficking.	 The	 substrate	 specificity	 of	 Vps34	 is	 limited	 to	

phosphatidyinositol	leading	to	the	generation	of	phosphatidylinositol	3-phosphate	

(PI(3)P).		

	

	

1.4.1	Vps34	core	complex	and	stable	binding	partners	

	

Vps34	 forms	 a	 constitutive	 heterodimer	with	 Vps15,	 a	 pseudokinase	 present	 in	

excess	in	mammalian	cells	and	often	described	as	the	regulatory	subunit	of	Vps34.	

Beclin1,	 a	 coiled-coil	 and	BH3	 (Bcl-2	 homology	 3)	 domain	 protein,	 binds	 to	 this	

dimer	and	is	also	a	member	of	the	core	complex,	Vps34-Vps15-Beclin1	(Sinha	and	
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Levine,	2008).	The	Vps34	core	complex	in	turn,	is	known	to	bind	several	different	

stable	 and	 transient	 binding	 partners	 to	mediate	 very	 distinct	 functions	 (Figure	

1.10)	(Funderburk	et	al.,	2010).	Two	well	known	tetrameric	complexes	consist	of	

Vps15,	Beclin-1	and	either	Atg14	(Vps34	Complex	I)	or	UVRAG	(Vps34	Complex	II),	

which	are	stable	binding	partners	unlike	other	interactors,	which	bind	transiently	

(Backer,	2008,	 Itakura	et	al.,	2008).	Complex	I	is	required	 for	Vps34	signalling	to	

the	nascent	autophagosome	and	complex	II	 for	autophagosome–lysosomal	 fusion	

(Lamb	et	al.,	2013).	Moreover,	complex	II	is	also	responsible	for	endosomal	activity	

of	Vps34	on	the	endosomes	and	multivesicular	bodies.	

	

	

Figure	1.10	–	An	illustration	of	the	multilayered	Vps34	protein	complexes	

	

	

	

	

Figure	 1.10	 -	 Multilayered	 Vps34	 protein	 complexes:	 the	 core	Beclin	 1–VPS34–VPS15	 complex;	
stable	 binding	 partners	 Atg14L,	 UVRAG,	 and	 Rubicon;	 unstable	 or	 transient	 binding	 partners	
including	 Bcl-2	 homologs,	 Bif-1,	 Ambra	 1,	 VMP1,	 nPIST,	 Rab5,	 ICP	 34.5,	 and	 the	 inositol	 1,4,5-
triphosphate	 receptor	 (IP3R).	 Among	 the	 unstable	 binding	 partners,	 Bif-1	 interacts	with	UVRAG,	
and	IP3R	interacts	with	Bcl-2.	
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1.4.5	Regulation	of	Vps34	

	

Previous	 studies	 have	 found	 that	 an	 intact	 Vps15	 kinase	 domain	 is	 required	 for	

Vps34	kinase	activity	yet	Vps15	is	unable	to	phosphorylate	Vps34	(Backer,	2008).	

A	number	of	suggestions	have	been	made	as	to	how	Vps15	might	regulate	Vps34,	

including	Vps15	autophosphorylation	leading	to	allosteric	activation	of	Vps34;	an	

alternative	 proposal	 is	 that	 Vps15	 regulates	 Vps34	 primarily	 through	 its	

recruitment	 to	 cellular	 membranes	 (Backer,	 2008).	 Thus,	 the	 precise	 role	 for	

Vps15	in	the	regulation	of	Vps34	remains	unclear.	Vps34	can	also	be	regulated	by	

a	 number	 of	 other	 mechanisms	 including	 phosphorylation,	 ubiquitination,	

SUMOylation	 and	 acetylation	 of	 Vps34	 and	 complex	 members;	 furthermore,	

binding	of	auxiliary	proteins	and	inhibitors	in	addition	to	selective	degradation	of	

Vps34	complexes	also	control	activity	of	the	complex.	

	

	

1.4.6	Vps34	signalling	and	functions	

	

Vps34	 signalling	 is	 mediated	 by	 recruitment	 of	 proteins	 with	 PI(3)P	 binding	

domains	 including	 the	 FYVE	 (Fab1,	 YOTB,	 Vac1,	 EEA1	 (early	 endosomal	 antigen	

1))	 and	PX	 (Phox	homology)	domains	 to	 intracellular	membranes	 (Backer,	2008,	

Lemmon,	 2003).	 Examples	 of	 FYVE	 zinc	 finger	 domains	 include	 EEA1	 (early	

endosome	antigen	1)	and	Hrs	(hepatocyte-growth-factor-regulated	tyrosine	kinase	

substrate),	 which	 are	 generally	 recruited	 to	 endosome	 related	 structures	

(Stenmark	 et	 al.,	 1996).	 Examples	 of	 PX	 domain	 containing	 proteins	 include	

phagocyte	 NADPH	 oxidase,	 sorting	 nexins	 (SNX2,	 SNX3,	 SNX4	 and	 SNX16),	 the	

SNARE	 (soluble	 N-ethylmaleimide-sensitive	 fusion	 protein-attachment	 protein	

receptor)	 protein	 Vam7	 and	 serum	 and	 glucocorticoid	 activated	 kinase	 (SGK3).	

Several	 studies	have	demonstrated	 roles	 for	Vps34	 in	vesicular	 trafficking	 in	 the	

endosomal	 system,	autophagy	 through	 its	 association	with	Beclin-1	and	nutrient	

sensing	through	mTOR	signalling.	
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1.4.7	Role	of	Vps34	in	autophagy	

	

Macroautophagy	 (autophagy)	 is	 a	 catabolic	 pathway	 that	 disposes	 and	 recycles	

aged	proteins	and	damaged	organelles	such	as	mitochondria,	in	addition	to	other	

cytoplasmic	waste,	through	formation	of	double	walled	vesicular	structures,	which	

are	 delivered	 to	 and	 degraded	 by	 fusion	 with	 lysosomes	 (Fig	 1.11).	 While	

autophagy	 plays	 an	 important	 housekeeping	 role,	 it	 is	 also	 a	 major	 protective	

mechanism,	 enabling	 cell	 survival	 following	 cellular	 stress	 such	 as	 nutrient	 or	

growth	factor	deprivation,	hypoxia,	reactive	oxygen	species	(ROS),	DNA	damage	or	

intracellular	 pathogens	 (Levine	 and	 Kroemer,	 2008).	 This	 process	 involves	 the	

Vps34	 core	 complex	 and	 multiple	 other	 subunits,	 including	 conserved	 Atg	

(Autophagy	related)	proteins.		

	

Autophagy	 initiated	 by	 cellular	 stress	 results	 in	 the	 formation	 of	 a	 double	

membrane	known	as	 the	phagophore,	which	 is	 likely	derived	 from	 lipid	bilayers	

provided	 by	 the	 endoplasmic	 reticulum	 (ER),	 trans-golgi	 and	 endosomes.	 The	

double	 membrame	 elongates	 to	 form	 the	 autophagosome	 and	 envelops	 the	

cytoplasmic	contents	(Glick	et	al.,	2010).	These	steps	require	both	Vps34	Complex	

I	 (consisting	 of	 Vps34-Vps15-Beclin1-Atg14L),	 in	 addition	 to	 Complex	 II	

(comprised	of	Vps34-Vps15-Beclin1-UV-RAG)	and	the	Atg1/ULK1	complex,	also	an	

essential	 positive	 regulator	 of	 autophagosome	 formation.	 	 Vps34	 mediated	

generation	of	PI(3)P	is	essential	for	phagophore	formation	as	it	enables	assembly	

of	 Atg	 proteins.	 Conjugated	 Atg5-Atg12	 complexes	 with	 Atg16L	 to	 form	 a	

multimeric	complex	that	is	thought	to	induce	curvature	of	the	growing	phagophore	

(Mizushima,	2007).	

	

Upon	 completion	 of	 the	 autophagosome,	 lysosome	 fusion	 takes	 place,	 which	

requires	 the	 lysosomal	 membrane	 protein	 LAMP-2	 and	 the	 GTPase	 Rab7.	

Following	fusion,	acid	hydrolases	degrade	the	sequestered	cytoplasmic	cargo	(Fig	

1.11).	 Degraded	 contents	 such	 as	 amino	 acids	 are	 transported	 back	 to	 cytosol	

where	 they	 can	be	 reused	 for	protein	 synthesis	 and	maintenance	of	 cell	 function	

under	for	example,	nutrient	deprived	conditions	(Mizushima,	2007).		
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Figure	1.11	–	Schematic	overview	of	autophagy	 	

	

	
(Jing	and	Lim,	2012)	

	

Figure	1.11	-	Cellular	stress	induces	autophagy	leading	to	the	formation	of	a	sequestering	
membrane	 called	 a	 phagophore.	 A	 sequence	 of	 ubiquitination-like	 reactions,	 leads	 to	
conjugation	of	LC3	 to	the	sequestering	membrane	and	regulates	phagophore	elongation.	
As	 the	 phagophore	 extends,	 cytoplasmic	 constituents	 including	 damaged	 organelles,	
aggregated	 proteins	 and	 microbes	 are	 enveloped.	 The	 sequestering	 membrane	 closes	
forming	a	double-membrane	vesicle,	autophagosome.	The	autophagosome	is	delivered	to	
fuse	 with	 the	 lysosome	 forming	 an	 autolysosome	 to	 enable	 degradation.	 Lysosomal	
hydrolases	degrade	the	cargo.	
	

	

The	autophagic	pathway	is	conserved	across	eukaryotes;	therefore,	many	protein-

protein	interactions	and	complexes	that	occur	in	yeast	have	also	been	identified	in	

mammals.	 The	 mammalian	 Beclin1-Vps34	 complex	 is	 very	 similar	 to	 the	 yeast	

Atg6-Vps34	complex,	 in	which	Atg6	 is	 the	counterpart	 to	Beclin1	(Funderburk	et	

al.,	 2010).	While	 in	 yeast,	 Complex	 I	 and	 Complex	 II	 are	 the	main	 regulators	 of	

autophagy	and	vacuolar	protein	sorting,	in	mammals	additional	complexes	beyond	

these	 also	 exist	 and	 regulate	 different	 aspects	 of	 autophagy.	 For	 example,	 the	

Rubicon	subunit,	binds	to	Complex	II	consisting	of	UV-RAG	but	not	 to	Complex	II	

containing	Atg14L	(Zhong	et	al.,	2009).	Rubicon	 is	conserved	amongst	nematode,	

slime	mold	 and	mammals	 but	 there	 is	 no	 yeast	 homolog,	 which	 suggests	 that	 it	

provides	 an	 additional	 mode	 of	 autophagic	 regulation	 in	 higher	 eukaryotes.	
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Indeed,	 Rubicon	 is	 believed	 to	 negatively	 regulate	 autophagy	 through	 its	

interaction	 with	 UV-RAG,	 which	 binds	 to	 the	 core	 complex	 (Matsunaga	 et	 al.,	

2009).	

	

	

1.4.8	Role	of	mTORC1	in	nutrient	sensing	and	autophagy		

	

In	 most	 cells	 autophagy	 is	 active	 at	 basal	 levels	 to	 carry	 out	 housekeeping	

functions	maintaining	 cellular	 integrity	 (Jin,	 2006).	However,	 starvation	 strongly	

induces	 autophagy	 and	 is	 an	 important	 mechanism	 by	 which	 cells	 respond	 to	

nutrient	deprivation,	enabling	survival	until	nutrients	become	available.	A	critical	

player	 in	 nutrient	 sensing,	 regulation	 of	 cell	 growth	 and	 autophagy	 is	mTORC1.	

mTORC1	 is	 activated	 following	 growth	 factor	 stimulation	 of	 the	 RTK-PI3K-Akt	

pathway	 when	 nutrients	 are	 plentiful,	 promoting	 growth	 through	 induction	 of	

ribosomal	protein	expression	and	protein	translation	(Sabatini,	2006).	Under	these	

growth	promoting	conditions,	mTORC1	prevents	autophagy.	Conversely,	mTORC1	

signalling	 is	 suppressed	 by	 nutrient	 deprivation	 and	 hypoxia.	 Adenosine	 5’-

monophosphate	(AMP)-activated	protein	kinase	(AMPK),	upstream	of	mTORC1,	is	

activated	 in	 response	 to	 low	 ATP	 levels	 and	 promotes	 the	 inhibitory	 actions	 of	

TSC1	 and	 TSC2	 proteins	 on	 Rheb,	 which	 is	 required	 for	 mTOR	 activity	 (Shaw,	

2009).	Moreover,	 decreased	Akt	 activity	 in	 response	 to	 low	 growth	 factor	 levels	

also	 inhibit	mTORC1	 activity	 through	TSC1	 and	TSC2.	 Reduced	mTORC1	 activity	

therefore	induces	autophagy.	Since	mTORC1	is	downstream	of	Akt,	rapamycin	has	

been	assessed	in	the	treatment	of	cancer	in	clinical	trials	and	is	believed	to	prevent	

tumour	 growth	 through	 suppression	 of	 protein	 translation	 and	 by	 inducing	

autophagy	 (Guertin	 and	 Sabatini,	 2007).	 	 Notably,	mTOR	 exists	 as	 two	different	

complexes	 mTORC1	 and	 mTORC2	 but	 mTORC2	 is	 not	 sensitive	 to	 rapamycin.	

Furthermore,	 Vps34	 knockdown	 studies	 have	 demonstrated	 a	 block	 in	 insulin	

stimulated	phosphorylation	of	 S6	kinase1	 (S6K1)	and	eukaryotic	 initiating	 factor	

4E	 binding	 protein	 1	 (4EB-P1),	which	 are	 downstream	 effectors	of	 the	mTORC1	

growth	 signalling	 pathway	suggesting	Vps34	 involvement	 in	mTORC1	 regulation	

(Backer,	2008).	Interestingly,	recent	work	demonstrated	that	under	conditions	in	
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which	PI3K	Class	I	and	Akt	are	chronically	inhibited,	the	Vps34-SGK3	axis	is	able	to	

mediate	mTORC1	activity	and	function	(Bago	et	al.,	2016a).	

	

	

1.4.9	Role	of	Vps34	in	the	endocytic	system	

	

Following	 identification	of	Vps34	as	a	phosphatidylinositol	 specific	PI3K,	 several	

studies	 demonstrated	 that	 PI3K	 inhibition	 using	 inhibitors	 such	 as	 wortmannin	

leads	 to	 a	 block	 in	 vesicular	 trafficking	 in	 mammalian	 cells.	 Early	 research	

demonstrated	using	 inhibitory	antibodies	 that	specific	 inhibition	of	Vps34	delays	

transport	 of	 internalised	 PDGF	 receptors	 through	 early	 endosomes,	 slows	

recycling	 of	 transferrin	 receptors,	 inhibits	 EEA1	 recruitment	 to	 endosomes	

(Siddhanta	 et	 al.,	 1998)	 and	 inhibits	 the	 formation	 of	 internal	 vesicles	 in	

multivesicular	 bodies	 (Futter	 et	 al.,	 2001).	 	 Furthermore,	 knockdown	of	 specific	

Vps34	 complex	 subunits	 including	 Vps34,	 Beclin1,	 UV-RAG	 and	 Bif1	 but	 not	

Atg14L,	which	only	binds	to	Vps34	complex	 in	a	mutually	exclusive	manner	with	

UV-RAG,	 led	 to	 impairment	 of	 degradative	 endocytic	 trafficking	 of	 rhodamine	

labelled	EGF	and	EGFR	receptors	(Thoresen	et	al.,	2010).		

	

	

1.4.10	Tumour	promoting	and	tumour	suppressive	roles	of	Vps34		

	

The	role	of	Vps34	 in	cancer	 is	complex	with	both	tumour	promoting	and	tumour	

suppressive	 effects	 reported.	 	 For	 instance,	 impairment	 in	 receptor	 recycling	

through	endosomal	 trafficking	would	prevent	receptor	degradation	and	has	been	

proposed	as	a	mechanism	that	might	promote	cancer	by	maintaining	growth	factor	

signalling.	 Under	 this	 situation,	 the	 role	 of	 the	 functional	 Vps34	 complex	 II,	

containing	UV-RAG	and	Bif1	could	be	regarded	as	 tumour	suppressive.	The	same	

complex	was	 also	 found	 to	 regulate	 cytokinesis	 (Thoresen	 et	 al.,	 2010),	 another	

process	that,	if	deregulated	could	encourage	cancer	development.		

	

The	process	of	autophagy	in	cancer	is	highly	controversial.	Autophagy	was	initially	

thought	 to	 be	 a	 tumour	 suppressive	 mechanism	 when	 the	 autophagy	 essential	
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gene	Becn1	was	observed	to	be	monoallelically	lost	in	40-75%	of	human	prostate,	

breast	 and	 ovarian	 cancers	 (White,	 2015,	 Choi	 et	 al.,	 2013)	 while	 Becn1	

heterozygous	mutant	mice	were	 prone	 to	 development	 of	 lymphomas,	 liver	 and	

lung	cancers.	Paradoxically,	in	genetically	engineered	mouse	models	of	hereditary	

breast	 cancer,	 allelic	 loss	 of	 Becn1	 promoted	 activation	 of	 p53	 and	 decreased	

tumourigenesis.	 Furthermore,	 basal	 autophagy	 is	 higher	 in	 hypoxic	 regions	 of	 a	

tumour	 where	 it	 promotes	 cell	 survival	 (Degenhardt	 et	 al.,	 2006),	 while	 Ras	

activated	 cancers	 require	 autophagy	 to	 maintain	 oxidative	 metabolism	 and	

tumourigenesis	 (Guo	 et	 al.,	 2011).	 A	 vast	 number	 of	 other	 studies	 have	 also	

demonstrated	 a	 tumour	 promoting	 role	 of	 autophagy:	 in	Ras	 driven	 lung	 cancer	

mice	models,	loss	of	 the	essential	autophagy	gene,	Atg7,	 leads	to	accumulation	of	

dysfunctional	mitochondria,	 induction	of	 p53,	proliferative	 arrest	 and	 cell	death,	

reducing	 tumour	 burden	 and	 alteration	 of	 tumour	 fate	 from	 adenomas	 and	

carcinomas	to	benign	neoplasms	(Guo	et	al.,	2013).		

	

Such	studies	suggest	that	cancer	utilises	autophagy	to	survive	microenvironmental	

stress	through	recycling	of	nutrients	and	preservation	of	organelle	function	and	by	

suppression	 of	 p53.	 Although	 these	 findings	 raise	 the	 question	 as	 to	 whether	

autophagy	 inhibition	 may	 be	 beneficial	 in	 cancer	 therapeutics,	 given	 the	

contradictory	evidence	for	a	tumour	suppressive	role	of	autophagy,	this	could	be	a	

risky	 option.	 To	 date,	 the	 mutually	 opposing	 survival-promoting	 and	 death-

inducing	roles	for	autophagy	have	not	been	resolved;	a	reasonable	explanation	is	

that	autophagy	mediated	catabolism	primarily	enables	survival	but	imbalances	in	

cell	 metabolism,	 in	 circumstances	 where	 cellular	 consumption	 exceeds	 cellular	

capacity	for	synthesis,	lead	to	cell	death.		
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1.5	PHOSPHOINOSITIDE	PHOSPHATASES	-	

SWITCHING	OFF	PI3K	SIGNALLING	

	

Specific	interactions	of	phosphoinositides	with	proteins	are	crucial	for	a	multitude	

of	 cell	 processes.	Maintenance	 of	 phosphoinositide	 homeostasis	 is	 critical	 and	 is	

mediated	by	tight	regulation	of	phosphoinositide	kinases	and	phosphatases,	which	

phosphorylate	and	dephoshorylate	phosphoinositide	species	respectively.	Several	

large	 families	 of	 phosphoinositide	 phosphatases	 exist	 and	 over	 35	 mammalian	

enzymes	have	been	identified	that	degrade	phosphoinositide	signals	(Dyson	et	al.,	

2012).	 Mammalian	 phosphoinositide	 phosphatases	 are	 classified	 into	 two	

superfamilies,	including	the	protein	tyrosine	phosphatase	family	and	the	inositide	

polyphosphate	 phosphatase	 superfamily,	 which	 is	 classified	 further	 by	 the	

phosphate	 group	 they	 remove	 from	 the	 inositol	 ring	 and	 are	 thus	 named	 3-

phosphatase,	4-phosphatases	and	5-phosphatases.	

	

Deregulated	 PI3K	 activity	 is	 oncogenic.	 Under	 normal	 physiological	 conditions,	

PI3K	 Class	 I	 signalling	 is	 terminated	 primarily	 by	 the	 reversible	 hydrolysis	 of	

PI(3,4,5)P3	 to	 PI(4,5)P2	by	 PTEN	 (phosphatase	 and	 tensin	 homologue	 deleted	on	

chromosome	 10).	 Alternatively	 PI3K	 signalling	 can	 be	 downregulated	 by	 the	

sequential	dephosphorylation	of	PI(3,4,5)P3	 to	PI(3,4)P2	by	 the	phosphoinositide	

5-phosphatases	 (SHIP1/2	 (Src	 homology	 2-domain-containing	 inositol	

phosphatase	 1/2)	 (Ooms	 et	 al.,	 2009)	 and	 to	 PI(3)P	 by	 PtdIns	 4-phosphatase	

INPP4B	 (inositol	 polyphosphate	 4-phosphatase	 type	 II)	 (Agoulnik	 et	 al.,	 2011).	

Finally,	 PI(3)P	is	 rapidly	 dephosphorylated	 to	 PI	 by	 a	 	 family	 of	 myotubularin	

PtdIns	3-phosphatases	(Robinson	and	Dixon,	2006)	(Fig	1.6).	

	

	

1.5.1	PTEN	(phosphatase	and	tensin	homologue	deleted	on	chromosome	10)	

	

PTEN	was	 first	 identified	 as	 a	 tumour	 suppressor	 gene	 located	 on	 chromosome	

10q23	that	is	mutated	in	human	brain,	breast	and	prostate	cancer	(Li	et	al.,	1997).	

PTEN	consists	of	an	N-terminal	phosphatase	domain,	a	C2	domain	that	assists	 in	
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membrane	 binding	 and	 phosphatase	 activation	 and	 a	 C-terminal	 tail	 and	 PDZ	

domain-binding	 sequence.	 PTEN	 is	 now	 widely	 accepted	 to	 be	 one	 of	 the	 most	

frequently	 mutated	 genes	 in	 a	 diverse	 range	 of	 human	 cancers	 as	 mentioned	

earlier	(Steck	et	al.,	1997,	Risinger	et	al.,	1997,	Cairns	et	al.,	1998).	Although	PTEN	

was	initially	reported	to	be	a	protein	tyrosine	phosphatase	(Myers	et	al.,	1997),	it	

was	later	confirmed	that	the	main	catalytic	function	of	PTEN	is	to	dephosphorylate	

the	 D3	 phosphate	 of	 PI(3,4,5)P3	 and	 suppress	 PI3K	 signalling	 (Stambolic	 et	 al.,	

1998).		

	

		

1.5.2	SHIP1/2	(Src	homology	2-domain-containing	inositol	phosphatase	1/2)		

	

SHIP1/2	 are	well	 known	 inositol	 polyphosphate	 5-phosphatases	 that	 selectively	

hydrolyse	 the	 D5	 phosphate	 and	 convert	 PI(3,4,5)P3	 to	 PI(3,4)P2	 	 but	 also	

hydrolyse	1,3,4,5-tetraphosphate	(Edimo	et	al.,	2012).	Both	SHIP1	and	SHIP2	have	

an	 SH2	 domain	 at	 their	 N-terminus,	 a	 5-phosphatase	 catalytic	 domain,	 and	 a	 C-

terminal	proline	rich	domain	(PRD).	SHIP2,	but	not	SHIP1,	also	has	a	SAM	(sterile	

alpha	motif)	domain	at	its	C-terminus	(Hsu	and	Mao,	2015).	

	

SHIP2	 also	 known	 as	 INPPL1	 is	 more	 widely	 expressed	 than	 SHIP1,	 which	 is	

primarily	expressed	 in	haematopoietic	cells	(Sly	et	al.,	2003).	Therefore,	SHIP2	 is	

particularly	important	in	the	control	of	insulin	and	growth	factor	stimulated	PI3K-

Akt	signalling	and	genetic	deletion	of	SHIP2	was	reported	to	prevent	diet	induced	

obesity	in	mice	(Clement	et	al.,	2001).	Although	SHIP2	might	be	expected	to	act	as	

a	 tumour	suppressor	due	to	 its	role	 in	downregulating	Akt	signalling,	 there	have	

been	a	number	of	reports	implicating	it	as	an	oncogenic	driver	in	cancer	including	

increased	SHIP2	expression	in	clinical	breast	tumour	samples	(Prasad	et	al.,	2008)	

and	colorectal	cancer	tissue	(Yang	et	al.,	2014).	Indeed,	data	described	in	Chapter	4	

supports	 the	 role	 of	 SHIP2	 as	 a	 potential	 driver	 in	 cancer	 through	 regulation	 of	

SGK3	activation	and	is	further	discussed	there.	
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1.5.3	INPP4A/B	(inositol	polyphosphate	4-phosphatase	type	II)	

	

Following	dephosphorylation	of	PI(3,4,5)P3	to	PI(3,4)P2	by	SHIP2,	the	next	step	in	

this	pathway	is	the	breakdown	of	PI(3,4)P2	to	PI(3)P	by	inositol	polyphosphate-4-

phosphatases	type	I	and	II	(INPP4A	and	INPP4B),	which	specifically	hydrolyse	the	

D4	phosphate	(Norris	et	al.,	1997,	Gewinner	et	al.,	2009).	The	INPP4	phosphatases	

consist	of	an	N-terminal	C2	domain,	an	unknown	central	domain	and	a	C-terminal	

catalytic	domain	 (Rynkiewicz	et	 al.,	 2012).	 INPP4A	and	B	have	 been	 reported	 to	

negatively	 regulate	 Akt	 signaling	 (Ivetac	 et	 al.,	 2005)	 and	 as	might	 be	 expected,	

many	 studies	 have	 reported	 INPP4	 phosphatases	 to	 be	 tumour	 suppressors	

(Rynkiewicz	 et	 al.,	 2012).	 Silencing	 of	 INPP4B	 expression	 in	 malignant	

proerythoblasts	led	to	increased	Akt	phosphorylation	that	could	be	reduced	by	re-

introduction	of	INPP4B	(Barnache	et	al.,	2006).	Furthermore,	in	human	mammary	

epithelial	 cells	 and	 breast	 cancer	 cell	 lines,	 INPP4B	 suppressed	 basal	 and	 IGF	

mediated	Akt	phosphorylation	(Gewinner	et	al.,	2009,	Fedele	et	al.,	2010).	INPP4B	

protein	 expression	 was	 reported	 to	 be	 lost	 in	 84%	 of	 human	 basal-like	 breast	

carcinomas	that	are	highly	aggressive,	with	poor	clinical	outcome	and	associated	

with	BRCA1	mutations	(Rakha	et	al.,	2008).		

	

However,	 much	 contradictory	 evidence	 has	 recently	 accumulated,	 implicating	

INPP4	 phosphatases	 as	 oncogenic	 drivers	 rather	 than	 tumour	 suppressors.	

Aberrant	 overexpression	 of	 INPP4B	 was	 reported	 to	 promote	 chemoresistance	

and	poor	outcome	in	acute	myeloid	leukaemia	(AML)	(Rijal	et	al.,	2015)	and	SGK3	

was	 reported	 to	 mediate	 INPP4B	 dependent	 PI3K	 signaling	 in	 breast	 cancer	

(Gasser	et	al.,	2014).	The	SHIP1/2-INPP4A/B-SGK3	pathway	is	explored	further	in	

Chapter	4.	

	

	

1.5.4	Myotubularin	family	of	phosphatases	

	

The	 myotubularin	 family	 of	 phosphatases	 contains	 15	 members	 and	 are	 highly	

conserved	from	yeast	to	human.	The	first	myotubularin,	MTM1	was	identified	as	a	

gene	mutated	 in	patients	with	a	congenital	muscle	disorder,	X-linked	myotubular	
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myopathy	 (Laporte	 et	 al.,	 1996).	 All	 myotubularin	 family	 members	 possess	 PI-

binding	 PH-GRAM	 (Pleckstrin	homology-glucosyltransferases,	rab-like	 GTPase	

activators	 and	 myotubularin)	 domain	and	 the	 catalytic	 PTP	

(Protein	tyrosine	phosphatase)	domain	 (Hsu	 and	Mao,	2015).	 Furthermore,	most	

myotubularins	 have	 a	 CC	 (coiled-coil)	 region,	 important	 for	 homodimerization	

and/or	heterodimerization.	

	

	

	

1.6	AKT	INDEPENDENT	SIGNALLING	–	ROLE	OF	SGK	

	

Akt	 has	 long	 been	 considered	 the	 key	 downstream	 effector	 of	 PI3K	 Class	 I	

signalling	and	oncogenic	pathway.	However,	much	evidence	 for	Akt	 independent	

PI3K	 signalling	 contributing	 to	 tumourigenesis,	 has	 been	 accumulating	 over	 the	

recent	years.	Early	research	demonstrating	this	includes	a	study	in	which	the	role	

of	PDK1	in	breast	cancer	progression	was	investigated	through	PDK1	knockdown	

in	 breast	 cancer	 cells,	 harbouring	 PIK3CA	 or	 KRAS	 gain	 of	 function	 mutations	

(Gagliardi	et	al.,	2012).	 PDK1	 knockdown	 led	 to	 increased	 anoikis,	 reduced	

anchorage	 independent	 growth	 and	 apoptosis	 in	 breast	 tumours.	 Surprisingly,	

expression	 of	 active	 Akt	 was	 unable	 to	 rescue	 the	 PDK1	 mediated	 anchorage	

independent	growth	phenotype,	which	suggested	the	presence	of	PDK1	dependent	

but	Akt	 independent	signalling	 in	breast	cancer.	 In	an	alternative	study,	prostate	

specific	 loss	 of	 PTEN	 in	 a	 mouse	 model	 caused	 tumours	with	 elevated	 Akt	 and	

mTORC1	activity	but	suppression	of	Akt	had	little	impact	on	tumour	growth,	again	

implicating	an	Akt	independent	signalling	pathway	(Bruhn	et	al.,	2013).	

	

The	serum	and	glucocorticoid	activated	kinases	(SGKs)	were	proposed	as	possible	

candidates	 for	mediating	Akt	 independent	 signalling	 considering	 their	 regulation	

by	 PI3Ks	 and	 the	 similarity	 in	 substrate	 specificity	with	Akt	 (Bruhn	 et	 al.,	 2013,	

Bruhn	et	al.,	2010).	In	2009,	a	study	by	Vasudevan	et	al,	screened	PIK3CA	mutant	

tumour	 cells	 with	 minimal	 Akt	 activation	 and	 identified	 SGK3	 to	 increase	 cell	

viability	 and	 anchorage	 independent	 growth	 in	 such	 cancers	 (Vasudevan	 et	 al.,	

2009).	 Furthermore,	 another	 study	 measured	 SGK3	 expression	 in	 oestrogen	
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receptor	 positive	 breast	 tumours	 and	 observed	 a	 positive	 correlation	 between	

SGK3	levels	and	patient	survival	and	prognosis	(Xu	et	al.,	2012),	yet	no	correlation	

between	Akt	mRNA	expression	and	tumour	prognosis.	Yet	another	study	reported	

SGK3	 as	 the	 crucial	 effector,	 in	 Akt	 independent	 signalling,	 in	 hepatocellular	

carcinoma	(HCC)	where	amplification	of	SGK3	is	more	common	than	Akt	(Liu	et	al.,	

2012).	The	authors	observed	significant	increase	in	SGK3	transcript	expression	in	

tumour	 tissue	 compared	 to	non-tumour	 tissue	and	 in	 vitro	assays	demonstrated	

that	 SGK3	 could	 increase	 cell	 growth,	 colony	 formation,	 and	 anchorage-

independent	 growth	 in	 HCC	 cells,	 while	 SGK3	 knockdown	 significantly	 reduced	

these	phenomena.		

	

These	studies	first	raised	the	awareness	that	SGK3	could	be	a	critical	downstream	

effector	for	breast	and	ovarian	cancers	harbouring	PIK3CA	mutations	and	low	Akt	

signalling.	Later,	 the	possibility	 that	SGK	activation	could	represent	a	mechanism	

of	drug	 resistance	 to	Akt	 inhibitors	was	 shown	 in	breast	 cancer	 cell	 lines,	which	

expressed	 high	 levels	 of	 SGK1	 and	were	 found	 to	 be	 resistant	 to	 Akt	 inhibition	

(Sommer	et	al.,	2013).	

	

	

1.6.1	Serum	and	Glucocorticoid	Activated	Kinase	3	(SGK3)	-	A	Unique	Kinase	

	

SGK3	was	first	identified	as	a	novel	isoform	of	SGK1	(Kobayashi	et	al.,	1999)	that	

was	also	shown	to	promote	IL-3	dependent	haematopoietic	cell	survival	(Liu	et	al.,	

2000).	 In	 humans,	 SGK3	 is	 localised	 on	 chromosome	8q12.2	 and	 is	 ubiquitously	

expressed	at	the	mRNA	level	(Dai	et	al.,	1999).	SGK3	is	constitutively	expressed	but	

the	SGK3	 gene	 possesses	 oestrogen	 binding	 regions	 and	 can	 be	 transcriptionally	

induced	by	oestrogen	(Wang	et	al.,	2011).	SGK3	is	unique	not	only	amongst	SGKs	

but	 amongst	 all	 known	 kinases	 in	 that	 it	 possesses	 a	N-terminal	 PX	 domain	 and	

was	initially	shown	to	be	responsible	for	targeting	of	SGK3	to	vesicular	structures	

(Liu	et	al.,	2000).	PX	domains	as	mentioned	earlier	are	phosphoinositide	binding	

domains,	which	are	specifically	recruited	to	PI(3)P	containing	membranes,	thus	PX	

domain	 containing	 proteins	 tend	 to	 localise	 on	 PI(3)P	 rich,	 endosomal	 and	

vacuolar	 structures	 (Ellson	 et	 al.,	 2002).	 Since	 then	 several	 studies	 have	 shown	
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that	SGK3	binds	strongly	and	selectively	 to	PI(3)P	through	its	PX	domain	 	and	 in	

this	way	 is	 targeted	 to	 the	 endosomes	 (Virbasius	 et	 al.,	 2001,	Bago	 et	 al.,	 2014).	

Mutation	 of	 the	 SGK3	 PX	 domain	 ablates	 PI(3)P	 binding,	 endosomal	 localisation	

and	SGK3	activity	(Xu	et	al.,	2001,	Bago	et	al.,	2014).	

	

	

1.6.2	Regulation	and	activation	of	SGK3	and	other	SGK	isoforms	

	

There	are	three	isoforms	of	SGK	including	SGK1,	2	and	3,	which	share	54%	identity	

with	the	Akt	kinases	and	80%	identity	with	each	other	 in	 their	catalytic	domains	

(Kobayashi	 et	 al.,	 1999).	 Like	 Akt,	 SGKs	 require	 phosphorylation	 at	 the	 T	 loop	

activation	 loop	 site	 and	 on	 the	 C-terminal	 hydrophobic	 motif.	 On	 SGK3,	 PDK1	

phosphorylates	the	T	loop	Thr320	site	and	mTORC2	phosphorylates	Ser486	in	the	

hydrophobic	motif	 (Figure	 1.12)	 (Bago	 et	 al.,	 2016a).	Despite	 the	 high	degree	 of	

sequence	similarity,	there	are	a	number	of	differences	in	the	mode	of	activation	of	

each	SGK	isoform	and	Akt.	In	terms	of	tissue	distribution,	both	SGK1	and	SGK3	are	

ubiquitously	expressed	in	heart,	brain,	liver,	lung,	kidney,	placenta,	skeletal	muscle	

and	 pancreas	 but	 SGK2	 showed	 more	 restricted	 expression	 in	 liver,	 kidney,	

pancreas	 and	 brain	 (Kobayashi	 et	 al.,	 1999).	 Furthermore,	 while	 SGK1	 mRNA	

expression	increases	rapidly	following	stimulation	with	serum	and	glucocorticoids,	

SGK2	and	SGK3	mRNA	expression	did	not	respond	to	these	agonists.	
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Figure	1.12	–	Domain	organisation	and	regulatory	phosphorylation	sites	of	

Akt	and	SGK	isoforms	

	
	

	
Figure	 1.12	 –	 Akt	 and	 SGK	 isoforms	possess	 a	 T	 loop	 in	 their	 catalytic	 kinase	 domain	 and	 a	 C-
terminal	 hydrophobic	 motif,	 both	 of	 which	 must	 be	 phosphorylated	 by	 PDK1	 and	 mTORC2	
respectively,	for	full	activation.		
	
	

The	SGKs,	like	Akt	are	activated	in	a	PI3K	Class	I	dependent	manner.	However,	the	

unique	 localisation	 of	 SGK3	 at	 early	 endosomes	 where	 PI3K	 Class	 III	 (Vps34)	

resides	 raised	 speculation	 that	 Vps34	 might	 be	 involved	 in	 its	 regulation.	 	 A	

number	of	observations	had	been	made	in	support	of	this	hypothesis;	for	instance,	

intracellular	 amino	 acid	 levels	 were	 found	 to	 increase	 phosphorylation	 of	 the	

mTORC1	effectors,	 S6K1	and	4EB-P1	 independent	of	Akt	 (Sanchez	Canedo	et	 al.,	

2010).	Similarly,	while	Vps34	overexpression	was	observed	to	activate	S6K1	in	the	

absence	of	insulin	stimulation,	knockdown	blocked	amino	acid	stimulation	of	S6K	

(Backer,	 2008).	 Moreover,	 SGK3	 was	 also	 shown	 to	 be	 involved	 in	 vesicular	

trafficking	and	 receptor	 sorting	at	 the	endosome	 through	 regulation	of	E3	 ligase	

atrophin-1	 interacting	protein	4	(AIP4)	(Slagsvold	et	al.,	2006).	Subsequently,	we	
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managed	to	show	that	SGK3	was	indeed	regulated	by	both	PI3K	Class	I	and	Vps34	

through	recruitment	and	activation	of	SGK3	at	the	endosomes	(discussed	in	more	

detail	in	Chapter	3)	(Bago	et	al.,	2014)	and	by	demonstrating	that	SGK3	is	able	to	

control	mTORC1	signalling	during	chronic	inhibition	of	PI3K	Class	I-Akt	signalling	

(Bago	et	al.,	2016a).	

	

Akt	 activation	 is	 enhanced	 by	 its	 PH	 domain	 binding	 to	 PI(3,4,5)P3,	 not	 only	 by	

bringing	Akt	into	close	proximity	with	PDK1	but	also	by	inducing	a	conformational	

change	 in	Akt	 that	 facilitates	 PDK1	phosphorylation	 of	 its	 loop	Thr	 308	 residue,	

leading	to	partial	activation.	mTORC2	phosphorylation	of	the	hydrophobic	motif	is	

required	 for	 full	 activation	of	 Akt	 and	 also	 further	 enhances	 phosphorylation	 by	

PDK1	at	the	T	loop	site.	It	was	recently	shown	that	SGK3	activation	is	promoted	in	

an	 analogous	 manner,	 whereby	 SGK3	 PX	 domain	 binding	 to	 PI(3)P	 promotes	

phosphorylation	 and	 activation	 by	 PDK1	 (Bago	 et	 al.,	 2016a).	 The	Akt	 and	 SGK1	

hydrophobic	motifs	are	known	to	be	phosphorylated	by	mTORC2	(Sarbassov	et	al.,	

2005,	Garcia-Martinez	and	Alessi,	2008).	While	it	was	speculated	that	mTORC2	is	

likely	to	phosphorylate	the	SGK3	hydrophobic	motif	too,	the	identity	of	this	kinase	

had	 not	 been	 definitively	 established.	 Bago	 et	 al	 (2016)	 demonstrated	 that	

following	 shRNA	 knockdown	 of	 the	 essential	 Rictor	 subunit	 of	 mTORC2,	 SGK3	

activity	 and	 hydrophobic	 motif	 phosphorylation	 is	 ablated.	 Furthermore	 while	

treatment	with	AZD8055,	an	mTOR	catalytic	inhibitor	that	inhibits	both	mTORC1	

and	mTORC2	significantly	decreased	SGK3	phosphorylation	and	activity,	treatment	

with	 rapamycin,	 which	 inhibits	 mTORC1	 but	 not	 mTORC2	 at	 the	 concentration	

utilised,	had	no	impact	on	SGK3	phosphorylation	and	activity	(Bago	et	al.,	2016a).		

Due	to	sequence	similarity	between	the	SGK	isoforms,	it	is	likely	that	SGK2	is	also	

phosphorylated	 at	 its	 hydrophobic	 motif	 by	 mTORC2.	 Notably,	 while	 Akt	 is	

recruited	to	PI(3,4,5)P3	containing	membranes	and	SGK3	anchored	to	PI(3)P		rich	

membranes	where	 they	are	both	activated,	 	 SGK1	and	SGK2	without	a	PH	or	PX	

domain	 cannot	 be	 recruited	 to	 a	 specific	 membrane	 for	 activation.	 In	 this	 case,	

phosphorylation	 of	 their	 hydrophobic	motif	 promotes	 their	 interaction	with	 the	

PDK1	interacting	fragment	(PIF)	pocket	of	PDK1,	enabling	PDK1	to	dock	leading	to	

T	loop	phosphorylation	(Collins	et	al.,	2003,	Biondi	et	al.,	2001).	
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1.6.3	SGK	knock	out	mice		

	

SGK	 function	 has	 also	 been	 analysed	 through	generation	 of	SGK	 knock	 out	mice.	

Sgk3−/−	mice	exhibited	a	distinct	defect	in	hair	follicle	morphogenesis,	producing	a	

wavy	 hair	 phenotype	 and	 defect	 in	 proliferation	 and	 nuclear	 accumulation	of	 β-

catenin	 in	 hair-bulb	 keratinocytes	 (McCormick	 et	 al.,	 2004,	 McCormick	 et	 al.,	

2005).	Nevertheless,	the	mice	displayed	normal	sodium	and	glucose	homeostasis.	

The	 double	sgk1−/−/sgk3−/−	mouse	 possessed	 a	 combined	 phenotype	

of	sgk1−/−	and	sgk3−/−	mice,	with	a	wavy	hair	phenotype	and	 impairment	of	 renal	

Na+	retention	 on	 a	 low-salt	 diet	 (Grahammer	 et	 al.,	 2006).		 These	 studies	

demonstrated	that	both	sgk1−/−	and	sgk3−/−	single	knockout	mice	display	different	

phenotypes.	 Since	 combined	 knockout	 of	 sgk1	and	sgk3	did	 not	 produce	 a	 more	

severe	 phenotype,	 these	 two	 isoforms	may	 not	 be	 compensating	 for	 each	 other,	

although	this	could	also	be	explained	by	the	presence	of	SGK2,	which	may	be	able	

to	compensate.	

	

Interestingly,	characterization	of	an	akt2−/−/sgk3−/−	mouse	revealed	that	the	defect	

in	hair	growth	is	substantially	worse	in	these	mice	than	in	sgk3−/−mice	(Mauro	et	

al.,	 2009)	with	 much	 greater	 dysregulation	 of	 glucose	 homeostasis	

than	Akt2−/−	mice	 (Yao	 et	 al.,	 2011).	 In	 Akt2−/−	mice,	 insulin	 resistance,	

hyperinsulinemia	 and	 increased	 β-cell	 proliferation	 and	mass	was	 also	observed	

(Cho	et	al.,	2001).		The	above	research	further	highlights	that	these	proteins	have	

both	unique	and	common	functions.	

	

	

1.6.4	SGK3	substrates	and	functions	

	

Although	the	SGK3	knock	out	models	provided	valuable	 information	about	SGK3	

physiological	 function,	 there	 are	 many	 unanswered	 questions	 regarding	 the	

molecular	 mechanism	 of	 SGK3	 signalling	 and	 its	 physiological	 substrates.	

Substrate	 specificity	 for	 the	 SGK	 family	was	 determined	 by	 assessing	 a	 panel	 of	

synthetic	 peptides,	 which	 demonstrated	 that	 SGKs	 preferentially	 phosphorylate	

serine	 and	 threonine	 residues	 within	 the	 Arg-Xaa-Arg-Xaa-Xaa-Ser/Thr	 motifs,	
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(where	 Xaa	 stands	 for	 any	 amino	 acid),	 similarly	 to	 Akt	 (Kobayashi	 and	 Cohen,	

1999,	Alessi	et	al.,	1996).	It	was	also	shown	that	SGK3	can	tolerate	the	presence	of	

a	lysine	instead	of	arginine	at	position	n-3.	

	

The	 similar	 substrate	 specificity	of	 SGK3	 to	Akt	means	 that	 it	 can	phosphorylate	

many	Akt	 substrates	such	as	Bad	and	FKHRL-1	 (Xu	et	 al.,	2001,	Liu	et	 al.,	 2000).	

Furthermore,	 it	was	 recently	 demonstrated	 that	 SGK3	 is	 able	 to	 compensate	 for	

Akt	and	phosphorylate	TSC2	to	activate	the	mTORC1	pathways,	under	conditions	

in	 which	 Akt	 is	 inhibited	 for	 prolonged	 periods	 (Bago	 et	 al.,	 2016a).	 However,	

SGK3,	 in	contrast	 to	Akt,	SGK1	and	SGK2	is	localised	at	 the	endosomes	via	 its	PX	

domain,	 which	 implies	 that	 SGK3,	 despite	 overlapping	 substrate	 specificity	with	

Akt,	must	also	have	unique	 functions	 related	 to	 its	 localisation.	 Indeed,	data	 that	

will	 be	 described	 in	 Chapter	 3	 and	 4	 showed	 that	 SGK3	 is	 controlled	 by	 the	

endosomally	 residing	 PI3K	 Class	 III,	 Vps34.	 This	 represents	 an	 alternative	

signalling	 axis	 to	 PI3K-SGK3	 signalling	 and	 also	 implies	 that	 SGK3	 may	 have	

alternative	functions	to	those	of	Akt.		

	

However,	 few	substrates	unique	to	SGK3	have	been	 identified,	 if	any.	NDRG1	(N-

Myc	 (neuroblastoma-derived	 Myc)	 downstream-regulated	 gene	 1])	 was	 initially	

identified	 as	 an	 SGK1	 substrate	 (Murray	 et	 al.,	 2004)	 but	 in	 addition	 to	 SGK	

isoforms,	is	also	phosphorylated	by	Akt	(See	Chapter	3	&	4)	(Sommer	et	al.,	2013).		

	

A	 well-characterised	 substrate	 of	 SGK	 isoforms	 is	 the	 ubiquitin	 ligase	 NEDD4L,	

which	 promotes	 ubiquitination	 and	 degradation	 of	 sodium	 epithelial	 channels	

(ENaC).		SGK1	phosphorylation	of	NEDD4L	in	vitro	and	in	vivo	was	demonstrated	

by	 several	 groups	 (Bhalla	 et	 al.,	 2005,	 Asher	 et	 al.,	 2003).	 This	 modification	 is	

believed	 to	 disrupt	 the	 interaction	 of	 NEDD4L	 with	 ENaC	 due	 to	 binding	 of	

phosphorylated	NEDD4L	by	14-3-3	proteins,	which	prevents	degradation	of	ENaC	

and	 therefore	 increases	 sodium	 transport.	 Indeed,	 SGK1	 knockout	 mice	 also	

demonstrated	 a	 defect	 in	 sodium	 homeostasis.	 However,	 NEDD4L	 can	 also	 be	

phosphorylated	by	Akt	(Lee	et	al.,	2007).	
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Interestingly,	 SGK3	 was	 reported	 to	 regulate	 endosomal	 sorting	 of	 CXCR4	 by	

inhibiting	 its	 degradation,	 through	 phosphorylation	 of	 AIP4,	which	 ubiquitinates	

CXCR4	 (Slagsvold	et	 al,	 2006).	The	 study	 found	 that	SGK3	colocalised	with	AIP4.	

Moreover	upon	expression	of	HA-CXCR4	with	empty	vector,	wild	 type	SGK3	and	

SGK3	phosphorylation	mutants,	 they	 found	that	SGK3	S486D	(hydrophobic	motif	

phosphorylation	 mimic)	 significantly	 reduced	 CXCR4	 degradation	 while	 the	

phosphorylation-inactive	 mutant	 CISK	 S486A	 was	 not	 able	 to	 inhibit	 CXCR4	

degradation	(Slagsvold	et	al.,	2006).	In	vitro,	the	authors	demonstrated	that	SGK3	

but	not	SGK1	could	phosphorylate	AIP4,	however,	phosphorylation	by	Akt	was	not	

assessed.		

	

The	 only	 other	 substrate	 reported	 for	 SGK3,	 is	 the	 mammalian	 homologue	 of	

Drosophila	melanogaster	 flightless	I	(FLII),	which	was	demonstrated	as	an	in	vitro	

and	in	vivo	substrate;	phosphorylation	assessed	using	a	phosphospecific	antibody	

was	reduced	upon	treatment	with	the	PI3K	 inhibitor	LY294002	(Xu	et	al.,	2009).	

However,	once	again	Akt	phosphorylation	of	FLI-I	was	not	assessed	in	vitro	or	in	

vivo	using	Akt	inhibitors.	

	

It	 is	 therefore	 critical	 to	 identify	 novel	 substrates	 of	 SGK3,	 especially	 those	

substrates	that	are	SGK3	selective,	if	any,	in	order	to	understand	the	physiological	

functions	of	this	kinase.	
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1.6.5	GAPS	IN	THE	UNDERSTADNING	OF	SGK3	REGULATION	AND	FUNCTION			

	

At	the	beginning	of	this	PhD,	SGK3	was	a	highly	understudied	kinase	with	unusual	

features,	 which	 warranted	 further	 investigation.	 Despite	 overlapping	 substrate	

specificity	with	Akt,	SGK3	is	localised	at	the	endosomes	by	virtue	of	its	PX	domain,	

which	no	other	kinase	 is	known	to	possess.	Furthermore	while	Akt	regulation	by	

PI3K	 Class	 I	mediated	 generation	 of	 PI(3,4,5)P3	 is	widely	 recognised,	 how	 PI3K	

Class	 I	 regulates	 SGK3	 was	 not	 clear.	 Moreover,	 SGK3	 localisation	 at	 the	

endosomes	suggested	that	PI3K	Class	 III	or	Vps34	mediated	generation	of	PI(3)P	

might	be	 important	 in	 its	regulation.	Upon	 investigation	we	found	that	SGK3	was	

indeed	regulated	by	both	PI3K	Class	I	and	Vps34.	However,	there	was	no	evidence	

whether	 the	 Vps34-SGK3	 axis,	 like	 the	 PI3K	 Class	 I-Akt	 axis	 is	 responsive	 to	

external	 stimuli	 such	 as	 growth	 factors.	 If	 growth	 factors	 are	 able	 to	 modulate	

Vps34-SGK3	signalling,	 this	 could	 have	 important	 implications	 in	 cancer.	 Finally,	

identification	 of	 novel	 SGK3	 substrates,	 particularly	 SGK3	 selective	 substrates	 is	

crucial	to	understanding	the	physiological	role	of	SGK3	with	the	potential	to	reveal	

new	disease	targets	and	biomarkers.	

	

	

AIMS	OF	PHD	

With	the	above	questions	in	mind	the	aims	of	my	PhD	were	as	follows:	

	

1. Is	SGK3	regulated	by	Vps34?	–	Chapter	3	
	

2. Is	Vps34-SGK3	signalling	responsive	to	external	stimuli	or	simply	a	
housekeeping	function?	–	Chapter	4	

	

3. How	does	PI3K	Class	I	regulate	SGK3?	–	Chapter	4	
	

4. 	Identification	of	novel	SGK3	substrates,	particularly	those	unique	to	
SGK3	–	Chapter	5	
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Chapter 2  
MATERIALS & METHODS 

	

2.1	Materials	

	

2.1.1	Commercial	Reagents	

Acetone,	 ethanol,	 formic	 acid,	 glycerol,	 glycine,	 4-(2-Hydroxyethyl)piperazine	

ethanesulfonic	 acid	 (Hepes),	 isopropanol,	 methanol,	 2-mercaptoethanol,	

orthophosphoric	 acid,	 potassium	 chloride,	 sodium	 chloride,	 sodium	

ethylenediaminetetraacetic	 acid	 (EDTA),	 magnesium	 acetate,	 sodium	 ethylene	

glycol	 tetraacetic	 acid	 (EGTA),	 sodium	 fluoride,	 sodium	 β-glycerophosphate,	

sodium	orthovanadate,	puromycin,	adenosine	5’-triphosphate	sodium	salt	(ATP),	

anti-HA	 agarose,	 ammonium	 bicarbonate,	 ammonium	 persulphate	 (APS),	

ampicillin,	 benzamidine,	 bovine	 serum	 albumin	 (BSA),	 bromophenol	 blue	 (BPB),	

dexamethasone,	doxorubicin,	dimethyl	pimelimidate	 (DMP),	dimethyl	 sulphoxide	

(DMSO),	 hydrogen	 peroxide,	 iodoacetamide,	 phenylmethanesulphonylfluoride	

(PMSF),	 Ponceau	 S,	 sodium	 dodecyl	 sulphate	 (SDS),	 sodium	 tetraborate,	 N’-

Tetramethylethylenediamine	 (TEMED),	 triethylammonium	 bicarbonate,	 Nonidet	

P40,	 Triton-X-100	 and	 Tween-20	were	 from	 Sigma-Aldrich	 (Poole,	 UK).	 Sucrose	

and	Tris	(hydroxymethyl)	methylamine	(Tris)	were	from	BDH	(Lutterworth,	UK).	

Cellophane	 films,	 polymerase	 chain	 reaction	 (PCR)	 plates	 and	 Precision	 Plus	

protein	 markers	 were	 from	 BioRad	 (Herts,	 UK).	 3-[(3-

Cholamidopropyl)dimethylammonio]-1-propanesulfonate	 (CHAPS)	 was	 from	

Calbiochem	 (Merck	 Biosciences,	 Nottingham,	 UK).	 Insulin-like	 growth	 factor	

(IGF1)	 was	 from	 Cell	 Signaling	 Technology	 (New	 England	 Biolabs,	 Herts,	 UK).	

Polybrene	was	from	SantaCruz	Biotechnology	(Heidelberg,	Germany).	Cell	culture	

dishes	and	flasks,	cryovials	and	Spin-X	columns	were	from	Corning	(NY,	USA).	Cell	

scrapers	 were	 from	 Costar	 (Cambridge,	 USA).	 40%(w/v)	 29:1	 Acrylamide:Bis-

Acrylamide	 solution	was	 from	 Flowgen	 Bioscience	 (Nottingham,	 UK).	 Protein	 A-

agarose,	Protein	G-sepharose,	Enhanced	chemiluminescence	 (ECL)	kit,	Hyperfilm	
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MP,	Protran	nitrocellulose	membrane,	P81	paper,	 	and	[γ32P]-labelled	ATP	were	

from	 GE	 Healthcare	 (Piscataway,	 USA).	 Cell	 dissociation	 buffer,	 Dulbecco’s	

modified	eagle	medium	(DMEM),	RPMI-1640	medium,	Phosphate	buffered	 saline	

(PBS),	Trypsin/EDTA,	L-glutamine,	Lipofectamine	2000,	non-essential	amino	acids,	

sodium	 pyruvate,	 antibiotic/antimycotic,	 NuPAGE	 Novex	 SDS	 Bis-.-Tris	 gels,	

NuPAGE	 MOPS	 running	 buffer,	 NuPAGE	 reducing	 agent,	 NuPAGE	 LDS	 sample	

buffer	 and	 primers	 were	 from	 Invitrogen	 (Paisley,	 UK).	 Photographic	 developer	

(LX24)	and	liquid	fixer	(FX40)	were	from	Kodak	(Liverpool,	UK).	X-ray	films	were	

from	Konica	 (Japan).	Polyethylenimine	 (PEI)	was	 from	Polysciences	 (Warrington	

PA).	Skimmed	milk	(Marvel)	was	from	Premier	Beverages	(Stafford,	UK).	Plasmid	

Maxiprep	and	RNeasy	kits	were	from	Qiagen	Ltd	(Crawley,	UK).	Acetonitrile	(HPLC	

grade)	was	from	Rathburn	Chemicals	(Walkerburn,	UK).	Proteas	inhibitor	Cocktail	

was	 from	 Roche	 (Lewes,	 UK).	 Horseradish	 peroxidase	 (HRP)	 and	 Alexa	 fluor-

conjugated	secondary	antibodies,	Bradford	reagent	and	Fetal	Bovine	Serum	(FBS)	

were	from	Thermo-scientific	(Essex,	UK).	CellTiter	96.	Trypsin	(mass	spectrometry	

grade)	 were	 from	 Promega	 (Southhampton,	 UK).	 InstantBlue	 protein	 staining	

solution	was	from	Expedeon	(Harston,	UK).		

	
	
	
2.1.2	In	house	reagents	

Lysogeny	 broth	 (LB)	 broth	 and	 LB	 agar	 plates	 supplemented	 with	 200	 μg/ml	

ampicillin	 were	 from	 media	 kitchen.	 Crosstide	 peptide	 was	 from	 MRC	 PPU	

Reagents	and	Services,	University	of	Dundee.	

	

	

2.1.3	Antibodies	

In-house	 antibodies	 (Table	 2.1)	 were	 raised	 in	 sheep,	 except	 for	 the	 Vps15	

antibody,	 which	 was	 raised	 in	 rabbit	 and	 affinity	 purified	 on	 the	 appropriate	

antigen	by	the	MRC	PPU	Reagents	and	Services	Team.	Antibodies	were	used	at	1	

μg/ml	 in	 5%	 (w/v)	 skimmed	 milk	 in	 TBST	 and	 the	 in-house	 phosphospecific	

antibodies	were	used	 at	1	 μg/ml	 in	5%	 (w/v)	BSA/TBST	supplemented	with	10	

μg/ml	non-phosphopeptide	 to	 increase	 specificity.	Commercial	 antibodies	 (Table	

2.2)	were	diluted	in	5%	(w/v)	BSA/TBST	solution	and	used	at	1:1000	dilutions.		
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Table	2.1	–	In	house	antibodies		

	
	

Target	 Immunogen	

	

Sheep	 Bleed	

	

SGK3	

	
SGK3	PX	domain	(resides	1-130	of	human	SGK3	
	

	
S037D	

	
3rd	

	

SGK2	

	
Human	SGK2	(KSIGCTPDTVASSS)[333-346]	
	

	
S036D	

	
3rd	

	

SGK1+2	

	
Full	length	human	SGK1	
	

	
S062D	

	
3rd	

	

PRAS40	

pT346	

	
Human	PRAS40	(CRPRLNT*SDFQK)][240-251]	

	
S114B	

	
2nd	

	

PRAS40	

	
Full	length	human	PRAS40	
	

	
S115B	

	
1st	

	

Akt	

	
Full	length	human	Akt1	
	

	
S742B	

	
3rd	

	

NDRG1	

	
Full	length	human	NDRG1	
	

	
S276B	

	
3rd	

	

PanK4	pT406	

	
Human	PanK4	AQRARSGT*FDLLEMDR	[399	–	
414]	
	

	
SA341	

	
2rd	

	

STX12	

pS139	

	
C-Ahx-SIARARAGS*RLSAEERQ	[31	-	140]	
	

	
SA388	

	
3rd	

	

Cas9	

	
GST-Cas9				
	

	
S274D	

	
-	

	

Vps34	

	
His-HA-Vps34	
	

	
S672B	

	
3rd	

	

Beclin1	

	
GST-Beclin1	
	

	
S900B	

	
1st	

	

Vps15	

	
GST-Vps15		
	

	
R1737	

	
3rd	

	

UV-RAG	

	
GST-UV-RAG	
	

	
S323D	

	
3rd	
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Table	2.2	–	Commercial	antibodies	

	

	
Antibody	

	

Company	 Catalogue	

No.	

Species	

	

Akt	pT308	

	
CST	

	
4056	

	
Rabbit	

	

Akt	pS473	

	
CST	

	
9271	

	
Rabbit	

	

NDRG1	pT346	

	
CST	

	
5482	

	
Rabbit	

	

SGK3	pT320	

	
CST	

	
5642	

	
Rabbit	

	

SGK3	pS486	

	
Santa	Cruz	

	
Sc16745	

	
Rabbit	

	

GFP	(immunoblot)	

	
Chromotek	

	
GTA-10	

	
Rat	

	

ERK1/2	T202/Y204	

	
CST	

	
9101	

	
Rabbit	

	

Total	ERK	

	
CST	

	
9102	

	
Rabbit	

	

EEA1	

	
CST	

	
2411	

	
Rabbit	

	

SHIP2	

	
CST	

	
2730	

	
Rabbit	

	

GAPDH	

	
CST	

	
2118	

	
Rabbit	

	

GFP	

(immunofluorescence)	

	
Abcam	

	
ab13970	

	
Chicken	

	

Anti-chicken	–	Alexa-

Fluor	488	

	
Thermo	
Scientific	

	
A11039	

	
Goat	

	

Anti-rabbit	–	Alexa-

Fluor	594	

	
Thermo	
Scientific	

	
R37119			

	
Goat	

	
	
	
	

2.1.4	Plasmids	
	
Thomas	Macartney	 and	Melanie	Whightman	 from	 the	 cloning	 team	 at	MRC	 PPU	

Reagents	 and	 Services,	 University	 of	 Dundee	 performed	 the	 cloning,	 subcloning	

and	mutagenesis	of	constructs	described	in	this	thesis.	Constructs	used	are	shown	

in	Table	2.3.	All	constructs	encode	the	human	version	of	the	gene.		
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Table	2.3	–	DNA	Constructs	

	

Construct	 Clone	ID	 Vector	

HA-SHIP2	 DU27327	 pBabe	puro	

HA-NRAS	G12D	 DU52590	 pCMV5D	

HA-KRAS	G12C	 DU26569	 pCMV5D	

HA-KRAS	G12D	 DU26536	 pCMV5D	

HA-ERBB2	V842I	 DU26611	 pCMV5D	

HA-EGFR	L833R	 DU26542	 pCMV5D	

GST	SGK3	S486D	 DU43697	 pFBDual6P-1	

GST	–	Akt	S473D	(118	-	480)		 DU1850	 pFB	delta	

HA-PanK4	 DU26800	 pCMV5D	

GST-PanK4	 DU55256	 pGEX6P1	

HA-MPST	 DU26822	 pCMV5D	

GST-MPST	 DU26823	 pGEX6P1	

HA-Rab11FIP4	 DU26819	 pCMV5D	

GST-Rab11FIP4	 DU26818	 pGEX6P1	

HA-STX12	 DU26961	 pCMV5D	

GST-STX12	 DU55351	 pGEX6P1	

HA-BABAM1	 DU26784	 pCMV5D	

GST-BABAM1	 DU26782	 pGEX6P1	

GST-STX7	 DU26783	 pGEX6P1	

GST-WDR44	 DU26883	 pGEX6P1	

GST-SGTB	 DU26821	 pGEX6P1	

GST-ATX1	 DU31668	 pGEX6P1	

3×FLAG–SGK3	(1–162)	wild-type		 DU44877	 pET15b	SUMO	
SGK2-FLAG	 DU25468	 pcDNA5D	FRT/TO		

SGK1-FLAG	 DU25526	 pcDNA5D	FRT/TO		

Anti-GFP	nanobody	(aGFP16)	 DU54238	 pBABED	Puro		

GFP	Nanobody-VHL	fusion		

(VHL-aGFP16)	

DU54294	 pBABED	Puro	

2xFYVE	domain	of	HRS		

(147-223	with	linker)	

DU45781	 pSCB	

GST	HRS	2	x	FYVE	(147-223)		

H176A	H177A	

DU47684	 pGEX6P1	
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Table	2.4	-	Crispr/Cas9	constructs	used	for	gene	knock	out	and	knock	in		

	
	 	

Guide	sequence	

MRC	PPU	

Reagent	ID	

SGK3	KO		

gRNA1	Fwd	
	

	
GTTTTGGACTGTCCATTTGA(AGG)	

	
DU48668	

SGK3	KO		

gRNA2	Rev	
	

	
GTCAGATCCATCTGAAGATG(AGG)	

	
DU48667	

SHIP2	KO	

gRNA1	Fwd	
	

	
GCGTGTGGATGGCTGCGG(AGC)		

	
DU52294	

SHIP2	KO	

gRNA2	Rev	
	

	
GGCCAAGACCATCCCCG(TGC)		

	
DU52275	

	
UV-RAG	GFP	KI	

gRNA1	Fwd	
	

	
GCACTTATCGGAACTCCTGCG		

	
DU54207	

UV-RAG	GFP	KI	

gRNA2	Rev	
	

	
GCAGGTCAACAGTAGGACTG		

	
DU54212	

GFP	donor-	

UVRAG	KI	
	

gctagcAGCATTAGCCCAGCCTGTGACCA…	 	
DU54245	

SGK3	GFP	KI	

gRNA1	Fwd	
	

	
GCATCATCTGCCTCCAATACAC(TGG)		

	
DU48560	

SGK3	GFP	KI	

gRNA2	Rev	
	

	
GAGGCAGATGATGCATTCGT(TGG)		

	
DU48555	

GFP	donor	

SGK3	KI	
	

TAAAGGACTAAATTGGGCCAGGCGCGG…	 DU48103	

GFP-Vps34	KI	

gRNA1	Fwd		
	

gCTACATCTATAGTTGTGACC(TGG)	
	

DU52071	

GFP-Vps34	KI	

gRNA2	Rev	
	

gCCCCATCGCACCGTCTGCAA	(AGG)	
	

DU52082	

GFP	donor-	

Vps34	KI	
	

gcggccgCTACTCTTTAGAGCAGAAAGAG
…	
	

DU52175	

Beclin1-GFP	

gRNA1	Fwd	
	

GTCCAACAACAGCACCATGC	AGG	 DU52072	

Beclin1-GFP	

gRNA2	Rev	
gCTTAGACCCTTCCATCCCTG	AGG	 DU52083	

	

GFP	donor	

Beclin1	KI	

	
gcggccgcCTCTGGGGGCCGCTGCCGG…	

	
DU52173	
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Thomas	Macartney	is	also	responsible	for	the	design	of	optimal	guide	RNA	(gRNA)	

pairs	for	most	projects	in	the	unit.		

	

	

2.1.5	Inhibitors	

Inhibitors	 used	 in	 this	 thesis	 are	 shown	 in	 Table	 2.5.	 In-house	 inhibitors	 were	

synthesised	by	Dr	N	Shpiro	(MRC	PPU	Reagents	and	Services	Team).	

	

Table	2.5	–	Inhibitors	used	in	this	study	

	
Inhibitor	 Target	 Source	 Reference	

	

VPS34-IN1	 PI3K	Class	III	(Vps34)	
	

In	house	 (Bago	et	al.,	2014)	

GDC0941	 PI3K	Class	I	 In	house	 (Folkes	et	al.,	2008)	
	

14H	 SGK3	 Sanofi	
	

(Halland	et	al.,	2015,	
Bago	et	al.,	2016)	
	

MK2206	 Akt	 Selleckchem	 (Hirai	et	al.,	2010)	
	

AZD5363	 Akt	 AstraZeneca	 (Davies	et	al.,	2012)	
		

GSK2334470	 PDK1	 In	house	 (Najafov	et	al.,	2011)	
		

AS1938909	 SHIP2	 Calbiochem	 (Suwa	et	al.,	2010)	
	

Rapamycin	 mTORC1	 Calbiochem	 (Vezina	et	al.,	1975)	
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2.1.6	Buffers	

Buffers	used	throughout	the	thesis	are	listed	in	table	2.6	below.	
	

	

Table	2.6	–	Buffer	compositions	

	
Buffer	 Recipe	

	
1%	Triton	lysis	buffer	
	

	
50	mM	Tris/HCl	(pH	7.5),	1	mM	EGTA,	1	mM	EDTA,	1%	(v/v)	
Triton	X-100,	1	mM	sodium	orthovanadate,	50	mM	NaF,	5	mM	
sodium	pyrophosphate,	0.27	M	sucrose,	10	mM	sodium	2-
glycerophosphate,	0.2	mM	phenylmethylsulfonyl	fluoride,	1mM	
DTT	and	1	mM	benzamidine,	supplemented	with	protease	
inhibitor	cocktail	(Roche).	

	
0.5%	NP-40	lysis	
buffer	
	
	

	
50	mM	Hepes	pH	7.4,	150	mM	NaCl,	1	mM	EDTA,	10%	(v/v)	
glycerol,	0.5%	NP-40,	1mM	DTT,	0.2	mM	phenylmethylsulfonyl	
fluoride,	supplemented	with	protease	inhibitor	cocktail	
(Roche).	

	
Glutatamate	buffer	
(for	PI3P	probe	
immunofluorescence	
experiments)	

	
25	mM	Hepes	pH	7.4,	25	mM	KCl,	2.5	mM	MgAcetate,	5	mM	
EGTA,	150	mM	K-Glutamate.	
	

	
Immunofluorescence	
permeabilisation	
buffer	

	
PBS,	0.2	%	(v/v)	NP-40	
	

	
Lipid	kinase	assay	
buffer	

	
10	mM	MnCl2,	20	mM	Tris	pH	7.5,	67	mM	NaCl,	0.02%	(w/v)	
CHAPS	

	
Potassium	Oxalate	
Buffer	

	
1	%	(w/v)	Potassium	Oxalate,	5	mM	EDTA,	50	%	(v/v)	
Methanol	

	
Buffer	A	

		
50	mM	Tris/HCl,	pH	7.5,	and	0.1	mM	EGTA	
	

	
Tris-glycine	SDS	
running	buffer:		

	
25mM	Tris-HCl,	pH8.3,	192mM	Glycine,	0.1%	(w/v)	SDS.	
	

	
Tris-glycine	transfer	
buffer	

	
48mM	Tris-HCl,	39mM	Glycine,	20%	(v/v)	Methanol	
	

	
Tris	buffered	saline	
(TBS)	

	
50mM	Tris-HCl	pH7.5,	0.15M	NaCl	
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2.1.7	Cell	lines		
	
All	cell	lines	utilised	in	this	study	including	those	with	Crispr/Cas9	mediated	gene	
knock	in	or	knock	out	are	listed	in	Table	2.1.7	
	
	
Figure	2.7	–	Compilation	of	cell	lines	used	in	this	study	

	
Cell	Line	 Source	

	

Wild	type	(WT)	HEK	293	

	
MRC	PPU	Tissue	Culture	Team	

SGK3	knock	out	HEK	293	 Self	generated	from	parental	WT	HEK	293	
SGK3-GFP	knock	in	HEK	293	 Self	generated	from	parental	WT	HEK	293	
SHIP2	knock	out	HEK	293	 Self	generated	from	parental	WT	HEK	293	
UV-RAG-GFP	knock	in	HEK	293	 Self	generated	from	parental	WT	HEK	293	
GFP-Vps34	knock	in	HEK	293	 A	Hornberger	from	parental	WT	HEK	293	
Beclin1-GFP	knock	in	HEK	293	 A	Hornberger	from	parental	WT	HEK	293	
U20S	 MRC	PPU	Tissue	Culture	Team	
HeLa	 MRC	PPU	TC	Team	
ZR-75-1	 Astra	Zeneca	
Cama-1	 Astra	Zeneca	
	
	
	
2.1.8	Instruments	

Centrifuge	tubes,	rotors	and	centrifuges	were	from	Beckmann	(Palo	Alto,	USA).	Gel	

dryer	 apparatus	 were	 from	 BioRad	 (Herts,	 UK).	 SpeedVac	 was	 from	 CHRIST	

(Osterode,	Germany).	Thermomixer	IP	shakers	were	from	Eppendorf	(Cambridge,	

UK).	 The	 Biofuge	 microcentrifuge	 was	 from	 Haraeus	 Instruments	 (Osterode,	

Germany).	pH	meters	were	 from	Horiba	(Kyoto,	 Japan).	X-Cell	SureLock	Mini-cell	

electrophoresis	systems	and	X-Cell	II	Blot	modules	were	from	Invitrogen	(Paisley,	

UK).	 X-omat	 autoradiography	 cassettes	 were	 from	 Kodak	 (Liverpool,	 UK).	 The	

Konica	 automatic	 film	 processor	 was	 from	 Konica	 Corporation	 (Japan).	 	 CO2	

incubators	were	from	Mackay	and	Lynn	(Dundee,	UK).	Tissue	culture	class	II	safety	

cabinets	were	 from	Medical	Air	Technology	(Oldham,	UK).	The	PCR	thermocycler	

(PTC-200)	was	 from	MJ	Research.	 The	 96-well	 Versamax	 plate	 reader	was	 from	

Molecular	 Devices	 (Wokingham,	 UK).	 Proxeon	 EasynLC	 chromatography	 system,	

LTQ-Orbitrap	 Classic	 mass	 spectrometer	 and	 Nanodrop	 were	 from	 Thermo	

Scientific	 (Essex,	UK).	 Scintillation	 counter	 (Tri-Carb	2800	TR)	was	 from	Perkin-

Elmer.	
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2.2	Methods	

	

2.2.1	CELL	CULTURE	PROCEDURES	

	

2.2.1.1	General	Cell	culture	

All	procedures	were	carried	out	under	aseptic	conditions	meeting	biological	safety	

category	2	 requirements.	Cell	 lines	were	maintained	at	37°C	 in	a	5%	CO2,	water	

saturated	 incubator.	For	passaging	of	adherent	cells,	cells	were	washed	on	plates	

with	PBS	and	subsequently	incubated	with	Trypsin/EDTA	to	detach	cells	from	the	

surface.	 Detached	 cells	 were	 resuspended	 in	 cell	 culture	 medium	 and	 split	 at	

differing	ratios,	ranging	from	1:2	–	1:20,	for	continued	culture.	

	

2.2.1.2	Freezing/Thawing	cells	

Following	trypsinisation,	detached	cells	were	centrifuged	at	300g	for	3-5	minutes	

and	resuspended	in	foetal	bovine	serum	(FBS)	supplemented	with	10%	DMSO.	1-

1.5ml	 aliquots	 were	 transferred	 to	 cryovials,	 which	 were	 placed	 in	 Mr	 Frosty	

Freezing	containers,	at	 -80°C.	These	containers	are	designed	to	achieve	a	cooling	

rate	of	~1°C/min,	which	 is	 the	optimal	rate	 for	cell	preservation.	After	24	hours,	

cryovials	 could	 also	 be	 placed	 in	 long-term	 storage	 in	 liquid	 nitrogen.	 To	 thaw	

cells,	 cryovials	 were	 quickly	 thawed	 in	 a	 37°C	 water	 bath	 and	 resuspended	 in	

growth	 medium	 to	 minimise	 exposure	 to	 DMSO,	 which	 is	 toxic	 to	 cells	 when	

exposed	at	room	temperature	or	above	for	prolonged	periods.	Cells	were	allowed	

to	adhere	to	plates	overnight,	prior	to	medium	change.	

	

2.2.1.3	Transfection	of	cells	using	polyethylenimine	(PEI)	

DNA	 can	 be	 introduced	 into	 cells	 by	 transfection	 with	 polyethylenimine	 (PEI)	

(Durocher	et	 al.,	 2002).	Many	 transfection	procedures	ensure	 that	 the	negatively	

charged	DNA	molecules	(eg	the	phosphate	backbone	of	DNA)	are	coated	in	a	way	

that	neutralises	their	charge	or	creates	an	overall	positive	charge,	facilitating	entry	

through	 a	 negatively	 charged	 cell	 membrane.	 PEI	 is	 a	 stable	 cationic	 polymer,	

which	condenses	DNA	into	positively	charged	particles	that	can	bind	to	anionic	cell	

surfaces,	where	 the	DNA:PEI	 complex	 is	 endocytosed	 and	DNA	 released	 into	 the	
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cytoplasm.	While	introduction	of	DNA	through	transient	transfection	does	not	lead	

to	 integration	 with	 cellular	 chromosomes,	 it	 is	 quick	 and	 experiments	 can	 be	

carried	 out	 using	 these	 cells	within	 2-4	 days	 of	 transfection;	 stable	 transfection	

methods	 ensure	 integration	 into	 cellular	 chromosomes	 and	 facilitates	 long	 term	

experiments.		

	

For	 transfections	 in	 this	 study,	 1mg/ml	 PEI	 stock	was	prepared	 in	 20mM	Hepes	

(pH	7).	For	transient	transfection,	HEK293	cells	were	grown	to	50-60%	confluence	

on	15cm	plates;	15μg	DNA	was	mixed	with	60μl	1mg/ml	PEI	and	1ml	serum	free	

medium	and	incubated	at	room	temperature	for	20-30	minutes	before	drop-wise	

addition	to	cells.	Cells	were	harvested	24-48	hours	post	transfection.	It	should	be	

noted	that	too	few	cells	lead	to	poor	cell	growth	due	to	lack	of	cell	to	cell	contact,	

while	too	many	cells	result	in	contact	inhibition	making	cells	resistant	to	uptake	of	

foreign	DNA.	

	

2.2.1.4	Stable	cell	line	generation	

Transfections	for	stable	cell	lines	were	carried	out	in	the	same	way	as	for	transient	

except	 that	 an	 appropriate	 antibiotic	 resistance	 marker	 was	 included	 in	 the	

transfected	 DNA.	 Antibiotic	 selection	 markers	 used	 in	 the	 study	 included	

hygromycin	and	puromycin.	U20S	or	HEK	293	flp	in	cells	were	grown	to	50-60%	

confluence	 on	 10cm	plates.	 5μg	DNA	was	mixed	with	 20μl	 1mg/ml	 PEI	 and	 1ml	

serum	 free	medium	 and	 incubated	 at	 room	 temperature	 for	 20-30	minutes.	 The	

transfection	 mixture	 was	 subsequently	 added	 drop	wise	 to	 cells.	 48	 hours	 post	

transfection,	cells	were	placed	in	normal	medium	supplemented	with	10%	serum	

for	1-2	days,	prior	to	selection	of	cells,	which	had	integrated	the	transfected	DNA,	

using	 the	 appropriate	 antibiotic	 for	 2-3	 weeks	 until	 distinct	 colonies	 could	 be	

visualised.	

	

2.2.1.5	Retroviral	generation	of	stable	cell	lines	

To	 generate	 stable	 cell	 lines	 requiring	 retroviral	 infection,	 pBABE	 constructs	

carrying	the	gene	of	interest	were	used.	To	generate	retroviral	particles,	6μg	cDNA	

of	 interest	was	 co	 transfected	 into	 293FT	 cells	with	3.8μg	GAG/POL	 (packaging)	

and	2.2μg	VSV-G	(envelope)	expression	plasmids	using	24μl	1mg/ml	PEI	per	10cm	
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dish.	Media	was	replaced	with	fresh	medium	the	following	morning	and	incubated	

for	24	hours,	after	which	virus	was	harvested	and	passed	through	a	0.45μm	filter.	

The	virus	was	either	frozen	and	stored	at	-80°C	for	later	use	or	immediately	used	

to	 infect	 cell	 cultures.	 5-10ml	 virus	 was	 applied	 directly	 to	 target	 cells	 in	 the	

presence	of	10μg/ml	polybrene	(Hesse	et	al.,	1978).	Following	24	hour	exposure	to	

retrovirus,	 the	growth	media	was	changed	to	selection	media,	containing	2μg/ml	

puromycin,	to	select	for	transduced	cells.	

	

	

2.2.2	DNA	PROCEDURES	

	

2.2.2.1	DNA	transformation	

Chemically	 competent	E.Coli	 DH5a	 cells	were	 provided	 by	 the	DSTT.	 Competent	

cells	 are	 those	 that	 have	 the	 ability	 to	 incorporate	 foreign	 DNA	 from	 their	

environment	in	a	process	known	as	transformation.	Cells	are	made	competent	by	a	

process	 of	 calcium	 chloride	 treatment,	 which	 facilitates	 attachment	 of	 plasmid	

DNA	 to	 lipopolysaccharides	 (LPS)	 on	 the	 competent	 cell	 membrane	 since	

positively	 charged	 calcium	 ions	 attract	 not	 only	 the	 negatively	 charged	 DNA	

backbone	but	also	 the	negatively	 charged	groups	 in	 the	LPS	 inner	 core.	To	 carry	

out	the	DNA	transformations,	10-50ng	DNA	was	added	to	50μl	of	competent	DH5a	

cells	and	incubated	on	ice	for	5	minutes.	Cells	were	subsequently	subjected	to	heat	

shock	at	42°C	 for	45	seconds	and	briefly	placed	on	 ice	 for	2	minutes.	Heat	shock	

alters	membrane	fluidity	creating	pores	in	the	bacterial	membrane,	which	further	

facilitates	 entry	 of	 plasmid	 DNA	 into	 the	 bacterial	 cell.	 Transformed	 cells	 were	

streaked	 onto	 LB	 agar	 plates	 containing	 200μg/ml	 ampicillin	 and	 plates	 were	

inverted	and	incubated	overnight	at	37°C	to	allow	growth	of	colonies.	

	

2.2.2.2	Plasmid	purification	and	measurement	of	DNA	concentration	

A	 single	 colony	 was	 picked	 up	 and	 used	 to	 inoculate	 a	 culture	 of	 250ml	 LB	

containing	 200μg/ml	 ampicillin	 in	 an	 Erlenmayer	 flask	 at	 37°C	while	 shaking	 at	

180	RPM	overnight.	The	culture	was	pelleted	by	centrifugation	at	4000	RPM	for	15	

minutes	at	4°C.	To	purify	the	plasmid	from	bacterial	cultures,	the	Qiagen	plasmid	



	

	

57	

maxiprep	kit	was	utilised	as	per	manufacturer’s	instructions.	Briefly,	the	bacterial	

cells	 are	 lysed	 in	 a	 NaOH-SDS	 buffer.	 While	 SDS	 solubilises	 the	 protein	 and	

phospholipid	components	of	the	cell	to	release	the	cell	contents,	NaOH	denatures	

the	 DNA	 and	 protein.	 The	 alkaline	 lysate	 is	 neutralised	 by	 addition	 of	 a	 buffer,	

containing	 acidic	 potassium	 acetate.	 The	 high	 salt	 concentration	 results	 in	 the	

formation	 of	 potassium	 dodecyl	 sulphate	 and	 the	 denatured	 proteins,	

chromosomal	 DNA	 and	 cellular	 debris	 are	 retained	 in	 salt-detergent	 complexes.	

However,	 since	 plasmid	 DNA	 is	 smaller	 and	 covalently	 closed,	 it	 renatures	 and	

remains	in	solution.	As	it	is	important	to	prevent	chromosomal	DNA	from	eluting	

with	 plasmid	 DNA	 later	 on,	 RNaseA	 is	 added	 to	 the	 lysis	 buffer	 to	 digest	 any	

liberated	RNA	during	the	lysis	step.	These	RNA	fragments	are	unable	to	bind	the	

Qiagen	resin	under	the	salt	and	pH	conditions	in	the	lysis	buffer.	The	lysate	is	then	

placed	 directly	 into	 QIAfilter	 cartridges,	 which	 removes	 insoluble	 complexes	

containing	chromosomal	DNA,	salt,	detergent,	and	proteins.	The	QIAGEN	tip	is	then	

washed	with	medium	salt	buffer,	which	removes	any	remaining	contaminants	such	

as	 traces	of	RNA	 fragments	and	protein	without	affecting	 the	binding	of	plasmid	

DNA.	

	

Cleared	lysate	is	then	loaded	onto	a	QIAGEN	tip,	which	ensures	only	plasmid	DNA	

binds,	 while	 degraded	 RNA,	 cellular	 proteins,	 and	 metabolites	 remaining	 in	 the	

lysate	 are	 not	 retained.	 Plasmid	DNA	 is	 then	eluted	 from	 the	QIAGEN	 tip	with	 a	

high	 salt	 buffer.	 Isopropanol	 is	 used	 to	 precipitate	 the	 eluted	 plasmid	 DNA	 and	

loaded	on	the	QIAprecipitator	Module,	which	traps	the	precipitated	DNA,	allowing	

the	 isopropanol	mixture	to	 flow	through.	An	additional	wash	 is	carried	out	using	

70%	 ethanol.	 The	 DNA	 is	 finally	 eluted	 from	 the	 QIApreicpitator	 into	 a	

microcentrifuge	tube	with	TE	buffer,	although	water	can	also	be	used.	However,	if	

eluted	 in	water,	DNA	must	be	 stored	at	 -20	 since	 the	absence	of	 a	buffering	and	

chelating	agent	would	mean	that	the	DNA	may	degrade.	The	prepared	DNA	is	then	

ready	for	use	in	transfection,	sequencing,	cloning	or	other	DNA	related	procedures.	

	

2.2.2.3	Measurement	of	DNA	and	RNA	concentration	

Nucleic	acids	absorb	ultraviolet	light	and	the	wavelength	of	maximum	absorption	

for	both	DNA	and	RNA	is	260nm.	DNA	concentration	is	estimated	by	measuring	the	
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absorbance	 at	 260nm	 since.	 Thus,	 the	 NanoDrop	 1000	 spectrophotometer	

(Thermo	 Scientific)	 was	 used	 to	 measure	 DNA	 concentration	 at	 260	 nm.	 To	

evaluate	DNA	purity,	absorbance	at	230-280nm	can	be	measured	to	detect	other	

possible	contaminants.	The	most	commonly	used	purity	calculation	is	the	ratio	of	

absorbance	at	260nm	and	280nm.	High-quality	DNA	is	characterized	as	having	an	

OD260/280	 ratio	 between	 1.88	 and	 1.92,	 an	 OD260/230	 ratio	 of	 2.1–2.2	 and	 a	

concentration	above	0.5	mg/ml.	If	the	ratio	is	considerably	less	that	these	values,	

this	could	indicate	the	presence	of	contaminating	proteins	and	other	co-purifying	

contaminants.	 Thus,	 DNA	 purity	 was	 assessed	 by	 calculation	 of	 260/280	 ratios	

provided	on	the	NanoDrop1000.	

	

	

2.2.2.4	CRISPR/CAS9	MEDIATED	GENERATION	OF	KNOCK	OUT	AND	GFP	KNOCK	

IN	CELL	LINES	

	

Although	a	number	of	genome	editing	technologies	have	emerged	over	the	last	few	

years,	 including	 zinc-finger	 nucleases	 (ZFNs)	 and	 transcription	 activator–like	

effector	 nucleases	 (TALENs)	 (Miller	 et	 al.,	 2007,	 Wood	 et	 al.,	 2011),	 the	 RNA-

guided,	Clustered	Regularly	 Interspaced	Short	Palindromic	Repeats	(CRISPR)-Cas	

Type	II	system	is	easier	to	design,	highly	specific,	efficient	and	well-suited	for	gene	

editing	 in	different	 cell	 types	and	organisms.	CRISPR-Cas	 is	 a	microbial	 adaptive	

immune	system	that	uses	RNA-guided	nucleases	to	cleave	foreign	genetic	material.	

Although	 three	 classes	 (I-III)	 of	 Crispr-Cas	 systems	 have	 been	 identified	 to	 date,	

the	 Type	 II	 Crispr	 system	 is	 most	 well	 characterized	 and	 consists	 of	 the	

endonuclease	Cas9,	the	crRNA	array	that	encodes	the	guide	RNAs	and	an	auxiliary	

trans-activating	 crRNA	 (tracrRNA)	 that	 facilitates	 the	 processing	 of	 the	 crRNA	

array.	Each	crRNA	contains	a	20-nt	guide	sequence,	which	directs	Cas9	to	a	20-bp	

DNA	target	via	Watson-Crick	base	pairing	(Ran	et	al.,	2013).	Both	RNA	transcripts	

are	required	to	 form	a	 functional	DNA	targeting	complex	(Chylinski	et	al.,	2013).	

However,	this	dual	RNA	can	be	reconfigured	as	a	single	guide	RNA	(sgRNA),	which	

consists	 of	 sequences	 that	 are	 sufficient	 to	 program	 Cas9	 to	 introduce	 double	

strand	breaks	in	target	DNA,	simplifying	the	system	for	use	in	a	variety	of	cells	and	

organisms.	However,	 for	successful	binding	of	Cas9,	 the	genomic	target	sequence	
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must	 also	 contain	 the	 correct	 Protospacer	 Adjacent	 Motif	 (PAM)	 sequence	

immediately	following	the	target	sequence.	The	binding	of	the	gRNA/Cas9	complex	

localizes	Cas9	 to	 the	genomic	 target	sequence	 so	that	 the	wild-type	Cas9	can	cut	

both	strands	of	DNA	causing	a	double	strand	break	(DSB).		

	

A	 DSB	 can	 be	 repaired	 through	 one	 of	 two	 repair	 pathways,	 either	 Non-

Homologous	 End	 Joining	 (NHEJ)	 or	Homology	Directed	Repair	 (HDR).	 The	NHEJ	

repair	pathway	often	 results	 in	 insertions/deletions	 (InDels)	 at	 the	DSB	site	 that	

can	lead	to	frameshifts	and/or	premature	stop	codons,	disrupting	the	open	reading	

frame	(ORF)	of	the	target	gene.	HDR	requires	a	repair	template,	which	is	used	to	fix	

the	DSB	and	the	addition	of	this	donor	DNA	allows	new	sequence	information	to	be	

inserted	 at	 the	 break	 site.	 HDR	 is	 less	 error	 prone	 and	 faithfully	 copies	 the	

sequence	of	the	repair	template	to	the	cleaved	target	sequence.	Specific	nucleotide	

changes	 can	be	 introduced	 into	a	 targeted	gene	by	 the	use	of	HDR	with	a	 repair	

template.		

	

Nevertheless,	 the	 generation	 of	 off-target	 effects	 of	 the	 Cas9	 nuclease	 activity	 is	

one	 concern	with	 the	 use	 of	 the	 CRISPR	 system.	 Cas9	 consists	of	 two	 functional	

domains	including	RuvC	and	HNH,	each	cutting	a	different	DNA	strand.	When	both	

of	these	domains	are	active,	the	Cas9	causes	DSBs	in	the	genomic	DNA.	However,	

the	 Cas9	 enzyme	 can	 be	 modified	 to	 possess	 a	 single	 inactive	 catalytic	 domain,	

known	as	a	nickase.	With	a	single	active	nuclease	domain,	the	Cas9	nickase	cleaves	

only	 one	 strand	 of	 the	 target	 DNA,	 creating	 a	 single-strand	 break	 or	 'nick'.	 The	

Cas9	nickase	is	still	able	to	bind	DNA	based	on	gRNA	specificity.	 	The	majority	of	

CRISPR	 plasmids	 currently	 used	 are	 derived	 from	 S.	 pyogenes	 and	 the	 RuvC	

domain	 can	 be	 inactivated	 by	 a	 D10A	 mutation	 while	 the	 HNH	 domain	 can	 be	

inactivated	 by	 an	 H840A	mutation	 (Jinek	 et	 al.,	 2012).	 Although	 a	 single-strand	

break	 can	 be	 quickly	 repaired	 through	 the	 HDR	 pathway,	 using	 the	 intact	

complementary	 DNA	 strand	 as	 a	 template,	 two	 proximal,	 opposite	 strand	 nicks	

introduced	by	a	Cas9	nickase	are	treated	as	a	DSB.	A	double-nick	induced	DSB	can	

be	repaired	by	either	NHEJ	or	HDR.		
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The	modified	Cas9	nickase	system	(Ran	et	al.,	2013)	was	used	for	the	generation	of	

SGK3	 and	 SHIP2	 knock	 out	 cell	 lines,	 in	 addition	 to	 C-terminal	 SGK3-GFP,	 N-

terminal	GFP-Vps34,	C-terminal	UV-RAG-GFP	and	C-terminal	Beclin1-GFP	knock	in	

cell	lines.	Optimal	single	guide	RNA	(sgRNA)	pairs	were	identified	and	selected	on	

the	 basis	 of	 their	 proximity	 to	 the	 point	 of	 GFP	 insertion,	 while	 having	 a	 low	

combined	 off-targeting	 score.		 Complementary	 oligos	 with	BbsI	 compatible	

overhangs	were	designed	for	each	and	these	dsDNA	guide	inserts	ligated	into	BbsI-

digested	target	vectors;	the	antisense	guides	(gRNA2)	were	cloned	onto	the	spCas9	

D10A	expressing	pX335	vector	(Addgene	plasmid	no.	42335)	and	the	sense	guides	

(gRNA1)	 into	 the	puromycin-selectable	pBABED	P	U6	plasmid	 (Dundee-modified	

version	of	the	original	Cell	Biolabs	pBABE	plasmid).	Donor	constructs	consisting	of	

GFP	 flanked	 by	 approximately	 500	 bp	 homology	 arms	 were	 synthesized	 by	

GeneArt	(Life	Technologies);	 furthermore,	each	donor	was	engineered	to	contain	

sufficient	silent	mutations	to	prevent	recognition	and	cleavage	by	Cas9	nuclease.		

	

HEK293	 cells	 were	 transfected	 with	 1	 µg	 each	 of	 appropriate	 guides	 pairs	

(pBABED-Puro-sgRNA1	and	pX335-CAS9-D10A-sgRNA2),	in	addition	to	3	µg	of	the	

appropriate	 donor	 plasmid	 for	 knock	 in	 cell	 lines.	 16	 h	 post-transfection,	 cell	

selection	was	 carried	out	using	2	µg/ml	puromycin	 for	2	days.	Transfection	and	

selection	was	repeated	prior	to	single	cell	sorting	by	FACS.	Single	cells	were	plated	

in	individual	wells	of	96-well	plates	and	viable	clones	expanded.	Loss	of	protein	in	

knock	out	clones	or	integration	of	GFP	at	the	target	locus	for	knock	in	clones	was	

verified	by	western	blotting	and	genomic	sequencing	of	the	targeted	locus.	

	

	

2.2.2.5	GENOTYPING	

Genotyping	 of	 Crispr/Cas9	 mediated	 knock	 in	 and	 knock	 out	 cell	 lines	 were	

performed	to	assess	the	sequence	of	the	target	alleles,	in	order	to	verify	that	each	

contains	 the	desired	modification.	 Since	PCR	of	 the	 clone	will	 consist	of	 a	mix	of	

products	from	each	of	the	alleles,	direct	sequencing	can	be	messy.	Shotgun	cloning	

the	PCR	product	into	a	holding	vector	circumvents	this	problem	as	clonal	examples	

may	 be	 analysed	 individually.	 If	 sufficient	 clones	 are	 sequenced	 then	 examples	
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derived	 from	 each	 allele	may	 be	 found	 allowing	 a	 snapshot	of	 the	 genotype	 and	

confirmation	of	the	cell	line.	

	

A	DNeasy	kit	was	used	to	extract	genomic	DNA	from	positive	clones,	determined	

by	Western	Blotting,	according	to	manufacturer’s	instructions.	PCR	was	carried	out	

to	amplify	the	entire	donor	site	for	knock	in	and	the	predicted	site	of	the	knock	out.	

A	 small	 fraction	of	 the	PCR	product	was	 run	on	a	1%	agarose	gel	 to	 confirm	 the	

presence	 of	 product	 of	 expected	 size.	 PCR	 products	 from	 positive	 clones	 were	

ligated	into	pSCB	using	a	Strataclone	Blunt	PCR	Cloning	Kit	(Agilent),	according	to	

manufacturer’s	 instructions	 and	 transformed	 into	 the	 StrataClone	 DH5α	 cells	

provided.	 Transformed	 cells	were	 grown	on	 LB	 agar	 plates	 coated	with	 X-gal	 to	

enable	blue/white	 screening.	Colonies	 that	 are	white	have	 incorporated	 the	PCR	

product.	 	 8-10	 white	 colonies	 were	 selected	 and	 cultured.	 The	 plasmid	 was	

purified	 from	 cell	 cultures,	 using	 the	 Qiagen	 mini-prep	 kit	 according	 to	

manufacturer’s	 instructions	 and	 sent	 to	 the	 MRC	 PPU	 DNA	 Sequencing	 and	

Services	Team	for	sequencing	using	using	M13F	if	the	PCR	product	is	<700	bp	or	

using	both	M13F	and	M13R	if	>700	bp	to	allow	both	the	5’	and	3’	junctions	to	be	

checked.	

	

2.2.2.6	ADPROM	MEDIATED	KNOCKDOWN	OF	VPS34	COMPLEX	SUBUNITS	

With	the	development	of	Crispr-Cas9	technologies,	it	has	become	relatively	easy	to	

achieve	gene	knock-outs.	However,	a	major	limitation	of	this	technology	is	that	it	is	

near	 impossible	 to	 completely	 ablate	 genes	 that	 are	 essential	 for	 cell	 survival.	

Vps34	and	many	of	the	proteins	that	it	forms	complexes	with	are	essential	for	cell	

survival.	 Therefore,	 to	 investigate	 the	 impact	 of	 genetic	 deletion	 of	 the	 Vps34	

complex,	we	utilised	a	novel	 approach	known	as	affinity	directed	protein	missile	

system	 (AdPROM)	 (Fulcher	 et	 al.,	 2016).	 This	 system	 combines	 Crispr/Cas9	

technology	with	 the	ability	of	Cullin	E3	 ligase	machinery	 to	degrade	endogenous	

proteins.		

	

It	is	well	known	that	the	ubiquitin	proteasome	system	(UPS)	plays	a	pivotal	role	in	

protein	turnover.	The	UPS	utilises	the	sequential	action	of	E1	ubiquitin	activating	

enzyme,	 E2	 ubiquitin	 conjugating	 enzyme	 and	 E3	 ubiquitin	 ligases	 to	 attach	
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ubiquitin	 chains	 onto	 target	 proteins	 and	 mark	 them	 for	 degradation	 by	 the	

proteasome.	 The	 substrate	 recognition	 elements	 within	 E3	 ubiquitin	 ligase	

complexes	determine	the	substrate	specificity.	The	Cullin	RING	(really	interesting	

new	 gene)	 E3	 ligases	 (CRLs)	 constitute	 the	 largest	 family	 of	E3	ubiquitin	 ligases	

and	 include	 seven	members	 known	 as	 CUL1,	 CUL2,	 CUL3,	 CUL4A,	 CUL4B,	 CUL5	

and	 CUL7.	 The	 Cullin	 E3	 ligases	 form	 a	 complex	 consisting	 of	 adaptor	 and	

substrate	receptor	subunits	and	an	E3	ligase	protein,	RBX1/2.	Interestingly,	CRLs	

are	 in	 turn	 activated	 by	 a	 process	 known	 as	 Neddylation,	 which	 involves	 the	

covalent	attachment	of	an	ubiquitin	like	modifier,	NEDD8.	Upon	binding	of	the	CRL	

substrate	 receptor	 to	 its	 cognate	 substrate,	 the	 substrate	 is	 brought	 in	 close	

proximity	 to	 the	 E2	 ubiquitin	 conjugates	 and	 the	 Rbx1/2	 RING	 E3	 ligase,	 which	

ubiquitylates	 the	 substrate	 leading	 to	 its	 degradation	 by	 the	 proteasome.	 CUL2	

utilises	 VHL	 as	 its	 substrate	 receptor.	 Under	 normxia,	 VHL	 binds	 to	 hydroxyl	

proline	 modified	 HIF1a	 and	 brings	 HIF1a	 in	 close	 proximity	 to	 RBX1	 for	

ubiquitylation.	CRL	mediated	UPS	machinery	has	been	exploited	for	development	

of	novel	therapeutics	such	as	proteolysis	targeting	chimeric	molecules	(PROTACs)	

but	depends	on	the	selective	recruitment	of	target	proteins	to	the	CRL	machinery.	

	

To	use	the	AdPROM	system,	it	is	necessary	to	first	knock	in	GFP	tags	to	both	alleles	

of	 the	 target	gene.	An	 anti-GFP	nanobody	attached	 to	VHL	 is	 then	packaged	 into	

cDNA	plasmids	for	expression	in	this	cell	line,	which	directs	the	endogenously	GFP	

tagged	 target	 to	 ubiquitin	 mediated	 degradation	 through	 the	 CRL	 system.	 The	

nanobodies	 are	 derived	 from	 camelid	 species	 and	 the	 advantage	 of	 these	 single	

chain	polypeptides	is	that	they	are	highly	selective,	binding	their	targets	with	low	

nanomolar	 affinities	 and	 are	 small	 enough	 to	be	 packaged	 into	 plasmids.	 In	 this	

study,	 the	 cDNAs	encoding	 the	nanobodies	aGFP16	 (DU54238)	and	VHL-aGFP16	

(DU54294)	 were	 cloned	 into	 pBABED-Puro	 vectors	 (Cell	 Biolabs,	 modified)	 for	

constitutive	 expression.	 Target	 cells	 were	 retrovirally	 transduced.	 Briefly,	 for	

retrovirus	 production,	 pBABED	 retroviral	 plasmids	 (6	 µg),	 encoding	 appropriate	

proteins	were	co-transfected	with	pCMV-gag-pol	(4	µg)	and	pCMV-VSV-G	(2	µg)	in	

a	10cm	diameter	dish	of	70%	confluent	293-FT	cells.	Plasmids	were	mixed	in	0.6	

ml	Optimem	(Life	Technologies),	 to	which	24μl	of	1mg/ml	polyethylenimine	was	

added.	Following	a	15	minutes	 incubation	at	room	temperature,	 the	mixture	was	



	

	

63	

applied	 drop-wise	 to	 293-FT	 cells.	 The	 medium	 was	 replaced	 16	 h	 post-

transfection	 with	 fresh	 medium	 and	 retrovirus	 was	 collected	 in	 the	 growth	

medium	 24	 hours	 later	 following	 filtration	 through	 0.45	 µm	 filters.	 Target	 cells	

(approx.	 60%	 confluent)	 were	 infected	 with	 the	 optimized	 titre	 of	 retrovirus	

medium	supplemented	with	 10µg/ml	 polybrene	 for	 24	 h	 prior	 to	 selection	with	

2µg/ml	puromycin.	

	

	

2.2.3	CELL	LYSIS	AND	SAMPLE	PREPARATION	
	

2.2.3.1	Cell	Lysis	

Lysis	 buffers	 enable	 cells	 to	 burst	 open	 and	 release	 their	 contents	 including	

proteins	and	DNA.	Buffers	enable	stabilisation	of	pH	while	cells	are	lysed.	Tris-HCL	

is	 a	 common	 buffer	 for	 buffering	 at	 pH	 8.	 The	 detergent	 in	 the	 buffer	 is	 a	 key	

ingredient	 that	 causes	 the	 cell	 membrane	 to	 dissolve	 allowing	 cell	 contents	 to	

escape.	Common	detergents	include	SDS,	Triton	X	and	NP-40.	Addition	of	reducing	

agents,	 such	 as	 DTT	 enables	 breakage	 of	 disulphide	 bonds	 within	 proteins.	

Chelating	agents	such	as	EDTA	and	EGTA	are	also	often	included	in	buffers.	EDTA	

and	 EGTA	 bind	 to	 metal	 ions	 with	 +2	 charge	 such	 as	 magnesium	 and	 calcium,	

thereby	 making	 them	 unavailable	 for	 other	 reactions.	 This	 is	 particularly	

important	 since	 many	 DNAses	 and	 proteases	 require	 ions	 such	 as	 Mg2+	 to	

function.	Therefore,	addition	of	 these	components	 to	 the	buffer	reduces	protease	

or	DNAse	activity,	preventing	DNA	or	protein	degradation.	However,	since	not	all	

proteases	 require	magnesium,	 protease	 inhibitors	 are	 also	 often	 included	 in	 the	

buffer.	When	cells	are	lysed,	normal	cellular	regulation	is	lost	and	phosphorylated	

proteins	can	be	readily	dephosphorylated	by	free	phosphatases	in	an	uncontrolled	

manner.	Therefore,	the	addition	of	phosphatase	inhibitors	such	as	sodium	fluoride	

and	sodium	pyrophosphate	in	lysis	buffers	is	particularly	important	for	the	study	

and	preservation	of	phosphorylated	proteins	after	lysis.		

	

Following	 cell	 treatments	 as	 described	 in	 figure	 legends,	 cell	 plates	 were	

immediately	placed	on	 ice	and	cells	washed	with	PBS.	PBS	was	aspirated	off	and	

1ml	lysis	buffer	was	applied	to	lyse	the	cells.	Polyethylene	copolymer	cell	scrapers	
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were	 used	 to	 scrape	 off	 and	 harvest	 cells	 in	 1.5ml	 eppendorfs.	 Lysates	 were	

clarified	 by	 centrifugation	 at	 14,000	 RPM	 for	 10	 minutes	 at	 4°C	 and	 the	

supernatant	 was	 retained	 for	 further	 analysis,	 after	 snap	 freezing	 in	 liquid	

nitrogen,	for	short	term	storage	at	-20°C	or	long	term	storage	at	-80°C.		

	

2.2.3.2	Determination	of	protein	concentration	with	Bradford	Assay		

The	Bradford	assay	was	developed	by	Marion	M	Bradford	and	is	used	to	determine	

total	 protein	 concentration	 in	 solutions	 (Bradford,	 1976).	 The	 method	 involves	

binding	of	the	Coomassie	Brilliant	Blue	G250	dye	to	protein,	which	causes	a	shift	in	

the	absorption	maximum	 from	465	 to	595nm.	 It	 is	 this	 increase	 in	absorption	at	

595nm,	which	 is	monitored.	 The	 dye	 exists	 in	 two	different	 colours,	 brown	 and	

blue.	Upon	binding	to	protein,	the	brown	form	is	converted	to	blue.	There	is	little	

interference	from	reducing	agents	such	as	DTT	and	BME	or	metal	chelators	such	as	

EDTA	 and	 EGTA	 unlike	 the	 BCA	 assay.	 The	 only	 chemical	 found	 to	 result	 in	

excessive	 interference	 in	protein-dye	 complex	 formation	and	 therefore	 colour,	 is	

SDS.	Thus,	the	Bradford	assay	is	not	compatible	with	SDS	lysis	buffers.	To	carry	out	

the	assay,	lysate	samples	were	diluted	in	lysis	buffer	and	200μl	of	Bradford	reagent	

was	added	to	5μl	of	diluted	sample	and	absorbance	measured	at	595nm.	Samples	

were	 assayed	 in	 duplicate	 or	 triplicate	 and	 concentration	 calculated	 using	 a	

standard	 curve	 generated	 from	 known	 bovine	 serum	 albumin	 (BSA)	

concentrations.	
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2.2.4	WESTERN	BLOTTING	

Western	 blotting	 also	 known	 as	 immunoblotting	 is	 an	 analytical	 technique	 to	

detect	 specific	 protein	 in	 a	 given	 sample.	 	 Following	 cell	 lysis,	 protein	

concentration	was	assessed	by	Bradford	assay	and	concentration	normalised	in	4x	

LDS	sample	buffer	to	generate	1x	samples,	ready	for	separation	by	SDS	PAGE.		

	

2.2.4.1	Resolution	of	protein	samples	via	SDS-PAGE	

The	movement	of	any	charged	species	through	an	electric	field	is	dependent	on	its	

net	 charge,	 its	molecular	 size	and	structure.	To	 separate	proteins	 in	an	electrical	

field	on	the	basis	of	their	molecular	weight	only,	the	tertiary	structure	of	a	native	

protein	 must	 be	 destroyed;	 by	 reducing	 the	 protein	 to	 a	 linear	 molecule	 and	

masking	 the	 intrinsic	 net	 charge	 of	 the	 protein,	 which	 is	 dependent	 on	 the	 sum	

charge	of	each	individual	amino	acid	within	the	protein.	Thus,	the	sample	is	boiled	

at	high	temperature	and	reducing	agent,	such	as	DTT	or	B-ME	added	to	the	sample	

to	 break	 protein-protein	 disulphide	 bonds.	 Sodium	 dodecyl	 sulphate	 (SDS)	 or	

lithium	 dodecyl	 sulphate	 (LDS)	 are	 anionic	 detergents,	 which	 act	 to	 denature	

proteins	 by	 breaking	 hydrogen	 bonds	 within	 and	 between	 molecules	 to	 unfold	

proteins,	disrupting	their	secondary	and	tertiary	structures.	SDS	or	LDS	binding	to	

proteins	also	imparts	a	strong	and	uniform	negative	charge	to	linearised	proteins,	

thus	 the	 intrinsic	 charge	 of	 polypetides	 becomes	 negligible.	 Since	 SDS	 bound	

proteins	 have	 the	 same	 mass	 to	 charge	 ratio,	 there	 is	 no	 differential	 migration	

based	on	charge.	Thus,	electrophoretic	mobility	of	the	SDS	bound	protein	is	based	

on	molecular	weight,	eliminating	the	influence	imposed	by	size	and	charge.	Protein	

samples	 are	 then	 resolved	 by	 polyacrylamide	 gel	 electrophoresis	 (PAGE).	

Polyacrylamide	 is	used	to	make	a	gel,	composed	of	a	stacking	gel	and	a	resolving	

gel,	 which	 is	 essentially	 a	 matrix	 of	 pores.	 Polymerisation	 of	 polyacrylamide	 in	

Tris-HCl	buffer	is	initiated	upon	addition	of	APS	and	TEMED.	

	

Upon	gel	formation,	10-20μg	protein	is	loaded	onto	the	stacking	gel,	which	ensures	

that	samples	in	all	wells	enter	the	resolving	gel	at	the	same	time.	Upon	application	

of	an	electric	field	to	the	gel,	the	negatively	charged	polypeptide	molecules	migrate	

through	the	pores	towards	the	positive	electrode.	High	molecular	weight	proteins	

run	more	 slowly	 than	 proteins	 of	 low	molecular	weight.	 For	 this	 study,	 10-12%	
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acrylamide	 gels	were	 generally	 used	 and	 electrophoresis	 carried	out	 at	 130V,	 in	

the	presence	of	running	buffer	(25	mM	Tris/HCl,	192	mM	glycine	and	0.1%	(w/v)	

SDS),	 until	 the	 dye	 front	 reached	 the	 bottom	 of	 the	 resolving	 gel.	 Acrylamide	

concentrations	can	be	varied	including	8%,	10%,	12%	or	15%	gels	depending	on	

the	size	of	the	protein;	the	smaller	the	molecular	weight,	the	higher	the	percentage	

of	acrylamide	used.	

	

2.2.4.2	Transfer	of	proteins	onto	nitrocellulose	membranes	

To	 visualise	 proteins	 by	 immunoblotting	 after	 running	 the	 gel,	 proteins	 were	

transferred	from	the	gel	to	nitrocellulose	membranes.	To	do	this,	gels	were	placed	

in	 transfer	 cassettes,	 sandwiched	between	nylon	 sponges	 in	 the	 following	order:	

Whatman	filter	paper	–	gel	–	membrane	-	Whatman	filter	paper,	soaked	in	transfer	

buffer.	 The	 transfer	 cassette	was	 suspended	 in	 transfer	 buffer	 (48	mM	Tris/HCl,	

39	mM	glycine	 and	 20%	 (v/v)	methanol)	 and	 transfer	 carried	 out	 at	 80V	 for	80	

minutes.		

	

2.2.4.3	Blocking	and	immunoblotting	of	membrane	

Following	 transfer,	 membranes	 were	 stained	 with	 Ponceau	 S	 and	 destained	 in	

distilled	 water	 to	 visualise	 transferred	 proteins.	 Membrane	 supports	 such	 as	

nitrocellulose	and	PVDF	have	high	a	high	affinity	for	proteins.	After	the	transfer	of	

proteins	 from	 the	 gel,	 it	 is	 important	 to	 block	 the	 remaining	 surface	 of	 the	

membrane	 to	 prevent	 non-specific	 binding	 of	 detection	 antibodies	 during	 the	

immunoblotting	 steps.	 Membranes	 are	 usually	 blocked	 with	 an	 inert	 protein.	

Therefore,	 following	 transfer,	ponceau	 staining	and	destaining,	membranes	were	

blocked	with	 5%	 (w/v)	non-fat	 dried	milk	or	BSA	diluted	 in	 TBST	 for	1	 hour	 at	

room	 temperature.	 Subsequently,	 membranes	 were	 incubated	 in	 the	 primary	

antibody	 diluted	 in	 either	 5%	 (w/v)	 milk	 or	 BSA	 in	 TBST	 at	 4°C	 overnight.	

Membranes	were	then	washed	for	2x5	minutes	and	2x10	minutes	in	TBST	prior	to	

incubation	 in	 horseradish	 peroxidase	 (HRP)	 conjugated	 secondary	 antibody	

diluted	 in	 5%	 (w/v)	milk	 in	 TBST	 for	 1	 hour	 at	 room	 temperature.	Membranes	

were	 washed	 again	 for	 2x5	 minutes	 and	 2x10	 minutes.	 Following	 washes,	

membranes	were	incubated	with	enhanced	chemiluminescence	(ECL)	reagent	and	



	

	

67	

exposed	to	X-ray	films	for	differing	lengths	of	time.	Films	were	developed	using	a	

Konica	automatic	developer.	

	

	

	

2.2.5	KINASE	ASSAYS	

	

2.2.5.1	 IMMUNOPRECIPITATION	 AND	 SGK3/AKT	 KINASE	 ACTIVITY	 ASSAYS	

EMPLOYING	A	PEPTIDE	SUBSTRATE	

i. Covalent	coupling	of	antibodies	

In	covalent	coupling,	the	desired	antibody	is	immobilised	to	a	solid	support.	Due	to	

the	 high	 affinity	 and	 specificity	 of	protein	A	 and	 protein	G	 for	 immunoglobulins,	

they	 are	 usually	 coupled	 to	 agarose	 beads	 and	 provide	 a	 matrix	 for	 antibody	

affinity	purification.	Protein	A	is	isolated	from	Staphylococcus	aureus	and	Protein	G	

isolated	from	Streptococci.	Both	proteins	bind	the	Fc	region	of	IgG	class	antibodies.	

Covalent	 coupling	 of	 antibodies	 to	 beads	 enables	 elution	 of	 protein	 with	 little	

antibody	contamination	following	immunoprecipitation.	To	couple	the	antibody	to	

beads,	protein	A	or	protein	G	beads	were	first	washed	in	PBS	and	incubated	with	

the	 desired	 antibody	 at	 a	 concentration	 of	 1μg	 antibody	 to	 5ul	 resin	 for	 1	hour.	

Subsequently,	beads	were	washed	with	0.1M	sodium	tetraborate	pH	9.3	and	then	

incubated	 in	 0.1M	 sodium	 tetraborate	 containing	 20mM	 dimethyl	 pimelidate	

(DMP),	 twice	 for	 30	minutes	 at	 room	 temperature.	DMP	 is	 a	 cross-linking	 agent	

that	contains	an	amine-reactive	 imidoester	group	at	each	end	of	a	7-atom	spacer	

arm.	 Imidoester	 crosslinkers	 such	 as	 DMP	 react	 with	 primary	 amines	 to	 form	

amidine	 bonds.	 To	 ensure	 specificity	 for	 primary	 amines,	 imidoester	 reactions	

should	 be	 carried	 out	 in	 amine-free,	 alkaline	 conditions	 (pH	 10),	 such	 as	 with	

borate	 buffer.	 Following	 incubations	 with	 DMP,	 beads	 are	 washed	 in	 50mM	

glycine,	pH	2.5	to	remove	any	non-covalently	coupled	antibody.	Finally,	beads	are	

washed	with	0.2M	Tris-HCl	pH	8	and	incubated	in	the	same	buffer	at	4°C	overnight	

to	quench	any	residual	DMP.	The	beads	are	then	stored	in	PBS	at	4°C.	
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ii. Immunoprecipitation	

For	kinase	assays,	2μg	antibody	of	interest	coupled	to	beads	(10μl	beads,	20μl	50%	

slurry),	was	 incubated	with	2mg	 lysate	 for	2	hours	at	4°C	on	a	rotating	wheel,	 in	

order	 to	 immunoprecipitate	 the	 desired	 protein	 to	 be	 assayed.	 Beads	were	 then	

washed	 once	 in	 high	 salt	 buffer	 containing	 0.5M	 NaCl,	 once	 in	 low	 salt	 buffer	

containg	150mM	NaCl	followed	by	two	washes	in	buffer	A.	For	kinase	assays,	the	

washed	beads	 containing	 the	 immobilised	protein	of	 interest	were	used	 to	 carry	

out	 the	 assay.	Once	 the	 kinase	 assay	was	 complete,	 protein	was	 eluted	 from	 the	

beads	using	2x	NuPAGE	LDS	sample	buffer	prior	to	heating	samples	at	70°C	for	10	

minutes.	 	Antibody	bound	beads	were	removed	from	the	LDS	sample	mixture	by	

filtering	 through	 Spin-X	 columns.	 The	 LDS	 samples	were	 then	 used	 for	Western	

blotting	experiments.	For	 standard	western	blotting,	protein	 from	washed	beads	

was	immediately	eluted	using	2x	LDS	samples	buffer	and	heating.	

	

iii. Kinase	 activity	 assays	 of	 endogenous	 SGK3/Akt	 employing	 a	 peptide	

substrate	

For	 measuring	 activity	 of	 endogenous	 SGK3	 or	 Akt,	 these	 proteins	 were	

immunoprecipitated	 with	 the	 appropriate	 antibody	 from	 2mg	 cell	 lysates	 and	

subjected	to	an	in	vitro	kinase	assay.		Incorporation	of	radioactive	32P	from	[γ32P]-

labelled	ATP,	 into	a	peptide	 substrate,	was	measured	by	Cerenkov	counting.	The	

synthetic	 peptide	 substrate	 used	 is	 known	 as	 CROSStide	 and	 has	 the	 following	

amino	 acid	 sequence	 GRPRTSSFAEG.	 Reactions	 were	 carried	 out	 with	 10mM	

magnesium	 acetate,	 0.1mM[γ32P]-ATP,	 30	 μM	 CROSStide	 peptide	 (Cross	 et	 al,	

1995)	in	Buffer	A	in	a	final	volume	of	40	μl.	Control	reactions	consisted	of	an	IgG	

immunoprecipitate.	 Reactions	 were	 incubated	 at	 30°C	 for	 30	 minutes	 on	 a	

thermomixer	and	terminated	by	addition	of	10	μl	0.1M	EDTA.	40	μl	of	the	reaction	

was	then	spotted	onto	P81	phosphocellulose	paper.	Papers	were	washed	3	times	

for	 5	 minutes	 in	 75mM	 orthophosphoric	 acid	 to	 remove	 any	 radioactivity	 not	

associated	to	phosphorylation	of	the	peptide.	Papers	were	then	washed	another	5	

minutes	in	acetone	before	air-drying.	Cerenkov	counting	of	the	paper	was	carried	

out	 on	 a	 scintillator	 and	 kinase	 activity	 expressed	 as	 specific	 activity	 (units	 of	

activity	 per	mg	 of	 protein).	 One	 unit	 of	 protein	 kinase	 activity	 is	 the	 amount	 of	
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enzyme	that	catalyses	the	incorporation	of	1	nmole	phosphate	into	the	substrate	in	

1	min.	

	

	

2.2.5.2	IN	VITRO	KINASE	ASSAYS	EMPLOYING	A	PROTEIN	SUBSTRATE	

	

i. Kinase	Assays	

0.5-1μg	of	kinase	was	 incubated	with	0.5-2μg	of	purified	protein	substrate	 in	 the	

presence	of	0.1mM	[γ32P]-ATP	and	10	mM	magnesium	acetate	in	Buffer	A	at	30°C	

for	differing	periods	of	time	ranging	from	0-2	hours	as	indicated	in	figure	legends.	

Reactions	were	terminated	with	SDS	sample	buffer.	

	

ii. Desiccation	of	polyacrylamide	gels	and	autoradiography	

Kinase	reactions	were	run	on	SDS-PAGE	gels	to	resolve	the	proteins	by	molecular	

weight.	 Gels	were	 then	 sandwiched	 and	 secured	 between	 two	 sheets	 of	 pre-wet	

cellophane.	The	gel	was	 subsequently	dried	 in	a	GelAir	dryer	 for	45-60	minutes.	

Dried	 gels	were	 exposed	 to	Hyperfilm	MP	 for	1-24	 hours	 in	 an	 autoradiography	

cassette	and	films	later	develop	using	a	Konica	auto-developer.	

	

	

	

2.2.6	IN	VITRO	LIPID	KINASE	ASSAYS	OF	VPS34	

	

Cells	were	 first	 lysed	 in	0.5%	NP-40	 lysis	 buffer.	 Vps34,	Beclin1	 or	UV-RAG	was	

immunoprecipitated	 from	HEK	 293	 cells	 using	 a	 specific	 antibody;	 or	 from	 GFP	

knock	 in	 Vps34,	 Beclin1	 or	 UV-RAG	 HEK	 293	 cell	 lines	 using	 GFP	 Trap	 beads.	

Following	 immunoprecipitation,	beads	were	washed	twice	with	a	high	salt	buffer	

consisting	of	0.5	%	NP-40	 lysis	buffer	+	500mM	NaCl,	 twice	with	 low	salt	buffer	

consisting	of	0.5	%	NP-40	lysis	buffer	only	and	finally	twice	with	lipid	kinase	assay	

(LKA)	 buffer.	 Vps34	 activity	 was	 assayed	 in	 vitro	 with	 a	 final	 reaction	

concentration	 of	 10	 μg	 phosphatidylinositol	 (PI)	 liposomes	 (bovine	 liver	 PI,	

extruded	through	a	100	nm	filter	–	Avanti®	Mini-Extruder),	5	μM	ATP	and	7.5	μCi	

[γ32P]-ATP	in	LKA	buffer.	Reactions	were	agitated	on	a	 thermomixer	at	30°C	 for	
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30	minutes	before	centrifugation	through	a	Spin-X	column	to	separate	the	beads.	

500μl	 of	 stop	 solution	 consisting	 of	 Methanol:Chloroform:Hydrochloric	 Acid	

(200:100:3.5)	 was	 added	 to	 terminate	 the	 reaction.	 2x	 LDS	 sample	 buffer	 was	

added	 to	 the	 separated	 beads	 to	 elute	 protein	 to	 analyse	 by	 western	 blotting.	

Subsequently,	each	sample	was	phase	split	by	adding	180	μl	of	chloroform	and	300	

μl	of	0.1	M	hydrochloric	acid	and	spun	at	1000	x	g	for	1	min	at	room	temperature.	

The	chloroform	lipid	containing	lower	layer	was	transferred	to	a	fresh	Eppendorf	

and	 dried	 by	 centrifugal	 evaporation	 in	 a	 SpeedVac.	 Thin	 layer	 chromatography	

(TLC)	 silica	 60	 plates	 (Merck-Millipore)	 were	 treated	 with	 potassium	 oxalate	

buffer	 to	 activate	 the	 plate	 and	 dried	 to	 assist	 with	 phospholipid	 separation	

(Gonzalez-Sastre	and	Folch-Pi,	1968).	Lyophilised	lipids	were	resuspended	in	50	μl	

chloroform	 and	 spotted	 onto	 treated	 TLC	 plates.	 The	 plates	 were	 ran	 using	 a	

methanol:chloroform:water:ammonium	 hydroxide	 (47:60:11.2:2)	 solvent	 system	

to	separate	phosphoinositol	products.	Once	complete	the	TLC	plate	was	dried	and	

the	incorporation	of	32P	into	lipids	was	analysed	by	autoradiography.		

	

	

2.2.7	PHOSTAG	ASSAYS	

	

The	 Phos-tag	 reagent	 (1,3-bis[bis(pyridin-2-ylmethyl)	 amino]propan-2-olato	

dizinc(II)	 complex)	originally	described	 in	2004	 (Kinoshita	et	 al.,	 2004)	binds	 to	

phosphate	 ions	 with	 much	 greater	 affinity	 than	 other	 anions.	 The	 same	 group	

reported	 that	 the	 Phos-tag	 reagent	 can	 also	 form	 high	 affinity	 interactions	with	

proteins	and	peptides	phosphorylated	on	ser,	thr	or	tyr	residues	(Kinoshita	et	al.,	

2005).	Later	 they	modified	 the	 Phos-tag	 reagent	 to	 develop	 Phos-tag	 acrylamide	

(1,3-bis[bis(pyridin-2-ylmethyl)	 amino]propan-2-olato	dizinc(II)	 complex),	which	

could	 be	 polymerised	 into	 SDS	 polyacrylamide	 gels	 and	 would	 retard	 the	

electrophoretic	 mobility	 of	 phosphorylated	 proteins,	 resulting	 in	 significant	

mobility	shifts	 that	 could	be	detected	on	 the	gel	 following	Coomassie	 staining	or	

after	 immunoblotting	 (Kinoshita	 et	 al.,	 2006).	 This	 approach	 is	 particularly	

suitable	 for	 small	 proteins	 that	 are	 phosphorylated	 at	 a	 single	 (Kinoshita	 et	 al.,	

2006)	 site.	 In	 this	 study,	 the	 assay	 was	 used	 to	 assess	 stoichiometry	 of	

phosphorylation	of	3-mercaptopyruvate	sulphur	transferase	(MPST).	
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2μg	of	recombinant	MPST	was	phosphorylated	 in	kinase	assays,	using	 increasing	

amounts	of	kinase	ranging	from	0.5	–	2μg	in	the	presence	of	0.1mM	cold	ATP	and	

10mM	magnesium	acetate.	The	reaction	was	terminated	after	80	minutes	using	4×	

SDS/PAGE	 sample	 buffer	 (250	mM	 Tris/HCl,	 pH	6.8,	 8%	 (w/v)	 SDS,	 40%	 (v/v)	

glycerol,	0.02%	 (w/v)	Bromophenol	 Blue	 and	4%	 (v/v)	 2-mercaptoethanol)	 and	

heated	at	95°C	 for	5	min.	 Samples	were	 supplemented	with	10	mM	MnCl2	before	

loading	gels.	Phos-tag	SDS/PAGE	gels	were	made	consisting	of	a	stacking	gel	(4%	

(w/v)	 acrylamide,	 125	mM	 Tris/HCl,	 pH	6.8,	 0.1%	 (w/v)	 SDS,	 0.2%	

(v/v)	N,N,N′,N′_tetramethylethylenediamine	 (TEMED)	 and	 0.08%	 (w/v)	

ammonium	 persulfate	 (APS))	 and	 a	 separating	 gel	 (12%	 (w/v)	 acrylamide,	

375	mM	 Tris/HCl,	 pH	8.8,	 0.1%	 (w/v)	 SDS,	 75	μM	 Phos-tag	 acrylamide,	 150	μM	

MnCl2,	0.1%	(v/v)	TEMED	and	0.05%	(w/v)	APS).	The	gel	mixture	was	degassed	

for	10	minutes	prior	to	addition	of	APS	and	TEMED.	5-10μl	of	the	kinase	reaction	

was	loaded	onto	gels	and	electrophoresed	at	70	V	for	the	stacking	gel	and	at	150	V	

for	 the	separating	gel,	with	the	running	buffer	(25	mM	Tris/HCl,	192	mM	glycine	

and	0.1%	(w/v)	SDS).	At	the	end	of	the	run,	gels	were	stained	with	Coomassie	Blue	

for	1	hour	followed	by	de-staining	overnight.	

	

	

2.2.8	MPST	ACTIVITY	ASSAYS	

	

Prior	 to	 carrying	 out	 3-mercaptopyruvate	 sulphur	 transferase	 (MPST)	 activity	

assays,	recombinant	MPST	was	phosphorylated	by	Akt	or	SGK3	as	described	in	‘In	

vitro	kinase	assays	employing	a	protein	substrate’,	except	that	0.1mM	cold	ATP	

was	used	 in	 the	kinase	 reaction.	 In	 this	 case,	phosphorylation	 stoichiometry	was	

assessed	by	phostag	gel	 analysis	 as	described	earlier.	MPST	activity	assays	were	

carried	out	by	Dr	Pramod	Yadav	(Ann	Arbor,	Michigan)	(Yadav	et	al.,	2013).		

	

2.2.8.1	Activity	based	on	H2S	production			

H2S	 formed	 by	 the	 reaction	 of	 3-MP	 and	 L-cysteine	was	 determined	 in	 the	 lead	

sulfide	assay	(Yadav	et	al.,	2013).	The	reaction	mixture	containing	200	mM	HEPES	
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buffer,	pH	7.4,	0.4	mM	lead	nitrate,	BSA	(100	µg/ml),	(0	-17	µM)	3-MP	and	40	mM	

L-cysteine	was	preincubated	at	37	°C	 for	4	min	and	the	reaction	was	 initiated	by	

addition	of	purified	5µg/ml	MST	(WT	or	Phosphorylated).	Continuous	formation	of	

lead	 sulfide	 was	 monitored	 spectrophotometrically	 at	 390	 nm	 and	 a	 molar	

extinction	coefficient	of	5,500	M−1cm−1	 for	 lead	sulfide	was	used	to	determine	 its	

concentration.	The	KM	values	for	the	L-cysteine	were	estimated	in	the	presence	of	

30µM	 3-MP	 and	 the	 (0-20	 mM)	 L-cysteine.	 The	 KM	 and	 Vmax	 values	 were	

determined	either	by	 fitting	Michaelis-menten	equation	or	Hill	equation	by	using	

sigma-plot	10.		

	

2.2.8.2	Thioredoxin-dependent	sulphurtransferase	activity		

Oxidation	 of	 NADPH	 in	 a	 coupled	 MST-thioredoxin/thioredoxin	 reductase	 assay	

was	measured	as	described	previously	(Yadav	et	al.,	2013).	Briefly,	a	1	ml	reaction	

mixture	 containing	 200	 mM	 HEPES	 buffer,	 pH	 7.4,	 250	 μM	 NADPH,	 3.5	 μM	

thioredoxin	reductase,	20	μM	thioredoxin,	BSA	(100	µg/ml),	3-MP	(0-3	mM)	was	

preincubated	 for	4	min	at	37	°C.	The	reaction	was	started	by	addition	of	5µg/ml	

MST	(WT	or	Phosphorylated)	and	the	rate	of	NADPH	oxidation	was	monitored	at	

340	 nm	 using	 the	 extinction	 coefficient,	 6220	 M−1	 cm−1.	 The	 KM	 values	 for	 the	

thioredoxin	 was	 estimated	 in	 the	 presence	 of	 3mM	 3-MP	 and	 the	 (0-15µM)	

thioredoxin.	The	KM	and	Vmax	values	were	determined	either	by	 fitting	Michaelis-

menten	equation	or	Hill	equation	by	using	sigma-plot	10.		
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2.2.9	IMMUNOFLUORESCENCE	

	

Coverslips	(22	x	22cm)	were	washed	in	70%	ethanol	before	placing	into	a	well	of	6	

well	plates	 inside	a	biological	 safety	 cabinet	 and	allowed	 to	dry.	Cells	were	 then	

plated	on	washed	coverslips	and	allowed	to	adhere.	Cell	treatments	were	carried	

out	as	in	figure	legends.	

	

2.2.9.1	Formaldehyde	fixation	of	cells	

The	goal	of	fixation,	is	to	maintain	cells	in	their	current	state	and	to	preserve	the	

cells	over	an	extended	period	of	time.	Chemical	cross-linkers	such	as	formaldehyde	

crosslink	proteins	via	their	free	amino	groups	and	cellular	morphology	is	generally	

well	 conserved	 in	 this	 way.	 Following	 cell	 treatments,	 media	 was	 removed	 and	

coverslips	 immediately	 incubated	with	 4%	 paraformaldehyde	 for	 10	minutes	 at	

room	temperature	to	fix	the	cells.	

	

2.2.9.2	Permeabilisation	

Following	 0.2%	 BSA	 in	 PBS	 wash,	 cells	 were	 permeabilised	 by	 incubating	

coverslips	 in	 1%	 Nonidet	 P40	 in	 PBS	 for	 10	 minutes.	 Permeabilisation	 enables	

intracellular	structures	to	become	more	accessible	to	antibodies,	which	otherwise	

would	not	be	able	 to	pass	 the	 lipid	membranes	of	 the	 cell.	The	permeabilisation	

step	 is	 particularly	 important	 if	 cells	have	 been	 fixed	with	 chemical	 crosslinkers	

such	as	formaldehyde,	since	fixation	with	organic	solvents	also	permeabilises	the	

membrane.	

	

2.2.9.3	Blocking	

Following	 washing	 of	 coverslips	 with	 0.2%	 BSA	 in	 PBS	 after	 permeabilisation,	

samples	were	blocked	with	a	blocking	solution	consisting	of	goat	serum	diluted	in	

0.2%	 BSA	 in	 PBS	 or	 1%	 BSA	 in	 PBS	 for	 an	 hour.	 Blocking	 is	 important	 for	

minimising	 unspecific	 binding	 of	 the	 primary	 antibody	 within	 the	 cell.	 It	 is	

important	that	the	blocking	proteins	do	not	originate	from	the	species	in	which	the	

primary	 antibody	was	 raised	 because	 the	 secondary	 antibody’s	 specificity	 to	 the	

primary	antibody	would	be	lost.	
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2.2.9.4	Immunostaining	

After	 blocking	 samples	 were	 incubated	 with	 a	 dilution	 of	 the	 primary	 antibody	

ranging	from	1:500	–	1:1000	for	1	hour	at	room	temperature	to	specifically	target	

the	 intracellular	protein	structure	of	 interest.	Following	 three	10	minute	washes	

with	blocking	buffer	to	remove	unbound	antibody,	coverslips	were	incubated	with	

the	 fluorescently	 labelled	 Alexa-Fluor	 conjugated	 secondary	 antibodies	 (Life	

Technologies),	diluted	1:500	in	blocking	buffer	for	1	hour	at	room	temperature	in	

the	 dark	 to	 prevent	 photobleaching.	 Fluorophores	 such	 as	 Alexa-Fluor	 are	 dye	

molecules.	Upon	electromagnetic	energy	release	 from	the	microscope	laser	set	at	

the	correct	wavelength,	an	electron	in	the	fluorescent	dye	becomes	excited.	Upon	

absorption	of	this	energy,	the	electron	moves	up	to	an	excitation	state	at	the	next	

energy	 level.	This	energy	 is	 then	 released	 in	 the	 form	of	 a	photon	 (fluorescence)	

and	the	electron	moves	back	down	to	the	lower	energy	state.	

	

Surplus	 antibody	 was	 again	 removed	 by	 three	 further	 washes	 for	 10	 min	 in	

blocking	 buffer.	 For	 visualisation	 of	 GFP	 tagged	 Vps34,	 Beclin1	 and	 UVRAG,	 an	

anti-GFP	primary	antibody	(Abcam)	was	used	to	enhance	the	GFP	signal.	An	anti-

chicken	 secondary	 antibody	 conjugated	 to	 Alexa-Fluor	 594	 was	 then	 used	 for	

visualisation	of	the	target	under	the	microscope.	For	co-staining	of	the	endosomal	

marker	EEA1,	a	rabbit	anti-EEA1	antibody	(Cell	Signalling)	was	used	with	an	anti-

rabbit	secondary	antibody	conjugated	to	Alexa-Fluor	488.	Subsequently	coverslips	

were	 briefly	 dipped	 in	 ddH2O	 prior	 to	 mounting	 onto	 coverslips	 with	 ProLong	

gold®	 antifade	 mountant	 with	 DAPI	 (Life	 Technologies).	 DAPI	 stains	 the	 nuclei	

and	 can	 assist	 in	 orientation	 of	 cells.	 Coverslips	 were	 left	 in	 the	 dark	 at	 RT	

overnight	to	fully	dry	before	imaging.			

	

2.2.9.5	Imaging	and	Quantitation	

All	images	were	collected	on	an	LSM710	laser	scanning	confocal	microscope	(Carl	

Zeiss)	 by	Dr	Alan	 Prescott,	 using	 the	 x63	Plan	 -	 Apochromat	 objective	 (NA	1.4),	

using	a	pinhole	chosen	to	provide	a	uniform	0.8um	optical	section	thickness	in	all	

the	 fluorescence	 channels.	 Images	 from	 the	 microscope	 were	 imported	 into	

Volocity	image	processing	software	(Perkin-Elmer)	and	batch	processed	using	the	

same	custom	written	programmes	for	all	the	images	in	an	experimental	group.	For	
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example,	for	each	colocalisation	image,	endosomes	were	identified	from	the	EEA1	

antibody	staining	and	the	intensity	of	the	GFP	tagged	protein	in	these	objects	was	

collected	as	the	sum	of	the	pixel	intensities,	normalised	for	the	number	of	cells	in	

each	image	(counted	from	the	number	of	DAPI	nuclei).	The	graphs	show	the	sum	of	

the	 GFP	 or	 PI(3)P	 probe	 intensity	 per	 cell	 in	 arbitrary	 units	 with	 variation	

presented	as	SEM	for	the	15	images	collected	from	each	slide.	Each	treatment	was	

repeated	3	times	and	graphs	shown	are	from	representative	experiments.	

	

	

2.2.9.6	PI(3)P	STAINING	AND	IMMUNOFLUORESCENCE	

	

i. 2xFYVE	domain	PI(3)P	probes	

To	 visualise	 intracellular	 PI(3)P	 levels	 and	 localisation,	 we	 utilised	 the	 2xFYVE	

domain	of	the	endocytic	Hrs	protein	(DU45781),	which	specifically	binds	to	PI(3)P,	

as	 an	 intracellular	 probe.	 	 We	 also	 generated	 a	 mutant	 probe,	 with	 alanine	

mutations	 in	 the	 FYVE	 domain,	 such	 that	 the	 probe	was	 no	 longer	 able	 to	 bind	

PI(3)P	(H176A	H177A	 -	DU47684).	Proteins	were	cloned,	expressed	and	purified	

by	 the	MRC	PPU	Reagents	Service.	The	WT	probe	was	 then	conjugated	 to	Alexa-

Fluor	 488	 (A30006	 –	 Life	 Technologies)	 and	 the	 mutant	 probe	 conjugated	 to	

Alexa-Fluor	 594	 (A30008	 –	 Life	 Technologies)	 according	 to	 the	 manufacturer’s	

protocol.	The	probes	were	stored	at	1mg/ml	in	50	%	(v/v)	Glycerol	at	-80	°C.	

	

	

ii. PI(3)P	staining	

Following	cell	 treatments	as	described	 in	 figure	 legends,	cells	were	placed	on	 ice	

and	washed	once	with	PBS.	Cells	were	 then	washed	 twice	with	glutamate	buffer	

before	 snap	 freezing	 in	 liquid	 nitrogen.	 Coverslips	 were	 quickly	 thawed	 and	

washed	with	glutamate	buffer,	prior	to	incubation	with	4%	PFA	for	30	minutes	at	

room	temperature	to	fix	the	cells.	The	cells	were	washed	and	incubated	in	quench	

media	 for	 10	minutes	 to	 quench	 the	 PFA	 to	 reduce	 autofluorescence.	 Cells	were	

then	washed	and	incubated	in	blocking	buffer	consisting	of	1%	BSA	in	PBS	for	15	

minutes	at	 room	 temperature.	 Subsequently,	 coverslips	were	 incubated	with	 the	

2xFYVE	Alexa-Fluor	488	probe	and	the	mutant	2xFYVE	Alexa-Fluor	594	probe	for	
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1	 hour	 at	 room	 temperature	 after	 which	 they	 were	 washed	 again	 in	 blocking	

buffer.	Finally,	 the	coverslips	were	dipped	 in	ddH2O	and	mounted	on	microscope	

slides	 with	 ProLong	 gold®	 antifade	 mountant	 with	 DAPI	 (Life	 Technologies).	

Slides	were	 imaged	under	 the	microscope	 to	examine	 localisation	and	 the	probe	

intensity	quantified	to	determine	intracellular	PI(3)P	levels.	

	

	

	

2.2.10	MASS	SPECTROMETRY		

	

Proteomics	is	the	study	of	proteins	in	a	biological	system.	Technological	advances	

in	 mass	 spectrometry	 have	 made	 it	 possible	 to	 study	 the	 role	 of	 proteins	 in	

biological	 systems,	 enabling	 protein	 identification,	 protein	 interactions,	 protein	

modification	 and	 detection	 of	 change	 in	 abundance	 of	 proteins	 under	 different	

physiological	conditions.	Mass	spectrometry	can	identify	and	quantitate	molecules	

in	 complex	 mixtures	 on	 the	 basis	 of	 their	 mass-to-charge	 (m/z)	 ratio.	 Mass	

spectrometers	have	an	ion	source,	a	mass	analyser	and	an	ion	detector.		

	

The	 ion	 source	 ionises	 the	molecules	 passing	 through	 by	 knocking	 off	 electrons,	

resulting	in	a	positive	ion	and	also	accelerates	the	ions	such	that	all	molecules	have	

the	 same	kinetic	 energy.	Within	 the	mass	analyser,	 a	magnetic	or	electric	 field	 is	

applied,	which	deflects	the	ions	according	to	their	mass.	The	lower	the	mass	of	the	

molecule,	the	greater	the	deflection.	The	amount	of	deflection	is	also	influenced	by	

the	charge	such	that	the	greater	the	charge,	the	greater	the	deflection.	Therefore,	it	

is	important	to	measure	the	m/z	ratio	rather	than	the	individual	mass	or	charge.	In	

proteomics,	four	types	of	mass	analysers	are	generally	used	including	quadrupole	

(Q),	 ion	 trap	 (IT),	 time	 of	 flight	 (TOF)	 and	 Fourier	 transform	 ion	 cyclotron	

resonance	(FTICR)	(Han	et	al.,	2008).	Hybrid	instruments	have	also	been	designed	

to	 combine	 the	 capabilities	 of	 different	 mass	 analysers.	 Ions	 that	 have	 been	

successfully	deflected	hit	 the	 ion	detector,	which	analyses	their	m/z	values.	Mass	

spectrometers	are	 connected	 to	 computer	software	 such	as	SEQUEST	 (Eng	et	 al.,	

1994)	and	MASCOT	 (Perkins	et	 al.,	 1999),	which	acquire	mass	 spectral	data	and	

carry	 out	 algorithmic	 comparisons	 to	 identify	 the	 ions	 through	 established	
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databases,	 predicting	 the	 identity	 of	 the	molecule	 based	 on	m/z	 value.	 Tandem	

mass	 spectrometry	 (MS/MS)	 provides	 additional	 information	 about	 specific	 ions	

by	 fragmenting	 selected	 precursor	 ions	 from	MS1	 and	 is	 particularly	 useful	 for	

protein/peptide	sequencing	and	analysis	of	post-translational	modifications,	such	

as	phosphorylation.	There	are	a	number	of	dissociation	methods	for	fragmentation	

including	collision-induced	dissociation	(CID),	higher	energy	collision	dissociation	

(HCD),	electron	transfer	dissociation	(ETD)	and	electron	capture	dissociation.		

	

2.2.10.1	Mass	Spectrometry	Fingerprinting	(MFP)	

Strategies	 for	 protein	 identification	 include	 whole	 protein	 analysis	 (‘top-down’	

proteomics)	 or	 analysis	 of	 enzymatically	 (or	 chemically)	 digested	 peptides	

(‘bottom-up’	 proteomics).	 Bottom	 up	 techniques	 include	 offline	

fractionation/separation	 of	 proteins	 in	 complex	 mixtures	 prior	 to	 enzymatic	

digestion	 followed	 by	 direct	 mass	 fingerprinting	 or	 further	 peptide	 separation	

online	by	liquid	chromatography	(LC)	coupled	to	tandem	mass	spectrometry	(LC-

MS)	 (Fig	2.1).	An	alternative	bottom	up	approach	 is	 ‘shotgun’	proteomics,	which	

involves	direct	digestion	of	the	protein	mixture	into	a	collection	of	peptides,	which	

are	 then	 separated	 by	 multidimensional	 chromatography	 on	 line	 coupled	 to	

tandem	mass	spectrometry	(Fig	2.1).	

	

Figure	2.1	–	Proteomic	analyses	by	gel	based	and	gel	free	methods	

	

	

(Fournier	et	al.,	2007)	
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To	identify	interactors	and	substrates	of	target	proteins	in	this	study,	peptide	MFP	

techniques	 (Thiede	 et	 al.,	 2005)	 were	 employed	 utilising	 gel	 electrophoresis	 to	

separate	 immunoprecipitated	protein	mixtures,	containing	the	protein	of	 interest	

and	 its	 interactors,	by	molecular	weight	 followed	by	 in	gel	digestion	of	proteins.	

The	sequences	of	the	resulting	peptide	fragments,	analysed	by	mass	spectrometry,	

were	used	as	a	fingerprint	to	identify	the	proteins	they	belonged	to.	

	

2.2.10.2	Processing	protein	bands	for	analysis	by	Mass	Fingerprinting	Analysis	

Following	 SDS-PAGE,	 gel	 sections	 were	 cut	 into	 small	 pieces	 (~1x1mm)	 and	

sequentially	washed	for	10	minutes	at	RT	 in	water,	100%	acetonitrile	(ACN)	and	

50	mM	Tris	HCl	 pH	8.0.	 The	washing	 steps	were	 repeated	 until	 gel	 pieces	were	

colourless.	Gel	pieces	were	subsequently	reduced	with	5	mM	DTT	in	50	mM	Tris	

HCl	pH	8.0,	while	shaking	at	65°C	 for	20	minutes.	Reduction	of	disulphide	bonds	

with	a	reducing	agent	such	as	DTT,	followed	by	alkylation	of	free	sulfhydryl	groups	

on	 cysteines,	 is	 necessary	 to	 prevent	 the	 free	 sulfhydryls	 from	 reforming	

disulphide	 bonds.	 Therefore	 after	 cooling,	 samples	 were	 alkylated	 with	 20	 mM	

iodoacetamide	 in	 50	mM	 Tris	 HCl	 pH	 8.0	 for	 20	minutes	 in	 the	 dark	 at	 RT.	 Gel	

pieces	 were	 shrunk	 with	 100%	 ACN,	 followed	 by	 re-swelling	 with	 50	 mM	

triethylammonium	bicarbonate	and	finally	shrunk	again	with	100%	ACN,	prior	to	

digestion	 with	 5μg/ml	 trypsin	 overnight	 at	 30°C.	 Trypsinised	 peptides	 were	

extracted	 from	 the	gel	pieces	by	addition	of	100%	ACN	 to	 completely	dehydrate	

the	pieces.	The	supernatant	was	retained	in	a	separate	lo-bind	eppendorf	tube.	The	

gel	pieces	were	re-swollen	with	0.1%	TFA	and	two	subsequent	extractions	carried	

out	 with	 ACN	 until	 gel	 pieces	 were	 completely	 white	 and	 dehydrated.	 All	

supernatants	were	 combined	 and	 lyophilised	 in	 a	 speedvac	 prior	 to	 storage	 at	 -

20°C	for	MS	analysis.		

	

LC-MS	was	performed	by	Dr	D	Campbell	and	Mr	R	Gourlay.	Tryptic	peptides	were	

subjected	 to	 LC-.MS/MS	 using	 a	 Proxeon	 Easy	 nLC	 nano-liquid	 chromatography	

system,	 coupled	 to	 a	 Thermo	 LTQ-Orbitrap	 Classic	 mass	 spectrometer.	 Results	

were	 searched	 against	 the	 SwissProt	 human	 database	 using	 Mascot	

(www.matrixscience.com).	 Peptide	 mass	 fingerprinting	 analysis	 was	 performed	
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using	 OnLine	 Mass	 spectometry	 data	 Analysis	 Tool	

(http://www.proteinguru.com/MassSpec/OLMAT).	

	

	

2.2.10.3	PHOSPHOSITE	IDENTIFICATION	BY	MS	&	EDMAN	SEQUENCING	

Bacterially	 purified	 substrate	 proteins	 (1μg)	 were	 phosphorylated	 using	

recombinant	kinase	(0.5μg)	in	a	buffer	containing	50	mM	Tris-HCl	pH	7.5,	0.1	mM	

EGTA,	 10	 mM	MgCl2,	 0.1	 mM	 [γ-32P]ATP	 for	 80	 minutes	 at	 30°C	 per	 reaction.	

Reactions	were	stopped	with	LDS	sample	buffer	and	reaction	products	resolved	by	

SDS-PAGE	electrophoresis.	Gels	were	stained	with	Coomassie	blue	to	stain	protein	

bands.	 5-10	 reactions	 were	 carried	 out	 per	 phosphomapping	 experiment.	 The	

band	corresponding	to	the	substrate	protein	was	washed	with	50	mM	Tris	HCl	pH	

8.0	 and	ACN	until	 gel	 pieces	were	 colourless.	 Samples	were	 reduced	with	5	mM	

DTT	in	50	mM	Tris	HCl	pH	8.0	at	65°C	for	20	minutes	prior	to	alkylation	with	20	

mM	 iodoacetamide	 in	 50	mM	Tris	HCl	 pH	8.0.	 Samples	were	 digested	 overnight	

with	 trypsin	 at	 30°C	 and	 the	 peptides	were	 separated	 on	 a	 reverse-phase	HPLC	

Vydac	C18	column	(Separations	Group)	with	an	on-line	radioactivity	detector.	The	

column	was	equilibrated	 in	0.1%	(v/v)	 trifluoroacetic	 acid	and	developed	with	a	

linear	 acetonitrile	 gradient	 at	 a	 flow	 rate	 of	 0.2	ml/min.	 Fractions	 (0.1	ml	 each)	

were	 collected	 and	 analyzed	 for	32P	 radioactivity	 by	 Cerenkov	 counting.	 Isolated	

phosphopeptide	 fractions	were	 analyzed	 by	 liquid	 chromatography	 (LC)-MS/MS	

using	a	Thermo	U3000	RSLC	nano	liquid	chromatography	system	(Thermo	Fisher	

Scientific)	 coupled	 to	a	Thermo	LTQ-Orbitrap	Velos	mass	 spectrometer	 (Thermo	

Fisher	Scientific)	to	determine	the	primary	sequence	of	the	phosphopeptides.	Data	

files	were	 searched	 using	Mascot	 run	 on	 an	 in-house	 system	 against	 a	 database	

containing	the	appropriate	substrate	sequences,	with	a	10	ppm	mass	accuracy	for	

precursor	 ions,	 a	 0.6	 Da	 tolerance	 for	 fragment	 ions,	 and	 allowing	 for	 Phospho	

(ST),	 Phospho	 (Y),	 Oxidation	 (M),	 and	Dioxidation	 (M)	 as	 variable	modifications.	

Individual	 MS/MS	 spectra	 were	 inspected	 using	 Xcalibur	 2.2	 (Thermo	 Fisher	

Scientific),	 and	 Proteome	 Discoverer	 with	 phosphoRS	 3.1	 (Thermo	 Fisher	

Scientific)	 was	 used	 to	 assist	 with	 phosphosite	 assignment.	 The	 site	 of	

phosphorylation	 of	 32P-labeled	 peptides	was	 determined	 by	 solid-phase	 Edman	

degradation	 on	 a	 Shimadzu	 PPSQ33A	 Sequencer	 of	 the	 peptide	 coupled	 to	
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Sequelon-AA	 membrane	 (Applied	 Biosystems).	 Edman	 sequencing	 is	 the	 cyclic	

degradation	 of	 peptides	 based	 on	 the	 reaction	 of	 phenylisothiocyanate	with	 the	

free	 amino	 group	 of	 the	N-terminal	 residue,	 such	 that	 amino	 acids	 are	 removed	

one	 at	 a	 time	 and	 identified	 as	 their	 phenylthiohydantoin	 derviatives	 (Edman,	

1950;	 Campbell	 and	 Morrice,	 2002).	 LC-MS/MS	 and	 Edman	 sequencing	 were	

carried	out	by	Mr	R	Gourlay.	

	

	

	

2.2.11	TANDEM	MASS	TAG	(TMT)	PHOSPHOPROTEOMICS	

	

Being	 a	 key	 regulator	 of	 cell	 signalling,	 phosphorylation	 is	 an	 intense	 area	 of	

research.	 Identification	 and	 quantification	 of	 phosphorylation	 sites	 involved	 in	

metabolism,	 growth	 and	 disease	 is	 essential	 for	 elucidation	 of	 protein	 function.	

Combining	 deep	 identification	 with	 relative	 quantitation,	 mass	 spectrometry	

continues	 to	 be	 a	 powerful	 tool	 in	 phosphoproteomics.	 Nevertheless,	 global	

phosphoproteome	 analysis	 has	 been	 challenging	 due	 to	 the	 large	 volume	 of	

phosphorylation	 sites	 and	 often	 low	 stoichiometry	 of	 phosphorylation	 observed.	

Previous	 methods	 have	 also	 been	 limited	 to	 binary	 or	 tertiary	 comparisons	

limiting	the	depth	of	analysis	required.	However,	the	development	of	isobaric	tags	

for	relative	and	absolute	quantitation	(iTRAQ)	and	tandem	mass	tag	(TMT)	based	

methodologies	enable	simultaneous	comparison	of	8	-10	samples	permitting	more	

complex	experimental	design	and	inclusion	of	biological	replicates	(Erickson	et	al.,	

2015).	 In	 this	 study,	 we	 carry	 out	 a	 comprehensive	 analysis	 of	 changes	 in	

phosphorylation	as	a	result	of	knocking	out	or	inhibiting	SGK3	and	Akt	to	identify	

novel	substrates	of	these	kinases.	

	

2.2.11.1	Protein	extraction	and	digestion	

SGK3	 knock	 out	 HEK	 293	 (SGK3	 KO)	 cells	 were	 generated	 by	 Crispr/Cas9	

methodology	as	described	earlier.	Wild	type	(WT)	and	SGK3	KO	cells	were	treated	

as	 described	 in	 figure	 legends	 and	 lysed	 using	 a	 2%	 SDS	 lysis	 buffer	 (2%	 SDS	

(w/v),	250mM	NaCl,	50mM	HEPES	pH	8.5,	1mM	Benzamidine,	2mM	PMSF,	2mM	
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Sodium	 orthovanadate,	 10mM	 Na	 B	 glycerophosphate,	 5mM	 Na	 pyrophosphate,	

50mM	 NaF,	 supplemented	 with	 protease	 inhibitor	 cocktail	 tablets	 (Roche)	 and	

PhosSTOP	 phosphatase	 inhibitors	 (Roche).	 Lysates	 were	 heated	 at	 95°C	 for	 5	

minutes	 prior	 to	 sonication	 and	 clarification	 at	 14,	 000	 RPM	 for	 15	 minutes.	

Following	determination	of	protein	concentration	by	BCA	assay,	25mg	protein	was	

subjected	 to	 acetone	 precipitation.	 The	 extracted	 pellet	was	 resolubilised	 in	 6M	

urea/50mM	TEAB	by	 sonication	 and	 protein	 concentration	 determined	 again	 by	

BCA	 assay.	 Protein	 samples	 were	 subsequently	 reduced	 with	 10mM	 DTT	 and	

incubated	at	56°C	for	20	minutes.	Following	cooling,	samples	were	alkylated	with	

30mM	iodoacetamide	for	30	mins	in	the	dark	at	RT	prior	to	reducing	the	samples	

again	with	5mM	DTT	 for	10	minutes	at	RT.	Protein	 lysates	were	diluted	 to	1.5M	

urea	 and	 digested	 with	 LysC	 (Wako,	 Japan)	 in	 a	 1:200	 enzyme:protein	 ratio	

overnight	 at	 RT.	 Protein	 extracts	 were	 diluted	 further	 to	 a	 0.75M	 urea	

concentration,	 and	 trypsin	 (Promega,	 WI	 USA)	 was	 added	 to	 a	 final	 1:200	

enzyme:protein	 ratio	 for	16	h	at	37	 °C.	Digests	were	acidified	by	 the	addition	of	

TFA	to	a	final	concentration	of	1%	TFA.	Samples	were	centrifuged	at	4000	RPM	for	

15	 minutes	 at	 4°C	 and	 the	 undigested	 precipitate	 and	 excess	 trypsin	 were	

discarded,	while	 the	 supernatant	 retained.	 Samples	were	 subsequently	subjected	

to	C18	solid-phase	extraction	(SPE)	(Sep-Pak,	Waters,	Milford,	MA)	to	remove	salts	

and	 impurities.	 Briefly	 Sep-Pak	 cartridges	were	 activated	 by	 adding	 4	ml	 100%	

Acetonitrile	and	equilibrated	using	0.1%	TFA	by	(2	x	4	ml).	The	acidified	peptide	

digest	was	 loaded	on	to	the	C18	cartridges.	Peptides	were	cleaned	with	2	x	4	ml	

0.1%	TFA.	Peptides	were	subsequently	eluted	with	0.5	ml	60%	ACN	in	0.1%	TFA.	

Finally,	eluted	peptides	were	lyophilized.	

	

2.2.11.2	Phosphopeptide	enrichment	

The	fraction	of	phosphopeptides	from	non-phosphopeptide	enrichments	is	~<5%,	

thus	a	large	amount	of	starting	material	is	required	for	sufficient	phosphopeptide	

levels,	 amenable	 to	 LC-MS.	 Since	TMT	 reagents	 are	 particularly	 expensive	 and	 a	

large	 amount	 of	 starting	 material	 is	 required,	 it	 is	 prudent	 to	 incorporate	 TMT	

labelling	 following	 phosphopeptide	 enrichment	 since	 the	 amount	 of	 peptide	 is	

significantly	reduced.	
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For	phosphopeptide	enrichment,	 titanium	oxide	(TiO2)	beads	(Titansphere	Phos-

TiO2	Bulk	10	μm	#5010-21315,	GL	Sciences,	 Japan)	were	used	and	prepared	 by	

washing	with	 100%	ACN.	 	 Phosphate	 groups	 are	 preferentially	 adsorbed	 to	 the	

surface	 of	 TiO2	 under	 acidic	 conditions	 and	 are	 eluted	 under	 basic	 conditions,	

therefore	pH	of	 all	 solutions	must	be	 thoroughly	 checked.	Tryptic	peptides	were	

resuspended	 in	2M	Lactic	 acid/50%	ACN	 (pH	1.5)	 by	water-bath	 sonication	 and	

centrifuged	at	14,000	RPM	for	15	minutes	at	RT,	leaving	a	small	pellet	consisting	of	

salts	 and	 impurities.	 The	 supernatant	was	 transferred	 to	 fresh	 Eppendorf	 tubes	

and	TiO2	beads	added	at	a	1:2	peptide:bead	ratio.	The	bead/peptide	mixture	was	

incubated	on	a	mixer	at	16000	rpm	for	1	hr	at	RT	followed	by	centrifugation.	The	

supernatant	 was	 removed	 and	 the	 enrichment	 process	 repeated	 on	 the	

supernatant	 with	 fresh	 TiO2	 beads	 at	 a	 1:1	 peptide	 to	 bead	 ratio.	 Beads	 were	

washed	once	with	2M	Lactic	acid/50%	CAN	(pH	1.5)	and	once	with	0.1%	TFA	in	

50%	ACN	(pH	2-4).	The	beads	were	resuspended	in	0.1%	TFA	and	loaded	onto	C8	

tips	 to	 separate	 the	 beads	 from	 the	 flow	 through	 which	 was	 discarded.	

Phosphopeptides	 were	 eluted	 from	 beads	 with	 50	 mM	 potassium	 dihydrogen	

phosphate	 (K2HPO4)/NH4OH	 into	 eppendorf	 tubes	 containing	 20%	 TFA	 to	

immediately	 inactivate	 ammonium	hydroxide	 from	 the	 elution	 buffer	 to	 prevent	

cleavage	 of	 phosphate	 groups.	 The	 eluate	 was	 then	 subjected	 to	 C18	 SepPak	

purification.	 Prior	 to	 TMT	 labelling,	 an	 aliquot	 of	 eluted	 peptides	 was	 taken	 to	

assess	enrichment	efficiency	by	LC-MS.	

	

2.2.11.3	Tandem	Mass	Tag	(TMT)	labelling	

Numerous	 mass	 spectrometric	 technologies	 have	 been	 developed	 to	 enable	

relative	 quantitation	 of	 protein	 expression	 and	 post-translational	 modifications	

including	metabolic	labelling	approaches	such	as	stable	isotope	labelling	by	amino	

acids	 in	 cell	 culture	 (SILAC)	 and	 isobaric	 tag	 labelling.	 Isobaric	 mass	 tags	 have	

identical	overall	mass	and	chemical	structure	but	differ	in	the	distribution	of	heavy	

isotopes	in	their	structure,	thus	creating	a	miniscule	mass	difference	between	the	

reporter	ions	that	is	detectable	by	high	accuracy	mass	analysers.	Isobaric	TMT	tags	

are	composed	of	an	amine-reactive	NHS-ester	group	that	labels	the	N	terminus	and	

ε-amine	 group	 of	 lysine	 in	 peptides,	 a	 mass	 normalisation	 group	 that	 balances	
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mass	differences	between	individual	reporter	ions	to	ensure	the	same	overall	mass	

of	reagents	and	the	reporter	group	(Rauniyar	and	Yates,	2014)	(Fig	2.2).		

	

	

Figure	2.2	–	Generic	chemical	structure	of	a	TMT	reagent	

	

	
																														

(Adapted	from	Rauniyar	&	Yates,	2014)	

	

Thermo	Scientific	TMT	reagents	available	 include	TMTzero,	TMT	duplex,	TMT	6-

plex,	and	TMT	10-plex.	These	reagents	share	an	identical	structure	with	each	other	

but	 contain	different	numbers	and	combinations	of	13C	and	15N	 isotopes	 in	 the	

mass	 reporter	 region.	 In	 this	 study,	 isobaric	 labelling	 of	 the	 enriched	

phosphopeptides	 was	 performed	 using	 10	 plex	 TMT	 reagents	 (Thermofisher	

90110)	as	shown	in	the	Results	section.	The	TMT	labelled	samples	are	analysed	by	

LC-MS/MS;	 in	 the	 MS1	 scan,	 peptides	 with	 the	 same	 sequence	 from	 different	

samples	appear	as	a	single	unresolved	additive	precursor	ion.	After	fragmentation	

during	MS/MS,	 the	10	reporter	 ions	appear	as	distinct	masses;	a	cleavable	 linker	

between	the	reporter	ion	and	the	remaining	tag	enables	the	release	of	the	reporter	

ion	upon	MS/MS.	 It	 is	 the	 intensity	of	 the	reporter	 ion	that	 indicates	 the	relative	

amount	of	peptide	in	each	sample.	

	

To	carry	out	TMT	labelling,	TMT	reagents	were	dissolved	in	100μl	anhydrous	ACN;	

phosphopeptide	 samples	 were	 dissolved	 in	 140μl	 of	 100mM	 TEAB.	 30μl	

anhydrous	 ACN	 and	 30μl	 of	 the	 appropriate	 TMT	 label	 (dissolved	 in	 ACN)	 was	

added	 to	 the	 phosphopeptide	 samples	 (140μl)	 such	 that	 the	 final	 ACN	
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concentration	 was	 30%	 (total	 volume	 =	 200μl).	 For	 the	 total	 proteome,	 20μl	

anhydrous	 ACN	 and	 40μl	 TMT	 reagent	 (dissolved	 in	 ACN)	 was	 added	 to	 140μl	

peptide	sample.	The	samples	were	incubated	for	2	hours	at	RT	and	vortexed	every	

30	minutes	after	which	the	reactions	were	quenched	with	5μl	5%	hydroxylamine.	

20μl	 of	 each	 sample	 from	 the	 phosphoproteome	 analysis	 samples	 was	 initially	

combined	to	determine	efficiency	of	labelling	and	the	same	process	carried	out	for	

total	 proteome	 samples.	 Following	 a	 label	 check,	 the	 TMT	 labelling	 step	 was	

repeated	 with	 the	 experimental	 samples	 to	 ensure	 that	 equal	 labelling	 was	

achieved	across	all	samples.	Finally,	experimental	samples	were	combined	and	all	

peptide	samples	lyophilised	and	subjected	to	C18	StageTip	desalting	(3M	Empore).	

	

2.2.11.4	Fractionation	of	peptides	

Reproducible	and	in	depth	coverage	of	complex	proteomes	is	difficult	because	the	

complexity	 of	 tryptic	 digests	 subjected	 to	 LC-MS/MS	 analysis	 often	 exceeds	 the	

analytical	capacity	of	the	mass	spectrometer,	which	leads	to	undersampling	of	data	

(Wang	et	al.,	2010,	Stein	et	al.,	2013).	Thus,	fractionating	peptide	samples	prior	to	

LC-MS/MS	analysis	is	essential	for	reducing	sample	complexity	to	improve	protein	

identification	 and	 sequence	 coverage.	 Several	methods	 have	 been	 developed	 for	

fractionation,	 which	 utilise	 High	 Performance	 liquid	 Chromatography	 (HPLC).	

HPLC	is	a	form	of	column-based	chromatography,	in	which	a	sample	mixture	in	a	

solvent,	known	as	the	mobile	phase,	is	pumped	at	high	pressure	through	a	column	

with	 a	 chromatographic	 stationary	 phase	 surface	 such	 as	 silica.	 Normal	 phase	

HPLC	 separates	 non-polar	mobile	 phase	mixtures	 based	 on	 their	 affinity	 for	 the	

polar	stationary	phase.	Thus,	polar	compounds	are	retained	to	the	polar	stationary	

phase	silica	 longer	than	non-polar	compounds,	which	pass	more	quickly	 through	

the	column.	 In	reversed	phase	HPLC	(RP-HPLC),	 the	opposite	occurs,	 the	silica	 is	

modified	 to	make	 it	 non-polar	 by	 attachment	 of	 long	 hydrocarbon	 chains	 to	 its	

surface	(typically	8	or	18	carbon	atoms).	The	mobile	phase	solvent	 is	polar,	 thus	

the	polar	 components	of	 the	 solvent	will	pass	 through	 the	 column	more	quickly,	

while	 the	 non-polar	 components	 due	 to	 their	 attraction	 towards	 the	 non-polar	

stationary	phase	will	be	retained	for	 longer.	Thus,	in	 the	case	of	digested	protein	

samples,	 peptides	 in	 this	 complex	 mixture	 would	 be	 separated	 on	 the	 basis	 of	

hydrophobicity.	
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In	 the	 current	 study,	 TMT	 labelled	 phosphopeptides	were	 subjected	 to	 basic-pH	

reversed	phase	 liquid	 chromatography	 (bpHrp)	 fractionation.	The	high	pH	offers	

greater	 orthogonality	 when	 combined	 with	 the	 acidic	 conditions	 after	 being	

injected	 into	nano	flow	LC-MS/MS.	Labelled	phosphopeptides	were	solubilized	 in	

buffer	 A	 (10	mM	 ammonium	 formate,	 pH	 10)	 and	 separated	 on	 an	XBridge	BEH	

RPLC	column	(Waters	XBridge	BEH	C18	Column,	130Å,	5	µm,	4.6	mm	X	250	mm.	

#186003010)	at	a	flow	rate	of	0.3	ml/min	by	applying	a	non-linear	gradient	of	7%	

to	40%	(Solvent	B,	90%	ACN	in	10mM	ammonium	formate,	pH	10)	for	80	minutes	

into	a	total	of	96	fractions.	The	96	fractions	were	concatenated	into	12	samples	in	

a	checkerboard	manner	and	acidified	with	30	μL	of	1%	formic	acid.	The	fractions	

were	subsequently	vacuum-dried	and	stored	at	-80	until	the	LC-MS/MS	analysis.		

	

2.2.11.5	Orbitrap	Fusion	Parameters	

Phosphoproteomic	 and	 total	 proteomics	 data	 acquisition	 was	 carried	 out	 on	

Orbitrap	 Fusion	 Tribrid	 mass	 spectrometer	 coupled	 to	 Dionex	 Ultimate	 3000	

RSLCnano	 system	 (Thermo	 Scientific).	 Peptides	 were	 loaded	 on	 a	 pre-column	

(C18,	100	Ao,	100	µ,	2	cm	PN:	164564)	and	resolved	on	50	cm	analytical	column.	

Peptides	were	separated	with	a	binary	buffer	system	of	buffer	A	(0.1%	formic	acid	

(FA),	3%DMSO)	and	buffer	B	(0.1%	(v/v),	3%DMSO)	FA,	90%	Acetonitrile	(v/v))	

by	 applying	 a	 non-linear	 gradient	 of	 5%	 to	 25%	 for	 180	 minutes	 and	 then	

increased	 to	 35%	 for	 30	 minutes	 with	 a	 total	 run	 of	 240	 minutes.	 Mass	

spectrometry	data	was	acquired	in	a	data	dependent	mode	operated	in	top	speed	

mode	 for	2.5	 sec	 for	each	duty	 cycle.	The	 full	 scans	were	acquired	with	120,000	

resolution	at	200m/z	and	measured	with	the	Orbitrap	mass	analyser.	The	product	

ions	 are	 fragmented	 using	 higher-energy	 collisional	 dissociation	 (HCD)	 with	 a	

normalized	collision	energy	of	37.5%	and	measured	using	Orbitrap	mass	analyser	

with	30,000	 resolution	at	200m/z.	The	precursor	peptides	 from	 the	 survey	 scan	

for	MS2	fragmentation	using	HCD.	Full	scans	were	acquired	 in	the	Orbitrap	mass	

analyser	with	120,000	 resolution	at	200	m/z	and	 the	MS/MS	was	acquired	with	

Orbitrap	 with	 60,000	 resolution	 at	 200	 m/z.	 The	 Automatic-gain	 control	 ion	

targets	were	 set	 at	 2E5	 and	 5E4	 for	MS	 and	MS/MS	respectively.	 The	 ion	 filling	
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times	 are	 kept	 at	 50	 ms	 and	 250	ms	 for	 MS	 and	 MS/MS	 respectively.	 Dynamic	

exclusion	was	set	at	35	sec	and	monoisotopic	precursor	selection	was	enabled.	

	

2.2.11.6	Data	Processing		

The	raw	mass	spectrometry	data	was	processed	and	searched	against	the	Uniprot	

human	 protein	 database	 (March	 2017)	 using	 the	MaxQuant	 pipeline	 (MaxQuant	

version	 1.5.8.3)	 (Cox	 and	Mann,	 2008).	 A	 combined	 phosphoproteome	 and	 total	

proteome	 search	 was	 performed	 by	 specifying	 two	 different	 parameters	

(Phosphoproteome	Group	=	0	and	Total	proteome	Group	=	1).	Peak	list	files	were	

generated	using	MaxQuant	and	the	data	was	searched	with	integrated	Andromeda	

and	 the	PTM	score	algorithm	was	 implemented	 for	phosphosite	 localization.	The	

following	parameters	were	specified;	Group	specific	parameters:	TMT	10	plex	with	

0.003	Da	reporter	mass	tolerance	to	extract	the	individual	TMT	reporter	channels;	

precursor	 intensity	 fraction	 of	 0.75	 was	 selected	 to	 filter	 out	 all	 of	 the	 peptide	

precursors	 below	 this	 value,	 which	 are	 potentially	 interfered	 by	 co-isolation,	 to	

achieve	 a	 reliable	 quantification;	 Oxidation	 of	Met,	 Deamidation	 of	 Asn	 and	Gln,	

Protein	N-ter	acetylation	and	Phosphorylation	of	(STY),	(this	modification	was	not	

specified	 in	 Group	 =	 1	 (total	 proteomic	 analysis)	 as	 variable	 modifications	 and	

Carbamidomethylation	of	Cys	as	fixed	modification);	minimum	peptide	length	of	7	

amino	acids	(main	search	peptide	tolerance	of	4.5	ppm	was	specified);	FDR	<0.01	

at	 PSM	 for	 peptide	 and	 protein	 levels	was	 applied	with	 a	minimum	 score	 of	 40,	

specified	for	modified	peptides.	Phosphorylated	and	non-phosphorylated	form	of	a	

given	peptide	was	excluded	for	protein	level	quantification.	The	MaxQuant	output	

tables,	 pSTY	 site	 table	 and	 protein	 groups	 tables	were	 independently	 processed	

using	Perseus	software	suite	(Tyanova	et	al.,	2016).	

	

	

2.2.12	 MASS	 SPECTROMETRY	 MEASUREMENTS	 OF	 INOSITOL	

LIPIDS		
Mass	 spectrometry	 was	 used	 to	 measure	 inositol	 lipid	 levels	 essentially	 as	

previously	described	(Malek	et	al.,	2017,	Clark	et	al.,	2011),	using	a	QTRAP	4000	

(AB	 Sciex)	 mass	 spectrometer	 and	 employing	 the	 lipid	 extraction	 and	

derivatisation	method	described	for	cultured	cells,	with	the	modification	that	10ng	
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C17:0/C16:0	 PI(3,4,5)P3	 internal	 standard	 (ISD)	 and	 10ng	 C17:0/C16:0	 PI	 ISD	

were	added	to	primary	extracts	and	that	 final	samples	were	dried	 in	a	speed	vac	

concentrator	 rather	 than	 under	 N2.	Measurements	were	 conducted	 on	 triplicate	

samples	 per	 condition.	 PI(3,4,5)P3	 response	 ratio	was	 calculated	 by	 dividing	 the	

PI(3,4,5)P3	response	area	by	the	response	area	of	PI(3,4,5)P3	ISD	in	each	sample.	

PI(3,4,5)P3	responses	were	normalised	to	PI	response	ratio	to	account	for	any	cell	

input	variability.	

	

	

2.2.13	BIOINFORMATICS	

Protein	 functional	 clustering	 analyses	were	 performed	 using	 Cytoscape	 (version	

3.3.0)	 (Shannon	 et	 al.,	 2003).	 GO	 enrichment	 analyses	 were	 performed	 using	

(DAVID;	version	6.7)	 (Huang	da	et	 al.,	 2009).	Motif	 analyses	were	 carried	out	on	

Motif-X	 (Harvard).	Perseus	and	MaxQuant	were	used	 to	generate	heat	maps	and	

volcano	 plots.	 The	 COMPARTMENTS	 database	 (Binder	 et	 al.,	 2014)	was	 used	 to	

assign	proteins	to	subcellular	localisations.	
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Chapter 3  
REGULATION OF SGK3 AND TOOL GENERATION  

	

3.1	INTRODUCTION	

	

The	PI3K	Class	 I	pathway	 is	one	of	 the	most	well	studied	and	targeted	pathways	

for	drug	development	in	cancer.	Akt	is	believed	to	be	the	master	kinase	effector	of	

this	 pathway.	 In	 contrast	 the	 AGC	 kinase,	 serum	 and	 glucocorticoid	 activated	

kinase	(SGK3),	also	regulated	by	PI3K	Class	I	signalling	has	received	little	attention	

until	recently,	yet	has	very	similar	capabilities	 to	Akt,	contributing	to	cell	growth	

and	proliferation	pathways	(Bruhn	et	al.,	2013).	Similarly,	PI3K	Class	III	(Vps34)	is	

the	 most	 ancient	 member	 of	 the	 PI3K	 family	 with	 diverse	 and	 highly	 complex	

functions	including	endocytosis	and	autophagy	but	remains	highly	understudied	in	

comparison	to	PI3K	Class	I	(Balla,	2013).	The	enormous	gap	in	the	understanding	

of	PI3K	Class	III	compared	to	PI3K	Class	I	can	be	further	emphasised	by	comparing	

Pubmed	searches,	which	reveal	over	3000	journal	articles	on	PI3K	Class	I,	with	less	

than	500	articles	appearing	 for	PI3K	Class	 III,	Vps34.	The	 figures	are	even	more	

striking	when	 comparing	Akt	 and	 SGK3;	 Pubmed	 searches	 bring	 forth	well	 over	

65,000	journal	articles	for	‘Akt’,	in	contrast	to	just	over	100	for	SGK3,	accounting	to	

~0.15%	 research	 on	 SGK3	 compared	 to	 ~99.85%	 on	 Akt.	 This	 alone,	 warrants	

further	investigation	into	the	poorly	understood	PI3K	Class	III	and	SGK3	kinases.	

	

In	the	early	phases	of	this	PhD,	it	was	widely	known	that	PI3K	Class	I	regulates	the	

serum	 and	 glucocorticoid	 activated	 kinase-3	 (SGK3).	 However	 as	 discussed	 at	

length	 in	 the	 introduction,	 SGK3	 is	 the	 only	 protein	 kinase	 known	 to	 bind	

specifically	 with	 PI(3)P	 via	 its	 N-terminal	 PX	 domain.	 Since	 PI(3)P	 is	 largely	

generated	at	the	endosomes	by	the	Vps34	and	because	SGK3	is	found	localised	on	

endosomes,	we	speculated	whether	Vps34	was	involved	in	the	regulation	of	SGK3.	

Indeed,	many	previous	studies	appeared	to	support	this	hypothesis.	For	instance,	

intracellular	amino	acid	 levels	were	observed	to	 increase	phosphorylation	of	 the	

mTORC1	effectors,	 S6K1	and	4EB-P1	 independent	of	Akt	 (Sanchez	Canedo	et	 al.,	
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2010).	Moreover,	while	 Vps34	overexpression	was	 observed	 to	 activate	 S6K1	 in	

the	absence	of	 insulin	stimulation,	knockdown	blocked	amino	acid	stimulation	of	

S6K	(Backer,	2008).	Furthermore,	SGK3	was	also	shown	to	be	involved	in	vesicular	

trafficking	 and	 receptor	 sorting	 at	 the	 endosome	 by	 regulating	 the	 E3	 ligase	

atrophin-1	interacting	protein	4	(AIP4)	(Slagsvold	et	al.,	2006).		

	

Previously	 the	 biological	 roles	 of	 Vps34	 were	 largely	 studied	 by	 siRNA	 or	 gene	

deletion	 and	 knock	 out	 models,	 which	 severely	 reduced	 the	 viability	 of	 these	

mice/cells	and	could	not	distinguish	between	kinase	dependent	and	 independent	

functions	 of	 Vps34.	 Thus,	 the	 lack	 of	 selective	 Vps34	 inhibitors	 confounded	 the	

ability	 to	 reliably	 explore	 Vps34	 catalytic	 function.	 However,	 identification	 and	

characterisation	of	 a	highly	 selective,	 small	molecule	 inhibitor	of	 Vps34	 (IC50	of	

~25nM	 in	 vitro),	 named	 VPS34-IN1	 greatly	 assisted	 in	 determining	 the	 role	 of	

Vps34	 in	 SGK3	 regulation.	 Indeed,	 previously	 utilised	 inhibitors	 including	

wortmannin	 and	 LY294002	 were	 very	 non-selective	 and	 found	 to	 inhibit	 PI3K	

Class	I	at	the	concentrations	required	to	inhibit	Vps34.			

	

In	 this	 Chapter,	 I	 provide	 some	 of	 the	 first	 evidence	 that	 Vps34	 regulates	 SGK3	

activity,	which	forms	the	basis	for	further	study	into	this	pathway,	providing	novel	

insights	 into	 the	 regulation	 and	 function	of	 SGK3,	 presented	 in	 Chapter	4	 and	5.	

Here	 I	 also	 develop	 the	 first	 assays	 for	measuring	 kinase	 activity	 of	 endogenous	

SGK3	as	opposed	to	overexpressed	SGK3.	Additionally,	I	show	in	this	Chapter	many	

of	 the	 tools	 utilised	 in	 this	 study,	 including	 pharmacological	 inhibitors	 and	

Crispr/Cas9	mediated	generation	of	several	cell	lines	used	throughout	this	PhD.	
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3.2	INHIBITORS	UTILISED	IN	THIS	STUDY	

	

3.2.1	VPS34-IN1	–	PI3K	Class	III,	Vps34	inhibitor	

After	 the	structure	of	Drosophila	Vps34	was	crystallised	 in	2010,	unique	 features	

of	 the	Vps34	catalytic	 site	 could	be	 identified,	 thus	paving	 the	way	 for	designing	

isoform	specific	small	molecule	inhibitors	(Miller	et	al.,	2010b,	Miller	et	al.,	2010a).			

A	number	of	patents	on	Vps34	 inhibitors	were	published	at	 the	beginning	of	 this	

PhD	including	WO2012085815A1	(Novartis).	One	of	the	DSTT	companies	provided	

our	 laboratory	 with	 ~dozen	 Vps34	 inhibitors,	 which	 were	 generated	 from	

compounds	 described	 in	 several	 patents,	 including	 one	 by	 Novartis.	 A	 post-

doctoral	researcher,	Ruzica	Bago	carefully	tested	all	of	these	and	found	VPS34-IN1	

to	be	the	most	potent	and	selective.	VPS34-IN1	 is	a	bipyrimidinamine	compound	

originally	 reported	 in	 a	 patent	 (WO	 2012085815	 A1).	 VPS34-IN1	 inhibited	

phosphorylation	of	PI	by	recombinant	insect	cell	expressed	Vps34–Vps15	complex,	

with	 an	 IC50	 of	 ~25	 nM.	 The	 selectivity	 of	 the	 compound	 was	 assessed	 by	

measuring	its	effect	on	the	activity	of	340	protein	kinases	comprised	of	the	Dundee	

panel	of	kinases	and	the	ProQinase	panel.	This	revealed	that	VPS34-IN1	was	highly	

selective	and	even	at	a	concentration	of	1uM	did	not	significantly	inhibit	any	of	the	

kinases	 tested	 (Fig	 3.1).	 The	 compound	was	 also	 tested	 against	 25	 lipid	 kinases	

which	included	all	four	members	of	the	class	I	PI3K	and	three	members	of	the	class	

II	PI3Ks	(comprised	from	3	different	panels	including	the	Dundee,	AstraZeneca	and	

ProQinase	panel	(Bago	et	al.,	2014).	VPS34-IN1	did	not	significantly	inhibit	any	of	

the	 lipid	 kinases	 tested	 including	 PI3K	 Class	 II	 members,	 which	 also	 generate	

PI(3)P.	 Therefore,	 any	 impact	 on	 PI(3)P	 levels	 observed	 following	 VPS34-IN1	

treatment	are	solely	due	to	Vps34,	not	PI3K	Class	II.	
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Figure	3.1	–	VPS34-IN1	is	a	highly	selective	SGK3	inhibitor	

	

	
Data	generated	by	MRC	PPU	Reagents	&	Services,	Bago	et	al.,	(2014)	

IC50	(SGK3)	=	25nM	
	

Figure	3.1	-	(A)	Chemical	structure	of	the	VPS34-IN1.	(B)	Insect	cell	expressed	recombinant	human	
Vps34–Vps15	 complex	was	assayed	by	measuring	 phosphorylation	 of	 PtdIns	 in	 a	32P-radioactive	
kinase	assay	 in	 the	absence	or	presence	of	 the	 indicated	concentrations	of	VPS34-IN1.	Reactions	
were	 chromatographed	 on	 a	 Silica	 60	 TLC	 plate	 and	32P-radioactivity	 associated	 with	 the	 spot	
comprising	 PI(3)P	was	 visualized	 (top	 panel)	 and	 quantified	 (bottom	 panel)	 by	 phosphoimager	
analysis	on	a	Fujifilm	 Image	reader	FLA-2000	employing	 the	AIDA	image	analysis	software.	Data	
are	shown	as	the	mean	kinase	activity±S.D.	for	three	independent	experiments,	relative	to	DMSO-
treated	sample.	The	IC50	histogram	was	generated	using	Prism	Software	with	non-linear	regression	
analysis.	(C)	Protein	kinase	profiling	of	the	VPS34-IN1	at	a	single	concentration	of	1	μM	carried	out	
against	 the	 Dundee	 panel	 of	 140	 protein	 kinases	 at	 the	 International	 Centre	 for	 Protein	 Kinase	
Profiling.	 Results	 for	 each	 kinase	 are	 presented	 as	 the	 mean	 kinase	 activity	 ±S.D.	 for	 an	 assay	
undertaken	in	triplicate	relative	to	a	control	kinase	assay	in	which	the	inhibitor	was	omitted.	
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In	contrast,	previously	utilised	Vps34	inhibitors	included	wortmannin	(Petiot	et	al.,	

2000),	 LY29400	 (Schink	 et	 al.,	 2013),	 2,	 3-methyladenine	 (Petiot	 et	 al.,	 2000),	

KU55933	 (Li	 and	 Yang,	 2010)	 and	 Gö697	 (Farkas	 et	 al.,	 2011),	 which	 are	 not	

particularly	selective.	While	wortmannin	and	LY294002	have	been	found	to	inhibit	

PI3K	Class	I	at	concentrations	required	to	inhibit	Vps34,	KU55933	suppresses	the	

ATM	protein	kinase.	

	

	

3.2.2	SAR405	–	PI3K	Class	III,	Vps34	inhibitor	

Following	 publication	 of	 our	 data	 in	 Bago	 et	 al,	 2014,	 Sanofi	 reported	 another	

structurally	distinct	Vps34	 inhibitor	 termed	SAR405,	which	was	characterised	by	

Ronan	et	al	(Ronan	et	al.,	2014).	SAR405	[((S)-1-((5-chloropyridin-3-yl)methyl)-8-

((R)-3-methylmorpholino)-2-(trifluoromethyl)-3,4-dihydro-1H-pyrimido[1,2-

a]pyrimidin-6(2H)-one)	 	 is	 another	 highly	 potent	 and	 selective,	 ATP-competitive	

inhibitor	of		Vps34	with	an	IC50	of	1.2nM	(Fig	3.2).	It	does	not	affect	the	activity	of	

over	200	other	protein	kinases	or	PI3K	class	I	and	II	isoforms	(Ronan	et	al.,	2014).	

	

Figure	3.2	–	Chemical	structure	of	SAR405	

	

IC50	(SGK3)	=	1.2nM	
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3.2.3	PI3K	Class	I	inhibitors	GDC-0941	and	BKM120	

GDC-0941,	 also	 known	 as	 Pictilisib	 [2-(1H-indazol-4-yl)-6-((4-

(methylsulfonyl)piperazin-1-yl)methyl)-4-morpholinothieno[3,2-d]pyrimidine)]	

(Fig	 3.3A)	 is	 a	 potent,	 small	 molecule	 inhibitor	 of	 PI3K	 Class	 I	 isoforms,	 which	

selectively	 binds	 to	 PI3K	 Class	 I	 members	 in	 an	 ATP	 competitive	 manner;	

inhibiting	 the	 generation	 of	 PI(3,4,5)3	 	 and	 activation	 of	 PI3K	 Class	 I	 signalling	

pathways.	 GDC0941	 inhibits	 PI3K	 Class	 I	 p100α/δ	 with	 an	 IC50	 of	 3nM,	 with	

modest	selectivity	against	p110β	(11-fold)	and	p110γ	(25-fold)	without	inhibiting	

Vps34.	

	

Figure	3.3	-	Chemical	structure	of	GDC-0941	(A)	and	BKM120	(B)	

	

GDC0941	 	 	 	 	 	 BKM120	

IC50	(p110α)	=	3nM		 	 	 	 IC50	(p110α)	=	52nM	 	

IC50	(p110δ)	=	3nM		 	 	 	 IC50	(p110δ)	=	116nM	 	

IC50	(p110β)	=	33nM	 	 	 	 IC50	(p110β)	=	166nM	

IC50	(p110γ)	=	75nM		 	 	 	 IC50	(p110γ)	=	262nM	

	

	

BKM-120	 also	 known	 as	Buparlisib	 is	 a	 dimorpholino	 pyrimidine	 derivative	 (Fig	

3.3B)	 (Bendell	 et	 al.,	 2012).	 BKM-120	 is	 a	 selective,	 ATP	 competitive	 pan-PI3K	

Class	I	inhibitor,	with	an	in	vitro	IC50	of	52nM	against	PI3K	Class	I	p110α,	IC50	of	

116nM	towards	p110δ,	IC50	of	166nM	against	p110β	and	IC50	of	262nM	against	

p110γ.		 	 	 	 	

	

	

A	 B	
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3.2.4	MK2206	and	AZD5363	–	Akt	inhibitors	

To	probe	for	Akt	activity,	MK2206	and	AZD5363	were	utilised.	MK2206	[8-[4-(1-

aminocyclobutyl)phenyl]-9-phenyl-2H-[1,2,4]triazolo[3,4-f][1,6]naphthyridin-3-

one;dihydrochloride]	 is	 a	 highly	 selective	 inhibitor	 of	 Akt1/2/3	 with	 IC50s	 of	

8nM/12nM/65nM	in	vitro,	respectively	(Hirai	et	al.,	2010)	(Fig	3.4A).	No	inhibitory	

activity	 was	 detected	 against	 250	 other	 protein	 kinases	 tested.	 MK2206	 is	 an	

allosteric,	not	ATP	competitive	inhibitor.	MK2206	inhibition	of	Akt	is	dependent	on	

the	presence	of	its	PI(3,4,5)P3	binding	PH	domain.	MK2206	acts	by	disrupting	the	

membrane	 localisation	 of	 Akt	 and	 is	 thought	 to	 induce	 a	 closed	 conformation	of	

Akt,	preventing	phosphorylation	and	activation	by	PDK1	and	mTORC2.	In	contrast	

AZD5363	 is	 an	 ATP	 competitive	 inhibitor	 of	 Akt	 (Davies	 et	 al.,	 2012)	with	 high	

selectivity	 for	 all	 Akt	 (Davies	 et	 al.,	 2012)	 isoforms	with	 a	 potency	 of	 <10nM	 in	

vitro	(Fig	3.4B).	

	

Figure	3.4	-	Chemical	structure	of	MK2206	(A)	and	AZD5363	(B)	

	

	

MK2206	 	 	 	 	 	 AZD5363	

IC50	(Akt1)	=	8nM	 	 	 	 	 IC50	(Akt1)	=	3nM	

IC50	(Akt2)	=	12nM	 	 	 	 	 IC50	(Akt2)	=	8nM	

IC50	(Akt3)	=	65nM	 	 	 	 	 IC50	(Akt3)	=	8nM	
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3.2.5	14H	–	SGK1/3	inhibitor	

The	Sanofi	compound	14H	was	 initially	published	as	an	SGK1	inhibitor	and	 later	

characterised	as	a	potent	inhibitor	of	SGK3	(Halland	et	al.,	2015,	Bago	et	al.,	2014).	

14H	inhibits	SGK3	with	an	IC50	of	4nM	and	SGK1	with	an	IC50	of	10nM	(Fig	3.5).	

Importantly,	14H	does	not	significantly	 inhibit	Akt1	thus	enabling	discrimination	

between	Akt	and	SGK3	response	 in	vivo.	However,	14H	does	display	some	cross-

selectivity	towards	S6K1,	MLK1,	MLK3	and	TIE2.	

	

Figure	3.5	-	Chemical	structure	of	14H	

	
IC50	(SGK3)	=	4nM	

IC50	(SGK1)	=	10nM	

	

	

	

3.2.6	GSK2334470	-	PDK1	inhibitor	

GSK2334470	 ((3S,6R)-1-[6-(3-Amino-1H-indazol-6-yl)-2-(methylamino)-4-

pyrimidinyl]-N-cyclohexyl-6-methyl-3-piperidinecarboxamide)	 is	 a	 potent	 and	

selective	 inhibitor	of	PDK1	with	an	 in	vitro	IC50	of	10nM	(Fig	3.6).	GSK2334470	

did	 not	 significantly	 inhibit	 the	 activity	 of	 93	 other	 protein	 kinases	 tested,	

including	13	AGC	kinases	most	closely	related	to	PDK1	(Najafov	et	al.,	2011).	This	

inhibitor	 suppresses	 PDK1	 T	 loop	 phosphorylation	 and	 subsequent	 activation,	

thereby	preventing	phosphorylation	and	activation	of	PDK1	substrates	such	as	Akt	

and	SGK3.	
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Figure	3.6	–	Chemical	structure	of	GSK2334470	

	
	

IC50	(PDK1)	=	10nM	

	

	

3.2.7	AS1938909	–	SHIP2	inhibitor	

AS1938909	 [3-(2,4-Dichlorobenzyl)oxy]-N-(2,6-difluorobenzyl)thiophene-2-

carboxamide]	has	an	IC50	of	0.57uM	against	human	SHIP2	(Suwa	et	al.,	2010)	(Fig	

3.7).	The	inhibitory	activity	of	AS1938909	against	human	SHIP1	is	very	weak,	with	

an	IC50	value	of	21	μM	with	no	inhibitory	activity	against	PTEN,	synaptojanin,	or	

myotubularin	phosphatases.	

	

Figure	3.7	-	Chemical	structure	of	AS1938909	

	

IC50	(SHIP2)	=	0.57μM	

IC50	(SHIP1)	=	21μM	
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3.3	SGK3	ACTIVITY	IS	REGULATED	BY	BOTH	PI3K	CLASS	I	AND	

CLASS	III	(VPS34)	

	

3.3.1	 VPS34-IN1	 suppresses	 SGK3	 activity	 and	 T-loop/hydrophobic	 motif	

phosphorylation.	

	

In	my	first	experiment,	I	wished	to	study	how	overexpressed	SGK3	is	regulated	in	

U20S	 cells.	 	 U20S	 cells	 stably	 expressing	 full	 length,	 wild	 type	 SGK3	 with	 a	 C	

terminal	 FLAG-tag	 (referred	 to	 as	 SGK3-FLAG)	 were	 treated	 with	 DMSO	 or	 the	

highly	 selective	 Class	 III	 PI3K	 inhibitor	 VPS34-IN1	 (which	 does	 not	 inhibit	 PI3K	

Class	 I)	and/or	PI3K	Class	 I,	 inhibitor	GDC0941	and	PDK1	inhibitor	GSK2334470	

for	 1	 hour.	 SGK3-FLAG	was	 immunoprecipitated	 from	 cell	 lysates	 using	 an	 anti-

FLAG	antibody	and	 immunoprecipitates	were	subsequently	subjected	to	a	kinase	

activity	assay	 to	observe	 the	 impact	of	 the	 inhibitors	on	SGK3	activity,	using	 the	

peptide	Crosstide	as	a	 substrate.	Hydrophobic	motif	 and	T	 loop	phosphorylation	

were	 assessed	 using	 phosphospecific	 antibodies	 recognising	 these	 sites.	 VPS34-

IN1	 induced	a	reduction	 in	SGK3	activity	by	approximately	60%	(Fig	3.8),	with	a	

proportionate	 decrease	 in	 hydrophobic	 motif	 (Ser486)	 and	 T	 loop	 (Thr320)	

phosphorylation.	 Consistent	 with	 VPS34-IN1	 not	 inhibiting	 Class	 I	 PI3Ks,	 the	

inhibitor	 had	 no	 effect	 on	 Akt	 phosphorylation	 at	 Ser473	 and	 Thr308	 nor	 on	

phosphorylation	of	the	Akt	substrate	PRAS40	Thr246	(Fig	3.8).		

	

However,	addition	of	a	selective	Class	 I	PI3K	 inhibitor,	GDC0941,	which	does	not	

inhibit	Vps34	(Folkes	et	al.,	2008b),	attenuated	SGK3	activity	by	approximately	40-

50%	and	this	was	again	accompanied	by	a	similar	decrease	in	T	loop	(Thr320)	and	

hydrophobic	motif	(Ser486)	phosphorylation.	As	expected,	Akt	T-loop	(Thr308)	and	

hydrophobic	 motif	 (Ser473)	 phosphorylation	 were	 completely	 blocked	 by	

GDC0941,	consistent	with	GDC0941	inhibition	of	Class	I	PI3K;	phosphorylation	of	

the	Akt	substrate	PRAS40	(Thr246)	was	also	diminished	to	near	basal	levels	by	the	

addition	of	GDC0941.	NDRG1,	which	can	be	phosphorylated	by	both	SGK	and	Akt	

isoforms	 at	 Thr346,	 was	 also	 assessed.	 In	 U20S	 cells,	 phosphorylation	 of	 NDRG1	

was	significantly	suppressed	by	GDC0941,	although	little	effect	was	observed	with	

VPS34-IN1	 treatment	 alone	 (Fig	 3.8).	 However,	 NDRG1	 Thr346	 phosphorylation	
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was	completely	ablated	by	the	combination	of	VPS34-IN1	and	GDC0941,	which	is	

in	concordance	with	both	Akt	and	SGK3	phosphorylating	this	substrate.	

	

The	 combination	 of	 VPS34-IN1	 and	 GDC0941	 had	 an	 additive	 effect	 on	 SGK3	

activity,	 decreasing	 phosphorylation	 by	 over	 80%,	 beyond	 that	 observed	 with	

either	inhibitor	alone.	The	PDK1	inhibitor,	GSK2334470	(Najafov	et	al.,	2011),	was	

used	 as	 a	 control	 and	 almost	 completely	 blocked	 SGK3	 activity	 and	

phosphorylation	as	expected	(Fig	3.8).	

	

Figure	3.8	-	SGK3	phosphorylation	and	kinase	activity	are	regulated	by	Vps34	and	

Class	I	PI3K.	

	
Figure	 3.8	 –	U20S	 cells	 stably	expressing	wild	 type,	 full	 length	 SGK3	with	 a	C	 terminal	 Flag-tag	
were	treated	with	and	without	the	indicated	inhibitors	including	PI3K	Class	III	inhibitor	VPS34-IN1	
(1μM),	 Class	 I	 PI3K	 inhibitor	 GDC0941	 (0.5μM),	 PDK1	 inhibitor	 GSK2334470	 (1μM)	 or	 DMSO	
control	 for	 1	 hour.	 Cells	 were	 lysed	 and	 SGK3	 immunoprecipitated	 with	 anti-flag	 antibody.	
Immunoprecipitates	were	assayed	 for	SGK3	kinase	activity	by	measuring	phosphorylation	of	 the	
Crosstide	substrate	peptide	in	the	presence	of	0.1mM	32PgATP	in	a	30	min	reaction.	The	lysates	and	
immunoprecipitates	 were	 subjected	 to	 immunoblot	 analysis	 with	 the	 indicated	 antibodies	
following	the	kinase	assay.	Similar	results	were	obtained	in	at	least	two	independent	experiments	
for	all	data	shown.	
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3.3.2	VPS34-IN1	induces	rapid	inactivation	of	SGK3,	with	maximal	suppression	

within	a	minute.	

A	time	course	analysis	was	carried	out	for	both	VPS34-IN1	and	GDC0941	(Fig	3.9).	

Strikingly,	 this	 revealed	 that	 VPS34-IN1	 acts	 extremely	 rapidly,	 reducing	 SGK3	

activity	by	50%	within	15	 seconds,	 the	earliest	 time-point	 that	 could	be	 reliably	

measured,	with	maximal	 suppression	of	 SGK3	within	 1	minute;	 the	 reduction	 in	

phosphorylation	of	the	T	loop	(Thr320)	and	hydrophobic	motif	(Ser486)	followed	the	

same	pattern	(Fig	3.9A).	In	contrast,	the	effect	of	GDC0941	is	slower,	with	minimal	

effect	 on	 SGK3	 activity	 and	 phosphorylation	 after	 1	 minute,	 although	 activity	

declined	 thereafter,	 reaching	 maximal	 inhibition	 by	 2	 minutes	 of	 GDC0941	

treatment	(Fig	3.9B).	

	
Figure	–	3.9	-	Class	III	PI3K	Vps34	inhibitor	suppress	SGK3	activity	rapidly	within	1	

minute,	while	Class	III	PI3K	inhibitor	activity	is	slower.	

	

Figure	3.9	–	(A	&	B)	U2OS	cells	stably	expressing	wild	type	full	length	SGK3	with	a	C-terminal	Flag-
tag	were	treated	in	the	absence	or	presence	of	1	µM	VPS34-IN1	(A)	or	0.5	µM	GDC-0941	(B)	for	the	
indicated	 times.	The	cells	were	 lysed	and	SGK3	 immunoprecipitated	with	anti-flag	antibody.	The	
immunoprecipitates	were	subjected	 to	 immunoblot	analysis	with	 the	 indicated	antibodies	 (lower	
panel)	after	being	assayed	for	SGK3	kinase	activity	by	measuring	phosphorylation	of	the	Crosstide	
substrate	 peptide	 in	 the	 presence	 of	 0.1	mM	 32PgATP	 in	 a	 30	min	 reaction.	Kinase	 reactions	 are	
presented	 as	 means	 ±	 SD	 for	 triplicate	 reaction.	 Similar	 results	 were	 obtained	 in	 at	 least	 two	
independent	experiments	for	all	data	shown.	
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3.3.3	VPS34-IN1	does	not	impact	SGK1	and	SGK2	activity	

	

SGK1,	 SGK2	 and	 SGK3	 share	 80%	 identity	 with	 each	 other	 in	 their	 catalytic	

domains.	However,	 they	differ	 in	 their	 tissue	distribution.	While	SGK1	and	SGK3	

are	 widely	 expressed,	 SGK2	 is	 more	 restricted	 in	 its	 distribution	 and	

predominantly	 expressed	 in	 the	 liver,	 kidney	 and	 pancreas	 although	 it	 is	 also	

expressed	at	low	levels	in	the	brain	(Kobayashi	et	al.,	1999).	In	order	to	compare	

the	regulation	of	SGK1	and	SGK2	with	SGK3,	U20S	cell	lines	stably	expressing	full	

length,	 wild	 type	 SGK2	 and	 SGK1	 with	 an	 N-terminal	 deletion	 Δ1-59	 were	

generated	 (Fig	 3.10).	 The	 N	 terminal	 Δ1-59	 residues	 contain	 a	 PEST	 sequence,	

which	makes	it	impossible	to	express	significant	levels	of	full	length	SGK1	(Bogusz	

et	al.,	2006).		Both	cell	lines	possess	a	C-terminal	FLAG-tag	identical	to	SGK3.		

	

Figure	 3.10	 –	 Generation	 of	 stable	 U20S	 cell	 lines	 expressing	 FLAG	 tagged	

SGK1	and	SGK2	

	
	

Figure	 3.10	 –	 U2OS	 Flp	 in	 cells	 were	 transfected	 with	 SGK1	 (Δ1-59)-FLAG	 or	 SGK2-FLAG	 and	
subjected	 to	 selection	 until	 colony	 formation	 could	 be	 observed.	 Following	 expansion	 of	 cells	
expressing	either	SGK1	(Δ1-59)-FLAG,	or	FLAG-SGK2,	cells	were	treated	with	or	without	0.01μg/ml	
doxycycline	overnight	 to	 induce	expression.	Lysates	were	subjected	 to	 immunoblot	analysis	with	
the	indicated	antibodies.	
	

	

Subsequently,	 both	 cell	 lines	 were	 treated	 with	 either	 VPS34-IN1,	 GDC0941,	

GSK2334470	or	a	combination	of	VPS34-IN1	and	GDC0941,	as	 for	 the	U20S	cells	

stably	 expressing	 SGK3	 above	 (Fig	 3.11).	 Consistent	 with	 previous	 work,	 which	

suggests	that	SGK1	and	SGK2	are	regulated	by	PI3K	Class	I,	GDC0941	induced	a	70-

80%	reduction	 in	SGK1	and	SGK2	activity,	with	a	decrease	 in	SGK1	hydrophobic	

motif	 (Ser422)	 phosphorylation;	 this	 was	 accompanied	 by	 complete	 inhibition	 of	

the	Akt	T	loop	(Thr308)	and	hydrophobic	motif	(Ser473)	phosphorylation,	as	well	as	

decreased	PRAS40	Thr246	 and	NDRG1	Thr346	 phosphorylation	 in	 both	 cases.	 The	
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combination	 of	 VPS34-IN1	 and	 GDC0941	 produced	 similar	 effects	 to	 GDC0941	

treatment	alone.	Treatment	of	cells	with	PDK1	inhibitor	GSK2334470	inhibited	the	

activity	 of	 all	 three	 SGK	 isoforms	 consistent	with	 the	 notion	 that	 PDK1	 plays	 a	

critical	role	in	activation	of	all	three.	

	

However,	 unlike	 SGK3,	 VPS34-IN1	 had	 no	 effect	 on	 SGK2	 activity	 or	 on	

hydrophobic	 motif	 (Ser416)	 phosphorylation,	 which	 remained	 similar	 to	 no	

inhibitor	treatment.	Again,	the	Akt	T-loop	(Thr308)	and	hydrophobic	motif	(Ser473),	

in	 addition	 to	 PRAS40	 (Thr246)	 and	 NDRG1	 (Thr346)	 phosphorylation	 were	

unaffected	by	VPS34-IN1	(Fig	3.11B).		

	

VPS34-IN1	did	not	suppress	SGK1	activity,	if	anything,	a	moderate	upregulation	of	

SGK1	activity	was	observed	(Fig	3.11A).	Phosphorylation	of	the	SGK1	hydrophobic	

motif	 (Ser422)	 also	 appeared	 to	 be	 moderately	 increased	 by	 VPS34-IN1.	 As	 for	

SGK2,	VPS34-IN1	did	not	prevent	the	phosphorylation	of	Akt	T-loop	(Thr308)	or	the	

hydrophobic	 motif	 (Ser473);	 NDRG1	 Thr346,	 Akt	 Thr308	 and	 PRAS40	 Thr246	

phosphorylation	were	also	unaffected,	compared	to	DMSO	treated	control.	
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Figure	3.11	–	Evidence	that	SGK1	and	SGK2	are	not	regulated	by	Vps34.	

	

	
	

Figure	 3.11	 –	 (A)	 U20S	 cells	 stably	 expressing	 Λ1-59	 SGK1	 with	 a	 C-terminal	 FLAG-tag	 were	
treated	with	or	without	the	indicated	inhibitors	including,	VPS34-IN1	(1uM),	Class	I	PI3K	inhibitor	
GDC0941	(0.5uM),	PDK1	inhibitor	GSK2334470	(1uM)	or	DMSO	control	for	1	hour.	Cells	were	lysed	
and	SGK1	immunoprecipitated	with	anti-flag	antibody.	Immunoprecipitates	were	assayed	for	SGK3	
kinase	activity	by	measuring	phosphorylation	of	the	Crosstide	substrate	peptide	in	the	presence	of	
0.1mM	 32PgATP	 in	 a	 30	 min	 reaction.	 The	 lysates	 and	 immunoprecipitates	 were	 subjected	 to	
immunoblot	analysis	with	the	indicated	antibodies	following	the	kinase	assay.	(B)	As	above	except	
that	U20S	 cells	 stably	 expressing	wild	 type,	 full	 length	 SGK2-FLAG	were	 treated	with	 inhibitors.	
Similar	 results	were	obtained	 in	at	 least	 two	 independent	experiments	 for	all	data	shown	 in	 the	
figure.	
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3.4	HEK	293	CELL	LINES	EXPRESS	HIGH	LEVELS	OF	ENDOGENOUS	

SGK3	

	

The	results	shown	above	were	acquired	from	overexpression	data.	To	study	SGK3	

regulation	and	function	 in	a	physiologically	relevant	environment,	a	cell	 line	that	

expressed	 high	 levels	 of	 endogenous	 SGK3	was	 required.	 To	 identify	 a	 cell	 line,	

which	expresses	sufficient	levels	of	endogenous	SGK3,	various	cell	lines	including	

U20S,	 HeLa,	 mouse	 embryonic	 fibroblasts	 (MEFS)	 and	 HEK	 293	 cells	 were	

assessed	by	western	blotting	to	detect	endogenous	SGK3.		

	

The	level	of	SGK3	protein	expressed	was	compared	to	the	cancer	cell	lines	CAMA-1	

and	ZR-751,	which	express	high	levels	of	SGK3,	following	prolonged	Akt	inhibition	

(Bago	et	al.,	2016).	Briefly,	Eva	Sommer,	a	previous	PhD	student	in	the	laboratory	

discovered	 that	 chronic	 inhibition	 of	 Akt,	 with	 structurally	 distinct	 inhibitors	

(MK2206	or	AZD5363)	 in	 the	Akt	 inhibitor	 sensitive	breast	 cancer	 lines,	ZR-751	

and	CAMA	1,	leads	to	increased	expression	and	activity	of	SGK3	after	5	and	10	days	

treatment.	 Although	 Akt	 Thr308	 remained	 dephosphorylated,	 NDRG1	 Thr346	

phosphorylation,	 which	was	 acutely	 sensitive	 to	 1	 hour	 Akt	 inhibition,	 was	 also	

restored	following	sustained	inhibitor	treatment	(Bago	et	al.,	2016).		

	

In	 the	 present	 study,	 all	 cell	 lines	 tested	 expressed	 relatively	 low	 levels	 of	

endogenous	SGK3.	As	expected	following	5	days	Akt	inhibition	with	MK2206,	SGK3	

levels	were	 elevated	 in	 both	 CAMA-1	 and	 particularly	 ZR-751	 cells	 as	 expected.	

MEF,	U20S	and	HeLa	cell	lines	expressed	very	low	levels	of	SGK3	with	or	without	

Akt	inhibition	(Fig	3.12).	Importantly	HEK	293	cells	displayed	strong	expression	of	

SGK3	comparable	 to	 that	 in	 the	 cancer	 cell	 lines	 following	5	days	Akt	 inhibition.	

Interestingly	however	in	HEK	293	cells,	chronic	MK2206	treatment	had	no	further	

impact	on	SGK3	levels,	suggesting	this	phenomenon	is	specific	to	cancer	cell	lines	

(Fig	3.12).	Therefore,	due	to	high	endogenous	expression	of	SGK3,	the	HEK	293	cell	

line	was	chosen	as	the	model	cell	system	to	study	endogenous	SGK3	in	this	study.	
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Figure	3.12	–	HEK	293	cells	express	high	levels	of	endogenous	SGK3	

	

	
	

	

Figure	3.12	–	HEK	293,	HeLa,	U20S,	MEF,	CAMA1	and	ZR-751	cells	were	treated	with	or	without	
1uM	 Akt	 inhibitor	 MK2206	 for	 5	 days.	 Total	 protein	 was	 isolated	 from	 cells	 and	 analysed	 by	
immunoblotting	with	the	indicated	antibodies.	Similar	results	were	observed	in	two	independent	
experiments.	
	

	

	

	

	

	

	

	

	

	

	

																									-			-			+		+		-			-		+		+			-		-			+	+		-			-		+		+		-			-			+		+					

																						HEK	293										Hela												U20S									CAMA	1							ZR-751	

GAPDH	

MK2206	
	(5	days)	

														SGK3		

AKT	(T308)	

																				MEFs																						ZR-751																				CAMA	1		

																					-						-					+				+					-					-					+				+					-					-					+					+				MK2206	
	(5	days)	

SGK3		



	

	
	

105	

3.4.1	Endogenous	SGK3	is	regulated	by	both	PI3K	Class	I	and	Vps34	

	

To	confirm	the	 findings	 from	the	SGK3	overexpression	data,	an	assay	to	measure	

endogenous	SGK3	activity	was	developed.	HEK	293	cells	were	treated	 for	1	hour	

with	the	PI3K	Class	I	inhibitor,	GDC0941	and	with	the	Vps34	inhibitor,	VPS34-IN1.	

The	 lysates	were	 then	 subjected	 to	 an	 immunoprecipitate	 kinase	 assay,	 using	 a	

specific	 SGK3	 antibody	 (S037D),	 to	 observe	 the	 effect	 of	 the	 inhibitors	 on	

endogenous	 SGK3,	 using	 the	 peptide	 Crosstide	 as	 a	 substrate.	 1uM	 VPS34-IN1	

induced	a	 strong	 reduction	 in	SGK3	activity	of	 approximately	75%	(Fig	3.13).	As	

observed	 before,	 consistent	 with	 VPS34-IN1	 not	 inhibiting	 Class	 I	 PI3Ks,	 the	

inhibitor	had	no	effect	on	Akt	phosphorylation	at	Ser473	and	Thr308.			

	

Addition	of	 the	PI3K	Class	 I	 inhibitors	GDC0941	and	BKM	120,	which	are	known	

not	 to	 inhibit	 Vps34	 (Folkes	 et	 al.,	 2008b),	 also	 attenuated	 SGK3	 activity	 by	

approximately	~80%,	greater	than	that	observed	for	overexpressed	SGK3	in	U20S	

cells.	As	expected,	Akt	T-loop	(Thr308)	phosphorylation	was	completely	blocked	by	

GDC0941	and	BKM120,	consistent	with	their	inhibition	of	PI3K	Class	I	(Fig	3.13).		

	

The	 combination	 of	 VPS34-IN1	 and	 GDC0941	 suppressed	 SGK3	 activity	 by	

approximately	 90%.	 It	 is	 interesting	 to	 note	 that	 the	 suppressive	 effect	 of	 both	

VPS34-IN1	 and	GDC0941	 on	 endogenous	 SGK3	 in	 HEK	 293	 cells	 is	 greater	 than	

that	 observed	 for	 overexpressed	 SGK3.	 The	 PDK1	 inhibitor,	 GSK2334470,	 was	

used	 as	 a	 control	 and	 almost	 completely	 blocked	 SGK3	 activity	 as	 expected	 (Fig	

3.13).		
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Figure	3.13	–	Endogenous	SGK3	phosphorylation	and	kinase	activity	are	regulated	

by	Vps34	and	Class	I	PI3K.	

	

	

	

Figure	3.13	–	HEK	293	cells	were	treated	with	and	without	the	indicated	inhibitors	including	PI3K	
Class	 III	 inhibitor	 VPS34-IN1	 (1uM),	 Class	 I	 PI3K	 inhibitor	 GDC0941	 (0.5uM),	 PDK1	 inhibitor	
GSK2334470	 (1uM)	 or	 DMSO	 control	 for	 1	 hour.	 Cells	 were	 lysed	 and	 endogenous	 SGK3	
immunoprecipitated	with	anti-SGK3	antibody.	Immunoprecipitates	were	assayed	for	SGK3	kinase	
activity	by	measuring	phosphorylation	of	the	Crosstide	substrate	peptide	in	the	presence	of	0.1mM	
32PgATP	in	a	30	min	reaction.	The	lysates	and	immunoprecipitates	were	subjected	to	immunoblot	
analysis	with	the	indicated	antibodies	following	the	kinase	assay.	Kinase	reactions	are	presented	as	
means	 ±	 SEM	 for	 triplicate	 reactions.	 Similar	 results	were	 obtained	 in	 at	 least	 two	 independent	
experiments	for	all	data	shown.	
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Since	 characterisation	of	VPS34-IN1	 in	Bago	et	 al,	 2014,	 there	were	a	number	of	

other	 highly	 specific	 and	 potent	 Vps34	 inhibitors	 reported,	 including	 SAR	 405	

(Pasquier,	2015).	To	demonstrate	that	 the	effect	of	VPS34-IN1	on	SGK3	is	not	an	

off-target	 effect,	 a	 titration	 experiment	 using	 SAR	 405,	 which	 is	 structurally	

unrelated	 to	 VPS34-IN1,	 was	 also	 carried	 out.	 SAR	 405	 was	 highly	 potent	 and	

inhibited	 SGK3	 activity	 very	 strongly,	 reaching	 maximal	 inhibition	 at	 a	 ten-fold	

lower	concentration	than	VPS34-IN1	at	0.1μM	(Fig	3.14).	

	

	

Figure	 3.14	 –	 The	 Vps34	 inhibitor	 SAR	 405	 inhibits	 SGK3	 maximally	 at	 ten-fold	

lower	concentrations	than	VPS34-IN1.	

	

	

	

	

Figure	3.14	 -	HEK	293	cells	were	treated	in	the	absence	or	presence	of	SAR	405	at	the	indicated	
concentrations	 for	 30	minutes.	 The	 cells	 were	 lysed	 and	 endogenous	 SGK3	 immunoprecipitated	
with	anti-SGK3	antibody.	The	immunoprecipitates	were	subjected	 to	immunoblot	analysis	with	a	
total	SGK3	antibody,	after	being	assayed	for	SGK3	kinase	activity	by	measuring	phosphorylation	of	
the	 Crosstide	 substrate	 peptide	 in	 the	 presence	 of	 0.1	mM	 32PgATP	 in	 a	 30	min	 reaction.	Kinase	
reactions	are	presented	as	means	±	SEM	for	triplicate	reactions.	Similar	results	were	obtained	in	at	
least	two	independent	experiments	for	all	data	shown.	
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3.5	 CRISPR/CAS9	MEDIATED	GENERATION	OF	 CELL	 LINES	 TO	 STUDY	 SGK3	

REGULATION	AND	FUNCTION	

	

To	investigate	aspects	of	SGK3	regulation	and	function,	a	number	of	different	HEK	

293	 cell	 lines	 were	 generated	 by	 Crispr/Cas9	 methodology	 including	 SGK3	 and	

SHIP2	 knock	 outs;	 GFP	 fusions	 of	 SGK3,	 Vps34,	 Beclin1,	 Vps15	 and	 UVRAG.	 To	

generate	cell	 lines	harbouring	an	endogenous	GFP	tag	on	the	target	protein	or	 to	

knock	 out	 a	 target	 protein,	 Crispr/Cas9	 protocols	were	 first	optimised,	whereby	

we	 could	 rapidly	 generate	 homozygous	 knock	 outs	 or	 homozygous	 knock-ins	 at	

either	the	C	or	N	terminus	of	most	genes	in	approximately	3-4	weeks	(Figure	3.15).	

I	was	the	first	in	the	Unit	to	successfully	generate	and	utilise	Crispr/Cas9	genome	

editing	 techniques.	 Indeed,	 the	 first	 cell	 line	 generated	 in	 the	 unit	 by	 this	

methodology	was	the	SGK3	knock	out	cell	line.	Thomas	Macartney	in	the	MRC	PPU	

Cloning	 team	 is	 in	 charge	 of	 designing	 guides	 for	 all	 Crispr/Cas9	 projects	 in	 the	

Unit.	 Along	 with	 Thomas	 Macartney	 and	 a	 post-doctoral	 researcher	 George	

Geroghiou,	 I	 was	 also	 involved	 in	 optimising	 the	 protocols	 that	 we	 eventually	

created	for	using	Crispr/Cas9	technology	(Fig	3.15),		

	

The	optimized	Crispr/Cas9	approach	involved	a	Cas9	nickase	rather	than	WT	Cas9	

and	requires	two	plasmids:	an	antisense	guide,	cloned	into	the	Cas9	D10A	vector	

pX335	 and	 a	 sense	 guide	 cloned	 into	 pBABED	 puro	 U6.	 The	 Cas9	 nickase	 also	

generates	double	strand	breaks	based	on	guide	RNA	specificity	and	is	repaired	by	

non	 homologous	 end	 joining	 (NHEJ)	 or	 homology	 directed	 repair	 (HDR)	 (Fig	

3.15B)	 (Chapter	 2	 –	 Methods).	 Following	 transient	 transfection,	 the	 Cas9	 is	

constitutively	 expressed	 without	 need	 for	 induction	 with	 doxycycline.	 The	

introduction	of	a	puromycin	resistance	gene	into	the	gene	of	interest	enables	easy	

selection	 and	 enrichment	 of	 positive	 transfectants,	 reducing	 the	 amount	 of	

screening	after	single	cell	sorting.		
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Figure	3.15	–	Crispr/Cas9	Strategy		
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Figure	3.15	–	Continued	

	

	

	

	

	

Figure	 3.15	 -	 (A)	A	schematic	outline	of	 the	Crispr/Cas9	methodology	utilized	 for	generation	of	
knock	out	and	knock	in	cell	lines.	Please	note	that	the	transfection	and	puromycin	selection	steps	
are	 sometimes	 repeated	 to	 ensure	 desired	 mutation	 has	 taken	 place.	 (B)	 A	 representation	 of	
Crispr/Cas9	strategy	for	generation	of	gene	knock	outs	and	GFP	knock	ins.	
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3.5.1	Generation	of	SGK3	null	HEK	293	cells	

	

Two	guide	RNAs	were	generated	to	target	exon	6	of	human	SGK3,	which	targets	all	

isoforms	of	SGK3.	Following	two	rounds	of	transfection	and	selection,	the	pool	of	

transfected	 cells	was	subjected	 to	western	blotting	prior	 to	 single	 cell	 sorting	by	

FACS,	 in	 order	 to	 assess	 the	 level	 of	 SGK3	 knockdown	 achieved	 (Fig	 3.15).		

Strikingly,	 a	 ~90%	 knock	 down	 of	 SGK3	 could	 be	 observed	 in	 the	 Crispr/Cas9	

transfected	pool	compared	to	WT	cells	(Fig	3.16A).	At	this	early	stage,	Cas9	is	still	

present	 in	 transfected	 cells.	 However,	 Cas9	 levels	 appear	 to	 rapidly	 decline	 in	 a	

time	 dependent	 manner	 post	 transfection;	 thus,	 Cas9	 levels	 6	 days	 post	

transfection	are	 less	 than	4	days	post	 transfection	 (Fig	3.16A).	 It	 is	 important	 to	

ensure	 that	 Cas9	 expression	 is	 completely	 lost	 from	 the	 final	 knock	 out	 cell	 line	

generated,	to	avoid	danger	of	random	off	target	effects.	

	

The	 pool	 of	 transfected	 cells	was	 then	 single	 cell	 sorted	 into	 96	 well	 plates	 via	

FACS	and	allowed	to	grow	for	1-2	weeks.	The	growing	colonies	of	single	cell	clones	

were	 further	 expanded	 and	 subjected	 to	 western	 blotting.	 Out	 of	 14	 randomly	

selected	clonal	colonies,	11	were	SGK3	null,	approximately	80%	(Fig	3.16B);	 this	

correlated	 with	 the	 initial	 screen	 of	 the	 total	 transfected	 pool	 of	 cells	 showing	

approximately	 90%	 knockdown	 of	 SGK3	 (Fig	 3.16A).	 Since,	 IGF1	 stimulation	 is	

known	to	strongly	activate	SGK3	(see	Chapter	4),	for	further	validation	of	the	SGK3	

KO	cells,	WT	SGK3	and	SGK3	null	HEK	293	cell	 lines	were	 stimulated	with	 IGF1,	

followed	 by	 an	 IP	 kinase	 assay	 to	monitor	 the	 presence	 of	 any	 remaining	 SGK3	

activity	in	the	9	clones	tested.	As	expected,	IGF1	induced	strong	SGK3	activation	in	

WT	cells	but	 in	every	knock	out	clone	tested,	no	SGK3	activity	could	be	detected.	

Even	after	immunoprecipitation	to	enrich	for	SGK3,	no	protein	could	be	observed	

in	any	of	 the	KO	clones	 (Fig	3.16C).	Finally,	 the	SGK3	null	HEK	293	cell	 line	was	

also	verified	by	genomic	sequencing.	
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Figure	3.16	–	Generation	and	characterisation	of	SGK3	null	cells	

	
	

	

	

Figure	 3.16	 –	 (A)	 Following	 transfection	 and	 selection	 of	 HEK	 293	 cells,	 lysates	 of	 stable	 Cas9	
overexpressing	cells,	untransfected	wild	type	(WT)	and	the	transfected	pool	of	HEK	293	cells	were	
immunoblotted	using	anti-SGK3	and	anti-Cas9	antibodies.	 	 (B)	Following	single	cell	sorting	of	the	
transfected	cell	pool,	clonal	colonies	were	lysed	and	immunoblotted	with	the	indicated	antibodies.	
(C)	WT	and	SGK3	knock	out	HEK	293	cells	were	serum	starved	for	16	hours	prior	to	stimulation	
with	 or	 without	 50ng/ml	 IGF1	 for	 10	 minutes.	 Cells	 were	 lysed	 and	 endogenous	 SGK3	
immunoprecipitated	 with	 anti-SGK3	 antibody.	 The	 immunoprecipitates	 were	 subjected	 to	
immunoblot	analysis	with	a	 total	SGK3	antibody,	after	being	assayed	for	SGK3	kinase	activity	by	
measuring	phosphorylation	of	the	Crosstide	substrate	peptide	in	the	presence	of	0.1	mM	32P	ATP	
in	a	30	min	reaction.	Kinase	reactions	are	presented	as	means	±	SEM	for	triplicate	reactions.		
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3.5.2	Generation	of	endogenous	SGK3-GFP	fusion	cell	line	

	

The	Crispr/Cas9	approach	(Figure	3.15A	&	B)	was	also	undertaken	to	generate	a	

HEK	293	cell	line	with	a	GFP	tag	on	the	C-terminus	of	endogenous	SGK3	using	two	

guides	 and	 a	 donor,	 encoding	 the	 GFP	 tag	 (see	 Materials	 &	 Methods).	 We	 have	

previously	 reported	 that	 mutations	 in	 the	 PX	 domain	 SGK3	 R50A	 or	 SGK3	

R90A	ablates	 SGK3	 activity	 and	 T	 loop	 and	 hydrophobic	 motif	 phosphorylation,	

which	demonstrates	 the	 importance	of	PX	domain	binding	 to	PI(3)P	 (Bago	et	 al.,	

2014).	Therefore,	due	to	the	presence	of	the	PX	domain	on	the	N-terminus,	the	tag	

was	 fused	 to	 the	 C-terminus	 to	 avoid	 any	 interference	 in	 PX	 domain	 to	 PI(3)P	

binding.	 As	 demonstrated	 by	 immunoblotting	with	 both	 anti-GFP	 and	 anti-SGK3	

antibodies	recognising	endogenous	SGK3	protein,	homozygous	knock-ins	of	a	GFP	

tag	on	the	SGK3	C-terminus	was	achieved	(Fig	3.17A).	As	expected,	addition	of	the	

GFP	 tag	 resulted	 in	 disappearance	 of	 SGK3	 detection	 at	 the	 predicted	 native	

molecular	 weight	 of	 57kDa.	 Instead	 the	 resultant	 fusion	 protein	 could	 now	 be	

confirmed	as	being	expressed	at	a	similar	level	to	wild	type	SGK3	but	at	a	higher	

molecular	weight,	accounting	for	the	additional	GFP	tag	weight.		

	

To	assess	whether	fusion	of	a	GFP	tag	to	endogenous	SGK3	impacted	its	function,	

wild	type	and	SGK3-GFP	HEK	293	cell	lines	were	subjected	to	SGK3	kinase	activity	

assays	 following	 serum	 starvation	 and	 IGF1	 stimulation.	 As	 expected,	 a	massive	

induction	 of	 SGK3	 activity	 could	 be	 observed	 following	 IGF1	 stimulation	 of	wild	

type	cells.	In	the	GFP	knock	in	clones,	although	IGF1	stimulated	a	large	induction	in	

GFP-SGK3	 activity	 as	would	 be	 expected,	 kinase	 activity	 in	 these	 clones,	with	or	

without	IGF1	stimulation,	was	~4-fold	less	than	WT	SGK3	(Fig	3.17B).	This	could	
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be	 due	 to	 a	 number	 of	 reasons:	 i)	 that	 the	 GFP	 tag	 was	 interfering	 with	 SGK3	

activity;	ii)	that	during	the	Crispr/Cas9	procedure,	a	GFP	tag	was	inserted	into	one	

allele,	while	the	other	was	knocked	out,	which	would	explain	why	there	appears	to	

be	a	homozygous	knock	in	but	there	is	lower	SGK3	activity	due	to	less	SGK3	being	

present	after	knock	out	of	one	allele.	A	mechanism	by	which	the	tag	could	interfere	

with	SGK3	activity	 is	 if	hydrophobic	motif	phosphorylation	by	mTORC2	at	 the	C-

terminus	 was	 impaired	 by	 the	 presence	 of	 the	 GFP	 tag	 also	 at	 the	 C-terminus.	

However,	IGF1	stimulation	and	treatment	with	inhibitors	demonstrated	that	SGK3-

GFP	 displays	 exactly	 the	 same	 behaviour	 as	 WT	 SGK3,	 with	 the	 exception	 that	

activity	was	~	4	fold	less	(data	not	shown).		

	

To	 further	 assess	 the	 suitability	 of	 the	 SGK3-GFP	 cell	 lines	 for	 use	 in	 future	

experiments,	 SGK3-GFP	 was	 also	 visualised	 in	 cells	 by	 immunofluorescence	

microscopy.	 SGK3-GFP	 HEK	 293	 cells	 cultured	 in	 serum	 were	 treated	 with	 or	

without	two	structurally	unrelated	Vps34	inhibitors,	VPS34-IN1	and	SAR405	prior	

to	 fixation	 with	 4%	 paraformaldehyde.	 As	 expected	 SGK3-GFP	 was	 localised	 in	

discrete	clusters	on	endosomal	structures	under	DMSO	treated	control	conditions.	

Confirming	 previous	 overexpression	 data	 (Bago	 et	 al.,	 2014),	 VPS34-IN1	 or	

SAR405	treatment	almost	completely	abolished	SGK3-GFP	endosomal	localisation	

(Fig	3.17C).		
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Figure	3.17	–	Generation	and	characterisation	of	GFP	knock	in	SGK3	HEK	293	

cell	lines	
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Figure	3.17	–	Continued	

	

		
Figure	3.17	 –	 (A)	GFP	knock	 in	SGK3	HEK	293	cells	were	generated	by	Crispr	/Cas9	and	clonal	
colonies	along	with	wild	type	(WT)	cells	were	lysed	and	immunoblotted	with	anti-SGK3	and	anti-
GFP	antibodies.	(B)	Two	clones	with	homozygous	GFP	knock-ins,	selected	from	(A),	in	addition	to	
WT	cells	were	serum	starved	overnight,	prior	to	stimulation	with	or	without	50ng/ml	IGF1	for	10	
minutes.	Cells	were	lysed	and	endogenous	SGK3	immunoprecipitated	with	anti-SGK3	antibody.	The	
immunoprecipitates	 were	 subjected	 to	 immunoblot	 analysis	 with	 the	 indicated	 antibody,	 after	
being	assayed	 for	 SGK3	 kinase	 activity	 by	measuring	 phosphorylation	 of	 the	 Crosstide	 substrate	
peptide	in	the	presence	of	0.1	mM	32P	ATP	in	a	30	min	reaction.	Kinase	reactions	are	presented	as	
means	±	SEM	for	triplicate	reactions.	(C)	GFP-SGK3	knock-in	HEK293	cells	cultured	in	10%	(v/v)	
serum	were	treated	with	or	without	1μM	VPS34-IN1	or	1μM	SAR405	for	1	hour	prior	to	fixation	
with	4%	(v/v)	paraformaldehyde.	GFP	distribution	in	cells	was	visualized	using	chicken	anti-GFP	
primary	and	anti-chicken	Alexa	Fluor-488	to	enhance	the	GFP	signal	(upper	panel).	DAPI	was	used	
to	 stain	 nuclei	 (lower	 panel).	 Histogram	 represents	 quantitation	 of	 GFP-SGK3	 on	 endosomal	
structures	using	sum	of	intensity	of	fluorescent	signal	from	GFP	staining	±SD.			
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3.5.3	Generation	of	GFP-Vps34,	GFP-Beclin1,	GFP-Vps15	and	UV-RAG-GFP	HEK	

293	cell	lines	

	

To	study	the	role	of	the	Vps34	complex	in	SGK3	regulation,	the	essential	subunits	

of	 this	 complex	 including,	 Vps34,	 Beclin1	 and	 Vps15	 in	 addition	 to	 the	 UV-RAG	

subunit	were	tagged	with	GFP	by	Crispr/Cas9	methodology	in	HEK	293	cells	(Fig	

3.15).	While	 the	GFP-UV-RAG	 cell	 line	was	 generated	 by	myself,	 the	 GFP-Vps34,	

GFP-Beclin1	 and	 GFP-Vps15	 cell	 lines	 were	 generated	 by	 an	 undergraduate	

student,	Annika	Hornberger,	working	in	the	laboratory	under	my	supervision	for	a	

9	month	period.	

	

The	GFP	sequence	was	inserted	at	the	C-terminus	of	UV-RAG.	Immunoblotting,	(Fig	

3.18)	 using	 anti-UV-RAG	 and	 anti-GFP	 antibodies	 and	 genomic	 sequencing	 (data	

not	 shown),	 were	 carried	 out	 to	 verify	 that	 the	 GFP	 tag	 had	 been	 inserted	

homozygously	 at	 its	 C-terminus.	 As	 expected,	 following	 western	 blotting,	

homozygous	 insertion	 of	 the	 GFP	 tag	 resulted	 in	 disappearance	 of	 the	 UV-RAG	

band	 at	 its	 native	 molecular	 weight	 of	 78	 kDa	 and	 appearance	 at	 a	 higher	

molecular	weight	of	~105	kDa,	corresponding	to	the	molecular	weight	of	 the	tag	

(Fig	3.18).	
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Figure	3.18	–	Generation	of	GFP	knock	in	UV-RAG	HEK	293	cell	line	by	Crispr/Cas9	

	

	

	

Figure	3.18	–	HEK	293	cells	were	transfected	with	two	gRNAs,	targeting	the	C-terminus	of	UV-RAG	
and	donor	DNA	encoding	the	GFP	tag.	Following	puromycin	selection	(2ug/ml),	GFP-positive	cells	
were	isolated	by	FACS	and	single	cell	clones	allowed	to	expand.	Clonal	colonies	along	with	wild	type	
(WT)	cells	were	lysed	and	immunoblotted	with	anti-UV-RAG	and	anti-GFP	antibodies.	
	

	

The	GFP	tag	was	 inserted	at	 the	C-terminus	of	Vps15.	Only	two	clones	of	Vps15-

GFP	 cells	 could	 be	 generated:	 these	 cells	 had	 an	 abnormal	 appearance	 and	 very	

easily	 detached	 from	 cell	 plates.	 I	 attempted	 to	 visualise	 Vps15	 in	 these	 cells	 by	

immunofluorescence	microscopy	but	they	displayed	poor	morphology;	although	it	

is	widely	accepted	that	Vps15	is	localised	at	the	endosomes,	in	these	cells,	Vps15	

was	 dispersed	 throughout	 the	 cytoplasm	 and	 no	 endosomal	 localisation	 was	

visible	(data	not	shown).	 It	 is	likely	 that	 the	GFP	tag	was	 interfering	with	Vps15-

Vps34	 function	 in	 these	 cells	 leading	 to	 their	 abnormal	 appearance	 and	

localisation,	therefore	no	further	experiments	were	carried	out	with	this	cell	line.		
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Conversely,	GFP	 fusion	Vps34	and	Beclin1	 clonal	 cell	 lines	appeared	healthy	and	

attached	 to	 cell	 plates	 in	 the	 same	manner	 as	 wild	 type	 cells.	 The	 GFP	 tag	 was	

inserted	in	the	N-terminus	of	Vps34	and	in	the	C-terminus	of	Beclin1	and	in	each	

case,	a	band	shift	of	27kDa,	corresponding	to	the	molecular	weight	of	the	GFP	tag	

could	 be	 observed	 for	 positive	 clones.	 	 80%	 of	 the	 GFP	 knock	 in	 Vps34	 clones	

tested	 could	 be	 verified	 as	 homozygous	 knock-ins	 by	 immunoblotting	with	 anti-

Vps34	 and	 anti-GFP	 antibodies	 (Fig	 3.19A).	 	 The	 number	 of	 clones	 with	

homozygous	 expression	 of	 GFP-Beclin1	 was	 far	 less;	 nevertheless,	 a	 couple	 of	

clones	 could	 be	 verified	 by	 immunoblotting	 with	 anti-Beclin1	 and	 anti-GFP	

antibodies	(Fig	3.19B).	

	

	

Figure	3.19	–	Generation	of	GFP-Vps34	and	Beclin1-GFP	HEK	293	cell	lines	

	

	
GFP-Vps34	&	GFP-Beclin1	HEK	293	clones	generated	and	immunoblotted	by	A	Hornberger	

	

	
Figure	 3.19	 –	 (A)	GFP-Vps34	and	(B)	GFP-Beclin1	clonal	HEK	293	cell	 lines	were	generated	by	
Crispr/Cas9	methodology.	Lysates	were	immunoblotted	with	the	indicated	antibodies.	
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3.5.4	Comparison	of	Vps34	kinase	activity	associated	to	GFP-tagged	subunits	of	

the	Vps34	complex	

	

To	confirm	that	addition	of	a	GFP	tag	to	the	Vps34	subunits	had	not	compromised	

their	 function	 and	 associated	 Vps34	 activity,	 Vps34	 lipid	 kinase	 assays	 were	

carried	 out	 to	 assess	 relative	 activity	 of	 Vps34	 in	 each	 cell	 line.	 GFP-Vps34,	

Beclin1-GFP	 and	 UV-RAG-GFP	 HEK	 293	 cell	 lines	 were	 cultured	 in	 serum	 and	

treated	with	or	without	 the	Vps34	 inhibitor,	VPS34-IN1,	 for	1	hour	prior	 to	 lysis.	

High	 affinity	 GFP	 trap	 beads	 were	 employed	 to	 immunoprecipitate	 GFP	 tagged	

endogenous	protein	from	the	lysate	and	the	immunoprecipitates	were	subjected	to	

a	 lipid	kinase	assay	using	bovine	 liver	PI	 as	a	 substrate.	Formation	of	 32P-PI(3)P	

was	assessed	by	thin	layer	chromatography	and	autoradiography.			

	

Significant	 PI3K	 activity	 was	 detected	 in	 the	 immunoprecipitates	 derived	 from	

GFP-Vps34	and	UV-RAG-GFP	that	was	sensitive	to	VPS34-IN1	mediated	inhibition	

(Fig	 3.20).	 Beclin1-GFP	 associated	 Vps34	 activity	 was	 lower	 than	 activity	

associated	 to	 the	 other	 subunits,	 probably	 due	 to	 the	 lower	 amount	 of	 Beclin1	

immunoprecipitated	 but	 was	 also	 sensitive	 to	 Vps34	 inhibition.	 Considering	

substantial	 Vps34	 activity	 associated	 to	 each	 GFP-tagged	 subunit	 could	 be	

observed,	all	three	cell	lines	(GFP-Vps34,	UV-RAG-GFP	and	Beclin1-GFP)	were	used	

for	future	experiments	shown	in	Chapter	4.	
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Figure	 3.20	 –	 Vps34	 lipid	 kinase	 activity	 associated	 to	 GFP-tagged	 Vps34	

complex	subunits	

	

	

	

Figure	 3.20	 -	 GFP-Vps34,	 UV-RAG-GFP	 or	 Beclin1-GFP	 knock-in	 HEK293	 cells	 were	 cultured	 in	
serum	and	treated	with	or	without	1μM	VPS34-IN1	for	1	hour.	Cells	were	subsequently	lysed	using	
a	1%	(v/v)	NP-40	lysis	buffer	and	immunoprecipitations	undertaken	using	GFP-TRAP	antibodies.	
The	 immunoprecipitates	 were	 subjected	 to	 kinase	 assays	 in	 the	 presence	 of	 liver	 bovine	 PI	
(5μg/reaction),	 0.1	mM	 32PgATP	 for	 a	 30	min	 reaction	measured	 in	 the	 absence	 or	 presence	 of	
VPS34-IN1	(1	µM)	in	the	reaction	as	indicated.	Reactions	were	chromatographed	on	a	Silica	60	TLC	
plate	 and	 32P-radioactivity	 associated	with	 the	 spot,	 corresponding	 to	 PI(3)P,	was	 visualized	 by	
autoradiography.	 Immunoprecipitates	 were	 also	 subjected	 to	 immunoblot	 analysis	 with	 the	
indicated	antibodies.	Similar	results	were	obtained	in	at	least	three	independent	experiments	for	all	
data	shown.	
	

	

	

	

	

	

	

	

	

	

	

VPS34-IN1	 	-								-								+							-									-							+							-							-								+	

																											GFP-VPS34																				Beclin1-GFP																	UV-RAG-GFP			

			PI(3)P			

IP:	Total	GFP	
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3.6	DISCUSSION	

	

Data	in	this	chapter	provided	the	first	evidence	that	Vps34	is	a	major	regulator	of	

SGK3.	The	Vps34	inhibitor	VPS34-IN1	suppresses	SGK3	activity	and	its	effects	are	

extremely	 rapid,	 achieving	 maximal	 inhibition	 of	 SGK3	 in	 1	 minute.	 However,	

Vps34	regulation	 is	specific	 to	SGK3	as	VPS34-IN1	treatment	had	no	suppressive	

effect	on	SGK1,	SGK2	or	Akt	activity.	The	above	results	also	confirmed	conclusions	

drawn	from	the	overexpression	data	and	demonstrated	that	endogenous	SGK3	is	

also	 regulated	 by	 Vps34	 in	 HEK	 293	 cells.	 	 In	 concert	 with	 Ruzica	 Bago’s	 data,	

which	also	revealed	that	mutations	disrupting	PI(3)P	binding	ablates	SGK3	kinase	

activity	 by	 suppressing	 phosphorylation	 of	 the	 T-loop	 Thr308	 [PDK1	

(phosphoinositide-dependent	 kinase	 1)	 site]	 and	 hydrophobic	 motif	 Ser486	

[mTORC2	 (mammalian	 target	of	 rapamycin)	 site],	 results	 in	 this	 chapter	provide	

evidence	that	VPS34-IN1	mediated	inhibition	of	Vps34	reduces	PI(3)P	generation;	

thus	 SGK3	 cannot	 be	 recruited	 to	 the	 endosomes	 via	 its	 PX	 domain	 to	 become	

activated	by	PDK1	and	mTORC2	(Bago	et	al.,	2014).		

	

Mechanistic	studies	performed	by	Ruzica	Bago	 later	revealed	that	PI(3)P	binding	

to	 the	 PX	 domain	 of	 SGK3	 promotes	 phosphorylation	 and	 activation	 by	 its	

upstream	 PDK1	 activator	 (Bago	 et	 al.,	 2016),	 in	 a	 manner	 analogous	 to	 Akt,	

whereby	 PH	 domain	 interaction	 with	 PI(3,4,5)P3/PI(3,4)P2	 enhances	

phosphorylation	 by	 PDK1	 (Calleja	 et	 al.,	 2009,	 Calleja	 et	 al.,	 2007,	 Alessi	 et	 al.,	

1997b,	Alessi	et	al.,	1997a).	PI(3)P	mediated	anchoring	of	SGK3	to	the	endosome	

and	other	membranes,	where	there	is	a	pool	of	PDK1	and	mTOR,	may	also	increase	

the	efficiency	by	which	these	proteins	 interact	with	each	other	on	the	membrane	

surface,	enhancing	activation	further.	

	

It	 is	 interesting	 to	 note	 that	 VPS34-IN1	 only	 partially	 reduced	 SGK3	 activity	 by	

approximately	60-70%	depending	on	cell	type,	despite	the	efficacy	of	VPS34-IN1	at	

dispersing	majority	of	the	PI(3)P-binding	probe	(Bago	et	al.,	2014).	The	remaining	

30-40%	 SGK3	 activity	 was	 hypothesised	 to	 be	 regulated	 by	 additional	 pools	 of	

PI(3)P,	not	generated	by	Vps34,	which	can	also	recruit	and	promote	the	activation	

of	 SGK3	 via	mTOR	 and	PDK1.	 	 Studies	 have	 shown	 that	 a	 pool	 of	 PI(3)P	 can	 be	
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generated	 through	dephosphorylation	of	PI(3,4,5)P3	via	 sequential	 actions	of	 the	

phosphatidylinositol	 5-phosphatases	 (SHIP1/2)	 and	 the	 phosphatidylinositol	 4-

phosphatase	 (INPP4B)	 (Ooms	 et	 al.,	 2009,	 Agoulnik	 et	 al.,	 2011).	 This	 will	 be	

considered	 further	 in	 Chapter	 4.	 PI(3)P	 produced	 in	 this	 way	 is	 then	 rapidly	

converted	to	PI	by	myotubularin	PI	3-phosphatases.		

	

The	observation	that	GDC0941,	a	selective	Class	I	PI3K	inhibitor	induces	a	40-80%	

reduction	 in	 SGK3	 activity	 (depending	 on	 cell	 type),	 at	 concentrations	 which	

suppress	Akt	activity,	supports	the	notion	that	PI(3)P	generated	by	the	PI3K	Class	I	

pathway	could	also	be	regulating	SGK3.	However,	 it	cannot	be	ruled	out	 that	 this	

suppression	 could	 at	 least	 partially,	 be	 due	 to	 GDC0941	mediated	 inhibition	 of	

mTORC2,	 which	 may	 also	 be	 regulated	 by	 PI3K	 Class	 I	 (Zoncu	 et	 al.,	 2011).	

Whether	SGK3	is	also	regulated	by	a	second	pool	of	PI(3)P	generated	by	PI3K	Class	

I	was	later	investigated	and	these	studies	are	discussed	in	Chapter	4.	

	

The	 combination	 of	 VPS34-IN1	 and	 GDC0941	 had	 a	 greater	 impact	 than	 either	

inhibitor	 alone,	 reducing	 SGK3	 activity	 by	 approximately	 80-90%.	 This	 also	

supports	the	notion	that	SGK3	is	controlled	by	both	Class	I	and	Class	III	generated	

PI(3)P	pools.	 It	would	be	 interesting	to	 investigate	 in	 the	 future	whether	there	 is	

interplay	between	Class	II	and	Class	III	PI3Ks	and	whether	Vps34	inhibition	leads	

to	activation	of	a	Class	II	PI3K	driven	compensatory	mechanism	to	produce	PI(3)P.	

Indeed	 the	 finding	 that	 VPS34-IN1	 induced	 a	 partial	 activation	 of	 SGK1	 might	

support	the	idea	that	reducing	PI(3)P	levels	through	inhibition	of	Vps34	could	lead	

to	an	 increase	 in	PI3K	activity	 to	compensate	 for	 lack	of	PI(3)P	or	an	 increase	 in	

mTORC2	activity	to	enhance	activation	of	SGK1.	It	is	also	possible	that	regulation	

of	 SGK3	 activity	 as	 a	 result	 of	 Vps34	 inhibition	 translates	 to	 a	 compensatory	

mechanism	of	activation	of	SGK1.	In	future	work,	it	would	be	interesting	to	explore	

in	more	detail	the	mechanism	by	which	Vps34	inhibition	leads	to	upregulation	of	

SGK1	 activity.	 It	 would	 also	 be	 important	 to	 analyse	 and	 confirm	 whether	

endogenous	SGK1,	which	can	be	readily	measured	in	many	cell	lines,	is	stimulated	

following	inhibition	of	Vps34.	
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The	finding	that	VPS34-IN1	does	not	suppress	SGK1	or	SGK2	activity	is	consistent	

with	 the	 fact	 that	 neither	 SGK1	 nor	 SGK2	 possess	 a	 PI(3)P	 binding	 PX	 domain,	

further	confirming	that	the	ability	of	VPS34-IN1	to	suppress	SGK3	is	dependent	on	

its	capability	to	bind	Vps34	generated	PI(3)P.	It	might	be	expected	that	VPS34-IN1,	

like	SGK1	should	also	potentiate	SGK2	activity	but	this	was	not	the	case.	However,	

SGK2	is	the	most	poorly	studied	member	of	the	SGK	family	and	less	is	known	about	

its	 regulation	 and	 functional	 roles.	 	 In	 future	 work,	 it	 would	 be	 interesting	 to	

investigate	 how	 SGK2	 is	 regulated.	 Indeed	 SGK2,	 like	 SGK1	 and	 SGK3,	 has	 been	

implicated	in	cancer.	One	study	found	that	inactivation	of	p53	induced	dependence	

on	SGK2	and	that	loss	of	p53	alone	has	little	effect	on	cell	viability	but	loss	of	p53	

together	with	 SGK2	 leads	 to	 cell	 death	 (Baldwin	 et	 al.,	 2010).	 Thus,	 it	would	 be	

interesting	to	further	understand	the	role	of	SGK2.	

	

The	finding	that	VPS34-IN1	induced	a	rapid	decline	in	SGK3	activity,	which	could	

be	 detected	 within	 15	 seconds	 and	 was	maximal	 by	 1	 minute	 compared	 to	 the	

slower	 reduction	 in	 SGK3	 activity	 induced	 by	 GDC0941	 was	 particularly	

interesting.	 This	 could	 be	 explained	 by	 the	multiple	 steps	 between	 activation	 of	

PI3K	Class	I	and	generation	of	PI(3)P.		The	rapid	action	of	VPS34-IN1	is	consistent	

with	observations	made	in	previous	studies	where	 it	was	shown	that	 localisation	

of	 the	PI(3)P	binding	probe	GFP-2xFYVE	at	 the	endosome	 is	highly	dynamic	and	

responds	 to	 Vps34	 inhibition	 (Pelkmans	 et	 al.,	 2004).	 It	 is	 speculated	 that	 the	

relatively	 low	binding	affinity	of	PX	and	FYVE	domains	 for	PI(3)P,	 in	addition	 to	

high	myotubularin	PI	3-phosphatase	activity	could	account	for	the	rapid	and	highly	

dynamic	 localisation	 and	 response	 (Lemmon,	 2003,	 Backer,	 2008).	 The	 SGK3	

kinase	activity	results	demonstrate	that	SGK3	is	similarly	dynamic	and	responsive	

to	changes	in	PI(3)P	as	the	GFP-2xFYVE	probe.		

	

Thus,	both	Vps34	and	SGK3	represent	exciting	 targets	 in	 cancer,	which	 could	be	

deployed	 as	 a	 therapeutic	 strategy	 to	 treat	 tumour	 cells	 with	 elevated	 SGK3	

activity.	Deregulation	of	growth	factor	activated	PI3K	Class	I	signalling	pathway,	is	

implicated	in	a	large	variety	of	cancers.	Next	it	would	be	important	to	understand	

whether	 the	Vps34-SGK3	axis	 like	PI3K	Class	 I-Akt	axis	 is	 responsive	 to	external	

stimuli	 as	 this	 could	 have	 important	 implications	 in	 cancer	 drug	 resistance	
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mechanisms,	whereby	Vps34-SGK3	signalling	is	able	to	respond	to	growth	factors	

and	 mediate	 cancer	 signalling	 under	 conditions	 in	 which	 PI3K-Akt	 signalling	 is	

suppressed.	 This	 aspect	 of	 Vps34-SGK3	 regulation	 forms	 the	 basis	 of	 the	 next	

Chapter.	

	

Finally	in	the	present	chapter,	I	also	demonstrated	the	tools	that	were	used	for	this	

study	including	pharmacological	inhibitors,	in	addition	to	the	cell	lines	I	generated	

by	 Crispr/Cas9	 methodology	 that	 were	 used	 to	 produce	 data	 presented	 in	

Chapters	 4	 and	 5.	 Indeed	 the	 current	 Crispr/Cas9	 methodology	 in	 our	 unit	 to	

generate	 GFP	 knock	 in	 and	 gene	 knock	 out	 cell	 lines	 has	 been	 a	 great	 success.	

Within	 less	 than	 two	 weeks,	 80-90%	 knockdown	 of	 SGK3	 was	 achieved	 in	 the	

transfected	 pool	 of	 cells.	 In	 contrast	 to	 previous	 attempts	 utilizing	 WT	 Cas9	

expressing	cell	lines,	which	required	doxycycline	induction	and	in	which	there	was	

no	way	of	selecting	positively	transfected	cells,	the	current	system	involved	the	use	

of	 a	 non-inducible	 Cas9	 system,	 with	 constitutively	 active	 Cas9	 while	 the	

transiently	 transfected	 plasmid	 carrying	 it	 is	 present	 (~72	 hours);	 this	 was	

coupled	 with	 the	 introduction	 of	 a	 puromycin	 resistance	 marker	 to	 enrich	 for	

positive	 transfectants.	 Therefore,	 by	 the	 time	 the	 pool	 of	 transfected	 cells	 was	

tested	 for	 the	 level	 of	 knockdown,	 the	 majority	 of	 cells	 remaining	 were	 the	

puromycin	 selected,	 positively	 transfected	 cells,	 which	 significantly	 boosted	 the	

overall	 signal	 with	 regard	 to	 the	 level	 of	 knockdown.	 Moreover,	 since	 we	 had	

enriched	 for	 transfected	 cells	 through	 puromycin	 selection,	 majority	 of	 the	

surviving	FACS	sorted	clones	were	knock	out	cells,	which	significantly	accelerated	

the	 process	 of	 screening,	 since	 80-90%	 of	 clonal	 colonies	 were	 knock	 outs	 for	

SGK3.	Following	the	generation	of	the	SGK3	KO	in	HEK	293	cells,	numerous	other	

researchers	have	had	similar	success	with	the	paired	guide	Crispr/Cas9	approach.	

This	 approach	 can	 be	 used	 in	 any	 cell	 line,	 without	 the	 need	 for	 stable	 Cas9	

expression	and	will	significantly	accelerate	research	in	all	fields	and	were	heavily	

utilized	in	my	own	work.	
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3.6.1	Chapter	3	-	Summary	

	

To	summarise	the	findings	of	the	present	chapter,	administration	of	VPS34-IN1	to	

cells	induced	a	rapid	decline	in	SGK3	activity	within	a	minute,	without	affecting	the	

PI3K	Class	I	mediated	regulation	of	Akt.	This	was	accompanied	by	a	rapid	60-80%	

loss	of	SGK3	phosphorylation,	depending	on	cell	type	and	whether	endogenous	or	

overexpressed	SGK3	was	assessed.	VPS34-IN1	did	not	however,	suppress	activity	

of	SGK1	or	SGK2,	which	do	not	possess	a	PX	domain.	Moreover,	inhibition	of	Vps34	

induced	 a	moderate	 activation	 of	 SGK1	 suggesting	 that	 there	may	 be	 a	 feedback	

control	mechanism	operating	 between	Vps34/SGK3	 and	 SGK1.	 Furthermore,	 the	

Class	I	PI3K	inhibitor	GDC0941,	which	does	not	inhibit	Vps34,	also	induced	a	40-

70%	loss	in	SGK3	activity	depending	on	cell	type,	while	combining	VPS34-IN1	and	

GDC0941	resulted	in	85%	reduction	of	SGK3	activity.	These	results	suggested	that	

SGK3	phosphorylation	and	activity	may	be	controlled	by	two	pools	of	PI(3)P,	one	

generated	 by	 Vps34	 at	 the	 endosome	 and	 the	 other	 by	 PI3K	 Class	 I	 through	

breakdown	of	PI(3,4,5)P3,	which	is	further	investigated	in	Chapter	4.		Additionally,	

I	show	the	first	successful	Crispr/Cas9	mediated	generation	of	knock	out	cell	lines	

undertaken	in	the	Unit.		
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CHAPTER 4 
GROWTH FACTOR ACTIVATION OF SGK3 IS 
REGULATED BY PI3K CLASS I AND VPS34 

	

4.1	INTRODUCTION	

	

In	 this	 Chapter,	 I	 explore	 the	 mechanisms	 by	 which	 SGK3	 is	 regulated.	 As	

mentioned	earlier	 in	Chapter	1,	SGK3	possesses	an	N-terminal	PI(3)P-binding	PX	

domain,	 that	 enables	 it	 to	 associate	 with	 endosomal	membranes,	 where	 a	 large	

fraction	of	the	cellular	pool	of	PI(3)P	is	located		(Virbasius	et	al.,	2001,	Tessier	and	

Woodgett,	2006a,	Bago	et	al.,	2014).	Endosomal	PI(3)P	is	generated	by	PI3K	Class	

III,	Vps34	that	phosphorylates	PI	to	generate	PI(3)P	(Backer,	2008).	Therefore,	in	

Chapter	 3,	 we	 first	 investigated	 the	 possibility	 that	 SGK3	might	 be	 regulated	 by	

Vps34.	Indeed,	we	were	able	to	provide	evidence	that	both	Vps34	and	PI3K	Class	I	

control	SGK3	activation,	both	in	overexpressed	(Bago	et	al.,	2014)	and	endogenous	

systems.	

	

Deregulation	 of	 the	 growth	 factor	 activated	 PI3K	Class	 I	 signalling	 pathway,	 has	

been	 implicated	 in	 a	 large	 variety	 of	 cancers.	 Akt	 is	 believed	 to	 be	 the	 master	

regulator	 of	 the	 PI3K	pathway	 and	 promotes	growth	 through	 inducing	mTORC1	

signalling	amongst	many	of	its	other	targets	(Hassan	et	al.,	2013).	Hyperactivation	

of	 Akt	 is	 often	 observed	 in	 cancers	 due	 to	 mutations	 of	 the	 PI3K	 pathway	 and	

therefore,	 many	 drugs	 have	 been	 developed	 to	 target	 PI3K-Akt	 signalling	

(McCubrey	et	al.,	2012).	Unfortunately	however,	use	of	many	of	these	drugs	has	led	

to	 development	 of	 resistance	 and	 relapse	 (Garrett	 et	 al.,	 2011).	 A	 number	 of	

interesting	 observations	 suggested	 a	 role	 for	 SGK	 isoforms	 in	 Akt	 independent	

signalling.	 For	 instance,	 a	 significant	 proportion	 of	 breast	 cancer	 cells	 with	

mutations	in	PTEN	or	PI3K	Class	I	are	inherently	resistant	to	inhibitors	of	PI3K	or	

Akt,	as	they	express	high	levels	of	SGK1	that	can	substitute	for	Akt	(Sommer	et	al.,	

2013,	 Castel	 et	 al.,	 2016).	 In	 human	 clinical	 trials,	 long-term	 administration	 of	 a	

Class	1	PI3Ka	inhibitor	(BYL719)	resulted	in	metastatic	tumours	in	some	patients	
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that	 became	 resistant	 to	 the	 inhibitor	 by	 upregulating	 SGK1(Castel	 et	 al.,	 2016).	

Other	studies	have	demonstrated	a	critical	reliance	upon	SGK3	in	the	pathogenesis	

of	hepatocellular	carcinoma	where	overexpression	of	SGK3	is	more	frequent	than	

Akt	 (Liu	 et	 al.,	 2012).	 Furthermore,	 a	 positive	 correlation	 was	 shown	 between	

SGK3	 expression	 and	 patient	 survival	 and	 prognosis	 in	 oestrogen	 receptor–

positive	breast	tumours,	when	no	correlation	with	AKT	expression	was	observed.	

Moreover,	 recent	 work	 in	 our	 laboratory	 has	 demonstrated	 that	 sustained	

inhibition	 of	 PI3K	 Class	 I	 or	 Akt	 also	 leads	 to	 increased	 SGK3	 expression	 and	

activity	 (Bago	 et	 al.,	 2014).	 Treatment	 of	 BT-474	 breast	 cancer	 cell-derived	

tumours	 in	 a	 xenograft	 model	 with	 a	 combination	 of	 SGK	 and	 Akt	 inhibitors	

induced	greater	tumour	regression	than	achieved	through	administration	of	either	

inhibitor	alone	(Bago	et	al.,	2016b).		

	

Taking	into	account	these	studies	and	that	SGK3	is	regulated	by	Vps34,	raises	the	

question	whether	external	stimuli	such	as	growth	factors	are	able	to	stimulate	the	

Vps34-SGK3	axis	 in	a	 similar	manner	 to	PI3K	Class	 I-Akt	 signalling.	 If	 this	 is	 the	

case,	 growth	 factor	 regulation	 of	 SGK3	 through	 Vps34	 could	 represent	 an	

analogous	and	compensatory	pathway	to	maintain	growth	and	proliferation	while	

the	PI3K	Class	I-Akt	pathway	remains	suppressed;	therefore,	this	could	confer	an	

important	 cancer	 drug	 resistance	 mechanism	 with	 significant	 implications	 for	

cancer	 therapy.	 In	 this	 Chapter,	 I	 investigate	 this	 possibility	 and	 demonstrate	 a	

previously	 unknown	 route	 through	which	 growth	 factors	 regulate	 SGK3.	 I	 show	

that	endogenous	SGK3	is	rapidly	activated	by	growth	factors	such	as	IGF1	not	only	

through	 PI3K	 Class	 I	 but	 also	 via	 stimulation	 of	 PI3K	 Class	 III,	 Vps34.	 I	 provide	

evidence	that	IGF1	enhances	endosomal	PI(3)P	levels	via	a	pathway	involving	the	

UV-RAG	complex	of	Vps34.		

	

Another	 aspect	 of	 SGK3	 regulation	 that	 remains	 unresolved	 is	 how	 PI3K	 Class	 I	

regulates	 SGK3	 activity.	 In	 Chapter	 3,	 I	 discussed	 the	 possibility	 that	 SGK3	 is	

regulated	by	two	pools	of	PI(3)P,	one	generated	by	Vps34	at	 the	endosomes	and	

another	 generated	 through	 the	 sequential	 dephosphorylation	 of	 PI(3,4,5)P3	 to	

PI(3,4)P2	and	PI(3)P	by	phosphatidylinositol	5-phosphatase	(SHIP2)	(Ooms	et	al.,	

2009)	 and	 phosphatidylinositol	 4-phosphatases	 (INPP4A/B)	 (Agoulnik	 et	 al.,	
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2011)	respectively.	Here	 I	provide	evidence	that	 IGF1	 induced	activation	of	PI3K	

Class	1	stimulates	SGK3	through	enhanced	production	of	PI(3)P	resulting	from	the	

dephosphorylation	 of	 PI(3,4,5)P3.	 There	 also	 remains	 the	 possibility	 that	 PI3K	

Class	I	regulation	of	mTORC2	mediates	SGK3	activation.	Although	disputed,	recent	

studies	have	reported	that	the	PH	domain	of	the	Sin1	subunit	of	mTORC2	directly	

interacts	 with	 PI(3,4,5)P3	 and	 regulates	 mTORC2	 activity.	 My	 findings	 are	

consistent	with	activation	of	PI3K	Class	I,	promoting	mTORC2	phosphorylation	of	

SGK3.	Finally,	I	also	explore	the	potential	of	well	established	oncogenes	to	regulate	

SGK3	and	find	that	oncogenic	Ras	activates	SGK3	solely	 through	the	PI3K	Class	 I	

pathway.		

	

The	 findings	 in	 this	 Chapter	 will	 highlight	 the	 versatility	 of	 upstream	 pathways	

that	 activate	 SGK3	 and	 help	 explain	 how	 SGK3	 substitutes	 for	 Akt	 following	

inhibition	of	Class	1	PI3K/Akt	pathways.		

	

	

4.2	ACTIVATION	OF	SGK3	BY	IGF1	

	

It	 is	well	 established	 that	growth	 factors	such	as	 IGF1	stimulate	 the	PI3K	Class	 I	

pathway	 and	 that	 this	 should	 result	 in	 activation	 of	 SGK3	 via	 this	 pathway.	

However,	whether	PI3K	Class	III,	Vps34,	is	also	responsive	to	external	stimuli	such	

as	 growth	 factors	 remains	 elusive.	 First,	 HEK293	 cells	 were	 serum	 starved	

overnight	and	stimulated	with	 insulin-like	growth	factor	(IGF1,	50	ng/ml)	 for	10	

minutes.	This	markedly	enhanced	endogenous	SGK3	kinase	activity	and	its	T-loop	

(Thr320)	 phosphorylation	 (Fig	 4.1A).	No	 SGK3	activity	 or	T-loop	 phosphorylation	

was	observed	in	SGK3	knock-out	HEK293	cells	analysed	in	parallel,	validating	the	

assay	approach	(See	Chapter	3	for	generation	of	SGK3	KO)	(Fig	4.1A).		

	

Consistent	 with	 previous	 work	 showing	 that	 both	 Akt	 and	 SGK	 phosphorylate	

NDRG1	at	Thr346	(Sommer	et	al.,	2013),	combined	treatment	with	the	Akt	inhibitor	

MK2206	(Hirai	et	al.,	2010)	and	the	SGK	inhibitor	14h	(Halland	et	al.,	2015,	Bago	et	

al.,	2016b)	was	required	to	 fully	suppress	NDRG1	Thr346	phosphorylation	 in	wild	
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type	HEK293	cells	(Fig	4.1B).	In	contrast,	in	SGK3	knock-out	cells,	treatment	with	

MK2206	inhibitor	alone	suppressed	NDRG1	phosphorylation	(Fig	4.1B).		

	

Having	confirmed	that	SGK3	is	activated	by	IGF1,	I	began	investigating	whether	

Vps34	mediated	regulation	of	SGK3	is	modulated	by	growth	factors	such	as	IGF1.		

	

Figure	4.1	–	SGK3	is	activated	by	IGF1	

	

	

Figure	4.1	–	(A)	Wild	type	(WT)	and	SGK3	knock	out	(KO)	HEK293	cells	were	serum	starved	for	16	
hours	prior	to	stimulation	with	or	without	50	ng/ml	IGF1	for	10	minutes.	Subsequently,	cells	were	
lysed	 and	 endogenous	 SGK3	 immunoprecipitated	 with	 anti-SGK3	 antibody.	 Immunoprecipitates	
were	 assayed	 for	 SGK3	 kinase	 activity	 by	measuring	 phosphorylation	 of	 the	 Crosstide	 substrate	
peptide	 in	 the	 presence	 of	 0.1	 mM	 32PgATP	 in	 a	 30	 min	 reaction.	 The	 lysates	 and	
immunoprecipitates	 were	 subjected	 to	 immunoblot	 analysis	 with	 the	 indicated	 antibodies	
following	the	kinase	assay.	Kinase	reactions	are	presented	as	means	±	SEM	for	triplicate	reactions.	
Similar	results	were	obtained	in	at	 least	two	independent	experiments.	(B)	As	in	(A)	except	cells	
were	treated	with	or	without	3	µM	14H	and/or	1	µM	MK2206	for	1	hour	before	stimulation	with	or	
without	50	ng/ml	IGF1	for	10	minutes.	Cell	lysates	were	subjected	to	immunoblot	analysis	with	the	
indicated	antibodies.	
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4.3	IGF1	MODULATES	VPS34	MEDIATED	REGULATION	OF	SGK3	

	

First	in	order	to	monitor	how	SGK3	activity	changes	with	IGF1	stimulation,	an	IGF1	

time	 course	was	 carried	 out.	 Time	 course	 analysis	 revealed	 that	 IGF1	 increased	

SGK3	activity	 from	a	 low	basal	 level	around	3	to	4-fold	within	1	min	and	10-fold	

within	2	to	5	min.	SGK3	remained	at	a	high	level	for	up	to	8h	(Fig	4.2A	&	4.2E).	In	

the	absence	of	IGF1,	treatment	with	the	PI3K	Class	III	inhibitor	VPS34-IN1,	which	

does	not	inhibit	PI3K	Class	 I	 (Bago	et	al.,	2014),	reduced	basal	SGK3	activity	and	

phosphorylation	of	NDRG1	Thr346	to	undetectable	levels	(Fig	4.2B).	VPS34-IN1	also	

blocked	 the	 stimulation	 of	 SGK3	 activity	 and	 NDRG1	 Thr346	 phosphorylation	

observed	 after	 1	 min	 IGF1.	 Between	 2	 min	 to	 8h	 IGF1	 stimulation,	 VPS34-IN-1	

treatment	reduced	SGK3	activation	to	around	4	-fold	(Fig	4.2B	&	4.2F).	Consistent	

with	VPS34-IN1	not	 inhibiting	PI3K	Class	 I,	Akt	(Thr308)	and	 its	selective	PRAS40	

(Thr246)	 substrate	 were	 normally	 phosphorylated	 in	 IGF1	 treated	 cells	 in	 the	

presence	of	VPS34-IN1	(Fig	4.2B	&	4.2F).		

	

In	 contrast,	 the	 PI3K	 Class	 I	 inhibitor	 GDC-0941,	 that	 does	 not	 inhibit	 VPS34	

(Folkes	 et	 al.,	 2008a),	 had	 no	 effect	 on	 basal	 SGK3	 activity	 or	 NDRG1	 Thr346	

phosphorylation	(Fig	4.2C	&	G).	Interestingly,	despite	PI3K	Class	I	inhibition	using	

GDC-0941,	 IGF1	 induced	 a	 delayed	 activation	 of	 SGK3	 and	 NDRG1	 Thr346	

phosphorylation,	gradually	increasing	from	between	5	minutes	to	60	minutes	IGF1	

stimulation	 (Fig	 4.2C);	 SGK3	 activity	 and	 NDRG1	 Thr346	 phosphorylation	 were	

maintained	up	to	the	8	hour	IGF1	time-point	in	the	presence	of	GDC-0941	(Fig	4.2C	

&	 4.2G),	 suggesting	 that	 IGF1	 activates	 SGK3	 via	 an	 alternative	 pathway,	 while	

PI3K	Class	 I	 is	suppressed.	Marked	 increase	of	NDRG1	Thr346	phosphorylation	 in	

the	presence	of	GDC-0941	was	noted	at	and	after	the	60	min	time	point.	Treatment	

with	VPS34-IN1	and	GDC-0941	together	blocked	IGF1	stimulation	of	SGK3	activity	

at	all	time-points	(Fig	4.2D	&	4.2H);	again,	alluding	that	both	PI3K	Class	I	and	Class	

III	 (Vps34)	 are	 involved	 in	 the	 regulation	 of	 IGF1	 induced	 SGK3	 activity.	 A	

moderate	stimulation	of	NDRG1	Thr346	phosphorylation	at	 the	60	min	time	point	

was	 observed	 in	 the	 presence	 of	 both	VPS34-IN1	 and	GDC-0941,	 indicating	 that	

another	NDRG1	kinase	may	become	slowly	activated	under	these	conditions	(Fig	

4.2D	&	H).	
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Figure	4.2	-	Class	I	and	Class	III	PI3Ks	mediate	IGF1	induced	SGK3	activity	

0-60min	IGF1	time	course	

	

	
	
Figure	4.2	–	See	figure	legend	on	next	page	
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Figure	4.2	Continued	-	Class	I	and	Class	III	PI3Ks	mediate	IGF1	induced	SGK3	activity		

0-8	hour	IGF1	time	course	

	
	
Figure	4.2	–	HEK293	cells	were	serum	starved	(SS)	for	16	hours.	1	hour	prior	to	stimulation	cells	were	left	untreated	(A	&	E)	or	treated	with	1	µM	VPS34-IN1	(B	&	F))	or	0.5	µM	GDC-
0941	(C	&	G))	or	1	µM	VPS34-IN1	and	0.5	µM	GDC-0941	(D	&	H).	Cells	were	then	stimulated	with	50	ng/ml	IGF1	for	the	indicated	times	in	the	presence	of	inhibitors.	Cells	were	lysed	
and	endogenous	SGK3	immunoprecipitated	with	anti-SGK3	antibody.	The	lysates	and	immunoprecipitates	were	subjected	to	immunoblot	analysis	with	the	indicated	antibodies,	after	

being	assayed	for	SGK3	kinase	activity	by	measuring	phosphorylation	of	the	Crosstide	substrate	peptide	in	the	presence	of	0.1	mM	32PgATP	in	a	30	min	reaction.	Kinase	reactions	are	
presented	as	means	±	SEM	for	triplicate	reactions.	Similar	results	were	obtained	in	at	least	two	independent	experiments	for	all	data	shown.	
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4.4	SGK3	IS	ACTIVATED	BY	GROWTH	FACTORS,	INSULIN	AND	ONCOGENES	

	

4.4.1	SGK3	is	activated	by	Insulin	and	EGF.		

	

To	 assess	 which	 other	 external	 stimuli	 are	 capable	 of	 inducing	 SGK3	 activity,	 a	

number	 of	 other	 growth	 factors	 and	 stimulants	 were	 tested.	 Stimulation	 of	

HEK293	 cells	with	 insulin	 (100	 nM),	 epidermal	 growth	 factor	 (EGF,	 100	 ng/ml)	

and	 serum	 (10%	 [v/v])	 induced	 a	 3	 to	 20-fold	 activation	 of	 SGK3	 (Fig	 4.3).	 In	

contrast,	FGFbasic	(50	ng/ml),	tissue	plasminogen	activator	(400	ng/ml)	or	H202	(1	

mM)	failed	to	significantly	stimulate	SGK3	at	a	15	min	time	point	despite	inducing	

a	low	level	of	NDRG1	Thr346	phosphorylation.	EGF	is	generally	a	strong	activator	of	

the	 Ras-Raf-MEK1/2-ERK1/2	 pathway	 (Mendoza	 et	 al.,	 2011)	 and	 as	 expected,	

EGF	 induced	 significant	 activation	 of	 ERK1/2	 (Thr202/Tyr204)	 (Fig	 4.3).	 	 FGFbasic	

also	 induced	 a	 marked	 phosphorylation	 of	 ERK1/ERK2	 (Thr202/Tyr204),	 with	 a	

small	degree	of	ERK	activation	by	serum.	In	contrast,	insulin	and	IGF1	are	weaker	

Ras-ERK	 pathway	 activators,	 thus	 changes	 in	 ERK	 phosphorylation	 cannot	 be	

observed	following	treatment	with	these	stimuli	for	15	minutes	(Fig	4.3).	
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Figure	4.3	–	SGK3	activity	is	induced	by	growth	factors	and	insulin		

	

	

	
Figure	 4.3	 –	 HEK293	 cells	 were	 serum	 starved	 (SS)	 for	 16	 hours	 prior	 to	 stimulation	 with	 or	
without	 the	 indicated	 concentrations	 of	 IGF1,	 EGF,	 insulin,	 FGF,	 TPA,	 H202	 and	 serum	 for	 15	
minutes.	 Endogenous	 SGK3	 was	 immunoprecipitated	 from	 the	 lysates	 and	 SGK3	 kinase	 activity	
assessed	by	measuring	phosphorylation	of	 the	Crosstide	substrate	peptide	 in	 the	presence	of	0.1	
mM	32PgATP	in	a	30	min	reaction.	Both	immunoprecipitates	and	lysates	were	subjected	to	western	
blotting	with	the	indicated	antibodies.	
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4.4.2	Oncogenic	Ras,	ERBB2	and	EGFR	activate	SGK3	

Next	the	ability	of	established	oncogenes	to	induce	SGK3	activity	was	investigated.	

The	 RAS	 genes	 are	 the	most	 frequently	mutated	 oncogene	 family	 in	 cancer	 and	

amongst	these,	KRAS	is	most	often	mutated		(Cox	et	al.,	2014,	Cox	and	Der,	2010).	

Moreover	 KRAS[G12C],	 KRAS[G12D]	 and	 NRAS[G12D]	 are	 some	 of	 the	 most	

common	 Ras	 mutations	 observed	 in	 lung	 and	 pancreatic	 cancers	 (Wilson	 and	

Tolias,	2016,	Hobbs	et	al.,	2016).	Cross-activation	between	Ras-ERK	and	PI3K-Akt	

pathways	 is	 a	well-known	phenomenon	 (Mendoza	et	 al.,	 2011)	and	Ras-GTP	can	

directly	 bind	 to	 and	 allosterically	 activate	 PI3K	 Class	 I	 (Suire	 et	 al.,	 2002,	

Rodriguez-Viciana	 et	 al.,	 1994,	 Kodaki	 et	 al.,	 1994).	 However,	 whether	 these	

oncoproteins	 are	 able	 to	 activate	 SGK3	 and/or	Vps34	 has	 not	 been	 studied.	 The	

ERBB	family	of	receptors	activate	numerous	downstream	pathways	including	the	

Ras-ERK	 and	 PI3K-Akt	 pathways.	 Aberrant	 tyrosine	 kinase	 activity	 of	 the	 ERBB	

family,	 including	 EGFR,	 results	 in	 tumourigenesis	 and	 can	 occur	 through	

overexpression,	 point	mutations,	 partial	 deletions	 and	 autocrine	 ligand–receptor	

stimulation	 (Tebbutt	 et	 al.,	 2013,	 Hynes	 and	 MacDonald,	 2009).	 Breast	 cancer	

genome	 sequencing	 experiments	 revealed	 several	 ERBB2	 (HER2)	 somatic	

mutations	 in	 cancers	 lacking	 gene	 amplification,	 including	 V842I	 (Kavuri	 et	 al.,	

2015,	Bose	et	al.,	2013).	A	common	EGFR	mutation	includes	L834R	and	is	frequent	

in	lung	cancers	(Red	Brewer	et	al.,	2013,	Paez	et	al.,	2004).	

	

To	 assess	 their	 effect	 on	 endogenously	 expressed	 SGK3,	 HEK293	 cells	 were	

transiently	 transfected	 with	 KRAS[G12C],	 KRAS[G12D],	 NRAS[G12D],	

ERBB2[V842I]	and	EGFR[L834R]	oncogenes	under	conditions	where	80%	of	cells	

were	transfected.	This	revealed	that	all	oncogenes	tested,	stimulated	SGK3	activity	

2-5-fold	and	enhanced	NDRG1	 (Thr346),	Akt	 (Thr308)	 and	ERK1/2	 (Thr202/Tyr204)	

phosphorylation	(Fig	4.4A).	The	Ras	oncogenes	had	by	far	the	greatest	impact	on	

the	induction	of	SGK3	activity	and	was	therefore	further	tested	with	inhibitors	of	

PI3K	Class	 I	and	Vps34.	Strikingly,	VPS34-IN1	had	 little	effect	on	SGK3	activation	

or	NDRG1	Thr346	phosphorylation	induced	by	overexpression	of	oncogenic	KRAS,	

which	was	instead	blocked	by	GDC-0941	(Fig	4.4B).	This	suggests	that	unlike	IGF1,	

oncogenic	KRAS	is	activating	SGK3	through	the	PI3K	pathway	and	not	Vps34.		
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Figure	4.4	–	Oncogenic	Ras	induces	SGK3	activity	

	

	

	
Figure	4.4	–	(A)	HEK293	cells	were	transiently	transfected	when	60%	confluent,	with	KRAS[G12C],	
KRAS[G12D],	 NRAS[G12D],	 ERBB2[V842I]	 and	 EGFR[L833R]	 (All	 HA	 epitope	 tagged).	 48	 hours	
later,	WT	and	transfected	cells	were	serum	starved	(SS)	for	16	h	before	cells	were	lysed	without	
further	stimulation.	Endogenous	SGK3	was	immunoprecipitated	from	the	lysates	and	SGK3	kinase	
activity	assessed	by	measuring	phosphorylation	of	the	Crosstide	substrate	peptide	in	the	presence	
of	0.1	mM	32PgATP	 in	a	30	min	reaction.	Both	immunoprecipitates	and	 lysates	were	subjected	 to	
western	 blotting	 with	 the	 indicated	 antibodies.	 (B)	 As	 in	 (A)	 except	 that	 HEK293	 cells	 were	
transiently	 transfected	with	KRAS[G12C]	 and	KRAS[G12D]	and	 following	 serum	 starvation,	were	
treated	with	or	without	VPS34-IN	(1µM)	and	/or	GDC-0941	(0.5	µM)	prior	to	stimulation	with	50	
ng/ml	 IGF1	 for	 10	min.	 Kinase	 reactions	 are	 presented	 as	means	 ±	 SEM	 for	 triplicate	 reactions.	
Similar	results	were	obtained	in	at	least	two	independent	experiments	for	all	data	shown.	
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4.5	MECHANISM	OF	VPS34	REGULATION	OF	IGF1	INDUCED	SGK3	ACTIVITY	

4.5.1	IGF1	enhances	endosomal	PI(3)P	

Next,	 I	 sought	 to	 understand	 how	 growth	 factors	 such	 as	 IGF1	 might	 regulate	

Vps34	mediated	 SGK3	 activity.	 I	 therefore	 investigated	 whether	 IGF1	 is	 able	 to	

stimulate	generation	of	PI(3)P	by	Vps34	 in	 cells.	To	assess	 intracellular	 levels	of	

PI(3)P,	 a	 previously	 described	 method	 was	 employed	 (Munson	 et	 al.,	 2015),	 in	

which	 cells	were	 fixed	with	 formaldehyde	and	 then	exposed	 to	a	 combination	of	

recombinant	wild	type	PI(3)P-binding	region	of	the	HRS2	FYVE	domain	conjugated	

to	Alexa	Fluor-488	(green	dye	labelled)	and	the	non-PI(3)P-binding	point	mutant	

of	this	FYVE	domain	conjugated	to	Alexa	fluor-594	(red	dye	labelled).	The	levels	of	

green	 and	 red	 probe	 remaining	 associated	 with	 cell	 structures	 resembling	

endosomes	after	washing,	was	used	to	assess	endosomal	levels	of	PI(3)P	(Fig	4.5).		

	

These	experiments	revealed	that	in	wild	type	serum	starved	cells,	consistent	with	

previous	 work	 (Munson	 et	 al.,	 2015),	 the	 wild	 type	 PI(3)P-binding	 HRS2	 FYVE	

domain	probe	associated	with	punctate	structures	resembling	endosomes,	whilst	

localisation	of	the	non-PI(3)P	binding	probe	was	more	diffuse	and	consistent	with	

background	binding	(Fig	4.5,	compare	upper	and	 lower	panels).	 IGF1	stimulation	

for	10	minutes	increased	~2-fold	the	number	of	punctate	structures	in	3	separate	

experiments	(compare	Fig	4.5A,	C	&	I).		

	

Treatment	 with	 VPS34-IN1	 had	 a	 marked	 effect	 and	 reduced	 the	 number	 of	

punctate	structures	and	the	amount	of	staining	associated	with	each	cell	to	below	

serum	starved	levels	(Fig	4.5E	&	I).	GDC-0941	only	induced	a	moderate	reduction	

in	 binding	 of	 the	 PI(3)P-probe	 to	 endosome	 structures	 (Fig	 4.5G	 &	 I).	 IGF1	

stimulation	had	no	effect	on	binding	of	 the	mutant	probe	 in	the	red	channel	(Fig	

4.5B,	D,	F,	H).	
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Figure	4.5	-	IGF1	stimulation	enhances	endosomal	PI(3)P		

	

Figure	4.5	–	HEK293	cells	were	serum	starved	overnight	then	treated	as	indicated	with	or	without	VPS34-IN	(1µM)	and	/or	GDC-0941	(0.5	µM)	for	60	minutes	
prior	to	stimulation	with	50	ng/ml	IGF1	for	15	minutes.	Cells	were	subsequently	fixed	with	4%	(v/v)	paraformaldehyde	and	stained	with	recombinant	wild	type	
(WT)	PI(3)P	binding	probe,	FYVE	domain	of	HRS[147-223]	conjugated	to	Alexa	Fluor-488	conjugate	(green	channel)	(A,	C,	E,	G)	or	with	the	mutant	non-PI(3)P	
binding	 FYVE	domain	 of	HRS[147-223,	H176A/H177A]	 (red	 channel,	 Alexa	 594).	 (B,	D,	F,	H).	 (I)	 The	 histogram	displays	 quantitation	 of	 the	 sum	 fluorescence	
intensity	 of	 PX	 domain	 staining	 on	 endosomal	 structures	 from	 3	 separate	 experiments	 ±	 S.E.M.	 SS	 –	 serum	 starved;	 NS	 –	 not	 significant;	 *	 p<0.05.
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4.5.2	IGF1	enhances	endosomal	localisation	of	SGK3	via	Vps34	

To	 investigate	 localisation	 of	 endogenous	 SGK3	 in	 HEK293	 cells,	 we	 deployed	 a	

CRISPR/CAS9	approach	to	homozygously	knock-in	a	GFP	tag	onto	the	C-terminus	

of	 SGK3	 as	 described	 in	 Chapter	 3.	 GFP	 immunofluorescence	 analysis	 of	 serum	

starved	cells	 revealed	 that	 a	significant	proportion	of	 SGK3-GFP	was	 co-localised	

with	the	EEA1	endosomal	marker	and	 located	 in	punctate	structures	(Fig	4.6A	&	

B).	 Stimulation	with	 IGF1	 for	 10	 min,	 induced	 a	 ~2-fold	 increase	 in	 endosomal	

localisation	of	SGK3-GFP	with	EEA1	in	3	independent	experiments	(Fig	4.6C,	D,	I).	

Vps34	 inhibition	 with	 VPS34-IN1	 under	 IGF1	 stimulated	 conditions	 ablated	

endosomal	localisation	of	SGK3-GFP	(Fig	4.6E,	F,	I).	Conversely,	GDC-0941	had	no	

significant	effect	on	SGK3-GFP	endosomal	localisation	(Fig	4.6G,	H,	I).	Collectively	

this	suggests	that	IGF1	enhances	PI(3)P	generation	through	Vps34,	which	enables	

increased	recruitment	of	SGK3	to	the	endosomes	where	it	becomes	activated.		

	

It	is	interesting	to	note	that	while	GDC0941	strongly	attenuates	SGK3	activity	(Figs	

4.2	&	4.4)	and	 is	able	 to	 induce	some	reduction	 in	total	PI(3)P	 levels	(Fig	4.5),	 it	

does	not	impact	SGK3-GFP	localisation	at	the	endosomes	(Fig	4.6).	Although	most	

of	 the	 PI(3)P	 appears	 to	 be	 associated	 to	 punctate	 structures	 resembling	

endosomes	 (Fig	4.5),	 it	 is	 likely	 that	 there	 is	 some	PI(3)P	 in	 these	 images	that	 is	

associated	to	non-endosomal	structures,	which	is	affected	by	GDC0941	treatment.	

The	reduction	in	total	PI(3)P	observed	with	GDC0941	treatment	is	consistent	with	

the	finding	that	PI(3)P	is	also	generated	through	the	PI3K	Class	I	pathway	through	

sequential	 dephosphorylation	 of	 PI(3,4,5)P3	 by	 SHIP2	 and	 INPP4A/B,	 which	 is	

discussed	later	 in	 this	chapter;	 it	is	however,	unknown	where	this	pool	of	PI(3)P	

generated	via	PI3K	Class	1	 resides	as	 it	 cannot	be	 clearly	 resolved	at	 the	plasma	

membrane,	where	one	might	expect	it	to	be.		GFP-SGK3	is	quantitated	on	the	basis	

of	 colocalisation	with	 the	 early	 endosomal	marker	 EEA1,	 at	 the	 endosomes	 (Fig	

4.6).	Therefore,	in	this	particular	experiment,	we	cannot	quantitate	or	deduce	the	

effect	 of	 GDC0941	 on	 SGK3	 localisation	 in	 any	 region	 of	 the	 cell,	 except	 the	

endosomes.	 The	 data	 presented	 (Fig	 4.6)	 suggests	 that	 PI3K	 Class	 I	 does	 not	

regulate	 SGK3	 activation	 at	 the	 endosomes.	 However,	 because	 the	 localisation	

experiments	 are	 based	 on	 diffraction-limited	 fluorescence	 intensity	
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measurements,	an	alternative	possibility	is	that	the	resolution	may	be	not	be	high	

enough	to	detect	small	changes	in	SGK3	localisation	induced	by	GDC0941.	

	
	
	
Figure	 4.6	 –	 IGF1	 stimulation	 enhances	 recruitment	 of	 SGK3-GFP	 to	 the	
endosomes.	
	

	

Figure	–	4.6	–	(A-H)	SGK3-GFP	knock-in	HEK293	cells	were	serum	starved	overnight	and	treated	
as	 above	 prior	 to	 IGF1	 stimulation.	 Cells	 were	 fixed	with	 4%	 (v/v)	 paraformaldehyde	 and	 GFP	
distribution	 visualized	 using	 chicken	 anti-GFP	 primary	 and	 anti-chicken	 Alexa	 Fluor-488	 to	
enhance	the	GFP	signal	(upper	panel).	SGK3	co-localisation	with	the	early	endosomal	marker	EEA1	
was	visualized	using	rabbit	anti-EEA1	primary	and	anti-rabbit	Alexa	Fluor-594	secondary	antibody	
(lower	panel).	(I)	The	histogram	displays	a	representative	quantitation	of	the	sum	of	 intensity	of	
fluorescent	 signal	 from	SGK3-GFP,	 co-localising	with	 the	EEA1	marker	 at	 the	 endosomes	±S.E.M	
following	the	various	treatments	(increase	in	GFP-SGK3	levels	at	the	endosomes	ranged	from	30-
60%	upon	addition	of	IGF1	compared	to	serum	starved	conditions).		SS	–	serum	starved.	
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4.5.3	 IGF1	 changes	 endosomal	 localisation	 of	 UV-RAG	 but	 not	 Vps34	 and	
Beclin1		
	

The	Vps34	complex	 is	comprised	of	 the	core	subunits	Vps34,	Beclin1	and	Vps15;	

this	core	complex	interacts	with	many	different	binding	partners	such	as	UV-RAG	

and	 Rubicon,	 forming	 distinct	 complexes	 that	 carry	 out	 diverse	 functions	 in	

autophagy	and	endocytic	trafficking	(Funderburk	et	al.,	2010).	To	better	study	the	

Vps34	complex,	we	employed	the	CRISPR/CAS9	approach	to	generate	homozygous	

knock-in	 mutations	 in	 which	 GFP	 was	 fused	 to	 the	 Vps34	 catalytic	 subunit	 (N-

terminus),	the	UV-RAG	subunit	(C-terminus)	and	the	Beclin1	subunit	(C-terminus)	

as	described	earlier	(Chapter	3,	also	Chapter	4	-	Fig	4.8A).		

	

GFP-Vps34,	 UV-RAG-GFP	 and	 Beclin1-GFP	 cells	were	 serum	 starved	 and	 treated	

with	or	without	 the	PI3K	Class	 I	 and	Vps34	 inhibitors,	GDC0941	and	VPS34-IN1	

respectively,	 followed	 by	 IGF1	 stimulation.	 Formaldehyde	 fixed	 cells	 were	

visualised	 under	 the	 microscope.	 Endogenous	 GFP-Vps34,	 UV-RAG-GFP	 and	

Beclin1-GFP	localised	with	EEA1	at	the	endosomes	in	serum	starved	cells	(Fig	4.7).		

	

Stimulation	with	 IGF1	did	not	 significantly	alter	endosomal	 localisation	of	Vps34	

or	 Beclin1	 (Fig	 4.7C	 &	 U).	 However,	 5	minutes	 of	 IGF1	 stimulation	 appeared	 to	

have	 triggered	 UV-RAG-GFP	 containing	 complexes	 to	 move	 to	 alternative	

compartments	judging	by	the	50%	decrease	in	endosomal	localisation	of	UV-RAG-

GFP.	 Interestingly,	 at	 the	 5	minute	 IGF1	 time	 point,	 there	 appears	 to	 be	 a	 small	

reduction	 in	 the	 endosomal	 localisation	 of	 GFP-Vps34,	 albeit	 not	 significant	 but	

this	small	change	may	correspond	to	the	proportion	of	UV-RAG	containing	Vps34	

complexes	 out	 of	 the	 total	 Vps34	 pool.	 UV-RAG-GFP	 later	 re-appeared	 at	 the	
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endosomes	by	60	minutes	of	IGF1	stimulation,	at	which	point,	the	small	reduction	

of	GFP-Vps34	at	the	endosomes	was	also	restored.	VPS34-IN1	treatment	induced	a	

change	in	morphology	of	EEA1,	GFP-Vps34	(Fig	4.7E	&	F),	UV-RAG-GFP	(Fig	4.7N	&	

O)	and	Beclin1-GFP	(4.7W	&	X)	associated	endosomal	structures.	GDC-0941	had	no	

effect	on	the	localisation	of	any	Vps34	component	(Fig	4.7G,	H,	P,	Q).	 It	would	be	

important	to	repeat	the	localisation	studies	of	Vps34	and	UV-RAG	using	additional	

endosomal	markers,	 such	as	 the	 late	endosome	marker	Rab7,	 to	 further	 confirm	

the	 changes	 in	 localisation	 of	 UV-RAG-GFP	 induced	 by	 IGF1	 stimulation	 at	

endosomes.
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Figure	4.7	–	IGF1	changes	localisation	of	UV-RAG	but	not	Vps34	and	Beclin1.	

	

See	figure	legend	on	next	page	
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Figure	4.7	continued	–	IGF1	changes	localisation	of	UV-RAG	but	not	Vps34	and	Beclin1.	

	

	

	

Figure	4.7	-	GFP-Vps34	(A	to	I),	UV-RAG-GFP	(J	to	R)	and	Beclin1-GFP	(S-Zii)	knock-in	HEK293	cells	were	serum	starved	(SS)	overnight	and	treated	as	indicated	
with	or	without	VPS34-IN	(1µM)	and	/or	GDC-0941	(0.5	µM)	for	60	minutes	prior	to	stimulation.	Cells	were	subsequently	fixed	with	4%	(v/v)	paraformaldehyde	
and	GFP	distribution	visualized	using	chicken	anti-GFP	primary	and	anti-chicken	Alexa	Fluor-488	to	enhance	the	GFP	signal.	Co-localisation	of	Vps34	or	UV-RAG	
with	early	endosomal	EEA1	marker	was	visualized	using	rabbit	anti-EEA1	primary	and	anti-rabbit	Alexa	Fluor-594	secondary	antibody,	Histograms	displays	
quantitation	of	the	sum	of	intensity	of	fluorescent	signal	from	GFP-Vps34	(I)	or	UV-RAG-GFP	(R)	or	Beclin1-GFP	(Zii)	co-localising	with	the	EEA1	marker	±S.E.M	
following	the	various	treatments.		(NS	=	not	significant;	*	=	p<0.05).
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4.5.4	IGF1	does	not	directly	alter	Vps34	activity	

To	 further	 examine	 how	 IGF1	 enhances	 PI(3)P	 production	 at	 the	 endosomes,	

Vps34	lipid	kinase	activity	was	assessed.	To	do	this,	endogenous	GFP	tagged	Vps34	

and	 UV-RAG	 were	 immunoprecipitated,	 employing	 high	 affinity	 GFP	 ‘Trap’	

antibodies.	Immunoblot	analysis	confirmed	that	similar	levels	of	Beclin-1	and	UV-

RAG	were	 immunoprecipitated	with	GFP-Vps34	 and	UV-RAG-GFP	 (Fig	4.8B).	We	

consistently	 observed	 around	3-fold	 higher	 levels	 of	 Vps34	 and	VPS15	were	 co-

immunoprecipitated	 with	 GFP-Vps34	 compared	 to	 UV-RAG-GFP.	 The	

immunoprecipitates	were	 subjected	 to	 a	 PI3-kinase	 assay	 and	 formation	 of	 32P-

PI(3)P	assessed	by	thin	layer	chromatography	and	autoradiography.	As	expected,	

when	 GFP	 immunoprecipitations	were	 undertaken	 from	wild	 type	 HEK293	 cells	

not	 expressing	 GFP	 tagged	 Vps34	 subunits,	 no	 PI3K	 activity	 was	 detected	 (Fig	

4.8B).	 Significant	 PI3K	 activity	 was	 detected	 in	 the	 immunoprecipitates	 derived	

from	 GFP-Vps34	 and	 UV-RAG-GFP	 that	 was	 sensitive	 to	 VPS34-IN1	 (Fig	 4.8B).	

Stimulation	of	cells	with	IGF1,	conditions	that	activate	SGK3	over	10-fold,	did	not	

significantly	affect	PI3K	activity	measured	in	these	assays	(Fig	4.8B).		
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Figure	4.8	–	IGF1	does	not	stimulate	Vps34	activity	

	

	

Figure	4.8	–	(A)	Wild	type	(WT),	GFP-Vps34	or	UV-RAG-GFP	knock-in	HEK293	cells	were	cultured	
in	serum	lysed	and	subjected	to	immunoblot	analysis	with	the	indicated	antibodies.	(B)	Wild	type	
(WT),	 GFP-Vps34	 or	UV-RAG-GFP	 knock-in	HEK293	cells	were	 serum	 starved	 overnight	 prior	 to	
treatment	with	or	without	50	ng/ml	 IGF1	 for	15	min.	 Cells	were	subsequently	 lysed	using	a	1%	
(v/v)	NP-40	lysis	buffer	and	immunoprecipitations	undertaken	using	the	GFP-TRAP	antibodies.	The	
immunoprecipitates	were	subjected	to	a	kinase	assays	in	the	presence	of	PI	(5µg/reaction),	0.1	mM	
32PgATP	for	a	30	min	reaction	measure	in	the	absence	or	presence	VPS43-IN1	(1	µM)	as	indicated.	
Reactions	were	chromatographed	on	a	Silica	60	TLC	plate	and	32P-radioactivity	associated	with	the	
spot,	 corresponding	 to	 PI(3)P,	 was	 visualized	 by	 autoradiography	 and	 quantified	 by	 Cerenkov	
scintillation.	 Immunoprecipitates	were	 also	 subjected	 to	 immunoblot	 analysis	with	 the	 indicated	
antibodies.	Kinase	reactions	are	presented	as	means	±	SEM	for	triplicate	reactions.	Similar	results	
were	obtained	in	at	least	two	independent	experiments	for	all	data	shown.	
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4.6	 GENETIC	 EVIDENCE	 FOR	 VPS34	 REGULATION	OF	 SGK3	 ACTIVATION	BY	
IGF1	
	

4.6.1	Generation	of	AdPROM	Mediated	Knockdown	of	Vps34	Subunits	

To	study	the	 impact	 that	knock-down	of	Vps34	or	UV-RAG	had	on	SGK3	activity,	

we	employed	a	recently	described	method	termed	Affinity	Directed	Protein	Missile	

System	(AdPROM)	(Chapter	2	-	Methods)	(Fulcher	et	al.,	2016,	Fulcher	et	al.,	2017)	

to	 induce	 ubiquitylation	 and	 proteasome	 mediated	 degradation	 of	 endogenous	

knock-in	GFP-Vps34	and	UV-RAG-GFP	HEK293	cells.	This	approach	involves	use	of	

retroviral	overexpression	of	the	VHL1	E3	ligase	fused	to	an	anti-GFP	nanobody-16	

(VHL-aGFP16)	that	binds	and	induces	degradation	of	GFP	fusion	knock-in	proteins	

(4.9A	 &	 B).	 While	 Crispr/Cas9	 technology	 enables	 complete	 knock	 out	 of	many	

genes,	 this	 is	 not	 possible	 with	 genes	 essential	 for	 cell	 survival.	 Vps34	 is	 also	

required	 for	 cell	 survival.	 Previous	 attempts	made	 to	 generate	Vps34	 knock	 out	

MEFs	 resulted	 in	 significant	 loss	 of	 cell	 viability;	 prolonged	 ablation	 of	 Vps34	

resulted	 in	 cell	 vacuolisation,	 breakdown	 of	 the	 lysosomal	 compartment	 and	

impaired	 lysosomal	 degradation	 (Devereaux	 et	 al.,	 2013).	 These	 issues	 have	

impeded	the	study	of	Vps34.	The	advantage	of	the	AdPROM	system	is	that	it	can	be	

used	 to	 constitutively	 degrade	 essential	 genes	 such	 as	Vps34,	without	 impacting	

cell	viability	while	maintaining	the	cell	lines	in	culture	for	weeks.	

	

Remarkably,	 application	 of	 this	 method	 resulted	 in	 ~90%	 knockdown	 of	 GFP-

Vps34	 (Fig	 4.9C),	 UV-RAG-GFP	 (Fig	 4.9C)	 and	 Beclin1-GFP	 (Fig	 4.11A)	 subunits	

without	 impacting	 cell	 viability.	 Knockdown	 of	 GFP-Vps34	was	 accompanied	 by	

reduction	of	Beclin1,	Vps15	and	UV-RAG	(Fig	4.9C).	Knockdown	of	UV-RAG	also	led	

to	reduction	in	Beclin1	and	Vps15	levels	but	without	impacting	Vps34	expression	

(Fig	4.9C).	
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Figure	 4.9	 –	 AdPROM	 technology	 to	 knock	 down	 GFP	 tagged	 endogenous	
proteins		

	

	
	
Fig	4.9	–	(A)	Schematic	overview	of	the	AdPROM	mechanism.	(B)	Schematic	representation	of	the	
AdPROM	workflow.	(C)	GFP-Vps34	and	UV-RAG-GFP	HEK	293	cells	generated	by	Crispr/Cas9	were	
transfected	with	the	AdPROM	construct	(pBabe-VHL-aGFP).	Degradation	of	endogenous	Vps34	was	
assessed	 by	 immunoblotting	 of	wild-type	 (WT),	 GFP-Vps34	 (KI),	 UV-RAG-GFP	 (KI)	 and	AdPROM	
mediated	 GFP-Vps34	 (KD)	 and	 GFP-UV-RAG	 (KD)	 knockdown	HEK	 293	 cells	 with	 the	 indicated	
antibodies.	
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4.6.2	Evidence	that	the	UV-RAG	complex	plays	a	role	in	IGF1	induced	activation	
of	SGK3.		
	

To	 provide	 genetic	 evidence	 that	 Vps34	 is	 involved	 in	 the	 regulation	 of	 IGF1	

mediated	 SGK3	 induction,	 endogenous	 SGK3	 kinase	 activity	 was	 measured	 in	

control	and	Vps34	knock	down	HEK	293	cells.		

	

The	 control	 cells	which	expressed	only	 the	anti-GFP	nanobody-16	 (aGFP16)	 (Fig	

4.10A	&	 B)	 showed	 similar	 expression	 of	 Vps34,	 Beclin1,	 Vps15	 and	 UV-RAG	 to	

wildtype	 and	 knock	 in	 (Fig	 4.9C)	 cells	 suggesting	 that	 the	 aGFP	nanobody	 alone	

does	not	 impact	expression	of	 the	GFP	 tagged	subunit	or	 its	 interacting	partners	

unless	 VHL	 is	 fused	 to	 it.	 As	 observed	 in	 Fig	 4.10A,	 expression	 of	 VHL-aGFP-16	

which	 resulted	 in	 90%	knock-down	of	 Vps34	also	 reduced	Beclin-1,	 VPS15,	 and	

UV-RAG	 levels	 compared	 to	 control	 cells,	 while	 knock-down	 of	 UV-RAG	 had	 no	

marked	effect	on	Vps34	expression,	but	reduced	levels	of	Beclin-1	and	VPS15	(Fig	

4.10B).	 As	 proof	 of	 principle,	 lipid	 kinase	 activity	 of	 the	 UVRAG-Vps34	 complex	

was	measured	in	control	and	UV-RAG	knockdown	cells	after	immunoprecipitation	

of	UVRAG-GFP,	 using	GFP	 ‘Trap’	 antibodies.	While	 control	 cells	 displayed	 a	 high	

level	 of	 UV-RAG-Vps34	 activity	 corresponding	 to	 the	 high	 level	 of	 UV-RAG-GFP	

immunoprecipitated;	 almost	 no	 UV-RAG	 could	 be	 immunoprecipitated	 from	 the	

knock	down	cells	which	resulted	in	much	lower	32P-PI(3)P	generation	(Fig	4.10C).	

No	 lipid	kinase	activity	could	be	detected	upon	treatment	with	VPS34-IN1	under	

any	condition.		

	

Kinase	 activity	 assays	 revealed	 that	 reducing	 expression	 of	 either	 Vps34	 or	 UV-

RAG	by	over	90%,	partially	inhibited	IGF1	induced	activation	of	SGK3	(Fig	4.10A	&	

B).	 It	 is	 interesting	 to	 note	 that	 despite	 the	 lower	 number	 of	 UV-RAG-Vps34	

complexes	compared	to	the	total	number	of	Vps34	complexes,	a	similar	reduction	

of	 SGK3	was	observed	 in	 the	UV-RAG	knockdown	as	 the	Vps34	knock-down	 (Fig	

4.10A	&	B);	this	suggests	that	it	is	the	UV-RAG	associated	Vps34	complexes	which	

regulate	 IGF1	 induced	 SGK3	 activation.	 The	 reduced	 SGK3	 activity	 in	 these	 cells	

could	 be	 further	 inhibited	 by	 VPS34-IN1	 indicating	 that	 low	 levels	 of	 Vps34	

complex	still	present	contribute	towards	SGK3	activity	(Fig	4.10A	&	B).		
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Figure	4.10	–	AdPROM	mediated	knockdown	of	Vps34	and	UV-RAG	reduces	
IGF1	induced	SGK3	activation.	
	

	

	
Figure	4.10	–	GFP-Vps34	(A)	or	UV-RAG-GFP	(B)	knock-in	HEK293	cells	that	stably	express	either	
the	anti-GFP	nanobody	(Control-aGFP16)	or	the	VHL-E3-ligase	–anti-GFP-nanobody	(VHL-aGFP16)	
were	generated	as	described	in	the	Materials	and	methods.	Cells	were	serum	starved	overnight	and	
treated	as	indicated	with	or	without	VPS34-IN	(1µM)	and	/or	GDC-0941	(0.5	µM)	for	60	minutes	
prior	 to	 stimulation	with	50	ng/ml	 IGF1	 for	15	min.	Endogenous	SGK3	was	 immunoprecipitated	
from	 cell	 lysates	 and	 kinase	 activity	 assessed	 by	 measuring	 phosphorylation	 of	 the	 Crosstide	
substrate	peptide	in	the	presence	of	0.1	mM	32PgATP	in	a	30	min	reaction.	Both	immunoprecipitates	
and	lysates	were	subjected	to	western	blotting	with	the	indicated	antibodies.	Kinase	reactions	are	
presented	as	means	 ±	 SEM	 for	 triplicate	 reactions.	 Similar	 results	were	 obtained	 in	 at	 least	 two	
independent	experiments	for	all	data	shown.	(C)	Control	(aGFP16)	or	UV-RAG	knockdown	(VHL-
aGFP16)	HEK293	cells	were	lysed	using	a	1%	(v/v)	NP-40	lysis	buffer	and	immunoprecipitations	
undertaken	using	 the	GFP-TRAP	 antibodies.	 The	 immunoprecipitates	were	 subjected	 to	 a	 kinase	
assay	in	the	presence	of	PI	(5µg/reaction),	0.1	mM	32PgATP	for	a	30	min	reaction	measure	in	the	
absence	or	presence	VPS43-IN1	(1	µM)	as	indicated.	Reactions	were	chromatographed	on	a	Silica	
60	TLC	plate	and	32P-radioactivity	associated	with	the	spot,	corresponding	to	PI(3)P,	was	visualized	
by	autoradiography.	Immunoprecipitates	were	also	subjected	 to	 immunoblot	analysis	with	a	UV-
RAG	antibody.	Similar	results	were	obtained	in	several	independent	experiments.	
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A	Beclin1	knockdown	cell	line	was	also	generated	using	the	GFP-Beclin1	HEK	293	

cells	by	AdPROM	technology	(Fig	4.11A).	Considering	Beclin1	is	a	core	subunit	of	

Vps34	complexes,	as	expected	knockdown	of	Beclin1	resulted	in	a	similar	decrease	

in	SGK3	activity	as	Vps34	knockdown	(Fig	4.11B).		

	

Figure	4.11	–	Impact	of	Beclin1	knockdown	on	SGK3	activity	

	

	

	
	
Figure	 4.11	 –	 (A)	Wild	 type	 (WT),	Beclin1-GFP	knock	in	 (KI)	and	Beclin1-GFP	knockdown	(KD)	
HEK	293	cells	were	lysed	and	immunoblotted	with	the	anti-Beclin1	antibody.	(B)	knock-in	HEK293	
cells	 that	 stably	 express	 either	 the	 anti-GFP	 nanobody	 (Control-aGFP16)	 or	 the	 VHL-E3-ligase	 –
anti-GFP-nanobody	(VHL-aGFP16)	were	generated	as	described	in	the	Materials	and	methods.	Cells	
were	serum	starved	overnight	and	treated	as	indicated	with	or	without	VPS34-IN	(1µM)	and	/or	
GDC-0941	(0.5	µM)	for	60	minutes	prior	to	stimulation	with	50	ng/ml	IGF1	for	15	min.	Endogenous	
SGK3	 was	 immunoprecipitated	 from	 cell	 lysates	 and	 kinase	 activity	 assessed	 by	 measuring	
phosphorylation	of	the	Crosstide	substrate	peptide	in	the	presence	of	0.1	mM	32PgATP	in	a	30	min	
reaction.	 Both	 immunoprecipitates	 and	 lysates	 were	 subjected	 to	 western	 blotting	 with	 the	
indicated	 antibodies.	 Kinase	 reactions	 are	 presented	 as	 means	 ±	 SEM	 for	 triplicate	 reactions.	
Similar	results	were	obtained	in	at	least	two	independent	experiments	for	all	data	shown.	
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4.7	AKT	AND	mTORC1	DO	NOT	CONTROL	REGULATION	OF	IGF1	INDUCED	
SGK3	ACTIVITY	
	
	
There	have	been	a	number	of	studies,	which	report	that	mTORC1	phosphorylates	

UV-RAG.	Munson	et	al	identified	two	direct	mTORC1	phosphorylation	sites	at	S550	

and	S571	on	UV-RAG	that	activate	Vps34.	Disruption	of	phosphorylation	at	 these	

sites	 impaired	 lysosomal	 tubulation	 and	 autophagosome-lysosome	 reformation,	

leading	 to	 cell	 death	 (Munson	 et	 al.,	 2015).	 Another	 group	 observed	

phosphorylation	of	UV-RAG	at	Ser498	and	S550	(reported	in	the	above	study)	by	

mTORC1;	S498	phosphorylation	in	contrast	to	the	Munson	et	al	study	was	found	to	

negatively	regulate	Vps34	via	another	subunit	of	this	complex,	Rubicon	(Kim	et	al.,	

2015).	 Interestingly	 they	 also	 reported	 that	 prevention	 of	 UV-RAG	 Ser498	

phosphorylation	facilitated	UV-RAG	mediated	endosome-lysosomal	degradation	of	

EGFR,	which	reduced	EGFR	signalling	and	cancer	cell	proliferation	 in	a	xenograft	

model	(Kim	et	al.,	2015).		

	

To	 investigate	whether	mTORC1	or	Akt	might	be	 involved	 in	SGK3	regulation	by	

IGF1,	HEK	293	cells	were	serum	starved	overnight	and	treated	with	or	without	the	

mTORC1	 and	 Akt	 inhibitors,	 rapamycin	 and	MK2206	 respectively	 prior	 to	 IGF1	

stimulation.	IGF1	induced	SGK3	activity	and	T	loop	(Thr320)	phosphorylation	were	

not	 impacted	 positively	 or	 negatively	 by	 mTORC1	 inhibition	 (Fig	 4.12).	 Akt	

inhibition	also	had	no	effect	on	SGK3	activity	(Fig	4.12).	In	future	work,	it	would	be	

important	 to	display	 the	 control	blots	 for	 this	 experiment,	demonstrating	 loss	of	

Akt	and	mTORC1	phosphorylation	upon	treatment	with	MK2206	and	Rapamycin	

to	ensure	that	all	inhibitor	treatments	had	been	successful.	
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Figure	4.12	-	mTORC1	and	Akt	do	not	regulate	IGF1	mediated	SGK3	activity	

	

Figure	4.12	–	HEK	293	cells	were	serum	starved	overnight	prior	to	treatment	with	or	without	1µM	
MK2206	and/or	1µM	rapamycin	 followed	by	 IGF1	stimulation	 for	10	minutes.	Endogenous	SGK3	
was	 immunoprecipitated	 with	 anti-SGK3	 antibody	 and	 subjected	 to	 a	 kinase	 activity	 assay.	
Immunoprecipitates	were	immunoblotted	with	the	indicated	antibodies.	
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4.8	PI3K	CLASS	I	ACTIVATION	OF	SGK3	

	

4.8.1	ROLE	THAT	SHIP2	PLAYS	IN	REGULATING	IGF1	INDUCED	ACTIVATION	

OF	SGK3.		

	

4.8.1.1	PI(3,4,5)P3	levels	are	enhanced	in	SHIP2	knock	out	cells.	

As	described	in	the	introduction,	PI(3)P	can	be	generated	in	a	Vps34	independent	

manner	by	metabolism	of	PI(3,4,5)P3	 to	PI(3,4)P2	via	 the	SHIP2	phosphatase	and	

then	to	PI(3)P	by	INPP4A/B	(Gasser	et	al.,	2014).	To	explore	the	contribution	that	

this	 pathway	 plays	 in	 controlling	 SGK3	 activity,	 I	 generated	 SHIP2	 knock-out	

HEK293	 cells	 by	 CRISPR/CAS9	 methodology	 (Chapter	 3)	 and	 PI(3,4,5)P3	 and	

PI(3,4)P2	 levels	 were	 measured	 by	 HPLC-mass	 spectrometry	 as	 described	 in	

‘Methods’	 and	 Clark	 et	 al	 and	 Malek	 et	 al	 by	 a	 post-doctoral	 researcher	 in	 the	

laboratory	of	Prof	Len	Stephens	at	the	Babraham	Institute,	Cambridge	(Malek	et	al.,	

2017,	 Clark	 et	 al.,	 2011).	 In	 response	 to	 IGF1	 stimulation,	 all	 of	 the	 five	 main	

molecular	species	of	PI(3,4,5)P3	could	be	measured	that	were	all	elevated	2	to	3-

fold	in	the	SHIP2	knock-out	cells	at	5,	15	and	60	min	following	IGF1	stimulation	as	

would	be	expected	(Fig	4.13A).	Although	we	would	expect	to	observe	a	decrease	in	

the	 level	 of	 PI(3,4)P2	 in	 SHIP2	 knock	 out	 cells	 compared	 to	 wild	 type	 cells,	 for	

technical	 reasons,	 only	 one	 species	 of	 PI(3,4)P2	 	 can	 be	 measured	

(stearoyl/arachidonoyl	PI(3,4)P2);	as	we	cannot	measure	the	remaining	PI(3,4)P2	

species,	 this	somewhat	confounds	the	expected	result	 in	 this	control	experiment.			

The	one	species	of	PI(3,4)P2	 that	could	be	measured	was	only	modestly	elevated	

following	5	min	IGF1	stimulation	and	did	not	differ	significantly	between	the	wild	

type	and	SHIP2	knock-out	cell	lines	(Fig	4.13B).		
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Figure	4.13	-	Measurement	of	PI(3,4,5)P3	and	PI(3,4)P2	levels	in	SHIP2	knock	
out	cell	lines	
	
	

	

HPLC	&	Mass	spectrometry	conducted	by	Dr	Karen	Anderson	and	data	explained	by		
Prof	Len	Stephens	at	the	Babraham	Institute,	Cambridge.	

	
	
	
Figure	4.13	–	(A	&	B)	Wild	type	(WT)	or	SHIP2	knock-out	(KO)	cells	were	serum	starved	overnight	
and	stimulated	with	50	ng/ml	 IGF1	stimulation	 for	 the	indicated	 time	points.	Cells	were	scraped	
into	0.1	M	HCl	and	snap	frozen.	PI(3,4,5)P3	(A)	and	PI(3,4)P2	(B)	levels	were	determined	by	HPLC-
mass	spectrometry.	The	data	is	presented	for	a	total	of	five	separate	species	of	PI(3,4,5)P3	that	were	
measured	 and	 for	 one	 species	 of	 PI(3,4)P2	 measured.	 	 The	 PI(3,4,5)P3	 response	 ratio	 (rr)	 was	
calculated	by	dividing	the	PI(3,4,5)P3	response	area	by	the	response	area	of	the	PI(3,4,5)P3	internal	
standard	 in	 each	 sample.	PI(3,4,5)P3	 responses	were	 normalised	 to	 the	 PI	 response	 ratio	 (rr)	 to	
account	for	any	cell	input	variability.	
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4.8.1.2	SHIP2	is	required	for	PI3K	Class	I	mediated	regulation	of	IGF1	induced	
SGK3	activation		
	
	
We	next	measured	SGK3	and	Akt	kinase	activity	in	the	wild	type	and	SHIP2	knock-

out	cells.	After	5	min	IGF1	stimulation,	despite	PI(3,4,5)P3	being	elevated	in	SHIP2	

knock-out	 cells,	 SGK3	 activity	 and	 T-loop	 (Thr320)	 phosphorylation	was	 reduced	

~2-fold	 compared	 to	wild	 type	 cells	 (Fig	4.14A).	Treatment	of	wild	 type	but	not	

SHIP2	 knock-out	 cells	 with	 the	 AS1938909	 SHIP2	 inhibitor	 (Suwa	 et	 al.,	 2010),	

also	 reduced	 SGK3	 activity	 ~2-fold	 (Fig	 4.14A).	 In	 contrast,	 consistent	 with	

elevated	PI(3,4,5)P3,	Akt	activity	and	Thr308	phosphorylation	were	enhanced	in	the	

SHIP2	knock-out	cells	(Fig	4.14B).		

	

Re-introducing	SHIP2	into	knock-out	cells,	restored	activation	of	SGK3	and	T-loop	

(Thr320)	phosphorylation,	 to	a	similar	extent	as	observed	 in	the	wild	type	cells	at	

the	5	min	time	point	of	IGF1	stimulation	(Fig	4.15A	&	B).	At	the	longer	time	point	

of	 60	min,	 SHIP2	 knock-out	 did	 not	 affect	 the	 degree	 of	 activation	 of	 SGK3	 (Fig	

4.15B),	 indicating	 that	 PI3K	 Class	 I	 mediated	 activation	 of	 SGK3	 via	 SHIP2	 is	

important	at	 the	earlier	 timepoints	of	 IGF1	stimulation	and	that	other	redundant	

phosphatases	may	become	involved	in	dephosphorylating	PI(3,4,5)P3	by	this	stage.	
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Figure	 4.14	 –	 Knocking	 out	 SHIP2	 suppresses	 IGF1	 induced	 SGK3	 activity	
while	enhancing	Akt	activity	
	

	
	

Figure	4.14	–	(A)	Wild	type	(WT)	or	SHIP2	knock-out	(KO)	cells	were	serum	starved	overnight	and	
treated	in	the	absence	and	presence	of	the	SHIP2	inhibitor	AS1938909	(10	µM)	for	1	hour	prior	to	
stimulation	with	or	without	50	ng/ml	 IGF.	 	Endogenous	SGK3	was	 immunoprecipitated	from	cell	
lysates	with	anti-SGK3	antibody	and	immunoprecipitates	subjected	to	an	SGK3	kinase	activity	assay	
by	 measuring	 phosphorylation	 of	 the	 Crosstide	 substrate	 peptide	 in	 the	 presence	 of	 0.1	 mM	
32PgATP	in	a	30	min	reaction.	Immunoblot	analysis	was	also	carried	out	on	the	immunoprecipitates,	
using	 the	 indicated	 antibodies.	 (B)	 As	 in	 (A)	 except	 that	 Akt	 kinase	 activity	 was	 assayed	 by	
measuring	phosphorylation	of	the	Crosstide	substrate	peptide	in	the	presence	of	0.1	mM	32PgATP	in	
a	 30	 min	 reaction.	 Akt	 immunoprecipitates	 were	 subjected	 to	 immunoblot	 analysis	 with	 the	
indicated	antibodies.		
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Figure	4.15	-	Re-introduction	of	SHIP2	restores	SGK3	activation	
	
	

	
	

Figure	4.15	-	(A)	HA-SHIP2	was	re-expressed	in	the	SHIP2	knock-out	(SHIP2	rescue)	as	described	
in	 Materials	 and	 Methods.	 Wild	 type	 (WT),	 SHIP2	 KO	 and	 SHIP2	 Rescue	 cell	 lysates	 were	
immunoblotted	with	SHIP2	antibody	to	demonstrate	SHIP2	knock	out	and	rescue	in	comparison	to	
WT.	(B)	WT,	SHIP2	KO	and	SHIP2	rescue	cells	were	serum	starved	overnight	then	stimulated	with	
or	without	 50	 ng/ml	 IGF1	 for	 the	 indicated	 timepoints.	 Endogenous	 SGK3,	 immunoprecipitated	
with	an	anti-SGK3	antibody,	was	subjected	to	an	in	vitro	kinase	assay	measuring	phosphorylation	of	
the	Crosstide	substrate	peptide	in	the	presence	of	0.1	mM	32PgATP	in	a	30	min	reaction.	Immnoblot	
analysis	of	the	immunoprecipitates	was	carried	out	using	the	indicated	antibodies.	
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4.8.2	mTORC2	IS	ALSO	INVOLVED	IN	PI3K	CLASS	I	REGULATION	OF	SGK3	

It	was	 also	observed	 that	 in	 SHIP2	 knock-out	 cells,	 after	 5	min	 IGF1	 stimulation	

when	PI(3,4,5)P3	 levels	are	elevated	(Fig	4.13A),	GDC-0941	 is	still	able	 to	reduce	

SGK3	activity	further	to	near	basal	levels	(Fig	4.16).	This	observation	is	consistent	

with	a	model	 in	which	PI(3,4,5)P3	 is	also	promoting	SGK3	activity	by	stimulating	

mTORC2	and	is	further	considered	in	the	Discussion.	

	
	
Figure	4.16	–	Evidence	for	PI3K	Class	I	regulation	of	SGK3	by	mTORC2	

	

	
	
Fig	4.16	–	Wild	type	(WT)	and	SGK3	knock	out	(KO)	HEK	293	cells	were	serum	starved	and	treated	
with	or	without	VPS34-IN1	(1	µM)	or	GDC-0941	(0.5	µM)	for	1	hour	prior	to	stimulation	with	50	
ng/ml	IGF1	for	the	indicated	times.	SGK3	immunoprecipitates	were	subjected	to	a	kinase	activity	
assay	and	analysed	by	immunoblotting	with	the	indicated	antibody.	
	

To	further	explore	the	possibility	 that	mTORC2	is	 involved	 in	activating	SGK3	by	

IGF1,	 we	 generated	 a	 CRISPR/Cas9	 mediated	 knock	 out	 of	 the	 SIN1	 subunit	 of	

mTORC2	 in	 HEK	 293	 cells.	 We	 observed	 that	 loss	 of	 mTORC2	 activity	 due	 to	

knocking	 out	 SIN1	 ablated	 SGK3	 activation	 by	 IGF1,	while	 deletion	 of	 SIN1	 also	

abolished	Akt	phosphorylation	at	Ser473	(SIN1	KO	cell	line	and	data	generated	by	

Hannah	Tovell	 –	 not	 shown).	These	 results	 are	 consistent	with	 a	 previous	 study	

where	it	was	demonstrated	that	knocking	out	the	Rictor	subunit	of	mTORC2	also	

ablates	SGK3	activity	(Bago	et	al.,	2016).	
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4.9	DISCUSSION	

	

Extracellular	signals	dictate	 the	differentiation,	proliferation	and	survival	of	 cells	

and	 limitations	 in	 growth	 factor	 signalling	 impacts	 cell	 viability	 (Talapatra	 and	

Thompson,	2001).	Growth	 factors	such	as	 IGF	are	natural	 growth	hormones	 that	

play	 a	 crucial	 role	 in	 normal	 growth	 and	 development	 yet	 hyperactivation	 of	

growth	 factor	 signalling	 such	 as	 that	 of	 the	 PI3K	 pathway	 is	 a	 major	 cause	 of	

tumourigenesis.	The	aim	of	this	study	was	to	elucidate	regulatory	mechanisms	that	

control	 SGK3.	 We	 hypothesised	 that	 growth	 factors	 in	 an	 analogous	 manner	 to	

activation	of	PI3K	Class	 I-Akt,	might	also	stimulate	Vps34-SGK3	signalling.	 In	 the	

present	 study	 I	 first	 show	 that	 various	 growth	 factors	 including	 IGF1,	 EGF	 and	

insulin	 activate	 SGK3.	Using	 IGF1	 as	 a	 prototypical	 growth	 factor,	 I	 demonstrate	

that	 Vps34-SGK3	 signalling	 is	 indeed	 strongly	 responsive	 to	 growth	 factor	

stimulation.	

	

Both	 in	 the	presence	of	 serum	and	under	 serum-starved	conditions,	 endogenous	

SGK3	 T	 loop	 phosphorylation,	 is	 difficult	 to	 visualise.	 However,	 following	 IGF1	

stimulation,	 there	 is	 very	 strong	 induction	 of	 both	 SGK3	 activity	 and	 T	 loop	

phosphorylation,	 with	 maximal	 induction	 attained	 within	 5	 minutes,	 reaching	 a	

plateau	 by	 approximately	 60	 minutes.	 VPS34-IN1	 strongly	 suppressed	 SGK3	

activity	 mediated	 by	 IGF-1	 stimulation	 by	 approximately	 70%.	 Because	 growth	

factors	 have	 only	 been	 reported	 to	 activate	 PI3K	 Class	 I,	 it	 was	 expected	 that	

blocking	 the	 PI3K	 Class	 I	 pathway,	 using	 GDC0941,	 would	 almost	 completely	

suppress	 SGK3	 activity	 and	 phosphorylation.	 Strikingly	 there	 appeared	 to	 be	 a	

steady	 increase	 in	 SGK3	 activity	 and	 T	 loop	 phosphorylation	 after	 5	minutes	 of	

IGF1	 stimulation,	 despite	 GDC0941	 treatment;	 this	 increase	 in	 T	 loop	

phosphorylation	 did	 not	 however,	 occur	 under	 Vps34	 inhibition.	 This	 provided	

evidence	 that	 the	 Vps34-SGK3	 signalling	 axis	 is	 directly	 responsive	 to	 growth	

factors	and	that	IGF1	mediated	activation	of	SGK3	occurs	through	IGF1	stimulation	

of	Vps34.		

	

In	 summary,	 inhibiting	 either	 Class	 1	 or	 Class	 3	 PI3K	 with	 selective	 inhibitors	

partially	 reduces	 SGK3	 activity.	 A	 combination	 of	 these	 inhibitors	 is	 needed	 to	
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ablate	 SGK3	 activity.	 The	 inhibitors	 used	GDC-0941	 (Class	 I	 PI3K)	 (Folkes	 et	 al.,	

2008a)	and	VPS34-N1	(Class	III	PI3K)	(Bago	et	al.,	2014)	are	highly	selective	and	

do	not	inhibit	Class	II	PI3-kinases,	indicating	that	these	do	not	play	a	major	role	in	

controlling	growth	factor	mediated	activation	of	SGK3.	These	results	establish	that	

both	PI3K	Class	I	and	Class	III	pathways	are	needed	to	maximally	activate	SGK3	in	

response	 to	growth	 factor	 stimulation.	However,	 after	 inhibiting	either	Class	 I	or	

Class	 III	 PI3K,	 the	 remaining	 20-40%	 SGK3	 activity	 is	 still	 sufficient	 to	

phosphorylate	NDRG1	to	almost	the	same	extent	as	in	the	absence	of	inhibitors.	It	

is	possible	that	there	are	physiological	situations	or	stresses	that	lead	to	inhibition	

of	PI3K	Class	I	or	Class	III	pathways,	in	which	SGK3	has	evolved	to	remain	active	

whenever	one	of	these	pathways	is	substantially	suppressed.	

	

To	 investigate	 how	 IGF1	 controls	 Vps34,	 I	 studied	 localisation	 of	 endogenous	

knock-in	GFP-SGK3	and	monitored	binding	of	a	highly	specific	PI(3)P	probe,	which	

consists	 of	 the	 FYVE	 domain	 of	 the	 endocytic	 Hrs	 proteins	 (HRS2xFYVE),	 to	

permeabilised	 and	 fixed	 cells.	 IGF1	 induced	 a	 ~2-fold	 increase	 in	 endosomal	

PI(3)P,	 as	 judged	 by	 the	 increase	 in	 fluorescence	 intensity	 of	 the	 PI(3)P	 binding	

probe,	which	was	strongly	suppressed	by	Vps34	inhibitors	to	below	that	observed	

in	 serum	 starved	 conditions,	while	 only	moderately	 reduced	 by	 the	 PI3K	Class	 I	

inhibitor.	 This	 is	 consistent	with	 IGF1	 activating	 SGK3	 by	 enhancing	 endosomal	

PI(3)P	 levels	 by	 stimulating	 the	 activity	 of	 Vps34.	 Earlier	 studies	 have	 also	

reported	that	 insulin	moderately	enhances	PI(3)P	 levels	 in	adipocytes,	myocytes,	

fibroblasts	and	hepatocytes	(Maffucci	et	al.,	2003,	Lodhi	et	al.,	2008,	Nemazanyy	et	

al.,	 2015,	Hirsch	et	 al.,	 2014).	 I	 observed	 that	PI(3)P,	 even	after	 stimulation	with	

IGF1,	 was	 mainly	 localised	 to	 endosomes	 and	 not	 observed	 at	 the	 plasma	

membrane,	 findings	 consistent	 with	 most	 previous	 work	 (Gillooly	 et	 al.,	 2000,	

Kanai	et	al.,	2001,	Lemmon,	2008,	Bago	et	al.,	2014).	 It	should	be	noted	that	one	

study	 reported	 insulin	 increased	 PI(3)P	 in	 the	 plasma	membrane	 in	 adipocytes	

(Maffucci	et	al.,	2003)	and	another	at	 lamellipodia	(Hirsch	et	al.,	2014),	based	on	

the	 use	 of	 the	 same	HRS2xFYVE	 domain	 probe	 utilised	 in	 our	work.	 However,	 I	

could	 not	 confirm	 these	 results	 in	 HEK293	 cells	 analysed	 under	 conditions,	 in	

which	 SGK3	 is	 activated	 via	 the	 Vps34	 pathway.	 Consistent	with	 an	 increase	 in	

PI(3)P	levels	on	endosomal	structures,	IGF1	stimulation	enhanced	recruitment	of	
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GFP-SGK3	 to	 the	 endosomes	 by	 ~2	 fold,	 which	 strongly	 responded	 to	 Vps34	

inhibition	 but	 not	 PI3K	 Class	 I	 inhibition.	 Taken	 together	 these	 results	 provide	

evidence	that	IGF1	stimulates	Vps34,	enhancing	production	of	PI(3)P	and	thereby	

recruitment	of	GFP-SGK3,	where	SGK3	becomes	activated	by	PDK1	and	mTORC2	

phosphorylation.			

	

To	enable	easier	analysis	of	the	intracellular	localisation	and	immunoprecipitation	

of	the	endogenous	Vps34	complex,	knock-in	mutations	in	which	Vps34	or	UV-Rag	

were	 endogenously	 tagged	 with	 GFP	 were	 generated.	 Localisation	 studies	

confirmed	that	Vps34,	Beclin1	and	its	regulatory	UV-RAG	subunit	are	localised	at	

the	endosomal	membranes,	consistent	with	much	previous	work	(Axe	et	al.,	2008,	

Itakura	 et	 al.,	 2008).	 Following	 IGF1	 stimulation,	 we	 did	 not	 observe	 obvious	

spatial	 changes	 in	 the	 endosomal	 localisation	 of	 Vps34	 or	 UV-RAG	 components.	

However,	 this	 does	 not	 rule	 out	 the	 possibility	 that	 there	 is	 a	 small,	 spatially-

restricted	 pool	 of	 IGF1-regulated	 PI(3)P	 and	 Vps34-UV-Rag	 complex,	 that	 is	

targeted	to	discrete	mirco-domains	that	cannot	be	resolved	by	the	analysis	that	we	

have	undertaken.	

	

Following	 immunoprecipitation	 of	 endogenous	 GFP-Vps34	 or	 GFP-UV-RAG,	 we	

observed	PI3K	activity	that	could	be	inhibited	with	VPS34-IN.	However,	following	

IGF1	 stimulation	 we	 did	 not	 observe	 stimulation	 of	 PI3K	 activity	 in	 our	

immunoprecipitation	experiments.	It	is	possible	that	only	a	small	localised	pool	of	

Vps34	is	activated	by	IGF1,	that	cannot	be	measured	over	the	background	of	total	

Vps34	 activity	 that	 was	 immunoprecipitated.	 We	 also	 cannot	 rule	 out	 that	 the	

IGF1-activated	pool	of	Vps34	in	cells	may	not	be	stable	to	immunoprecipitation	or	

that	a	factor	required	for	activation	is	missing	in	our	in	vitro	assays.	One	previous	

study	reported	after	 immunoprecipitation	of	 the	UV-RAG	complex	of	Vps34	from	

insulin	 stimulated	 primary	 hepatocytes,	 that	 a	 1.4-fold	 increase	 in	 PI3K	 activity	

was	observed	after	30	min	that	increased	to	2-fold	after	60	min	insulin	stimulation	

(Nemazanyy	et	al.,	2015).	The	reported	activation	of	UV-RAG	immunoprecipitated	

PI3K	activity	observed	 in	 this	 study,	was	much	slower	 than	 the	 time	course	 that	

IGF1	 enhances	 SGK3	 maximally	 within	 2-5	 min.	 However,	 after	
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immunoprecipitation	 of	 the	 UV-RAG	 complex	 in	 several	 separate	 experiments,	 I	

did	not	observe	a	significant	stimulation	of	activity	even	at	the	60	min	timepoint.	

As	knock-down	of	the	UV-RAG	subunit	of	the	Vps34	complex	induces	the	same	loss	

of	SGK3	activity	that	the	equivalent	knock-down	of	Vps34	does,	I	conclude	that	the	

UV-RAG	 complex	 of	 Vps34	 plays	 a	 role	 in	 controlling	 IGF1	 stimulation	 of	 SGK3.	

Approximately	90%	knock-down	of	Vps34	or	UV-RAG	only	partially	reduces	SGK3	

activity	 (compared	 to	 treatment	with	 the	Vps34	 inhibitor),	 emphasising	 the	high	

sensitivity	of	 the	system	and	that	only	a	small	proportion	of	 the	total	Vps34/UV-

RAG	complex	is	required	to	activate	SGK3.	This	further	highlights	how	SGK3	may	

have	 evolved	 to	 counteract	 inhibition	 of	 PI3K	 Class	 III	 and	 remain	 active	 under	

conditions	 where	 Vps34	 is	 substantially	 inhibited.	 Further	 work	 is	 required	 to	

establish	how	 growth	 factors	 regulate	 the	 activity	 and/or	 localisation	of	 the	UV-

RAG	complex	of	Vps34	 to	enhance	PI(3)P	 levels	 and	hence	SGK3	activity.	 In	 this	

regard,	 previous	 studies	have	 noted	 that	UV-RAG	 is	 phosphorylated	 by	mTORC1	

(Kim	et	al.,	2015,	Munson	et	al.,	2015)	and	possibly	Akt	(Yang	et	al.,	2013).	It	would	

be	 interesting	 to	explore	whether	phosphorylation	of	UV-RAG	contributed	 to	 the	

mechanism	 by	 which	 growth	 factors	 stimulate	 Vps34.	 Preliminary	 experiments	

inhibiting	mTORC1	using	rapamycin	or	Akt	using	MK2206	however,	did	not	impact	

SGK3	activity.	This	might	suggest	that	mTORC1	or	Akt	phosphorylation	of	UV-RAG	

serve	alternate	purposes,	unrelated	to	IGF1	mediated	UV-RAG	regulation	of	SGK3	

activity.		

	

Although	 localisation	 of	 GFP-Vps34	 and	 GFP-UV-RAG	 was	 not	 altered	 by	 IGF1	

stimulation,	at	 the	5	min	timepoint	of	 IGF1	stimulation,	a	significant	reduction	of	

UV-RAG	 localisation	 at	 the	 endosomes	 could	 be	 observed.	 Interestingly,	 at	 the	

same	 time	 point,	 there	 appears	 to	 be	 a	 small	 reduction	 in	 the	 endosomal	

localisation	 of	 GFP-Vps34,	 albeit	 not	 significant	 but	 this	 small	 change	 may	

correspond	 to	 the	 proportion	 of	UV-RAG	 containing	Vps34	 complexes	 out	 of	 the	

total	Vps34	pool.	GFP-UV-RAG	later	re-appeared	at	the	endosomes	by	60	minutes	

of	 IGF1	 stimulation,	 at	 which	 point,	 the	 small	 reduction	 of	 GFP-Vps34	 at	 the	

endosomes	was	also	restored.	This	result	is	difficult	to	interpret;	however,	it	may	

indicate	 that	 a	 change	 in	 localisation	 of	 the	UV-RAG-Vps34	 complex	 to	 alternate	

compartments	where	the	complex	generates	distinct	pools	of	PI(3)P	is	required	to	
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mediate	 the	 early	 stages	 of	 IGF1	 induced	 SGK3	 activity.	 Furthermore,	 the	

quantitation	of	UV-RAG	at	the	endosomes	was	carried	out	based	on	colocalisation	

with	 the	 early	 endosomal	 marker	 EEA1.	 In	 addition	 to	 early	 endosomes,	 other	

endosomal	 stages	 such	as	 late	endosomes	or	very	early	endosomes	 (earlier	 than	

the	 EEA1	 marker	 can	 stain)	 exist	 and	 are	 not	 accounted	 for	 by	 EEA1.	 Another	

explanation	 for	 the	 loss	 of	 UV-RAG	 from	 endosomes	 at	 the	 5	minute	 time	 point	

could	 be	 that	 because	 the	 UV-RAG-Vps34	 complex	mediates	 IGF1	 induced	 SGK3	

activity,	 this	 complex	 is	 also	 present	on	 the	 ‘very	 early’	 endosomes	 before	 early	

endosomes	marked	by	EEA1,	when	IGF1-receptor	complexes	are	first	internalised	

upon	stimulating	receptor	tyrosine	kinases;	this	could,	explain	why	at	the	5	minute	

timepoint,	 this	complex	 is	not	present	on	early	endosomes	but	returns	by	the	60	

minute	 timepoint.	 A	 dextran	 uptake	 assay,	 which	 is	 able	 to	 mark	 very	 early	

endosomes	could	help	to	resolve	this	question.	However,	it	is	interesting	that	this	

change	 is	only	observed	with	the	UV-RAG	associated	Vps34	complex	and	not	 the	

full	 pool	 of	 Vps34	 complexes,	 further	 supporting	 the	 involvement	 of	 UV-RAG-

Vps34	in	the	regulation	of	IGF1	induced	SGK3	activity.	

	

With	 regard	 to	 PI3K	Class	 I	 and	 III	 regulation	 of	 SGK3,	one	 study	 argues	 that	 in	

cancers	with	 PIK3CA	mutations,	 it	 is	 the	 INPP4B	mediated	 production	 of	 PI(3)P	

that	 is	 essential	 for	 IGF-1	mediated	 SGK3	 activation,	while	 Vps34	 is	 dispensable	

(Gasser	et	al.,	2014).	In	contrast,	our	data	show	that	PI3K	Class	I	inhibition,	which	

would	 suppress	 INPP4B	 generated	 PI(3)P	 production,	 only	 partially	 suppresses	

SGK3	activity.		

	

However,	our	data	is	consistent	with	this	and	other	work	(Bago	et	al.,	2014,	Gasser	

et	 al.,	 2014),	 that	 PI(3,4,5)P3	 generated	 through	 activation	 of	 Class	 I	 PI3K	 is	

converted	 to	 PI(3)P	 via	 the	 sequential	 actions	 of	 inositol	 phosphatases	 SHIP2	

(Ooms	 et	 al.,	 2009)	 and	 phosphatidylinositol	 4-phosphatases	 (INPP4A/B)	

(Agoulnik	 et	 al.,	 2011).	 Knock-out	 or	 inhibition	 of	 SHIP2	 would	 be	 expected	 to	

lower	 the	 level	 of	 PI(3)P	 generated	 from	 dephosphorylation	 of	 PI(3,4,5)P3	 and	

therefore	 reduce	 SGK3	 activity;	 this	 is	 what	we	 observe	 at	 an	 early	 5	min	 IGF1	

treatment	 time	 point.	 It	 is	 well	 established	 that	 PI(3,4,5)P3	 and	 PI(3,4)P2	 are	

mainly	 located	 within	 the	 plasma	 membrane	 where	 Class	 I	 PI3K	 is	 activated	
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(Kimber	et	al.,	2002,	Lemmon,	2008).	We	would	therefore	expect	that	the	pool	of	

PI(3)P	 generated	 through	 dephosphorylation	of	 PI(3,4,5)P2	might	 also	 reside	 on	

the	plasma	membrane.	However,	we	were	unable	to	visualise	significant	PI(3)P	or	

SGK3	at	 the	plasma	membrane,	 even	after	 IGF1	stimulation.	The	 reasons	 for	 this	

are	not	clear	and	could	arise	from	plasma	membrane	concentrations	of	PI(3)P	or	

SGK3-GFP	 being	 too	 low	 or	 transient	 to	 detect	 using	 the	 technology	 we	 are	

deploying.	Other	groups	have	also	reported	that	SGK3	resides	at	the	endosome	and	

cannot	 be	 visualised	 at	 the	 plasma	 membrane	 (Tessier	 and	 Woodgett,	 2006b,	

Gasser	 et	 al.,	 2014).	 We	 cannot	 rule	 out	 that	 PI(3)P	 produced	 by	

dephosphorylation	 of	 PI(3,4,5)P3	 is	 somehow	 localised	 at	 the	 endosome	 rather	

than	 the	plasma	membrane	 resulting	 from	some	unknown	membrane	 trafficking	

pathway.	 In	 this	 regard,	 we	 noted	 that	 treatment	 of	 cells	 with	 the	 Class	 I	 PI3K	

inhibitor	 GDC-0941	 moderately	 reduced	 endosomal	 binding	 of	 the	 HRS2	 FYVE	

domain	 probe	 (Fig	 4.5I).	 Indeed	 receptor	 tyrosine	 kinases	 internalised	 by	

endocytosis	 can	 be	 topologically	 active	 and	 both	 PI(3,4,5)P3	 and	PI	 (3,4)P2	 have	

been	reported	to	be	present	on	endosomes	(Vicinanza	et	al.,	2011,	Sato	et	al.,	2003,	

Ebner	et	 al.,	 2017b).	Future	work	 is	 required	to	address	where	PI(3)P	produced	

from	the	dephosphorylation	of	PI(3,4,5)P3	resides	and	activates	SGK3.	

	

Class	I	PI3K	is	thought	to	also	contribute	to	the	activation	of	mTORC2	(Gan	et	al.,	

2011).	 One	 study	 suggests	 that	 the	 mechanism	 of	 PI3K	 Class	 I	 regulation	 of	

mTORC2	 is	mediated	 through	 PI(3,4,5)P3-binding	 to	 the	 PH	 domain	 of	 the	 SIN1	

component	of	mTORC2	(Liu	et	al.,	2015b),	 although	this	has	since	been	disputed	

(Ebner	et	 al.,	 2017).	 Stimulation	of	mTORC2	activity	 through	Class	 I	PI3K	would	

also	be	expected	to	lead	to	hydrophobic	motif	phosphorylation	of	SGK3	triggering	

it	 to	 be	 activated	 by	 PDK1	 (Biondi	 et	 al.,	 2001).	 This	 could	 represent	 a	 third	

upstream	 pathway	 by	 which	 SGK3	 activity	 is	 controlled.	 Our	 observations	 that	

Class	 I	 PI3K	 inhibitors	 still	 suppress	 SGK3	 activity	 in	 SHIP2	 knock-out	 cells	 that	

have	 elevated	 PI(3,4,5)P3	 levels	 and	 that	 knock	 out	 of	 Sin1	 (essential	 mTORC2	

complex	subunit)	leads	to	suppression	of	SGK3	activity,	support	a	model	in	which	

Class	I	PI3K	is	promoting	mTORC2	to	activate	SGK3.	However,	we	cannot	rule	out	

that	in	the	SHIP2	knockout	cells,	other	inositol	phosphatases	convert	PI(3,4,5)P3	to	

PI(3)P,	explaining	why	Class	I	inhibitors	still	supress	SGK3	activity.	Oncogenic	Ras	
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is	well	known	to	activate	Class	I	PI3K	(Downward,	2003),	but	there	are	no	reports	

on	 whether	 it	 is	 also	 capable	 of	 activating	 Class	 III	 PI3K.	 We	 find	 that	

overexpression	of	oncogenic	Ras	leads	to	activation	of	SGK3	and	that	unlike	IGF1	

stimulation	 is	 entirely	 inhibited	 by	 treatment	 with	 Class	 I	 PI3K	 inhibitors.	 This	

demonstrates	that	oncogenic	Ras	in	contrast	to	growth	factors	is	unable	to	activate	

Class	 III	 PI3K	 and	 emphasises	 that	 activation	 of	 SGK3	 could	 contribute	 to	 Ras	

driven	tumour	biology.		

	

In	summary,	this	chapter	demonstrates	that	in	response	to	growth	factors	such	as	

IGF1,	three	upstream	pathways	contribute	to	SGK3	activity	(Fig	4.17).	Firstly,	IGF1	

stimulates	 production	 of	 endosomal	 PI(3)P,	 likely	 through	 the	 UV-RAG-Vps34	

complex,	thereby	recruiting	SGK3	to	endosomes	where	it	is	activated.	More	work	is	

needed	 to	define	 the	mechanism	by	which	 IGF1	controls	 the	UV-RAG	complex	of	

Vps34.	 Secondly,	 Class	 I	 PI3K	 stimulates	 SGK3	 through	 enhanced	 production	 of	

PI(3)P	resulting	from	dephosphorylation	of	PI(3,4,5)P3.	Additional	work	is	needed	

to	 define	 where	 the	 PI(3)P	 produced	 through	 this	 pathway	 resides,	 and	 why	 it	

cannot	be	visualised	on	the	plasma	membrane.	Thirdly,	the	data	is	consistent	with	

a	model	 in	which	PI(3,4,5)P3	produced	 from	activation	of	PI3K	Class	 I,	 promotes	

phosphorylation	 of	 the	 hydrophobic	 motif	 of	 SGK3	 by	 mTORC2,	 thereby	

stimulating	 activation	 of	 SGK3	 by	 PDK1.	 The	 results	 presented	 in	 this	 study	

emphasise	the	diverse	pathways	that	exist	 in	cells	 to	activate	SGK3	in	vivo.	They	

also	 illustrate	 how	 SGK3	 is	 well	 placed	 to	 remain	 substantially	 active	 and	

counteract	physiological	conditions	or	stresses	that	lead	to	the	inhibition	of	either	

Class	 I	or	Class	 III	PI3K	pathways.	Finally,	data	 in	 this	chapter	also	demonstrates	

that	 oncogenic	 Ras	 induces	 substantial	 activation	 of	 SGK3	 but	 unlike	 growth	

factors,	operates	entirely	via	the	PI3K	Class	I	pathway	independent	of	Vps34.	
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Figure	4.17	–	A	summary	of	SGK3	activation	by	growth	factors	

	

	
	
Figure	4.17	 -	This	work	demonstrates	that	three	upstream	pathways	contribute	to	SGK3	activity.	
Firstly,	IGF1	stimulates	production	of	endosomal	PI(3)P	likely	through	the	UV-RAG-VPS34	complex,	
thereby	recruiting	SGK3	to	endosomes	where	it	is	activated.	Secondly,	Class	1	PI3K	stimulates	SGK3	
through	enhanced	production	of	PI(3)P	resulting	from	sequential	dephosphorylation	of	PI(3,4,5)P3	
by	SHIP2	and	then	INPP4A/B	inositol	phosphatases.	It	is	not	clear	where	PI(3)P	generated	through	
this	route	resides.	Thirdly,	our	data	are	consistent	with	a	model	in	which	PI(3,4,5)P3	produced	from	
activation	 of	 Class	 1	 PI3K,	 promotes	 phosphorylation	 of	 the	 hydrophobic	 motif	 of	 SGK3	 by	
mTORC2,	thereby	stimulating	activation	of	SGK3	by	PDK1.		
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CHAPTER 5 
IDENTIFICATION OF NOVEL SGK3 SUBSTRATES 

	
The	goal	of	this	study	was	to	identify	novel	SGK3	(and	Akt)	substrates.	This	would	

provide	 new	 insight	 into	 the	 diverse	 roles	 that	 the	 PI3K-Akt/Vps34-SGK3	 axes	

play.	Although	it	is	well-established	that	SGK3	shares	overlapping	substrates	with	

Akt,	 Akt	 possesses	 a	 PH	 domain	 and	 is	 activated	 at	 the	 plasma	 membrane;	 in	

contrast,	SGK3	is	activated	at	the	endosomes	by	virtue	of	its	PX	domain	binding	to	

PI(3)P,	which	raises	the	possibility	that	SGK3	might	be	capable	of	phosphorylating	

a	 subset	 of	 specific	 substrates	 at	 endosomes.	 It	 would	 be	 most	 interesting	 to	

identify	 such	 substrates	 that	 are	 selectively	 phosphorylated	 by	 SGK3	but	 not	 by	

Akt.	

	

	

5.1.1	TMT	PHOSPHOPROTEOMICS	EXPERIMENTAL	STRATEGY		

	

To	search	for	bona	fide	physiological	substrates	of	SGK3,	dual	phosphoproteomic	

screens	 were	 carried	 out	 using	 tandem	 mass	 tag	 (TMT)	 based	 methodology	

combined	with	high	 resolution	mass	spectrometry,	 in	 collaboration	with	Dr	Raja	

Sekhar	 (Alessi	 laboratory)	 and	 Dr	 Julien	 Peltier	 (Trost	 laboratory).	 Multiplexed	

quantitation	utilizing	isobaric	tags	such	as	TMT	enables	simultaneous	comparison	

of	 up	 to	 10	 samples,	 facilitating	 complex	 experimental	 designs	 and	 inclusion	 of	

biological	 replicates	 within	 the	 same	 experiment.	 Prior	 to	 the	 first	

phosphoproteomic	 screen	 (PS1),	 an	 SGK3	 knock	 out	 HEK	 293	 cell	 line	 was	

generated	by	Crispr/Cas9	methodology	(see	Chapter	3).	The	experimental	design	

for	 PS1	 included	 two	 conditions	 with	 4	 replicates,	 thus	 8	 samples	 to	 compare	

changes	in	phosphorylation	between	WT	HEK	293	and	SGK3	KO	HEK	293	cells	(Fig	

5.1).	Both	cell	lines	were	serum	starved	prior	to	IGF1	stimulation	for	20	minutes.	

Since	 SGK3	 shares	 substrates	with	Akt,	 prior	 to	 IGF1	stimulation,	 both	 cell	 lines	

were	treated	with	MK2206	to	 inhibit	Akt	so	that	any	changes	 in	phosphorylation	

observed	 were	 due	 to	 SGK3,	 not	 Akt.	 It	 is	 possible	 that	 SGK1	 will	 be	 activated	

under	 these	 conditions	 as	 well.	 SGK1	 expression	 is	 very	 low	 in	 HEK	 293	 cells	
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(Garcia-Martinez	 and	 Alessi,	 2008)	 and	 consistent	 with	 this,	 IGF1	 only	 induces	

very	 low	phosphorylation	of	NDRG1	in	SGK3	KO	HEK	293	cells,	which	have	been	

treated	with	the	Akt	inhibitor	MK2206	(Chapter	4,	Fig	4.1).	

	

Akt	was	inhibited	in	PS1;	this	means	that	in	the	absence	of	the	inhibitor,	many	of	

the	 putative	 SGK3	 substrates	 identified	 in	 this	 screen	 might	 also	 be	

phosphorylated	 by	 Akt.	 	 Thus,	 a	 second	 phosphoproteomic	 screen	 (PS2)	 was	

carried	out	in	which	WT	HEK	293	cells	were	pre-treated	with	or	without	the	Akt	

inhibitor,	MK2206,	or	the	highly	selective	SGK	inhibitor,	14H,	prior	to	20	minutes	

of	 IGF1	 stimulation	 (Fig	 5.2).	 Again	10	 plex	 TMT	methodology	was	utilised	with	

three	replicates	for	the	three	different	conditions	(DMSO	vs	MK2206	vs	14H).	This	

screening	strategy	offers	a	number	of	advantages;	firstly	IGF1	stimulation	in	both	

screens	enhances	SGK3	and/or	Akt	activity	through	stimulation	of	PI3K	and	Vps34	

pathways	 thus	maximising	 phosphorylation	 events	 and	 increasing	 the	 chance	 of	

substrate	 detection;	 secondly,	 overlaps	 in	 putative	 substrates	 between	 the	 SGK3	

KO	versus	WT	 (PS1)	and	 the	SGK3	 inhibitor	versus	DMSO	 (PS2)	provides	 further	

confidence	that	these	are	genuine	SGK3	substrates	also	confirming	the	reliability	of	

this	screening	modality.	
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Figure	5.1	–	PS1	TMT	Phosphoproteomics	Workflow	
	

	
	

Figure	5.1	–	Wild	type	(WT)	and	SGK3	knock	out	(KO)	HEK	293	cells	were	serum	starved	overnight	
prior	 to	 treatment	with	1uM	MK2206	 for	3	hours	and	50ng/ml	 IGF1	stimulation	 for	20	minutes.	
Cells	 were	 lysed	 in	 2%	 SDS	 lysis	 buffer	 (see	 Methods)	 and	 protein	 was	 digested	 with	 trypsin.	
Phosphopeptide	 enrichment	was	carried	 out	 using	TiO2	beads	after	which	 peptides	were	 labeled	
with	 TMT	 and	 mixed.	 TMT	 labeled	 samples	 were	 subjected	 to	 basic	 pH	 reverse	 phase	 liquid	
chromatography	 (bRPLC)	 to	 fractionate	 the	 samples.	 LC-MS/MS	 analysis	 was	 carried	 out	 on	
fractionated	samples.		
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Figure	5.2	–	PS2	TMT	Phosphoproteomics	Workflow	
	

	
	
	
	
Figure	 5.2	 -	As	 in	Figure	5.1,	except	 that	wild	 type	HEK	293	cells	were	 treated	with	or	without	
DMSO,	1uM	MK2206	or	3uM	14H	for	1	hour	prior	to	IGF1	stimulation	for	20	minutes.	
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Before	 commencing	with	 sample	preparation,	 lysates	were	 immunoblotted	using	

various	antibodies	to	confirm	that	all	treatments	had	been	successful	(Fig	5.3A	&	

B).	 In	 PS1,	 as	 expected	 due	 to	 Akt	 inhibition,	 Akt	 Thr308	 phosphorylation	 and	

phosphorylation	of	PRAS40	Thr246	an	Akt	substrate,	was	completely	lost	across	all	

samples	 (Fig	 5.3A).	 In	 contrast	 despite	Akt	 inhibition,	WT	 cells	 displayed	 strong	

phosphorylation	of	NDRG1	Thr346	due	to	the	presence	of	SGK3.	However,	NDRG1	

phosphorylation	 was	 almost	 completely	 lost	 in	 SGK3	 null	 cells	 treated	 with	

MK2206	due	 to	 the	 absence	 of	 both	 SGK3	 and	Akt	 activity.	 The	 residual	NDRG1	

Thr346	 phosphorylation	 observed	 under	 those	 conditions	 is	 likely	 to	 due	 to	 low	

levels	of	 SGK1	activity.	For	PS2,	once	again	 as	expected	 treatment	with	MK2206	

ablated	 Akt	 T	 loop	 (Thr308)	 phosphorylation	 as	 well	 as	 PRAS40	 Thr246	

phosphorylation	(Fig	5.3B).	NDRG1	Thr346	phosphorylation	although	reduced,	was	

not	 completely	 supressed	 by	 either	 Akt	 or	 SGK3	 inhibition	 alone,	 which	 is	

consistent	with	previous	 findings	 that	both	Akt	and	SGK3	phosphorylate	NDRG1	

Thr346.	Thus,	inhibition	of	both	kinases	is	required	for	near	complete	suppression	

of	NDRG1	phosphorylation.		

	

Figure	5.3	–	PS1	and	PS2	treatment	conditions	

	
	
Figure	 5.3	 –	 (A)	Wild	 type	 (WT)	 or	 SFK3	 knock	 out	 (KO)	 HEK	 293	 cells	 were	 serum	 starved	
overnight	and	treated	with	1μM	MK2206	for	4	hours	prior	to	IGF1	stimulation	for	20	minutes.	Cells	
were	lysed	in	2%	SDS	lysis	buffer	and	subjected	to	immunoblotting	with	the	indicated	antibodies.	
(B)	As	in	(A)	except	that	HEK	293	cells	were	serum	starved	overnight	and	treated	with	or	without	
3μM	14h	or	1μM	MK2206	for	1	hour	prior	to	IGF1	stimulation.		
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5.1.2	 PHOSPHOPROTEOMIC	 DATA	 ANALYSIS	 &	 IDENTIFICATION	 OF	 NOVEL	
SGK3/AKT	SUBSTRATES	
	
In	 PS1,	 the	 proteomic	 analysis	 identified	 and	quantified	 7,853	 protein	 groups	 in	

total.	 The	 phosphoproteomic	 analysis	 identified	 28,692	 unique	 phosphosites,	 of	

which	16,857	sites	were	Class	I	sites	(defined	by	>0.75	Probability)	(Fig	5.4).	379	

sites	were	significantly	modulated	(Two	tailed	Student’s	T	test,	p<0.005)	between	

WT	and	SGK3	knock	out	conditions	with	a	fold	change	of	greater	than	1.5	(Fig	5.4).	

Of	these	379	phosphosites,	117	were	significantly	downregulated	in	the	SGK3	null	

condition	compared	to	WT	and	262	upregulated	(Figs	5.4	&	5.5).	It	is	important	to	

note	that	to	categorise	a	protein	as	modulated,	it	must	be	significantly	(Two	tailed	

student’s	T	test,	p<0.005)	upregulated	or	downregulated	by	a	 fold	change	(FC)	>	

1.5	in	all	replicate	samples.	Independently	acquired	total	proteome	measurements	

confirmed	 that	 the	 detected	 changes	 in	 phosphorylation	 between	 the	 two	

conditions	 were	 not	 due	 to	 altered	 total	 protein	 abundance	 (Fig	 5.7A),	 which	

showed	little	change	between	WT	and	KO	conditions.		

	

The	 PS2	 proteomic	 analysis	 identified	 and	 quantified	 10,770	 protein	 groups	 in	

total.	 The	 phosphoproteomic	 analysis	 identified	 23,526	 unique	 phosphosites,	 of	

which	21,526	sites	were	Class	I	sites	(defined	by	>0.75	Probability).	630	sites	were	

significantly	modulated	(Two	tailed	Student’s	T	test,	p<0.005)	between	DMSO	and	

14H	(SGK3	inhibitor)	treated	conditions	with	a	fold	change	of	greater	than	1.5	(Fig	

5.4).	Of	 these	630	phosphosites,	237	were	significantly	downregulated	while	393	

upregulated	in	the	14H	condition	compared	to	DMSO	(Figs	5.4	&	5.6).	In	PS2,	once	

again	 independently	 generated	 total	 proteome	measurements	 revealed	 very	 few	

changes	induced	by	the	DMSO	and	14H	treatments,	thus	it	could	be	surmised	that	

detected	 changes	 in	phosphorylation	were	not	due	 to	altered	protein	abundance	

(Fig	5.7B).		
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Figure	5.4	–	Summary	of	PS1	&	PS2	Results	
	

	

PS1		
WT	vs	KO	

PS2	
DMSO		

vs	14H	vs	MK2206	

Total	No.	of	protein	groups	 7853	 10770	

	
Total	No.	of	phosphoproteins	
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Total	No.	of	unique	phosphopepFdes	
	

25261	 28148	
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Total	No.	of	Unique		Class	I	sites		
(>0.75	Probability)	
	

	
16857	
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–	T	test	(p<0.005)	
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Figure	5.5	–	Global	phosphoproteomics	to	identify	novel	SGK3/Akt	
substrates	in	PS1	
	
	
PS1	–	WT/SGK3	KO	
	

	
	
	
Figure	 5.5	 -	 Volcano	 plot	 showing	 the	 magnitude	 (log2	 fold-change)	 and	 significance	 (–log10	
Benjamini-Hochberg	 adjusted	p	value)	 of	 differential	 phosphopeptide	 abundance	 in	 IGF1	
stimulated	WT	versus	SGK3	KO	cells.	 Significantly	modulated	phosphopeptides	are	marked	in	 red	
and	blue	 (red	–	upregulated;	blue	–	downregulated)	 (adjusted	p	value	<	0.05;	>	1.5	 fold-change).		
Please	note,	multiple	instances	of	one	protein	on	volcano	plot	 represent	unique	phosphopeptides	
from	the	same	protein.		
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Figure	5.6	–	Global	phosphoproteomics	to	identify	novel	SGK3/Akt	
substrates	in	PS2	
	
	
PS2	–	DMSO/14H	
	

	
	
	
Figure	 5.6	 -	 Volcano	 plot	 showing	 the	 magnitude	 (log2	 fold-change)	 and	 significance	 (–log10	
Benjamini-Hochberg	 adjusted	p	value)	 of	 differential	 phosphopeptide	 abundance	 in	 IGF1	
stimulated	WT	versus	SGK3	KO	cells.	 Significantly	modulated	phosphopeptides	are	marked	in	 red	
and	blue	(red	–	upregulated;	blue	–	downregulated)	 	(adjusted	p	value	<	0.05;	>	1.5	fold-change).		
Please	note,	multiple	 instances	of	one	protein	on	volcano	plot	 represent	unique	phosphopeptides	
from	the	same	protein.	
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Fig	5.7	Total	proteome	changes	detected	in	PS1	&	PS2	

	

Figure	 5.7	 -	 Volcano	 plot	 showing	 the	 magnitude	 (log2	 fold-change)	 and	 significance	 (–log10	
Benjamini-Hochberg	 adjusted	p	value)	 of	 differential	 peptide	 abundance	 in	 IGF1	 stimulated	
WT	versus	SGK3	KO	cells	in	PS1	(A)	and	in	IGF1	stimulated	DMSO	versus	14h	treated	conditions	in	
PS2	(B).	 Significantly	modulated	proteins	are	marked	 in	 red	and	blue	 (red	–	upregulated;	blue	–	
downregulated)	(adjusted	p	value	<	0.05;	>	1.5	fold-change).		
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On	 further	 detailed	 analysis	 of	 the	 MK2206	 treatment	 dataset,	 only	 41	

phosphosites	were	significantly	downregulated	upon	Akt	inhibition	using	MK2206	

compared	 to	 DMSO	 samples	 (Fig	 5.8A).	 This	 value	 appears	 somewhat	 low	

considering	 over	 200	 Akt	 substrates	 have	 been	 reported.	 Although	 it	 cannot	 be	

excluded	 that	 this	 is	 due	 to	 a	 technical	 error	 in	 processing	 these	 samples,	

immunoblotting	experiments	demonstrated	that	phosphorylation	of	the	Akt	T	loop	

site	 (Thr308)	 was	 completely	 ablated	 by	 MK2206	 and	 NDRG1	 Thr346	

phosphorylation	 was	 significantly	 reduced,	 suggesting	 that	 the	 inhibitor	

treatments	 had	 been	 successful	 (Fig	 5.3B).	 However	 the	 proteins,	 whose	

phosphorylation	was	downmodulated	at	RXRXX(S/T)	motifs,	included	well	known	

and	 previously	 validated	 Akt	 substrates	 such	 as	 FOXO3	 (Tzivion	 et	 al.,	 2011),	

TBC1D4	 (AS160)	 (Kane	 et	 al.,	 2002),	 PFKFP2	 (Novellasdemunt	 et	 al.,	 2013)	 and	

WNK1	 (Jiang	 et	 al.,	 2005).	 Amongst	 these	 41	phosphosites,	were	 also	 ribosomal	

protein	S6,	which	is	a	substrate	of	mTORC1,	and	is	itself	regulated	by	Akt	mediated	

phosphorylation,	therefore	also	serves	as	a	positive	control.	It	should	also	be	noted	

that	although	greater	than	200	Akt	substrates	have	been	reported,	only	~20	have	

been	 validated	 as	 bona	 fide	 substrates,	 which	 are	 also	 detected	 in	 our	 study.	

Identification	of,	mainly,	 these	previously	well	 established	Akt	 substrates	by	our	

experiment	might	reflect	 the	high	specificity	of	 the	Akt	 inhibitor	used	(MK2206),	

as	well	 as	 the	 accuracy	 of	 our	 phosphoproteomic	 screen,	 defining	 only	 true	 Akt	

substrates,	 while	 excluding	 non-specific	 hits.	 MK2206	 treatment	 did	 not	 induce	

any	changes	in	the	total	proteome	either	(Fig	5.8B).	Since	the	aim	of	my	thesis	was	

to	identify	unique	SGK3	substrate(s),	we	decided	to	focus	on	the	PS1	dataset	and	

the	 DMSO	 versus	 14h	 dataset	 from	 PS2.	 The	 DMSO	 versus	 MK2206	 data	 is	

therefore,	not	discussed	any	further	in	this	thesis.	
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Figure	5.8	–	Phosphoproteome	and	total	proteome	following	Akt	inhibition	

	

Figure	 5.8	 –	 Volcano	 plots	 showing	 the	 magnitude	 (log2	 fold-change)	 and	 significance	 (–log10	
Benjamini-Hochberg	 adjusted	p	value)	 of	 differential	 (A)	 phosphopeptide	 and	 (B)	 protein	
abundance	 in	 DMSO	 versus	MK2206	 treated	 HEK	 293	 cells.	 Significantly	 modulated	
phosphopeptides	 and	 proteins	 are	 marked	 in	 red	 and	 blue	 (red	 –	 upregulated;	 blue	 –	
downregulated)	(adjusted	p	value	<	0.05;	>	1.5	fold-change).		
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5.1.3	 SELECTION	 OF	 PUTATIVE	 SGK3	 SUBSTRATES	 FOR	 FURTHER	
VALIDATION		
	
In	 PS1	 and	 PS2,	 the	 distribution	 of	 phosphosites	 down-regulated	 in	 the	 SGK3	

knock	out	and	SGK3	inhibited	conditions	compared	to	WT	or	DMSO	respectively,	

were	remarkably	similar	and	comprised	of	~85-86%	serine	phosphorylated	sites,	

13%	threonine	sites	and	~1-2%	tyrosine	sites	(Fig	5.9A	&	B).	It	is	well	established	

that	SGK3	and	Akt	share	the	same	phosphorylation	consensus	motif,	RXRXX(S/T)	

(Murray	et	al.,	2005,	Alessi	et	al.,	1996).	Bioinformatic	analysis	of	 the	sequences,	

within	 which	 these	 phosphosites	 resided,	 revealed	 that	 the	 most	 significantly	

enriched	phosphorylation	site	motif	detected	was	 indeed,	RXRXX(S/T),	providing	

further	confidence	in	the	data	set	(Fig	5.9C).		

	

Interestingly	 in	 PS1	 only	 26	 of	 the	 117	 phosphosites	 (22%),	 significantly	

downregulated	 in	 the	 knock	 out	 condition	 compared	 to	 WT,	 resided	 in	

RXRXX(S/T)	motifs	 (Fig	 5.9C);	 in	 PS2,	19	of	 393	 phosphosites	 downregulated	 in	

the	14h	treated	conditions	compared	to	DMSO	were	located	in	this	motif	(Figs	5.9	

&	 5.10).	 This	 suggests	 that	 the	 phosphorylation	 of	 proteins	 not	 containing	 the	

typical	 Akt/SGK3	 substrate	 motif,	 is	 either	 indirectly	 modulated	 by	 changes	 in	

SGK3	 or	 Akt	 activation	 or	 that	 SGK3	 and	 Akt	 are	 capable	 of	 phosphorylating	 at	

previously	 unrecognized	 phosphomotifs.	 Indeed,	 the	 motif	 analysis	 revealed	

potentially	 novel	 phosphomotifs	 (Fig	 5.9C),	 which	 might	 be	 phosphorylated	 by	

SGK3	and/or	Akt	and	warrants	further	investigation	and	is	discussed	further	later.		
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Figure	 5.9	 –	 Distribution	 of	 phosphosites	 and	 novel	 SGK3	 (and	 Akt)	
phosphorylation	motifs	
	

	
	

	
Figure	5.9	–	Distribution	of	phosphosites	amongst	unique	Class	I	sites	(>0.75	Probability)	 in	(A)	
PS1	and	(B)	PS2.	(C)	Phosphomotif	analyses	searching	for	PS1	phosphosite	sequences	modified	on	
Ser	or	Thr	residues,	whose	phosphorylation	was	reduced	in	SGK3	KO	compared	to	WT	conditions.	
Histogram	displays	precentage	enrichment	of	each	of	these	phosphomotifs.		
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5.1.4	 SELECTION	 OF	 PUTATIVE	 SGK3	 SUBSTRATES	 WITH	 RXRXX(S/T)	
MOTIFS	
	
To	stringently	select	putative	SGK3	substrates	amongst	 the	117	phosphoproteins	

whose	 phosphorylation	was	 significantly	 reduced	 in	 SGK3	 knock	 out	 samples	 in	

PS1	and	the	393	sites	whose	phosphorylation	was	reduced	in	14H	treated	samples	

in	 PS2,	 the	 sequences	 within	 which	 the	 phosphosites	 resided	 were	 further	

analysed	 to	 shortlist	 only	 those	 significantly	 modulated	 at	 the	 SGK3/Akt	

phosphorylation	consensus	motif	(RXRXX(S/T).	This	narrowed	down	the	search	to	

a	 shortlist	 of	 26	 SGK3	 substrate	 proteins	 in	 PS1,	 which	 included	 several	 well	

established	 SGK	 substrates	 such	 as	 NDRG1	 and	 Nedd4L,	 in	 addition	 to	 the	

previously	 reported	 Akt	 substrates	 Ataxin1	 (Chen	 et	 al.,	 2003)	 and	 the	 recently	

published	 BABAM1	 (Merit40)	 (Brown	 et	 al.,	 2015),	 adding	 a	 greater	 degree	 of	

confidence	to	the	data	(Fig	5.11).	 In	PS2,	19	proteins	could	be	shortlisted,	which	

were	found	to	be	downmodulated	at	the	consensus	motif,	including	the	previously	

known	substrates	NDRG1	and	NEDD4L	(Figs	5.10	&	5.11).		

	

Reassuringly,	there	was	considerable	overlap	in	the	substrates	identified	between	

PS1	 and	 PS2.	 These	 consisted	 of	 13	 proteins	 including	 STX12,	 STX7,	 ITSN1,	

MYCBP2	 and	 NEDD4L,	 phosphorylation	 of	 which	 were	 significantly	 reduced	 by	

>1.5	fold	(Figs	5.10	&	5.11);	moreover,	NDRG1	was	also	detected	in	both	screens	

but	 was	 modified	 at	 two	 different	 sites,	 in	 each	 screen.	 Finally,	 another	 set	 of	

proteins	whose	phosphorylation	was	strongly	suppressed	in	SGK3	null	conditions	

compared	 to	 wild	 type	 in	 PS1	 included	 WDR44,	 MED1,	 NIPBL,	 NDRG3,	 ATX1,	

NIPBL	and	AFF4;	 these	were	also	detected	 in	PS2	but	 in	 this	screen,	 the	changes	
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were	either	not	significant	across	all	replicates	or	did	not	reach	the	threshold	fold	

change	(FC)	of	>1.5.	

	
	
Figure	5.10	–	Heat	Map	displaying	putative	overlapping	and	non-overlapping	SGK3	
substrates	identified	in	PS1	and	PS2	with	RXRXX(S/T)	phosphorylation	motifs.	
	
	

	
	

	
	
Figure	 5.10	 –	 	 Heat	 map	 cluster	 of	 phosphopeptides	 in	 PS1	 and	 PS2	 (p<0.005),	 which	 are	
downregulated	within	RXRXX(S/T)	motifs,	in	the	SGK3	knock	out	(KO)	condition	compared	to	wild	
type	(WT)	(PS1)	or	downregulated	in	the	14h	treated	condition	compared	to	DMSO	control	(PS2).		
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Figure	5.11	–	Proteins	in	which	phosphorylation	was	downregulated	within	RXRXX(S/T)	motifs	in	the	KO	(PS1)	or	14H	treated	
conditions	(PS2)		
	
	
(A)	PS1	-	RXRXX(S/T)			modulated	in	PS1	following	SGK3	knock	out	
	
	

	
	

	

Uniprot	ID Gene	
name Proteins	phosphorylated	at	RXRXX(S/T)	mo<f Sequence	window Phosphosite	Probabili<es Phosphosite		

posi<on 
FC		

Wt/KO 
Q86Y82 STX12 Syntaxin-12 VSEKEKESIARARAGSRLSAEERQREEQLVS AGS(0.5)RLS(0.5)AEER S139 2.1 
Q96PU5 NED4L E3	ubiquiFn-protein	ligase	NEDD4-like	 NNHLIEPQIRRPRSLSSPTVTLSAPLEGAKD S(0.066)LS(0.785)S(0.149)PT(0.001)VTLSAPLEGAK S448 2.1 
Q15811 ITSN1 IntersecFn-1	 PPEYIPPSFRRVRSGSGISVISSTSVDQRLP VRS(0.23)GS(0.731)GIS(0.039)VISSTSVDQR S315 2.1 
O15400 STX7 Syntaxin-7	 QAAEREKEFVARVRASSRVSGSFPEDSSKER AS(0.5)S(0.5)RVS(0.5)GS(0.5)FPEDSSK S126 2.1 

O75592-2 MYCB2 E3	ubiquiFn-protein	ligase	MYCBP2	 APVKTKLDPPRERSKSDSYTLDPDTLRKKKM S(0.055)KS(0.852)DS(0.085)YT(0.009)LDPDTLR S2833 2.1 
Q9UHB7 AFF4 	AF4/FMR2	family	member	4	 SKDPKTEHGSRKRTISQSSSLKSSSNSNKET T(0.083)IS(0.827)QS(0.081)S(0.008)S(0.001)LK S836 2.1 
Q9NWV8 BABA1 	BRISC	and	BRCA1-A	complex	member	1	 EEEEEHSAEPRPRTRSNPEGAEDRAVGAQAS T(0.001)RS(0.999)NPEGAEDR S29 2.1 
Q8IZR5-3 CKLF4 CKLF-like	MARVEL	transmembrane	domain-containing	protein	4	 VRQQSTNDYIRARTESRDVDSRPEIQRLDT_ T(0.071)ES(0.929)RDVDSRPEIQR S194 2.1 
O60333-3 KIF1B Kinesin-like	protein	KIF1B	 INNQQQPPQLRWRSNSLNNGQPKSTRCQASA SNS(1)LNNGQPK S1053 2.0 
O95819-2 M4K4 Mitogen-acFvated	protein	kinase	kinase	kinase	kinase	4	 GSQSGSGERFRVRSSSKSEGSPSQRLENAVK S(0.002)S(0.025)S(0.97)KS(0.001)EGS(0.001)PSQR S677 2.0 

Q96QZ7-7 MAGI1 
	Membrane-associated	guanylate	kinase,		
WW	and	PDZ	domain-containing	protein	1	 TDRRRARSPERRRERSLDKRNREDRASHRER ERS(1)LDKR S1377 2.3 

P45985 MP2K4 Dual	specificity	mitogen-acFvated	protein	kinase	kinase	4	 PTGVQNPHIERLRTHSIESSGKLKISPEQHW LRTHS(1)IESSGK S80 2.1 
Q92597 NDRG1 Protein	NDRG1	 RSRSHTSEGTRSRSHTSEGAHLDITPNSGAA S(0.115)HT(0.771)S(0.115)EGAHLDITPNSGAAGNSAGPK T370 2.2 
Q9UGV2 NDRG3 	Protein	NDRG3	 IPSASMTRLARSRTHSTSSSLGSGESPFSRS T(0.041)HS(0.811)T(0.144)S(0.004)SSLGSGESPFSR S328 2.3 
Q6KC79 NIPBL 	Nipped-B-like	protein	 RKHRHESGDSRERPSSGEQKSRPDSPRVKQG ERPS(0.008)S(0.992)GEQK S883 2.1 
Q9NVE7 PANK4 Pantothenate	kinase	4	 SASPELGPAQRARSGTFDLLEMDRLERPLVD S(0.162)GT(0.838)FDLLEMDR T406 2.1 

Q86YS3-2 RFIP4 	Rab11	family-interacFng	protein	4	 MYKLDCERPGRGRSASSGLGEFNARAREVEL S(0.049)AS(0.723)S(0.229)GLGEFNAR S529 2.1 
O94885 SASH1 SAM	and	SH3	domain-containing	protein	1 SDVCERMEELRKRRVSQDLEVEKPDASPTSL RVS(1)QDLEVEKPDASPTSLQLR S90 2.0 
Q9UQ35 SRRM2 Serine/arginine	repeFFve	matrix	protein	2	 RSRSRASPVSRRRSRSRTPPVTRRRSRSRTP S(1)RT(1)PPVTR S1925,	T1927 2.0 
P25325-2 MPST 	3-mercaptopyruvate	sulfurtransferase	 AEPGSRESETRARSPSVAAMASPQLCRALVS S(0.242)PS(0.758)VAAMASPQLCR S17 2.1 
Q5JSH3-2 WDR44 WDR44_HUMAN	Isoform	2	of	WD	repeat-containing	protein	44	 TVAGEVMGPQRPRSNSGRELTDEEILASVMI S(0.002)NS(0.998)GRELTDEEILASVMIK S344 2.1 
Q9Y2Y4 ZBT32 	Zinc	finger	and	BTB	domain-containing	protein	32	 KPFSCSLCPQRSRDFSAMTKHLRTHGAAPYR DFS(0.915)AMT(0.085)KHLR S414 2.1 
Q5VUA4 ZN318 	Zinc	finger	protein	318 RRASPSPPRGRRVSPSPPRARRGSPSPPRGR RVS(1)PS(1)PPRAR S79 2.1 
P54253 ATX1 	Ataxin-1	 KIEPSKPAATRKRRWSAPESRKLEKSEDEPP RWS(0.993)APES(0.007)R S775 2.1 

Q9UDY2-3 ZO2 	Tight	juncFon	protein	ZO-2	 RGRPHERARSRERDLSRDRSRGRSLERGLDQ ERDLS(1)RDR S192 2.4 
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Figure	5.11	continued	-			

	

(B)	PS2	–	RXRXX(S/T)	sites	modulated	in	PS2	under	SGK3	inhibition	

	

	

Figure	5.11	-	Proteins	were	shortlisted	for	validation	following	phosphosite	sequence	analyses	from	(A)	PS1	and	(B)	PS2.	For	stringent	selection,	only	proteins	
whose	phosphorylation	was	significantly	reduced	by	>1.5	fold	at	phosphosites	located	in	RXRXX(S/T)	motifs	were	shortlisted.	
	

	

Uniprot	ID Gene	
names Proteins	phosphorylated	on	RXRXX(S/T)	mo<f Sequence	window Phospho	(STY)	Probabili<es Posi<on 

FC: CTR/
14H

Q86Y82 STX12 Syntaxin-12 VSEKEKESIARARAGSRLSAEERQREEQLVS AGS(1)RLS(1)AEER S139 7.5 
O15400-2 STX7 Syntaxin-7 AAEREKEFVARVRASSRVSGSFPEDSSKERN AS(0.015)S(0.97)RVS(0.015)GSFPEDSSK S126 3.9 
Q96PU5-2 NEDD4L E3	ubiquiIn-protein	ligase	NEDD4-like NHLIEPQIRRPRSLSSPTVTLSAPLEGAKDS S(0.084)LS(0.145)S(0.765)PT(0.006)VTLSAPLEGAK S385 4.4 
Q92597 NDRG1 Protein	NDRG1 MPSASMTRLMRSRTASGSSVTSLDGTRSRSH S(0.427)RT(0.573)AS(0.993)GS(0.005)S(0.001)VTSLDGTR S330 1.7 

O15400-2 STX7 Syntaxin-7 KEFVARVRASSRVSGSFPEDSSKERNLVSWE AS(0.499)S(0.501)RVS(0.041)GS(0.956)FPEDS(0.003)S(0.001)K S131 6.0 
Q92597 NDRG1 Protein	NDRG1 GMGYMPSASMTRLMRSRTASGSSVTSLDGTR S(0.843)RT(0.157)AS(0.937)GS(0.052)S(0.004)VTS(0.001)LDGT(0.005)R S326 3.1 
Q9Y6D6 ARFGEF1 Brefeldin	A-inhibited	guanine	nucleoIde-exchange	protein	1 VKPRYISGTVRGREGSLTGTKDQAPDEFVGL GREGS(1)LTGTK S1079 2.7 
P35568 IRS1 Insulin	receptor	substrate	1 SMVGGKPGSFRVRASSDGEGTMSRPASVDGS AS(0.026)S(0.967)DGEGT(0.006)MSRPASVDGSPVSPSTNR S330 1.8 

Q6EEV4-2 POLR2M DNA-directed	RNA	polymerase	II	subunit	GRINL1A,	isoforms	4/5 QPAQNVLAAPRLRAPSSRGLGAAEFGGAAGN LRAPS(0.939)S(0.061)R S50 3.2 
Q8IZR5-2 CMTM4 CKLF-like	MARVEL	transmembrane	domain-containing	protein	4 VRQQSTNDYIRARTESRDVDSRPEIQRLDT_ T(0.014)ES(0.986)RDVDSRPEIQR S194 1.7 
Q9Y6D5 ARFGEF2 Brefeldin	A-inhibited	guanine	nucleoIde-exchange	protein	2 KVSTENGDAPRERGSSLSGTDDGAQEVVKDI GS(0.001)S(0.84)LS(0.159)GTDDGAQEVVK S277 2.3 

P23588 EIF4B EukaryoIc	translaIon	iniIaIon	factor	4B WRSEETQERERSRTGSESSQTGTSTTSSRNA 
S(0.02)RT(0.038)GS(0.939)ES(0.012)S(0.902)QT(0.07)GT(0.003)	

S(0.012)T(0.002)T(0.002)SSR S422 0.5 
Q14157 UBAP2L UbiquiIn-associated	protein	2-like SNEEGKENRDRDRDYSRRRGGPPRRGRGASR DRDRDYS(1)R S131 0.6 
O43765 SGTA Small	glutamine-rich	tetratricopepIde	repeat-containing	protein	alpha ELIEQLRSQIRSRTPSASNDDQQE_______ SRT(0.009)PS(0.989)AS(0.002)NDDQQE S305 0.4 

Q15811-10 ITSN1 IntersecIn-1 PPEYIPPSFRRVRSGSGISVISSTSVDQRLP S(0.005)GS(0.915)GIS(0.08)VISSTSVDQR S278 2.7 
O75592 MYCBP2 E3	ubiquiIn-protein	ligase	MYCBP2 APVKTKLDPPRERSKSDSYTLDPDTLRKKKM S(0.113)KS(0.81)DS(0.076)YT(0.001)LDPDTLR S2833 1.4 
P20810-9 CAST CalpastaIn PLLPEPEEKPKPRSESELIDELSEDFDRSEC S(0.001)ES(0.998)ELIDELS(0.001)EDFDR S408 4.5 
Q5HYW2 NHSL2 NHS-like	protein	2 MVTQSDLRSVRLRSVSKSEPEDDIESPEYAE LRS(0.997)VS(0.993)KS(0.969)EPEDDIES(0.036)PEY(0.005)AEEPR S471 1.6 
Q8IWQ3-6 BRSK2 Serine/threonine-protein	kinase	BRSK2 LPPRNEIDPPRKRVDSPMLNRHGKRRPERKS VDS(1)PMLNR S307 1.9 
Q9Y4E6-2 WDR7 WD	repeat-containing	protein	7 AEIEPPKLLTRPRSSSQIPEGFGLTSGGSNY S(0.042)S(0.042)S(0.915)QIPEGFGLTSGGSNYSLAR S1121 1.7 
Q63HQ0 AP1AR AP-1	complex-associated	regulatory	protein EEGMNRMLPMRERSKTEEDILRAALKYSNKK S(0.001)KT(0.999)EEDILR T228 1.6 
Q15149-2 PLEC PlecIn RSRSSSVGSSSSYPISPAVSRTQLASWSDPT S(0.093)S(0.155)S(0.752)VGSSSSYPIS(1)PAVSR S4286 1.8 
Q8ND76 CCNY Cyclin-Y DKYKDLRRSARKRSASADNLTLPRWSPAIIS RS(0.001)AS(0.999)ADNLTLPR S326 1.6 
P49450-2 CENPA Histone	H3-like	centromeric	protein	A RRRSRKPEAPRRRSPSPTPTPGPSRRGPSLG RRS(0.998)PS(0.977)PT(0.563)PT(0.458)PGPS(0.003)R S19 1.4 



	

	

187	

5.1.5	 ANALYSIS	 OF	 ALTERNATIVE	 PHOSPHOMOTIFS	 REGULATED	 BY	 SGK3	
AND	AKT-	(S/T)P	motifs	
	
Interestingly	 some	 of	 the	 most	 common	 phosphomotifs	 aside	 from	 RXRXX(S/T)	

appeared	 to	be	 (S/T)P	containing	motifs,	phosphorylated	on	Ser	or	Thr	 residues	

followed	 by	 a	 proline	 residue.	 The	 proteins	 downregulated	 at	 such	 sites	 in	 the	

SGK3	inhibited,	14H	compared	to	DMSO	treated	conditions	are	presented	in	Figure	

5.12	 and	 listed	 in	 Figures	 5.13	 A	 &	 B.	 It	 was	 surprising	 to	 note	 that	 the	

phosphorylation	of	so	many	proteins	was	being	modulated	at	 this	site	especially	

since	 cyclin	 dependent	 kinases	 (CDKs)	 and	 mitogen	 activated	 protein	 kinases	

(MAPKs)	are	known	to	be	proline	directed	kinases	that	phosphorylate	a	plethora	

of	proteins	on	 this	minimal	 consensus	motif.	 	This	point	 is	 further	 considered	 in	

the	discussion.	

	
Figure	 5.12	 –	 Changes	 in	 phosphorylation	 induced	 by	 SGK3	 inhibition	 on	
(S/T)P	phosphomotif	containing	proteins	in	PS2	
	

	
	
Figure	 5.12	 -	 Volcano	 plot	 showing	 the	 magnitude	 (log2	 fold-change)	 and	 significance	 (–log10	
Benjamini-Hochberg	 adjusted	p	value)	 of	 differential	 phosphopeptide	 abundance	 in	 IGF1	
stimulated	 DMSO	 control	 versus	 14h	 treated	 cells.	 Significantly	modulated	 phosphopeptides	 are	
marked	in	red	and	blue	(red	–	upregulated;	blue	–	downregulated)	(adjusted	p	value	<	0.05;	>	1.5	
fold-change).	
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Figure	5.13	–	Changes	in	phosphorylation	induced	by	SGK3	inhibition	on	(S/T)P	motifs	
	
A	 (T)P	motifs	

Protein Protein names
Gene 

names
Sequence window Phospho (STY) Probabili<es Posi<on FC: CTR/14H

Q9UHR4
Brain-specific angiogenesis inhibitor 1-associated protein 2-like 

protein 1 BAIAP2L1 MNMIEEIKTPASTPVSGTPQASPMIERSNVV
IMNMIEEIKT(0.03)PAS(0.577)T(0.619)PVS(0.988)GT(0.985)PQAS(

0.8)PMIER 255 3.660723489
Q9HC35 Echinoderm microtubule-associated protein-like 4 EML4 ENSDDSRNKLSKIPSTPKLIPKVTKTADKHK IPS(1)T(1)PKLIPK 201 3.54333896

Q9UHR4
Brain-specific angiogenesis inhibitor 1-associated protein 2-like 

protein 1 BAIAP2L1 MIEEIKTPASTPVSGTPQASPMIERSNVVRK
IMNMIEEIKT(0.03)PAS(0.577)T(0.619)PVS(0.988)GT(0.985)PQAS(

0.8)PMIER 257 3.356089131

P10398 Serine/threonine-protein kinase A-Raf ARAF SFSTDAAGSRGGSDGTPRGSPSPASVSSGRK GGS(0.06)DGT(0.939)PRGS(0.86)PS(0.129)PAS(0.012)VSSGR 253 2.937523509
Q9BTV5 Fibronec<n type III and SPRY domain-containing protein 1 FSD1 GRTASPINSPARGTPSPKRMPSGRGGRDRFT T(0.001)ASPINS(0.011)PARGT(0.996)PS(0.992)PK 324 2.617076295
Q13443 Disintegrin and metalloproteinase domain-containing protein 9 ADAM9 PSRQPGSVPRHVSPVTPPREVPIYANRFAVP HVS(1)PVT(1)PPREVPIYANR 761 2.600133711

Q8N8S7-3 Protein enabled homolog ENAH GEDSEPVTSKASSTSTPEPTRKPWERTNTMN ASSTS(0.085)T(0.911)PEPT(0.003)R 452 2.450168575

O15085-2 Rho guanine nucleo<de exchange factor 11 ARHGEF11 SSLSTRSLENPTPPFTPKMGRRSIESPSLGF SLENPT(1)PPFT(1)PK 712 2.21189476

O75781-2 Paralemmin-1 PALM AKEERKTEVVMNSQQTPVGTPKDKRVSNTPL KTEVVMNS(0.001)QQT(0.999)PVGT(1)PK 141 2.194282093

O75781-2 Paralemmin-1 PALM RKTEVVMNSQQTPVGTPKDKRVSNTPLRTVD KTEVVMNS(0.011)QQT(0.989)PVGT(1)PK 145 2.194282093

Q53SF7-4 Cordon-bleu protein-like 1 COBLL1 QRSKKKRDQTASAPATPLVNKHRPTFTRSNT DQT(0.299)AS(0.701)APAT(1)PLVNK 260 2.009198923
P78310 Coxsackievirus and adenovirus receptor CXADR SKTQYNQVPSEDFERTPQSPTLPPAKVAAPN T(0.908)PQS(0.035)PT(0.057)LPPAK 329 1.988163825

O15085-2 Rho guanine nucleo<de exchange factor 11 ARHGEF11 LHQSASSSTSSLSTRSLENPTPPFTPKMGRR S(1)LENPT(1)PPFT(1)PK 703 1.931417405
Q01082 Spectrin beta chain, non-erythrocy<c 1 SPTBN1 AISSDKHEVSASTQSTPASSRAQTLPTSVVT HEVSAS(0.007)T(0.036)QS(0.978)T(0.978)PAS(0.001)SR 2320 1.910297745
Q5T5U3 Rho GTPase-ac<va<ng protein 21 ARHGAP21 EISPPDSSLSKQQTSTPVLTQPGRAYRMEIQ QQT(0.022)S(0.022)T(0.913)PVLT(0.042)QPGR 233 1.903750548
P10070 Zinc finger protein GLI2 GLI2 YLNPVDVSRFSSPRVTPRLSRKRALSISPLS FS(0.086)S(0.914)PRVT(1)PR 224 1.831722218
Q92692 Nec<n-2 PVRL2 EEDEDLEGPPSYKPPTPKAKLEAQEMPSQLF EQTLQGAEEDEDLEGPPS(0.005)YKPPT(0.995)PK 410 1.782419834

A4D1S0-2 Killer cell lec<n-like receptor subfamily G member 2 KLRG2 VRVKPVGAAGGSSTPSPRPSTRFLKVPVPES VKPVGAAGGS(0.013)S(0.097)T(0.899)PS(0.991)PR 143 1.762191524

Q9NPI6 mRNA-decapping enzyme 1A DCP1A DLERKASSPSPLTIGTPESQRKPSIILSKSQ AS(0.161)S(0.726)PS(0.077)PLT(0.036)IGT(0.999)PES(0.001)QR 531 1.730257045

Q8N8S7-3 Protein enabled homolog ENAH TRKPWERTNTMNGSKSPVISRPKSTPLSQPS S(1)PVISRPK 471 1.685090476
Q9NZN5-2 Rho guanine nucleo<de exchange factor 12 ARHGEF12 VQEEECEVERVTEHGTPKPFRKFDSVAFGES VTEHGT(1)PKPFR 717 1.664416511

O15439 Mul<drug resistance-associated protein 4 ABCC4 LKKDNEESEQPPVPGTPTLRNRTFSESSVWS DNEESEQPPVPGT(1)PTLR 646 1.653663904
P49006 MARCKS-related protein MARCKSL1 PSQGAEAKGEVPPKETPKKKKKFSFKKPFKL GEVPPKET(1)PKK 85 1.586190587

Q9Y2J2-2
Band 4.1-like protein 3;Band 4.1-like protein 3, N-terminally 

processed EPB41L3
ERDEEEDKRRKGEEVTPISAIRHEGKSPGLG;ERD

EEEDKRRKGEEVTPISAIRHEGKTDSER KGEEVT(1)PIS(1)AIRHEGK 510 1.559079289
Q14847 LIM and SH3 domain protein 1 LASP1 EFEKNKGKGFSVVADTPELQRIKKTQDQISN GFSVVADT(1)PELQR 104 1.53619149

P52735-3 Guanine nucleo<de exchange factor VAV2 VAV2 RERSASRASSRSPVFTPRVIGTAVARYNFAA AS(0.257)S(0.743)RS(0.067)PVFT(0.933)PR 775 1.489388768

Q9NSY1
BMP-2-inducible protein kinase;Puta<ve BMP-2-inducible kinase-

like protein BMP2K GTPTSTKKTLKPTYRTPERARRHKKVGRRDS TLKPT(0.001)YRT(0.998)PER 1014 1.489210249
Q9Y666 Solute carrier family 12 member 7 SLC12A7 TASHTAAAARTQAPPTPDKVQMTWTREKLIA T(0.066)QAPPT(0.934)PDKVQMT(0.444)WT(0.556)R 973 1.489090154

O75044
SLIT-ROBO Rho GTPase-ac<va<ng protein 2;SLIT-ROBO Rho GTPase-

ac<va<ng protein 2B SRGAP2 EEKQIGKSVKQEDRQTPRSPDSTANVRIEEK QT(0.974)PRS(0.042)PDS(0.83)T(0.154)ANVR 203 1.429927752
P49450-2 Histone H3-like centromeric protein A CENPA RSRKPEAPRRRSPSPTPTPGPSRRGPSLGAS RS(0.447)PS(0.555)PT(0.997)PT(0.001)PGPSR 21 1.380194934
Q96ST2 Protein IWS1 homolog IWS1 EQMPQRRRMNSTGGQTPRRDLEKVLTGEEKA RMNS(0.991)T(0.009)GGQT(1)PR 725 0.621698305
Q9UQ35 Serine/arginine repe<<ve matrix protein 2 SRRM2 RSLSGSSPCPKQKSQTPPRRSRSGSSQPKAK QKS(1)QT(1)PPRR 792 0.577531385
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B	-	(S)P	motifs	

	

	

Uniprot ID Protein names Gene names Sequence window Phospho (STY) Probabili?es
Posi?o

n

FC: CTR/

14H

Q6WKZ4 Rab11 family-interac?ng protein 1 RAB11FIP1 EAEPESKSEPRPPISSPRAPQTRAVKPRLEV SEPRPPIS(0.092)S(0.908)PR 529 4.8

Q9BXF6 Rab11 family-interac?ng protein 5 RAB11FIP5 LSASMFDLSMKDKPRSPFSKIRDKMKGKKKY DKPRS(1)PFSK 188 3.4

O60504-2 Vinexin SORBS3 EPRLRLCDDGPQLPTSPRLTAAARSARHPSS LCDDGPQLPT(0.019)S(0.981)PR 188 2.9

Q7KZI7-14 Serine/threonine-protein kinase MARK2 MARK2 RESGRKASSTAKVPASPLPGLERKKTTPTPS VPAS(1)PLPGLER 422 2.8

Q8IY63-2 Angiomo?n-like protein 1 AMOTL1 ASLPSRGRLSTTPAHSPVLKHPAAKGTAEKL LS(0.056)T(0.396)T(0.548)PAHS(1)PVLK 856 2.7

Q9BTV5

Fibronec?n type III and SPRY domain-containing 
protein 1 FSD1 GKGRTASPINSPARGTPSPKRMPSGRGGRDR T(0.001)ASPINS(0.011)PARGT(0.996)PS(0.992)PK 322 2.6

Q13443

Disintegrin and metalloproteinase domain-containing 
protein 9 ADAM9 QANPSRQPGSVPRHVSPVTPPREVPIYANRF HVS(1)PVT(1)PPREVPIYANR 758 2.6

Q9Y6N7-5 Roundabout homolog 1 ROBO1 DVDLSNKINEMKTFNSPNLKDGRFVNPSGQP T(0.074)FNS(0.926)PNLK 1010 2.6

Q13586 Stromal interac?on molecule 1 STIM1 IEGVHPGSLVEKLPDSPALAKKALLALNHGL LPDS(1)PALAK 575 2.5

P10398 Serine/threonine-protein kinase A-Raf ARAF DAAGSRGGSDGTPRGSPSPASVSSGRKSPHS GS(0.999)PS(0.001)PASVSSGR 257 2.5

Q8TER5-3 Rho guanine nucleo?de exchange factor 40 ARHGEF40 EVTLPVRGSPTDAEGSPGLSRVRTVPTRKGA GSPTDAEGS(1)PGLSR 262 2.4

Q6IQ22 Ras-related protein Rab-12 RAB12 ALQRRAGGGGGLGAGSPALSGGQGRRRKQPP AGGGGGLGAGS(1)PALSGGQGR 21 2.4

Q96HB5-2 Coiled-coil domain-containing protein 120 CCDC120 SDLYGDLKSRRNSVASPTSPTRSLPRSASSF RNS(0.99)VAS(0.991)PT(0.859)S(0.135)PT(0.025)R 271 2.3

Q8IUD2 ELKS/Rab6-interac?ng/CAST family member 1 ERC1 YGSARSVGKVEPSSQSPGRSPRLPRSPRLGH VEPSS(0.003)QS(0.997)PGRS(1)PR 17 2.2

Q8IUD2 ELKS/Rab6-interac?ng/CAST family member 1 ERC1 RSVGKVEPSSQSPGRSPRLPRSPRLGHRRTN SVGKVEPS(0.003)S(0.016)QS(0.981)PGRS(1)PR 21 2.2

Q9UPT5-2 Exocyst complex component 7 EXOC7 KEHFHKSSSSSGVPYSPAIPNKRKDTPTKKP SSSSS(0.001)GVPY(0.002)S(0.997)PAIPNK 250 2.2

Q99959-2 Plakophilin-2 PKP2 VYNLHLVENDFVGGRSPVPKTYDMLKAGTTA T(0.084)S(0.105)S(0.811)VPEYVYNLHLVENDFVGGRS(1)PVPK 102 2.2

Q8N3F8 MICAL-like protein 1 MICALL1 QVKSSCKENPFNRKPSPAASPATKKATKGSK KPS(1)PAAS(0.957)PAT(0.043)KK 640 2.1

Q8N3F8 MICAL-like protein 1 MICALL1 SCKENPFNRKPSPAASPATKKATKGSKPVRP KPS(0.971)PAAS(0.971)PAT(0.058)K 644 2.1

A8K855-2

EF-hand calcium-binding domain-containing protein 
7 EFCAB7 DSKLMRHQFGNHIEGSPERDPSPVPKPSPKI HQFGNHIEGS(1)PERDPS(1)PVPKPS(1)PK 200 2.1

Q9H4G0-2 Band 4.1-like protein 1 EPB41L1 DRDWERERRLPSSPASPSPKGTPEKANEPVK RLPS(0.005)S(0.005)PAS(0.994)PS(0.996)PK 470 2.1

Q9Y6G9 Cytoplasmic dynein 1 light intermediate chain 1 DYNC1LI1 AAGRPVDASPRVPGGSPRTPNRSVSSNVASV VPGGS(1)PRT(1)PNR 405 2.1

Q9H4B6 Protein salvador homolog 1 SAV1 SKPAEVQGKYVKKETSPLLRNLMPSFIRHGP ET(0.226)S(0.774)PLLR 27 2.1

Q92738 USP6 N-terminal-like protein USP6NL ELQSWGVHHLSNGQRSVGRPSPLASGRRESG S(0.998)VGRPS(0.979)PLAS(0.023)GR 391 2.0

Q8IUD2 ELKS/Rab6-interac?ng/CAST family member 1 ERC1 RSVGKVEPSSQSPGRSPRLPRSPRLGHRRTN SVGKVEPS(0.003)S(0.016)QS(0.981)PGRS(1)PR 21 2.0

Q9BXB4 Oxysterol-binding protein-related protein 11 OSBPL11 PPLKSRSFSLASSSNSPISQRRPSQNAISFF SFSLASSSNS(1)PISQR 181 2.0

P52569 Ca?onic amino acid transporter 2 SLC7A2 YDQPKCSPEKDGLGSSPRVTSKSESQVTMLQ DGLGS(0.08)S(0.92)PR 455 2.0

Q09666 Neuroblast differen?a?on-associated protein AHNAK AHNAK VDVTGREGAKDIDISSPEFKIKIPRHELTEI DIDIS(1)S(1)PEFK 177 1.9

Q8NEY1-7 Neuron navigator 1 NAV1 AVALDSDNISLKSIGSPESTPKNQASHPTAT S(0.015)IGS(0.979)PES(0.006)TPK 760 1.9

Q9UKS6

Protein kinase C and casein kinase substrate in 
neurons protein 3 PACSIN3 VPTRDGTAPPPQSPGSPGTGQDEEWSDEESP

DGTAPPPQS(0.105)PGS(0.895)PGT(0.002)GQDEEWS(0.998)DE
ES(0.001)PRK 344 1.9

Q9H228 Sphingosine 1-phosphate receptor 5 S1PR5 SSPQRDGLDTSGSTGSPGAPTAARTLVSEPA DGLDTSGST(0.004)GS(0.996)PGAPTAAR 381 1.9

O94811 Tubulin polymeriza?on-promo?ng protein TPPP DKAKPAKAANRTPPKSPGDPSKDRAAKRLSL T(0.168)PPKS(0.828)PGDPS(0.004)KDR 18 1.9

O75781-2 Paralemmin-1 PALM KDKRVSNTPLRTVDGSPMMKAVVHAVDGTAE TVDGS(1)PMMK 162 1.9

Q9NW97 Transmembrane protein 51 TMEM51 LDETTPTSTRADVEASPGNPPDRQNSKLAKR ADVEAS(1)PGNPPDRQNS(1)K 182 1.9

Q8TED9 Ac?n filament-associated protein 1-like 1 AFAP1L1 LRDMPEDDGEPSKGASPELAKSPRLRNAADL GAS(1)PELAKS(1)PR 98 1.9

Q66K14-2 TBC1 domain family member 9B TBC1D9B SPAPQEGSEQPASPASPLSSRQSFCAQEAPT

KASVVDPSTES(0.002)S(0.008)PAPQEGS(0.129)EQPAS(0.862)PA
S(0.955)PLS(0.021)S(0.022)R 435 1.9

Q13322-2 Growth factor receptor-bound protein 10 GRB10 QPRASGPPRSIQPQVSPRQRVQRSQPVHILA SIQPQVS(1)PR 104 1.9

Q96FS4 Signal-induced prolifera?on-associated protein 1 SIPA1 PLLRSGSDAGEARPPTPASPRARAHSHEEAS S(0.001)GS(0.001)DAGEARPPT(0.999)PAS(0.999)PR 64 1.9

P10070 Zinc finger protein GLI2 GLI2 HLHDYLNPVDVSRFSSPRVTPRLSRKRALSI FS(0.086)S(0.914)PRVT(1)PR 220 1.8

Q15942-2 Zyxin ZYX PRGPPASSPAPAPKFSPVTPKFTPVASKFSP FS(1)PVT(1)PK 110 1.8

Q96FS4 Signal-induced prolifera?on-associated protein 1 SIPA1 RSGSDAGEARPPTPASPRARAHSHEEASRPA SGSDAGEARPPTPAS(1)PR 67 1.8

O43491 Band 4.1-like protein 2 EPB41L2 RVITEEMNGKEISPGSGPGEIRKVEPVTQKD EIS(1)PGS(1)GPGEIR 718 1.8

Q9Y534 Cold shock domain-containing protein C2 CSDC2 SRVWERGGVPPRDLPSPLPTKRTRTYSATAR DLPS(1)PLPTKR 47 1.8

O75864 Protein phosphatase 1 regulatory subunit 37 PPP1R37 PGSPSTPTEQRISVSSPGRGHKVFVVTRVES ISVS(0.01)S(0.99)PGR 561 1.8

Q9NYB9-2 Abl interactor 2 ABI2 PPSPPMSGKGTLGRHSPYRTLEPVRPPVVPN GT(0.997)LGRHS(0.998)PY(0.005)R 190 1.8

Q9C0B5-2 Palmitoyltransferase ZDHHC5 ZDHHC5 TYSKSNGQPKSLGSASPGPGQPPLSSPTRGG SLGS(0.007)AS(0.993)PGPGQPPLS(0.603)S(0.396)PT(0.001)R 631 1.8

Q9C0B5-2 Palmitoyltransferase ZDHHC5 ZDHHC5 SLGSASPGPGQPPLSSPTRGGVKKVSGVGGT SLGSASPGPGQPPLS(0.158)S(0.765)PT(0.076)R 641 1.8

P55196-3 Afadin MLLT4 YITVSKEELSSGDSLSPDPWKRDAKEKLEKQ EELSSGDS(0.001)LS(0.999)PDPWKR 1495 1.8

Q9UPU9 Protein Smaug homolog 1 SAMD4A QMILTPIKAYSSPSTTPEARRREPQAPRQPS AYS(0.058)S(0.917)PS(0.007)T(0.046)T(0.972)PEAR 424 1.7

Q8IWQ3-6 Serine/threonine-protein kinase BRSK2 BRSK2 SISGASSGLSTSPLSSPRVTPHPSPRGSPLP SISGASSGLS(0.024)T(0.289)S(0.486)PLS(0.249)S(0.952)PR 367 1.7

Q16204 Coiled-coil domain-containing protein 6 CCDC6 FNEMSAQGLRPRTVSSPIPYTPSPSSSRPIS T(0.361)VS(0.66)S(0.971)PIPY(0.003)T(0.005)PSPSSSR 352 1.7

Q9UKG1 DCC-interac?ng protein 13-alpha APPL1 TAARVNQSALEAVTPSPSFQQRHESLRPAAG VNQSALEAVT(0.032)PS(0.966)PS(0.002)FQQR 401 1.7

Q9BRS8 La-related protein 6 LARP6 WVRRRRQAEMGTQEKSPGTSPLLSRKMQTAD QAEMGT(0.001)QEKS(0.999)PGT(0.881)S(0.118)PLLS(0.001)R 447 1.7

Q8TAP8 Protein phosphatase 1 regulatory subunit 35 PPP1R35 VPQLRAPVPEPGLDLSLSPRPDSPQPRHGSP APVPEPGLDLS(1)LS(1)PRPDS(1)PQPR 45 1.7

Q8N157 Jouberin AHI1 SETLYQELPPEIKERSPPLSPEEKTKIEKSP ERS(1)PPLS(1)PEEK 1123 1.7

Q8N3F8 MICAL-like protein 1 MICALL1 SPKTKKRPAPRAPSASPLALHASRLSHSEPP APS(1)AS(1)PLALHASR 486 1.7

O43491 Band 4.1-like protein 2 EPB41L2 SIAVVQDGDGRREVRSPTKAPHLQLIEGKKN EVRS(0.988)PT(0.012)K 598 1.6

Q9Y3S1-2 Serine/threonine-protein kinase WNK2 WNK2 RYSAPPDVYLDEAPSSPDVKLAVRRAQTASS YSAPPDVY(0.001)LDEAPS(0.999)S(0.999)PDVK 1781 1.6

Q9BXI6 TBC1 domain family member 10A TBC1D10A QLRRWQETRGELQCRSPPRLHGAKAILDAEP GELQCRS(1)PPR 383 1.6

Q9HCM4-4 Band 4.1-like protein 5 EPB41L5 LKDTSEKLKQLEMENSPLLSPRSNIDVNINS QLEMENS(1)PLLSPR 517 1.6

Q9ULL1

Pleckstrin homology domain-containing family G 
member 1 PLEKHG1 SETAQDIQKVSREEGSPQLSSARPSPAQRNS EEGS(1)PQLSSAR 497 1.6

Q5TCX8 Mitogen-ac?vated protein kinase kinase kinase MLK4 MLK4 ISLPSDFQHKITVQASPNLDKRRSLNSSSSS ITVQAS(1)PNLDKR 528 1.6

Q9NQG6 Mitochondrial dynamics protein MID51 MIEF1 SHSGKRSWEEPNWMGSPRLLNRDMKTGLSRS SWEEPNWMGS(1)PR 79 1.6

Q9P203-5 BTB/POZ domain-containing protein 7 BTBD7 QNPHKFFPDERFGDESPLLTMRQPGRCRVNS FGDES(1)PLLTMR 371 1.6

O43303-2 Centriolar coiled-coil protein of 110 kDa CCP110 LTGSYAKLPSPEPSMSPKMHRRRSRTSSACH LPS(0.973)PEPS(0.183)MS(0.844)PK 372 1.6

Q9UJU6 Drebrin-like protein DBNL IFKQKERAMSTTSISSPQPGKLRSPFLQKQL AMS(0.328)T(0.474)T(0.08)S(0.115)IS(0.005)S(0.998)PQPGK 275 1.6

Q9UEY8-2 Gamma-adducin ADD3 IEITIKSPEKIEEVLSPEGSPSKSPSKKKKK SPEKIEEVLS(1)PEGS(0.986)PS(0.608)KS(0.396)PS(0.01)K 641 1.6

Q6P9H4 Connector enhancer of kinase suppressor of ras 3 CNKSR3 SSKCKQPLPGPKGSESPNSFLDQESRRRRFT GSES(1)PNSFLDQESR 383 1.5

Q53SF7-4 Cordon-bleu protein-like 1 COBLL1 ASCIVKSMSVDETDKSPCEAGRVRAGSLQLS SMS(0.001)VDET(0.082)DKS(0.918)PCEAGR 333 1.5

O60245 Protocadherin-7 PCDH7 YKSSSPLPTVQLHPQSPTAGKKHQAVQDLPP

S(0.088)S(0.113)S(0.797)PLPT(0.002)VQLHPQS(0.997)PT(0.00
3)AGK 1011 1.5

Q9NVD7 Alpha-parvin PARVA SPQKSPSVPKSPTPKSPPSRKKDDSFLGKLG S(0.001)PT(0.001)PKS(0.995)PPS(0.003)R 19 1.5

Q4KMP7 TBC1 domain family member 10B TBC1D10B PLVAPPRRHGAPAAPSPPPRGSRAGPVVVVA RHGAPAAPS(1)PPPR 22 1.5

Q9NQU5-2 Serine/threonine-protein kinase PAK 6 PAK6 SLRTAPATGQLPGRSSPAGSPRTWHAQISTS TAPAT(0.001)GQLPGRS(0.504)S(0.796)PAGS(0.699)PR 347 1.5

Q9NWH7-2 Spermatogenesis-associated protein 6 SPATA6 RTLLVHSAPSTMPKHSPSPVLNRASLRERFH HS(1)PS(1)PVLNR 352 1.5

Q14160 Protein scribble homolog SCRIB PPWASPSPTSRQSPASPPPLGGGAPVRTAKA QS(0.028)PAS(0.972)PPPLGGGAPVR 1448 1.4

Q5TCZ1-3 SH3 and PX domain-containing protein 2A SH3PXD2A SPAVARIAPQRAQISSPNLRTRPPPRRESSL AQIS(0.012)S(0.988)PNLR 393 1.4

Q9Y4F1

FERM, RhoGEF and pleckstrin domain-containing 
protein 1 FARP1 GKEPKVSAGEPGSHPSPAPRRSPAGNKQADG VS(0.009)AGEPGS(0.992)HPS(0.999)PAPR 427 1.4

O14745 Na(+)/H(+) exchange regulatory cofactor NHE-RF1 SLC9A3R1 QKENSREALAEAALESPRPALVRSASSDTSE EALAEAALES(1)PRPALVR 280 1.4

Q04726-3 Transducin-like enhancer protein 3 TLE3 RSLKKDAPTSPASVASSSSTPSSKTKDLGHN

DAPT(0.06)S(0.94)PAS(0.001)VAS(0.935)S(0.059)S(0.004)STPS
SK 292 1.4

Q96S99

Pleckstrin homology domain-containing family F 
member 1 PLEKHF1 AAQQRQEEAEEQGAGSPGQPAHLARPICGAS QEEAEEQGAGS(1)PGQPAHLAR 227 1.3

Q01082 Spectrin beta chain, non-erythrocy?c 1 SPTBN1 AQTLPTSVVTITSESSPGKREKDKEKDKEKR AQTLPTSVVTITSES(0.184)S(0.815)PGKR 2341 1.3

Q8N350-2 Protein Dos DOS GPCPPSPPPRRPRERSPGPVDTRSPASSGKA ERS(1)PGPVDTR 408 0.7

Q6WKZ4 Rab11 family-interac?ng protein 1 RAB11FIP1 VYLEQPEAKGEIKDSSPSSSPSPKGFRKKHL GEIKDS(0.067)S(0.918)PS(0.015)S(0.126)S(0.838)PS(0.036)PK 339 0.6

P23588 Eukaryo?c transla?on ini?a?on factor 4B EIF4B SNPPARSQSSDTEQQSPTSGGGKVAPAQPSE SQSSDTEQQS(0.996)PT(0.003)SGGGK 504 0.6

Q9H4G0-2 Band 4.1-like protein 1 EPB41L1 DMLVTKAVVYRETDPSPEERDKKPQES____ ET(0.055)DPS(0.945)PEER 768 0.6

Q9NYJ8

TGF-beta-ac?vated kinase 1 and MAP3K7-binding 
protein 2 TAB2 HHPPKSRAIGNNSATSPRVVVTQPNTKYTFK AIGNNSAT(0.001)S(0.999)PR 450 0.6

P19622 Homeobox protein engrailed-2 EN2 GEAAAAVEGQRQPESSPGGGSGGGGGSSPGE QPES(0.101)S(0.836)PGGGS(0.063)GGGGGSSPGEADTGR 24 0.6

O75151 Lysine-specific demethylase PHF2 PHF2 MAPGVFLTQRRPSASSPNNNTAAKGKRTKKG RPS(0.277)AS(0.727)S(0.989)PNNNT(0.007)AAK 1059 0.6

Q05193 Dynamin-1 DNM1 SWLQVQSVPAGRRSPTSSPTPQRRAPAVPPA RS(0.999)PT(0.872)S(0.071)S(0.052)PT(0.006)PQRR 776 0.3

Q8WVT3 Trafficking protein par?cle complex subunit 12 TRAPPC12 APPASGDGFEPQMVKSPSFGGASEASARTPP S(0.772)PS(0.082)FGGAS(0.146)EASAR 182 0.3

O95297-2 Myelin protein zero-like protein 1 MPZL1 SESLSPVKQAPRKSPSDTEGLVKSLPSGSHQ KS(0.03)PS(0.915)DT(0.055)EGLVK 220 0.3
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5.2	VALIDATION	OF	PUTATIVE	SGK3	SUBSTRATES	IN	VITRO		

	

To	 investigate	 whether	 SGK3	 directly	 phosphorylates	 the	 putative	 substrates	

identified	in	PS1	and	PS2,	GST	tagged	recombinant	versions	of	these	proteins	were	

generated	and	in	vitro	kinase	assays	performed.	Recombinant	NDRG1	was	used	as	

a	 positive	 control	 for	 all	 experiments.	 It	 should	 be	 noted	 that	 some	 of	 the	

recombinant	 proteins	 at	 the	 time	 of	writing	 this	 thesis	were	 still	 in	 preparation.	

Figure	 5.38	 lists	 the	 stage	 of	 validation	 each	 shortlisted	 protein	 containing	 an	

RXRXX(S/T)	motif	had	reached	at	the	time	of	writing.	

	

	

5.2.1	SGK3	phosphorylates	PanK4	and	BABAM1	in	vitro		

	

Pantothenate	 kinase	 4	 (Pank4),	 being	 a	 member	 of	 the	 PanK	 family	 of	 kinases,	

which	 are	 known	 to	 be	 master	 regulators	 of	 CoA	 biosynthesis	 appeared	

particularly	 interesting	and	was	amongst	 the	 first	proteins	 I	 tested	to	 investigate	

the	 presence	 of	 a	 direct	 kinase-substrate	 relationship	 with	 SGK3.	 Another	

shortlisted	putative	SGK3	substrate	 in	Figure	5.10,	 included	BRISC	and	BRCA1-A	

complex	member	1	(BABAM1	also	known	as	Merit40),	which	is	a	component	of	the	

BRCA1-A	 DNA	 damage	 repair	 complex	 and	 was	 recently	 identified	 as	 an	 Akt	

substrate	that	is	phosphorylated	at	Ser29	following	doxorubicin	treatment	(Brown	

et	al.,	2015).	This	 is	 the	same	site	 that	was	 identified	 in	PS1.	Since	BABAM1	was	

reported	to	be	an	Akt	substrate,	like	NDRG1	it	could	serve	as	an	additional	positive	

control	 as	 it	was	 likely	 that	SGK3	could	also	phosphorylate	 it	 and	was	 therefore	

also	tested	with	PanK4	in	vitro.		

	

As	 expected	 in	 control	 reactions,	without	 SGK3	 or	 any	 of	 the	 substrate	 proteins,	

NDRG1,	BABAM1	or	PanK4,	no	phosphorylation	could	be	observed	(Fig	5.14,	lane	

1).	 	 Similarly,	 no	 trace	 of	 phosphorylation	 could	 be	 observed	 in	 reactions	

containing	 SGK3	 alone	 (other	 than	 autophosphoryled	 SGK3),	 NDRG1	 alone	 or	

PanK4	alone,	confirming	that	no	contaminating	kinases	or	substrate	proteins	were	

present	in	the	protein	preparations.	GST-NDRG1	was	used	as	a	positive	control;	as	

expected	 in	 the	 presence	 of	 SGK3,	 NDRG1	 was	 strongly	 phosphorylated	 as	

observed	 by	 autoradiography.	 As	 hypothesised,	 the	 in	 vitro	 kinase	 assays	 also	
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demonstrated	 that	 SGK3	 strongly	 phosphorylates	BABAM1.	 Importantly,	 the	 test	

substrate	 PanK4	 was	 also	 phosphorylated	 relatively	 strongly	 by	 SGK3.	 Both	

BABAM1	and	PanK4	phosphorylation	were	less	than	NDRG1	phosphorylation.	This	

can	 however,	 be	 accounted	 for	 by	 the	 presence	 of	 three	 SGK3	 phosphorylation	

sites	on	NDRG1,	in	contrast	to	only	one	possible	site	on	PanK4	and	BABAM1.		

	

	

Figure	5.14	 –	 SGK3	phosphorylates	 a	novel	 substrate,	 PanK4	 in	 addition	 to	

BABAM1	in	vitro	

	

	

	

Figure	5.14	–	GST-NDRG1	(2ug),	GST-BABAM1	and	GST-	PanK4	(2μg)	were	incubated	with	0.5ug	
active	 SGK3	 for	 30	minutes.	 Assays	were	 terminated	 by	 the	 addition	 of	 SDS	 loading	 buffer	 and	
products	 were	 separated	 by	 SDS/PAGE.	 Proteins	 were	 detected	 by	 Colloidal	 Coomassie	 Blue	
staining	 (top	panel)	and	 incorporation	of	 [γ-32P]	ATP	was	detected	by	autoradiography	 (bottom	
panel).	All	substrates	were	of	human	sequence	and	expressed	in	E.	coli.		
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5.2.2	BABAM1	is	an	in	vitro	and	in	vivo,	shared	substrate	of	SGK3	and	Akt	

	

Since	 there	 is	 already	 a	 phosphospecific	 antibody	 to	 the	 S29	 site	 of	 BABAM1	

commercially	 available,	 SGK3	 phosphorylation	 of	 endogenous	 BABAM1	 was	

assessed	 in	 HEK293	 cells.	 Firstly,	 as	 in	 PS1,	 cells	were	 treated	with	MK2206	 to	

inhibit	 Akt	 so	 that	 the	 effect	 on	 BABAM1	 phosphorylation	 observed	was	 due	 to	

SGK3	only.	SGK3	was	 found	to	strongly	phosphorylate	BABAM1	in	HEK	293	cells	

following	IGF1	stimulation	and	this	phosphorylation	was	completely	 inhibited	by	

the	SGK3	inhibitor	14H	(Fig	5.15A).	

		

Since	BABAM1	is	associated	with	oestrogen	receptor	positivity	and	SGK3	has	been	

reported	 as	 an	 oestrogen	 inducible	 kinase,	 it	 is	 possible	 that	 SGK3	plays	 a	more	

significant	role	than	Akt	in	such	ER	positive	breast	cancers.	Therefore,	the	ability	of	

14H	or	MK2206	treatment	alone	to	 inhibit	BABAM1	phosphorylation	at	S29	was	

tested	in	wild	type	and	SGK3	knock	out	HEK	293	cells.	However,	it	appeared	that	

as	for	NDRG1,	neither	inhibitor	could	completely	block	BABAM1	phosphorylation	

on	its	own	but	had	a	greater	impact	when	combined	(Fig	5.15A).	In	SGK3	null	cells,	

MK2206	 alone	 is	 able	 to	 completely	 suppress	 BABAM1	 phosphorylation.	 This	

suggests	that	both	SGK3	and	Akt	have	a	similar	capacity	to	phosphorylate	BABAM1	

in	cells	(Fig	5.15B).	
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Figure	5.15	–	BABAM1	is	phosphorylated	by	both	SGK3	and	Akt	

	

	
	

	

Figure	5.15	–	(A)	WT	HEK	293	cells	were	serum	starved	overnight	and	treated	with	or	without	the	
indicated	 inhibitors	 for	 an	 hour	 followed	 by	 10	minutes	 of	 IGF1	 stimulation.	 Lysates	were	 then	
subjected	to	immunoblotting	with	the	indicated	antibodies.	(C)	As	above	except	that	both	wild	type	
(WT)	and	SGK3	knock	out	(KO)	cell	lines	were	used.	
	

	

5.2.3	MPST,	 Rab11FIP4,	 STX12	 and	 WDR44	 are	 novel	 in	 vitro	 substrates	 of	
SGK3	
	
Next	a	selection	of	putative	substrate	proteins	shortlisted	in	Figures	5.10	and	5.11,	

for	which	GST	tagged	fusion	proteins	had	become	available,	were	validated	by	 in	

vitro	kinase	 assays	 using	 active	GST-SGK3	 kinase.	 Kinase	 reactions	were	 carried	

out	in	the	presence	or	absence	of	SGK3,	with	or	without	the	SGK3	inhibitor,	14H.	Of	

the	seven	proteins	selected	for	validation,	five	of	them	including	MPST	(Fig	5.16B),	

Rab11FIP4	(Fig	5.16C),	STX12	(Fig	5.16A),	STX7	(Fig	5.16A)	and	WDR44	(5.15D)	

were	strongly	phosphorylated	in	the	presence	of	SGK3	and	their	phosphorylation	

was	 completely	 ablated	 by	 14h	 (Fig	 5.16).	 Interestingly,	 MPST	 phosphorylation	

was	stronger	than	NDRG1,	despite	the	presence	of	only	one	putative	RXRXX(S/T)	

phosphosite,	 compared	 to	 three	 sites	 in	 NDGR1.	 In	 contrast	 SGTB	 and	 Ataxin1	

phosphorylation	by	SGK3	in	vitro	appeared	to	be	relatively	weak	(Figs	5.16C	&	D).	
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Figure	 5.16	 -	 Validation	 of	 MPST,	 Rab11FIP4,	 STX12,	 STX7	 and	WDR44	 as	

novel	substrates	of	SGK3	

	

	

Figure	5.16	–	GST-NDRG1	(2μg),	GST-	STX7	(2μg),	GST-STX12	(2μg),	GST-RFIP4	(2μg),	GST-SGTB	
(2μg),	GST-MPST2	(2μg),	GST-ATXN1	(2μg)	and	GST-WDR44	(2μg)	was	incubated	with	0.5ug	active	
SGK3	or	0.125ug	active	Akt	n	 the	presence	or	absence	of	3uM	14H	 for	30	minutes.	Assays	were	
terminated	 by	 the	 addition	 of	 SDS	 loading	 buffer	 and	 products	 were	 separated	 by	 SDS/PAGE.	
Proteins	were	detected	by	Colloidal	Coomassie	Blue	staining	(top	panel)	and	incorporation	of	[γ-
32P]	ATP	was	detected	by	autoradiography	(bottom	panel).	All	substrates	were	of	human	sequence	
and	expressed	in	E.	coli.		
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5.3	PHOSPHOMAPPING	BY	HPLC	&	EDMAN	DEGRADATION	

	

	

Of	the	substrates	tested	in	vitro,	BABAM1,	STX7	and	Ataxin1	have	been	previously	

studied	 and	 published	 as	 Akt	 substrates.	 I	 therefore	 concentrated	 on	 the	 novel	

substrates	and	phosphomapped	PanK4,	MPST,	Rab11FIP4,	WDR44	and	STX12	by	

performing	 in	 vitro	 kinase	 assays	 resulting	 in	 P32	 incorporation,	 followed	 by	

Edman	sequencing	to	confirm	the	phosphosites.	

	
	
	
	
5.3.1	SGK3	phosphorylates	PanK4	on	Thr406	

	

In	 vitro	 kinase	 reactions	were	 first	 optimised	 to	 determine	 the	 time	 required	 to	

attain	maximal	phosphorylation	of	PanK4	(data	not	shown).	Time	course	analysis	

revealed	 80	minutes	 to	 be	 an	 optimal	 reaction	 time.	 To	 determine	 the	 site(s)	of	

phosphorylation	 in	PanK4	by	SGK3,	 the	γ32P-phosphorylated	GST-PanK4	protein,	

obtained	 following	 an	 80	 minute	 kinase	 assay,	 was	 subjected	 to	 in-gel	 tryptic	

digestion,	 and	 the	 resulting	 tryptic	 peptides	were	 separated	 by	 HPLC,	 revealing	

one	 major	 phosphopeptide-containing	 peak	 (Fig	 5.17A).	 Subsequent	 mass	

spectrometric	 analysis	 with	 solid	 phase	 Edman	 sequencing	 identified	 the	 same	

phosphorylation	site	in	PanK4,	mapping	to	the	residue	Thr406	(5.17B).	To	further	

verify	 this	 site,	 the	 Thr406Ala	 mutant	 GST-PanK4	 recombinant	 protein	 was	

generated	 and	 again	 subjected	 to	 in	 vitro	 kinase	 assays.	 As	 expected,	 SGK3	

phosphorylated	 the	 wild	 type	 GST-PanK4	 but	 not	 the	 PanK4	 alanine	 mutant,	

confirming	 that	 Thr406	 is	 indeed	 the	 bona	 fide	 SGK3	 phosphorylation	 site	 (Fig	

5.17C).		
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Figure	5.17	–	SGK3	phosphorylates	PanK4	at	Thr	406	

	

	

	

Figure	 5.17	 –	 (A)	 GST-	 PanK4	 was	 incubated	 with	 active	 SGK3	 for	 80	 minutes.	 Assays	 were	
terminated	 by	 the	 addition	 of	 SDS	 loading	 buffer	 and	 products	 were	 separated	 by	 SDS/PAGE.	
Proteins	 were	 detected	 by	 Colloidal	 Coomassie	 Blue	 staining.	 SGK3-phosphorylated	 PanK4	 was	
subjected	 to	 SDS-PAGE,	 excised	 from	 the	 gel,	 and	 digested	with	 trypsin.	 The	 resultant	 peptides	
were	 then	 separated	 by	 HPLC.	32P	 radioactivity	 was	 detected	 using	 an	 online	 radioactivity	
detector.	(B)	The	largest	peak	fraction	was	analyzed	by	Edman	degradation	and	mass	spectrometry	
as	described	in	‘Methods’.	(C)	As	in	(A)	except	that	kinase	reactions	included	the	GST-PanK4	T40A	
mutant,	 reactions	were	 for	30	minutes	and	 following	staining,	 incorporation	of	 [γ-32P]	ATP	was	
detected	by	autoradiography.	
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5.3.2	SGK3	phosphorylates	MPST2	on	Ser17	

	

Once	 again	 to	 confirm	 the	 phosphosite	 identified	 in	 PS1,	 the	 site	 of	 SGK3	

phosphorylation	on	GST-MPST2	recombinant	protein	was	mapped	by	HPLC	Mass	

Spectrometry	 and	 Edman	 sequencing	 following	 an	 in	 vitro	 kinase	 assay	 in	 the	

presence	of	γ32P,	 to	radioactively	 label	 the	site	(Figs	5.18A	&	5.18B).	Once	again,	

the	optimal	duration	to	attain	maximal	phosphorylation	of	MPST2	was	determined	

as	80	minutes	prior	to	carrying	out	phosphomapping.	The	site	of	phosphorylation	

by	SGK3	was	determined	as	Ser17,	which	was	 the	 same	as	 that	 identified	 in	 the	

phosphoproteomic	 screen	 (Fig	 5.18B).	 This	 was	 further	 verified	 by	 generating	

recombinant	MPST2	with	an	alanine	mutation	at	Ser17.	Following	in	vitro	kinase	

assays,	wild	type	MPST2	was	strongly	phosphorylated	by	SGK3	but	introduction	of	

the	 S17A	mutation	 completely	 abolished	 phosphorylation	 of	 the	mutant	 protein	

(Fig	5.18C).	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

	

198	

Figure	5.18	–	SGK3	phosphorylates	MPST2	at	Ser17	

	

	

	

	

Figure	 5.18	 –	 (A)	 GST-MPST2	 was	 incubated	 with	 active	 SGK3	 for	 80	 minutes.	 Assays	 were	
terminated	 by	 the	 addition	 of	 SDS	 loading	 buffer	 and	 products	 were	 separated	 by	 SDS/PAGE.	
Proteins	were	 detected	 by	 Colloidal	 Coomassie	 Blue	 staining.	 SGK3-phosphorylated	MPST2	was	
subjected	 to	 SDS-PAGE,	 excised	 from	 the	 gel,	 and	 digested	with	 trypsin.	 The	 resultant	 peptides	
were	 then	 separated	 by	 HPLC.	32P	 radioactivity	 was	 detected	 using	 an	 online	 radioactivity	
detector.	(B)	The	largest	peak	fraction	was	analyzed	by	Edman	degradation	and	mass	spectrometry	
as	described	in	‘Methods’.	(C)	As	in	(A)	except	that	kinase	reactions	included	the	GST-MPST2	S17A	
mutants,	reactions	were	for	30	minutes	and	following	staining,	 incorporation	of	[γ-32P]	ATP	was	
detected	by	autoradiography.	
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5.5.3	SGK3	phosphorylates	Rab11FIP4	at	S527	and	STX12	at	S139	

	

The	 site	 of	 Rab11FIP4	 phosphorylation	 by	 SGK3	 was	 mapped	 to	 confirm	 the	

location	 of	 the	 phosphosite	detected	 in	 PS1.	 To	 do	 this,	 the	 γ32P-phosphorylated	

GST-Rab11FIP4	protein	was	subjected	to	in-gel	tryptic	digestion,	and	the	resulting	

tryptic	 peptides	were	 separated	 by	 HPLC,	 revealing	 one	major	 phosphopeptide-

containing	 peak	 (Fig	 5.19A).	 Subsequent	mass	 spectrometric	 analysis	with	 solid	

phase	Edman	sequencing	identified	the	same	phosphorylation	site,	mapping	to	the	

residue	 Ser527	 (Fig	 5.19B).	 To	 further	 verify	 this	 site,	 as	 before,	 a	 Ser527Ala	

mutant	GST-Rab11FIP4	recombinant	protein	was	generated	and	again	subjected	to	

in	vitro	kinase	assays.	Consistent	with	Ser527	being	the	major	phosphosite,	SGK3	

phosphorylated	 the	 wild	 type	 GST-Rab11FIP4	 but	 not	 the	 alanine	 mutant,	

confirming	 that	 Ser527	 is	 indeed	 the	 correct	 SGK3	 phosphorylation	 site	 (Fig	

5.19C).		

	

Phosphosite	 analysis	 of	 SGK3	 phosphorylated	 GST-STX12	 by	 HPLC	 and	 Edman	

degradation	was	 complicated	by	 the	number	of	 arginine	 residues	present	 in	and	

near	 the	phosphorylation	motif	 (RARAGSR),	 since	 trypsin	predominantly	 cleaves	

proteins	at	the	carboxyl	side	of	the	amino	acids	arginine	and	lysine,	which	would	

lead	 to	very	small	peptides,	which	 cannot	be	detected	on	 the	mass	 spectrometer	

and	sequenced.	An	alternative	protease,	Glu-C	was	utilised	to	fragment	STX12	but	

this	 method	 resulted	 in	 peptides	 that	 could	 not	 be	 extracted	 from	 the	 gel.	

Therefore,	 the	 phosphosite	was	 verified	 by	 generating	 an	 alanine	mutant	 of	 the	

site	 detected	 in	 PS1,	 GST-STX12	 Ser139Ala.	 Consistent	 with	 Ser139	 being	 the	

phosphorylation	 site,	 SGK3	phosphorylated	wild	 type	 STX12	 but	 not	 the	 alanine	

mutant	 in	 in	 vitro	 kinase	 assays	 (Fig	 5.19C),	 confirming	 Ser139	 as	 the	 correct	

STX12	phosphosite.		
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Figure	5.19	–	SGK3	phosphorylates	Rab11FIP4	at	S527A	and	STX12	at	S139A	

	

	
	

Figure	 5.19	 –	(A)	GST-Rab11FIP4	was	incubated	with	active	SGK3	 for	80	minutes	 in	an	 in	vitro	
kinase	 assay.	 Assays	were	 terminated	 by	 the	 addition	 of	 SDS	 loading	 buffer	 and	 products	were	
separated	 by	 SDS/PAGE.	 Proteins	 were	 detected	 by	 Colloidal	 Coomassie	 Blue	 staining.	 SGK3-
phosphorylated	Rab11FIP4	was	 subjected	 to	 SDS-PAGE,	 excised	 from	 the	 gel,	 and	digested	with	
trypsin.	The	resultant	peptides	were	then	separated	by	HPLC.	32P	radioactivity	was	detected	using	
an	online	radioactivity	detector.	(B)	The	largest	peak	fraction	was	analyzed	by	Edman	degradation	
and	 mass	 spectrometry	 as	 described	 in	 ‘Methods’.	 (C)	 As	 in	 (A)	 except	 that	 kinase	 reactions	
included	 the	 GST-Rab11FIP4	 S527A	 mutant,	 GST-STX12	 and	 the	 GST-STX12	 S139A	 mutant,	
reactions	were	for	30	minutes	and	following	staining,	incorporation	of	[γ-32P]	ATP	was	detected	by	
autoradiography.	
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5.4	SEARCH	FOR	UNIQUE	SUBSTRATES	OF	SGK3	

As	explained	in	Chapter	3	and	4,	the	unique	mechanism	of	SGK3	regulation	due	to	

the	presence	of	 a	PX	domain	unlike	Akt,	which	possesses	a	PH	domain,	 localizes	

SGK3	 to	 the	 endosomes.	 Thus,	 we	 hypothesized	 that	 SGK3	 must	 have	 its	 own	

unique	 substrates	 that	 may	 reside	 at	 the	 endosomes	 or	 serve	 an	 endosomal	

function.	One	major	aim	of	this	study	was	to	determine	and	discover	whether	such	

SGK3	 selective	 substrates	 exist,	 since	 most	 previously	 reported	 SGK	 substrates,	

such	as	NDRG1	can	in	fact	be	phosphorylated	by	Akt.		

	

5.4.1	 STX12,	 STX7,	 RFIP4	 and	 WDR44	 are	 preferentially	 phosphorylated	 by	
SGK3	
	
The	 proteins	 studied	 so	 far	 had	 been	 detected	 in	 PS1	 and	 were	 shortlisted	 for	

validation	based	upon	the	presence	of	phosphosites	on	a	RXRXX(S/T)	motif	(Figs	

5.10	&	5.11).	Notably,	 to	help	towards	the	search	 for	SGK3	selective	substrates,	 I	

carried	out	numerous	 literature	searches	to	 identify	any	proteins	 in	 this	shortlist	

that	may	have	been	reported	as	endosomally	localized,	which	included	Rab11FIP4,	

STX12,	STX7	and	WDR44.	

	

Next,	 to	 identify	SGK3	specific	substrate(s),	 the	GST	tagged	recombinant	proteins	

were	subjected	to	in	vitro	kinase	assays	using	both	SGK3	and	Akt.	Prior	to	this,	the	

quantity	 of	 Akt	 and	 SGK3	 required	 to	 achieve	 equipotent	 kinase	 activity	 was	

deduced	experimentally.	To	do	this,	phosphorylation	of	recombinant	GST-NDRG1	

by	SGK3	and	increasing	amounts	of	Akt	were	compared	in	an	in	vitro	kinase	assay	

(Fig	 5.20).	 0.125ug	 of	 recombinant	Akt	was	 found	 to	 phosphorylate	NDRG1	 at	 a	

similar	level	to	0.5ug	SGK3.		
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Figure	5.20	–	Normalisation	of	SGK3	and	Akt	quantities	to	attain	equipotent	

activity	

	
	

Figure	5.20	–	An	Akt	titration	was	carried	out	to	determine	amounts	of	Akt	and	SGK3	required	to	
attain	equal	level	of	NDRG1	phosphorylation	(equipotent	activity).	2ug	GST-NDRG1	was	incubated	
with	0.5ug	active	SGK3	or	increasing	amounts	of	active	Akt	for	30	minutes.	Assays	were	terminated	
by	 the	addition	of	SDS	 loading	buffer	and	products	were	separated	by	SDS/PAGE.	Proteins	were	
detected	 by	 Colloidal	 Coomassie	 Blue	 staining	 (top	 panel)	 and	 incorporation	 of	 [γ-32]ATP	 was	
detected	by	autoradiography	(bottom	panel).	Arrows	indicate	Akt	and	SGK3	quantities	required	for	
equal	NDRG1	phosphorylation.	
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Next	 recombinant	 PanK4,	MPST2,	 Rab11FIP4,	 STX12,	 STX7,	WDR44	 and	NDRG1	

were	tested	against	both	Akt	and	SGK3	with	or	without	their	respective	inhibitors,	

AZD5363	 and	 14H.	 PanK4,	 MPST2	 and	 NDRG1	 were	 phosphorylated	 to	 similar	

extents	by	both	Akt	 and	SGK3	 (Fig	5.21A,	B,	G),	 indicating	 that	 these	are	 shared	

substrates;	 their	 phosphorylation	was	 lost	 accordingly	 in	 the	 presence	 of	 either	

AZD5363	or	 14H.	 Intriguingly,	while	Rab11FIP4,	 STX12,	 STX7	 and	WDR44	were	

strongly	phosphorylated	by	SGK3,	 they	were	only	weakly	phosphorylated	or	not	

phosphorylated	at	all	by	Akt	(Fig	5.21C,	D,	E,	F).	It	is	very	interesting	to	note	that	

all	 four	 of	 these	 proteins	 like	 SGK3,	 have	 endosomal	 localisation	 and	 related	

functions	(see	Discussion).		It	is	important	to	note	that	the	above	assays	comparing	

in	vitro	phosphorylation	of	these	substrates	by	Akt	or	SGK3	were	simply	used	as	an	

initial	 indicator	 as	 to	which	 substrates	may	 be	 unique	 to	 SGK3.	 To	 fully	 confirm	

that	 any	 of	 these	 proteins	 are	 indeed	 true	 SGK3	 specific	 substrates,	 further	

confirmation	 in	 vivo	 is	 required	 (in	 vivo	 data	 is	 presented	 later	 in	 this	 chapter).
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Figure	5.21	–	Rab11FIP4,	STX7,	STX12	and	WDR44	are	phosphorylated	by	SGK3	but	not	Akt	

	
	
	
Figure	5.21	–	2ug	of	(A)	GST-NDRG1,	(B)	GST-	MPST,	(C)	GST-Rab11FIP4,	(D)	GST-STX12,	(E)	GST-STX7,	(F)	GST-WDR44	and	(G)	GST-PANK4	were	incubated	with	
0.5ug	active	SGK3	or	0.125ug	active	Akt	for	30	minutes.	Assays	were	terminated	by	the	addition	of	SDS	loading	buffer	and	products	were	separated	by	SDS/PAGE.	
Proteins	were	detected	by	Colloidal	Coomassie	Blue	staining	 (top	panel)	and	 incorporation	of	 [γ-32P]ATP	was	detected	by	autoradiography	 (bottom	panel).	All	
substrates	were	of	human	sequence	and	expressed	in	E.	coli.	
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5.5	VALIDATION	OF	NOVEL	SGK3/AKT	SUBSTRATES	IN	VIVO		
	
Having	 identified	 several	 novel	 in	 vitro	 substrates	 of	 SGK3,	 verified	 by	 kinase	

assays	and	phosphomapping,	it	was	important	to	determine	whether	any	of	these	

represented	 genuine	 physiological	 substrates	 of	 SGK3.	 To	 do	 this	 we	 ordered	 a	

number	 of	 phosphospecific	 antibodies	 for	 the	 substrates	 that	 appeared	

particularly	 interesting.	The	 table	 in	Figure	5.37	 shows	 the	progress	of	 antibody	

development	for	each	substrate.	

	
	
	
5.5.1	PanK4	is	a	physiological	substrate	of	SGK3	
	

To	 confirm	 the	 in	 vitro	 data	 and	 further	 study	 PanK4	 and	 its	 functional	

significance,	it	was	important	to	examine	whether	PanK4	phosphorylation	by	SGK3	

occurs	in	vivo.	This	was	assessed	in	two	ways.		

	

Firstly,	HA-PanK4	was	transiently	transfected	into	HEK	293	cells	following	which,	

cells	were	serum	starved	overnight	and	treated	with	or	without	a	combination	of	

SGK	 and	Akt	 inhibitors,	 14H	 and	MK2206	 respectively,	 for	 1	 hour	 prior	 to	 IGF1	

stimulation	for	10	minutes.	HA-PanK4	was	immunoprecpitated	from	the	lysates	of	

these	 cells	 using	 HA	 antibody	 and	 the	 immunoprecipitates	 were	 subjected	 to	

immunoblot	 analysis	with	 a	 pan	 phospho	 -	 Akt	 substrate	 (PAS)	 antibody,	which	

preferentially	 recognizes	 peptides	 and	 proteins	 containing	 phospho-Ser/Thr	

preceded	 by	 Lys/Arg	 at	 positions	 -5	 and	 -3,	 in	 a	manner	 largely	 independent	 of	

other	surrounding	amino	acids	(Zhang	et	al.,	2002).	Under	IGF1	stimulation,	PanK4	

was	strongly	phosphorylated.	This	phosphorylation	was	almost	completely	ablated	

by	a	combination	of	SGK3	and	Akt	inhibition	(Fig	5.22A).		

	

Secondly,	 a	 phosphospecific	 antibody	 was	 generated,	 which	 is	 capable	 of	

recognising	endogenous	PanK4	under	conditions	in	which	T406	is	phosphorylated.	

PanK4	phosphorylation	was	monitored	in	wild	type	and	SGK3	knock	out	HEK	293	

cells.	 	Data	presented	 in	Chapter	3	clearly	demonstrates	 that	 the	SGK3	substrate,	

NDRG1	is	phosphorylated	by	both	Akt	and	SGK3	and	that	maximal	suppression	of	

phosphorylation	is	only	achieved	with	inhibition	of	both	of	these	kinases.	Thus,	we	
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expected	most	SGK3	substrates	to	behave	in	a	similar	manner.	Wild	type	and	SGK3	

knock	out	cells	were	serum	starved	overnight	prior	to	stimulation	with	SGK	(14H)	

and	Akt	 (MK2206)	 inhibitors	and	 IGF1	stimulation	 for	10	minutes.	Lysates	were	

subsequently	immunoblotted	with	the	PanK4	T406	phosphospecific	antibody	(Fig	

5.22B).	The	PanK4	phosphorylation	pattern	was	identical	to	NDRG1.	As	with	over	

expressed	 PanK4,	 under	 IGF1	 stimulation,	 PanK4	 was	 strongly	 phosphorylated.	

Treatment	 with	 MK2206	 strongly	 suppressed	 both	 endogenous	 NDRG1	 and	

endogenous	 PanK4	 phosphorylation,	 while	 14H	 treatment	 partially	 inhibited	

phosphorylation	 of	 both	 proteins.	 Treatment	with	 both	 SGK3	 and	Akt	 inhibitors	

completely	suppressed	phosphorylation	of	both	NDRG1	and	PanK4	(Fig	5.22B).	In	

SGK3	 null	 cells,	 treatment	 with	 the	 Akt	 inhibitor	 was	 sufficient	 for	 complete	

ablation	of	PanK4	phosphorylation.	Thus,	we	could	confirm	that	PanK4	is	indeed	a	

novel	physiological	 substrate	of	both	SGK3	and	Akt.	 It	 should	be	noted	however,	

that	the	phospho	PanK4	T406	antibody	has	only	recently	been	generated	and	still	

requires	 full	 characterisation	 with	 PanK4	 T406	 mutants.	 Nevertheless,	 the	

overexpressed	and	endogenous	data,	combined	with	the	phosphoproteomics	and	

in	 vitro	 experiments,	 provide	 strong	 evidence	 that	 PanK4	 is	 a	 genuine	

physiological	substrate	of	SGK3	and	Akt.	

	

Figure	5.22	–	PanK4	is	an	in	vivo	substrate	of	SGK3	and	Akt	

	
	

Figure	 5.22	 –	 (A)	 HEK	 293	 cells,	 transiently	 transfected	 with	 HA-PanK4,	 were	 serum	 starved	
overnight	and	treated	with	or	without	a	combination	of	1uM	MK2206	and	3uM	14H	for	1	hour	and	
50ng/ml	IGF1	stimulation	for	10	minutes.	HA-PanK4	was	immunoprecipitated	from	cell	lysates	and	
subjected	 to	 immunoblot	 analysis	with	 the	 indicated	 antibodies.	 (B)	 HEK	 293	 cells	 were	 serum	
starved	and	treated	with	or	without	the	indicated	inhibitors	prior	to	50ng/ml	IGF1	stimulation	for	
10	minutes.	Lysates	were	immunoblotted	with	the	indicated	antibodies.	
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5.5.2	SGK3	phosphorylates	MPST2	in	cells	

	

To	confirm	that	MPST2	is	phosphorylated	by	Akt	and	SGK3	in	cells,	in	the	absence	

of	a	phosphospecific	antibody,	HA	tagged	MPST2	was	overexpressed	 in	HEK	293	

cells	 and	 subsequently	 treated	with	or	without	 the	 SGK	 and	Akt	 inhibitors	 (14H	

and	 MK2206	 respectively),	 prior	 to	 IGF1	 stimulation.	 HA-MPST2	 was	

immunoprecipitated	using	an	HA	antibody	and	the	immunoprecipitates	subjected	

to	 immunoblot	 analysis	 using	 the	 phospho-Akt	 substrate	 motif	 (PAS)	 antibody,	

which	 should	 also	 detect	 SGK3	 substrates	 due	 to	 the	 same	 consensus	

phosphorylation	 motif	 (RXRXX(S/T)).	 Immunoblotting	 with	 the	 PAS	 antibody	

revealed	a	distinct	band	at	the	expected	molecular	weight	of	~34kDa.	Under	serum	

starvation,	 phosphorylation	 of	 HA-MPST2	 was	 not	 visible	 but	 stimulation	 with	

IGF1	 resulted	 in	 strong	 phosphorylation	 of	 MPST2,	 which	 was	 suppressed	

substantially	 by	 both	 Akt	 and	 SGK3	 inhibitors	 alone	 and	 completely	 lost	with	 a	

combination	of	the	two	inhibitors	(Fig	5.23).	An	additional	control	that	is	missing	

from	 this	 analysis	 is	 the	 HA-MPST2	 S17A	 mutant.	 In	 future	 work,	 it	 would	 be	

important	 to	demonstrate	with	 the	 PAS	 antibody	 and	 the	 phosphospecific	MPST	

antibody	that	 they	are	both	able	 to	detect	phosphorylation	of	S17	but	not	 that	of	

the	S17A	mutant.	Nevertheless,	these	results	provide	strong	evidence	that	MPST2	

is	likely	to	be	a	genuine	in	vivo	substrate	and	a	phosphospecific	antibody	should	be	

able	to	fully	validate	this	protein	at	the	endogenous	level.		

	

Figure	5.23	–	HA-MPST2	is	phosphorylated	by	SGK3	and	Akt	in	cells	

	

	
	
Figure	5.23	–	HA	MPST2	was	transiently	transfected	into	HEK	293	cells	and	48	hours	later,	cells	
were	serum	starved	prior	to	treatment	with	or	without	the	Akt	inhibitor,	1uM	MK2206	or	the	SGK	
inhibitor,	 3uM	 14h	 prior	 to	 IGF1	 stimulation	 for	 10	 minutes.	 HA-MPST2	 was	 subsequently	
immunoprecipitated	from	the	lysates	and	subjected	to	immunoblot	analysis	with	the	PAS	antibody.	
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5.6	 FUNCTIONAL	 STUDIES	 AND	 FURTHER	ANALYSIS	 OF	 SGK3	 SUBSTRATES	
TO	DETERMINE	ROLE	OF	SGK3	MEDIATED	PHOSPHORYLATION		
	
	
5.6.1	PanK4,	a	novel	substrate	of	SGK3	and	AKT	
	
Pantothenate	 kinases	 (PanKs)	 are	 master	 regulators	 of	 CoA	 biosynthesis.	 CoA	

(coenzyme	A)	is	an	essential	cofactor	in	many	metabolic	reactions	including	fatty	

acid	synthesis	and	oxidation,	lipid	synthesis	and	oxidation	of	pyruvate	in	the	citric	

acid	 cycle	 (Dansie	 et	 al.,	 2014).	 CoA	 is	 derived	 from	pantothenate,	which	 is	 also	

known	as	vitamin	B5,	 through	a	 series	of	 five	 reactions	 (Fig	5.24).	Pantothenate	

kinases	(PanK)	catalyse	the	 first	committed	step	 in	this	biosynthetic	pathway,	by	

phosphorylating	 pantothenate	 to	 generate	 phosphopantothenate,	 which	 is	

eventually	 converted	 to	CoA.	Although	most	prokaryotes	and	metazoans	possess	

only	 one	 PanK,	 mammals	 have	 four	 different	 PanK	 proteins,	 including	 PanK1	

(PanK1a	and	PanK1b),	PanK2,	PanK3	and	PanK4,	encoded	by	four	different	genes.	

Acetyl	CoA	is	a	potent	inhibitor	of	PanK	1-3,	enabling	CoA	production	when	Acetyl	

CoA	 levels	 are	 low.	 PanK	 1,	 2	 and	 3	 share	 a	 homologous	 C	 terminal	 catalytic	

domain	 but	 vary	 in	 their	 N-termini,	 which	 leads	 them	 to	 distinct	 sub-cellular	

compartments;	PanK1a	is	nuclear,	PanK1b	and	PanK3	are	cytosolic,	while	PanK2	is	

mitochondrial.	It	is	believed	that	these	PanK	isoforms	are	differentially	localised	to	

enable	 sensing	 of	 CoA	 homeostasis	 in	 distinct	 cellular	 compartments.	 	 A	 recent	

study	 also	 reported	 the	 covalent	 attachment	 of	 CoA	 to	 cysteine	 thiols	 as	 a	

reversible	post	 translational	modification	 that	occurs	on	a	wide	 range	of	 cellular	

proteins	in	response	to	oxidising	agents	and	metabolic	stress;	this	modification	has	

been	termed	CoAlation	(Tsuchiya	et	al.,	2017).	
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Figure	5.24	–	The	Co-A	Biosynthetic	pathway	

	

	
 

Adapted	from	(Zano	et	al.,	2015).	
	
	
Figure	5.24	–	Coenzyme	A	is	synthesized	in	a	5	step	process.	The	first	step	is	the	phosphorylation	
of	 pantothenate	 (vitamin	B5)	 by	 pantothenate	 kinase	 (PANK)	 to	 4′-phosphopantothenate.	 This	 is	
followed	 by	 condensation	 with	 cysteine	 catalyzed	 by	 4′-phosphopantothenoylcysteine	 synthase	
(PPCS)	and	then	decarboxylation	to	form	4′-phosphopantetheine	by	4′-phosphopanthenoylcysteine	
decarboxylase	 (PPCDC).	 4′-Phosphopantetheine	 is	 adenylylated	 to	 dephospho-CoA	 by	
phosphopantetheine	 adenylyltransferase	 (PPAT),	 then	phosphorylated	 by	 dephospho-CoA	kinase	
(DPCK)	at	the	3′-OH	of	the	ribose	to	form	CoA.	
	
	

While	all	PanK	isoforms	possess	a	kinase	domain,	previous	work	has	shown	that	

PanK4,	unlike	the	other	PanK	isoforms	is	catalytically	inactive	due	to	the	absence	

of	 a	 catalytic	 glutamate	 residue	 essential	 for	 kinase	 activity	 (Zhang	 et	 al.,	 2007).	

Zhang	 et	 al	 attempted	 to	 measure	 PanK4	 kinase	 activity	 but	 failed	 to	 do	 so.	 In	

congruence	with	 this	observation,	when	we	attempted	 to	measure	PanK4	kinase	
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activity	using	pantothenate	as	a	substrate	 in	an	ADP	glo	assay,	no	PanK4	activity	

could	 be	 detected	 (data	 not	 shown).	 Thus,	 the	 functional	 role	 of	 PanK4	 remains	

elusive.		

	

Interestingly,	 in	 contrast	 to	 PanK1,	 2	 and	 3,	 PanK4	was	 found	 to	 possess	 a	 long	

carboxyl	 terminal	extension	of	unknown	function	(Fig	5.25).	Moreover,	sequence	

analyses	revealed	that	PanK4	possesses	a	DUF89	domain	in	its	C-terminus	unlike	

the	other	PanKs	(Perry	et	al.,	2015).	All	four	DUF89	domains	currently	known	are	

thought	 to	 possess	methyl	 transferase	 activity.	 This	 could	 be	 critical	 to	 PanK4’s	

poorly	defined	function	and	is	considered	further	in	later	sections.	

	

	

Figure	5.25	–	Domain	organization	and	potential	RXRXX(S/T)	phosphosites	
in	PanK	isoforms.	
	

	
	
	
Figure	5.25	–	All	four	PanK	isoforms	possess	a	kinase	domain,	although	the	PanK4	kinase	domain	
lacks	 catalytic	 activity.	 PanK4	 is	 unusual	 in	 that	 it	 possesses	 a	 long	C-terminal	 extension,	which	
houses	a	DUF89	domain.	
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Notably	like	PanK4,	PanK1	and	PanK2	also	possess	RXRXX(S/T)	motifs.	All	of	these	

potential	 Akt/SGK3	phosphorylation	 sites	 are	 located	 outside	 the	 kinase	 domain	

and	 may	 assist	 with	 localisation	 of	 PanK4	 to	 discrete	 cellular	 structures.	 It	 is	

possible	 that	 the	 different	 PanK	 isoforms	 dimerise	with	 one	 another	 to	 become	

fully	 active	 and	 phosphorylation	 by	 Akt/SGK3	 might	 be	 required	 to	 enable	

activation	 by	 dimerization.	 Therefore,	 despite	 lacking	 catalytic	 kinase	 activity,	

PanK4	may	also	contribute	to	CoA	generation	through	dimerization	and	activation	

of	other	PanK	isoforms,	without	requiring	kinase	activity.	

	

	

5.6.1.1	Physiological	role	of	Akt/SGK3	mediated	PanK4	phosphorylation	

	

Data	in	this	Chapter	has	demonstrated	that	PanK4	is	indeed	an	in	vitro	and	in	vivo	

substrate	of	SGK3	and	Akt.	However,	PanK4	appears	to	be	completely	distinct	from	

PanK1,	2	and	3	and	may	possess	alternate	functions	to	that	of	other	PanKs.	Indeed	

two	possible	roles	of	 the	DUF89	domain	 in	PanK4	have	been	proposed:	one	as	a	

methyl	 transferase	 (Perry	 et	 al.,	 2015)	 and	 secondly	 that	 DUF89	 members,	

including	the	PanK4	DUF89	domain,	are	metal	dependent	phosphatases	(Huang	et	

al.,	 2016).	 One	 way	 of	 gaining	 insight	 into	 the	 role	 of	 SGK3/Akt	 mediated	

phosphorylation	 of	 PanK4	 and	 its	 elusive	 function	 is	 to	 identify	 interacting	

proteins.	 Affinity	 purification	mass	 spectrometry	was	 carried	 out	 to	do	 this.	HA-

PanK4	was	transiently	transfected	into	HEK	293	cells	and	serum	starved	overnight	

prior	 to	 1	 hour	 treatment	 with	 or	 without	 a	 combination	 of	 the	 Akt	 and	 SGK	

inhibitors,	 MK2206	 and	 14H	 respectively,	 followed	 by	 15	 minutes	 IGF1	

stimulation.	HA-PanK4	was	then	 immunoprecipitated	with	an	HA	antibody	and	a	

small	 amount	 subjected	 to	 immunoblotting	 to	 confirm	 that	 inhibitor	 treatments	

had	 been	 successful.	 As	 expected,	 phosphorylation	 of	 PanK4	 at	 T406	 was	

significantly	 reduced	 in	 the	 inhibitor	 treated	 samples	 (Fig	 5.26B).	 PanK4	

immunoprecipitates	were	resolved	on	a	polyacrylamide	gel	and	after	staining,	the	

gel	was	divided	 into	 the	 indicated	 sections	and	 trypsinised	 (Fig	5.26A).	Digested	

peptides	from	each	condition	were	identified	by	mass	spectrometry	fingerprinting.		
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Figure	5.26	–	Mass	spectrometry	fingerprinting	to	identify	PanK4	interactors	

	

	
	
Figure	 5.26	 –	 HEK	 293	 cells	 were	 transiently	 transfected	 with	 HA-PanK4	 and	 serum	 starved	
overnight	 prior	 to	 treatment	 with	 or	 without	 a	 combination	 of	 1uM	 MK2206	 and	 3uM	 14H,	
followed	by	 IGF1	stimulation	 for	15	minutes.	HA-Pank4	was	immunoprecipitated	 from	 lysates	of	
each	condition	with	anti-HA	antibody.	Immunoprecipitates	were	resolved	on	a	polyacrylamide	gel	
and	stained	with	Instant	Blue.	The	gel	was	divided	into	the	indicated	sections	and	trypsinised	prior	
to	protein	identification	by	mass	spectrometry.	(B)	As	in	(A),	except	that	immunoprecipitates	were	
subjected	to	immunoblot	analysis	with	an	anti	phospho-PanK4	T406	antibody.	
	

	

	

5.6.1.2	 SGK3/Akt	 mediated	 phosphorylation	 of	 PanK4	 could	 potentially	
regulate	transcription,	translation	and	DNA	repair	processes.	
	

Due	to	stringent	washing	of	HA	beads	with	high	salt	and	low	salt	buffers	following	

immunoprecipitation	prior	 to	elution	of	proteins,	 it	would	be	expected	that	most	

non-specific	interactions	would	be	washed	off.	Interestingly,	following	analysis	of	

the	mass	spectrometric	data,	it	was	immediately	clear	that	majority	of	the	proteins	

that	 had	 co-immunoprecipitated	 with	 PanK4,	 appeared	 to	 be	 involved	 in	 DNA	

related	 process	 such	 as	 transcription,	 translation	 and	DNA	 repair	 (See	Appendix	

for	full	data	set	showing	fold	change	between	the	two	conditions).	The	abundance	

of	a	 large	number	of	 these	DNA	related	proteins	was	significantly	reduced	 in	the	

inhibitor	 treated	 condition	 compared	 to	 the	 no	 inhibitor	 control	 condition.	

Bioinformatic	 protein–protein	 interaction	 network	 analysis	 of	 proteins	

downregulated	 following	 SGK3	 and	 Akt	 inhibition,	 using	 Cytoscape	 (Fig	 5.27A),	
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also	demonstrated	distinct	clustering	into	transcription	and	translation	processes;	

ranging	from	proteins	involved	in	DNA	replication	including	the	SWI/SNF	complex	

subunit	 and	 its	 accessory	protein	 (SMARCC1	and	 related	protein	SMARCCA5),	 to	

translation	 initiation,	 including	 three	 members	 of	 the	 eukaryotic	 translation	

initiation	factor	(eIF2B3,	eIF4B,	eIF5B)	(Fig	5.27A).	It	is	interesting	to	note	that	8	

different	DEAD-box	helicase	 family	proteins	were	downregulated	 following	SGK3	

and	Akt	 inhibitor	 treatments,	 suggesting	PanK4	regulation	of	 this	protein	 family.	

Moreover,	 gene	 ontology	 (GO)	 analysis	 of	 these	 proteins	 revealed	 a	 number	 of	

enriched	GO	biological	processes	(Fig	5.27B),	cellular	components	(Fig	5.27C)	and	

molecular	 functions	 (Fig	 5.27D).	 The	 dominant	 enriched	 GO	 terms	 were	 again	

skewed	 towards	DNA	related	activities	 such	as	 transcription	processes	 including	

mRNA	splicing	and	DNA	repair,	involving	proteins	such	as	NEK1,	PARP2	and	many	

poly(A)	RNA	binding	proteins.		

	

Interestingly,	 other	 than	 PanK4	 itself,	 no	 other	 PanK	 could	 be	 detected	 in	 the	

immunopreicpitates,	which	might	suggest	 that	PanK4	does	not	 form	high	affinity	

interactions	 with	 PanK1,	 2	 or	 3.	 	 If	 PanK4	 dimerises	 with	 other	 PanKs	 with	 a	

relatively	 low	 affinity,	 less	 stringent	 washes	 of	 the	 immunoprecipitates	 may	 be	

required	to	detect	the	presence	of	other	PanK	isoforms	in	the	immunoprecipitates	

by	mass	spectrometry.	
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Figure	5.27	–	Proteins	that	were	downregulated	under	SGK3	and	Akt	inhibited	conditions	fall	into	distinct	functional	categories	
associated	to	transcription,	translation	and	DNA	repair	processes	
	

	
	
	
Figure	5.27	–	Bioinformatic	functional	clustering	analysis	carried	out	on	Cytoscape	with	Dr	Adil	Sarhan
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5.6.1.3	PanK4	possesses	conserved	acidic	residues	in	its	DUF89	domain		

	

The	majority	 of	methyltransferases	 transfer	methyl	 groups	 from	 the	 co-factor	 s-

adenosyl	methionine	(SAM)	to	amine	containing	side	chains	of	arginine	or	lysine	to	

generate	a	methylated	residue	and	the	by-product	s-adenosyl	homocysteine	(SAH)	

(Fig	5.28).		

	

Figure	5.28	–	General	scheme	of	a	methyltransferase	reaction	

	

	
	

	

However,	 SAM-dependent	 methyltransferases	 (SAM-MTs)	 that	 methylate	

carboxylic	acid	groups	also	exist	in	eukaryotes	(cSAM-MT).	Amongst	the	four	types	

of	cSAM-MTs,	one	methylates	the	carboxyl	group	of	L-glutamate	residues	but	this	

type	of	 enzyme	was	previously	only	known	 to	exist	 in	prokaryotes.	Evidence	 for	

the	 presence	 of	 L-glutamyl	 methyltransferases	 in	 eukaryotic	 cells	 has	 been	

uncovered	 over	 the	 last	10	 years;	 aspartate	 and	 glutamate	methylation	 has	now	

been	 identified	 and	 validated	 on	~2%	 of	 the	HeLa	 cell	 proteome	 (Sprung	 et	 al.,	

2008).	 	 A	 recent	 study	 characterized	 an	 enzyme	 named,	 Acid	 residue	

methyltransferase-1	(Armt1),	which	specifically	 targets	Proliferating	Cell	Nuclear	

Antigen	(PCNA)	in	breast	cancer	cells,	methylating	glutamate	side	chains(Perry	et	

al.,	2015).	Armt1	homologues	share	structural	similarities	 to	 the	SAM	dependent	

methyltransferases	 and	 appear	 to	 be	 negatively	 regulated	 by	 auto-methylation.	

Knockdown	of	Armt1	resulted	in	an	altered	survival	response	to	genotoxic	stress	
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and	 suggested	 a	 role	 for	 this	 post-translational	modification	 in	 the	DNA	damage	

response.	

	

Armt1	 is	 a	 member	 of	 the	 DUF89	 family	 and	 interestingly	 all	 four	 DUF89	

structures,	determined	to	date,	possess	structural	similarities	to	the	active	site	of	

the	SAM-MT	fold	with	conservation	of	key	residues	(Martin	and	McMillan,	2002).	

The	 closest	 homologue	 to	 the	 DUF89	 family	with	 known	 structure	 and	 catalytic	

activity	is	the	bacterial	glutamyl	cMTase	CheR.	Although	there	is	limited	sequence	

conservation	 to	other	SAM-MTs	 in	 its	motif	 I	 and	 II	 sequences,	 the	 SAM	binding	

pocket	 of	 CheR	 possesses	 conserved	 acidic	 residues,	 responsible	 for	 hydrogen	

bonding	with	SAH	(Djordjevic	and	Stock,	1997).	These	acidic	residues	were	found	

to	be	conserved	in	DUF89	proteins	including	yeast	YMR027W	and	Armt1	(Perry	et	

al.,	2015).		

	

Intriguingly,	 sequence	 analyses	 have	 suggested	 that	 PanK4	 also	 possesses	 an	

Armt1	 like	DUF89	domain	 in	 its	C-terminus.	Thus,	 in	a	similar	manner	to	Armt1,	

we	 wished	 to	 investigate	 whether	 PanK4	 also	 possesses	 the	 conserved	 acidic	

residues	 that	 would	 enable	 SAM	 binding,	 through	 carrying	 out	 structure	 based	

sequence	alignments	of	PanK4	with	the	bacterial	CheR	protein	whose	structure	is	

known.	To	do	this	we	utilized,	the	sequence	alignments	tools	T-Coffee	(Tree-based	

Consistency	Objective	Function	For	alignment	Evaluation)	and	ESPript	software	to	

carry	 out	 structural	 superimpositions	 of	 PanK4	 with	 CheR.	 These	 alignments	

revealed	that	PanK4	too,	has	conserved	these	acidic	residues:	while	in	Armt1	these	

residues	are	Glu258	and	Asp291,	the	equivalent	residues	in	PanK4	are	Asp628	and	

Asp659	(Fig	5.29).	
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Figure	 5.29	 –	 PanK4	 possesses	 conserved	 acidic	 residues	 in	 its	 DUF89	
domain	
	

	
	
	
Figure	 5.29	 –	 Structure-based	 sequence	 alignment	 of	 human	 PanK4	 (PANK4),	 mouse	 PanK4	
(mPANK4),	human	Armt1	(hARMT1),	mouse	ARMT1	(mArmt1)	and	the	yeast	S.	cerevisiae	protein	
YMR027W	 (Yeast)	 with	S.	 typhimurium	CheR	 (CheR),	 carried	 out	 on	 ESPript.	 Conserved	 acidic	
residues	are	highlighted	in	yellow.	
	
	
	

The	 finding	 that	 the	PanK4	DUF89	domain	possesses	 structural	 similarities	with	

the	 bacterial	 cSAM-MT	 CheR	 and	 conserved	 acidic	 residues,	 that	 would	

theoretically	 enable	 SAM	 binding,	 strongly	 suggests	 that	 PanK4	 like	Armt1,	may	

possess	 carboxyl	 methyl	 transferase	 activity.	 This	 is	 further	 considered	 in	 the	

‘Discussion’	at	the	end	of	the	Chapter.		
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5.6.1.4	PanK4	is	localized	in	the	cytoplasm		

	

To	 gain	 further	 clues	 into	 the	 role	 of	 PanK4	 phosphorylation	 by	 Akt	 and	 SGK3,	

PanK4	 was	 transiently	 transfected	 into	 HEK	 293	 cells	 and	 its	 localisation	

visualized	 under	 the	microscope.	 Cells	were	 serum	starved	 and	 treated	with	 the	

SGK	inhibitor	14h,	Vps34	inhibitor,	VPS34-IN1	and	PI3K	Class	I	inhibitor,	GDC0941	

prior	 to	 IGF1	 stimulation.	 PanK4	 appeared	 to	 have	 a	 cytoplasmic	 distribution	

under	 all	 conditions	 tested	 (Fig	 5.30).	 	 In	 future	work	 it	would	 be	 important	 to	

combine	the	SGK	and	Akt	inhibitors,	14H	and	MK2206	since	both	kinases	regulate	

PanK4,	 therefore	 inhibition	of	 either	Akt	 or	 SGK3	 alone	may	 not	 be	 sufficient	 to	

induce	changes	in	localisation.	It	would	also	be	important	to	express	the	HA-PanK4	

T406A	 mutant	 and	 compare	 any	 differences	 in	 localisation	 with	 wild	 type	 HA-

PanK4.	

	

Figure	5.30	–	PanK4	displays	cytoplasmic	distribution	

	
	
Figure	5.30	–	(A-E)	HA-PanK4	was	transiently	transfected	into	HEK	293	cells.	36	hours	later,	cells	
were	serum	starved	overnight	prior	 to	 treatment	with	the	 indicated	 inhibitors	 (3uM	14H,	0.5uM	
GDC0941,	 1uM	 VPS34-IN1)	 for	 1	 hour,	 followed	 by	 IGF1	 stimulation	 for	 10	minutes.	 Cells	 were	
subsequently	 fixed	with	4%	(v/v)	paraformaldehyde	and	HA-PanK4	distribution	visualized	using	
rabbit	anti-HA	primary	and	anti-rabbit	Alexa	Fluor-488.		DAPI	was	used	to	stain	the	nuclei.	

													SS																																																IGF1		

IGF1	+	14H																														IGF1	+	GDC0941																							IGF1	+	VPS34-IN1	
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5.6.2	 MPST2	 IS	 A	 NOVEL	 SGK3/AKT	 SUBSTRATE,	 REQUIRED	 FOR	 H2S	
PRODUCTION	
	

The	PS1	phosphoproteomic	screen	also	detected	the	enzyme,	3-mercaptopyruvate	

sulphur	transferase,	isoform	2	(MPST2),	whose	phosphorylation	was	significantly	

reduced	in	the	SGK3	knock	out	conditions.	Having	verified	MPST2	as	a	previously	

unrecognised	 in	 vitro	 substrate	 of	 SGK3	 and	 Akt	 and	 having	 found	 that	

overexpressed	MPST2	phosphorylation	 is	 significantly	 reduced	 by	 SGK3	 and	Akt	

inhibition	 in	HEK	293	cells,	 it	was	 important	 to	determine	 the	 functional	 role	of	

SGK3/AKT	phosphorylation.		

	

MPST	 generates	 endogenous	 H2S,	 a	 gaseous	 signalling	 molecule	 that	 impacts	 a	

wide	range	of	physiological	processes.	MPST	is	predominantly	expressed	in	kidney	

cells,	liver	cells,	cardiac	cells,	proximal	tubular	epithelium,	pericentral	hepatocytes,	

and	neuroglial	cells	(Nagahara	et	al.,	1998).	Mutations	in	MPST	lead	to	a	metabolic	

disorder	 known	 as	 mercaptolactate-cysteine	 disulfiduria	 (Crawhall	 et	 al.,	 1968).	

MPST	mediated	generation	of	H2S	involves	conversion	of	cysteine	by	aspartate	(or	

cysteine)	 amino	 transferase	 (CAT)	 to	 3-mercaptopyruvate	 (3-MP).	 MPST	 then	

utilises	 3-MP	 to	 generate	 pyruvate	 and	 an	 enzyme	 bound	 persulfide.	 The	MPST	

bound	persulphide	can	be	transferred	to	an	acceptor	such	as	cyanide	to	generate	

the	 less	 toxic	 thiocyanate	 or	H2S	 released	 from	 the	 enzyme	 in	 the	 presence	 of	 a	

reducing	system	(Fig	5.31)	(Williams	et	al.,	2003,	Kabil	and	Banerjee,	2010).	Non	

physiological	 reductants	 include	 DTT	 and	 2-mercaptoethanol.	 Physiologically	

relevant	 reducing	 systems	 able	 to	 generate	 H2S	 from	 MPST	 bound	 persulfide	

include	 thioredoxin	 in	 the	 presence	 of	 thioredoxin	 reductase	 and	 NADPH	 or	

dihydrolipoic	acid	 (Mikami	et	 al.,	 2011).	MPST	belongs	 to	 the	 sulphurtransferase	
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family	and	possesses	a	conserved	active	site	architecture	with	a	catalytic	cysteine	

residue	 (Spallarossa	 et	 al.,	 2004).	 There	 are	 two	 isoforms	 MPST1	 and	 MPST2;	

while	MPST1	is	mitochondrial,	MPST2	is	cytoplasmic.	

	

Figure	5.31	–	Generation	of	H2S	by	MPST	

	

	
	

Adapted	from	Yadav	et	al,	2013	

	
Figure	 5.31	 -	 (A)	 CAT	 catalyzes	 the	 transamination	 between	 cysteine	 and	 α-ketoglutarate	 to	
mercaptopyruvate	and	glutamate,	respectively.	(B)	MPST	catalyzes	the	sulphur	transfer	from	3-MP	
to	an	active	site	cysteine,	giving	pyruvate	and	MPST-bound	persulfide.	(C)	MPST-bound	persulfide	
reacts	with	thiols	or	thioredoxin	(in	presence	of	NADPH/thioredoxin	reductase)	to	generate	H2S.	
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5.6.2.1	MPST2	resides	in	the	cytoplasm	

	

MPST1	is	localised	in	the	cytoplasm	and	mitochondria,	although	MPST2	is	known	

to	be	cytoplasmic.	Fluorescence	microscopy	was	carried	out	to	visualise	MPST2	in	

HEK	293	cells	in	order	to	monitor	whether	the	cytoplasmic	localisation	of	MPST2	

is	 altered	 in	 response	 to	 IGF1	 stimulation	 and	 SGK,	 Vps34	 or	 PI3K	 Class	 I	

inhibition.	 HA-MPST2	 was	 transiently	 transfected	 into	 HEK	 293	 cells	 and	 a	

primary	 rabbit	HA	 antibody	with	 secondary	 rabbit	 antibody	 conjugated	 to	Alexa	

Fluor	488	was	used	to	visualise	MPST2	in	cells.		

	

Consistent	with	 previous	 reports,	MPST2	was	 found	 to	 be	 cytoplasmic	 in	 serum	

starved	 conditions	 (Fig	 5.32A).	 Although	 IGF1	 stimulation	 would	 trigger	

phosphorylation	of	MPST2	by	SGK3	or	Akt,	no	change	in	localisation	was	observed	

following	 stimulation	 (Fig	 5.32B).	 Treatment	 with	 inhibitors	 including	 the	 SGK	

inhibitor	14H,	the	Vps34	inhibitor,	VPS34-IN1	and	the	PI3K	Class	I	inhibitor,	GDC-

0941,	which	would	be	expected	to	suppress	MPST2	phosphorylation,	also	did	not	

appear	to	change	its	localisation,	which	remained	dispersed	throughout	the	cytosol	

(Fig	5.32C,	D,	E).		

	

Once	again	in	future	work,	these	immunofluorescence	experiments	would	need	to	

be	 repeated	 to	 include	 additional	 controls.	 Firstly,	 a	 combination	 treatment	 of	

MK2206	 and	 14H	would	 be	 required,	which	was	 not	 included	 in	 Fig	 5.32;	 since	

SGK3	 and	 Akt	 both	 phosphorylate	MPST2,	 it	might	 be	 necessary	 to	 inhibit	 both	

kinases	 to	 observe	 any	 changes	 in	 localisation	 induced	 by	 reduced	

phosphorylation.	 Secondly	 it	would	 be	 important	 to	 express	 both	wild	 type	HA-
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MPST2	 and	 the	 HA-MPST2	 S17A	 mutant	 to	 determine	 whether	 lack	 of	

phosphorylation	at	Ser	17	induces	a	change	in	localisation.	

	

	

Figure	5.32	–	MPST2	is	localised	in	the	cytoplasm	

	

	
	
Figure	5.32	–	(A-E)	HA-MPST2	was	transiently	transfected	into	HEK	293	cells.	36	hours	later,	cells	
were	serum	starved	overnight	prior	to	treatment	with	the	indicated	inhibitors	for	1	hour	followed	
by	IGF1	stimulation	for	10	minutes.	Cells	were	subsequently	fixed	with	4%	(v/v)	paraformaldehyde	
and	HA-MPST2	distribution	 visualized	 using	 rabbit	anti-HA	primary	 and	anti-rabbit	Alexa	 Fluor-
488.		DAPI	was	used	to	stain	the	nuclei.	
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5.6.2.2	 SGK3/Akt	mediated	phosphorylation	of	MPST	reduces	H2S	production	
by	MPST2	
	
To	 investigate	 the	 role	 of	 SGK3	 and	 Akt	mediated	 phosphorylation	 of	MPST2,	 it	

was	 important	 to	 assess	 the	 impact	 of	 this	 phosphorylation	 on	 MPST2	 enzyme	

activity.	To	do	this,	in	collaboration	with	Dr	Ruma	Banerjee	and	Dr	Pramod	Yadav	

at	 Ann	 Arbor,	 activity	 of	 phosphorylated	 and	 non-phosphorylated	 MPST2	 was	

compared.	

	

Prior	 to	 carrying	 out	 enzyme	 activity	 assays,	 the	 stoichiometry	 of	 MPST2	

phosphorylation	was	assessed	by	Phos-tag	assay.	The	objective	was	to	obtain	the	

maximal	 degree	 of	 MPST2	 phosphorylation	 achievable	 so	 that	 any	 impact	 of	

phosphorylation	 on	 MPST2	 enzyme	 activity	 was	 as	 apparent	 as	 possible.	

Therefore,	 recombinant	 MPST2	 was	 subjected	 to	 in	 vitro	 kinase	 assays	 in	 the	

presence	of	magnesium	acetate	and	cold	ATP,	with	increasing	amounts	of	Akt	and	

the	extent	of	phosphorylation	was	assessed	by	running	an	aliquot	of	 the	samples	

on	 a	 Phos-tag	 SDS-PAGE	 gel,	 which	 was	 visualised	 using	 Coomassie.	 As	 noted	

before,	MPST2	 is	 very	 strongly	 phosphorylated	 by	Akt	 and	 SGK3,	more	 strongly	

than	 NDRG1	 despite	 the	 presence	 of	 only	 one	 phosphosite	 at	 S17	 compared	 to	

three	sites	on	NDRG1.	The	Phos-tag	reagent	binds	to	phosphate	groups	and	retards	

their	 electrophoretic	 mobility.	 Following	 staining,	 two	 distinct	 phosphorylated	

(upper)	 and	 non-phosphorylated	 (lower)	 bands	 could	 be	 observed	 for	 each	

reaction	 condition.	While	 0.25ug	Akt	 phosphorylated	MPST2	by	 50%,	 increasing	

Akt	 to	 0.5ug	 resulted	 in	 ~80%	 phosphorylation	 of	 MPST2	 and	 1ug	 Akt	 almost	

completely	phosphorylated	MPST2	to	~100%	phosphorylation	(Figure	5.33A).	

	

Having	 determined	 optimal	 phosphorylation	 conditions	 for	 MPST2,	 the	 ~100%	

phosphorylated,	 in	 addition	 to	 non-phosphorylated	 samples	 were	 sent	 to	 Ann	

Arbor,	 Michigan	 and	 MPST2	 enzyme	 activity	 in	 vitro	 was	 assessed	 using	 assays	

described	in	‘Methods’	by	Dr	Pramod	Yadav.	Strikingly,	phosphorylation	of	MPST2	

resulted	 in	40%	reduction	of	H2S	production	by	MPST2,	 in	 the	presence	of	3-MP	

and	 cysteine	 (Fig	 5.33B).	 Further	 confirming	 these	 results,	 an	 alternative	

thioredoxin	 dependent	 enzyme	 activity	 assay	 demonstrated	 that	H2S	 production	
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was	 also	 reduced	 under	 these	 conditions	 by	 almost	 50%,	 when	 MPST2	 was	

phosphorylated	at	S17	compared	to	the	non-phosphorylated	protein	(Fig	5.33C).	

	
Figure	5.33	–	SGK3	and	Akt	mediated	phosphorylation	of	MPST2	reduces	its	
enzyme	activity	and	H2S	production		
	

	
Figure	5.33	–	(A)	10ug	recombinant	MPST2	was	phosphorylated	with	increasing	amounts	of	Akt	as	
indicated	 in	 an	 80	 minute	 reaction	 in	 the	 presence	 of	 10mM	 MgAcetate	 and	 0.1mM	 cold	 ATP.	
Aliquots	of	these	reactions	were	run	on	a	Phos-tag	SDS-PAGE	gel	and	MPST2	phosphorylation	was	
analysed	by	Coomassie	staining	of	the	Phos-tag	gel.	Note:	upper	band	-	phosphorylated,	lower	band	
–	 non-phosphorylated.	 (B)	 Kinetics	 of	 H2S	 production	 by	 MPST2	 in	 presence	 of	 3MP	 and	
cysteine	in	reactions	containing	100mM	HEPES	(7.4),	Cysteine	40mM,	3-MP	30	µM,	BSA100ug/ml,	
Lead	nitrate	0.4mM,MPST2	(4µg)	 (C)	Kinetics	of	H2S	generation	by	MPST2	 in	 the	presence	of	
thioredoxin	 in	 reactions	 consisting	 of	 100mM	 Hepes(7.4),TrD	 3.5uM,	 3mM	 3-MP,	 Trx	 20	 µM,	
220uM	NADPH	and	4ug	MPST.	
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5.6.3	Role	of	SGK3	mediated	Rab11FIP4	phosphorylation	

	

Remarkably	the	three	proteins	that	appear	to	be	preferentially	phosphorylated	by	

SGK3	rather	than	Akt	in	vitro,	Rab11FIP4,	WDR44,	STX12	and	STX7,	have	all	been	

reported	 to	 localise	 endosomally	 or	 occupy	 some	 endosomal	 function,	 which	

would	 correlate	 with	 the	 endosomal	 localisation	 of	 SGK3	 itself	 through	 PI(3)P	

binding.	Notably	while	Rab11FIP4	was	downmodulated	at	S527	in	the	SGK3	knock	

out	 condition	 compared	 to	 wild	 type	 in	 PS1,	 (S)P	 motif	 phosphosites	 were	

downregulated	in	PS2	for	both	Rab11FIP1	and	Rab11FIP5.		

	

The	Rab	family	of	GTPases	control	intracellular	membrane	trafficking.	Rab11	has	

been	 shown	 to	 function	 in	 endocytic	 recycling	 from	 the	 endosomal	 recycling	

compartment	to	the	plasma	membrane	and	the	trans-golgi	network,	in	addition	to	

cleavage	 furrow	 formation	 during	 cytokinesis	 (Wilcke	 et	 al.,	 2000,	 Ullrich	 et	 al.,	

1996).	 Some	 of	 the	 first	 Rab11	 interacting	 proteins	 described	 were	 WDR44	

(Rabphilin-11)	 and	 myosin	 Vb.	 Subsequently	 a	 new	 family	 of	 Rab	 interacting	

proteins,	 the	 Rab11FIPs	 were	 identified	 (Wallace	 et	 al.,	 2002).	 Members	 of	 this	

family	 can	 be	 divided	 into	 three	 classes	 based	 on	 sequence	 homology,	 including	

Class	 I,	 II	and	III	 (Fig	5.34).	While	Class	 I	FIPs	possess	a	C2	domain,	Class	 II	FIPs	

contain	two	EF	hands	and	Rab11FIP3	also	has	a	proline	rich	region;	class	 III	FIP	

only	has	a	single	member	with	less	homology	to	the	other	FIP	proteins	(Prekeris,	

2003).	 A	 common	 feature	 of	 all	 Rab11FIPs	 is	 the	 Rab11	 binding	 domain	 (RBD),	

which	consists	of	a	highly	conserved	motif	of	20	amino	acids	at	the	C-terminus	(Fig	

5.34).		
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Figure	 5.34	 –	 Rab11FIP	 family	 domain	 organisation	 and	 phosphosites	
downregulated	following	SGK3	knock	out	or	inhibition	in	PS1	&	PS2	
	

	

	
Figure	 5.34	 -	 Rab11FIPs	 can	 be	 divided	 into	 three	 classes	 based	 on	 their	 domain	 structure,	
including	Class	I	FIPs	(Rab11FIP5,	Rab11FIP2	and	RCP)	contain	a	C2	domain	at	the	N-terminus	of	
the	protein.	Class	II	FIPs	(FIP3	and	FIP4)	contain	two	EF-hands	and	a	proline	rich	region.	Class	III	
includes	only	one	member,	FIP1.	 (RBD	 -	Rab11	binding	domain).	Phosphosites	downregulated	in	
the	 PS1	 and	 PS2	 screen	 are	 written	 in	 black,	 the	 potential	 SGK3	 RXRXX(S/T)	 phosphosite	 on	
Rab11FIP5	is	shown	in	blue.	
	

	

Rab11FIP4	has	been	shown	to	bind	Rab11	and	colocalise	with	endogenous	Rab11,	

in	addition	to	markers	of	the	receptor	recycling	pathway.	To	confirm	this,	HEK	293	

cells	 were	 transiently	 transfected	 with	 HA-Rab11FIP4	 and	 following	 serum	

starvation,	were	treated	with	or	without	the	Akt	and	SGK	inhibitors,	MK2206	and	

14h	respectively,	prior	 to	 IGF1	stimulation.	Co-immunoprecipitation	experiments	

confirmed	 that	 overexpressed	 Rab11FIP4	 does	 interact	 with	 Rab11	 (Fig	 5.35).	

However,	 this	 interaction	 is	neither	enhanced,	nor	disrupted	by	IGF1	stimulation	

or	inhibition	of	SGK3	or	Akt.	It	would	be	important	to	repeat	this	experiment	with	
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both	 wild	 type	 HA-Rab11FIP4	 and	 the	 HA-Rab11FIP4	 S527A	 mutant	 to	 fully	

confirm	 whether	 S527	 phosphorylation	 by	 SGK3	 is	 involved	 in	 mediating	

interaction	with	 Rab11.	 However,	 there	 are	 a	 number	 of	 reports,	which	 suggest	

that	 the	 Class	 II	 Rab11FIPs	 are	 able	 to	 simultaneously	 interact	with	 Rab11	 and	

other	 Rab11	 interactors	 (Vetter	 et	 al,	 2015;	 Prekeris,	 2003).	 This	 is	 further	

considered	in	the	Discussion	section	at	the	end	of	the	Chapter.	

	

	
Figure	5.35	–	Rab11FIP4	interacts	with	Rab11	in	HEK	293	cells	
	
	

	
	
	
	
Figure	5.35	 -	HEK	293	cells	were	transiently	transfected	with	HA-Rab11FIP4.	48	hours	later,	the	
cells	were	serum	starved	overnight	and	treated	with	the	indicated	inhibitors	for	an	hour,	prior	to	
50ng	of	IGF1	for	10	minutes.	Cells	were	lysed	and	HA-RFIP4	immunoprecipitated	using	HA	beads.	
The	immunoprecipitates	were	then	subjected	to	immunoblotting	with	the	indicated	antibodies.	
	
	

	

	

	

	

HA-Rab11FIP4	

Rab11	

							-									+								+								+	IGF1	
MK2206								-										-								-									+	

14H								-										-								+									-	

HA-Rab11FIP4	
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5.7	 IDENTIFICATION	 OF	 THE	 FIRST	 SGK3	 SELECTIVE	
SUBSTRATE	
	
Following	 generation	 of	 a	 phosphospecific	 antibody	 that	 detects	 STX12	

phosphorylation	 at	 S139,	 using	 this	 antibody	 I	 assessed	 endogenous	 STX12	

phosphorylation	 in	HEK	293	 cells.	Once	 again	 it	 should	 be	 noted	 that	 this	 is	 the	

most	 recent	 antibody	 generated	 for	 the	 study	 of	 these	 substrates	 at	 the	 time	 of	

writing	 and	 the	 antibody	 had	 been	 partially	 characterised;	 following	

overexpression	of	wild	type	HA-STX12	and	HA-STX12	S139A	mutant	 in	HEK	293	

cells,	the	STX12	antibody	bound	to	WT	but	not	the	S139A	mutant.	(Fig	5.36A).	

	

As	 for	PanK4,	phosphorylation	of	endogenous	STX12	was	monitored	 in	wild	type	

and	SGK3	knock	out	HEK	293	cells.	Wild	type	and	SGK3	null	HEK	293	cells	were	

serum	starved	overnight	and	treated	with	or	without	the	Akt	inhibitor	MK2206	or	

the	 SGK3	 inhibitor	 14H	 prior	 to	 IGF1	 stimulation	 for	 10	minutes.	 Lysates	 were	

subsequently	immunoblotted	with	the	indicated	antibodies.		

	

Endogenous	 phosphorylated	 STX12	 could	 be	 clearly	 identified	 at	 the	 molecular	

weight	of	~31kDa	under	 IGF1	stimulated	conditions	 in	wild	type	cells	(Fig	5.36).	

Strikingly,	while	Akt	 inhibition	with	MK2206	 treatment	 had	 little	 impact,	 STX12	

phosphorylation	appeared	to	be	completely	ablated	 in	all	conditions	where	SGK3	

was	 inhibited	or	 in	which	SGK3	was	knocked	out,	with	or	without	Akt	 inhibition	

(Fig	 5.36B).	 This	 result	 is	 in	 stark	 contrast	 to	PanK4	 and	NDRG1,	which	 require	

inhibition	of	both	SGK3	and	Akt	 to	 fully	suppress	their	phosphorylation.	An	IGF1	

timecourse	displayed	identical	results	and	showed	that	maximal	phosphorylation	

of	STX12	is	achieved	within	10	minutes	of	IGF1	stimulation	(5.36C).	

	

Combined	 with	 the	 phosphoproteomic	 data	 from	 PS1	 and	 PS2,	 which	 both	

detected	a	highly	significant	and	 large	downregulation	of	STX12	phosphorylation	

in	the	SGK3	null	cells	as	well	as	under	SGK3	inhibition;	and	taking	into	account	the	

in	vitro	data,	which	demonstrated	that	STX12	has	a	strong	intrinsic	preference	for	

SGK3	 mediated	 phosphorylation,	 this	 phosphospecific	 antibody	 derived	
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endogenous	data	 from	HEK	293	cells,	provides	 strong	evidence	 that	STX12	 is	 an	

SGK3	specific	substrate.	

	

Figure	5.36	–	STX12	is	an	SGK3	selective	substrate	
	

	
	
	
Figure	 5.36	 –	 (A)	HEK	293	cells	were	 transiently	 transfected	with	wild	 type	HA-STX12	and	HA-
STX12	S139A	mutant.	48	hours	post-transfection,	cells	were	serum	starved	overnight	and	treated	
with	or	without	the	indicated	inhibitors	followed	by	50ng/ml	IGF1	stimulation	for	10	minutes.	Cells	
were	lysed	and	STX12	immunoprecipitated	using	HA	beads.	Immunoprecipitates	were	subjected	to	
immunoblot	analysis	with	the	indicated	antibodies.	(B)	Wild	type	and	SGK3	knock	out	(KO)	HEK	
293	cells	were	serum	starved	overnight	and	treated	with	or	without	the	indicated	inhibitors	for	1	
hour,	 prior	 to	 50ng/ml	 IGF1	 stimulation	 for	 10	minutes.	 Lysates	were	 immunoblotted	with	 the	
indicated	 antibodies.	 (C)	 As	 in	 (B)	 except	 that	 an	 IGF1	 timecourse	 was	 carried	 out	 from	 0-80	
minutes.	
	

Total	SGK3	

pNDRG1	(T346)	

pAkt	(T308)	

pPanK4	(T406)	

pSTX12	(S139)	

	0					1’					2’			5’		10’		20’		40’		80’		10’		10’		10’		20’	40’	80’	IGF1	(mins)	
-			-				-			-			-				-				-			-				+			-				+				-			-			-						14h	(µM)	

MK2206		(µM)	 -			-				-			-			-				-				-			-				-				+			+				-			-			-						
SGK3	KO	WT	HEK	293	

IGF1						+				+			+				+				+				+				+					+	
					−				+			−				+				−				+				−					+	MK2206	

14H	 					−				−			+				+				−				−				+					+	

WT																								SGK3		KO								

pPANK4	(T406)	

pNDRG1	(T346)	

pSTX12	(S139)	

pPRAS40	(T246)	
pPRAS40	(T246)	

pAkt	(T308)	

Total	SGK3	

Total	Akt	

Total	STX12	

GAPDH	
GAPDH	

Total	STX12	

Total	Akt	

Total	NDRG1	
Total	NDRG1	

A

B C

WT	HA-STX12	
HA-STX12		
S139A	

+				+			+				+				+			+				+				+				+				+	IGF1	(mins)	

-					-			+				+				-				-					+				+				-					-	14h	(µM)	
MK2206		(µM)	 -					-			-					-					+			+				+				+				-					-	

pSTX12	

HA	



	
	

	

230	

5.8	DISCUSSION	
	

PS1	and	PS2	each	identified	over	200-300	proteins,	in	which	phosphorylation	was	

significantly	suppressed	by	greater	than	1.5	fold.	Bioinformatic	analysis	of	proteins	

whose	phosphorylation	was	downregulated	in	the	SGK3	null	cells	revealed	which	

cellular	compartments	these	putative	substrates	are	localised	in,	as	established	by	

current	 literature	 (Fig	 5.37).	 From	 this	 analysis,	 it	 appears	 that	 most	 of	 these	

substrates	 are	 enriched	 in	 three	 main	 cellular	 compartments	 including	 the	

cytoplasm,	nucleus	and	endosome.	It	is	interesting	to	find	that	such	a	large	portion	

of	these	substrates	reside	on	the	endosome	where	SGK3	is	also	located.	Indeed,	the	

RXRXX(S/T)	containing	substrates	in	the	endosome	were	prioritised	for	validation	

which	led	to	the	identification	of	SGK3	selective	substrates.	
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Figure	5.37	–	Cellular	compartments	within	which,	putative	SGK3	substrates	
from	PS1	are	localized.		
	

	
	
	
Figure	5.35	–	Putative	SGK3	substrates,	whose	phosphorylation	was	downregulated	in	SGK3	null	
conditions	 compared	 to	wild	 type,	 identified	 in	 PS1	 dataset.	 SGK3-regulated	 phosphosites	were	
clustered	according	to	their	subcellular	 localisations	using	DAVID	and	visualized	using	Cytoscape.	
RXRXX(S/T)	 containing	motifs	 or	 other	motifs	are	 highlighted.	 Analysis	 undertaken	with	Dr	Adil	
Sarhan.	
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SUBSTRATES	UNIQUE	TO	SGK3	–	FURTHER	WORK	AND	DISCUSSION	

	

Four	 substrates	with	 intrinsic	 preference	 for	 SGK3	mediated	 phosphorylation	 in	

vitro	were	identified	following	PS1	including	STX12,	STX7,	Rab11FIP4	and	WDR44.	

PS2	was	carried	out	as	a	strategy	to	allow	further	detection	of	novel	SGK3	selective	

substrates,	by	comparing	DMSO	treated	control	conditions	with	the	14H	inhibited	

SGK3	 condition.	 Unlike	 PS1,	 Akt	 was	 not	 inhibited	 in	 these	 samples	 to	 enable	

identification	 of	 substrates	 that	 might	 be	 unique	 to	 SGK3.	 Interestingly	 in	 PS2,	

phosphorylation	 of	 STX7,	 STX12,	 WDR44	 and	 two	 other	 Rab11FIP	 proteins,	

Rab11FIP1	 and	 Rab11FIP5	were	 found	 to	 be	 significantly	 downregulated	 in	 the	

SGK3	 inhibited	 condition,	without	 the	need	 for	Akt	 inhibition.	Unlike	Rab11FIP4	

however,	 phosphorylation	 of	 these	 two	 proteins	 was	 downregulated	 at	 an	 (S)P	

site.		

	

	

STX12	-	identification	of	the	first	SGK3	selective	substrate	

STX7	and	STX12	were	repeatedly	 identified	 in	both	PS1	and	PS2.	Both	STX7	and	

STX12	 are	 SNARE	 proteins	 that	 have	 differential	 functions	 in	 endosomal	

trafficking.		The	syntaxin	family	is	comprised	of	15	genes,	which	constitute	at	least	

38	proteins	 in	mammals	 (Jahn	and	Scheller,	2006).	All	mammalian	 syntaxins	are	

transmembrane	proteins	(except	STX11),	anchored	by	their	carboxy	terminal	tails.	

	

STX7	 has	 previously	 been	 reported	 as	 an	 Akt	 substrate	 in	 macrophages,	 when	

under	stimulation	by	CSF-1.	SNARE	proteins	are	strongly	involved	in	intravesicular	

vesicle	 trafficking.	 Syntaxin-12	 (STX12)	 is	 also	 a	 SNARE	 protein	 but	 has	 not	

previously	been	reported	as	an	Akt	or	SGK3	substrate.	 In	contrast,	 in	our	 in	vitro	

experiments,	both	STX7	and	STX12	were	strongly	phosphorylated	by	SGK3	but	no	

phosphorylation	by	Akt	could	be	observed	at	the	normalised	concentrations	of	Akt	

and	SGK3	used,	when	NDRG1	phosphorylation	by	the	two	kinases	was	equal.	It	is	

possible	that	although	STX7	was	previously	identified	as	an	Akt	substrate,	it	is	in	

fact	preferentially	an	SGK3	substrate	especially	taking	into	account	the	endosomal	

localisation	of	SGK3	and	endosomal	functions	of	SNARE	proteins.		
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The	 recent	 generation	 of	 a	 phosphospecific	 antibody	 detecting	 S139	

phosphorylation	 on	 STX12	 enabled	 detection	 of	 STX12	 at	 the	 endogenous	 level.	

Remarkably,	 STX12	 phosphorylation	 was	 not	 impacted	 by	 Akt	 inhibition	 under	

conditions	 in	 which	 NDRG1	 and	 PanK4	 phosphorylation	 were	 substantially	

suppressed.	Instead,	STX12	S139	phosphorylation	was	completely	lost	when	SGK3	

was	inhibited	or	knocked	out	without	the	need	for	Akt	inhibition	in	HEK	293	cells,	

thus	confirming	the	in	vitro	data	that	STX12	is	indeed	an	SGK3	specific	substrate.	

To	 our	 knowledge,	 no	 previously	 reported	 substrate	 has	 been	 demonstrated	 as	

SGK3	 selective.	 It	 is	 now	 important	 to	 further	 study	 the	 role	 of	 STX12	

phosphorylation	 by	 SGK3,	 to	 delineate	 the	 unique	 function	 of	 SGK3	 at	 the	

endosome.		

	

	

Rab11FIP4	–	Further	work	and	discussion		

As	 for	 STX12,	 it	 is	 important	 that	 in	 addition	 to	 the	 in	 vitro	 data	 on	 Rab11FIP4	

phosphorylation	 by	 SGK3,	 these	 findings	 are	 also	 validated	 in	 cells	 using	

phosphospecific	 antibodies.	 Detection	 of	 other	 downregulated	 phosphosites	 on	

Rab11FIPs	following	14h	treatment,	strongly	suggests	that	this	family	of	proteins	

are	most	probably	regulated	by	SGK3	and	not	Akt,	given	their	endosomal	location	

and	 function.	 Furthermore,	 Rab11	 was	 found	 to	 co-immunoprecipitate	 with	

Rab11FIP4.	If	Rab11FIP	proteins,	like	STX12,	are	indeed	SGK3	selective	substrates,	

then	inhibition	with	14H	but	not	MK2206	might	be	expected	to	have	an	impact	on	

the	 interaction	 with	 Rab11.	 However,	 neither	 inhibitor	 changed	 the	 level	 of	

interaction	 between	 Rab11	 and	 Rab11FIP4.	 These	 results	 suggest	 that	 SGK3	

phosphorylation	 of	 Rab11FIP4,	 might	 mediate	 Rab11	 effector	 activity	 by	 an	

alternate	mechanism,	rather	than	regulating	the	interaction	with	Rab11.	Moreover,	

it	should	be	noted	that	Rab11FIP4	is	overexpressed	in	this	experiment,	which	may	

mask	the	effect	of	the	inhibitor	due	to	the	large	amount	of	overexpressed	protein	

present.	 Thus,	 interaction	 of	 endogenous	 Rab11FIP4	 with	 Rab11	 may	 still	 be	

altered	by	SGK3	inhibition	and	this	remains	to	be	investigated.	

	

Although	 effector	 binding	 is	 generally	 thought	 to	 be	mutually	 exclusive,	 Class	 II	

Rab11FIPs	have	been	previously	reported	to	play	a	role	in	coupling	Rab	and	ADP	
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ribosylation	 factor	(ARF)	dependent	membrane	traffic;	both	FIP3	and	FIP4	could	

simultaneously	bind	ARFs	and	Rab11,	forming	a	heterotrimeric	complex	(Prekeris,	

2003).	Therefore	an	alternative	possibility	is	that	while	Rab11FIP4	remains	bound	

to	Rab11,	phosphorylation	at	S527	acts	as	a	scaffold	for	simultaneously	recruiting	

and	mediating	 interaction	with	 another	Rab11	 effector	 protein.	 Therefore,	 SGK3	

inhibition	 may	 not	 impact	 Rab11	 binding	 to	 Rab11FIP4	 but	 may	 instead	 block	

recruitment	and	binding	of	other	Rab11	effectors	by	Rab11FIP4.	Indeed	the	crystal	

structure	of	Rab11-Rab11FIP3-Rabin8	recently	revealed	that	Rab11	 is	capable	of	

binding	Rab11FIP3	and	Rabin8	simultaneously	(Vetter	et	al.,	2015).	Furthermore	

the	 authors	 reported	 that	 the	 Rab11–FIP3–Rabin8	 complex	 is	 more	 stable	 than	

Rab11–Rabin8.	S527	phosphorylation	of	Rab11FIP4,	also	a	Class	 II	FIP,	bound	to	

Rab11	may	help	Rab11	to	recruit	alternate	effectors	and	stabilise	the	complex.	To	

further	 study	 this	 possibility,	 identification	 of	 Rab11FIP4	 interactors	 by	 affinity	

purification	mass	spectrometry	may	assist	in	identifying	such	Rab11	effectors	that	

are	recruited	and	regulated	by	Rab1FIP4	phosphorylation	at	S527.	

	

Interestingly,	 a	 couple	 of	 other	 studies	 have	 reported	 that	 SGK1	 and	 SGK3	 are	

involved	in	regulation	of	Rab11	but	the	mechanism	was	not	defined:	Lamothe	and	

Zhang	 reported	 that	 SGK1	 and	 SGK3	 regulate	 hERG	 channel	 expression	 via	 the	

ubiquitin	 ligase	 Nedd4L	 but	 also	 by	 promoting	 Rab11	mediated	 recycling,	 since	

Rab11	 was	 found	 to	 co-immunoprecipitate	 with	 hERG	 channels;	 disruption	 of	

endogenous	Rab11	abolished	the	SGK-induced	increase	in	the	expression	of	hERG	

channels	 (Lamothe	 and	 Zhang,	2013).	 An	 earlier	 study	 found	 that	 SGK	 increases	

the	expression	of	the	slowly	activating	delayed	potassium	current	(IKs)	through	a	

Rab11-dependent	 pathway	 distinct	 from	 the	 Nedd4L	 mediated	 interaction	

(Seebohm	et	al.,	2007).	Here	they	reported	that	like	Akt,	SGK3	phosphorylates	and	

activates	 PIKfyve,	 a	 phosphoinositide	 kinase	 that	 acts	 on	 PI(3)P	 to	 generate	

PI(3,5)P2.	SGK-mediated	activation	of	PIKfyve,	 as	well	as	addition	of	PI(3,5)P2		 to	

the	 cell	 were	 reported	 to	 positively	 regulate	 Rab11-mediated	 insertion	 of	

KCNQ1/KCNE1	 channels	 to	 the	 membrane.	 They	 found	 that	 SGK3	 could	 not	

however,	directly	phosphorylate	Rab11.	
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It	 is	 possible	 that	 SGK3	 is	 a	major	 regulator	 of	 Rab11,	 exerting	 its	 influence	 on	

Rab11	 in	 a	 number	 of	 ways	 including	 phosphorylation	 of	 PIKfyve	 to	 generate	

PI(3,5)P2	from	PI(3)P	at	the	endosomes,	which	could	lead	to	recruitment	of	Rab11	

and	 its	 effectors	 to	 the	 endosome	where	 SGK3	 then	 directly	 phosphorylates	 the	

Rab11	effectors,	Rab11FIP4	and	WDR44	to	mediate	Rab11	activity.	

	

Recently,	 Rab11FIP4	 has	 also	 been	 implicated	 as	 a	 driver	 of	 metastasis	 in	

hepatocellular	carcinoma	in	vitro	and	of	distant	lung	metastasis	in	vivo	in	response	

to	hypoxia	 (Hu	et	 al.,	 2015).	Moreover,	 since	Rab11FIP4	has	also	been	 shown	 to	

interact	with	ARF6,	which	plays	a	role	in	cytokinesis,	Rab11FIP4	is	also	likely	to	be	

a	 crucial	 Rab11	 effector	 in	 cytokinesis.	 It	 would	 be	 interesting	 to	 investigate	

whether	 these	 processes	 are	 controlled	 by	 SGK3	 mediated	 regulation	 of	 Rab11	

through	phosphorylation	of	its	effectors	Rab11FIP4	and	WDR44.	
	

Importantly,	 considering	 the	 capacity	 of	 SGK3	 to	 compensate	 for	 Akt	 following	

PI3K	Class	 I/Akt	 inhibition	using	the	diverse	mechanisms	described	 in	Chapter	4	

and	in	Akt	independent	cancers	where	SGK3	is	the	main	driver,	it	will	be	important	

to	 discover	 novel	 biomarkers	 that	 enable	 detection	 of	 the	 point	 at	which	 cancer	

pathways	begin	to	re-wire	and	become	dependent	on	SGK3.	In	future,	it	is	possible	

that	all	four	of	these	SGK3	exclusive	substrates	discovered	including	STX12,	STX7,	

WDR44,	 Rab11FIP4,	 may	 eventually	 be	 utilised	 as	 biomarkers	 of	 SGK3	 activity,	

whose	 phosphorylation	 may	 become	 upregulated	 in	 cancers	 where	 SGK3	 is	 the	

main	driver.	The	phosphorylation	status	of	these	unique	SGK3	substrates	could	be	

assessed	to	determine	appropriate	treatment	options.	Therefore,	discovery	of	such	

substrates	phosphorylated	by	SGK3	but	not	Akt	may	reveal	not	only	novel	cancer	

therapeutic	 targets	 but	 could	 also	 become	useful	 biomarkers	of	 SGK3	 activity	 in	

cancer.	
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PANK4	-	FURTHER	WORK	AND	DISCUSSION		

	

Many	 protein	 families	 still	 do	 not	 have	 any	 known	 function	 such	 as	 the	 DUF89	

family	 of	 proteins.	 Although	 DUF89	 domains	 occur	 widely	 in	 prokaryotes	 and	

eukaryotes,	no	biological	or	biochemical	activity	has	been	robustly	demonstrated.	

DUF89	domains	occur	on	their	own	or	are	found	as	C-terminal	fusions	to	PanK	in	

plants	and	animals.	While	some	of	the	data	shown	in	this	Chapter	fits	in	with	the	

hypothesis	of	PanK4	as	a	methyl	transferase,	a	recent	paper	reported	that	DUF89	

families	 possess	 metal	 dependent	 phosphatase	 activity	 against	 reactive	

phosphoesters	or	their	damaged	forms	(Huang	et	al.,	2016).		

	

The	 authors	 divided	 DUF89	 proteins	 into	 three	 subfamilies,	 I,	 II	 and	 III.	 The	

subfamily	II	DUF89	domains	occur	only	in	eukaryotes	and	are	distinguished	by	the	

presence	 of	 an	 EGMGR	 motif	in	 the	 C-terminus,	 near	 conserved	 metal	 binding	

residues	 and	 include	 two	 forms:	 either	 a	 stand-alone	 unit	 in	 plants	 or	 as	 a	 C-

terminal	 domain	 of	 pantothenate	 kinase.	 Huang	 et	 al	 took	 representatives	 from	

each	family,	including	PanK4	from	subfamily	II,	to	test	their	phosphatase	substrate	

specificity	by	screening	against	a	panel	of	96	typical	phosphatase	substrates	in	the	

presence	 of	 different	 metal	 ions.	 This	 screen	 demonstrated	 that	 PanK4	 had	 a	

preference	 for	 the	 artificial	 substrate	 p-nitrophenyl	 phosphate	 (pNPP).	 They	

reasoned	that	DUF89	domains	of	 fusion	proteins	ought	 to	have	related	 functions,	

thus	 PanK4,	 with	 its	 association	 to	 CoA	 metabolism,	 may	 play	 a	 role	 in	 CoA	

synthesis	 or	 salvage.	 Since	 plant	 and	 animal	 PanKs	 phosphorylate	 the	 CoA	

precursor	 pantothenate	 and	 the	 CoA	 and	 acyl	 carrier	 protein	 catabolite	

pantetheine,	Huang	et	al	tested	phosphate	esters	and	damage	products	generated	

by	these	reactions	as	phosphatase	substrates	for	the	PanK4	DUF89	domain.		They	

observed	 PanK4	 activity	 against	 4′-phosphopantetheine	 and	 its	S-sulfonate	 and	

sulfonate	 derivatives,	 in	 contrast	 to	 other	 DUF89	 domains	 such	 as	 the	 Yeast	

YMR027W,	 which	 had	 no	 activity	 against	 CoA	 related	 substrates.	 The	 authors	

proposed	that	the	DUF89	domains	could	be	viewed	as	housekeeping	phosphatases,	

which	prevent	harmful	accumulation	of	normal	or	damaged	phosphometabolites.		
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Despite	lack	of	kinase	activity	in	the	PanK4	kinase	domain,	this	study	suggests	that	

PanK4	 function	 could	 still	 be	 related	 to	 CoA	 metabolism	 through	 phosphatase	

activity	in	its	DUF89	domain.	In	this	regard,	in	future	work	it	would	be	important	

to	generate	a	PanK4	knock	out	 cell	 line	and	compare	CoA	 levels	 in	 these	 cells	 to	

wild	 type	 cells.	 It	 would	 also	 be	 interesting	 to	 assess	 whether	 T406	

phosphorylation	 of	 PanK4	 impacts	 putative	 phosphatase	 activity	 or	 carboxyl	

methyl	transferase	activity.		

	

The	 finding	 that	 the	PanK4	DUF89	domain	possesses	 structural	 similarities	with	

the	 bacterial	 cSAM-MT	 CheR	 and	 conserved	 acidic	 residues	 that	 would	

theoretically	 enable	 SAM	 binding,	 strongly	 suggests	 that	 PanK4	 like	Armt1,	may	

possess	 carboxyl	methyl	 transferase	activity.	Measurement	of	methyl	 transferase	

activity	in	PanK4	would	be	required	to	provide	confirmation	of	PanK4	function	as	

a	 methyl	 transferase.	 However,	 it	 is	 difficult	 to	 measure	 such	 activity	 without	

knowing	 the	 methyl	 acceptor	 substrate	 for	 PanK4.	 When	 measuring	 cSAM-MT	

activity	 of	 Armt1	 in	 the	 presence	 of	 PCNA,	 the	 authors	 also	 observed	 significant	

activity	 in	 its	 absence,	which	 they	 concluded	was	 a	means	 of	 regulating	 its	 own	

activity.	 It	 is	possible	 that	PanK4	 is	 also	able	 to	auto-methylate	 itself	 in	order	 to	

negatively	 regulate	 its	 own	 activity.	 Thus,	 measurement	 of	 potential	 PanK4	

automethylation	 could	 provide	 a	 convenient	 assay	 to	 measure	 PanK4	 methyl	

transferase	activity	and	will	be	assessed	in	future	work.	

	

Protein	 methyltransferases	 enable	 post-translational	 modification	 of	 a	 vast	

number	of	 targets,	 including	 in	particular	DNA	damage	response	mediators,	DNA	

repair	proteins,	and	transcription	factors.	It	is	interesting	to	note	that	majority	of	

the	 PanK4	 interactors	 identified	 by	 mass	 spectrometry	 appeared	 to	 be	 also	

involved	 in	these	DNA	related	processes.	Thus,	 it	might	be	reasonable	to	assume	

that	 one	 or	more	 of	 these	 protein	 ‘hits’	may	 be	 genuine	 PanK4	methyl	 acceptor	

substrates,	 influenced	 by	 the	 status	 of	 PanK4	 phosphorylation	 at	 T406.	 This	

finding	very	 strongly	 supports	 the	hypothesis	 that	PanK4,	 like	Armt1	could	be	a	

methyl	 transferase	 involved	 in	 DNA	 repair	 processes.	 Interestingly	 however,	

PanK4	localisation	experiments	carried	out	in	this	study	did	not	show	any	nuclear	

localisation,	 as	 might	 be	 expected	 for	 proteins	 involved	 in	 DNA	 processes.	
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However,	 these	 experiments	 show	 localisation	 of	 overexpressed	 PanK4	 and	

overexpression	of	enzymes	can	often	obscure	the	 localisation	changes	that	might	

occur	 under	 physiological	 conditions,	 upon	 different	 treatments	 such	 as	 for	

example,	 translocation	 to	 the	 nucleus.	 It	 would	 be	 important	 to	 repeat	 this	

experiment	using	a	suitable	antibody	that	 is	able	 to	detect	endogenous	PanK4	to	

attain	a	more	accurate	view.	

	

PanK4	 has	 also	 been	 reported	 to	 inhibit	 pancreatic	 β	 cell	 apoptosis	 by	

transcriptionally	 reducing	 the	 level	 of	 procaspase	 9.	 The	 authors	 proposed	 that	

PanK4	therefore,	exerts	a	protective	effect	in	diabetes	that	is	independent	of	CoA	

metabolism,	by	preventing	loss	of	pancreatic	β	cell	mass	(Xiang	et	al.,	2007).	It	is	

interesting	 to	 note	 that	 PanK4	 had	 an	 effect	 on	 procaspase	 9	 transcription,	 a	

finding	 that	 is	 consistent	 with	 our	 PanK4	 interactor	 data	 set,	 which	 identified	

numerous	proteins	involved	in	transcription	that	were	present	in	wild	type	but	not	

in	SGK3/Akt	inhibited	immunoprecipitates.	

	

Since	 the	 function	 of	 DUF89	 domains	 has	 been	 an	 understudied	 area	 and	

description	of	carboxyl	methyl	transferases	that	methylate	the	carboxyl	group	of	L-

glutamate	 has	 only	 been	 described	 in	 the	 last	 10	 years,	 this	 could	 explain	 why	

PanK4	 function	 to	 date	 has	 not	 been	 defined.	 If	 SGK3/Akt	 mediated	

phosphorylation	 of	 PanK4	 impacts	 methylation	 of	 a	 protein	 involved	 in	 DNA	

damage	 repair,	 it	 would	 be	 important	 in	 future	 work	 to	 investigate	 this.	 DNA	

damage	 responses	 could	 be	 evaluated	 using	 phosphorylated	 and	 non-

phosphorylated	wild	type	PanK4	in	addition	to	observation	of	responses	in	PanK4	

knock	 out	 cells.	 One	 study	measured	 changes	 in	 the	 levels	 of	 selected	 proteins,	

which	were	 upregulated	 in	 the	 blood	 serum	 of	 breast	 cancer	 patients	 following	

radiation	 (Deperas-Kaminska	 et	 al.,	 2014).	 The	 candidate	 proteins	were	 initially	

identified	in	an	earlier	study	with	mice,	where	skin	of	the	animals	was	exposed	to	

different	doses	of	radiation.	Interestingly	the	human	orthologues	of	these	included	

eight	 proteins,	 amongst	 which	 PanK4	 was	 one	 and	 showed	 a	 consistent	 dose-

response	relationship.	This	upregulation	following	radiation	induced	DNA	damage	

provides	further	evidence	that	PanK4	may	serve	a	protective	role	in	the	response	

to	 DNA	 damage.	 Combining	 the	 findings	 of	 this	 study	 with	 our	 data	 warrants	
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further	 investigation	 of	 PanK4	 as	 a	 regulator	 of	 DNA	 damage	 responses,	 whose	

activity	may	be	influenced	by	SGK3	or	Akt	mediated	phosphorylation	at	T406.	

	

	

	

MPST2	-	DISCUSSION	AND	FURTHER	WORK		

	

Results	in	this	section	demonstrate	that	both	SGK3	and	Akt	strongly	phosphorylate	

MPST2	at	Ser17	in	vitro	and	in	cells,	reducing	MPST2	enzyme	activity	by	40-50%,	

although	 it	would	be	 important	 to	demonstrate	 this	 at	 the	endogenous	 level	 too.	

MPST	enzymes	are	one	of	 three	transsulfuration	pathway	enzymes	that	generate	

H2S,	 including	 cystathionine	 β-synthase	 and	 ϒ-cystathionase.	 It	 is	 particularly	

intriguing	 as	 to	why	 and	 how	 the	 PI3K	 Class	 I	 and	 III	 controlled	 Akt	 and	 SGK3	

kinases	 would	 be	 involved	 in	 the	 regulation	 of	 H2S	 production.	 Interestingly,	

MPST2	but	not	MPST1	possesses	an	Akt/SGK3	phosphorylation	 consensus	motif.	

Like	 cystathionine	 β-synthase	 and	 ϒ-cystathionase,	 MPST2	 is	 localized	 in	 the	

cytoplasm	while	MPST1	is	located	in	the	cytoplasm	and	mitochondria.	The	study	of	

H2S	function	began	with	the	discovery	of	endogenous	sulfide	in	the	brain,	(Savage	

and	Gould,	1990,	Goodwin	et	al.,	1989).	H2S	was	proposed	to	be	a	neuromodulator	

that	relaxed	smooth	muscle,	the	ileum	and	portal	vein	(Kimura,	2014,	Hosoki	et	al.,	

1997).	 It	 was	 later	 discovered	 that	 H2S	 had	 a	 cytoprotective	 effect,	 protecting	

neurons	 from	oxidative	stress	(Kimura	and	Kimura,	2004).	To	date,	a	plethora	of	

other	 functions	have	been	 reported	 ranging	 from	modulation	of	 inflammation	 to	

suppression	of	insulin	release	by	stimulation	of	K+	channels.		

	

There	is	also	accumulating	evidence	that	H2S	plays	a	pivotal	role	in	cardiovascular	

regulation.	Interestingly	H2S	has	been	reported	to	induce	angiogenesis	in	a	manner	

dependent	on	the	activation	of	Akt	(Cai	et	al.,	2007).	Administration	of	exogenous	

NaHS,	an	H2S	donor,	increased	cell	growth,	migration,	wound	healing	and	tube	like	

structure	formation	in	endothelial	cells.	These	effects	were	suppressed	by	the	PI3K	

inhibitor,	LY294002	or	by	transfection	of	a	dominant	negative	mutant	of	Akt	(Cai	

et	 al.,	 2007).	 NaHS	 reportedly	 increased	 Akt	 phosphorylation	 and	 this	 could	 be	

blocked	 by	 LY294002	 or	 wortmannin.	 Interestingly,	 the	 data	 in	 this	 chapter	
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demonstrate	 that	Akt	 and	 SGK3	phosphorylate	MPST2,	 leading	 to	 a	 reduction	 in	

H2S	 formation	 in	vitro.	While	Cai	 et	 al’s	study	 links	Akt	phosphorylation	and	H2S	

production,	 supporting	our	 findings,	 it	does	not	provide	a	mechanism	 to	explain	

how	H2S	might	impact	Akt	phosphorylation	or	vice	versa.	Furthermore,	while	the	

Cai	 et	 al	 study	 suggests	 that	H2S	 formation	 increases	Akt	activity,	 our	data	 show	

that	Akt	or	SGK3	phosphorylation	of	MPST2	leads	to	a	reduction	in	H2S.	To	fit	our	

findings	 with	 their	 observations,	 it	 is	 possible	 that	 initially	 Akt/SGK3	

phosphorylation	of	MPST2	leads	to	increased	H2S	production,	which	drives	a	feed-

forward	mechanism	whereby	Akt	and	SGK3	activity	is	enhanced	but	once	sufficient	

H2S	 has	 been	 generated,	 a	 negative	 feedback	 inhibition	 loop	 is	 activated,	 which	

functions	to	switch	off	further,	potentially	harmful	H2S	formation.	

	

The	 PI3K	 pathways	 are	 notoriously	 implicated	 in	 cancer	 and	 sustained	

angiogenesis	 is	 recognized	 as	 one	 of	 the	 hallmarks	 of	 cancer	 (Hanahan	 and	

Weinberg,	 2000).	 Interestingly,	 H2S	 is	 a	 stimulator	 of	 angiogenesis	 (Szabo	 and	

Papapetropoulos,	2011)	and	overexpression	of	MPST	has	been	associated	to	brain	

and	liver	cancers,	two	organs	where	MPST	is	predominantly	expressed	(Wrobel	et	

al.,	2014,	Gai	et	al.,	2016,	Bronowicka-Adamska	et	al.,	2017).	It	would	therefore	be	

important	 to	 investigate	 specifically	 the	 role	 of	 Akt/SGK3	 mediated	

phosphorylation	of	MPST2	further	to	understand	whether	and	how	this	pathway	

might	contribute	to	cancers	where	MPST2	is	overexpressed.		
	

	

	

ANALYSIS	 OF	 ALTERNATIVE	 PHOSPHOMOTIFS	 REGULATED	 BY	 SGK3	 AND	
AKT	
	

Upon	 analysis	 of	 the	 phosphoproteomic	 data,	 as	 expected	 the	 most	 significant	

phosphomotif	that	appeared	to	be	modulated	by	SGK3	knock	out	or	inhibition	was	

RXRXX(S/T).		However,	a	significant	number	of	proteins	appeared	to	be	modulated	

at	 alternative	 sites.	 The	 phosphopeptides	 that	 reside	 in	 other	 motifs	 could	 be	

indirectly	 modulated	 by	 changes	 in	 SGK3	 or	 Akt	 activity,	 which	 regulate	

downstream	kinases	and/or	phosphatases.	Moreover,	these	sites	modulated	could	

also	 be	 targets	 of	other	protein	 kinases	 inhibited	 by	 14h.	 It	 is	 also	 possible	 that	
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some	of	these	are	false	positives	since	mass	spectrometry	can	have	up	to	1%	false	

discovery	 rates.	 However,	 it	 is	 also	 not	 possible	 to	 rule	 out	 that	 SGK3	 is	

phosphorylating	proteins	outside	an	RXRXX(S/T)	motif.	Interestingly,	(S/T)P	sites	

were	 one	 of	 the	most	 common	phosphomotifs	 detected,	which	 is	 known	 to	 be	 a	

phosphomotif	for	quite	a	few	different	kinases	including	MAPKs	and	CDKs.		

	

Cyclin-B-CDK1	complexes	are	the	master	regulators	of	mitosis	in	eukaryotic	cells,	

playing	 important	 roles	 in	 chromosome	 condensation,	 nuclear	 envelope	

breakdown	and	spindle	formation	(Nurse,	1990,	Nigg,	2001).	Interestingly	in	PS2,	

Cyclin	 Y	 (CCNY)	 was	 detected	 amongst	 the	 putative	 substrates	 modulated	 on	

RXRXX(S/T)	 motifs	 and	 shortlisted	 for	 further	 investigation	 (Figs	 5.9	 &	 5.10B).	

Cyclin	 Y	 has	 been	 reported	 to	 interact	 and	 activate	 CDK16	 (PCTAIRE1).	 	 CDK16	

was	amongst	 the	 ‘orphan	CDKs’	whose	Cyclin	partners	are	unknown.	However,	a	

number	of	studies	over	the	last	few	years	revealed	that	Cyclin	Y	interacts	with	and	

activates	 CDK16	 (Shehata	 et	 al.,	 2012,	Ou	 et	 al.,	 2010).	 Furthermore,	 it	was	 also	

demonstrated	 that	CDK16	phosphorylates	Cyclin	Y	at	 Ser	336;	however,	 Ser	336	

phosphorylation	could	not	mediate	binding	with	CDK16	and	this	site	could	only	be	

phosphorylated	upon	direct	interaction	with	a	catalytically	active	CDK16	(Shehata	

et	 al.,	 2012).	 Subsequently,	 the	 authors	 through	 mutagenesis	 and	 mass	

spectrometry	analyses	found	two	key	phosphorylation	sites,	Ser	100	and	Ser	326	

on	 Cyclin	 Y,	 which	 are	 particularly	 important	 for	 14-3-3	 binding	 and	 in	 turn	

interaction	with	CDK16,	which	 led	 to	phosphorylation	of	 Ser	336	 (Shehata	et	 al.,	

2012).	The	authors	did	not	identify	the	kinase	responsible	for	phosphorylation	of	

Ser	100	or	Ser	326.		

	

Interestingly,	however,	our	PS2	screen	has	 revealed	 that	Ser	326	 falls	within	the	

RXRXX(S/T)	 motif	 and	 phosphorylation	 of	 this	 site	 is	 suppressed	 by	 SGK3	

inhibition.	 Preliminary	 in	 vitro	 experiments	 performed	 by	 a	 post	 doctoral	

researcher,	 Athanasios	 Karapetsas	 in	 the	 laboratory,	 has	 provided	 further	

evidence	 that	 both	 Akt	 and	 SGK3	 phosphorylate	 the	 Ser	 326	 site	 on	 Cyclin	 Y	 in	

vitro.	 It	 is	 well	 established	 that	 Akt	 phosphorylation	 of	 many	 of	 its	 substrates	

provides	docking	sites	for	binding	of	14-3-3	proteins,	which	regulate	the	actions	of	

these	 substrates	 in	 different	ways	 (Chen	 et	 al.,	 2003).	 Thus	Akt	 and	 SGK3	 likely	
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represent	 the	 upstream	 kinases	 that	 phosphorylate	 Cyclin	 Y	 and	 mediate	

interaction	with	CDK16	via	14-3-3	proteins.	This	would	also	explain	why	 in	PS1	

and	PS2,	SGK3	knock	out	and	inhibition	led	to	reduced	phosphorylation	of	at	least	

some	portion	of	 the	(S/T)P	motif	containing	proteins,	which	might	be	dependent	

on	Akt/SGK3	mediated	regulation	of	the	Cyclin	Y-CDK16	interaction.	

	

Although	majority	of	Cyclin-CDK	complexes	are	associated	with	regulation	of	 the	

cell	 cycle,	 CDK16	 has	 been	 associated	 with	 diverse	 functions	 such	 as	 neurite	

outgrowth	(Graeser	et	al.,	2002)	and	glucose	homeostasis	(Chen	et	al,	2012),	with	

no	 strong	 evidence	 for	 a	 role	 in	 the	 cell	 cycle	 (Cole,	 2009).	 Accordingly,	 the	

proteins	detected	to	be	regulated	by	SGK3	knock	out	or	inhibition	in	PS1	and	PS2	

do	not	appear	to	fall	into	distinct	functional	categories.	Further	studies	will	reveal	

the	 precise	 role	 of	 Akt/SGK3	 mediated	 phosphorylation	 of	 Cyclin	 Y	 and	 its	

functional	relevance.	

	

Finally,	 as	 mentioned	 already	 MAP	 kinases	 are	 also	 proline	 directed	 kinases,	

known	 to	 phosphorylate	 on	 (S/T)P	 motifs.	 MAP	 kinase	 kinase	 kinase	 kinase	 4	

(M4K4)	and	dual	specificity	MAP	kinase	kinase	4	phosphorylation	were	 found	to	

be	downregulated	in	the	PS1	SGK3	null	condition	compared	to	wild	type.		Akt	has	

been	 reported	 to	 phosphorylate	 certain	 MAP	 kinases,	 such	 as	 apoptosis	 signal	

regulating	kinase	1	(ASK1),	mixed	lineage	kinase	3	(MLK3)	and	SEK1	(Song	et	al,	

2005).	It	is	possible	that	reduced	Akt/SGK3	phosphorylation	of	such	MAP	kinases	

participates	in	the	reduction	in	phosphorylation	observed	at	so	many	(S/T)P	sites	

(Song	et	al,	2005).	
	

	

	

	

	

	

	

	

	



	
	

	

243	

CHAPTER	5	–	SUMMARY	

	

In	 summary,	 experiments	 described	 in	 this	 chapter	 have	 led	 to	 the	 discovery	 of	

~20	 novel	 SGK3	 and	 Akt	 shared	 substrates,	 which	 have	 not	 previously	 been	

reported.	In	doing	so,	a	number	of	new	PI3K	Class	I	and	III	regulated	pathways	and	

functions	 for	SGK3	 and	Akt	 have	 been	 found;	 including	 the	 regulation	of	 PanK4,	

potentially	a	methyl	transferase	involved	in	DNA	transcription	and	DNA	repair,	in	

addition	 to	 the	 regulation	 of	 MPST2	 mediated	 generation	 of	 H2S.	 These	 new	

pathways	 are	 likely	 to	 reveal	 new	 disease	 targets	 including	 those	 in	 cancer.		

Importantly,	the	identification	of	STX12	as	an	SGK3	selective	substrate	in	vivo	was	

a	 striking	 result	 and	was	 the	ultimate	aim	of	 this	part	of	 the	project.	This	 is	 also	

one	of	the	first	studies	to	have	discovered	SGK3	substrates	that	are	preferentially	

phosphorylated	 by	 SGK3.	 These	 substrates	 unique	 to	 SGK3	 will	 not	 only	 define	

novel	functions	of	SGK3	but	could	also	serve	as	biomarkers	and	targets	in	cancers	

where	SGK3	is	the	main	driver.	
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Figure	 5.38	 shows	 progress	 in	 terms	 of	 clone,	 generation,	 recombinant	 protein	

production,	 phosphospecific	 antibody	 orders	 and	 experimental	 progress	 with	

regard	to	each	substrate	at	the	time	of	writing.	

	
	
	
Figure	5.38	-	Summary	of	progress	with	putative	substrates	identified	in	the	
phosphoproteomic	screens	
	

	
	

	

	

	

	

	

	

	

	

	

	

Proteins	
PS1	or	
P2?	

Clone	
ordered?	

Recombinant	
Protein	

expressed	

In	vitro	kinase	
	assay	-	SGK3	

phosphorylaAon?	

In	vitro	kinase	
assay	–	Akt	

phosphorylaAon?		
Phosphomapped	

site?	

Phosphospecific	
anAbody	
ordered?	

Evidence	for	site	in	
cells	by	

overexpression?		
PAS	anAbody	

Evidence	for	
endogenous	

phosphorylaAon	
STX12	 PS1	 ✓	 ✓	 ✓	 ✗	 ✓	S139	 ✓	 ✓	
RFIP4	 PS1	 ✓	 ✓	 ✓	 ✗	 ✓S527	 ✓	
STX7	 PS1	 ✓	 ✓	 ✓	 ✗	 Published	 ✗	

WDR44	 PS1	 ✓	 ✓	 ✓	 ✗	
Could	not	be	
mapped	

PANK4	 PS1	 ✓	 ✓	 ✓	 ✓	 ✓T406	 ✓	 ✓	 ✓	
MPST2	 PS1	 ✓	 ✓	 ✓	 ✓	 ✓S17	 ✓	 ✓	 ✓	

BABA1	 PS1	 ✓	 ✓	 ✓	 ✓	 Published	
Available	

commercially	 N/A	
ATX1	 PS1	 ✓	 ✓	 ✓	 ✓	

MYCBP2	 PS1	 ✓	

MAGI1	 PS1	 ✓	
MP2K4	 PS1	 ✓	
NIPBL	 PS1	 ✓	
ZBTB32	 PS1	 ✓	 ✓	 ✓	
BIG2	 PS1	 ✓	
NDRG3	 PS1	 N/A	 ✓	
NDRG1	 PS1	 N/A	 ✓	 ✓	
ZN318	 PS1	 ✓	
MEDI1	 PS1	 ✓	
AFF4	 PS1	 ✓	 ✓	
CKL4	 PS1	
SASH1	 PS1	
M4K4	 PS1	
KIF1B	 PS1	
ZO2	 PS1	

NEDD4L	 PS1	 N/A	 ✓	 ✓	 ✓	
ITSN	 PS1	 ✓	 ✓	 ✓	 ✓	

PS1	
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5.9	 ALTERNATIVE	 APPROACHES	 UNDERTAKEN	 TO	 IDENTIFY	 NOVEL	 SGK3	
SUBSTRATES	PRIOR	TO	PHOSPHOPROTEOMICS	
	

The	 remaining	 section	 of	 Chapter	 5	 briefly	 summarises	 previous	 approaches	

undertaken	to	identify	SGK3	substrates.	

	

	

Affinity	Purification	Mass	Spectrometry	to	Identify	Novel	SGK3	substrates	-	

Identification	of	SGK3	interacting	proteins	

	

Prior	 to	 the	 phosphoproteomic	 screens,	 I	 attempted	 a	 number	 of	 different	

approaches	to	identify	novel	SGK3	substrates.	The	general	approach	in	those	early	

experiments	 involved	 using	mass	 spectrometry	 to	 characterise	 proteins	 that	 co-

immunoprecipitated	with	SGK3	but	not	 control	 samples,	 lacking	SGK3.	 Initially,	 I	

conducted	 affinity	 tag	 precipitations	 of	 overexpressed	 SGK3	 followed	 by	 mass	

spectrometry	 to	 identify	 SGK3	 interactors.	 I	 attempted	 to	 optimize	 these	

experiments	in	various	ways	to	improve	extraction	of	relevant	proteins	including	

use	 of	 different	 lysis	 buffers	 such	 as	 fos-choline	 containing	 buffers	 to	 solubilize	

transmembrane	 proteins,	 as	 well	 as	 membrane	 fractionation	 approaches	 to	

specifically	 isolate	 proteins	 in	 intracellular	 membranes	 such	 as	 endosomes.	

Following	 these	 procedures,	 immunoprecipitates	 were	 protease	 digested	 and	

submitted	for	orbitrap	mass	spectrometry	fingerprinting	(MFP).	Precipitates	from	

cells	not	overexpressing	SGK3	were	used	as	control.	Cell	lines	used	and	compared	

in	 this	 analysis	were	U20S	cells	 stably	expressing	either	WT	SGK3	or	SGK3	with	

mutation	 of	 the	 conserved	Arg90	 located	within	 the	 PX	 domain,	which	 prevents	

binding	of	SGK3	to	PI(3)P,	in	addition	to	an	empty	vector	control.		

	

Data	 from	 two	 independent	 MFP	 experiments	 revealed	 a	 number	 of	 proteins,	

which	co-immunoprecipitated	with	both	WT	SGK3	and	mutant	SGK3	but	were	not	

present	in	U20S	control	samples	(data	not	shown).	The	proteins	on	this	list	did	not	

reveal	 any	obvious,	 interesting	 ‘hits’,	which	would	appear	 in	 repeat	experiments	

and	consisted	of	many	general	chaperone	proteins,	except	for	an	E3	ligase,	UHRF1.	

However,	due	to	the	low	number	of	peptides	detected	for	this	protein	and	others	in	
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this	data	set,	we	believed	 it	was	necessary	to	carry	out	mass	spectrometry	using	

endogenous	 SGK3,	 which	 would	 enable	 identification	 of	 more	 physiologically	

relevant	interactors.	Moreover,	if	UHRF1	or	others	re-appeared	in	the	endogenous	

data	set,	 this	would	 justify	 further	 investigation	 into	these	proteins.	To	carry	out	

mass	spectrometry	(MS)	of	endogenous	SGK3,	we	believed	it	would	be	beneficial	to	

generate	an	SGK3	null,	control	cell	line	to	make	comparisons	with	WT	SGK3.			

	

	

Immunoprecipitation	and	mass	spectrometry	of	endogenous	SGK3	

	

Following	generation	of	the	SGK3	knock	out	HEK	293	cell	line,	a	similar	approach	

to	PS1	was	undertaken	whereby	I	stimulated	both	SGK3	WT	and	KO	HEK293	cells	

with	50ng/ml	IGF-1	for	10	minutes	prior	to	cell	lysis,	to	maximise	any	interactions	

induced	 by	 SGK3	 phosphorylation	 of	 its	 substrates.	 Unlike	 PS1,	 Akt	 was	 not	

inhibited	 in	 these	 experiments.	 The	 lysates	 were	 immunoprecipitated	 with	 a	

specific	 SGK3	 antibody,	 resolved	 by	 polyacrylamide	 gel	 electrophoresis	 and	

divided	 into	 sections	 for	 protease	 digestion	 (Fig	 5.39A).	 Samples	 were	 then	

submitted	 for	 mass	 spectrometry	 analysis	 to	 identify	 proteins	 that	 co-

immunoprecipitated	with	endogenous	SGK3	from	wild	type	but	not	SGK3	null	HEK	

293	cells.		

	

Using	this	approach,	a	stronger	data	set	was	generated,	which	revealed	a	number	

of	 interesting	 proteins	 to	 be	 potentially	 interacting	 with	 SGK3	 (Fig	 5.39B).	 The	

identification	 of	 the	 previously	 reported	 SGK	 substrate,	 NDRG1,	 with	 WT	 SGK3	

precipitates	but	not	in	SGK3	KO	samples	served	as	a	positive	control	and	increased	

reliability	of	this	dataset.	It	was	important	to	recognise	recurring	proteins,	if	any,	

from	previous	MS	data	 sets,	 especially	 those	with	 the	RXRXX(S/T)	motifs	 in	 this	

data	 set.	 Having	 scoured	 through	 the	 data,	 the	 E3	 ligase	 UHRF1,	 which	 had	

appeared	 in	 the	 early	 MS	 experiments,	 reappeared	 in	 the	 endogenous	 data	 set.	

Moreover,	UHRF1	also	possesses	an	Akt/SGK3	phosphorylation	 consensus	motif.	

For	 these	 reasons,	 I	 decided	 to	 assess	 whether	 UHRF1	 co-immunoprecipitated	

with	WT	SGK3	through	immunoblot	analysis.		
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Interestingly	PanK4,	 in	addition	to	a	couple	of	other	proteins	 including	ARFGEF1	

and	 BMP2K,	 which	 were	 later	 detected	 in	 the	 phosphosproteomics	 screens	 as	

potential	‘hits’,	were	found	to	be	absent	or	at	very	low	levels	in	the	SGK3	knock	out	

condition	but	highly	enriched	in	wild	type	immunoprecipitates.	The	reappearance	

of	 PanK4	 in	 PS1	 justified	 further	 investigation.	 It	 should	 be	 noted	 however,	 that	

PanK4	appeared	in	only	one	of	these	experiments,	therefore	has	been	imputed	into	

the	volcano	plot	shown	into	Figure	5.39.	

	

	

Figure	 5.39	 –	 Analysis	 of	 WT	 endogenous	 SGK3	 compared	 to	 SGK3	 null	
interactome,	identified	by	MS.	
	

	
	
Figure	5.39	-	WT	and	SGK3	null	HEK	293	cells	were	lysed	and	SGK3	was	immunoprecipitated	with	
an	 anti-SGK3	 antibody.	 Immunoprecipitates	were	 resolved	 on	 a	 polyacrylamide	 gel	 and	 stained	
with	Instant	Blue.	The	gel	was	divided	into	the	indicated	sections,	and	proteins	identified	by	mass	
spectrometry.	 (A)	Pre-orbitrap:	SDS	gel	 showing	 fractionation	of	 the	gel	 lanes:	1-7	are	WT	SGK3	
samples,	8-14	are	SGK3-null.	
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Figure	5.39	–	Proteins	enriched	in	wild	type	but	absent	or	significantly	less	in	
SGK3	knock	out	immunoprecipitates	in	two	separate	screens	
	
B	
	

	
	
Figure	 5.39	 -	 (B)	 Proteins	 immunoprecipitating	with	 endogenous	WT	 SGK3	 but	 not	 present	 or	
present	 at	much	 lower	 fold	 quantities	 in	 SGK3	 null	 immunoprecipitates.	 Proteins	 highlighted	 in	
blue	were	enriched	in	WT	but	absent	in	the	knock	out	condition;	proteins	in	red	were	enriched	in	
wild	type	and	significantly	lower	in	the	knock	out	conditions.		
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UHRF1	 co-immunoprecipitates	 with	 and	 appears	 to	 be	 phosphorylated	 by	
SGK3	in	vitro	
	

The	E3	 ligase	UHRF1	 is	 a	key	epigenetic	 regulator	and	 is	upregulated	 in	various	

cancer	types	including	breast,	prostate,	and	lung	cancer,	where	it	plays	a	key	role	

in	 promoting	 proliferation	 (Bonner	 et	 al,	 2010).	 Firstly,	 I	 confirmed	 that	 the	

positive	 control	 NDRG1,	 identified	 in	 our	 MS	 data	 was	 indeed	 only	 co-

immunoprecipitating	 with	 endogenous	 WT	 SGK3	 and	 not	 SGK3	 KO	 samples	 by	

immunoblotting	 using	 an	 NDRG1	 antibody	 (Fig	 5.40A).	 Prior	 to	

immunoprecipitation,	cells	were	treated	with	50ng/ml	IGF-1	to	once	again	induce	

SGK3	 interactions	 with	 its	 binding	 partners.	 UHRF1	 has	 not	 been	 previously	

reported	to	interact	with	SGK3.		Interestingly,	immunoblotting	analysis	confirmed	

that	 UHRF1	was	 also	 co-immunoprecipitating	with	 endogenous	 SGK3	 from	wild	

type	but	not	SGK3	KO	HEK	293s	(Fig	5.40A).		

	

Since	 sequence	 analysis	 of	 UHRF1	 had	 originally	 revealed	 a	 potential	

phosphorylation	site	at	Thr	210,	we	decided	to	assess	UHRF1	as	a	potential	SGK3	

substrate	 through	 in	 vitro	 phosphorylation	 analysis.	 We	 expressed	 both	 our	

positive	 control,	 GST-NDRG1	 in	 addition	 to	 GST-UHRF1	 and	 tested	 these	 with	

catalytically	 active	 recombinant	 SGK3	 in	 an	 in	 vitro	 kinase	 assay	 (Fig	 5.40B).	

Autophosphorylation	 of	 SGK3	 was	 observed	 with	 or	 without	 substrate.	 As	

expected,	 neither	 NDRG1	 nor	 UHRF1	 became	 phosphorylated	 in	 the	 absence	 of	

SGK3;	 while	 the	 positive	 control	 NDRG1	 was	 strongly	 phosphorylated	 in	 the	

presence	 of	 active	 SGK3.	 GST-UHRF1	 was	 very	 weakly	 phosphorylated	 in	 the	

presence	of	SGK3.	However,	 this	could	be	accounted	for	by	the	presence	of	 three	

SGK	phosphorylation	 sites	on	NDRG1	while	UHRF1	possesses	only	one	potential	

site.			

	

Although	UHRF1	may	 represent	a	genuine	SGK3	 interactor,	 it	 appeared	 to	be	 an	

unlikely	 substrate	as	 judged	by	 in	vitro	assays	and	difficulties	with	mapping	 the	

phosphosites.		
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Figure	5.40	–	UHRF1	is	likely	to	be	a	genuine	SGK3	interactor	but	unlikely	to	
be	an	SGK3	substrate	
	

	
	

	
Figure	5.40	-	(A)	Endogenous	SGK3	was	immunoprecipitated	from	the	wild	type	(WT)	and	knock	
out	 (KO)	HEK	293	 cell	 lines	 following	 10	minutes	 of	 50ng/ml	 IGF-1	 treatment	 and	 subjected	 to	
immunoblotting	 with	 the	 indicated	 antibodies.	 (B)	 GST-NDRG1	 and	 GST-UHRF1	 (2μg)	 were	
incubated	with	0.5ug	active	SGK3	for	30	minutes.	Assays	were	terminated	by	the	addition	of	SDS	
loading	 buffer	 and	 products	were	 separated	 by	 SDS/PAGE.	 Proteins	were	 detected	 by	 Colloidal	
Coomassie	 Blue	 staining	 (top	 panel)	 and	 incorporation	 of	 [γ-32P]ATP	 was	 detected	 by	
autoradiography	(bottom	panel).	All	substrates	were	of	human	sequence	and	expressed	in	E.	coli.		
	

	

A	number	of	other	substrates	identified	in	the	interactor	screens	were	also	tested	

but	 were	 not	 strongly	 phosphorylated	 in	 vitro	 and	 were	 therefore,	 not	 studied	

further.	Notably	 almost	 every	 protein	 shortlisted	 for	 further	 validation	 from	 the	

phosphoproteomic	screens	appeared	to	be	genuine	substrates	of	SGK3.	Thus,	 the	

phosphoproteomic	approach	proved	to	be	a	highly	robust	method	of	identification	

of	SGK3	substrates.	
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CHAPTER 6 
CONCLUSIONS & IMPLICATIONS 

	
At	the	start	of	this	PhD,	SGK3	was	known	to	be	a	component	of	the	PI3K	signalling	

pathway	 yet	 it	 was	 a	 highly	 understudied	 kinase	 and	 comparatively	 little	 was	

known	about	 its	regulation	or	 function,	while	Akt	was	considered	to	be	the	most	

important	PI3K	Class	I	effector.	Within	the	first	6	months	of	this	PhD,	alongside	a	

postdoctoral	 researcher	 in	 the	 laboratory,	 Dr	 Ruzica	 Bago,	 we	 discovered	 that	

SGK3	 is	 regulated	 by	 Vps34	 at	 the	 endosomes.	 This	 finding	 raised	 several	 new	

questions,	which	I	attempt	to	answer	in	this	thesis.	

	

While	previously	SGK3	was	thought	to	share	overlapping	substrates	with	Akt	in	a	

largely	redundant	manner,	the	presence	of	a	PX	domain	in	SGK3	unlike	any	other	

kinase,	 its	 distinct	 localisation	 at	 the	 endosome	 and	 unique	 mechanism	 of	

regulation	 by	 two	 different	 PI3K	 classes	 suggested	 that	 SGK3	 was	 not	 just	 a	

redundant	kinase	with	similar	 functions	 to	Akt.	 	My	 finding	 that	 external	 stimuli	

such	as	growth	factors	are	able	to	directly	stimulate	the	Vps34-SGK3	axis,	despite	

PI3K	Class	 I	 inhibition,	 is	a	previously	unknown	mode	of	SGK3	regulation,	which	

has	 potentially	 major	 implications	 in	 cancer	 drug	 resistance	 mechanisms.	 The	

major	efforts	of	pharmaceutical	companies	to	target	PI3K	–	Akt	signalling	has	been	

undermined	 by	 drug	 resistance	 and	 relapse.	 Under	 conditions	 in	 which	 growth	

factor	stimulated	PI3K	Class	 I	and/or	Akt	 is	 inhibited,	 the	Vps34-SGK3	signalling	

pathway	appears	to	be	strategically	placed	in	a	manner	that	enables	it	to	carry	out	

majority	of	 the	 functions	of	PI3K	Class	 I	–	Akt	signalling.	This	rewiring	of	growth	

factor	activated	pathways	would	enable	 cancer	 cells	 to	respond	 to	growth	 factor	

stimulation,	 maintain	 cell	 function	 and	 survive	 even	 under	 conditions	 in	 which	

PI3K	Class	I-Akt	signalling	is	prohibited.	This	mechanism	by	which	growth	factors	

can	continue	to	promote	cell	survival	through	Vps34-SGK3	signalling	is	supported	

by	recent	work	in	the	laboratory,	which	demonstrated	that	SGK3	is	upregulated	in	

certain	Akt	inhibitor	sensitive	cancer	cell	lines	that	have	been	subjected	to	chronic	

PI3K	 Class	 I	 or	 Akt	 inhibition;	 furthermore	 it	 was	 shown	 that	 under	 these	
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conditions,	SGK3	is	able	to	activate	mTORC1	through	TSC2	phosphorylation	that	is	

normally	performed	by	Akt	(Bago	et	al,	2016).	

	

Although	growth	factor	mediated	activation	of	SGK3	through	PI3K	class	I	is	a	well	

established	route	of	SGK3	activation,	how	PI3K	Class	I	regulates	SGK3	was	unclear.	

My	studies	have	 revealed	 that	 the	mechanisms	of	 SGK3	activation	are	extremely	

versatile.	 	 Blocking	 any	 one	 of	 the	 three	 pathways	 to	 SGK3	 activation,	 leads	 to	

maintenance	 of	 the	 growth	 factor	 signal	 by	 the	 alternative	 routes	 available.	

Preventing	 IGF1	 stimulated	 Vps34-SGK3	 signalling	 significantly	 reduced	 SGK3	

activity	 but	 did	 not	 ablate	 SGK3	 signalling.	 My	 data	 is	 consistent	 with	 the	

hypothesis	 that	 a	 second	 pool	 of	 PI(3)P	 can	 be	 generated	 by	metabolism	of	 the	

PI3K	Class	I	product	PI(3,4,5)P3	by	the	action	of	a	series	of	lipid	phosphatases.	It	is	

likely	that	this	second	pool	of	PI(3)P	is	generated	at	the	plasma	membrane	where	

SGK3	may	be	recruited	under	conditions	 in	which	Vps34	 is	 inhibited.	However,	 I	

was	unable	 to	detect	 intracellular	PI(3)P	or	GFP-SGK3	at	 the	plasma	membrane.	

This	 could	 be	 because	 a	 very	 minute	 pool	 of	 PI(3)P	 is	 generated	 at	 the	 plasma	

membrane	 by	 this	 pathway,	 which	 the	 PI(3)P	 probe	 is	 not	 sensitive	 enough	 to	

detect.	However	this	route	of	PI(3)P	generation	is	sufficient	to	activate	SGK3	when	

the	 Vps34	 pathway	 is	 blocked.	 Alternatively	 it	 cannot	 be	 ruled	 out	 that	 PI(3)P	

generated	 by	 the	 PI3K	 Class	 I	 pathway	 could	 somehow	 be	 channelled	 to	 the	

endosome.	

	

Moreover,	 my	 data	 was	 also	 consistent	 with	 a	 mode	 of	 SGK3	 activation	 that	

depends	on	mTORC2	regulation	by	PI3K	Class	I,	since	knocking	out	SHIP2	reduced	

SGK3	 activity	 but	 could	 be	 reduced	 further	 upon	 treatment	 with	 PI3K	 Class	 I	

inhibition.	 Indeed,	 recent	 studies	 have	 shown	 that	 mTORC2	 is	 regulated	 by	

recruitment	 of	mTORC2	 to	 the	 plasma	membrane	 via	 the	 PH	domain	 of	 its	 Sin1	

subunit.				

	

These	 distinct	 mechanisms	 of	 SGK3	 activation	 by	 growth	 factors	 not	 only	

demonstrate	 the	 versatility	 of	 SGK3	 as	 an	 effector	 of	 PI3K	 signalling	 but	 also	

highlights	the	versatility	of	PI3K	signalling	as	a	whole	where	both	PI3K	Class	I	and	

Class	 III	 operate	 in	 concert	 to	 maintain	 growth,	 survival	 and	 proliferation.	 Any	
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physiological	 stress	 can	 rewire	 the	 entire	 system	 very	 efficiently,	 further	

highlighting	 the	 importance	 of	 these	 pathways	 in	 cancer	 signalling	 and	

demonstrates	 why	 targeting	 a	 single	 component	 of	 PI3K	 Class	 I	 or	 Class	 III	

pathways	for	cancer	therapeutics	is	likely	to	eventually	fail.		

	

The	 data	 in	 this	 thesis	 also	 highlighted	 involvement	 of	 both	 Akt	 and	 SGK3	 in	

previously	 unknown	 functions	 such	 as	 hydrogen	 sulphide	 generation	 through	

MPST2	phosphorylation.	 The	 data	 also	 pointed	 towards	 SGK3	 and	Akt	mediated	

regulation	of	unusual	proteins	such	as	the	PanK4	pseudokinase.	Indeed,	the	elusive	

function	 of	 PanK4,	 which	 might	 be	 regulated	 by	 SGK3/Akt	 phosphorylation	 at	

T406,	may	reveal	involvement	of	these	kinases	in	novel	processes	such	as	protein	

CoAlation	 through	 involvement	 in	 CoA	 generation	 or	 regulation	 of	 hidden	

methyltransferase	activity	involved	in	DNA	transcription	and	repair.		

	

One	of	 the	most	exciting	 findings	 I	presented	 in	this	 thesis	 is	 the	discovery	of	an	

SGK3	 selective	 substrate,	 which	 to	 our	 knowledge	 has	 not	 been	 demonstrated	

previously.	Indeed,	most	substrates	reported	so	far	can	also	be	phosphorylated	by	

Akt.	 In	 contrast,	 STX12	 showed	 no	 response	 to	 Akt	 inhibition	 in	 vitro	 or	 under	

endogenous	 conditions	 in	 cells.	 The	 preferential	 phosphorylation	 of	 STX12	 in	

addition	to	Rab11FIP	proteins	and	WDR44	by	SGK3	but	not	by	Akt	demonstrates	

not	only	the	versatility	of	SGK3	as	a	kinase	with	diverse	functions	independent	of	

Akt	but	also	explains	why	SGK3	requires	regulation	by	two	separate	PI3K	classes.		

All	of	 these	SGK3	selective	 substrates	appear	 to	be	endosomally	 related	proteins	

according	to	current	literature	and	thus	the	unique	localisation	of	SGK3	is	required	

to	 control	 Vps34	 mediated	 regulation	 of	 endosomal	 processes.	 Furthermore,	 as	

described	 in	 the	 introduction,	 over	 the	 last	 few	 years	 there	 have	 been	 an	

increasing	number	of	studies	reporting	cancers,	in	which	SGK3	but	not	Akt	is	the	

main	 driver.	 Substrates	 exclusive	 to	 SGK3	 not	 only	 represent	 potential	 cancer	

therapeutic	targets	but	also	novel	biomarkers	that	can	implicate	SGK3	as	the	main	

driver	of	these	cancers	and	assist	in	determining	treatment	regimes.	

	

To	conclude,	the	aim	of	my	PhD	was	to	dissect	the	regulatory	mechanisms	of	SGK3	

and	 to	 provide	 novel	 insight	 into	 the	 physiological	 functions	 of	 SGK3.	 Data	 I	
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present	 in	 this	 thesis	demonstrates	 three	mechanisms	of	 SGK3	regulation,	 firstly	

by	 PI3K	 Class	 I	 through	 sequential	 dephosphorylation	 of	 its	 lipid	 product	

PI(3,4,5)P3	to	PI(3)P	by	the	SHIP2	and	INPP4A/B	phosphatases;	secondly	by	PI3K	

Class	 I	 regulation	of	mTORC2	which	 in	 turn	 controls	SGK3	activation	and	 thirdly	

through	 growth	 factor	 regulation	 of	 the	 PI3K	 Class	 III	 (Vps34)	 -	 SGK3	 axis.	

Furthermore,	I	have	identified	over	20	novel	substrates	of	SGK3	(and	Akt)	by	high	

throughput	phosphoproteomic	approaches,	which	provide	new	perspectives	 into	

the	 function	 of	 both	 SGK3	 and	 Akt.	 Importantly,	 I	 have	 identified	 the	 first	 SGK3	

selective	 substrate,	 STX12,	 which	 Akt	 is	 unable	 to	 phosphorylate,	 potentially	

revealing	unique	functions	of	SGK3	that	are	distinct	to	Akt.	

	

	

Summary	Figure	-	Three	routes	to	SGK3	regulation	and	identification	of	the	

first	SGK3	selective	substrates	
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